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ABSTRACT: Chemical looping combustion (CLC) is a promising technology for fossil fuel combustion that produces
sequestration-ready CO, stream, reducing the energy penalty of CO, separation from flue gases. An effective oxygen carrier for
CLC will readily react with the fuel gas and will be reoxidized upon contact with oxygen. This study investigated the development
of a CeO,-promoted Fe,O;—hematite oxygen carrier suitable for the methane CLC process. Composition of CeO, is between S
and 25 wt % and is lower than what is generally used for supports in Fe,O; carrier preparations. The incorporation of CeO, to
the natural ore hematite strongly modifies the reduction behavior in comparison to that of CeO, and hematite alone.
Temperature-programmed reaction studies revealed that the addition of even 5 wt % CeO, enhances the reaction capacity of the
Fe,O; oxygen carrier by promoting the decomposition and partial oxidation of methane. Fixed-bed reactor data showed that the
S wt % cerium oxides with 95 wt % iron oxide produce 2 times as much carbon dioxide in comparison to the sum of carbon
dioxide produced when the oxides were tested separately. This effect is likely due to the reaction of CeO, with methane forming
intermediates, which are reactive for extracting oxygen from Fe,O; at a considerably faster rate than the rate of the direct reaction
of Fe,0; with methane. These studies reveal that 5 wt % CeO,/Fe,O; gives stable conversions over 15 reduction/oxidation
cycles. Lab-scale reactor studies (pulsed mode) suggest the methane reacts initially with CeO, lattice oxygen to form partial
oxidation products (CO + H,), which continue to react with oxygen from neighboring Fe, O, leading to its complete oxidation
to form CO,. The reduced cerium oxide promotes the methane decomposition reaction to form C + H,, which continue to react
with Fe,0;/Fe;0, to form CO/CO, and H,O. This mechanism is supported by the characterization studies, which also suggest

that the formation of carbonaceous intermediates may affect the reaction rate and selectivity of the oxygen carrier.

1. INTRODUCTION

The chemical looping combustion (CLC) system is a technique
by which a concentrated CO, stream is produced during
combustion when the gaseous fuel is introduced to the fuel
reactor containing an oxygen-rich metal oxide (MexOy). The
oxide proceeds to react with the fuel, producing a reduced
oxygen carrier (Me,O,_;). The major challenge with CLC
using Fe,0;' and natural ores > is the release of adequate
amounts of oxygen from the oxygen carrier during the CLC
reduction cycle. A low oxygen capacity will result in a larger
amount of solids transfer, contributing to a significant increase
in the CLC reactor size and operating costs. The requirements
for a good oxygen carrier are high oxygen transport capacity,
high reactivity, high mechanical strength, environmental
friendliness, physical and chemical stability during cyclic tests,
and low carrier production costs.® The metal oxides of Nj, Cu,
Fe, Co, and Mn have been tested by various researchers at
different scales.” " Generally, these metal oxides are combined
with an inert material that acts as a support, such as Al,O,
MgAl,O,, ZrO,, and TiO,, to enhance the surface area and
durability of the oxygen carrier particles.

Fe,O; has been studied as an oxygen carrier in the past;
however, a slow reaction rate with CH, is a known issue with
Fe,0;-based carriers. It is also known that impregnated Fe,O;
on alumina exhibits high reactivity with CH,.'” One of the
goals in oxygen carrier development is to increase the efficiency
of the release of oxygen of Fe,O; during both the reduction and
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oxidation reactions. The complete combustion of the fuels
results in the reactor effluent containing only CO, and H,0O,
whereas the partial combustion produces the CO and H,
products. The potential benefit of increasing the oxygen use
at the Fe,O; reaction site would be to increase the rate of
conversion and to achieve a more complete combustion of the
fuel, thereby improving the performance of the oxygen carrier.

In our laboratory experiments, we have studied the ability of
cerium oxide to enhance the performance of the natural ore
hematite (Fe,O;) during the CLC reaction. It has been
reported that ceria appears to enhance the catalytic activity of
the Group VIII metals, and some have suggested that ceria may
actually alter the properties of the Group VIII metals."*™"* The
oxygen storage capacity of ceria and ceria—zirconia has been
established as a key garameter for the catalytic performance of
three-way catalysts.'~>® Various studies previously conducted
have used ceria as a support material for dispersing the active
catalytic components as well as an oxygen transfer material for
catalytic reactions. For example, the Rh/ceria catalyst is
reported to have a high activity for the water-gas shift reaction,
because of cerium aiding the removal of CO at lower
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temperatures.”> >® The studies described in this paper have

demonstrated that the addition of a small amount of cerium (S
and 25%) to the hematite ore does not increase the surface area
of the hematite carrier but significantly enhances the oxygen
use of the oxygen carrier. Additionally, the studies have also
indicated that CeO, promotes the CLC reaction and does not
act as a support to the oxygen carrier.

This research work is aimed at studying the mechanism of
methane CLC using Fe,O; promoted with cerium oxide. The
studies were conducted through thermogravimetric analysis
(TGA) and a lab-scale flow reactor operated in both the
continuous and pulsed flow modes. A fundamental under-
standing of the reaction pathway could help in guiding the
future preparations of the desired oxygen carriers for more
efficient oxygen use and CO, selectivity during the methane
CLC process.

2. EXPERIMENTAL SECTION

2.1. Materials and Oxygen Carrier Preparation. The Michigan
hematite used for these studies was supplied by Ward’s Natural
Science, Rochester, NY. Grade-2.0 helium, used as a purge gas
between oxidation and reduction cycles, was obtained from Butler Gas
Products Co., Inc. The ultrahigh-purity (UHP)-grade CH,, used for
the reduction cycle, was obtained from Matheson Trigas. N,/O, (air)
used for the oxidation cycle was obtained from Butler Gas Products
Co., Inc.

In the study, the oxygen carriers were prepared by the hot incipient
wetness impregnation method. The hematite was ground prior to
incorporation of the CeO, promoter with a mortar and pestle and
sieved to 150 pm. The pure cerium oxide material was obtained by
calcining cerium nitrate (Aldrich) in a furnace at 800 °C. In the hot
incipient wetness impregnation method, a saturated aqueous solution
of cerium nitrate was prepared corresponding to the desired 5% (2.91
M) and 25% (8.545 M) loading of CeO, and was added dropwise to
the hematite. The 5% CeO,/hematite carrier (100 g sample) required
one impregnation step, followed by calcination at 850 °C for 3 h. The
25% CeO,/hematite carrier (100 g sample) required 6 impregnation
steps, with intermediate drying at 100 °C. The resulting solid material
was calcined at 850 °C for 3 h. For comparison purposes, 5 and 25%
Al,O;/hematite were also prepared by the impregnation method. The
Brunauer—Emmett—Teller (BET) surface area and pore size of the
oxygen carriers were measured using a Micromeritics ASP-2020
apparatus.

2.2. Fixed-Bed Lab-Scale Reactor Study. The oxidation and
reduction studies were carried out using a Micromeritics AutochemHP
lab-scale quartz reactor. The fixed-bed lab-scale flow reactor was
operated in both continuous and pulsed flow modes. Approximately
1.0 g of sample was placed in the quartz glass reactor coupled with a
Pfeiffer Omnistar mass spectrometer (MS). The reactor effluent was
monitored for the molecular ion responses corresponding to CH, (m/
z 16), H,0 (m/z 18), CO (m/z 28), O, (m/z 32), Ar (m/z 40), and
CO, (m/z 44). During the continuous flow mode, the inlet flow of
100% Ar was maintained at a total flow rate of 60 cm?®/min (space
velocity of 2300 h™') over the oxygen carrier at 101.3 kPa while
heating from 25 to 800 °C at a heating rate of 10 °C/min. The reactor
temperature was maintained at 800 °C during the oxidation (air, 60
cm®/min, 30 min) and reduction (20% CH,/balance Ar, 60 cm®/min,
30 min) cycles. During the pulse flow mode, the reduction (100%
CH,) and oxidation (air) periods were divided into 15 pulses (5 cm®)
into an argon flow (60 cm?/min) over approximately 1.0 g of oxygen
carrier at 800 °C. Integrated molecular ion peaks for CO, and CO
were used for calculating the oxygen transfer capacity of the oxygen
carriers.

2.3. TGA. TGA was conducted in a TA Instruments model 2050
thermogravimetric analyzer. The samples were placed in a S mm deep
and 10 mm diameter crucible. Approximately 80 mg of the metal oxide
oxygen carrier was heated in a quartz bowl from ambient temperature
to 800 °C at a heating rate of 10 °C/min under N, gas at a flow rate of
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100 cm®/min. The sample temperature was maintained isothermally
for 20 min prior to the reduction and oxidation cycles. The reaction
gases used during reduction were 20% CH,/balance N,, and air at a
total flow rate of 100 cm®/min was used during oxidation.

The mass-based reduction rate was calculated by first extracting the
thermogram profile during the reduction cycle and converting the data
to the fractional reduction (X) defined by eq 1

X = M, - M
Mo - Mf (1)

where M is the instantaneous weight of the metal oxide, M, is the
initial weight before reduction, and M is the final weight of the carrier
after reduction for 30 min. The mass-based reduction rate was then
calculated from eq 2

global rate = dx
dt

@)

3. RESULTS
3.1. Oxidation—Reduction Experiments in the Lab-

Scale Reactor. The data in Figure 1 compares the outlet
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Figure 1. Amount of CO, (open symbols) and CO (closed symbols)
produced during the reduction cycles flowing 20% CH,/He at 800 °C
over (a) 5% CeO,/hematite, 5% Al,O;/hematite and hematite and (b)
25% CeO,/hematite, 25% Al,O;/hematite, and pure hematite oxygen

carriers.

concentrations in moles of CO, and moles of CO per 100 g of
carrier as a function of reduction cycles at 800 °C for the 5 wt
% CeQO,/hematite, 5 wt % Al,O;/hematite, and pure hematite
(Figure 1a) and 25 wt % CeO,/hematite, 25 wt % Al,0;/
hematite, and pure hematite oxygen carriers (Figure 1b). The
sequence of CLC reduction/oxidation cycles performed
demonstrates that the oxygen carriers are all stable over
multiple reduction and oxidation cycles. In addition to this, the
reactivity slightly increased with the number of cycles for both
the hematite and promoted hematite oxygen carriers. The pure
hematite produced 0.12 mol of CO, on the second cycle and
0.17 mol of CO, after 15 reduction cycles. The lab-scale reactor
data show the addition of 5% CeO, to the hematite increased
the amount of CO, produced to 0.30 mol, increasing the
oxygen use by 1.8 times, as compared to the pure hematite
material after 15 reduction cycles. The pure hematite produced
0.03 mol of CO on the 15th reduction cycle, shown in Figure
la. The addition of 5% CeO, to hematite also decreased the
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amount of CO produced to 0.09 mol on cycle 2 and improved
the selectivity for CO, over CO significantly. For comparison, a
5% Al,O;/hematite was prepared and tested for 15 oxidation
and reduction cycles. The results are shown in Figure la. The
data indicates that the addition of 5% Al,O; decreased the
amount of CO, produced to 0.10 mol of CO, from 0.12 mol
(hematite) and the amount of CO produced was 0.017 mol on
the second cycle. The decrease in CO, production, upon
addition of 5% Al,O;, as compared to that with CeO,, suggests
Al,O; does not participate in promoting combustion of CH,.
The addition of either A,O; or CeO, did not increase the
surface area (CeO,/hematite < 1.0 m*/g) of the oxygen carrier
(as shown in Table 1). The improvement in oxygen carrier

Table 1. BET Surface Areas of Oxygen Carriers

fresh (m*/g)  reacted (m?/g)  pore size” (A)

carrier

CeO, (nitrate) 4.8 1932
Fe,0; (hematite) <1.0 <1.0 63.6
5% AlO,/Fe,0, 13 <1.0 67.0
25% ALO,/Fe,0, 1.6 <1.0 129.4
5% CeO,/Fe,04 <1.0 <1.0 154.8
25% CeO,/Fe,04 <10 <1.0 306.1

“Freshly prepared materials.

capacity upon addition of CeO,, during the CH, CLC, has to
occur by a mechanism other than that of surface area
enhancement. The fixed-bed multicycle tests of the pure
CeO, produced 0.027 mol of CO, and 0.10 mol of CO on cycle
15. MS analysis indicates that the addition of 5 wt % CeO, to
hematite oxygen carrier produces almost twice as much carbon
dioxide per unit time in comparison to the sum of carbon
dioxide produced when the Fe and Ce oxides are tested
separately.

The 25% CeO,/hematite oxygen carrier (Figure 1b)
produced 0.24 mol of CO, and 0.06 mol of CO at 800 °C.
Increasing the loading of CeO, decreased the amount of CO,
produced (0.24 mol) as a result of the decrease in the Fe,O,
content, as compared to the 5% CeO,/hematite carrier shown
in Figure la. The additional CeO, also increased the amount of
CO produced from 0.03 to 0.06 mol. For comparison, 25%
Al,O;/hematite was prepared and tested; multicycle tests reveal
that increasing the Al,O; loading to 25% significantly increased
the amount of CO, produced to 0.23 mol in cycle 2 and
increased the amount of CO produced slightly to 0.047 mol, as
compared to the pure hematite sample. The first reduction
cycle of the 25% Al,Os/hematite carrier is comparable to the
25% CeO,/hematite carrier. However, after multiple redox
cycles, the carrier with 25% Al,O; shows significant
deactivation, and at the end of 15 cycles, the capacity was
less than that of the pure hematite.

The oxygen transfer capacity of the CeO,/Fe,0; oxygen
carriers was determined using the molecular ion profiles for
CO, and CO monitored during the CLC reduction cycles at
800 °C. Panels a and b of Figure 2 show the percent oxygen
used during the reduction cycles at 800 °C for the 5 and 25%
CeO,/hematite, respectively. The percent oxygen used was
calculated according to eq 3
.1 . nOZ
percent O, utilization = —————
no, (theoretical)

©)
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Figure 2. Percent oxygen utilization during the reduction cycles
flowing 20% CH,/He at 800 °C over (a) 5% CeO,/hematite, 5%
AL O;/hematite, and pure hematite and (b) 25% CeO,/hematite, 25%
Al,O;/hematite, and pure hematite oxygen carriers.

where ng is the moles of oxygen used during the reduction

reaction to form CO and CO,. Inductively coupled plasma
mass spectroscopy (Galbraith Laboratories) and Material Safety
Data Sheet (MSDS) data indicated that 99% of hematite is

Fe,O;; this value was used for calculation of g, (theoretical),

the theoretical total amount of oxygen available in the oxygen
carrier. The amount of oxygen used on the pure hematite
oxygen carrier, during the 30 min reduction time during the 15
cycle test, is between 18.5 and 22.1% O, (Table 2). The
addition of 5% cerium, by impregnation, to the hematite
material resulted in an increase in O, utilization to 35.2%, and
this corresponds to an increase in 13.1% utilization of oxygen,
as compared to pure hematite. Adding 5% Al,O; to hematite
did not have any significant impact on oxygen utilization of
hematite.

The surface area increase with the 5% CeO, was minimal
(see Table 1), yet the increase in oxygen transfer capacity
(Table 3) was very significant, indicating that the mechanism of
promotion by CeO, is due to a chemical effect and not a
surface area effect. The 25% CeQO,/hematite carriers, shown in
Figure 2b, also show an improvement in the amount of oxygen
used during the reduction cycles. It is interesting to note that
increasing the amount of cerium oxide percentage from 5 to 25
wt % did not significantly improve the amount of oxygen used
during the reduction cycle. Results with the 25% ALO;/
hematite oxygen carrier for multicycle testing are shown in
Figure 2b. The 25% Al,O;/hematite carrier shows 34.6%
oxygen availability in cycle 1 for the reduction reaction;
however, significant deactivation occurred over 15 cycles that
resulted in only 18.7% O, being available for oxidation, which is
less than that of the pure hematite carrier and similar to the 5%
Al,O;/hematite carrier. The addition of 25% CeO, to hematite
improved the oxygen utilization of hematite, and it was stable
during the 15 cycle test, unlike the 25% Al,O;/hematite. The
results of the lab-scale reactor study demonstrate that the
reactivity and oxygen availability of the hematite carrier is
improved by the addition of the cerium oxide additive; CeO,
has a unique effect on promoting the performance of Fe,O;.
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Table 2. Moles of CO, and CO and Percentage of O, Used per 100 g Carrier during the Bench-Scale Reactor Tests

moles of CO,/100 g

moles of CO/100 g percentage of O, used

carrier cycle 2 cycle 15 cycle 2 cycle 15 cycle 15

hematite 0.12 0.17 0.032 0.032 22.2

5% CeO,/hematite 0.23 0.30 0.009 0.032 35.2

5% Al,O;/hematite 0.10 0.12 0.017 0.019 18.5

25% CeO,/hematite 0.21 0.24 0.049 0.063 39.6

25% Al,O;/hematite 0.23 0.13 0.0SS 0.047 18.7

100% ceria 0.016 0.027 0.064 0.10

Table 3. Oxygen Transfer Capacity (R,) of the Oxygen Carriers
RO
carrier fuel reactor 750 °C 800 °C 900 °C CO, selectivity reference

hematite 20% CH,/N, fix bed 0.018 0.027 0.06 84 this work
5% CeO,/hematite 20% CH,/N, fix bed 0.024 0.037 0.11 90* this work
25% CeO,/hematite 20% CH,/N, fix bed 0.031 0.042 0.14 794 this work
40% Cu0/20% Fe,0,/AL0, 20% CH,/N, TGA 0.14 0.14 40
45% Fe,0,/AlL,0, 15% CH, fluid bed 0.013° 10
60% Fe,0,/AL0, 88% CH, fluid bed 0.031° 70* 28
15% Fe,05/A1,0, 25% CH, fluid bed 0.015" 50° 12
40% NiO/ALO, 15% CH, fluid bed 0.084° 10
10% CuO/AlO;, 15% CH, fluid bed 0.02° 10
40% NiO/MgALO, 50% CH,, 50% H,O fluid bed 0.045° 90° 30
18% NiO/ALO, 30% CH,/N, TGA, fluid bed 0.038" 60° 29

“A 800 °C reaction temperature. A 950 °C reaction temperature.

3.2. Reactivity of the Oxygen Carriers Investigated by
TGA. Figure 3a shows the rate of mass conversion as a function
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Figure 3. Reaction rates from TGA data at 800 °C as a function of the
(a) mass-based conversion and (b) cycle number.

of the fractional mass conversion (@) for the 2nd, 8th, and 15th
reduction periods at 800 °C for the CeO,-promoted hematite
and pure hematite oxygen carriers computed from the TGA
data. The pure hematite oxygen carrier shows a low reaction
rate (0.30 min~", cycle 2), illustrating the slow reactivity of the
carrier toward combustion of methane. The rate of reaction for
hematite as a function of the cycle number is shown in Figure
3b for reduction cycles 2, 8, and 15, and the data indicate that
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the reactivity of hematite increased slightly with the increasing
number of reduction cycles (to 0.76 min~' on reduction cycle
15). The TGA thermogram profile for hematite showed only a
2.7% decrease in the carrier weight, following a 20 min
reduction, indicating that Fe,O; was not fully converted to
Fe;0,. An important characteristic of the oxygen carrier is the
oxygen transport capacity, also called the oxygen ratio,"**
defined as R, = (m,, — m,.q)/m,, where m,, and m,.4 are the
masses of the oxidized and reduced forms of the metal oxide,
respectively. The oxygen transport capacity during 20 min of
reduction for pure hematite oxygen carrier was 0.027. The
addition of 5% CeO, to hematite significantly increased the
reaction rate to 1.37 min~' (Figure 3b) at low fractional
coverage and, correspondingly, increased the oxygen transport
capacity to 0.037. Increasing the loading of CeO, to 25%
further increased the maximum reaction rate to 1.45 min™' and
the oxygen transport capacity to 0.042. Increasing the reaction
temperature from 800 to 900 °C significantly affected the
reaction rate, producing a higher oxygen transfer capacity than
that of the pure hematite carrier, as shown in Table 3. It is
interesting to note that the oxygen transfer capacity of the
promoted carriers is better than that reported for other iron-
based carriers.''>*®

Initially, CH, reacts very rapidly with the oxygen carrier,
indicated by a sharp increase in the rate and a more gradual
decrease in the rate at higher exposure times. This effect may be
due to two kinds of reactions taking place during the reduction
of the oxygen carrier or the reaction of surface and bulk oxygen.
The weight change of >3 wt % in thermogram profiles of the
CeO,-promoted hematite oxygen carriers indicates that CeO,
improved the reducibility of the hematite material, converting
all Fe,0; to Fe;O, in less than 20 min, and some Fe;O, was
also converted to FeO during the 20 min reduction time.
Increasing the CeO, loading on hematite slightly increased the
reactivity of the oxygen carrier, and hence, the conversion of

dx.doi.org/10.1021/ef302132e | Energy Fuels 2013, 27, 4087—4096
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Figure 4. CH, pulses (5 cm®) over (a) pure CeO,, (b) pure hematite, and (c) 5% CeO,/hematite oxygen carriers at 800 °C.

Fe,0; to Fe;O, was completed in a shorter time period (lower
fractional weights), as shown in Figure 3b.

3.3. Pulsed Reaction Study in the Fixed-Bed Reactor.
The pulse experiments were conducted, similar to other
studies,29’3’0 to investigate a smaller conversion range at a
given time, as compared to that of the continuous flow
experiment, to help elucidate the detailed reaction mechanism.
The concentrations of products formed were determined from
the volumetric fraction of each gas leaving the reactor during
the exposure to 5 cm® methane. The concentration profile as a
function of the pulse number at 800 °C is shown for the pure
CeO, in Figure 4a. MS analysis of the reactor effluent shows
that the second CH, pulse over the oxygen-rich CeO, at 800
°C produces CO, CO,, H,, and gaseous H,O0. Studies®' have
shown that the reduction of CeO, by CH, is thermodynami-
cally favorable and the oxidation activity of ceria is dependent
upon the oxidation state under the reaction condition at 800
°C. The high oxygen mobility of CeO, results in the initial
formation of CO,. Increasing the number of CH, pulses, the
concentration profiles for CO, CO,, and H, (see Figure 4a)
indicate that oxygen is depleted from CeO, by the decrease in
CO, production to near zero, followed by a steady-state
formation of CO and H, through nine pulses. The reaction of
CH, with the reduced CeO,_, readily converts the reactant gas
to CO and H,. Following the decrease in CO, and slight
decrease in the CO concentration, an increase in H, was
observed. The decrease in the CO/H, ratio indicates that
methane pyrolysis may be occurring, leading to carbon and H,
formation according to reaction step 4.

CeO,
CH, — C + H,0/H, (>800°C) (4)

The formation of carbon is verified by examining the molecular
ion data during the oxidation cycle. The CO, molecular ion
profiles show an increase in the CO, concentration when
pulsing air (Figure Sa) on the reduced CeO, sample. A similar
observation of CO, formation was also observed during the
oxidation cycle of the continuous flow experiments (Figure Sb).
The increase in the CO, concentration during oxidation
indicates that carbon deposition occurred during the CH,
reduction cycle on CeO,. During the sequence of 15 air pulses
(Figure Sa) on the reduced CeO, samples, the molecular ion
profile of CO, shows an increasing trend initially followed by a
decreasing trend. This suggests that the oxygen in the pulse is
being consumed preferentially for oxidation of reduced cerium
oxide initially. As the reduced cerium oxide is oxidized, more
oxygen becomes available for reaction with carbon to form
CO,. Increasing the number of O, pulses shows a decrease in
the amount of CO, formed as the carbon is consumed. The

b
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Figure 5. Molecular ion CO, profiles over the pure CeO, at 800 °C
during (a) oxidation pulses and (b) reduction and oxidation cycles
during continuous flow reactions.

continuous flow study (Figure Sb) indicates that 0.38 mmol of
carbon was deposited during the reduction and remained on
the carrier until its removal during oxidation.

The concentration profiles for the pure hematite oxygen
carrier, during the CH, pulses at 800 °C, are displayed in Figure
4b. The second pulse of methane yielded mostly CO, (36.8
umol) and some CO (11.7 umol) and H, (8.5 umol). The
concentration profile for the hematite oxygen carrier is quite
different from that of the pure CeO,, in which CO was the
main product. The hematite oxygen carrier continuously
releases CO, as the conversion of CH, decreased with the
increasing number of pulses. The reaction of CH, during the
reduction of hematite also produces CO, H,, and gaseous H,O,
as indicated from the molecular ion analysis of the reactor
effluent. The pulse experiment reveals that the decrease in the
amount of oxygen available in the Fe,O; carrier lowers the
amount of CO, produced but the amount of H, and CO
produced remains relatively stable. The consumption of oxygen
from Fe,Oj; leads to a lower amount of oxygen available during
subsequent reduction pulses. Methane combustion over the
pure hematite oxygen carrier produces CO,, CO, H,, and H,0
indicated by the molecular ion analysis of the reactor effluent,
suggesting that the formation of these product species is
occurring by reaction steps 5—7.

CH, + 12Fe,0; — CO, + 8Fe;0, + 2H,0
AH 400 oc = 171.3 kJ/mol (5)
CH, + 3Fe,0, - CO + 2Fe,0, + 2H,

AH/g0 oc = 221.1kJ/mol ©)
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CH, + Fe;0, — CO + 3FeO + 2H,

AHg00 oc = 276.9 kJ/mol )

Thermodynamic analysis was performed using Factsage 6.0 for
the reaction steps 5—7, and the results are shown in Figure 9.
Positive Gibbs free energy values at lower temperatures indicate
that the reaction with Fe,O; is not thermodynamically
favorable. However, all of the reactions are thermodynamically
favorable above 700 °C.

The concentration profile in Figure 4b shows that, on pulses
12—15, the CO and H, concentration is similar. It is difficult to
distinguish whether methane pyrolysis is occurring during the
reduction cycle on the reduced iron oxide carrier. The
formation of CO, (Figure 6a) from the reduced sample in

(b) Reduction Oxidation
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Figure 6. Molecular ion CO, profiles over the pure hematite oxygen
carrier at 800 °C during (a) oxidation pulses and (b) reduction and
oxidation cycles during continuous flow reactions.

the oxidation cycle during both the pulsed and continuous flow
studies revealed that the formation of carbon did occur on the
hematite oxygen carrier during the reduction reaction. The CO,
molecular ion profile shows an increase in the CO,
concentration while pulsing O, (Figure 6a) and also during
the continuous flow oxidation with air, as shown in Figure 6b.
The reduced hematite in Figure 6a required a greater number
of O, pulses to reoxidize the oxygen lattice of the carrier,
indicated by the O, pulse breakthrough occurring at pulse 9, as
compared to pure CeO, (pulse 4). A similar CO, formation
trend is observed while pulsing O, over the pure hematite, as
compared to CeO,. When the number of O, pulses is
increased, there is an increasing amount of CO, produced,
reaching a maximum, followed by a decrease in CO,
production. The pulse study reveals that O, consumption for
metal oxidation and carbon oxidation is occurring simulta-
neously over the hematite carrier.

The molecular ion profiles during the exposure to methane
pulses over the 5% CeO,/hematite oxygen carrier at 800 °C are
shown in Figure 4c; the data indicate that the addition of CeO,
to hematite significantly improves the conversion of CH, to
CO,. The CO, concentration decreases with an increasing
number of pulses because of depletion of oxygen available for
the reaction. The amount of CO formed decreased during the
initial pulses, and then the amount of CO formed approached a
steady state. Following the initial pulses, the H,/CO selectivity
changes, favoring the H, product, indicate that carbon
formation is occurring over the oxygen-depleted surface of
the oxygen carrier similar to pure CeO,.

The oxidation pulses (see Figure 7a) over the reduced
CeO,/Fe,0; sample indicate that less carbon remained
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Figure 7. Molecular ion CO, profiles over the 5% CeO,/hematite
oxygen carrier at 800 °C during (a) oxidation pulses and (b) reduction
and oxidation cycles during continuous flow reactions.

deposited on the oxygen carrier than that of the pure hematite
or pure CeO,. These results suggest that carbon may also be
readily reacting with iron oxide via the solid—solid reaction to
form CO,. The carbon that was formed during each pulse had
sufficient time to react with the oxygen present in Fe,O; before
the next pulse, resulting in less carbon deposited on the CeO,/
Fe,O; carrier. In addition to this, the CO, molecular ion
profiles (Figure 7a) do not show the increasing and decreasing
trend as pure CeO, (Figure Sa) and pure hematite (Figure 6a),
suggesting that the majority of the carbon formed by pyrolysis
reacted with the oxygen carrier at the active sites during the
reduction cycle. The O, pulse study also reveals that the
presence of CeO, increased the oxygen utilization of Fe,0;, as
indicated by the high O, consumption, before the O, pulse
breakthrough is observed. The pulse study indicates that CeO,/
Fe,0; decreased the amount of carbon deposition and
increased the amount of O, utilization.

3.5. Temperature-Programmed Reaction (TPR) in 5,
10, and 20% CH,. The data presented in Figure 8 show the
CO, and CO molecular ion profiles while flowing S, 10, and
20% CH, over the 25% CeO,/hematite and pure hematite
oxygen carriers while heating from 25 to 950 °C. While flowing
5% CH, over the pure hematite oxygen carrier (shown in
Figure 8a), the conversion of CH, to CO, begins at around 700
°C over the pure hematite and peaks at 950 °C. The hematite
oxygen carrier produced very little CO even at 950 °C. The
hematite carrier shows initial CO, and CO peaks at 700 °C
(low T), indicating that CH, is reacting with the oxygen species
located on the surface of the oxygen carrier. Surface oxygen
generally has a higher activity at lower temperatures than the
bulk oxygen activity at higher temperatures.>> Increasing the
temperature of the reaction from 700 °C, CH, and Fe,O; react
to form more CO, beginning at 750 °C, with a maximum at
950 °C. As O, is depleted from the hematite carrier, the CO,
molecular ion intensity decreases. At higher temperatures, with
carbon formation by pyrolysis of CH,, the carbon remains upon
the surface of the hematite carrier, unreacted. The CO,
molecular ion profile for the CeO,/Fe,O; carrier shows that
CO, formation also begins at 700 °C and CeO, promotes a
significantly larger amount of CO, that peaks at 825 °C. When
the exposure time of 5% CH, is increased to the CeO,/Fe,0;
carrier at 950 °C, there is a second increase in the CO and CO,
molecular ion profiles, indicating the formation of these species.
The carbon produced at a high temperature over the reduced
carrier reacts with the bulk Fe,O; to form the CO, and CO
product species. At higher temperatures, it appears that CeO,
promotes more carbon that is able to react with Fe,O; to form
a greater amount of CO, along with the partial oxidation
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Figure 8. Molecular ion analysis during TPR of hematite and 25% CeO,/hematite while heating from 25 to 950 °C under (a) 5% CH,/Ar flow, (b)

10% CH,/Ar flow, and (c) 20% CH,/Ar flow.

product CO upon depletion of the available oxygen in the
carrier. It is interesting that this two-peak phenomenon in the
CO, molecular ion TPR profiles is still observable with an
increased methane concentration.

Increasing the reactant concentration to 10% CH, (Figure
8b) and 20% CH, (Figure 8c) causes an increase in the CO,
product over all of the oxygen carriers. It is interesting that, at
higher CH, concentrations, the second CO, peak was observed
at a shorter reaction time for the CeO,/Fe,O; carrier. This
effect is likely due to the fact that, at higher concentrations,
there will be a greater amount of carbon formed in a shorter
time than is available for reaction with the bulk Fe,O; The
larger amount of carbon present will react more readily with
Fe,0;, thus shifting the CO, molecular ion profile forward on
the time scale, as compared to the TPR profile for the 5% CH,
test. Upon depletion of the oxygen available in the CeO,/
Fe,O; carrier, it is possible to observe carbon partially oxidizing
to the CO product species.

When pure hematite was exposed to 20% CH, (Figure 8c),
the characteristic two-peak CO, molecular ion profile, like that
of the CeO,/Fe,O5 carrier tested, can be observed. The
emergence of the two CO, peaks is indicative of the carbon
formation pathway for CO, that is evident in the CeO,/Fe,04
carrier. Increasing the concentration of CH, increases the
amount of carbon formed on the pure hematite carrier. The
larger amount of carbon at a high temperature (950 °C) may be
capable of oxidizing the bulk Fe,O; to produce a larger amount
of CO, and corresponding second CO, peak. The formation of
the CO molecular ion profile also moves through a maximum
(Figure 8c), indicating that carbon formation and oxidation
may be the reaction pathway; as carbon is depleted, the amount
of CO formed decreases, unlike the CO profiles at the 5 and
10% CH, concentrations (shown in panels a and b of Figure 8,
respectively).

The TPR data indicate that the addition of CeO, to hematite
increased the amount of CO, formed. Interestingly, the TPR
experiments suggest that carbon reacting with the bulk oxygen
may be responsible for the formation of a larger amount of CO,
and some CO on the depletion of the available oxygen in the
oxygen carrier. The CO, molecular ion profile during the 5%
CH, TPR (Figure 8a) over the CeO,-promoted hematite
carrier shows two peaks for CO, formation, the first at 850 °C
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and the second at 950 °C. The first peak does not correspond
to the formation of CO, indicating that the lower temperature
formation of CO/H, is reacting with Fe,O; to form CO,. The
pulsed experiments and TPR data indicate that the addition of
CeO, to hematite increases the amount of oxygen available for
combustion of CH,, and a major reaction pathway is that of the
formation of carbon and oxidation by the oxygen carrier.

4. DISCUSSION

In the CLC process, the degree of fuel combustion has to be
high to achieve full conversion of methane to CO, and H,O.
Ideally, the exit stream of the reactor should be composed of
mostly CO, and H,0. The oxygen required to obtain full
combustion of CH, must be supplied from the oxygen carrier
in the fuel reactor. For methane combustion to occur, there
must be a rapid transfer of oxygen from the metal oxide surface
to methane. The continuous flow lab-scale reactor tests
revealed that hematite is capable of transferring oxygen to the
methane gas to produce CO, and CO (Figure la). The
addition of 5 and 25% ceria oxide to hematite significantly
increased the amount of CO, produced, as compared to the
pure hematite oxygen carrier. The addition of S and 25% CeO,
to hematite showed higher reactivity than the pure hematite
oxygen carrier for methane combustion. In addition to the
reaction rate increase, the addition of 5% CeO, almost doubled
the amount of oxygen used during the reduction reaction. The
amount of oxygen supplied by CeO, alone is not sufficient for
this significant increase in combustion, suggesting that the
ability of cerium oxides for partial oxidation of methane may be
a key factor.

The global reaction rate data, shown in Figure 3a, for the
hematite oxygen carrier shows two peaks corresponding to two
regions of high activity. The change in the combustion
performance is related to the reduction state of the oxygen
carrier at any given time. During the TPR studies, the
formation of a CO, peak at a low temperature on Fe,O; may
be attributed to the surface reaction (Figure 8). The emergence
of a second peak at a higher temperature (Figure 8) may be
attributed to iron oxide reduction, occurring from the oxidation
of carbon. The pure hematite is limited by its reactivity (Figure
3a) and less than 3% of the oxygen in the carrier is available for
the CLC reduction reaction in short time periods (20 min).
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The addition of CeO, to Fe,O; shifted the CO, peaks to lower
temperatures while producing more CO, than the pure
hematite oxygen carrier during the TPR experiments while
flowing S, 10, and 20% CH, (as shown in panels a, b, and ¢ of
Figure 8, respectively), demonstrating the ability of ceria as a
promoter to increase the amount of available oxygen during the
reduction reaction.

X-ray diffraction analysis (not shown) of the CeO,/Fe,0;
oxygen carriers showed that there was no formation of Ce—Fe
alloys or mixed Ce—Fe—O compounds. Following 15 oxidation
and reduction cycles, the oxidized forms of the carrier show
that CeO, and Fe,O; remained as separate phases. Therefore, it
is assumed that the high activity of the CeO,/Fe,O; carrier is
due to the cooperative participation of CeO, sites, which
produce intermediate species CO, H,, and carbon that facilitate
further reduction of the iron oxide carrier.

Cerium oxide is re%)orted as having a high oxygen mobility
(redox rogerty) ' and high oxygen storage ca-
pacity,'#2%?>3373% which is affected by the strong interaction
of cerium with the support metal (strong metal—support
interaction).*® It has been reported that, at high temperatures,
the lattice oxygen at the CeO, surface can also partially oxidize
gaseous hydrocarbons, such as methane.*”*® Incorporation of
CeO, into the hematite material (panels a and b of Figure 1)
increased the O, utilization of Fe,O; (panels a and b of Figure
2). A large amount of the available oxygen in CeO, contributed
to the partial oxidation of methane to form carbon monoxide
and to the formation of carbon. This suggests that CeO, may
act as an active site for initial methane partial oxidation to form
CO and H, and Fe,0j5 as the site for further oxidation of CO
and H, to produce CO, and H,O. The advantage of the
impregnation method is the deposition of CeO, particles
directly onto the Fe,O; active site, where the partial oxidation
products may readily react with the oxygen-rich Fe,O; in the
hematite carrier. A larger amount of CO, formation is achieved
by the dual function Fe,0;—CeO, mixed carrier.

The MS analysis of the pulse transient experiments (Figure
4c) conducted over the 5% CeQ,/hematite carrier in the fixed-
bed reactor at 800 °C suggests that carbon formation is
occurring at the later part of the reaction, indicated by the
decrease in the CO concentration and increase in the H,
concentration. This is also confirmed by the CO, formation
during oxidation of the reduced CeO,. The formation of carbon
is most likely occurring at the reduced CeO, sites. Because of
the high temperature range used in the CLC process (750—900
°C), carbon formation via the decomposition of hydrocarbons
over the reduced metal oxides is highly favorable thermody-
namically®” and reduced metal oxides are known to catalyze this
reaction. The pulse study revealed that less carbon was formed
in the CeO,/Fe,O; mixed carrier, and this is consistent with
the greater amount of O, that was used and larger amount of
CO, produced. The reaction of carbon with Fe,O; is
thermodynamically favorable because the combustion reaction
took place above 700 °C (Figure 9). These results suggest that
carbon formed on the reduced CeO, may be readily oxidized by
the iron oxide that is in the vicinity of CeO,.

This study has revealed that the redox mechanism of CeO,
and Fe,O; may provide an important link in enhancing the
combustion of CH, for the CLC reaction. CeO, that is in the
vicinity of Fe,O; can impact the oxidation behavior of Fe,Os.
The improvement in performance upon the addition of CeO,
results in higher rates of CH, decomposition and subsequent
oxidation of decomposition products, such as carbon, CO, and
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Figure 9. Thermodynamic analysis (AG versus temperature) of CH,,
CO, and H, combustion reactions with Fe,O; and Fe;O,.

H,, resulting in increased oxygen utilization during the CLC
reduction reaction with Fe,O;. The key feature of CeQ, is to
improve the reactivity of hematite as a promoter but not act as
a support material upon increasing the surface area. Thus, the
promotion effect of CeO, on hematite may be due to the
conversion of CH, to active intermediates that readily react
with Fe,O;. The possible reaction mechanism is summarized
below.
Partial oxidation of CH, on oxidized CeQO,:

CH, + 2Ce0, — CO + 2Ce0, + H, or H,0 )
CO + 3Fe,0, — 2Fe,0, + CO,

AH? g0 oc = —39.3 kJ/mol (10)
H, + 3Fe,0; — H,0 + 2Fe;0,

AH?g00 oc = —5.3 kJ/mol (11)
Methane decomposition on reduced CeO,:

CeO,
CH, — C+H, (12)
6 1 24
2C + 7Fe,0; » ~CO + —CO, + “~Fe,0,
3 3 3

AHSSOO oc = 248.1 kJ/mol (13)
2C + 3Fe;0, = CO + CO, + 9FeO

AHr(,)SOO oc = 389.1 kJ/mol (14)
H, + 3Fe,0, - H,0 + 2Fe,0,

AH;)SOO oc=—53 kJ/mol (15)
H, + Fe,0, —» H,O + 3FeO

AH. 400 oc = —50.5 kJ/mol (16)
Direct reaction of methane with Fe,O;:
CH, + Fe,0, — CO, + Fe;0, + H,0

AHr(,)SOO oc = 171.3 kJ/mol (17)
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5. CONCLUSION

The CLC process is a technique that involves the use of metal
oxide as an oxygen carrier, which transfers the oxygen from the
air to the fuel. The addition of 5% CeOQ, to the hematite carrier
significantly improved the amount of CO, produced, as
compared to the pure hematite oxygen carrier. The surface
area changes were minimal because of the addition of CeO,;
therefore, the promotion is due to a chemical effect. The
addition of CeO, enhanced the rates of reduction of Fe,O,
significantly and is consistent with the improvement in the
amount of oxygen available for reaction. The present results
suggest that CeO, as an additive to hematite is very effective in
improving the oxygen carrier performance of the natural ore
hematite in the CLC reaction. The product analysis during
continuous and pulsed flow reactor studies revealed that CeO,
initially forms CO by partial oxidation of methane and CH,
decomposition takes place on the reduced Ce,O,. When Fe,05
is present in the vicinity of CeO,, CO and carbon formed may
be readily converted to CO,. The pulsed flow reactor study also
indicated that carbon and H, are formed by the decomposition
of CH, upon reduced CeO, that may also be converted to CO,
CO,, and H,O by Fe,0;/Fe;0,. Therefore, in addition to the
direct reaction of Fe,O; with CH,, the presence of CeO,
promotes the formation of reactive intermediates that facilitate
a greater use of oxygen from the natural ore hematite.
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