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a b s t r a c t

In this work the reaction between several manganese oxides and chlorine is investigated. The reaction
path for the chlorination of the oxides is established, which involves recrystallization of high valence
manganese oxides: Mn3O4 and Mn2O3 during the chlorination of MnO, and Mn2O3 during the chlori-
nation of Mn3O4 and Mn2O3. The starting temperature for the reaction of the oxides is determined by
eywords:
hlorination
anganese oxides

hermogravimetry

non-isothermal thermogravimetric measurements. Analysis of the samples at different reaction degrees
reveals that three simultaneous processes are taking place during the whole reaction: chlorination,
volatilization of manganese chloride and recrystallization of manganese oxides. The effect of temperature
in the reaction rate is analyzed. The activation energies obtained for the reaction of the three oxides with
chlorine, which are in accordance with the vaporization enthalpy of MnCl2, suggest that although during
the mass loss three processes occur (chlorination, recrystallization and volatilization), volatilization of

stro
manganese chloride has a

. Introduction

Many oxide ores which have manganese in their composition
ndergo chlorination processes during the extraction of refractory
etals such as Ti, Hf and Nb. For this reason, when these types of
inerals are subject to chlorination, also manganese oxides may be

nvolved in the reaction. To establish the importance of manganese
limination process in the chlorination of these minerals, it is nec-
ssary to study the chlorination of manganese oxides. The present
tudy arises from a previous one from Fouga [1] which is about
he chlorination of an ilmenite from Venezuela with the following
omposition: Fe0.96Mn0.04TiO3.

Dry chlorination processes can also be applied for recovering
nd recycling of valuable metals [2–5]. Recently, a method has been
roposed that involves the addition of chloride that comes from an
ndesired waste formed during cement production, to separate and

ecuperate metals from bottom ashes by formation of volatile metal
hlorides [6]. In order to develop this kind of process it is necessary
o study the reaction of metal oxides with chlorine. Murthy and
eddy [7] applied chlorination for the extraction of Cu, Ni, Co, and
n from manganese nodules from the Indian Ocean. Their results

∗ Corresponding author at: Consejo Nacional de Investigaciones Científicas y Téc-
icas (CONICET), Argentina. Tel.: +54 2944 445293; fax: +54 2944 445293.

E-mail address: demiccog@cab.cnea.gov.ar (G. De Micco).

040-6031/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2009.05.004
ng influence in the rate observed.
© 2009 Elsevier B.V. All rights reserved.

indicate the possibility of preferential chlorination of Cu, Ni, Co and
Mn with respect to iron.

The basic advantage of the chlorination process is that the
selective extraction of metals could be affected by exploiting the
difference either in the reactivity of the metal oxides with chlo-
rine or taking advantage of differences in the volatilization and/or
condensation temperatures of their chlorides.

Regarding recuperation of manganese, the results of this study
could also be applied in the development of methods for recupera-
tion of manganese from spent dry-cell batteries.

A few works related with chlorination of manganese oxides were
reported, and there is no information about the kinetics or mecha-
nism of the manganese oxide chlorination reactions.

Okahara and Iwasaki [8] investigated the chlorination of MnO,
Mn3O4, Mn2O3 and MnO2, they obtained the non-isothermal ther-
mogravimetric curves, the starting temperature for the chlorination
of MnO, Mn3O4 and Mn2O3 were determined at 200, 350 and 450 ◦C,
respectively. For the chlorination of Mn3O4 and Mn2O3 they postu-
lated the following reactions:

2Mn2O3 + Cl2 → MnCl2 + 3MnO2 (1)

Mn O + Cl → MnCl + 2MnO (2)
3 4 2 2 2

For the initial state of MnO chlorination they proposed:

MnO + Cl2 → MnCl2 + MnxOy (3)

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:demiccog@cab.cnea.gov.ar
dx.doi.org/10.1016/j.tca.2009.05.004
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Ivashentsev and Simkina [9] determined that the chlorination of
nO by Cl2 begins at 130 ◦C and occurs up to 310 ◦C according to:

nO + Cl2 → MnCl2 + (1/2)O2 (4)

Between 310 and 400 ◦C, Mn2O3 was detected in the products
nd it also reacts with Cl2 according to:

Mn2O3 + 4Cl2 → 4MnCl2 + 3O2 (5)

They found that formation of MnCl2 starts at 300 ◦C for Mn3O4
nd at 430 ◦C for Mn2O3.

In the present work the starting temperatures for the chlo-
ination of manganese oxides were obtained, since there is no
ood agreement in the values reported as mentioned before. The
eactions occurring during manganese oxide chlorination were
dentified and formation of high valence manganese oxide was
etermined.

. Experimental

The gases used were Cl2 99.8% purity (Indupa, Argentina) and
r 99.99% purity (AGA, Argentina). The solids were MnO powder

reagent grade, Alfa Aesar Company), and Mn3O4 and Mn2O3 which
ere obtained from MnO by thermal treatments in air for 24 h at

50 and 600 ◦C, respectively.
The powder samples of each oxide were characterized by

canning electron microscopy (SEM 515, Philips Electronics Instru-
ents) and X-ray diffraction (XRD). XRD patterns obtained

Fig. 1a–c), are in good agreement with the corresponding refer-
nce patterns for the oxides [10] also shown in the figure. No other
hases were detected in each pattern.

Fig. 1d and e shows the morphology of MnO, it consists of inter-
rowth crystals of different sizes ranging between 20 and 80 �m.
icron-order pores were observed in the crystal surface by SEM

Fig. 1e). A BET area [11] of 0.53 m2/g was determined with N2
Digisorb 2600, Micrometrics Ins. Corp.) for the initial MnO pow-
er. The morphology of the Mn3O4 and Mn2O3 samples (Fig. 1f–i)

s similar to that of MnO. The high valence oxides are formed by
ell-shaped crystal agglomerates greater than 100 �m in size. Also
decrease in the surface porosity was observed.

Isothermal and non-isothermal chlorination reactions were car-
ied out in a thermogravimetric analyzer (TGA), which is extensively
escribed elsewhere [12]. This thermogravimetric analyzer consists
f an electrobalance (Model 2000, Cahn Instruments, Inc.) suitable
or working with corrosive atmospheres, a gas line and an acqui-
ition system. This experimental set-up has a sensitivity of ±5 �g
hile operating at 950 ◦C under a flow of 8 l/h. Samples of 20 mg
ere placed in a quartz crucible inside the reactor in an argon flow

f 1.3 l/h. To begin the non-isothermal reactions, a chlorine flow
f 0.8 l/h was introduced and, at the same time, the heating started
ith a ramp of 100 C/h. For the isothermal reactions, the solids were

eated until they reached the desirable temperature before chlorine
njection. The partial pressure of chlorine in the Ar–Cl2 mixture was
5.5 kPa.

. Thermodynamical analysis

Several manganese chlorides are reported, MnCl, MnCl2, MnCl3,
nCl4 and Mn2Cl4. The values of �G◦ (kJ/mol of Cl2) as a func-

ion of temperature, corresponding to formation of these chlorides

re presented in Eqs. (6)–(10) by mol of chlorine for temperatures
etween 650 and 950 ◦C:

MnO(s) + Cl2(g) → 2MnCl(g) + O2(g),

G◦ = −0.344 T(◦C) + 689.67 (6)
Acta 494 (2009) 141–146

MnO(s) + Cl2(g) → MnCl2(l) + (1/2)O2(g),

�G◦ = 0.0058 T(◦C) − 46.9 (7)

(2/3)MnO(s) + Cl2(g) → (2/3)MnCl3(g) + (1/3)O2(g),

�G◦ = 0.034 T(◦C) + 45.96 (8)

(1/2)MnO(s) + Cl2(g) → (1/2)MnCl4(g) + (1/4)O2(g),

�G◦ = 0.0136 T(◦C) + 49.86 (9)

MnO(s) + Cl2(g) → (1/2)Mn2Cl4(g) + (1/2)O2(g),

�G◦ = −0.033 T(◦C) + 26.2 (10)

Among these, formation of MnCl2 and Mn2Cl4 are the only ones
that have negative �G◦ values in the range of temperatures con-
sidered. The dimerization reaction (Eq. (11)) is thermodynamically
feasible below 870 ◦C.

2MnCl2(g) → Mn2Cl4(g), �G◦ = 0.14 T(◦C) − 122.17 (11)

The experimental set-up used allows continuous evacuation of
the reaction products (i.e. O2, MnCl2), leading to low partial pres-
sures of these species, whereas partial pressure of Cl2, which is
given by the incoming chlorine stream, will remain constant at
35.5 kPa. For this reason, the values of �G will be lower than the
values of �G◦, and even with a �G◦ > 0 a reaction could occur.

On the other hand, an opposite situation can be held locally at
certain places. Although the chlorinating gas is a mixture of Cl2–Ar,
in the sample surroundings O2 is being generated and Cl2 is being
exhausted by the reaction, for that reason the partial pressure of O2
is expected to be high. Moreover, the residence time of O2 in the
sample is long due to the low gaseous flow (2.1 l/h) and because
the O2 formed may have to diffuse through a MnCl2 layer before
reaching the gaseous phase. A Kellog-diagram [13] (Fig. 2) of the
Mn–Cl–O system at 800 ◦C shows the stability areas of manganese
containing substances as a function of Cl2(g)- and O2(g)-pressures
in the atmosphere at that temperature. It shows that for partial
pressures of Cl2 close to zero value, as expected at the reaction sur-
face, partial pressures of O2 lower than 101.3 kPa (1 bar) are high
enough to allow formation of high valence manganese oxides such
as Mn3O4 and Mn2O3.

Finally, no information is available regarding manganese oxy-
chlorides, with the only exception of the existence of gaseous
MnClO3 that has been reported [13].

4. Results and discussion

4.1. Reactivity

The initial reaction temperature which is associated with the
system reactivity was determined by non-isothermal thermogravi-
metric measurements. The chlorination curves for MnO, Mn3O4 and
Mn2O3 are shown in Fig. 3. This figure shows the ratio between the
mass change and the initial mass of the sample (�M/Mi) as a func-
tion of temperature. The starting temperatures for the chlorination
of MnO, Mn3O4 and Mn2O3 are 270, 380 and 520 ◦C, respectively.

The TG curves start with a slow mass gain which corresponds
to formation of condensed MnCl2, and high valence oxides, as will

be discussed later. When temperature reaches about 650 ◦C (MnCl2
melting point) there is an increase in the reaction rate, this behav-
ior may be due to the melting of the chloride layer formed that
allows chlorine to easily reach fresh oxide. The mass gain observed
in the maximum of the curves for the three systems are lower than
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Fig. 1. XRD patterns, SEM photographs of

hat needed for complete reaction to form MnCl2 which indicates
hat also volatilization of the chloride formed is taking place. This
s expectable since the partial pressure of manganese chloride (also
hown in Fig. 3) reaches a value of 10−2 kPa at 640 ◦C [13], which
uggests that the mass change due to volatilization will be signif-
cant above that temperature [14]. For temperatures above 730 ◦C
he mass continuously decreases until complete volatilization.
.2. Isothermal chlorination of manganese oxides

The TG curve for the chlorination of MnO at 800 ◦C is shown in
ig. 4. The reaction starts with a mass gain followed by a mass loss
itial samples of MnO, Mn3O4 and Mn2O3.

until complete volatilization.
In order to understand how the chlorination reaction occurs,

the chlorinations were interrupted at different reaction degrees (as
shown by symbols in Fig. 4). Samples were analyzed by SEM and
XRD. SEM photographs and phases detected by XRD are shown in
Fig. 4. In the maximum of the curve, after the mass gain, there is
MnCl2, Mn3O4 and Mn2O3. The occurrence of Mn3O4 and Mn2O3

indicates that MnO is being chlorinated according to:

4MnO(s) + Cl2(g) → MnCl2(l) + Mn3O4(s) (12)

3Mn3O4(s) + Cl2(g) → MnCl2(l) + 4Mn2O3(s) (13)
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ig. 2. Predominance diagram for Mn–Cl–O system at 800 ◦C (partial pressures
xpressed in bar units). The average reaction conditions during chlorinations are
ndicated by .

The high ratio of mass gain obtained in the maximum of the
urve, 0.29 which is higher than the one expected taking into
ccount Eq. (12) (i.e. 0.26), is in accordance with the reactions pro-
osed.

SEM examination shows that while manganese chloride forms
gglomerates of small grains (Fig. 4a), manganese oxides growth
s well defined crystals (Fig. 4b). The morphology of the oxides
ndicates that they are being formed from an isotropic media, two
ossible processes can lead to formation of these crystals: a gaseous
hase reaction taking place in the boundary layer between man-
anese chloride and oxygen which is thermodynamically feasible,
r a reaction occurring in the liquid phase formed by liquid man-
anese chloride saturated with dissolved oxygen.

An advanced stage of the reaction was analyzed by interrupting

chlorination during the mass loss (also shown in Fig. 4.) MnCl2 and
n2O3 were detected by XRD the corresponding morphologies are

hown in Fig. 4d and e. These results are also in accordance with
eaction (13).

Fig. 4. Chlorination of
Fig. 3. Non-isothermal chlorination reactions of MnO, Mn3O4 and Mn2O3.

To check the occurrence of the reactions proposed, chlorinations
of Mn3O4 and Mn2O3 at 800 ◦C were performed, and interrupted
reaction samples were analyzed. The corresponding TG curves are
shown in Fig. 5. Both reactions were interrupted during the mass
loss near the maximum, and Mn2O3 and MnCl2 were detected by
XRD. Regarding Mn2O3 chlorination, an interrupted reaction shows
that the sample consists of MnCl2 and Mn2O3.

Formation of MnCl2 during the chlorination of manganese
tri-oxide in a highly oxidizing atmosphere can be understood con-
sidering the Kellog-diagram (Fig. 2). With a simple calculation
based on the moles of oxygen lost during the chlorination of Mn2O3
it is possible to estimate the average partial pressure of O2 under
the experimental conditions, the value is in the order of 0.1 kPa
(10−3 bar). The partial pressure of Cl2 is given by the incoming chlo-
rine stream (35.5 kPa = 0.355 bar). A symbol was included in Fig. 2
which indicates these conditions, it can be seen that the stability

diagram predicts formation of MnCl2.

These results confirm that chlorination of Mn3O4 occurs through
formation of Mn2O3 (Eq. (13)) and chlorination of Mn2O3 accord-
ing to Eq. (14) with formation of manganese chloride and oxygen

MnO at 800 ◦C.
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Fig. 5. Chlorination of Mn3O4 and Mn2O3 at 800 ◦C.

elease:

1/2)Mn2O3(s) + Cl2(g) → MnCl2(s, l) + (3/4)O2(g) (14)

To sum up, the following reaction mechanism for the chlori-
ation of MnO can be proposed: chlorination of manganese oxide
ith formation of manganese chloride and manganese tetra oxide

ccording to Eq. (12), chlorination of manganese tetra-oxide with
ormation of manganese chloride and manganese tri-oxide accord-
ng to Eq. (13) and chlorination of manganese tri-oxide according
o Eq. (14).

Consequently, during the chlorination of manganese oxides at
east three different processes can influence the rate observed:
hlorination, volatilization and recrystallization.

.3. Influence of temperature in the chlorination of manganese
xides

Isothermal chlorinations of the different oxides in the range
etween 650 and 950 ◦C and chlorine partial pressure of 35.5 kPa
ere performed. The influence of temperature on the chlorination

eactions can be observed in Fig. 6a–c, where the TG curves for the
hlorination of MnO, Mn3O4 and Mn2O3 are presented.

These curves show two different regions, an initial mass gain
here the rate of formation of condensed manganese chloride and

igh valance manganese oxides is higher than the rate of volatiliza-
ion, and a region of mass loss where the rate of volatilization of the
hloride formed predominates. At high temperatures only weight
osses were observed although the conversion of the oxides into

nCl2 is characterized by a significant weight gain, this is because
he rate of volatilization is so enhanced by temperature that the
mount of mass loss due to volatilization is higher that the amount

f mass gain due to formation of manganese chloride leading to an
verall mass loss.

The initial rate of the mass gain is independent of temperature
nd the rate order, 10−6 moles of Cl2/s, reveals that the chlorination
eaction is very fast and diffusion of chlorine through the bound-

able 1
ate of mass loss in mg/s during manganese oxide chlorination.

xide Temperature in ◦C

700 750 800

nO 1.2 × 10−3 2 × 10−3 3.9 × 1
n3O4 8.3 × 10−4 – 4.9 × 1
n2O3 8.8 × 10−4 2 × 10−3 3.6 × 1
Fig. 6. Influence of temperature in the chlorination of manganese oxides.

ary layer controls the reaction rate as demonstrated by previous
publication [15].

The rate of mass loss increases with temperature, the values
obtained for the different oxides are shown in Table 1.

These values are lower than the aforementioned values

(10−6 moles of Cl2/s i.e. 7 × 10−2 mg/s), which indicates that for tem-
peratures below 950 ◦C, the rate is not controlled by diffusion of the
incoming chlorine through the boundary layer. The constant values
obtained for the different oxides suggest that the rate is controlled

850 900 950

0−3 9.5 × 10−3 2.2 × 10−2 4.6 × 10−2

0−3 1.1 × 10−2 2.2 × 10−2 4.2 × 10−2

0−3 8.4 × 10−3 2.2 × 10−2 4.9 × 10−2



1 himica

b
1
o
m
m
i
1
h
H
w

5

m
c
i
t
r
M
a
t
f
h
T
m
r
a
w
s
s

[
[

[12] D.M. Pasquevich, A.M. Caneiro, Thermochimica Acta 156 (1–2) (1989) 275–
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y volatilization of MnCl2. Activation energies of 171 ± 9 kJ/mol,
48 ± 3 kJ/mol and 173 ± 8 kJ/mol were calculated for the reactions
f MnO, Mn3O4, and Mn2O3 with Cl2, respectively, with the Flynn
ethod [16] from the slope of the curve of ln t versus 1/T during the
ass loss. These values are similar to the average value of the vapor-

zation enthalpy of manganese chloride between 750 and 950 ◦C,
62 kJ/mol [13], which also suggests that volatilization of MnCl2
as a strong influence in the rate of reaction during the mass loss.
owever, a detailed kinetic study is beyond the scope of the present
ork.

. Conclusions

The starting temperatures for the chlorination of selected
anganese oxides were established. Volatilization of manganese

hlorides at temperatures above 700 ◦C was observed, this is
n accordance with manganese chloride partial pressure at that
emperature (10−2 kPa). Three stages were identified during chlo-
ination of MnO: the first one leads to formation of MnCl2 and

n3O4, in the second step Mn3O4 is chlorinated forming MnCl2
nd Mn2O3. Finally, volatilization of MnCl2 takes place. Chlorina-
ion of Mn3O4 and Mn2O3 confirmed the reaction path proposed
or the chlorination of MnO. Formation of well-defined crystals of
igh valence manganese oxides was observed during chlorination.
his evidences that a recrystallization reaction from an isotropic
edia takes place during the whole reaction, the rates observed cor-
espond to three coupled processes: chlorination, recrystallization
nd volatilization. The value of the activation energy obtained is in
ell accordance with the enthalpy of vaporization of MnCl2 which

uggest that volatilization of MnCl2 could be the rate determining
tep.
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