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Highlights

e Hydrogen production by steam oxidation of reduced CaFe>O4 demonstrated

e High conversion (>75%) of steam to hydrogen demonstrated

e Lignite and sub-bituminous coals showed the best reduction rates of CaFe,O4

e Scaling up the production of CaFe,O4 was successful

e A 25-cycle test of H, production with steam/reduced CaFe.O4 showed stable
performance

ABSTRACT

Production of Hz by steam oxidation was demonstrated with calcium ferrite (CaFe2O4)
after coal gasification to produce CO with several types of coals. All coal types reacted with
CaFe204 to produce CO. The reduced CaFe;O;4 after the reaction with coal can also be oxidized
with steam at 800 ‘C while producing of Hz. Sub-bituminous coal and lignite coal had better
reactivity with CaFe>O4 than the bituminous coal. A ten-cycle test conducted with Wyodak
coal/CaFe,04 at 800 C showed stable production of H during oxidation with steam. A 25-cycle
steam oxidation test conducted after reduction of CaFe.O4 with lignite coal also showed a very
stable performance. Steam oxidation is sufficient for maintaining the cyclic reactions. A larger
scale (2 kg batch) production of CaFe2O4 by wet granulation-tumbling method was successful.
Steam oxidation was demonstrated with the large-scale batch of CaFe2O, after reduction with

Wyodak coal

Keywords: chemical looping H2 production, oxygen carriers for H2 production, production of Hy

with coal/oxygen carriers.



1.0 INTRODUCTION

Hydrogen is a promising energy source that is also environmentally benign. This valuable material is
also used in oil refineries, for ammonia, methanol production and fuel cells. In recent years, the production
of hydrogen from coal or methane has received attention. Coal gasification is currently the most popular
commercial method of producing hydrogen from coal, but synthesis gas produced this way must be further
processed in a water-gas shift reactor (WGS) to produce a gas stream containing H, and CO.. [1-4]. An
additional pressure swing adsorption (PSA) step is required to separate CO, and H»to produce pure H; and
sequestration-ready CO-. In addition, to produce a concentrated syngas free of nitrogen, conventional
coal gasification techniques require an air separation unit to obtain pure oxygen [5]. Therefore,
alternative technologies that eliminate the WGS, PSA and air separation unit are desirable for

production of Hz from coal, specifically for the operation of small-scale coal gasification units

Chemical looping gasification (CLG) is one of the technologies that uses oxygen from an oxygen
carrier, such as a metal oxide, for the gasification of fuel to produce syngas. The reduced metal
oxide oxygen carrier is then oxidized using air. CLG has been used for gasification of solid fuels
such as coal, biomass and derived cokes for the generation of synthesis gas [6-16]. Calcium oxide
decorated iron oxide [6] has been used to enhance the coal-steam gasification to produce syngas
with H2/CO ratio of 12:1 in a fluidized bed reactor. Fe-Ni bimetallic oxygen carriers have shown
promising performance for chemical looping gasification of biomass in a 10 kWth interconnected
circulating fluidized bed reactor [8]. Calcium sulfates [9,10] have been used to increase the rate
of coal-steam gasification but the syngas yields were low in the presence of the oxygen carrier.
Studies in dual fluidized bed reactor indicated that the bi metallic oxygen carriers such as FeTiO3,
Mn1x CuxOy and Mnix FexOy may be suitable oxygen carriers for coal gasification [11]. A

theoretical study on the relationship between electronic properties of Fez04 substituted by Ca and



Ba and their reactivity in chemical looping process has shown that these substitutions enhanced
the reactivity of the iron oxide oxygen carriers [14]. An iron based oxygen carrier (OC) developed
from bauxite residual from alumina industry has shown sufficient activity to transport oxygen and
heat from the air reactor to gasifier to promote gasification [15]. These reported CLG processes
require steam in addition to the oxygen carrier for fuel gasification. Selection of oxygen carriers
for the process has been difficult because most oxygen carriers react with syngas initially produced
by coal-steam gasification even though they enhance the gasification rates, and it has been difficult

to stop the reaction at the syngas stage.

As described in our previous studies [16], CaFe2O4 and BaFe2O4 selectively react with coal to
produce CO but have minimal reactivity with CO, making them very desirable as oxygen carriers
for CLG processes. Steam is not required for gasification of coal with CaFe;O4 and BaFe204
oxygen carriers unlike with the other oxygen carriers reported in the literature. According to the
data reported in the Ellingham diagram [17], there are very few metal oxides in the syngas
production range. According to calculations based on use of FactSage software, the free energies
of oxidation of reduced CaFe>O4 components such as CaO, Fe?, FeO to produce CaFe,Oqare in
the range of syngas production in the Ellingham diagram at 700-900 "C. Our previous studies [16,
18] also showed that reactions proceed via solid-solid interactions. We have also reported kinetic
studies [18] of the interactions between the solid chars with these unique metal ferrites.

In CLG, solid-solid interactions between coal and the oxygen carrier play a key role. Therefore,
fixed-bed gasifier designs already established in industry, [19,20], could be used in a commercial
process. Moving-bed gasifiers may also be used with both solids moving together. Solid contact
between the coal char and oxygen carrier must occur to ensure that oxygen can be transferred

directly via proximal contact - the rate-limiting factor for solid fuel conversion [18, 21, 22].



CLG technologies arose from parent process concepts, such as coal direct chemical looping
combustion (CLC). In chemical looping combustion processes, oxidation of the reduced oxygen
carrier is traditionally conducted using air, which generates heat for various processes (23-31). In
addition to oxidation of reduced oxygen carriers in CLC with air to generate heat, oxidation of
reduced iron-based oxygen carriers by steam to produce Hx has also been reported by various
researchers [32-36]. Steam -iron process [32] to produce Hz by steam oxidation of iron has been
used commercially to produce H> and the process required initial reduction of iron oxide by a
strong reducing gas such as syngas. Continuous high purity hydrogen generation for 300 hrs. been
demonstrated in a 25 kWth sub-pilot unit by a chemical looping process which included reduction
of iron oxide with syngas and oxidation with steam [33]. A techno-economic analysis of coal-
based hydrogen and electricity cogeneration processes with CO Capture indicated that the syngas
chemical looping strategies have the potential to notably reduce the energy and cost penalties for
CO- capture in coal conversion processes. In this process, syngas produced by coal gasification
was used for reduction of an iron-based oxygen carrier prior to oxidation of the reduced oxygen
carrier with steam [34]. Another techno-economic analysis on conversion of brown coal to
hydrogen and power based on enhanced process integration of coal direct chemical looping,
combined cycle and hydrogenation showed promising results [35]. Modification of iron oxide
oxygen carrier with potassium has shown improved performance [36].

In our previous studies [16,18] oxidation of reduced CaFe2Oa4, which contained phases CaO,
Fe, and FeO after the reaction with coal, was conducted with air, which is highly exothermic, and
re-formation of CaFe204 during oxidation was demonstrated. Another important property of this
material is that the reduced CaFe>O4 can also be oxidized with steam to produce H.. Deep reduction

of CaFe2O4required prior to steam oxidation can be performed by direct reaction with coal at 800-



850 °C, unlike that with iron oxide which requires a strong reducing gas such as syngas for initial
reduction as reported in the previous studies. Production of hydrogen via steam oxidation of
CaFe,04 after reduction with coal is reported in this work. CLG with CaFe>O4 with several types
of coal such as Wyodak, Power River Basin (PRB) and Mississippi lignite and oxidation with
steam for H, production were investigated. Stability of production of H. via steam oxidation of the
reduced CaFe,O4 with both sub-bituminous Wyodak coal and lignite coal during a multi cycle
tests is also reported. In addition, a 2kg batch of CaFe.Os prepared using a wet
granulation/tumbling process that could be easily scaled up for commercial scale preparation was
demonstrated. The test results from the large-scale CaFe>Os batch; Wyodak coal and steam

oxidation to produce H; are also reported.

EXPERIEMENTAL

2.0 MATERIALS AND METHODS

2.1 Materials

CaO (99%, Aldrich) and Fe20O3 (99.99%) were used for the preparation of CaFe2O4. The
powders were mixed, and enough water was added for pelletization during mixing. The mixture
was calcined at 1000 °C for 6 hours. Wyodak coal, Power River Basin coal (PRB), Mississippi
coal and Texas bottom seam coal were used. The analysis data of the coals are listed in Table 1.
Coal was mixed physically with the oxygen carriers by a mass ratio (oxygen carrier mass to coal
mass) corresponding to the stoichiometric oxygen supply to produce CO. Stoichiometric
conditions are used here to demonstrate the minimum oxygen carrier required for converting the
solid carbon. As explained above, and in [16], excess oxidant has minimal reaction with gas-phase

CO because of thermodynamics. The particle size of coal was in the range of 75-300 um, and the



oxygen carrier had a particle size range of 53 -125 um. A large-scale (1.5 kg) batch was prepared

using a similar procedure.

Table 1: Proximate and Ultimate Analysis of Coals
Analysis Component | Wyodak Powder Mississippi | Texas
(%owt.) Coal River Basin | Lignite Bottom
(Subbituminous) (PRB) Seam
(Subbituminous) (Subbituminous)
Proximate | %Moisture NA, dry NA, dry Na, Dry Na, Dry
basis basis Basis Basis
%Ash 7.57 8.83 25.71 15.81
%Vol. Matter 44.86 40.83 43.76 47.4
%Fixed Char 47.57 50.34 30.53 36.79
Ultimate %Ash 7.57 8.83 25.71 15.81
%Carbon 69.77 67.24 51.75 62.53
%Hydrogen 5.65 4.23 3.57 4.74
%Nitrogen 0.94 1.53 1.27 1.23
%Total 0.43 0.38 0.73 0.99
Sulfur
%0Oxygen 15.64 17.79 16.97 14.69
(diff)

2.2 Bench-Scale Fixed-Bed Flow Reactor Studies
2.2.1 Single-cycle tests with various coals

Bench-scale fixed-bed flow reactor (inner diameter 7 mm) tests were conducted with 4.5g
CaFe>04and 0.6 g of coal. The outlet gas compositions (CO2, H2, CH4 and CO) from the reactor
were measured using a MS (Pfeiffer Omnistar). Helium was used as the inert flow gas because the
mass spectral peaks for N2 overlap with those of CO. The sample was heated in He at a flow rate
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of 100 cm3/min (0.1 L/min) from ambient to 850 °C (ramp rate of 4 °C/min) and kept isothermal

at 850 °C for 60 min. After the gasification step, the sample was exposed to steam/He.

2.2.2 Ten-cycle test with Wyodak coal and CaFe204 with steam introduction at 800 °C
Ten-cycle bench-scale fixed-bed flow reactor (inner diameter 7 mm) tests were conducted
with a 4.5 g sample of CaFe>O4and 0.6 g of Wyodak coal. The sample was heated in He at a flow
rate of 100 cm3/min (0.1 L/min) from ambient to 800 °C (ramp rate of 4 °C/min) and kept
isothermal at 800 °C for 60 min. After the gasification step, the sample was exposed to 15%
steam/He for 60 min at 800 °C. When the H concentration was less than 500 ppm after reaching

the maximum, the sample was cooled to 750 °C and air was introduced for oxidation.

2.2.3. 25-cycle tests with Lignite coal 30% steam 1.2 g lignite coal 9 g Ca ferrite 800 C
25-cycle bench-scale fixed-bed flow reactor (inner diameter 7 mm) tests were conducted
with a 9 g sample of CaFe-O4and 1.2 g of lignite coal. The sample was heated in He at a flow rate
of 100 cm3/min (0.1 L/min) from ambient to 800 °C (ramp rate of 4 °C/min) and kept isothermal
at 800 °C for 60 min. After the gasification step, the sample was exposed to 30% steam/He at 800
°C. When the H> concentration was less than 500 ppm after reaching the maximum, the sample

was cooled to 750 ‘C and air was introduced for oxidation.

2.2.4 Test with the large-scale batch of CaFe204and Wyodak coal
Bench-scale fixed-bed flow reactor (inner diameter 6 cm) tests were conducted with a 200-

300 g sample of CaFe204 (particle size 53-125 micron) and 40 g of Wyodak coal (74- 300 micron).



The sample was heated in He at a flow rate of 8.4 scfh (3.95 L/min) from ambient to 800 °C (ramp
rate of 4 °C/min). When the CO level was low (less than 500 ppm) after reaching the maximum,

15 % steam/He was introduced at 800 °C.

2.2.5 Scanning Electron Microscope with Energy Dispersive Spectroscopy (SEM-EDS)
JEOL-840A SEM interfaced to a Noran NS-6 X-ray microanalysis system was used for the
analysis. The JEOL-840A has an annular backscatter detector (BSED), an ET type secondary
electron detector (SED), and a Noran Ultra-Dry Energy Dispersive Spectrometer (EDS). The
JEOL 840A SEM was routinely operated in a pressure range of 10-6 -10-5 Torr (1.3x10-5 to

1.3x10-6 Pa; 1 Torr = 1.3224 Pa).

2.2.6  X-ray Diffraction (XRD)

XRD was performed in a Panalytical X pert Pro Powder X-ray diffraction system with an
Anton Par Hot Stage (Model# HTK-1200N) connected to a Eurotherm (Model# 2604) temperature
controller. The XRD system has a Cu anode X-ray source (Cu ko = 1.5544 /f\) and a PiXcellD
strip detector. The X-ray generator voltage and current was set at 45 kV and 40 mA respectively

for sample analysis.

3.0 RESULTS AND DISCUSSION

3.1 Fixed bed flow reactor studies with Mixtures of CaFe204/several types of coal with 15%
steam introduction at 850 °C

The results with Mississippi lignite coal and sub-bituminous PRB, Texas and Wyodak coals are

shown in Figure 1. During the temperature ramp, coal reacted with CaFe>O4to form CO as the



main product with some CO2 while reducing CaFe204. When steam was introduced at 850 °C after

the temperature ramp of coal/ CaFe;O4 in He, a significant amount of Hz was observed.
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Figure 1: Effluent gas concentrations during temperature ramp of PRB coal/ CaFe204 in helium and
introduction of 15% steam at 850 °C.

When air was introduced to the CaFe,O4at 850 °C after introduction of steam, the consumption of
oxygen was significantly lower than when air was introduced directly to the reduced CaFe,O4
without steam oxidation. This data indicated that the reduced CaFe.O4 was oxidized by steam
while producing Hz. The bituminous coal, Illinois #6, did not have (not shown) high steam
conversions to Hy since the reduction rate of CaFe>04 was low with Illinois coal (16,18). However,
the lignite and sub-bituminous coals reacted with CaFe»O4 at a high rate which contributed to high

H> at high production rate during steam oxidation.



3.5 Multi-Cycle Tests
3.5.1 Ten-cycle fixed bed flow reactor studies with CaFe204/Wyodak coal with 15% steam
introduction at 800 °C followed by air introduction

During the ten-cycle test with 4.5 g CaFe204/0.6 g Wyodak coal, the initial temperature
ramp was conducted in He. When steam was introduced to the reduced CaFe>O4 at 800 °C, a
substantial amount of H2 was observed. After each cycle, a new batch of 0.6 g of coal was added
to the oxidized Ca ferrite oxidized from the previous cycle. The concentration of H, data when
steam was introduced at 800 °C during the ten-cycle test is shown in Figure 2. A very stable
production of H, was observed during the ten-cycle test. The maximum conversion of steam to H»
was about 75%. The rate of H2 production via oxidation of the reduced Ca Ferrite is significantly
faster than the H> production via coal gasification with steam at 800 °C, as also shown in Figure
2.

The oxygen consumption data during air oxidation after the steam introduction at 800 °C
is shown in Figure 3a. Comparative oxygen consumption data with air at 800 °C when steam was
not introduced at 800 °C is shown in Figure 3b The oxygen consumption was lower with the
sample that was exposed to steam at 800 °C prior to oxidation with air, which indicated that the

reduced oxygen carrier was oxidized substantially with steam at 800 °C.
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Figure 2: Concentration of H2 during the 10-cyle test of Wyodak coal/ CaFe204with 15% steam introduction
at 850 °C (for clarity only cycles 2,6 & 10 are shown)
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Figure 3: Concentration of oxygen during air oxidation with and without steam introduction after the
temperature ramp of Wyodak coal /CaFe204 in Helium
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3.5.1 Lignite coal 25-cycle test with steam oxidation and no air oxidation

During the 25-cycle test with 9 g CaFe204/1.2 g lignite coal, when 30% steam was
introduced to the reduced CaFe>O4at 800 °C after the initial temperature ramp in He, a substantial
amount of H> was observed. In this test series, air oxidation was not conducted after steam
oxidation. After each cycle, a new batch of 1.2 g of coal was added to the CaFe>O4 oxidized by
only steam from the previous cycle. The concentration of H, data when steam was introduced at
800 "C during the ten-cycle test is shown in Figure 4. A very stable production of H, was observed

during the ten-cycle test. The maximum conversion of steam to H was about 75%.
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Figure 4: Concentration of Hz during the 25-cyle test of lignite coal/ CaFe204with 30% steam introduction at
800 °C (for clarity only cycles 2 & 25 are shown)
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3.5.1.1 Oxidation rate analysis during the 25-cycle steam oxidation test with Ca ferrite after
reaction with lignite coal

The weight gain by reduced Ca ferrite during oxidation with steam was calculated by assuming
that one mole of atomic oxygen is added to the reduced Ca ferrite for every mole of H. produced.
Therefore, the mass gained by reduced CaFe;O4 that caused by steam oxidation can be calculated

with the following equation (1):
Am(gain) = MW, X mol(H,) (1)

where MWo is the molar weight of atomic oxygen and Am(gain) is the measure of the total
oxygen mass (g) gained by the reduced Ca ferrite by steam oxidation. The mol(H) represent the
moles of H2 produced, which is equivalent to the moles of atomic oxygen consumed by reduced

CaFe>O4. The mol(H2) was obtained by integration of curves in Figure 4.
The conversion (X) during oxidation is defined as:

_ Arngain
Amgqin(total)

(2)

where Am(gain) is the mass gain by the partially oxidized Ca ferrite during oxidation (Eq. 1) at a

given time, Am gain (total) is the total experimental mass gain during steam oxidations at 800 °C.

The degree of oxidation conversion (X) of the reduced Ca ferrite as a function of oxidation time
for selected cycles using 25% steam at 800 °C are shown in Figure 5. As demonstrated by Fig. 5,
the oxygen uptake increased linearly with exposure time up to about 90% of the oxidation
conversion. The oxidation process of metal has been reported to obey power rate law [37] as

shown in equation (3):
X" =k,t (3)

where X is the conversion during oxidation, or oxygen uptake, k is the uptake rate constant and t
is oxidation time, and n is the conversion exponent. Many representative oxidation uptakes
correspond to different conversion exponents: 1 for linear, 2 for parabolic and 3 for cubic [37].
Following assessment of the conversion vs. oxidation time data, it was ratified that the linear
dependence (n=1) provides the best fit to the oxidation uptake from the initial stage of

oxidation.to 90% of conversion as shown in Figure 6. These results revealed that the diffusion
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resistance through oxide layer did not control the overall rate throughout the oxidation time.
Therefore, the oxide scale provides no resistance to diffusion pathway for oxidizing gas. After
inspection of the oxidation uptake data at different cycles (up to 25 cycles) as shown in Figure 5
and 6, there was no clear deviation in trend detected with cycle number. In terms of the oxidation
uptakes, the overall profiles for different cycles exhibit a similar trend at all cycles and times.

Rate of conversion computed from the data in Figure 6 was 0.038 min™.
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Figure 5: The degree of oxidation conversion (X) of reduced CaFe204 for different cycles at temperature 800
°C with 25% steam
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Figure 6: The linear dependence of oxidation conversion (X) of reduced CaFe204 with time (Eqg. 3) using 25%
steam and He balance and 800 °C

3.6 Fixed bed flow reactor studies with the large-scale batch of CaFe204

A 1.5 kg batch of CaFe>O4 was prepared using a wet agglomeration process. A 300 g of material
sample in the size range 53-125 pum was mixed with 40g of the Wyodak coal and a temperature
ramp was conducted to 800 °C in He. The concentrations of effluent gases measured using mass
spectrometer during the temperature ramp are shown in Figure 7. The concentration of CO was
the highest, and the gas compositions were very similar to what was observed with the small-scale

tests shown in Figure 1.
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Figure 7: Effluent gas concentrations during temperature ramp of Wyodak coal/large scale CaFe204batch in
Helium

Steam oxidation was also conducted with the large-scale batch. After the temperature ramp
with coal, steam was introduced at 800 °C to the reduced CaFe;O.. A substantial amount of H, was
produced as shown in Figure 8, indicating that the reduced CaFe2>0O4 was oxidized by steam similar
to the results found with the small-scale batch (Figures 1 and 2). The data confirmed that even
with a large-scale batch, the reduced CaFe2O4 can be regenerated using steam to produce Ha. The
major advantage with the CaFe>O4 oxygen carrier is that it can react with coal directly to produce
CO and be oxidized with steam to produce H.. The Hz production data when 15% steam was
introduced to Wyodak coal without CaFe>O4 is also shown in Figure 8 and it is lower than that

with steam/reduced CaFe;0s.
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Figure 8: Concentration of H2 during the 15% steam introduction at 850 °C with Wyodak coal/ CaFe204

3.7 Characterization
3.7.1 Scanning Electron microscopy(SEM)/Energy dispersive analysis and X-Ray diffraction
analysis

Scanning electron photo micrographs of fresh CaFe>O4 and after the 25th cycle oxidation
with steam (section 3.5.1) following the reduction with lignite coal are shown in Figure 9. The
SEM photomicrographs indicated that there was a change in the surface morphology after the
cyclic reactions with coal and steam. The fresh sample appeared have larger grains and more
porous than the reacted sample. Multi-cycle reduction via solid-solid interactions and oxidation
with steam at 800 "C have contributed to the morphology changes. Even though there were changes

in the surface morphology, the reactivity of CaFe,O4 was stable during the 25-cycle test.
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Figure 9: Scanning electron photomicrographs of (A) fresh CaFe:0sand (B) after 25" steam oxidation cycle
after reduction with lignite coal
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3.7.2. X-Ray Diffraction Analysis

3.7.2.1 X-Ray Diffraction Analysis at ambient temperature

X-Ray diffraction (XRD) data of the fresh Ca ferrite indicated the presence of mainly the
CaFe;04 phase as shown in Figure 10. The reduced forms of CaFe>O4 after reduction with coal
have been previously [18] identified as CaO, FeO and Fe®. The XRD data after the 25" oxidation
with steam (described in section 3.5.1 with lignite coal), the peaks corresponded to CazFe.Os
(main) and FesO4. The data indicated that the reduced Ca ferrite after steam oxidation was only

oxidized to CaxFe-Os phase not to the original CaFe20O4 phase.

6000
5000
4000 Ca Ferrite after 26 cycle test
with coal and steam oxidation
=
= Identified phases: Ca2Fe205
E 3000 (major) and Fe304 (minor)
o
2000
Ca ferrite fresh
1000 Identified phase: CaFe204
0
10 30 50 70 90 110

2-theta (degress)

Figure 10: X-Ray diffraction data of ca ferrite fresh and after 25th cycle steam oxidation cycle-test with lignite
coal/ CaFe204
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However, when the oxidations are conducted with air instead of steam, the original
CazFe20s was formed as reported previously [18]. The formation of CazFe2Os after oxidation with
steam did not impact the cyclic reactions because CazFe2Os can be easily reduced by direct reaction
with coal. After the first cycle, reduction of Ca2Fe>Os with coal and oxidation of reduced CazFe2Os

with steam to produce Hz showed stable performance for the next 24 cycles.

3.7.2.1 In-Situ X-Ray Diffraction Analysis during temperature ramp with carbon -
Ca ferrite and during steam exposures at 800 °C

A mixture of carbon (lamp black) and CaFe>O4was placed in the hot stage of the XRD unit
and temperature was ramped from ambient to 800 °C in nitrogen. The XRD data were obtained
during the temperature ramp are shown in Figure 11. The initial phase at ambient temperature
corresponded to CaFe>O4. After the temperature ramp to 850 C, main phases identified were Fe

and CaO which indicated that CaFe>O4 was completely reduced to Fe and CaO.
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Figure 11: In-situ XRD data of ca ferrite -carbon mixture during the temperature ramp up to 850 °C

After the reaction with carbon in the XRD hot stage, steam was introduced to the sample and in-
situ XRD data were obtained at 850 °C. Steam was introduced by flowing nitrogen at 80 sccm
through a water bubbler. The data during the steam introduction is shown in Figure 12. The initial
phases CaO and Fe changed to CazFe2Os after the steam introduction and was not changed even
after steam exposures overnight. The data are consistent with the ambient temperature XRD data

with samples obtained after cyclic reactions described in the previous section (Figure 10).
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Figure 12: In-situ XRD data of reduced Ca ferrite during exposure to steam at 850 °C

4.0 Possible processes
According to the XRD data, the main phases formed after steam oxidation were CazFe>Os and

Fe304. So, the cyclic reactions can be described by equations (4) and (5).

3C + CazFe20s + Fes04 -> 3CO+2Ca0 + 4FeO + Fe , AHgoo= 558 KJ  (4)

2Ca0 + 4FeO + Fe + 3H20 -> CazFe20s + Fe3O4 + 3H2, AHgoo= -174 KJ  (5)

The reduction of CazFe>Os is endothermic, while the oxidation with steam is exothermic.

The combined reaction is endothermic, and heat must be provided for the reaction. The heat may
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be provided by oxidation of a portion of the reduced ca ferrite with air as shown in reaction (6),
which will produce sufficient energy for the process.

CaO + FeO + Fe + Oz -> CaFe20s, AHgoo= 619 KJ (6)

Possible processes for generation of Hz with coal/Ca ferrite are shown in Figure 13 and 14.
In the process shown in Figure 11, a separate air oxidation reactor is used for production of
necessary heat for the endothermic fuel reaction. Some of the reduced Ca ferrite from the fuel
reactor is transferred to the air reactor for oxidizing with air to generate heat. In the process shown

in Figure 12, air oxidation is performed after the steam oxidation to generate additional heat.

Exothermic

m Exothermic

Steam
oxidation
Reactor

Fuel
Reactor

H20

Fig 13: Process of production Hz from steam oxidation of reduced Ca ferrite and air oxidation to produce heat
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0/C0o2 Hydrogen

Exothermic

Endothermic

Steam
Fuel oxidation
Exothermic

Reactor Reactor

Reactor

MO = Oxygen carrier (OC)
M = fully reduced OC
MOx = Partially oxidized OC

Fig 14: Process of production Hz from steam oxidation of reduced Ca ferrite followed by air oxidation

CONCLUSIONS

Coal gasification with a CaFe,O4 oxygen carrier was demonstrated with several types of
coals. Sub-bituminous and lignite coals reacted well, but the reactivity of bituminous coal was
slower. Wyodak coal, PRB coal, Mississippi coal and Texas coal reacted with CaFe>O4 0xygen
carrier during the temperature ramp from ambient to 850 °C to produce a CO-rich gas stream. The
reduced CaFe,Qg, after the reaction with coal, was oxidized with steam to produce Ha. A ten-cycle
test conducted with Wyodak coal-CaFe,Os showed stable Hz production when steam was
introduced at 800 °C. Stable H2 production was also observed during a 25-cycle steam oxidation

test after reduction of Ca-ferrite with lignite coal. Scaling up the preparation process using the wet
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agglomeration method was successful. Data on the production of CO with the large-scale sample
CaFe204 and Wyodak coal was very similar to the small-scale samples. Hydrogen production
during steam oxidation was demonstrated with the large-scale batch of CaFe.Q4 after reduction
with Wyodak coal-steam. The formation of CazFe.Os phase was identified by XRD after steam
oxidation. Kinetic analysis of steam oxidation during H> production indicated oxidation followed
the linear rate law and oxide scale provides no resistance to diffusion pathway for oxidizing gas.

Possible processes for heat integration without any CO2 emissions are also discussed.

Disclaimer

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsibility
for the accuracy, completeness, or usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately owned rights. Reference therein
to any specific commercial product, process, or service by trade name, trademark, manufacturer,
or otherwise does not necessarily constitute or imply its endorsement, recommendation, or
favoring by the United States Government or any agency thereof. The views and opinions of
authors expressed therein do not necessarily state or reflect those of the United States Government

or any agency thereof.
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