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COZ decomposition with mangano-wiistite
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Tokyo Institute of Technology, Ookayama, Meguro-ku, Tokyo 152, Japan

Mn(ll)-ferrite (Mng g5Fe, 62,04.00) Prepared by the wet method was reduced in a hydrogen at
300°C to form highly reactive mangano-wustite ((Fe, g7, Mn, 3,)0) for CO, decomposition.
Approximately 23% CO, injected (3.40 mmol) was decomposed to CO by the mangano-
wdstite (3.22 g) in the initial stage of the reaction in a batch system at 400 °C. 88% CO was
further decomposed to carbon. Approximately 58% CO, injected was reversibly adsorbed on
the surface and the remaining 12% was unchanged after 200 h reaction. The mangano-widistite
was concurrently transformed to Mn(ll)-bearing ferrite (Mng ,5Fe, ;504 .00) and manganese-
rich mangano-wiistite ((Feg g0, Mg 40)0). The higher CO, decomposition capacity for this
mangano-wustite than that for oxygen-deficient Mn(ll)-ferrite is discussed in detail, based on
electron hopping and movement of ions in the bulk.

1. Introduction

The chemical transformation of CO, has been extensi-
vely investigated using electrochemical and photo-
catalytic methods [1-9], and catalytic reaction
methods with metals or metal oxides [10-16]. The
electrochemical and photocatalytic reactions provide
CO or hydrocarbons, but do not allow decomposition
of CO, to.carbon. Some metals, such as barium,
calcium, strontium, aluminium, copper and magne-
sium are known to decompose a small portion of CO,
to carbon, in which reaction oxygen from CO, is
incorporated into the metal [15, 16]. However, there
has been no report of CO, decomposition to carbon
by metal oxide in the absence of hydrogen gas. Re-
cently, we reported the complete decomposition of
CO, to carbon with oxygen-deficient magnetite
(Fe;O, _s, 8 = oxygen deficiency) at low temperature
(300°C) [17]. In this reaction, oxygen from CO, was
incorporated on the oxygen-deficient site of the oxy-
gen-deficient magnetite. The reaction rate and the
capacity for CO, decomposition were enhanced when
& became large.

More recently, the CO, decomposition to carbon
has been reported for oxygen-deficient Mn(II)-bearing
ferrite (Mn, Fe;_,04_5,0 < x < 1) at 300°C [18, 19].
Increase in the manganese content of the compound
lowered the CO, decomposition rate and capacity.
The reaction rate and the capacity also varied with 8.

Baerns and co-workers [20-22] prepared mixed
oxides of iron and manganese by calcination of mixed
hydroxide precipitates of Fe(III) and Mn(Il) ions at
120-500 °C. These oxides were reduced with hydrogen
at 300—450 °C and the reduced materials were studied
using the Fischer—Tropsch process

CO + H, — hydrocarbons (1)

at 225-270 °C. However, their materials were mixtures
of metallic iron, mangano-wiistite, Mn(II)-bearing fer-
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rite and/or MnO. The proportion of each compound
was dependent on the mole ratio of Mn/Fe in the
mixed hydroxide precipitates. Their use of mixed ma-
terial may be ascribed to their failure to synthesize a
single-phase material. The use of the mixed material
has complicated understanding of the process, al-
though mangano-wiistite phase may have played a
central part in the chemical conversion.
Mangano-wiistite is a solid solution of wiistite
(Fe,O, y < 1) and manganese(Il) oxide (Mn,0, z < 1)
with the NaCl structure. Oxygen ions are cubic close
packed in both mangano-wiistite and oxygen-deficient
Mn(II)-ferrite. Hence, the mangano-wiistite with the
chemical composition (Fe, g6, Mn, 33)O can be re-
garded as an oxygen-deficient Mn(II)-ferrite with
6 = 1. Therefore, it can be expected that the mangano-
wiistite will have a degree of CO, decomposition
reactivity at ~ 300°C. The objectives of this research
were to synthesize single-phase mangano-wiistite and
to understand its CO, decomposition reactivity in
comparison with oxygen-deficient Mn(Il)-ferrite.

2. Experimental Procedure

2.1. Materials

All the chemicals used were of analytical grade,
and distilled water was used for the preparation of
the solution. FeSO,-7H,0, MnSO,-4-6H,0O and
NaOH were supplied by Wako Chemical Industries
Ltd.

2.2. Preparation of Mn(ll)-ferrite

and mangano-wistite
Mn(II)-ferrite was synthesized by air oxidation of
an aqueous suspension according to the method
reported previously [18, 23]. It is briefly described as
follows: any dissolved oxygen gas in distilled water
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(4.0dm?3 was removed by passing nitrogen gas
through for a few hours and FeSO, - 7TH,0 (300 g) and
MnSO, -4-6H,0 (127 g) were added to prepare the
mixed solution. The pH of the solution was raised to
10 by adding 3 moldm ™2 NaOH solution to form a
mixed hydroxide. The suspension was air-oxidized by
bubbling air for 5h at 65°C while the pH was kept
constant at 10 by adding NaOH solution. The product
was collected by decantation. After successive washing
with distilled water and acetone, the product was
dried in a nitrogen gas stream at room temperature.

Single-phase mangano-wiistite was prepared as fol-
lows: Mn(II)-ferrite was reduced by passing hydrogen
gas at a flow rate of 50 x 1073 dm®*min~! through a
quartz reaction cell (24 mm diameter and 250 mm
long) for 17h at 300°C. The sample was then
quenched into a refrigerant of ice and stored in a
nitrogen atmosphere. X-ray diffractometry with FeK,
radiation (Rigaku model RAD-2A diffractometer) was
carried out with the reduced sample covered by poly-
ethylene film in order to prevent oxidation. The in-
frared spectra of the products were measured by the
KBr technique (Shimadzu model FTIR-8000). The
chemical composition of the product was determined
by colorimetry (Hitachi spectrophotometer model
124) using the 2,2"-bypyridine method [24, 25] for the
mole ratio of Fe2* to Fe,,,;, and by atomic absorption
spectroscopy (Varian Techtron model AA-875) for the
mole ratio of manganese to iron.

2.3. CO, decomposition reactivity
of mangano-waustite
CO, decomposition with mangano-wiistite was per-
formed in a quartz cell. The equipment was as pre-
viously reported [18]. The experimental procedure
was nearly the same as that of the previous paper and
is briefly described as follows: mangano-wiistite ob-
tained by reduction of 4.00 g Mn(II)-ferrite was heated
.in a quartz cell at 300 °C for 10 min in flowing nitrogen
gas. Then, the reaction cell was evacuated, followed by
CO, gas injection up to a pressure of 1.013 x 10° Pa.
All the valves of the reaction cell were then closed
(recorded as zero reaction time) and the internal
pressure was measured with a pressure gauge. The
internal gas contents were determined by gas chro-
matography (Shimadzu model GC-8A). The solid
sample after reaction was quenched by quickly placing
the reaction ceil into a refrigerant of ice and identified
by X-ray diffractometry with FeK, radiation. For
determination of the amount of deposited carbon, the
reacted sample was dissolved in concentrated hydro-
chloric acid ( ~ 12 mol dm ~3). The black residue was
percolated on a lump of quartz wool and determined
for collected carbon using an elemental analyser
(Perkin—Elmer model 2400 CHN).

3. Results and discussion
3.1. Characterization of Mn(ll)-ferrite
and mangano-wilistite
The X-ray diffraction (XRD) pattern of the prepared
Mn(II)-ferrite showed only peaks corresponding to
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those of a spinel-type compound (Fig. 1a). The lattice
constant evaluated according to the extrapolation
function (Nelson—Riley function) was 0.8498 nm,
which was equal to that reported in the JCPDS card
for stoichiometric Mn(II)-ferrite (0.8499 nm) [26]. The
infrared spectra of the products showed no peaks
assigned to by-products of iron and/or manganese
oxide hydroxides. The chemical analysis also showed
that the Mn(II)-ferrite had a nearly stoichiometric
chemical composition (Mng ¢,F€, ,04.00)-
Reduction of the Mn(I¥)-ferrite for 8—10 h was insuf-
ficient for obtaining single-phase mangano-wiistite.
The XRD pattern of the Mn(II)-ferrite reduced for
19h showed peaks corresponding to o-Fe and
mangano-wistite phases. Therefore, the optimum re-
duction time for its preparation was 15-17 h. The
XRD patterns of the hydrogen-reduced Mn(II)-ferrite
for 17h at 300°C could be indexed by mangano-
wiistite with the NaCl structure and showed no peaks
of metallic iron or manganese, wistite, MnO or
Mn(IT)-ferrite (Fig. 1b). The lattice constant, a,, was
0.4368 nm, which was larger than that of wiistite
(0.4307 nm) [27] and smaller than that of the stoichi-
ometric MnO (0.4448 nm) [28]. The manganese
content in the mangano-wiistite calculated from the
relationship between the manganese content and the
lattice constant reported by Foster and Welch
[29] was 30 mol %. The manganese content of the
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Figure ] X-ray diffraction patterns of (a) Mn(II)-ferrite, and (b)
mangano-wiistite, prepared by hydrogen reduction of Mn(II)-ferrite
for 17 h at 300°C.



mangano-wiistite (32 mol %) was in good agreement
with the calculated value. Thus, single-phase man-
gano-wiistite could be synthesized by the hydrogen
reduction of Mn(II)-ferrite at 300 °C.

3.2. CO, decomposition with
mangano-wadstite

The variation with time of the gas contents of CO,
and CO during the CO, decomposition with the
mangano-wiistite at 300 °C were studied (Fig. 2a). The
amount of CO, decreased drastically, accompanied by
the evolution of CO. No other gases were observed
during the reaction. The amount of evolved CO was
nearly equal to that of the decreased CO, in the first
2 h of the reaction. CO decomposition to carbon did
not proceed during this period. The partial pressures
of CO, and CO appeared thereafter to be constant up
to 45h. A different feature was observed for in the
variation with time of the gas contents of CO, and CO
during the CO, decomposition reaction at 400°C
(Fig. 2b). The amount of CO, decreased from 100% to
about 77% immediately after the injection of CO,,
and concurrently CO gas was evolved. The amount of
CO was about 23% of the initial amount of CO,,
which was equal to the amount by which CO, dimin-
ished. The partial pressures of CO, and CO were still
decreasing even after 45 h at 400 °C, and were there-
fore studied in further detail.

The mole ratio of CO, to CO decreased from 2.7:1
(after 5h) to 2.0:1 (after 45 h) at 400 °C (Fig. 3). The
amount of CO, gradually decreased to 18% of the
initial CO,. content after 200 h. The amount of re-
maining CO was 10% and the amount of carbon
deposited was determined to be 20% of the introduced
amount of CO,. The apparent imbalance with respect
to carbon can be attributed to the adsorption of CO,
and/or CO on the surface.

In general, adsorption equilibrium is believed to be
attained rapidly. For example, adsorption equilibra-
tion was reported to be attained within 100 min in a
typical adsorption system on zeolite [30]. The adsorp-
tion on the mangano-wiistite is complicated due to
simultaneous decomposition of CO, to CO and car-
bon, and concurrent phase transformation of the
mangano-wilstite to Mn(II)-bearing ferrite, as will be
described in Section 3. Owing to its association with
the CO, decomposition reaction with mangano-
wiistite, a small portion of the mangano-wiistite was
transformed to Mn(Il)-bearing ferrite, the amount of
which was increased as the reaction proceeded.
Mn(II)-bearing ferrite has been known to adsorb CO,
on its surface [18, 19]; therefore, the reaction of CO,
with the mangano-wiistite involves decomposition of
CO, to CO and/or carbon, and adsorption of CO,.
Further studies are needed to estimate the contribu-
tion of each to the process.

3.3. Phase variation of mangano-widistite
during CO, decomposition reaction

The XRD pattern of the sample after 200 h reaction

showed additional small diffraction peaks besides
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Figure 2 Change in the composition of CO, and CO in the reaction
cell during the CO, decomposition reaction with mangano-wiistite
as a function of reaction time at (a) 300 °C, and (b) 400 °C.

05 €0,

co

Partial pressures of CO, and CO {105 Pa)

I ) 1
0 100 200
Time (h}

o
—

Figure 3 Change in the composition of CO, and CO in the reaction
cell during the CO, decomposition reaction with mangano-wiistite
as a function of reaction time at 400°C.

TABLE I Change in the lattice constant, a,, of mangano-wiistite
and Mn(Il)-bearing ferrite formed during CO, decomposition as a
function of time

Reaction time (h)  Lattice constant (nm)

Mangano-wiistite ~ Mn(II)-bearing ferrite

0 0.4368 2

24 04370 @
48 0.4371 0.8422
96 0.4371 0.8422
144 - 04376 0.8422

* Mangano-wiistite phase only.

those of mangano-wiistite. They could be assigned
to the spinel-type Mn(Il)-bearing ferrite. This was
formed by the incorporation of oxygen from the CO,
molecule onto the crystal lattice of the NaCl structure
of the mangano-wiistite.

Table I summarizes the changes in the solid phase
and the lattice constant during the CO, decomposi-
tion reaction. The lattice constant of the mangano-
wiistite phase was increased from 0.4368 nm to
0.4376 nm as the reaction proceeded. It corresponds
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to the mangano-wiistite with 40 mol % MnO [29].
The lattice constant of the spinel phase was nearly
constant during the reaction at 0.8422 nm, which
corresponds to a Mn(II)-bearing ferrite with a com-
position of Mn,, ,3Fe, ;,0, oo [31]. These findings led
to the conclusion that the CO, decomposition to
carbon was accompanied by simultaneous trans-
formation of the mangano-wiistite (NaCl structure)
into two phases of iron-rich Mn(Il)-bearing ferrite
(spinel structure) and Mn(II)-rich mangano-wiistite.

3.4. Comparison of CO, decomposition
reactivity between mangano-wiistite
and oxygen-deficient Mn(11) -ferrite

The variation with time in gas content were compared
for the CO, decomposition with the mangano-wiistite
and the oxygen-deficient Mn(II)-ferrite [18] at 300 °C
(Fig. 4a and b). The reaction conditions for the CO,
decomposition with the oxygen-deficient Mn(II)-
ferrite were as follows: 2.00 g oxygen-deficient Mn(II)-
ferrite (Mng o,Fe, 303.9,) and 20 x 1073 dm>3 CO,.
The reaction cell was 20 mm diameter and 200 mm
long. The oxygen-deficient Mn(Il)-ferrite was syn-
thesized by hydrogen reduction (flow rate
0.20 dm?® min~!) for 20 min at 300 °C. The weight of
the samples. and the volume of CO, introduced were
different from those for the mangano-wiistite. How-
ever, the volumes of CO, injected per weight were the
same: 16.8x 1073 and 169x 10" 3dm3g~! for the
mangano-wiistite and the oxygen-deficient. Mn(II)-
ferrite, respectively. With the oxygen-deficient Mn(II)-
ferrite (Fig. 4b), the amount of CO, rapidly decreased
and became less than 50% in 10 min. Thereafter, the
amount of CO, became nearly constant. A very small
fraction of CO was evolved upon CO, injection. No
other gases were observed during the reaction. The
amount of deposited-carbon was less than 0.7% of the
injected amount of CO,. The rapid decrease in the
amount of CO, was ascribed mostly to the non-
specific adsorption of CO, on the.surface of the
oxygen-deficient Mn(II)-ferrite. On the other hand, the
decrease in the amount of CO, was not very rapid
during the CO, decomposition reaction with the man-
gano-wiistite (Fig.4a). The amount by which CO,
decreased was nearly equal to that of evolved CO.
This indicates that CO, was not simply adsorbed on
the surface of the solid, but reduced to CO. Thus, the
mangano-wistite was found to have more reactive
sites than the oxygen-deficient Mn(II)-ferrite with re-
spect to the CO, reduction to CO.

The reason for this difference can be considered as
follows: both the oxygen-deficient Mn(II)-ferrite and
the mangano-wiistite are composed of cubic close
packed oxygen ions in their crystal structure. A major
difference between these oxides is the valence of the
iron ions. The major cations are Mn?* and Fe?* in
the mangano-wiistite, and Mn?" and Fe®* in the
oxygen-deficient Mn(II)-ferrite. The population of
Fe2* ions is only 8% of the total iron ions in the latter
material [18]. Mn?* ions are not known to contribute
to the CO, decomposition reaction [18, 19], only
Fe?™* ions can donate electrons to the CO, on the
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Figure 4 Change in the composition of CO, and CO in the reaction
cell during the CO, decomposition reaction with (a) mangano-
wiistite and (b) oxygen-deficient Mn(II)-ferrite, as a function of
reaction time at 300°C.

solid surface and contribute to the CO, decomposi-
tion reaction. Thus, Fe?* ions on the surface act as the
reactive sites. Thus, the population density of the
reactive sites in the mangano-wiistite is much larger
than that in the oxygen-deficient Mn(II)-ferrite. The
higher decomposition capacity of CO, to CO and/or
carbon in the mangano-wiistite is due to the more
abundant reactive sites in comparison with the oxy-
gen-deficient Mn(I)-ferrite.

The phase transformations of the mangano-wiistite
and the oxygen-deficient Mn(Il)-ferrite during CO,
decomposition reaction can be understood based on
the movement of ions and electron hopping as follows:
upon adsorption of CO, on the surface of these solids,
oxygen ions are incorporated into the crystal face.
Electrons of Fe?* ions are donated to the CO, ad-
sorbed on the surface, which causes the oxidation of
Fe?* to Fe3* ions and movement of cations in the
bulk toward the surface for electroneutrality. In the
oxygen-deficient Mn(II)-ferrite, cations are subjected
to redistribution by both migration of cations and
electron hopping between the octahedral sites in the
spinel structure. The movement of electrons from
Fe?* ions in the bulk based on the electron hopping
causes redistribution of cations, forming Mn(II)-
ferrite. In this process, Fe?* ions in the octahedral
sites play a central part. In the mangano-wiistite with
the NaCl structure, electron hopping. is not found
between Fe?* and Fe®* ions in the octahedral site
[32]. Hence, the distribution of ions is determined
only by the movement of cations, because the mobitity
of cations is much larger than that of oxygen in the
spinel structure [33, 34]. Therefore, the rate of the
decomposition reaction with the mangano-wistite
was smaller than that with the oxygen-deficient
Mn(Il)-ferrite. The formation of two phases of the
Mn(Il)-bearing ferrite and the manganese-rich
mangano-wiistite from single phase mangano-wiistite
is due to the difference in the mobility of manganese
and iron ions under the above conditions.

4. Conclusion

Single-phase mangano-wiistite and oxygen-deficient
Mn(II)-ferrite have been studied; the former was pre-
pared by hydrogen reduction of Mn(ID)-ferrite
Mnyg o,Fe, 4,04 90) at 300 °C. The mangano-wiistite




((Feg 7, Mng 5,)O) exhibited a higher CO, de-
composition capacity than the latter compound. The
higher capacity can be attributed to a larger popula-
tion density of reactive sites in the mangano-wiistite
compared to that of the oxygen-deficient Mn(II)-
ferrite. The mangano-wiistite was concurrently trans-
formed to Mn(lIl)-bearing ferrite (Mng ,3Fe, 1704 00)
and manganese-rich mangano-wiistite ((Feg g0,
Mng 40)0). The CO, decomposition process can be
understood in relation to the movement of ions and
electron hopping in the mangano-wiistite and the
oxygen-deficient Mn(II)-ferrite.
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