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Chemical-looping combustion is a combustion technology with inherent
separation of the greenhouse gas CO,. This technique involves combustion
of fossil fuels by means of an oxygen carrier which transfers oxygen from
the air to the fuel. In this manner a decrease in efficiency is avoided for the
energy demanding separation of CO, from the rest of the flue gases. Results
from fifty oxygen carriers based on iron-, manganese- and nickel oxides on
different inert materials are compared. The particles were prepared using
freeze granulation, sintered at different temperatures and sieved to a size
125-180 um. To simulate the environment the particles would be exposed to
in a chemical-looping combustor, reactivity tests under alternating oxidiz-
ing and reducing conditions were performed in a laboratory fluidized
bed-reactor of quartz. Reduction was performed in 50% CH/50% H,O
while the oxidation was carried out in 5% O, in nitrogen. In general nickel
particles are the most reactive, followed by manganese. Iron particles are
harder but have a lower reactivity. An increase in sintering temperatures
normally leads to an increase in strength and decrease in reactivity. Several
particles investigated display a combination of high reactivity and strength
as well as good fluidization behavior, and are feasible for use as oxygen
carriers in chemical-looping combustion.
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Introduction
Chemical-looping combustion

Chemical-looping combustion (CLC) is a combustion technology where an oxy-
gen carrier is used to transfer oxygen from the combustion air to the fuel, thus avoiding
direct contact between air and fuel [1-3]. The process is composed of two fluidized reac-
tors, an air and a fuel reactor, as shown in fig. 1. The fuel is introduced to the fuel reactor
in a gaseous form where it reacts with an oxygen carrier to CO, and H,O. The reduced ox-
ygen carrier is transported to the air reactor where it is oxidized back to its original state
by air. The fuel could be syngas from coal gasification, natural gas, or refinery gas. The
overall reactions in the reactors are:
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Fuel reactor: (2n + mM, 0Oy + C;Hop = (20 + mM,Ox_; + mH,O + nCO, (1)
Air reactor: (2n + m)M,O4_; + (n + /2m)O, = (2n + m)M, O 2)
Net reaction: C.Hyp + (n + %2m)O, — mH,0 + nCO,

Reaction (1) is either endothermic or exothermic, depending on type of fuel and
oxygen carrier, while reaction (2) is always exothermic. The total amount of heat evolved
from reaction (1) plus (2) is the same as for normal combustion where the oxygen is in di-
rect contact with the fuel. However, the advantage with this system compared to normal
combustion is that the CO, and H,O are inherently separated from the rest of the flue
gases, and no major energy is expended for this separation. Thus, compared to other tech-
nologies for capture of CO,, CLC is potentially much cheaper since no costly gas-separa-
tion equipment is necessary [4]. Although a real process could be either pressurized or at-
mospheric, a first step is to investigate CLC under atmospheric conditions. Expected
temperature range could be at least 800-1200 °C for the fuel- and air-reactor, although the
temperature would be higher in the air reactor for the cases when reaction (1) is endother-
mic. A CLC system of fluidized bed reactors adapts technology and components proven
in applications such as circulating fluidized-bed combustion [3]. The key issue for the
process is to find an oxygen carrier which is:

— reactive towards the fuel gas and air,
resistant towards attrition,

not apt to agglomerate, and

— possible to produce at reasonable cost.
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Oxygen carriers

In a thermodynamic analysis of different oxygen carriers, Mattisson and
Lyngfelt found that some metal oxides of the transition state metals Fe, Mn, and Ni were
among the feasible candidates to be used as oxygen carriers in CLC run at higher temper-
atures [5]. These metal oxides are preferably supported by an inert material which is be-
lieved to increase the reactivity and help to maintain the internal structure of the particles
throughout the redox reactions. For other comparisons of oxygen carriers for chemi-
cal-looping combustion, and relevant references, see work by Mattisson and co-workers
[3, 6, 7] and Adanez et al. [8]. In the present work oxygen carriers based on the metal ox-
ides Fe,0;, NiO, and Mn;0O, were prepared with different inert materials. The selection
of the inert materials was chosen from previous work, both within CLC and heteroge-
neous catalysis, where such material has been found to be suitable as carrier material for
transition state metals and metal oxides.

Experimental
Preparation of oxygen carriers

All the particles were produced by freeze-granulation in the following manner.
A water-based slurry of the composite material, in the form of chemical powders with a
size less than 10 pm, and a small amount of polyacrylic acid as dispersant were prepared
by ball milling for 24 h. After milling, some polyvinyl alcohol was added to the slurry as a
binder to keep the particles intact during later stages in the production process, i. e.
freeze-drying and sintering. Spherical particles were produced by freeze-granulation, i. e.
the slurry is pumped to a spray nozzle where passing atomising-air produce drops, which
are sprayed into liquid nitrogen where they freeze instantaneously. The frozen water in
the resulting particles is then removed by sublimation in a freeze-drier operating at a
pressure that corresponds to the vapour pressure over ice at —10 °C. After drying, the par-
ticles were sintered at temperatures between 950 and 1600 °C for 6 h using a heating rate
of 5 °C/min. Finally they were sieved to obtain particles of well-defined sizes.

In tab. 1 the fifty oxygen carriers investigated in this paper are presented. For
these carriers, parameters such as ratio of metal oxide/inert, sintering temperature and
type of inert are varied. Notice that two NiO on NiAL,O, were investigated. The differ-
ences of these, besides the different sintering temperatures used, are that two different
types of Al,O, were used as starting material. Particle 34 was prepared using an ultra pure
a-Al,O, whereas particle 35 was prepared with a technical grade a-Al,O;. The nomen-
clature used here for the different oxygen carriers is given in column 2 in tab. 1, and in the
text these abbreviations will be followed by the sintering temperature, i. e. F4S950 corre-
sponds to 40% Fe,0;/60% SiO, sintered at 950 °C.
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Table 1. Oxygen carriers investigated in this paper

40% Fe,03/60% SiO, F4S
40% Fe,03/60% ZrO, F4z
Lo

oot oy
40% Fe,05/60% MgAl,O4 FAAM
60% Fe,03/40% MgAL,O4 F6AM
80% Fe,03/20% MgAL Oy F8AM
37% Mn304/63% SiO, M37S
37% Mn304/63% ZrO, M37Z
40% Mn304/60% Ca-ZrO, M4CzZ
40% Mn;04/60% Mg-ZrO, M4MZ
40% Mn304/60% Ce-ZrO, M4CeZ
40% Ni0/60% NiAl,O4 N4AN
40% NiO/60% NiAl,O4 N4AN
40% Ni0O/48% NiALO4 + 12% CaO| N4AC
e

60% NiO/40% MgAl,O4 N6AM
60% NiO/40% MgO NeM

S — particles being too soft

L — limited or no reactivity

C —sintered to cake at heat treatment

Black fields with number indicate further investigated particles

Characterization of fresh and
reacted oxygen carriers

In order to determine possible chemical transformations that occurred in the
samples during sintering and reaction, all of the fresh and reacted samples were charac-
terized using X-ray powder diffraction (Siemens D5000 Powder Diffractometer utilizing
Cu Ko radiation). Also the shape and morphology of both fresh and reacted oxygen car-
rier particles were studied using a light microscope as well as an analytical scanning elec-
tron microscope (Electroscan 2020). Because of the need for the oxygen carrier to be re-
sistant towards fragmentation and attrition, the force needed to fracture the particles was
measured using a Shimpo FGN-5 crushing strength apparatus. The crushing strength was
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measured on particles in the size range 180-250 pwm and taken as the average value of 30
results.

Reactivity investigation

Methane was chosen as reacting gas for the particle comparison, because it facil-
itates the experimental procedure. The results can be expected to give a measure for the
ranking of particle reactivity, highly relevant also for other fuel gases like CO and H,. Ina
subsequent study the best particles are compared using syngas [9]. The experiments were
conducted in a laboratory fluidised-bed reactor of quartz. The reactor had a length of
820 mm with a porous quartz plate of 30 mm in diameter placed 370 mm from the bottom.
The inner diameters of the bottom and top sections were 19 and 30 mm. The temperature
was measured 5 mm under, and 38 mm above the porous quartz plate, using 10% Pt/Rh
thermocouples enclosed in quartz shells. A sample of 10 or 15 g of oxygen carrier parti-
cles, in the size range of 125-180 pm, was initially heated in an inert atmosphere to
950 °C. The metal oxides investigated in this work had a large difference in apparent den-
sity (800-4500 kg/m?), and thus the bed heights also varied in a wide range, between
4-33 mm. Because of the heat produced during the oxidation period, a gas mixture with
5% O, in N, was used instead of air. Thus, large temperature increases were avoided. The
particles were then exposed alternatively to 5% O, and 50% CH, /50% H,0, thus simu-
lating the cyclic conditions of a CLC system. To avoid air and methane mixing during the
shifts between reduction and oxidation, nitrogen gas was introduced during 180 s after
each period. The particles were tested in this manner for 4-17 cycles, depending on the re-
activity. The gas from the reactor was led to an electric cooler, where the water was re-
moved, and then to a gas analyser where the concentrations of CO,, CO, CH,, and O,
were measured in addition to the gas flow. The experiments with a 10 g bed were con-
ducted with an inlet gas flow of 600 ml /min. for the reducing gas, while for the 15 g bed
the gas flow was 900 ml,/min. Hence the ratio of gas flow/bed mass was held constant
which makes the experiments comparable. For the oxidizing gas, the gas flow was either
600 or 1000 ml,/min. This corresponds to 2-12 u, and 4-15 u,, for the incoming reduc-
ing and oxidizing gases respectively, where u,; is the minimum fluidisation velocity.
However, as three moles of product gas are formed for every mole of reacted CH,, the ve-
locity may be as high as 4-24 u,,;.

The evaluation method will be described briefly, and for a more detailed de-
scription see other work from Mattisson and co-workers [7, 10, 11]. The degree of oxida-
tion, or conversion, is defined as:

X = M Med (3)

Moy — Myeq

where m is the actual mass of sample, m,, is the mass of the sample when fully oxidized
and mq the mass of the sample in the fully reduced form. In order to facilitate a
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comparison between different oxygen carriers that contain varying amounts of oxygen
depending upon the fraction of inert, a mass-based conversion was defined as:

=—"1=1+R (X -1) 4)
mOX

where R, is the oxygen ratio, defined as:

— (mox — mred) (5)

m

R

o
ox

The oxygen ratio is the maximum mass fraction of the oxygen-carrier that can be
used in the oxygen transfer, and is dependent on the metal oxide used as oxygen carrier as
well as the amount of inert in the particles.

To facilitate a comparison of reaction rates between different oxygen carriers a
rate index was defined as the normalized rate, expressed in %/min.:

Rate index =60-100~[%) (6)
dt norm
da) . . . —1
where m is the normalized average rate expressed in s—, and calculated from:
t norm
do
(Ej =Koy Pret (7)
norm

where p,r is a reference partial pressure of methane, here equal to 0.15, which would
approximately correspond to a full conversion of the gas (see discussion below). If the
mass transfer resistance between the bubble and emulsion phases in the fluidized bed
reactor is small, and assuming that the reaction between the methane and solid is first
order with respect to methane, the exposure of particles to methane can be represented by
a log-mean partial pressure of methane, p,,,, which can be defined in terms of the inlet and
outlet partial pressure:

Py = Pin — éout (8)
1y Lin
Pout

Assuming an inlet partial pressure of methane of 1 and an outlet partial pressure
0f 0.001 the log-mean partial pressure would be 0.145, eq. 8. The fact that all of the oxy-
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gen was consumed in the initial part of the oxidation period (see fig. 4b and d), suggests
that there was good contact between all reacting gas and the particles in the reactor.
The effective first order reaction rate constant, kg in eq. 7, was calculated from:

kg=—— 9
eff 'R dt ()

For calculations of the rate index and the normalized rate of reaction in eq. (6)
and (7) the average rate constant in the interval of Aw = 0.01 where the reactivity is the
fastest was chosen. The choice of interval depends on the endothermic reaction in the
fuel reactor, for which the recirculation rate needs to be sufficient to avoid large tem-
perature drops in the fuel reactor. This interval corresponds to a recirculation rate of
particles of 8 kg/s-MW, [7] corresponding to a temperature drop in of less than 50 °C.

Results and discussion
Analysis of fresh oxygen carriers

In fig. 2a is shown a light microscopy image of M4MZ1100. Furthermore figs.
2b and 2¢ show SEM images of the same particle. It can clearly be seen that the particles
are spherical and that that they display a smooth granular structure. Most particles inves-
tigated in this study have a similar appearance as the one shown in fig. 2.

As seen in tab. 1 some of the prepared oxygen carriers were too soft and did not
become spherical granulates after the sintering process. These are represented with an
“S”in tab. 1, and are all three samples of Fe,0,/Si0,, Mn;0,/Si0, sintered at 950 °C and
NiO/MgO sintered at 1100 and 1200 °C. For NiO/Ca0O-NiAl,O, sintered at 1600 °C, a
single hard agglomerate was formed. For obvious reasons these mentioned particles were

(©

Figure 2. Freeze granulated particles of M4MZ1100
(a) Light microscope image (black bar = 1 mm), (b) SEM image of particle (horizontal bar at
bottom = 150 um), and (c) SEM image of surface (horizontal bar at bottom = 45 um)
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unsuitable for further testing for chemical-looping combustion. For almost all particles
an increase in strength is observed when the sintering temperature is increased. This can
be seen for the iron based carriers in fig. 3. The same trend has also previously been
shown for manganese based oxygen carriers [12].

-y
o

Figure 3. Crushing strength as a function
of the sintering temperature for iron
particles
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Analysis of reacted oxygen carriers

Figures 4a-d shows the outlet concentration of gaseous components for one reduction
and one oxidation period conducted with an iron- and a nickel particle. During the reduc-
tion in figs. 4a and 4c, the incoming methane initially reacts completely to form mainly
CO, and H,O for both particles. For nickel oxides there is however a thermodynamic lim-
itation [5], and hence some CO and H, are at all times present during the reduction. As the
reaction proceeds and the degree of conversion is lower, the two particles behave differ-
ently. For iron, a large proportion of the methane pass unreacted through the bed and
there is formation of some minor amounts of CO and H,. H, is not measured on-line, but
is assumed to be related to the outlet partial pressure of CO and CO, through an empirical
relation based on the equilibrium of the water-shift reaction. Since it was not measured
on-line, it is not presented in the figures. For nickel, CH,4 does not pass through the reac-
tor unreacted, but reacts to CO and H,, most likely through methane pyrolysis or steam
reforming. Formation of carbon can also be detected for some nickel oxides when the re-
duction is allowed to proceed for a long time, i. e. when there is only a small amount of
NiO left in the particles. This was detected by CO and/or CO, from the outlet of the reac-
tor during both the inert and oxidizing periods. As for the oxidations in figs. 4b and 4d,
full conversion of the incoming oxygen occurs initially. This means that the oxidation is
fast and also limited by the supply of oxygen in these experiments. The major focus will
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Figure 4. Concentration profiles of reduction (a) and oxidation (b) of F4AM950, and
reduction (¢) and oxidation (d) of N6AM1400; vertical dashed lines indicate transition to
inert gas

therefore be on the reduction of the particles in this paper. The concentration profiles in
figs. 4a-d are typical for iron and nickel oxides. For manganese based oxygen carriers the
profiles are similar to iron, although in general somewhat more reactive.

Asindicated in tab. 1, three oxygen carriers did not show any significant reactiv-
ity at all, these were M37S1200, M37S1300, and N6M1300. The reason for this is most
likely associated with the formation of irreversible compounds through solid state reac-
tions that occurred between metal oxide and inert material during heat treatment (see be-
low). For this reason these three particles are not considered to be suitable for
chemical-looping combustion.
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In figs. 5a-c the rate index vs. crushing strength is shown for iron, manganese,
and nickel based oxygen carriers. Note that the scales are logarithmic and differs signifi-
cantly between the three figures. Also included in the figures are the particles which
de-fluidized at some point during reaction, represented by circles. De-fluidization here
means that a small force was necessary to separate the particle from each other after an
experiment. The phenomenon of de-fluidization of oxygen carriers is not easy to define
or understand, it was however clear that no severe agglomeration occurred at any of the
investigated particles. Furthermore, experiments on the same particles in other reactors
indicate that the problem of de-fluidization can be avoided by using larger height/width
ratio of the bed, or by simply avoiding the reduction of the particles to too low degrees of
conversion. Cho et al. found that iron oxide particles on alumina de-fluidized only when
there was significant FeO formation [11]. Thus, de-fluidization may not necessarily have
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to be a problem at scale-up. The tendency that hard particles are less reactive is clearly
seen for the iron- and manganese particles. Since hard particles normally are less porous,
it is not surprising that their reactivity is lower.

For iron, F4AAM1100 and F6AM1100 (#7 and #10), seem to best suited for
chemical-looping combustion, if the properties of reactivity, strength and good
fluidization-behavior are all taken into consideration. These particles have already been
investigated by Johansson et al. [10]. Based on the same criteria, M4CeZ950 and
M4CZ1100 (#31 and #23) would be the best option for the manganese oxides. However,
more particles could be considered as suitable if de-fluidization is not a problem in a real
application. For instance, M4MZ1150 (#28) has successfully been used as an oxygen
carrier in a continuously working CLC reactor for 70 hours without de-fluidization [13].
For nickel, N6AM 1400 and N6AM 1500 (#38 and #39) are the most promising particles;
although both N4AN particles (#34 and #35) showed relatively high strength and reactiv-
ity. NAAB1300 (#37) is also very reactive but may be too soft to be suitable in a real ap-
plication.

When comparing all oxygen carriers it becomes clear that the nickel oxides are
by far the most reactive ones. This can be seen in fig. 6. where all investigated particles
are displayed in one graph as rate index vs. crushing strength. Furthermore, the reactivi-
ties of the most reactive nickel oxides are limited by the supply of incoming methane in
the experiments, as can be seen in fig. 4c. This means that the rate indexes presented for
some nickel oxides are underestimated. The iron oxides are in general the hardest but not
very reactive, whereas the manganese based carriers seem to be somewhere in-between
nickel and iron in strength and reactivity. In general, de-fluidization mainly seems to con-
cern manganese based oxygen carriers.

In tab. 2 are found results from the X-ray powder diffraction (XRD) of fresh par-
ticles and used particles removed from the reactor after the last reduction period. As men-
tioned above, for the particles that had a very little or no reactivity, (M37S1200,
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Table 2. XRD data for all investigated particles

[ T e T averweion [ commen ]

104

F4S950 Fe,03, SiO, -

F4S1100 Fe,03, SiO, -

F4S1300 Fe,03, Si0; (2) -

F47950 Fe,0;, ZrO, Fe;04, ZrO,

F471100 Fe,0;, ZrO, Fe;04, ZrO,

F471300 Fe,03, ZrO,, ZrSiO, Fe;04, ZrO,, Z1SiO,

F6AB1100 Fe,0;, ALOs (2) Fe,05, Fe304, AlL,Os

F6AB1200 Fe,0;, ALOs (2) Fe;04, AlLOs

F6AB1300 Fe, 035, ALOs (2) Fe;04, ALOs

F4AM1100 Fe,0;, Mg(AlLFe),04 Mg(ALFe),04 Uncertain
F4AM1200 Mg(ALFe),04 Mg(ALFe),04 Uncertain
F4AM1300 Mg(ALFe),04 Mg(ALFe),04 Uncertain
F6AM1100 Fe,053, Mg(ALFe),0, MgFeAlO4, Mg(ALFe),04 Uncertain
F6AM1125 Fe,05, Mg(AlFe),04 MgFeAlO4, Mg(AlFe),04 Uncertain
F6AM1150 Fe,0;, Mg(ALFe),04 MgFeAlO,, Mg(AlFe),04 Uncertain
F6AM1175 Fe,05, Mg(AlLFe),0,4 MgFeAlO,, Mg(AlFe),04 Uncertain
F6AM1200 Fe, 05, Mg(AlFe),04 MgFeAlO4, Mg(AlFe),04 Uncertain
F8AMI1100 Fe,0;, Mg(ALFe),04 MgFe;04, MgFeAlO, Uncertain
F8AM1200 Fe, 05, Mg(AlFe),0, MgFe;04, MgFeAlO, Uncertain
F8AM1300 Fe, 05, Mg(AlFe),04 MgFe;04, MgFeAlO4 Uncertain
M37S950 Mn;SiOy,, SiO, - Uncertain
M37S1100 Mn;SiOy,, SiO; etc. Mn,SiOy, SiO; etc. Uncertain
M37S1200 MnSiOs, SiO; (3) MnSiO;3, SiO; (3) Uncertain
M37S1300 Mn;SiOj,, MnSiO;, SiO, efc. Mn;,Si0y4, MnSiOs3, SiO; etc. Uncertain
M37Z950 Mn;04, ZrO,, C MnO, ZrO,

M37Z1100 Mn;0y4, ZrO,, C MnO, ZrO,

M37Z1300 Mn;04, ZrO; (2) MnO, ZrO, (2)

M4CZ950 Mn;04, ZrO,, Cag 15219350 55 MnO, ZrO,, Ca 15Zr( 3501 g5

M4CZ1100 Mn;30y4, ZrO,, Cag 1521350 55 MnO, ZrO,, Cag,15Zr 3501 35

M4CZ1200 Mn;04, ZrO,, Cayg 15219350 g5 MnO, ZrO,, Cag 15219350 g5

M4CZ1300 Mn;04, ZrO, MnO, ZrO,

M4MZ950 Mn;0y4, ZrO, MnO, ZrO,

M4MZ1100 Mn;04, ZrO, MnO, ZrO,
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Table 2. Continuation

Fresh After reduction Comment
M4MZ1150 Mn;0,, ZrO, MnO, ZrO,
M4MZ1200 Mn;0y4, Z1rO, MnO, ZrO,
M4MZ1300 Mn;0y, ZrO, MnO, ZrO,
M4CeZ950 Mn;0y4, ZrO,, Zrys4Cey160, MnO, ZrO,, Zry34Ce 160,
M4CeZ1100 Mn;04, ZrO,, Zry34Ce.1602 MnO, ZrO,, Zr;34Ce.1602
M4CeZ1300 Mn;0y4, ZrO;, Zrys4Ceo 160, MnO, ZrO,, Zry34Ce 1602
N4AN1300 NiO, NiALO4 Ni, NiALLO4
N4AN1600 NiO, NiAL,O4 Ni, NiALO4
N4AC1400 NiO, NiALO,, CaSiO; Ni, NiAL,O,, CaSiO;
N4AC1600 - -
N4AB1300 NiO, NiAL,O4 Ni, NiALLO,
N6AM1400 NiO, MgA1,04, NiALLO,4 Ni, MgALLOs4, NiALLOy4
N6AMI1500 NiO, MgA1,04, NiALLO4 Ni, MgA1,O4, NiALLO4
N6AM1600 NiO, MgAL,04, NiALL,O,4 Ni, MgAL,O4, NiALOy4
N6M1100 MgNiO, -
N6M1200 MgNiO, -
N6M1300 MgNiO, MgNiO,

Numbers in brackets indicate more than one type of phase

M37S1300, and N6M1300) there was formation of new compounds from sintering in the
preparation process. There is an uncertainty regarding the suggested compounds from the
XRD investigation on the M37S particles, as these are very hard to determine. However,
itis clear that formation of manganese silicates has occurred. For all particles of Fe,O5 on
MgAl,O, the formation of new compounds from sintering also occurred. As with M37S,
conclusive judgments about the solid phases were not possible from XRD. However in
this case some of these phases are reducible in methane and therefore participate in sub-
sequent oxygen removal and uptake during chemical-looping combustion. This has al-
ready been discussed by Johansson ez al. [10]. ZrO, is the inert material that is least apt to
form compounds with the metal oxides.

Conclusions

Chemical-looping combustion is a combustion technology with inherent separa-
tion of the greenhouse gas CO,. The method uses an oxygen carrier to transport oxygen
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from the air to the fuel. Results from reactivity, chemical composition and crushing
strength tests of fifty oxygen carriers based on iron-, manganese-, and nickel oxides on
different inert materials are presented. Reactivity tests under alternating oxidizing and re-
ducing conditions were performed in a laboratory fluidized bed-reactor of quartz. Reduc-
tion was performed in 50% CH,/50% H,O while the oxidation was carried out in 5% O,
in nitrogen. In general nickel particles are the most reactive, followed by manganese. Iron
particles are harder but have a lower reactivity. An increase in sintering temperatures nor-
mally leads to an increase in strength and decrease in reactivity. Several particles investi-
gated display a combination of high reactivity and strength as well as good fluidization
behavior, and are feasible for use as oxygen carriers in chemical-looping combustion.
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