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Abstract: Composite materials of Fe/Al,O;, which consist of small particles of iron supported by thermally stable alumina even at
500-700 °C, have been widely used in the water-gas shift reaction for natural gas reforming. Therefore, Fe/Al,0O; is one of the
promising candidates for re-transformation of exhausted CO, into fuels such as alcohols and hydrocarbons. The development of a
CO, reforming system using the composite materials of Fe/Al,O; through CO, reduction to CO, dissociation of water into hy-
drogen, and methanol synthesis has been investigated. It was found that dry and steam (i.e. wet) reforming of CO, produced almost
the same amount of CO. At a temperature above 500 °C, maximal and saturated yields of CO and H, from CO, and water were
obtained. However, this CO, reforming system requires higher-pressure conditions from several tens to hundreds standard at-
mospheric pressure in order to achieve high yield and selectivity for methanol production. In this study we developed the modified
CO, reforming system by the utilization of Ni and/or Cu instead of Fe in order to obtain other types of useful products such as CO,
CH,, and carbon, more efficiently and selectively under atmospheric pressure. When Ni or Cu was used, conversion of CO, was
reduced to 76%, while 9% of methane was detected in the case of Ni. On the other hand, though the CO, conversion reduced half
of the Fe, the selectivity of CO from CO, increased to 95% in the case of Cu.
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1 Introduction

Since iron-based catalysts have been widely
used in the water-gas shift reaction for natural gas
reforming (Kodama et al., 2001) as well as the
Fischer-Tropsch reaction (Bian et al., 2002; Dry,
2002), iron is one of the promising catalysts for re-
duction of exhausted CO, into useful substances such
as CO, CHy4, CH30H, and carbon.

However, it requires unusual reaction conditions
such as coexistence of Au and Ti under high pressure
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(Chen and Bahnemann, 2000), a composite catalyst
with expensive Rh (Luo et al., 2001), or a continuous
supply of H; (Ando et al., 2000). The product selec-
tivity is also usually low because of the lability of the
surface of the iron during the reaction and simulta-
neous side reactions readily occur.

In this study, for enhancement of the catalytic
activities and stabilization of the fine structure of the
iron catalyst, various kinds of support materials such
as silica, alumina, titania, and zirconia were examined
and it was found that aluminum oxide was the most
stable even at high temperatures of 500-700 °C and
was effective for the catalytic reactions because of its
sustention of the large surface area. A novel catalytic
system for reduction of CO, using the composite iron
catalysts with Al, Ca, Co, Cr, Cu, Mg, Mn, Ni, Ti,
and/or Zn as the promoting components has also been
examined.
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The primal reactions consist of (1) CO, reduc-
tion to CO, (2) dissociation of water with reduced iron
into hydrogen and iron oxide, (3) methanol synthesis,
and (4) water-gas shift reaction to hydrogen and CO,.
On the other hand, hydrogenations of CO, were also
performed with Fe/Al,O5 at 500 °C in advance of the
reexamination of H, generation from water without
any prospect for recycling the oxidized iron. It was
found that CO forms from CO, constantly for 4 h at
least by using the reactor in this hydrogenation.
Changing the ratios of H,/CO, from 1 to 4 or 8 re-
sulted in the improvement of CO, conversion. The
selectivity of CO from CO, was the same value in
every case. When Ni or Cu instead of Fe was loaded
onto Al,Os, conversion of CO, was reduced, while
methane was detected in the case of Ni. While the
CO; conversion reduced half of the Fe, the selectivity
of CO from CO, increased in the case of Cu.

2 Methods

Composite materials of Fe/Al,0; were prepared
by the core-precipitation method (O’Brien et al.,
2000). For the addition of promoters, their nitrates or
chlorides were used. The resulting solids of iron hy-
droxide were calcined in air at 700 °C for 2 h. The
catalyst was pretreated with a hydrogen stream
(100 ml/min) under atmospheric pressure at 500 °C
for 4 h. The products were completely reduced as
confirmed by measurements of the powder X-ray
(CuKa 35 kV, 15 mA, 1/8° min ') diffraction pat-
terns. The peaks are relatively sharp, corresponding to
crystallite sizes of 191-314 nm by Debye-Scherrer
analysis (Niederberger et al., 2002).

The CO, reforming was carried out with a
fixed-bed reactor made of a stainless steel tube with
8-mm inside diameter as shown in Fig. 1.

After mixing CO; and steam in the gasifier, the
mixed gas was made to flow through the stainless
tube, in which Fe/Al,O; was packed, in the furnace.
Liquefied products passing through the cooling con-
denser and gasified products were separated and an-
alyzed by gas chromatography (Shimadzu GC-12A,
detector: thermocouple detector, column: molecular
sieve 5A for H, and CO, Polarpack Q for CH4 and
CO,, or Hitachi G-3900, detector: flame ionization
detector, column: CP-polar PLOT U for methanol). In

the case of batch reaction, a quartz test tube with
8-mm inside diameter was used.
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Fig. 1 Schematic illustration of a fixed-bed flow reactor

3 Characterization of the surface of the iron
catalyst

Through the reactions of CO, or water with re-
duced iron (20-30 pm, granular) at 300-500 °C, it
was confirmed that the primal reactions are as fol-
lows: COstreduced iron—CO-+iron oxide; H,O+
reduced iron—H,+iron oxide.

In any case, since the phase transitions of the
iron compounds and the redox processes were pro-
moted through the reactions, acceleration of the re-
actions with increasing surface area of the iron was
observed. Serious retardation by the carbon deposi-
tion on the iron-surface and the sintering of the iron
through the migrations of iron atoms at higher tem-
peratures were also observed. Such sintering some-
times resulted in the blockage of the flow reactor.
Fig. 2 indicates scanning electron microscope (SEM)
images of small Fe particles before and after the

(a) (b)
Fig. 2 SEM images of small Fe particles before (a) and
after (b) the reaction with CO, and water at 500 °C for 4 h
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reaction with CO, and water at 500 °C for 4 h. It was
found that the surface morphology of iron was altered
and the formation of granular magnetite (Fe;0,) after
the reaction was confirmed.

In order to prepare the composite iron catalysts
with a larger surface area, a loading method and
core-precipitation (ppt) method were examined. Sil-
ica or alumina was used as the substrate for the
loading method with Fe(OH);, which was attached to
the surface of the substrate as 35% (in weight) Fe
through calcination at 700 °C for 2 h, followed by
reduction at 500 °C for 4 h. In the case of the core-ppt
method, alumina, silica, titania, and zirconia were
used as heat-resistant and hard-reductive cores. Sol
states of the core-compounds in aqueous Na,CO;
were stirred at 50 °C, and aqueous Fe(NOs);-9H,0
was gradually dropped into the above sol mixtures
followed by further ripening for 1 h. After filtration,
ppt was washed with water and dried at 60 °C, fol-
lowed by calcination at 700 °C for 2 h, and reduction
at 500 °C for 4 h. Table 1 summarizes the surface
areas of the synthetized catalysts determined by
Brunauer-Emmett-Teller (BET) analyses and the
crystalline sizes estimated by the analyses of the
X-ray diffraction (XRD) patterns.

Table 1 BET surface area and crystalline size of compo-
site iron catalysts (35% Fe/substrate)

BET surface area

(m%/g) Crystal-
Method Supporter  After Afterre-  line size®
calcina-  duction (nm)
tion®  with H,"
Loadi Si0, 132.2 128.3 32.1
in
OE  ALO, 93.0 88.9 25.6
Si0, 109.8 105.6 29.2
Al,O3 81.5 88.2 23.2
Core-ppt )
TiO, 31.5 30.3 36.1
710, 20.8 24.8 30.7

2At 700 °C, for 2 h; ®At 500 °C, for 4 h; After reduction with H,

The order of the large BET surface area is
silica>alumina>titania>zirconia as shown in Table 1.
Through the reduction with H; at 500 °C, most of the
surface areas have been reduced except the cases of
alumina and zirconia treated by the core-ppt method.
From the strong XRD pattern observed at 26=44.55°,

which is assigned to be iron, the crystalline size was
estimated from Scherre’s equation and is summarized
in the right column of Table 1. The smallest crystal-
line size of Fe was attained in the case of 35%
Fe/Al,Os. The order of the smaller crystalline sizes in
the series of core-ppt method is alumina<silica<
zirconia<titania. Using the core-ppt method resulted
in the relatively small crystalline sizes of Fe as com-
pared with those of the loading method. Fig. 3 shows
the SEM images of Fe/Al,O; before and after the
reaction with CO, and water at 500 °C for 4 h. It was
confirmed that no remarkable changes in their mor-
phology and size of the small Fe particles have been
observed before or after the reaction.

(a) (b)
Fig. 3 SEM images of Fe/Al,O; before (a) and after (b) the
reaction with CO, and water at 500 °C for 4 h

4 Dry reforming of CO,

After the reaction of CO, with reduced iron
(20-30 um, granular) at 500 °C, cementite of car-
bonized iron (Fe;C) was accumulated on the surface
of the catalyst, and this was confirmed by XRD
measurement (Fig. 4). Since Fe;C reacts easily with
water, contacting the Fe;C with steam at 300 °C re-
sulted in the disappearance of Fe;C (Fig. 4) and the
formation of methanol (Fig. 5). Through the electron
probe micro analyzer (EPMA) surface elemental
analyses and XRD measurements of the iron catalyst
before and after the reaction, it was found that almost
all of the carbon components had been fixed onto the
surface of Fe as amorphous carbon and crystalline
graphite, in part. The primal reactions consist of (1)
CO; reduction to CO, (2) dissociation of water with
reduced iron into hydrogen and iron oxide, (3)
methanol synthesis, and (4) water-gas shift reaction to
hydrogen and CO..
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5 Steam reforming of CO,

There is no remarkable difference of the yield of
CO (and produced amount of H, from water) between
the dry and the steam reforming of CO, to CO, and
this is indicated in Figs. 5 and 6. It was also confirmed
that the produced amount of synthetic gas was satu-
rated when the reaction temperature was raised over

Intensity

35 40 45 50
26 (%)
Fig. 4 XRD patterns of small Fe (1 mmol) particles: after
the reaction of CO, (550 pmol) at 500 °C for 3 h (above);
after substitution of the inner gas to argon and the addi-
tion of water (50 pl) to the above sample at 300 °C for 3 h
(below); ®: Fe; m: Fe;O, (magnetite); V: Fe;C (cementite)

600 T T T — T 1
CO,

3

£ 400

c 391 pymol

S

5 -

1S

=2

@ 200 -

& \

|

co, H,O/Ar

A
v
A

) 500 °C, 3 h 300°C,3h

Fig. 5 Time-course changes of the components of the gas
in the batch type reactor for dry reforming of CO,
(550 pmol) with Fe (1 mmol) at 500 °C for 3 h, and water
(50 pl) after substitution of the inner gas to argon at
300°Cfor3h
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Fig. 6 Time-course changes of the components of the gas
in the batch type reactor for CO, (400 pmol) steam re-
forming with Fe (1 mmol) and water (10 pl) at 500 °C

500 °C. Under atmospheric pressure, the yield and the
selectivity of alcohol and other liquefied hydrocar-
bons are quite low. It inevitably requires the condi-
tions under high pressure of several to hundreds MPa
to get high yield and high selectivity for methanol (or
ethanol) production.

6 Water-gas shift reaction

Small amount of methanol (i.e. yield of 4%
based on the initial amount of CO) was obtained from
the synthetic gas as shown in Fig. 7. Though the yield
of methanol (4%) is about 50 times higher than that of
steam reforming of CO, (yield 0.08% based on the
initial amount of COy), it is still low. The most pref-
erential molar ratio of Hy/CO for methanol production
is found to be 3 or 4. It was also found that much
amount of hydrogen is required through water-gas
shift reaction.
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Fig. 7 Methanol synthesis with CO (100 pmol) and Fe
(1 mmol) under atmospheric pressure at 270 °C
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Ca, Mn, Ni, Cu or Mg as the promoter was added
into the iron catalyst and used for the water-gas shift
reaction as indicated in Fig. 8. Among the promoters
tested, Cu showed high heat-resistivity and high ac-
tivity in terms of H, production, since Cu is supposed
to retard the carbon deposition onto the surface of the
catalyst.

7 Hydrogenations of CO;

Hydrogenations of CO, were performed with
Fe/Al,0O5 at 500 °C in advance of the reexamination
of H, generation from water without any prospect for
recycling the oxidized iron. It was found that CO
forms from CO, constantly for at least 4 h using the
reactor in this hydrogenation. Changing the ratios of
H,/CO, from 1 to 4 or 8 resulted in the up-conversion
of CO; from 25% to 40% or 62%, respectively. The
selectivity of CO from CO, was the same value of
85% in every case. When Ni or Cu instead of Fe was
loaded onto Al,O3, conversion of CO, was reduced to
76%, while, 9% of methane was detected in the case
of Ni. On the other hand, though the CO, conversion
reduced half of the Fe, the selectivity of CO from CO,
increased to 95% in the case of Cu (Fig. 9).

8 Conclusions

Reforming of CO, with various composite ma-
terials of Fe/Al,Oz through CO, reduction to CO,
dissociation of H,O into H,, and methanol synthesis
has been investigated. It was found that dry and steam
(i.e. wet) reforming of CO, produced almost the same
amount of CO. At a temperature above 500 °C, the
yields of CO and H, from CO, and H,O were satu-
rated. In order to achieve higher-yield and selectivity
for useful substances, we developed the modified CO,
reforming system by using Ni or Cu instead of Fe
under atmospheric pressure. When Ni or Cu was used,
though the selectivity of CO from CO, was reduced
from 85% to 76%, 9% of methane was detected in the
case of Ni. While the CO, conversion reduced half of
the Fe, the selectivity of CO from CO, increased to
95% in the case of Cu. Changing the ratios of Fe, Ni
and/or Cu on the composite materials to examine and
regulate the yield and the selectivity of the products
such as CO, CHy, and C is promising for further

Fe
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Fe/Mn/Al,O4
Fe/Ni/Al,O4
Fe/Cu/Al,O4
Fe/Mg/Al,O4
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0 50 100 150
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Fig. 8 Water-gas shift reaction with CO (300 pmol), H,O
(10 pl), Fe or Cu (1 mmol) under atmospheric pressure at
350 °C for 1 h. Chemical composition of the catalysts was
as follows: 35% Fe-loaded Al,O3 with 1/10 molar ratio (i.e.
[promotor|/[Fe]) of promotor of Ca, Mn, Ni, Cu or Mg.
Molar ratio of [Cu]/[Zn] was 7/3 for Cu/ZnO
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Fig. 9 Hydrogenation of CO, with 1 mmol of Fe-, Ni- or
Cu of 35% metal-loaded Al,O; under the flow of
H,/CO,=4, at 500 °C for 1.5 h

enhancement. Improvements to the fixed bed reactor
for establishment of an efficient recycle process of
reduced iron from iron oxide are also crucial for
prolongation of the sustainability of the reaction
system.
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