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CO, - Going beyond sequestration

Researchers know
that for most of the
last 425,000 years, car-

bon dioxide levels in the

atmosphere had remained

within a narrow band of
200-300 parts per mil-
lion by volume. Today,
however, CO, levels are
growing and were already

about 380 ppmv in 2007.

Some experts estimate that even
with huge increases in noncarbon
renewable and nuclear energies, CO,
levels will still climb and could reach
550 ppmv by 2050. Climatologists
say that at 550 ppmv, environmental
conditions will be dire (full collapse of
all coral reefs) and at 750 ppmv, the
effects would be catastrophic.

In a speech at the 2007 California
Clean Innovation Conference, Caltech
chemistry professor Nathan Lewis report-
ed that for the world to stabilize CO, lev-
els at 550 ppmv, there would have to be

Putting CO, to Use
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Alcoa Inc., Skyonic Corp. and Calera Corp.
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Novomer Inc.

MecGill University
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Finding a use: One example is Calera Corporation’s roadmap for putting CO, to work.

a successful global campaign to increase
energy efficiency, plus world leaders
would have to make available as much
new carbon-free energy as is being pro-
duced today by all of the oil, natural gas,
coal and nuclear industries combined.

One added problem is that nature
doesn’t have a quick breakdown mecha-
nism for CO, in the atmosphere. Even
if CO, levels are stabilized at 550 ppmv,
researchers estimate that it would take
500-5000 years for CO, to decay to
where atmospheric concentrations
return to the 300-ppmv level.

To mitigate this dilemma, one well-
known proposal is CO, sequestration,
i.e., purifying, compressing and hiding
it someplace “safe.” Current proposals
include compressing and pumping CO,
into deep ocean sites, deep oil and gas
wells, and deep underground aquifers.

Each of these proposals has unique
and major drawbacks. The effects from
concentrations of CO, in deep oceans is
unknown but is certain to cause signifi-
cant pH changes. Deep oil and gas wells?
There simply aren’t enough of them.

There may be enough deep under-
ground sites, but underground storage
is difficult for geological and technical
reasons. Thousands of leak-proof sites
(leaking less than 0.1 percent) would
be needed and significant geological
changes would likely occur because of
rock fractures and upheavals.

More problematic is that all of the
sequestration proposals require significant

energy inputs to work, because the CO,
would have to be captured, isolated,
compressed and then piped long dis-
tances.

Just in time, alternative routes to
CQO, “storage” have begun to draw seri-
ous interest: Put the CO, to beneficial
use directly or in a converted form as a
replacement for current feedstock some-
where in industry.

The shift in thinking is this: If
sequestration has significant risks and
limitations and brings its own set of
energy demands, doesn’t it make more
sense also to find new uses for CO, that
may require less energy?

The Department of Energy has been
moving quickly to accelerate research
into CO, utilization. Recently, the
agency’s National Energy Technology
Lab issued $5.5 million in grants for
feasibility-level research into several
proposed technologies. On a larger
scale, the DOE either has provided
or will provide over $110 million to
test performance and scalability of six
industrial CO, utilization pilot projects.

Along similar lines, we present on
the following pages new work being
conducted by a group at the University
of Toledo, led by ACerS member
Abdul-Majeed Azad, who is exploring
the use of converting CO, into fuel for
fuel cells or raw materials for synthetic
fuel and chemical production.

— Peter Wray
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Utilization not sequestration: A novel
paradigm in greenhouse gas mitigation

University of Toledo researchers offer radical alternative to CO, storage.

By Abdul-Majeed Azad (in lab, above), Desikan
Sundararajan, Sirhan Al-Batty and Eric McDaniel
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always CO, and H O. Both these species
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are well-known greenhouse gases and are
responsible for contributing considerably
to global warming, a subject of conten-
tious political, social and technical
debate. As a result of constant increase
in their concentration and retention, sci-
entific projections estimate that the aver-
age global temperature will rise between
1.4°C and 5.8°C by the year 2100. In
2007, the global level of CO, was 30 bil-
lion metric tons and is projected to be 43
billion metric tons by 2030. The United
States contributes the largest — 22.2 per-
cent — toward global CO, emission.'?

It is less known that water vapor is a
naturally occurring greenhouse gas and
accounts for the largest percentage of
the greenhouse effect (3666 percent) =
in terms of radiation absorbance. Water
vapor concentrations fluctuate region-
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ally. However, unlike in the case of
CO,, human activity does not directly
affect water vapor concentrations except
at local scales (e.g., near irrigated fields). Water vapor is
approximately 80 percent of all greenhouse gases by mass and
about 90 percent by volume. However, the radiative impor-
tance of water vapor is less than that of CO,, CH, and N,O.
Moreover, the lifetime of water vapor in the environment is
about nine days compared with thousands of years for CO,.’

The efforts to diminish the influence of carbon footprints
on the way energy is produced and used today will be the
most visible legacy of the technological developments of the
21 century. Catalytic (using bimetal- or trimetal-supported
alumina matrices) and noncatalytic schemes of direct ther-
mal cracking of natural gas (methane) leading to CO free
H, generation at high temperatures have been demonstrated
on a laboratory scale.*> Several nonfossil approaches are also
being actively pursued. One of those alternative pathways
is biofuels, but even biofuels, including those derived from
waste biomass, involve the logistic burden of and energy for
harvesting, processing, separation, purification and delivery.
However, their use, too, ultimately leads to the generation
and accumulation of CO, and water vapor in the atmosphere.

In the mean time, solutions must evolve — without the
problems associated with greenhouse gases — using the
nation’s available energy resources. The two approaches how-
ever, are not mutually exclusive, because no fossil fuel use
could avoid greenhouse gas generation. Hence, it is relevant
and prudent to have a technology that separates CO, in the
flue gas stream without expending additional energy. The
resulting CO, must be ready for compression and transport to
a storage facility.

There is a frantic race to control, combat and counter the
menace of global warming, albeit with very limited success.
For example, the National Energy Technological Laboratory
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Fig. 1. Schematic pathways of the proposed CO, mitigation technology.

under the auspices of the Department of Energy has been
working to develop a range of carbon capture and storage
technologies.® In July 2008, it awarded 15 new cooperative
agreements to R&D projects focused on development, test-
ing and demonstration of oxy-combustion, chemical looping,
membranes, solvents and sorbents for postcombustion CO,
capture.’

Chalmers introduces CLOU

In this connection, the on-going efforts of the Lyngfelt
group at Chalmers University of Technology in Sweden
are significant. This group has developed a novel approach
to separate CO, by using the benign redox capability and
thermochemical aspects of a host of solid-oxide carriers in
a fluidized bed mode.®!° It has coined the acronym CLOU
— chemical looping with oxygen uncoupling — to describe the
process.

CLQOU is essentially an extension of the chemical-looping
combustion concept, itself based on a 55-year-old patent
by Lewis and Gilliland'! describing the production of high-
purity CO, by circulating a solid-oxide carrier between two
fluidized bed reactors: an air reactor and a fuel reactor. The
fuel is introduced in a fuel reactor containing a solid-oxide
carrier (MXOy), wherein it is oxidized to CO, and H,O. The
reduced oxygen carrier (MO, ) is transported to the air
reactor where it is reoxidized. After water removal by simple
condensation, CO, is separated with no direct loss in effi-
ciency, because the fuel does not encounter air.

Recently, the Lyngfelt group showed that the methodol-
ogy is applicable to solid fuel, such as coal, as well.!*"3 This
broader scope of capturing CO, by the CLOU process is of
tremendous interest, of course, because there is an abundance
of coal and similar solid fuels (including biomass) worldwide.
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Utilization not sequestration
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Fig. 2. Overall summary of the chemical looping combustion process (left) for CO,
capture and the proposed greenhouse gas beneficiation technique (right).

Researchers have also successfully employed a number
of unsupported — as well as supported — oxides of the first
d-group of transition metals (notably Mn, Fe, Co, Ni and
Cu) amenable to facile redox transformation. Some, recently,
have used compositions containing two metals (Fe~Mn or
Fe-Ni) and perovskites endowed with tailored stoichiometric
defects (CaMn, .. Ti, ,,.O,
nia'* and silica®® supports also have been used. During the
238" American Chemical Society’s annual meeting, several
approaches were presented in the symposium on “Advances
in CO, Conversion and Utilization.”'® The methodologies
presented in 15 papers ranged from catalytic to electrochemi-
cal, photochemical and thermochemical, using stand-alone or
supported systems. These methodologies lead to a variety of
end-products, such as CO, formaldehyde, formic acid, metha-
nol and methane.

With such extensive efforts dedicated toward mitigating
greenhouse gas effect, in general, and lowering the carbon
footprints, in particular, an energy revolution could be initi-
ated by developing a methodology and demonstrating its
practical implications, wherein CO, and water vapor could

).!° In some cases, inert zirco-

be catalytically or photocatalytically converted into syngas
(CO + H,). This value-added calorific commodity could then
be used in high-end applications, including the synthesis of
value-added liquid hydrocarbons by the Fischer-Tropsch pro-
cess'’ or generating electricity by fuel cells. A visual of the
greenhouse gas beneficiation concept is shown in Fig. 1.

Innovation

In contrast, the CLOU process, we have developed a tech-
nique that, in essence, causes targeted and quantitative con-
version of CO, and H,O to CO and H,, respectively, through
a simple heterogeneous gas/solid redox process.'® This is based

24

via fuel cells or for liquid fuel via an F-T
process. Moreover, the spent reactant is
regenerated easily by using inferior quality
syngas gas, such as from biomass. Finally,
the exit streams of the fuel cell, as well as
the regenerator, are CO, and H,O that can again be fed into
the cycle with no processing or additional cleanup.

Below, we detail our strategy of converting CO, to CO, of
water vapors into hydrogen, and a mixture of carbon dioxide
and water vapor to syngas (CO + H,), via innovative hetero-
geneous reaction with a simple metal or metal oxide under
very mild experimental conditions (580°C; 1 atmosphere).
When fed into an IT-SOFC at 650°C, these streams create
an open-circuit voltage comparable with running the same
SOFC with H, (ideal fuel) or CO.

The metal and metal oxide that mediate the conversion
of CO, to CO, of water into hydrogen or the CO, + H,O
mixture into syngas (CO + H,), are, in turn, converted to
an oxide with enhanced magnetic characteristics. The spent
oxide could be either regenerated or used for manufacturing a
variety of ceramic magnets (spinel ferrites of the general for-
mula A"B"'O,),"” a product that has an annual market value
of about $5.4 billion. The regeneration of the spent oxide
could be conducted either carbothermically or with gasified
biomass that can serve as a low-quality substitute for conven-
tional reductant under mild experimental conditions.

Theoretical rationale
We consider the following gas—solid redox reactions:

CO,(g) + MO (s) = MO, (s) + CO(g) (1)
CO,(g) + M(s) = MO(s) + CO(g) (2)
In our work, the greenhouse gas interacts with iron oxide

(magnetite, Fe304) in one case, and with elemental iron in
the other. The reduction of CO, to CO results in formation

American Ceramic Society Bulletin, Vol. 89, No. 6



of Fe,O, because of the oxidation of Fe,O, and Fe:
CO,(g) + ZFeSO4(s) — 3Fe,0,(s) + CO(g) (3)
3CO,(g) + 2Fe(s) — Fe,0,(s) +3CO(g) (4)

The numerical value of the overall equilibrium constant
for a stoichiometric reaction is a measure of the occurrence
propensity of the said reaction. It is also a strong function of
temperature and, at a given temperature, K is unique for a
particular reaction. In stoichiometry calculations, we assume
the reaction runs to completion. However, by definition,

K is the ratio of the concentration of the reactants and the
products at equilibrium. Therefore, at a given temperature,

a large K value (>1) implies that the fraction of product(s)
is larger than the reactant(s) and that the equilibrium lies to
the right, whereas, a small K value shifts the reaction to the
left. Finally, the equilibrium constant is related to the Gibbs
energy of the reaction, which dictates its thermodynamic
feasibility.

The overall equilibrium constant is given by*

K=K, K K (5)
where,

~AG?
KO = exp< RT;)

AH T,
K=o 17
! RT, ! T

T

K2=exp<—1—fA—C" dT + _ACvd_T>

T, ™ R T

(6)

K, is the equilibrium constant at the reference tempera-
ture T, (298 K), K| is a multiplier that contributes toward
the temperature effect when the heat of reaction is inde-
pendent of temperature, and K, accounts for the change in
heat of reaction with temperature. In most of the instances,
K, is small (approximately equal to 1). When we use reli-
able thermodynamic data for various components,’' the net
equilibrium constant for reaction (3) at 580°C (853 K) was
computed to be
K=K, K, ‘K, =

(5.76 x 101°)(4.144 x 10)(1) = 2.387 x 10°

Clearly the equilibrium constant of the reaction is far
greather than 1, and this accounts for the fact that the equi-
librium lies to the right. Accordingly, the reduction of CO,
to CO with magnetite is feasible.

In addition, the thermodynamic equilibrium oxygen
partial pressure (po ) in the biphasic mixture of Fe,O, and
Fe,O, could be Computed to be 1.82 X 109 atmosphere at
853 K At bo, values greater than 1.82 X 10~ atmosphere,
the oxidation of Fe ,0, to Fe,O, will occur. Similar analysis
yields a value of 1. 41 >< 10~ 2 atmosphere for the equilibrium

American Ceramic Society Bulletin, Vol. 89, No. 6

po needed for the oxidation of Fe to Fe,O,.”" Therefore, at
po greater than 1.41 X 107% atmosphere, ox1datron of Fe to
Fe’ 1O, will take place.

The reactions in Egs. (3) and (4) show that the oxidation
of Fe or Fe,O, to Fe,O; is attended by the reduction of CO,
to CO. The Po caused by the coexistence of CO, and CO by

virtue of the reaction:
CO(g) + 0.50,(g) = CO,(g) (7
could be computed from the following equation:

P (1)
—A(1<7)

pCO
eRT

bo, =

2

(8)

According to Eq. (8), it is possible to control the po at a
given temperature very precisely by controlling the ratio of
the concentration of CO, and CO in the mixture. The p_
values computed at 853 K in some CO,/CO mixtures are :
shown in Table 1.

Table I. Equilibrium Po, values at 853 K in some representative CO,/
C0 and H,0/H, mixtures.

Mixture 02(alm) Mixture poz(alm)

C0,-100 ppm CO 1.445 < 1018 H,0 - 100 ppm H, 4.6 <101
C0,-10 ppm CO 1.445 x 101 H,0 - 100 ppm H, 4.6 x 1017
C0,-1ppm CO 1.445 x 10 H,0-1ppmH, 4.6 x 10"
C0,-0.1 ppm CO 1.445 x 1012 H,0-0.1 ppm H,' 4.6 x 101

As stated above, at 853 K, the equilibrium bo, values for
the individual Fe,O,/Fe,O, and Fe/Fe,O, coexistences is 1.82
x 105 and 1.41 x 10 -26 atmosphere respectrvely Both these
values must be exceeded to oxidize Fe,O, or Fe to Fe,O,.
Table I figures indicate that the p, generated by the CO,-
CO mixture in the last row (a pracztically pure CO, stream)
exceeds both these values by several orders of magnitude.
Therefore, it is reasonable for us to believe that pure CO, is
capable of oxidizing Fe,O, and Fe to Fe,O;, while, as seen
from Eq. (3) and Eq. (4), CO, is reduced to CO.

Likewise, to demonstrate the feasibility of the reaction
between water vapor and the solid metal or metal oxide, the
po values at 853 K for various H O/H, mixtures were com-
puited for the reaction

H, + 050, - H, 9)

Some typical values in the H,O/H, mixtures are also sum-
marized in Table I.

The po value in the H,O - 0.1 ppm H, mixture (almost
pure H,O “stream) is also more than several orders of magni-
tude hrgher than that required theoretically for the oxidation
of Fe,O, or Fe to Fe,O; as per the reactions

H,0(g) + 2Fe,O,(g) — 3Fe,O,(s) + H,(g) (10)
3H,0(g) + 2Fe(s) — Fe,O,(s) + 3H,(g) (11)
25




Utilization not sequestration

Therefore, water vapor, like CO, is capable of oxidizing
Fe,O, and Fe to Fe,O,. As with CO,, H O is reduced to H.,.
Thus, the proposed technology offers two feasible path-
ways to utilize the syngas thus produced:
e A direct feed to a solid oxide fuel cell; and
e Conversion to liquid fuels, such as hydrocarbons,
ethanol and butanol via Fischer_Tropsch synthesis.
These pathways are depicted in Fig. 1.

Experimental details

We obtained commercial-grade steel-mill waste powder
(particle size less than 45 micrometers, hereafter referred to
as “mill scale”) and two types of iron powders (purity ~99
percent; average particle size 1-3 and 80 micrometers). In
some cases, we also used nanoscale iron powder produced by
the solvothermal conversion of mill scale in an autoclave by
a method one of us developed.?? All the samples were sys-
tematically characterized for their phase and morphological
features before and after the conversion reactions using XRD,
SEM/EDS and VSM.

The powder then was packed into a stainless-steel filter
with 5-micrometer-sized size pores, which was placed in the
center of a quartz reactor located in the uniform temperature
zone of a furnace. The sample was first heated up to 580°C
in high-purity nitrogen and then switched to pure CO, flow-
ing at 100 standard cubic centimeters per minute. In the
case of experiments involving water vapor, CO, was bubbled
through a water bath prior to entry into the reactor. The
moisture content was varied by controlling the temperature
of the water bath. The sample size was varied from 2 tol15
grams.

We quantified the conversion yield of the gaseous species
in the exit stream of the reactor using a gas chromatograph.
We assessed the quality and quantity of the product by mea-
suring the performance of a single-button SOFC
(Ni-GDCI1YSZ IILSM-GDC), monitoring the open-
circuit voltage using the CO, H, and a combination of the
two gases. We compared this with the open-circuit voltage

Fig. 3. Experimental setup used for the validation of the concept
using exhaust from an internal combustion engine as feed.

26

obtained when we ran the fuel cell with pure H, and CO
under identical conditions.

To further evaluate the validity of the concept in real-
world-like conditions, we fed the exhaust of a 600 cubic cen-
timeter internal combustion engine into a reactor packed with
the magnetite powder. The exit stream was led into the anode
of a single-button SOFC operated at 650°C. The experimental
setup used for this evaluation is shown in Fig. 3.
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Fig. 4. Time dependence of CO generation from CO, with (a)
Fe,O,, (b) commercial microscale Fe and (c) nanoscale Fe powder.
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Fig. 5. Evidence of H, generation from pure water stream in con-
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Fig. 6. Comparison of a single-button fuel cell output with different
feeds upon interaction of CO, with magnetite.

Results and discussion

Literature is abundant with suggestions for CO, stor-
age (also known as sequestration). The sequestration ideas
related to storage in geologic formations and terrestrial eco-
systems are most widely discussed.

In the first, proponents envisage that CO, is stored under
pressure between porous rock layers, capped by a layer or
multiple layers of nonporous rocks. In the second, propo-
nents envisage increased CO, uptake by plants through
tree-planting, no-till farming, forest preservation and under-
standing and deciphering the genomes of carbon-storing soil
microbes.

Other possibilities that have been looked at and pursued
to a great degree are the dissolution of CO, in brine* and
reaction with alkali or alkaline-earth minerals to form solid
carbonates.” Other interesting concepts for CO, sequestra-
tion are through self-assembled organic nanochannels,” zeo-
lites?® or MCM-41 materials,?” or its reduction to CO in the
presence of hydrogen and methane over magnesia.?®

The photoreduction of CO, with water vapor over titania
dispersed on silica and zeolites also has been reported,” but
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with very low activity. The evolution rate of the products (in
this case methane and methanol) per hour was a few nano-
moles per gram of catalyst. Moreover, in all these instances,
the end products were, most of the time, methanol, form-
aldehyde, formic acid and methanol that require elaborate
separation protocols, not syngas.

Also, Bidrawn et al.,”® have reported the reduction of CO,
at 800°C in a solid-oxide electrolyzer, by operating an SOFC
in reverse using CO-CO, mixture as the fuel and chromium-
substituted LSM (La Sr  ,Cr, Mn_.O,) in conjunction with
(yttria + zirconia)-doped ceria and palladium as the redox
stable anode. The problem here, evidently, is that the fabri-
cation of this complex electrolyzer is quite elaborate.

In contrast, Fig. 4 shows the evidence of CO, conversion
to CO we monitored by the online GC signals with 6 grams
of magnetite, 2 grams of commercial iron and 15 grams of
nanoscale iron. The CO yield in all these cases was very
close to the theoretical value as per Egs. (3) and (4), within
the permissible experimental errors. Several subsequent
runs under identical experimental conditions yielded similar
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Fig. 8. Fe,O, magnetization curve before and after exposure to
CO, gas at 580°C for 4 hours.
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Fig. 9. Magnetization curve of iron before and after exposure to
CO, gas at 580°C for 4 hours.

results, bolstering the theoretical concept outlined above.

The monotonic CO concentration decrease over time is
simply caused by the gradual depletion of the active compo-
nent (Fe or Fe,0,) with the progress of the reaction.

We found direct evidence of the propensity of water vapor
reduction to hydrogen, per Eq. (10), in the functionality of
a solid-oxide button fuel cell (Fig. 5). As we expected, we
saw that the open-circuit voltage responded sharply to the
increase in temperature of the water bath. Simply put, as
the vaporization and, hence, steam content of the stream
increased steadily with rise in the bath temperature, the
hydrogen level also increased.

The steady decline in the cell output with time is caused
by the constant consumption of the magnetite. Elsewhere,
we have also amply demonstrated this generation of hydro-
gen via metal-steam reforming reaction.’!**

We further verified that CO, was indeed converted to CO
by connecting the exit stream to an SOFC at 650°C. This is
shown in Fig. 6 for dry and humidified CO, streams.

In all the above cases, we continuously monitored the fuel cell
response under the open-circuit voltage “no load” condition. Our
results show a good correlation with the operational efficiency of
the reactant. In the case of humidified CO, stream, the higher
open-circuit voltage can be attributed to the reduction of water
vapor. The presence of H, in the gas stream, although in small
concentration, accentuated the cell performance.

Thus, it is reasonable to conclude that a mixture of CO,
and H,O (both of which are potent greenhouse gases and
are the final products of a combustion process) could be con-
verted to syngas through the reactions

4Fe,0,(s) + CO,(g) + H,0(g) —6Fe,O,(s) + CO(g) +
(12)

4Fe(s) + 3CO,(g) + 3H,0(¢) —
2Fe,0,(s) + 3CO(g) + 3H,(g) (13)
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The syngas stream could be either used as a combined feed
for SOFC or catalyzed to liquid fuel via Fischer-Tropsh syn-
thesis. We are currently investigating the latter option in our
laboratory.

An unexpected byproduct

It should be pointed out that as per Egs. (3), (4), (10),
(11), (12) and (13), Fe,O, and Fe theoretically transform to
Fe, O, upon interaction with CO,, H,O and their mixtures.

Intuitively, this could be hematite. However, a comparison
of the magnetic measurements before and after CO, reduc-
tion in this work showed that this was not the case. In fact,
we found that the reaction formed maghemite (y-Fe,O,), not
hematite. This discovery can be seen from the pronounced
behavior of the postreduced sample from the magnetization vs.
applied magnetic field curves shown in Figs. 8 and 9. (Similar
curves were obtained for water-treated samples as well.)

The formation of maghemite makes sense. Because metal
oxides tend to be crystalline substances, the reactions they
undergo are either reconstructive or topotactic. In recon-
structive reactions, native crystals disassociate, react and
crystallize again. In topotactic reactions, the crystal structure
of each particle remains intact throughout the reaction.

Maghemite is ferrimagnetic and isostructural with spinel
magnetite and it has a cationic deficiency at the octahedral
B-site in the lattice. It is also known to form by the topotac-
tic transformation of magnetite attended by internal atomic
displacements and defect formation, so that the initial and
final lattices are in coherence.* Diffusion studies with radio-
active iron tracers in magnetite particles have been used at
high temperatures and relatively low po to confirm this.”

This observation correlates the changes in the diffusion
coefficients because of the changes in bo, values with reac-
tions that involve the formation of vacancies in the octahe-
dral lattice.’® Formation of these vacancies is important for
diffusion’” and oxidation because it electrically compensates
for the conversion of Fe** to Fe**. We believe the experimen-
tal conditions we employed in this work are conducive to the
observed effect.

Carbothermic reduction, according to the following stoi-
chiometric reaction with graphite powder at 600°C, converts
the highly magnetic maghemite into elemental iron:
Fe,O,(y,s) + C(s) = 2Fe(a,s) + 3CO(g) (14)

The XRD patterns of the sample before and after the
reduction provide evidence of this conversion (Fig. 10).

Conclusion

We have identified two inexpensive precursors — a metal
and an oxide — that are capable of converting CO, and
H,O to CO and H,, respectively, on a 1:1 molar basis, at a
mild temperature of 580°C and 1-atmosphere pressure. The
importance is that this is a beneficiation of the two major
greenhouse gases.
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Fig. 10. Structural evidence of reconversion of maghemite to iron
via carbothermic reduction.

We demonstrated that these streams, after they have been
reduced, can be fed into a SOFC at 650°C to create an open-
circuit voltage comparable with the performance of the ideal
fuel, pure H,. We believe the energy sector can benefit from
this approach because it would provide a means of curbing
the carbon footprints from fossil fuels in an innovative way.

Alternatively, the streams can be used to make syngas, a
precursor to other fuels and materials. For example, NASA is
currently looking at nonpetroleum-based jet fuels in the pur-
suit of alternatives to power commercial jets and address ris-
ing oil costs. A greenhouse-gas-derived Fischer-Tropsch fuel
could respond to that quest. We currently have experiments
in progress to explore this option.

We believe our concept will advance the state-of-the-art in
the pursuit of carbon capture and sequestration in two ways:

e As mentioned above, although several methodologies
have been proposed, none of them seem capable of
selectively and quantitatively converting CO, to CO
— one of the two valuable precursors for F=T synthesis.
Therefore, the theoretical concept and experimental
results shown here are perhaps the first of their kind
that ensure selective, quantitative and targeted con-
version of CO, to CO.

® The reduction of the CO, provides a “green” envi-

American Ceramic Society Bulletin, Vol. 89, No. 6

ronmentally benign process of combating the ever-
increasing greenhouse gas effect. Furthermore, it shows
a waste product of steel industry can be employed

as an effective agent for the envisaged conversion.
Almost 20 million metric tons of mill-scale waste is
produced annually by the steel industry worldwide.
The U.S. share of this waste generation is 1.5 mil-
lion metric tons per year. Thus, a remediation of this
industrial waste, alone, provides great value because
more than 80 percent of it is currently landfill des-
tined.

Calculations based on the stoichiometry of Eq. (3) indi-
cate that at the current level of mill-scale available world-
wide, about 2 million metric tons of CO, could be converted
into 1.2 million metric tons of CO annually. In the case
where elemental iron (available in essentially an unlimited
supply) is used, every 1 million metric tons of metal would
remediate 1.2 million metric tons of CO,, producing 0.754
million metric tons of CO.

In either case, the spent oxide could be regenerated by
carbothermic reduction under mild experimental conditions
or by using low-quality gasified biomass. Alternatively, the
maghemite product could be valuable in the manufacturing
of ferrite (MFe,0O,) components, because of its highly mag-
netic behavior. M
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