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Chemical-looping combustion (CLC) is a promising technology for future energy production with inher-
ent CO, separation. One approach is to use minerals or industrial by-products as oxygen carriers to
reduce the costs of the process. This study focuses on the investigation of two iron-based oxygen carriers,
which were examined under continuous operation in a 300 W laboratory reactor. [lmenite is an iron-tita-
nium oxide mineral, whereas iron oxide scale (I0S) is obtained as a by-product from the rolling of sheet
steel. Syngas was used as a fuel - pure and with steam addition to suppress the formation of solid carbon.

During the experiments the variables reactor temperature, fuel flow and air flow were changed. Fur-
thermore the effect of steam addition to the fuel was investigated. Particle properties were compared
over the span of 85 h of continuous operation for ilmenite and 37 h for I0S. The analysis is based on
gas measurements from the actual CLC operation, but also on scanning electron microscopy, X-ray pow-
der diffractometry and measurements of BET surface area and density.

With ilmenite oxygen carrier it was possible to achieve full conversion of syngas up to about 190 Wy,
fuel equivalent at 900 °C. With design fuel flow of about 300 Wy, at 900 °C the combustion efficiency was
above 98%. There was almost no visible difference in reactivity of fresh activated particles and those used
for 85 h. Combustion efficiency up to 99% was achieved with 10S oxygen carrier at 900 °C and about
100 Wy, fuel equivalent. At 300 Wy, fuel equivalent and 900 °C a combustion efficiency of only 90% could
be reached.

Both oxygen carriers were operated for tens of hours, which allowed for a better understanding of life-
time behavior and other basic characteristics. Whereas ilmenite oxygen-carrier particles were mostly sta-
ble over the course of 85h of experiments, a large fraction of I0S oxygen-carrier particles had
disintegrated to fines after only 37 h of experiments. The gathered data indicates that both oxygen car-
riers could be an alternative to synthesized particles, though with more drawbacks for 10S than for
ilmenite.
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1. Introduction Carbon capture and storage (CCS) is a possibility to reduce CO,

emissions drastically while still being able to use fossil fuels.

Since the beginning of the Industrial Revolution, fossil fuels
have become the main source of energy. During the combustion
of coal or hydrocarbons, carbon dioxide (CO,) is created and re-
leased in large quantities. CO, in itself is neither hazardous nor
toxic and therefore not considered to be a typical pollutant. Its
danger lies in its long atmospheric residence time and its contribu-
tion to the greenhouse effect.

With a reduction of CO, emissions, CO, being the gas contribut-
ing the most to the anthropogenic greenhouse effect, much can be
accomplished to counteract global climate change. This is why
there is a strong need for new energy conversion technologies that
do not emit carbon dioxide.
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Although CCS processes are often associated with fossil fuel-based
power generation, other applications are possible, e.g. the produc-
tion of carbon-free fuels. CCS involves the steps sequestration,
transportation and storage of CO,. Underground storage is required
to separate CO, from the natural carbon cycle for the next millen-
nia and possibly bind the CO, permanently.

1.1. Chemical-looping combustion

Chemical-looping combustion (CLC) is a method of burning fuels
with inherent sequestration of CO,. In the most commonly pro-
posed CLC approach, particles are circulated between two intercon-
nected reactors (air reactor and fuel reactor), with no gas leakage
between the reactors. In the air reactor (AR) the particles are oxi-
dized with air and in the fuel reactor (FR) reduced by fuel, before


http://dx.doi.org/10.1016/j.fuel.2011.11.009
mailto:patrick.moldenhauer@chalmers.se
http://dx.doi.org/10.1016/j.fuel.2011.11.009
http://www.sciencedirect.com/science/journal/00162361
http://www.elsevier.com/locate/fuel

352 P. Moldenhauer et al./Fuel 93 (2012) 351-363

Nomenclature

Latin symbols

m mass (kg)

TMoc oxygen carrier circulation (kg/s)

X dry-gas concentration (vol.%)

y wet-gas concentration (vol.%)

Hpp lower heating valuell (k]/m3)

H/C hydrogen to carbon ratio (-)

Kwgs equilibrium constant for the water-gas shift reaction (-)
R, oxygen transfer capacity (wt.%)

SET BET surface area (m?/g)

T temperature (°C)

U volume flow (normalized to 0 °C) (L,/min)
X degree of oxidization (%)

Greek symbols

Veff combustion efficiency (%)

i gas yield or conversion of i (%)

u mean value

Pbulk bulk density (g/cm?®)

4 standard deviation (-)

%) degree of mass-based conversion (%)

Indices

Ofm fuel mix

Oin at the inlet

(ox most oxidized state

Ored most reduced state

(ar air reactor

Orr fuelreactor

Ooc oxygen carrier

(b particle lock(s)

Acronyms

AR air reactor

CCs carbon capture and storage
CLC chemical-looping combustion
FR fuel reactor

10S iron oxide scale (glodskal)
SEM scanning electron microscope or microscopy

XRD X-ray powder diffractometry

the cycle begins anew. As the oxygen carrier (OC) is circulated be-
tween air and fuel reactors, it transports the necessary combustion
oxygen from the air to the fuel. Thus, air and fuel are never mixed,
and after condensing the water, the stream of flue gases consists of
nearly pure CO,. The inherent separation of the CO, does not incur
any direct energy penalty. A high efficiency, a high CO,-capture rate
and the possibility of using different kinds of fuels suggest that CLC
could be economically feasible and thus competitive.

Fig. 1 shows the basic design of a CLC system and illustrates the
working principle. The reactions in the air and fuel reactors are ex-
pressed by reactions (1) and (2) respectively.

AR: Me,0, ; +1/20, — Me,0, (1)

FR: (2n+m)Me,O, + C,Hyp — (2n + m)Me,O,_4
+ mH20 + nCOz (2)

The oxidation of particles in the air reactor, as shown in reaction
(1), is exothermic. The reducing reaction in the fuel reactor, as
shown in reaction (2), can be either exothermic or endothermic,
an outcome that depends on the oxygen carrier and the fuel used.
With syngas as fuel, the reaction in the fuel reactor is exothermic
for most oxygen carriers.

Since the oxygen carrier is chemically active and undergoes per-
manent mechanical stress due to abrasion and impact, it eventu-
ally needs to be replaced. Finding a cheap and durable oxygen

N2 COZ
02 HZO

Air Fuel
reactor reactor

Me,O,.

Air Fuel

Fig. 1. Schematic illustration of the chemical-looping combustion process.

carrier is a key factor. A good oxygen carrier needs to have high

reduction and oxidation reaction rates, be non-toxic, available

and reasonable cheap. One approach is to use industrial by-prod-

ucts, ores or minerals instead of synthetic oxygen-carrier particles.

Such particles need less preparation and are therefore cheaper.
The main characteristics of an oxygen carrier are:

e The oxygen transfer capacity, R,, i.e. the maximum mass fraction
of oxygen that can be transferred by the oxygen carrier from air
and fuel reactors per cycle; it needs to be sufficiently high in
order to avoid large circulation rates.

e The reaction kinetics of an oxygen carrier determines the

amount of bed inventory needed in air and fuel reactors. Larger

bed inventories require bigger plants and increases the con-
struction costs of a plant.

High mechanical integrity is also important. Particle agglomera-

tion, fragmentation and attrition cause either fluidization diffi-

culties or loss of fines. The more particles become unusable, the
higher the necessary make-up feed and therefore the operating
expenses.

e Other important characteristics of a good oxygen carrier are
cost, availability and its environmental impact. For example, a
by- or waste product from another process, onethat can be
obtained with little or no expenses, would be well suited. Since
it is possible that particle fines could be lost into the environ-
ment with the tail gas, oxygen carriers should preferably not
be toxic, poisonous or hazardous in any way.

Overviews of developments of the different fields within CLC
have been made by Lyngfelt et al. [1], Hossain and De Lasa [2], Fang
et al. [3] and Lyngfelt updated and added reference [4,5].

2. Oxygen carriers examined
2.1. Ilmenite

IImenite (FeTiOs3) is a mineral iron-titanium oxide. The term
ilmenite is also used for ores that contain more or less of the said
mineral. It is mined at several sites around the world. The sample
tested here originates from Norway and were supplied by Titania
A/S. It consist mainly of ilmenite (FeTiO3) but also contains hematite
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(Fe;03). The particles were delivered as ground particles that
needed only to be sieved in order to achieve suitable size ranges.

[Imenite is not toxic, radioactive or hazardous in any known
way. Its only environmental impact is from mining, thus possibly
causing environmental damage by the mining in operation. Apart
from grinding and physical beneficiation, ilmenite is an unpro-
cessed mineral and cheap.

Fundamental research of the phase relations of ilmenite parti-
cles was done by den Hoed and Luckos [7].

When fresh ilmenite particles are heated up to 400-450 °C in air
at ambient conditions for the first time, they are oxidized to
Fe,TiOs (pseudobrookite). As a result of the oxidization the parti-
cles gain mass. During the first oxidation/reduction cycles they be-
come more porous and their reactivity increases, as was found by
Leion et al. [9] and Adanez et al. [10]. The reason for the increasing
reactivity is most likely due to the fact that the surface area more
than quadruples [9], which also leads to an increase of the particle
size and a decrease of the density. Those processes are responsible
for clear changes in fuel conversion with fresh particles during the
initial operational period. Particles that underwent just this initial
period with increasing reactivity are referred to as freshly activated,
which corresponds to ca. 20 cycles in a batch reactor.

IImenite particles have been investigated thoroughly in a batch
fluidized-bed reactor with methane (CH,), syngas (CO/H;) and so-
lid fuels by Leion et al. [9,11,12]. Those experiments were followed
by continuous cycle experiments in the 300 W laboratory reactor
with natural gas (mostly methane CH4 and ethane C;Hg) as fuel
gas, by Rydén et al. [13]. The experiments described here were
all run with syngas.

2.2. Iron oxide scale

Iron oxide scale (I0S) is a waste product from the steel industry.
It is produced during the rolling of steel sheets. This material is
available in large amounts and is cheap.

X-ray powder diffractometry (XRD) by Leion et al. [12], showed
that “fresh” and used IOS basically consist of Fe,03 (hematite). This
is the oxidized form of the material, which in the CLC process is re-
duced to Fe30, (magnetite). Further reduction to FeO (wiistite) or
Fe (metallic iron) is possible, but inadvisable for two reasons. First,
because complete fuel conversion to CO, and H,O can thermody-
namically not be reached anymore [14,15]. Second, because those
phases are known to have a high tendency to form agglomerates
[16-18].

Iron oxide scale is delivered as small scales in undefined size
ranges. The material is fully oxidized but contaminated with oil.
The first step to making this material usable as oxygen carrier is
heat treatment to get rid of the oil. The downside to this procedure
is that the particles partially agglomerate. In order to obtain parti-
cles in a suitable size range, it is necessary to grind the particles,
sieve them and make a selection. The term fresh in the context of
I0S particles means that the particles underwent this treatment
but have not been in operation in any reducing or oxidizing process.

I10S particles have been investigated thoroughly in a batch fluid-
ized-bed reactor with methane (CH,) and syngas (CO + Hj) as fuels
by Leion et al. [12]. During those experiments IOS particles proved
to have good conversion rates for both fuel types but failed to reach
stable reactivity.

3. Experimental details
3.1. 300 W laboratory reactor
A 300 W fluidized bed reactor system was used in the tests. The

design was focused on compactness and its purpose is to assess
rather small quantities of oxygen carrier, typically 100-300 g. It

Ramp
Downcomer

Return Orifice
Air Reactor Fuel Reactor
Slot

Fig. 2. Schematic three-dimensional illustration of the improved 300 W laboratory
reactor.

works with gaseous fuels. An illustration of the reactor, which
was used for the experiments in this work, can be seen in Fig. 2.

Metal oxide particles (MexO,_ 1) enter the air reactor, where
they are fluidized with air. During the fluidization reduced metal
oxide particles are oxidized according to reaction (1). The fluidiza-
tion velocity in the air reactor is high enough to create a circulat-
ing fluidized bed: while new particles are constantly fed to the
bottom of the particle bed, particles at the top are accelerated up-
wards and leave the bed. The particle-gas mixture is then sepa-
rated: the oxygen depleted air is returned to the atmosphere,
whereas the metal oxide particles are transported through the
upper loop seal (downcomer) to the fuel reactor. There, the metal
particles are reduced by the fuel, which is also used to fluidize the
particles. The reduced particles then pass through the lower loop
seal (slot) and return to the air reactor, where the whole cycle
starts over again.

Owing to the small thermal output, the heat of reaction is not
enough to grant a sufficiently high temperature, typically 750-
950 °C. The reactor is therefore encased in an electric furnace.

3.2. Ilmenite experiments

The reactor was initially filled with 270 g of ilmenite particles in
the size range of 125-180 pum. The particle mass is primarily deter-
mined by the bed volume that fits into the reactor and the particle
density. Syngas, with 50 vol.% H, and 50 vol.% CO, was used as fuel.

First, it was investigated whether the particles showed stable
behavior in an extended time test with constant settings, see Base
1 in Table 1. The fuel flow was set to a level where full conversion
of the fuel was just not reached anymore.

The first part of the series consisted of 31 h of operation with
fuel and is summarized in Table 1. Over the course of this series
the particle properties changed significantly. Most of the change
is believed to happen during the initial period of fuel addition:
During the first 3 h of continuous oxidization and reduction the
oxygen carrier’s reactivity increased drastically until stable levels
were reached.

After this first part of the test series the reactor was opened and
the particles were visually examined, weighed and sieved. The
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Table 1
[lmenite test series part 1 - base parameters and settings for each test with fresh
ilmenite particles.

Test number Urr Uar Ter Corresponding power
(Ln/min) (Ln/min) (°C) (W)

Base 1 1.63 6.7 900 320

1.1 0.77-1.73 6.7 900 150-340

1.2 0.77-1.54 6.7 750 150-300

1.3 0.77-1.54 6.7 800 150-300

1.4 0.77-1.54 6.7 850 150-300

1.5 0.77-1.54 6.7 950 150-300

A total of 0.42 L,/min argon was added to the particle locks.

density of the particles was reduced to half that of fresh particles,
and the particles had grown in size, see Section 5.1 for details. The
decrease in particle density caused an increase in bed height in the
reactor, i.e. the reactor did not operate within design conditions
any more. Hence, half the initial bed mass (135g instead of
270 g) with particles in the size range of 90-250 um was put back
into the reactor for a second series of tests.

The second part of the series lasted for about 27 h, during
which problems concerning defluidization were encountered reg-
ularly. Simultaneously, some indications in the measurements
suggested deposition of solid carbon in the hot part of the fuel
line, close to the reactor. Both problems were solved by adding
steam to the fuel. Different amounts of steam were added to
the fuel until a stable setting was found. However, other than
new base parameters, no usable data could be produced during
this part of the experiments.

The third and final part of the experiment series lasted another
27 h. Starting from the new base parameters, which were found
earlier, see Base in Table 2, a variation of the parameters fuel flow,
temperature and air flow was investigated. The settings used for
this test series is shown in Table 2, 12.1-12.5. All settings during
those experiments included steam addition as a constant percent-
age of fuel.

Altogether, about 85 h of experiments were conducted with the
same ilmenite particles, i.e. 31 h+27 h+27 h.

3.3. Iron oxide scale experiments

The experimental procedure resembles that of the ilmenite par-
ticles to a large extent. Steam was added to the fuel from the very
beginning.

The 10S particles had a high tendency to form hard agglomer-
ates at the bottom of the fuel reactor. These agglomerates typically
covered the whole area of the fuel reactor just above the gas dis-
tributor plate and had a few gas channels that still allowed the fuel
gas to enter the reactor. When such agglomerates formed, the pro-
cess became unstable. The reactor then had to be opened and the
agglomerate had to be removed by mechanical force. Since the

Table 2
Ilmenite test series part 2 - base parameters and settings for each test with used
ilmenite particles.

Test number Urg?® Unr Ter Corresponding power
(Ln/min) (Ln/min) (°C) W)

Base 2 0.53 6.7 900 100

12.1 0.53-0.79 6.7 750 100-155

2.2 0.53-0.66 6.7 800 100-130

12.3 0.53-0.66 6.7 850 100-130

124 0.53-1.06 6.7 900 100-205

2.5 0.53 5.8-9.6 900 100

A total of 0.49 L,/min argon was added to the particle locks.
¢ Additionally: 1/6 steam (5/6 syngas + 1/6 steam).

Table 3
Base parameters and settings for each test of the test series with I0S particles.

Test number Upr Uar Trr Corresponding power
(Ln/min) (Ln/min) (°C) (W)

Base 1.06 6.7 900 205

G1 0.53-1.86 6.7 900 100-360

G2 1.06 3.8-9.6 900 205

G3 0.53-1.59 6.7 800 100-310

G4 0.53-1.59 6.7 850 100-310

G5 0.53-1.59 6.7 950 100-310

A total of 0.42 L,/min argon was added to the particle locks. “G” stands for the
Swedish term of 10S: Glédskal.

agglomerated particles could not be used any further, they had
to be replaced by fresh material, which in turn made a study of
the particles difficult.

During the first 17 h of operation (two charges of 10S particles),
no usable data could be obtained at all. Only with the third charge
of particles, a series of tests with varying parameters could be per-
formed. And even after running the whole test series successfully,
some minor agglomeration was found in the fuel reactor, which
covered the whole width, but only a few millimetres high and be-
low the edge of the slot wall. Hence, it is believed that this agglom-
eration, regardless of when it formed, did not affect the CLC process
significantly.

The series of experiments, summarized in Table 3, was per-
formed over a period of 14 h. After that, the influence of steam
addition was investigated for another 6 h.

4. Data evaluation

Prior to analysis, the flue gases from the reactor pass through a
gas cooler, a particle filter and a water trap. The dry-gas concentra-
tions thus obtained are recorded continuously by a set of gas ana-
lyzers. Carbon monoxide (CO) and carbon dioxide (CO,) are
measured with infrared analyzers while the oxygen (0;) concen-
tration is measured with a paramagnetic sensor. Additionally, the
dry-gas concentration of CO, nitrogen (N,) and hydrogen (H;) can
be measured with a gas chromatograph. The inlet flows are con-
trolled by individual mass flow controllers for each gas line.

One method of rating the gas conversion of carbonic combustion
processes is through the CO, gas yield, see Eq. (3). A similar expres-
sion is used for the H,0 yield of hydrogen combustion, see Eq. (4).

Xco2 Xco
1 = =1- 3
Vo2 Xco + X co2 Xco + Xco2 3
Y20 Y2
Vo = =1- (4)
H20 Y 1o + Yoo Y u2 +Yh20

Since the H, concentration needs to be calculated and the mea-
sured concentrations are based on dry-gas, Eq. (4) is of limited
practical value. In order to change this, the hydrogen-to-carbon ra-
tio is introduced.

For a given fuel mix hydrogen and carbon occur in a fixed ratio
(H/C)fm. If no solid carbon is formed in the fuel line or in the reac-
tor, this ratio applies for the whole fuel reactor. For syngas
(50 vol.% H, + 50 vol.% CO) this ratio is 2, see Eq. (5). The denomi-
nator in Eq. (4) is then substituted and the H,O gas yield rewritten
according to Eq. (6).

2 Yo +2 Y
H/C), =—7Y —-"¢ 5
(H/C)m Vo +Veon (3)
for (H/C)gy = 2 = Yzo + Y2 = Yeo +Yco2
X
Yoo = 1 — — T2 H2 (6)

—1-
Yco +Yco2 Xco + Xcoz
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Syngas and most other fuels consist of mixed species. Therefore,
an efficiency, which combines both gas yields, is more significant.
The approach is thus to weight both conversions with their indi-
vidual lower heating value and incorporate them into one equa-
tion, the combustion efficiency 7., see Eq. (7).

(1 =%co2) *Hiaco + (1 — Vo) - Hioa
Hico + Hip iz

_1__ %o “Hioco +Xn2 - Hiomo (7)
(Xco + Xco2) - (Hiz,co + Hiz 12)

One fact that is not taken into account by Eq. (7) are gas leak-
ages between the reactor halves. Leakage of fuel from fuel to air
reactor reduces the overall CO, capture efficiency. However, it does
not significantly affect the reactions in the fuel reactor and the
analysis. Dilution on the other hand, i.e. air leaking from air reactor
to fuel reactor, might cause an increase in the combustion effi-
ciency, since more oxygen is made available in the fuel reactor.
The impact of dilution strongly depends on where it happens. Dilu-
tion of the flue gases above the bed, i.e. via the upper loop seal,
would cause a much bigger error than a dilution of the lower
bed, i.e. via the lower loop seal. A leakage of about 4% of Uggjn, a
dilution of about 1% of U, and a dilution from the particle locks
of about 50% of Up. are characteristic values of the reactor. Those
values were determined in a separate leakage investigation and
are estimated during operation based on N, measurements in the
fuel reactor (GC) and CO, measurements in the air reactor (IR). Fur-
thermore it was found out that dilution occurs almost completely
via the lower particle lock. 1% of Ugg jn corresponds to 0.21% of O, or
the conversion of 0.4% of incoming fuel flow. If this oxygen reacts
either with the oxygen carrier or with the fuel in the lower part
of the fuel reactor, it is not likely to have a significant effect on
the total conversion. The effects of internal leakages can thus be
summarized to be negligible.

Except for hydrogen concentration the combustion efficiency
Vet consists only of measured or physical values. The hydrogen
content can be estimated if it is assumed that the gas inside the
fuel reactor is at thermodynamic equilibrium, based on the
water-gas shift reaction. Under this assumption Eq. (9) is valid
and can, together with Eq. (8), be solved for the hydrogen concen-
tration. The hydrogen-to-carbon ratio that is used for the equilib-
rium calculation includes possible steam addition to the fuel. For
a mixture of 1/6 steam and 5/6 syngas, as was used here, (H/C)r
is 2.8.

Vet =1 —

2 Yo +2 - Yu
H/C)p = ——"2—2—— 772 8
(H/O)er Vo + Voon (8)
Kugs = Yco2 kR * YH2 R 9)

Yco R * YH20,FR

One possibility to rate an oxygen carrier is through the oxygen
transfer capacity R,. It expresses the highest theoretic mass change
between the state of complete oxidization (mgc0x) and full reduc-
tion (Mosreqa), see Eq. (10).

m —m
Ro _ 0C,0x OC.red (10)
mOC,ox

The difference between the oxygen carrier’s reduced form, FeTiO5
(ilmenite), and its most oxidized form, Fe,TiOs and TiO, (pseudo-
brookite and rutile), corresponds to an oxygen transfer capacity of
5%. The theoretical R, for I0S particles is 3.3% and corresponds to
the reduction of iron oxide particles from Fe,O; (hematite) to
Fe;0,4 (magnetite).

The oxygen transfer capacity permits the evaluation of the basic
suitability of an oxygen carrier. However, that does not mean that
it is always desirableto reach that value. Previous experiments by
Cho et al. [19] and Leion [11] have shown that if the oxygen carrier

is reduced until almost reaching the maximum reduction, the com-
bustion efficiency deteriorates significantly. To describe the actual
reduction, two terms are usually used in the CLC literature; the

Xoor X (vol%)

0 25 50 75 100 125 150
time (min)

(a) Dry-gas concentrations

0 25 50 75 100 125 150
time (min)
(b) Combustion efficiency

Fig. 3. Measurements during the initial operational phase with ilmenite oxygen-
carrier particles.

Table 4
Imenite oxygen-carrier particle properties of fresh material, after 31 h and after 85 h
of operation.

Batch 1: 0-31h Batch 2: 31-85h

Fresh Recovered Inserted Recovered
particles particles particles particles
Color Dark gray =~ Brown Brown Brown
Total bed mass 270 264 135 110
(8)
Bulk density 2.40 1.22 1.22 1.54
(gfem?)
Relative size distribution (-)
45-90 pm 0 0.002 0 0.005
90-125 pm 0 0.030 0.030 0.104
125-180 pm 1 0.433 0.437 0.672
180-212 pm 0 0.324 0.327 0.158
212-250 pm 0 0.204 0.206 0.046
250-355 pum 0 0.004 0 0.005
>355 pm 0 0.002 0 0.011
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" (¢) After 85h

Fig. 4. SEM images of fresh and used ilmenite oxygen-carrier particles.

degree of oxidation X and the degree of mass-based conversion w.
They are defined according to Eqgs. (11) and (12).

X = Moc — mOC,red (11)
mOC,ox - mOC,red

w="1C 14 R,-(X-1) 12)
mOC,ox

The actual mass of the oxygen carrier (moc) cannot be deter-
mined during the operation of the 300 W reactor. Instead, bed
height in the fuel reactor and bulk density of the particles are mea-
sured when the reactor is opened, which in turn allows for the esti-
mation of the bed mass. Hence, the only way to ascertain the actual
reduction is to infer it indirectly from how much oxygen is needed
to oxidize the oxygen carrier when the fuel flow is shut off, i.e. at
the end of each experiment.

It is possible to calculate the oxygen carrier circulation rigc,
see Eq. (13), as a function of w, the oxygen consumed in the
air reactor Arig;ar and the degree of mass-based conversion in
the air reactor war. Here, w is derived from reoxidation data,
see Eq. (12), and oxygen consumption in the air reactor
Arg ar from continuous operation. If it is assumed that the oxy-
gen carrier is completely oxidized in the air reactor, then wag in
Eq. (13) becomes 1. Hence, the oxygen carrier circulation can be
estimated for the one air reactor air flow, which was used prior
to reoxidation.

. pr-Aogar 1 Al ar
Moc=—"X T 1-o (13)

In addition to the analysis of the in situ data, XRD and density
measurements were performed and the BET surface area of the
particles was measured by the method of gas adsorption.
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5. Results and discussion
5.1. Ilmenite

The processing of data is explained by using the first 160 min of
operation as an example. During this initial phase the ilmenite
oxygen carrier was reduced for the first time. This phase is espe-
cially interesting since the reactivity of the ilmenite particles in-
creased considerably. Fig. 3 shows this phase.

During this initial phase is not only the fuel gas led to the fuel
reactor, but also a flow of inert gas. The additional flow ensures
that, despite the low fuel flow, a sufficient amount of gas gets into
the fuel reactor to fluidize the particles.

After about 13 min the fuel flow was reduced. This was done,
because the CO concentration went beyond the measuring range
of the instrument. As the particles became more reactive, the CO
concentration fell back into the measurable range and the fuel flow
was switched back to the original level. This caused a slight drop in
the combustion efficiency at about 38 min, since temporarily more
fuel gas passed through the reactor without reacting. Hencefor-
ward, the efficiency increased continuously until the circulation
partly collapsed at about 80 min. After the circulation was re-
established through mechanical stimulation, increasingly more
fuel was converted into CO, and H,0, see Fig. 3a, and the combus-
tion efficiency increased steadily.

Table 4 illustrates what happened to the structure of the parti-
cles at the microscopic level. Even though the properties were
determined after the first 31 h, most of the changes are believed
to have happened during the first hours of CLC operation, when
the reactivity increased considerably, as shown in Fig. 3.

The most drastic change was the reduction of the density of the
particles. Most of the particles grew in size and only a minor
amount decayed into fines. It cannot be said with certainty how
high the fraction of particles leaving the system was, because of
the mass gain of the fresh particles due to oxidation. The particles
that are blown out of the system with the gases are usually mostly
fines, i.e. <45 pm. It is believed that 2-7% of the mass of the bed es-
caped from the system in this way.

Even though the properties of the particles changed signifi-
cantly, they neither formed big agglomerates nor did they decay
into fines or dust. This suggests that the particles are structurally
stable-at least during the first 31 h.

During the subsequent 54 h of operation about 19% of the mass
of the bed was particles were lost. This share is more than twice as
high as before. But then, the total operational time was almost tri-
ple, which caused more wear and tearon the particles than during
the first part of the experiment series. The size distribution of the
particles of batch 2 was narrowed down, see Table 4. The relative
amount of particles in the size range of 125-180 um increased,
whereas it decreased for most of the other size ranges.

Fig. 4 shows scanning electron microscope (SEM) images of the
ilmenite oxygen carrierat different points in the experimental ser-
ies. The structural changes of the particles during the initial oper-
ation time can be seen clearly.

Table 5 shows an X-ray powder diffractometry (XRD) of ilmen-
ite particles at the different stages in the experimental series. Fresh

Table 5
XRD analysis of ilmenite oxygen-carrier particles.

Particles Indicated phases
Fresh® IImenite (FeTiOs3), hematite (Fe,03)
After 31 h Fe,TiOs (pseudobrookite),

Fe,03 (hematite), TiO, (rutile)
After 85 h Fe,TiOs (pseudobrookite),

Fe,03 (hematite), TiO, (rutile)
2 From [11].

particles are thus in a reduced state (FeTiO3) with some hematite
(Fe,03). There is no visible difference between the particles after
31 h and 85 h. The oxidized particles consist of Fe;TiOs (pseudo-
brookite), TiO, (rutile) and Fe,03 (hematite).

Over the course of the 85h of continuous oxidation and
reduction a slight reduction of the oxygen carrier’s reactivity was
noticed. The mechanism that is believed to be responsible for the
degrading of the particles is that oxidation processes cause a migra-
tion of iron species Fe>* and Fe?" to the surface, where they form an
iron-rich layer [10,20,21]. The diffusion of 0%~ anions through the
iron-rich layer, as in case of continuous oxidation/reduction of the
particle core, is slower than the oxidation/reduction of the iron-rich
layer. A limited residence time of the oxygen carrier in air reactor
and fuel reactor, i.e. oxidizing and reducing atmospheres, is most
likely not sufficient for a complete oxidation/reduction of both par-
ticle core and iron-rich shell. Once an iron-rich shell is formed,
ilmenite oxygen carrier might behave as an iron-based particle with
an near inert core instead of a homogeneous iron-titanium oxide.

The relative amount of oxygen that can be carried and released
by an iron-based oxygen carrier with the oxide system Fe,03/Fe304
corresponds to 3.3% of its mass. A homogeneous ilmenite oxygen
carrier on the other hand has the ability to carry and release 5%.
Hence the iron migration is believed to cause a loss in oxygen
transfer capacity. On the other hand, Jerndal et al. found that
iron-based oxygen carriers generally have higher conversion rates
of Hy and CO than mineral ilmenite [22]. Thermodynamic equilib-
rium calculations show that the oxide system Fe,0s/Fe30,4 allows
for a complete conversion of syngas to CO, and H,0 [15]. Thermo-
dynamic calculations for ilmenite oxygen carrier, however, are dif-
ficult to make due to structural changes of the particles. The
observations made in this study suggest that the negative effects
slightly outweigh the positive ones in the long term.

The two most evident changes between the initial period (270 g
ilmenite) and the phase in the end (135 g ilmenite with steam
addition) are that the conversion worsened and that the variance
of the measured concentrations increased. Both can be ascribed
to the reduction of bed heights to the design level. In order to
achieve full fuel conversion a certain amount of bed mass com-
pared to fuel in the fuel reactor is necessary. Bubbles, which are
an integral element of a fluidized bed, will cause higher fluctua-
tions in a bed with low bed height than in one with design bed
height and thus cause higher variance.

Fig. 5 shows those experiments where the fuel flow is varied
while all other variables are held constant.
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Fig. 10. Measurements during the initial operational phase with IOS particles.

When the fuel flow is increased, the combustion efficiency for
the CLC process with 135 g of ilmenite particles deteriorates more
sharply than for the process with 270 g. The efficiencies with 270 g
of particles lie entirely above the ones with fewer particles. The
sharper decline in combustion efficiency reflects an increased sen-
sitivity towards a change in fuel flow. More particles make the pro-
cess more robust against changes in fuel flow.

The measured data for 0.66 L,,/min syngas and 135 g of particles
does not seem to fit into the pattern of the other measurements. It
is quite probable that the circulation and/or the reactions were
somehow not fully established, even though the pressure measure-

Table 6

Reduction reference numbers @ and X and oxygen carrier circulation for I0S experiments.

ments did not indicate fluidization anomalies. This would also ex-
plain the relatively high variance with this setting.

The experiments with varied temperature are shown in two dif-
ferent ways. In Fig. 6a, the temperature is varied while the other
variables are kept at base settings. Fig. 6b on the other hand, shows
the combustion efficiency as a function of temperature for high and
low fuel flows.

The two basic findings from the experiments with varying fuel
flow also apply to experiments with varying temperature: the
combustion efficiencies dropped significantly from the experi-
ments with 270 g of ilmenite particles to the ones with 135¢g
and the process is more sensitive to changes in variables.

A variation in air flow in the air reactor, as shown in Fig. 7, was
only investigated during the last part of the experiments with
ilmenite, that is, when 135 g of particles were circulated in the
reactor.

Air flow is suspected to affect the circulation rate of the parti-
cles. The two main effects of a higher circulation are that the aver-
age mass of oxidized oxygen carrier in the fuel reactor is increased
and that more oxygen gets into the fuel reactor. Increasing the
degree of mass-based conversion w by increasing the air flow
improves the fuel conversion.

During the initial part of the experiments, i.e. until steam was
added to the fuel flow, carbon deposition in the fuel line occurred.
The reaction that is believed to be responsible is known as the Bou-
douard reaction, see reaction. (14).

2C0=C0O, +C (14)

The formation of solid carbon is unwanted for several reasons:
it lowers the amount of available carbon and thus adds an error to
most of the calculated values; and the reaction of C and O, during
the reoxidation phase, when air is led to the fuel reactor, is exo-
thermic and could cause thermal damage to certain parts of the
fuel inlet.

The amount of carbon that accumulated in the fuel line during
one representative experiment was about 0.9% of the incoming fuel
flow. The hydrogen-to-carbon ratio would thus change from 2.00
to 2.02. This error of 1% occurred during all experiments where
no steam was added to the fuel, which basically includes all exper-
iments with 270 g of ilmenite.

Thermodynamic equilibrium calculations show that 33 vol.% of
steam addition is necessary in order to suppress formation of solid
carbon. However, it was found that 20 vol.% was sufficient.

The degree to which the particles were reduced in the fuel reac-
tor, i.e. w, see Eq. (12), could be estimated with data from reoxida-
tion. The degree of mass-based conversion, , for one event was
about 96.4%,i.e. X = 28.0%. This number lies well within the expected
range of 95-100%, but the uncertainty is high. If, as was discussed
earlier, only the iron-rich outer layer of ilmenite oxygen-carrier par-
ticles is active, then X would be higher than 100%. This means that
the iron oxide in the shell could have been reduced below Fe;0,.
Thermodynamically the reduction from Fe304 to FeO makes full con-

Operation time Oxygen consumed?® Bed mass FR OC reduction® (%) 0C circulation® Previous setting (if differing from base parameters)
(h) (8) (8)
) X (g/s) (kg/s m?)
185 0.93 103 99.1 84.9 14 22 -
22 0.93 103 99.1 78.6 14 22 -
26 1.24 103 98.8 84.9 1.0 16 Uar = 4.1 Ly/min
30.5 1.66 103 98.4 70.6 0.8 13 Trr = 950 °C
33 1.36 103 98.7 79.7 0.9 15 No steam addition
37 2.71 103 97.4 86.3 0.6 10 Upg = 1.65 L,/min; no steam addition

@ Estimation based on data from oxygen carrier reoxidation.

b Estimation based on data from continuous operation and oxygen carrier reoxidation.
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10S particle properties of fresh material, after 17 h and after 37 h of operation.

Batch 1: 0-17 h

Batch 2: 17-37 h

Fresh particles Recovered particles Inserted particles Recovered particles
Color Dark gray with a touch of red Dark gray Dark gray Dark gray
Total bed mass (g) 270 198.9% 270 237.8°
Bulk density (g/cm?) 2.40 2.48 2.51 1.60 (1.40)°
Relative size distribution (-)
45-90 pm 0 0.010 0 0.280
90-125 pm 0.149 0.193 0.189 0.141
125-180 pm 0.468 0.517 0.471 0317
180-212 pm 0.383 0.265 0.340 0.168
212-250 pm 0 0.013 0 0.087
250-355 pm 0 0.002 0 0.007
>355 um 0 0.001 0 0

2 Additionally: 54.2 g agglomerates.
b Additionally: 7.6 g agglomerates.
¢ With (without) fines (<90 um).

Fig. 11. SEM images of fresh, used and agglomerated 10S particles.
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version of syngas to CO, and H,0 impossible [15]. However, clear
conclusions about how far iron-rich layer and titanium-rich core
were reduced cannot be drawn at this moment. It should be men-
tioned though that if an ilmenite oxygen-carrier is reduced too far,
then the conversion of methane or syngas can be impaired.

The circulation of particles was estimated for an air reactor flow
of about 7 L,/min to be in the magnitude of 0.1-1.0 g/s or, when
divided by the cross-sectional area of the fuel reactor, about 2-
20 kg/s m>.

A separate analysis was made to compare the reactivity of the
particles after 85 h of operation with that of freshly activated
ilmenite, previously examined by Azis et al. [23]. The analysis
was carried out in a batch reactor made of quartz glass and a
diameter of 22 mm. 6 g of the ilmenite oxygen carrier were mixed
with 9 g of inert quartz sand. At 950 °C, the particles were alter-
nately oxidized with 10% O, in nitrogen and reduced by syngas,
containing 50% CO and 50% H,. Fig. 8 shows the conversion of
the two components of syngas, hydrogen and carbon monoxide,
as a function of the degree of mass-based conversion w, see Eq.
(12).

There is almost no noticeable change in the conversion of H,.
The CO conversion for the used particles is slightly lower than
for the freshly activated particles. This means that the overall con-
version capability of the ilmenite particles for syngas has not chan-
ged in any significant way over the course of the experiments.

In order to visualize the “activation” of the fresh ilmenite parti-
cles, the BET surface area was measured. Both BET surface area and
bulk density are shown in Fig. 9.

It can be seen that the BET surface area increases dramatically
in the beginning and then becomes nearly constant. At the same
time, the bulk density is reduced in a way that mirrors the growth
in the BET surface area, except in the end. The increase in density
towards the end of the experiments is also correlated with a reduc-
tion in particle size, see Table 4.

5.2. Iron oxide scale

I0S particles show an increase in reactivity during the initial
operating period, see Fig. 10. The particle batch during this period
consists of 270 g 10S particles, out of which 72% had been in previ-
ous operation and 28% were fresh.

After the experiment shown in Fig. 10, the degree of mass-based
conversion  was determined to be 99.1% (X =84.9%). Table 6
shows the reference numbers of the reduction «w and X after differ-
ent numbers of operational hours. The level of reduction does not
change significantly and is generally quite low. The recorded de-
grees of mass-based conversion stay well below the theoretical
maximum reduction of 96.7% (R, = 3.3%) for the iron oxide pair
Fe,03/Fe304. It is assumed that the oxygen carrier is fully oxidized
to Fe,;O3 in the air reactor. Hence the I10S oxygen carrier is most
probably not reduced below Fe;04 and full conversion of syngas
to CO, and H,O0 is thermodynamically possible [15]. Such low de-
grees of reduction suggest that the particles in the reactor were cir-
culating at a fast rate. The global particle circulation was estimated
during a number of occasions. The estimation is based on data from

Table 8
XRD analysis of 10S particles.

Particles Indicated phases
Fresh? Fe,05 (hematite)
After 37 h Fe,05 (hematite)

Agglomerate Fe (iron), FeO (wiistite),

Fe;04 (magnetite), Fe,03 (hematite)

2 From Ref. [11].

oxygen carrier reoxidization after fuel shut-off at the end of each
experiment, the oxygen consumption before fuel was shut-off,
and the bed mass in the fuel reactor, see Egs. (12) and (13). The
bed mass is only measured when the reactor is opened, here after
37 h, which means that occasions farther back in time have a high-
er uncertainty than those closer to 37 h. The global circulation
rates for an air reactor flow of 6.7 L,/min were estimated to be
about 0.5-1.5 gfs, which corresponds to about 10-20 kg/s m?. It
was expected that a lowered air reactor flow, as was the case at
26 h, would result in a lower circulation. However, this cannot be
seen clearly. It is suspected that changes in particle properties also
changed their fluidization properties and thus inhibits further
conclusions.

As indicated in Table 7, batch 1, about 6% of particles escaped
the system as fines and the particle size distribution shifted
slightly towards smaller diameters. The small change in bulk den-
sity must be considered as insignificant. It should be noted that the
particles have very irregular shapes and that changes in sphericity
could have important effects on the bulk density.

While very little happened to the particles during the first 17 h
of operation, the particle properties changed considerably during
the subsequent 20 h. As can be seen in Table 7, batch 2, the density
was significantly reduced and the fraction of finer particles in-
creased considerably. 9% of the initial particle charge left the sys-
tem as fines and a total of 34% was ground to sizes below 90 pm.
There are two possible explanations for the different behavior dur-
ing the two periods:

1. A process went on from the beginning of the experiments: in
the beginning only positive effects of a structural change with
increasing porosity were noticed. As the transformation contin-
ued, the particles reached a point where they started to break
and changes in bulk density and size were observed.

2. During the second operation period the oxygen carrier particles
where exposed to conditions, which were different to those of
the first operational phase. The maximum fuel flow for example
was 40% higher during the second operation period than during
the first. A high fuel flow is usually assumed to cause more
reduction, which could have led to the observed changes.

Even though possible, there is no evidence available that would
support the first interpretation, e.g. evidence in the form of SEM
images or XRD. An unequivocal conclusion explaining the nature
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Fig. 12. Combustion efficiency for I0S experiments at varying fuel flows
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of the disintegration of the I0S particles can therefore not be drawn
at this moment.

The experiments show that IOS particles are not only likely to
form agglomerates, but also have a low structural integrity and be-
come pulverized after a quite short operational period.

Fig. 11 shows some selected SEM images of 10S particles at dif-
ferent states. It was found that the particles change from a solid
bulky form, as in Fig. 11a, to a thin flaky one, such as in Fig. 11c.
It does not require much imagination to see that those flakes are
fragile but might have a greater reactive surface. The XRD shows
that there is no visible difference in the chemical structure be-
tween fresh material and the used particles: the main component
is Fe,03 (hematite) with some minor amounts of SiO, (quartz).

Fig. 11d shows an agglomeration and the edge of a gas channel
that was formed, which can be seen on the left side of the image.
The surface of the channel is smooth, as if the particles had melted
and resolidified. The shape of individual particles can no longer be
recognized. Fig. 11e shows the same agglomerate, but a little fur-
ther away from the gas channel. The structure here is different:
it is still possible to make out the shapes of individual particles,
but they appear to be covered by a layer of material that binds
them together. The XRD shows that all known oxidization states
of iron (Fe®, Fe?*, Fe**) are present. From reduced to oxidized, these
states occur in metallic iron and three oxides: Fe (metallic ir-
on) — FeO (wiistite) —» Fe;04 (magnetite) — Fe,03 (hematite).

The agglomeration of particles might have been triggered by a
partial defluidization in the fuel reactor: being defluidized in the
bottom zone, they could have become too far reduced and thus
agglomerated. Small, local agglomerates could also have grown
to form larger ones (see Table 8).

Fig. 12 shows the experiments where the fuel flow was varied.
The trend is that the more fuel is used, the higher the share of
unconverted fuel.

What can be seen in Fig. 13 is the effect of a variation of the
temperature in the reactor. It was varied from the base setting of
900 °C between the limits of 800 °C and 950 °C.

The expected behavior is that the process improves with higher
temperatures. However, this cannot be seen very clearly. Two fac-
tors distort the picture: first, a dip in efficiency can be observed at
850 °C for all flow levels in Fig. 13. This has also been observed
with ilmenite oxygen-carrier particles, see Section 5.1. However,
the reason is not understood. The second peculiarity that strikes
out clearly is the decline of combustion efficiency above 900 °C.

These exceptions make it difficult to draw an unambiguous conclu-
sion about the temperature behavior of IOS.

6. Conclusions

Ilmenite oxygen-carrier particles generally worked well over a
long operating period. They are structurally stable and have good
fluidization properties. Overall, ilmenite particles produced very
promising results.

Initially the particles underwent a considerable alteration pro-
cess during which they grew bigger, more porous and as a result
became more reactive. After this initiation period they were stable
in respect of structural stability and reactivity for tens of hours.
During the course of experiments it happened on a number of
occasions that the particles were reduced to too great an extent
over time periods. These were the only incidents when ilmenite
was found to form agglomerates. However, these agglomerates
were rather soft and are believed to be little significant - especially
when the process is scaled up.

Employing iron oxide scale as an oxygen carrier for chemical-
looping combustion is possible but has some difficulties. The biggest
problem that was encountered during the experiments was that the
particles formed agglomerates in the fuel reactor and fluidization
conditions deteriorated or even were inhibited. The agglomerates
are believed to originate from particles that are reduced too far. That
could either be the case if the residence time in the fuel reactor is
generally too long (i.e. a too low global circulation), if particles are
trapped in zones of poor circulation (e.g. wall- or corner effects) or
if the general mixing level in the fuel reactor is insufficient. All three
sources of error can be controlled in bigger reactor systems. Further-
more, the probability that agglomerates can form which cover the
whole reactor area of an industrial-sized plant is quite low. Agglom-
eration as a source of error should be possible to control or suppress
in bigger reactor systems.

The rate of attrition for IOS is noticeably higher than for ilmen-
ite. This requires a higher make-up feed and counteracts the reduc-
tion of the running costs. On the other hand, iron oxide scale is a
by-product of the steel-rolling industry and could potentially be
cheaper. Both materials are much cheaper than synthesized oxy-
gen carriers.

There are still circumstances which remain unknown and can
only be speculated about. Most of these unknown circumstances
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concern the structural changes of the particles, such as phase
migration and structural decay, andfluidizing conditions. Identify-
ing these facts and narrowing down the possibilities is the first
step towards understanding the behavior of the particles and thus
making processes more predictable.

With comparable settings and about the same bed mass, the
fuel conversion with ilmenite particles was clearly better than with
10S particles.

When syngas was used as a fuel, it was found that it caused a
deposition of solid carbon in the hot part of the fuel line. This
was expected due to the Boudouard reaction and could be over-
come by adding steam to the fuel.

It could be shown that a chemical-looping combustion process
with the mineral ilmenite and iron oxide scale is possible. Employ-
ing minerals and by-product materials as oxygen carriers is a con-
siderable step towards reducing the running costs of a power plant
with chemical-looping technology and thus making it more com-
petitive than the existing energy producing technologies. Studying
syngas as a fuel is highly relevant for chemical-looping combustion
of solid fuels, as syngas is the main product from the gasification of
char.
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