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HIGHLIGHTS GRAPHICAL ABSTRACT

o Oxidation level of an iron-based oxygen

carrier may affect its mechanical
strength. Does oxidation levels have any influence on the

ie . . mechanical strength of an oxygen carrier (OC)?
e Attrition rate is an important parameter

with respect to mechanical strength. .

/ Attrition examination

e Porosity of oxygen carriers likely de-
termines its attrition resistance.

o Ilmenite ore and iron sand have shown
robust mechanical strength.

o Synthetic ilmenite shows the lowest
attrition resistance among all the

materials. \
Preparation of OC in different
oxidation levels through multiple redox (X J
cycles in a fluidized bed batch reactor
Crushing strength measurement
ARTICLE INFO ABSTRACT
Keywords: Iron-based oxygen carriers are currently one of the most popular choices for chemical looping processes. In order

Oxygen carrier to minimize losses of oxygen carrier materials in the system, it is important to assess attrition characteristics.

Furthermore, in chemical looping gasification where the oxygen transfer capacity needs to be limited, a higher

Mechanical strongth reduction degree of oxygen carriers can be expected. As different oxidation degrees lead to different phase
echanical stren; .. . . . . . . s

Oxidation degreeg compositions, this study aimed to investigate the correlation between mechanical strength of iron-based oxygen

Chemical looping carriers and the phase composition, which is the result of oxidation degree change. Our findings demonstrate that

how the phase composition may affect the attrition rate of oxygen carriers depends largely on the type of the

Attrition resistance
Crushing strength

Abbreviation: A, Attrition rate based on investigation in the customized jet cup device; AJL, Air jet index; AR, Air reactor; A, Initial attrition rate observed during
the whole hour of observation; Azg o, Attrition rate observed during the last 30 min into observation; CFD, Computational fluid dynamics; CLC, Chemical looping
combustion; CLG, Chemical looping gasification; CLR, Chemical looping reforming; CLWS, Chemical looping water splitting; EDX, Energy-dispersive X-ray spec-
troscopy; FC, Freshly calcined; FCC, Fluid catalytic cracking; FO, Fully oxidized; FR, Fuel reactor; LD, Linz — Donawitz; Mo, molecular weight of oxygen; MR,
moderately reduced; m,, , mass of oxygen carrier at its fully oxidized state; n, outlet molar flow; OC, oxygen carrier; OCAC, Oxygen carrier aided combustion; t,
reaction/observation time; SEM, Scanning electron microscopy; SR, substantially reduced; x;, molar fraction of species i; XRD, X-ray diffraction; w;, mass conversion
degree of an oxygen carrier in converting species i.
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material itself. In this study, the presence of Fe-Ti and Fe-Si combinations contribute to a generally stable
attrition rate, while Fe-Ca system exhibits a decreasing attrition rate. Furthermore, attrition rate shows a more
conclusive trend compared to crushing strength. Among the investigated materials, both ilmenite ore and iron
sand showed a robust, stable mechanical stability with an attrition rate of approximately 0.5-1 wt%/h, which is
on par with that of sand (0.5 wt%/h). The attrition rates of LD slag and mill scale are lower, about 1-3 wt%/h.

1. Introduction

Having been studied extensively for around three decades, oxygen
carriers are crucial to the development of energy conversion processes
like chemical looping technology and oxygen carrier aided combustion
(OCACQ) [1]. While the use of oxygen carrier in OCAC increases the
combustion efficiency and heat distribution in the boiler, it has an even
more essential role in chemical looping technology. Apart from the
mentioned benefits, an oxygen carrier is responsible for transferring
oxygen from the air to the fuel reactor through redox cycles in a
chemical looping unit. This virtually eliminates the presence of nitrogen
in the product gases and, therefore, also the need for an energy-extensive
gas separation step. This is why an efficient carbon dioxide capture is
possible through the establishment of a chemical looping unit.

There are several processes which use oxygen carriers for different
purposes. In chemical looping combustion (CLC) and OCAC, a high ox-
ygen transfer capacity is desired to fully combust the fuel, generating
carbon dioxide and steam as the main gaseous products. However, this is
not always the case with other processes such as chemical looping
gasification (CLG), chemical looping reforming (CLR), or chemical
looping water splitting (CLWS). The expected main products of these
processes are syngas, i.e., carbon monoxide and hydrogen, or only
hydrogen in the case of CLWS. These products are highly valuable as
precursors to various chemicals. Contrary to CLC and OCAC, complete
fuel combustion is not expected in these processes, although some COy
will necessarily be generated in the fuel reactor together with the syngas
in order to achieve autothermal process [2]. As an illustration, Fig. 1
demonstrates schematic setups of CLC and CLG.
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Air reactor Fuel reactor
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Chemical looping combustion (CLC)

The main challenge of processes like CLG, where partial fuel con-
version takes place, is maintaining a sufficient oxygen transfer from the
air reactor (AR) to fuel reactor (FR) in order to establish a successful
gasification reaction. This may result in a higher reduction degree of the
oxygen carrier, which may lead to several issues like particle agglom-
eration, reactivity decrease and compromised mechanical strength [3].
Adénez et al. [4] suggested that mechanical strength is one of the most
important parameters in oxygen carrier screening. The mechanical
strength of an oxygen carrier can be evaluated in different manners, e.g.,
by measuring its attrition resistance and crushing strength. Attrition
resistance evaluation is applicable for utilization of oxygen carriers in
fluidized bed reactors since this characteristic strongly influences par-
ticle elutriation and size distribution [5]. On the other hand, crushing
strength represents the maximum compressive load the particles can
withstand without experiencing breakage, which is determined by
composition and morphology of the particles [6]. Understanding the
crushing strength of oxygen carriers can be useful for predicting their
stress and strain behaviors [7], which are important factors in a fluidized
bed setup where particles are exposed to mechanical stress [8].

Previous studies have successfully established the concept of attri-
tion on particles in a fluidized bed setup and examined the attrition
resistance of various oxygen carrier materials. The main causes of
attrition have been identified as mechanical, thermal, and chemical
stresses [9,10]. Different types and sources of attrition in a fluidized bed
energy conversion setup have also been elaborated [11]. Further, there
are several known methods to determine the attrition resistance of
particles. The simplest one is to attach a dust filter to the outlet of a
fluidized bed setup to collect the fragments from the fluidization, so that
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Fig. 1. Illustrative diagrams of chemical looping combustion and gasification.
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the attrition rate can be determined directly after a certain period based
on the weight of the collected fines. For instance, Miccio et al. [12] also
examined the attrition rate of several synthetic geopolymer-based iron
materials directly in a lab-scale fluidized bed equipped with a dust
trapping filter for 24 h. They found that the geopolymer materials show
excellent attrition resistance, about three times lower than the elutria-
tion rate of ilmenite in a chemical looping unit reported by Cuadrat et al.
[13].

Another well-known strategy is to examine the attrition rate of
particles in a jet cup rig. This device works well to estimate the attrition
tendency of oxygen carriers caused by mechanical stress due to the
collision between the particles and jet cup wall [14]. However, it is not
possible to directly consider the effects of thermal stress, let alone
chemical stress, in a jet cup rig. The established standard method ASTM
D5757 [15] is usually used to determine the air jet index (AJI) of ma-
terials, which represents the attrition loss of materials after certain
period. Using this standard, Cabello et al. [5] evaluated the attrition of
23 different oxygen carriers with four different basis metals for the
purposes of screening for use in CLC. However, this method often re-
quires a substantial amount of particles and hours of analysis time. To
tackle this issue, Rydén et al. [16] constructed a customized jet cup
device, which is able to examine only a few grams oxygen carriers for
chemical looping combustion (CLC), and successfully evaluated 25
different oxygen carrier materials comprehensively. In a similar manner,
Amblard et al. [17] investigated the attrition caused by mechanical
stress on both Group A FCC catalyst and Group B CLC oxygen carrier
particles and compared the results with CFD modelling. With respect to
non-oxygen carrier particles, Knight et al. [18] examined the attrition of
CO; sorbent particles while Kim [19] investigated both CLC oxygen
carriers and CO» sorbent particles.

The crushing strength [20,21] of oxygen carrier materials have also
been evaluated many times. Crushing strength has been expected as an
indicator of oxygen carrier's performance in a fluidized bed [14].
Crushing strength of a number of particles can be measured according to
the standard method ASTM D-4179 [4,22] or by simply using a dyna-
mometer [23,24]. In practice, the crushing strength value of a particle
should be considered complimentary to the attrition rate in providing
important estimations on the performance of oxygen carriers in a
continuous operation [14].

Due to various available techniques in estimating attrition rate as
well as crushing strength, there is currently not a universally applicable
way to perform and interpret the mechanical strength of oxygen carriers.
Still, any chosen method can be useful for screening and comparing
various oxygen carrier materials as long as the aims and conditions are
justified. For instance, utilizing the standard AJI measurement method is
not applicable in this study as the amount of samples obtained are not
sufficient, so evaluations in the customized jet cup rig is preferred. Even
though it is then not possible to establish a standardized attrition
resistance, it is known that materials that perform well in a large-scale
unit at elevated temperatures often perform well in the attrition evalu-
ation in a customized jet cup device, too [16]. Thus, the results are still
useful as an indicator to what can be expected from the material if used
as oxygen carriers in a large-scale fluidized bed unit, including chemical
looping processes.

The novelty of this study lies in the aim to take the oxidation degree
of oxygen carriers into account. With the change in oxidation degree, the
chemical phases in the oxygen carriers will also change. We hypothe-
sized that such a phase transformation may influence attrition resistance
of the oxygen carriers, either directly or indirectly. An example of a
direct effect could be if certain chemical phases are proved to be
significantly more resistant to attrition. However, such a phenomenon is
difficult to assess in the case of iron oxide phases. For instance, while the
phase of metallic iron is logically harder than any iron oxide phases,
there is no strong evidence that this is directly applicable to the attrition
resistance of a material. Furthermore, none of the investigated materials
in this study comprises 100% iron, which implies that the other elements
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can also affect the attrition rate of the material. Therefore, an indirect
effect is more likely, that is, the chemical phase change may change the
structure of the materials, which eventually leads to a change in its
attrition rate [14]. This may include changes in porosity as well as
elemental distribution.

In this study, we investigated the attrition rate of five iron-based
oxygen carriers at different oxidation degrees in the customized jet
cup device built and used by Rydén et al. [16]. To tackle the issue that
the device cannot incorporate the effect of chemical stresses, the
oxidation levels of the materials were set in a batch fluidized bed reactor
through multiple redox cycles. The aim was to obtain materials with a
similar chemical phase and mechanical structure to what would be ex-
pected should they were utilized in a chemical looping setup at elevated
temperatures. Thus, the oxygen carriers were first exposed to certain
chemical stresses in the batch fluidized bed reactor before they
encountered mechanical stress in the jet cup rig. Furthermore, a crush-
ing strength test was also performed to complement the attrition eval-
uation. By doing these experiments, we expected to be able to determine
the correlation between attrition resistance (as well as crushing
strength) and phase composition. XRD and SEM/EDX were used to
characterize the crystalline phases and elemental composition of the
materials, respectively.

2. Material and methodology
2.1. Oxygen carriers

Five different oxygen carriers were examined in this study: ilmenite
ore, synthetic ilmenite, iron sand, LD slag, and mill scale. Additionally,
quartz sand (assumed as pure SiO2) was also examined as a reference
material. A detailed general information about the oxygen carrier ma-
terials, including composition, is presented in Table 1 from a previous
reference [25].

All the oxygen carriers were calcined in a high-temperature oven at
950 °C for at least 12 h in air and then sieved to 125-180 pm size range.
Twenty grams of each material were then exposed to ten redox cycles in
a fluidized bed batch reactor at 900 °C and subsequently prepared at
three different mass conversion degrees (o) after the 11th cycle. Within
every of the first ten cycles, oxygen carrier was always completely
oxidized before it was reduced with syngas (450 ml/min) for 20 s. An
inert phase was introduced between each mentioned step to purge the
remaining gas from the previous step. These ten cycles can be regarded
as a way of stabilizing reactivity and, more crucially, obtaining a ma-
terial with a mechanical and chemical structure which would be similar
to what could be expected in a real chemical looping unit. This is
because fresh oxygen carriers usually have less surface area and are less
porous than the activated ones. Furthermore, exposure to redox cycles
helps distribute oxygen throughout the whole particle, so this step is
necessary to optimize the oxygen carrier performance. Here, the elev-
enth cycle was chosen as the cycle where the oxygen carrier was reduced

Table 1
Information about oxygen carrier materials.

Oxygen General information

carrier

Elemental composition in atomic %
(Oxygen-free basis)

Fe Mn Ti Si Ca

Ilmenite ore 50 0.72 48 0.44 0.12  Mined by Titania A/S in

Norway

Synthetic 50 - 50 - - Synthesized by CSIC in
ilmenite Spain
Iron sand 50 050 022 45 4.54  By-product from the copper
plant Boliden AB in Sweden
LD slag 22 346 1.2 15 58 By-product from the steel
producer LKAB in Sweden
Mill scale 91 088 - 7.6 - Steel rolled sheet residue

from LKAB in Sweden
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for a certain period which leads to its final mass conversion degree. So,
all materials had been exposed to the same conditions except for the
11th cycle. The oxygen carriers are expected to have an already stable
reactivity as well as mechanical structure after ten redox cycles. To
ensure that the materials remain in the final mass conversion degree, an
inert atmosphere (100 vol% N») was immediately fed into the reactor
upon the completion of the reduction step and the furnace was switched
off to allow a quick cooling down. It usually takes around 2 h to cool
down the reactor from 900 °C to room temperature (25 °C). Here, mass
conversion degree indicates the oxidation degree of an oxygen carrier,
with ® = 1 indicates a fully oxidized state. At last, each material was
made available in four different oxidation states, which comprise the
fresh-calcined state (without exposure in fluidized bed) and three
different oxidation degrees, i.e., mass conversion degrees, which were
prepared in a batch fluidized bed.

Table 2 shows the summarized procedure for a single redox cycle in
the fluidized bed setup. The details of the fluidized bed setup can be
found elsewhere [26]. The online measurement of outlet gas concen-
trations was done using a Rosemount™ NGA 2000 NDIR gas analyzer,
which has up to +1% repeatability at a constant temperature. Depend-
ing on the gas, the fluidization velocity ranged from 0.02 to 0.04 m/s,
which corresponds to approximately 1.6-3.7 times the minimum fluid-
ization velocity, respectively.

2.2. Attrition resistance investigation

The attrition resistance of each oxygen carrier sample prepared in the
fluidized bed was tested in a customized jet cup rig device, which is
illustrated in Fig. 2. There are several reasons behind using this device to
correlate the oxidation degree with the attrition tendency of the oxygen
carrier materials.

i) Performing a direct physical modelling of oxygen carrier attrition
in a real continuous fluidized bed system entails a challenge to establish
a comparable basis for evaluation. For instance, in a circulating setup,
the oxygen carrier bed may likely be a mixture of particles with different
mass conversion degrees. This implies that it is not possible to ensure a
uniform oxidation degree of the oxygen carrier sampled from a circu-
lating unit. Therefore, the most applicable evaluation strategy remains a
correlative study [17].

ii) The use of a jet cup device is one of the most known methods to
evaluate attrition tendency in correlation with fluidized bed conditions.
Since in our case we do not use the standard ASTM method due to the
small amount of sample, we may not be able to estimate the actual

Table 2
Procedure for a single redox cycle in the fluidized bed batch reactor.

Step Gas Volumetric Duration (s)  Note
flow at 25 °C
and 1 atm (ml/
min)
Oxidation 5% Oy in 1000 Until the Until the outlet O,
N, OC becomes concentration returns
fully to 5%
oxidized
Inert 100% Ny 1000 180 To purge the
remaining gas out
from the reactor
Reduction  50% CO 450 20 This value is only
in Hy valid for the
(syngas) mentioned ten redox
cycles. For the 11th
cycle, this value
varies between
different oxygen
carrier - fuel pairs.
Inert 100% N, 1000 180 To purge the

remaining gas out
from the reactor
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attrition rate in a real chemical looping unit. Still, the results are
applicable enough for the sake of comparing the attrition tendency of
various oxygen carriers and correlate it with the oxidation degree set in a
fluidized bed setup, which is the aim of this study. The rig design itself
allows the gas inlet to flow in a tangential flow, mimicking particle-wall
collisions (mechanical stress) in cyclones, fluidized bed, and risers [27].

Five grams of each sample was put into the metal cup holder at the
bottom of the rig. A flow of ten liters per minute of air (25 °C, 1 atm) was
first flown into a humidifier containing a 25-cm water column. This was
done to minimize the risk for static electricity in the settling chamber,
which lead to particles sticking to the chamber wall. The humidified air
flow was then fed into the jet cup rig from the inlet nozzle (inner
diameter = 1.5 mm) placed tangentially at the bottom of the cup holder.
This air flow creates an upward particle vortex throughout the cup and
eventually into the settling chamber. The oxygen carrier particles will
experience mechanical stress during this process due to the high air
velocity and harsh physical environment inside the apparatus. Eventu-
ally, heavier particles with generally larger size will fall back into the
cup, while the generated fines will be carried toward the outlet and
trapped by the 0.01 pm-filter. The filter is weighed every 10 min for an
hour in order to estimate the attrition resistance of the particles. At the
end of the experiment, both samples left in the cup holder and trapped in
the filter were collected for further analysis. More details of this appa-
ratus have been reported elsewhere [16].

2.3. Crushing strength investigation

The crushing strength of a single oxygen carrier particle was
measured by using a Shimpo FGE digital force gauge FGN-5B with a
maximum load of 50 N and an accuracy of 0.01 N. One hundred
randomly selected particles from each sample bulk were crushed and the
corresponding crushing force was measured using the device [5].

2.4. Characterization

The crystalline phases of each examined material were investigated
using XRD D8 Discover. The sample topography of the bulk samples was
examined using Phenom ProX SEM/EDX. The elemental composition of
the bulk samples, i.e., before jet cup examination, and collected fines
from the filter were characterized under SEM/EDX using FEI ESEM
Quanta 20, which comes with a higher resolution imaging as this is
deemed suitable for small fines. For the bulk samples, a semi-
quantitative analysis was performed based on the XRD results in order
to compare the phases on the surface of the oxygen carriers to those
observed in the collected fines. This was done by converting the peak
ratios of the detected phases to mass ratios [28].

2.5. Data analysis

The oxidation degree of an oxygen carrier is presented as mass
conversion degree. Syngas conversion gives the following mass con-
version degree formula,

t

i M,
w=1-— /Vl o (2)6(;02 “+Xco *XHZ)dl‘ (1)

ox

fo

with

My, = molecular weight of oxygen.

me, = mass of oxygen carrier at its fully oxidized state.

n= outlet molar flow.

t = reaction time.

x; = molar fraction of species i.

; = mass conversion degree of the oxygen carrier upon conversion
of species i.

The attrition resistance of each sample can be quantified in attrition
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Particle filter (0.01 um)

Metal cup holder
(containing 5 grams OC)

Air outlet

—

Humidifier
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= harsh physical design to
allow attrition of particles

F Airinlet (10 I/min, 1 atm)

T —

Fig. 2. Schematic diagram of the customized jet cup rig device.

rate A (in wt%/h), which is defined as the amount of generated fines
divided by mass of the initial bulk sample (about 5 g) collected over a
certain time, i.e., 10 min for each increment (see sub-section 2.2).

mass of collected fines (g)

= 100% 2
initial mass of bulk sample (g) x observation time (h) x Y 2)
The crushing strength is the average value from the measurement of
100 randomly selected oxygen carrier particles.

3. Results
3.1. Mass conversion degree and crystalline phases

Mass conversion degree (») indicates the oxidation levels of an ox-
ygen carrier. A fully oxidized oxygen carrier is always assigned with a
mass conversion degree of 1, suggesting a maximum oxidation level an
oxygen carrier may have. Fig. 3 illustrates the theoretical correlation
between phase transformation and mass conversion degree for an Fe-
material. Suppose an oxygen carrier is entirely composed of pure iron
oxides, its fully oxidized form will comprise 100 wt% Fe;Os. As the
material gets reduced, parts of Fe;O3 will gradually transform to Fe3Oy,
which can be assumed as a combination of Fe;O3 and FeO. At a theo-
retical mass conversion degree of around 0.9, the oxygen carrier will
comprise 100 wt% FeO. If the reduction continues, the whole oxygen
carrier will eventually lose all its available oxygen, leaving only metallic
iron within at a theoretical mass conversion degree of around 0.7. Note
that mass conversion degree can never be zero, the remaining metallic
iron still has a measurable mass. In this study, none of the materials is
composed of pure iron oxides, so the value of mass conversion degree
may be different (usually higher due to the lower iron content) from that
illustrated here for similar chemical phases. In addition to the iron oxide
phases, other combined oxides may also form due to the interactions

1 100%Fe203
100%Fe3°4
0.95 Fe;0, — FeO
3
8 0.9 100% FeO
>
o)
©
S 0.85
2
)
>
S
o 0.8
w
w
©
=
0.75
0.7 100% Fe

Fig. 3. Theoretical correlation between phase transformation and mass con-
version degree.
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between Fe and other constituents, e.g., Si, Ca, etc., see the phase
analysis in Table 4.

The mass conversion degree (w) of the oxygen carrier samples was set
in a fluidized bed setup. Calculated based on Eq. 1, the mass conversion
degree values are presented in Table 3. Both the freshly calcined and
fully oxidized samples have a mass conversion degree of 1 — the only
difference is that the former was prepared in a high-temperature oven,
while the latter was cycled in the fluidized bed setup for 11 cycles. The
uncertainty of the mass conversion degree is largely affected by the gas
analyzer, which has a repeatability of +1% in measuring outlet gas
concentrations (in volume percentage). Since the mass conversion de-
gree in this work is presented in fractions, this entails a standard devi-
ation of +£0.0001.

Among all the investigated samples, mill scale was able to undergo
the furthest reduction without experiencing defluidization. Mill scale
contains almost 100% iron oxide [29], which likely means a much
higher oxygen transfer capacity, thereby allowing further reduction. The
other materials have been known for their defluidization tendency when
exposed to a high reduction degree [30], thus the reduction extent is
limited in this study to avoid defluidization in the fluidized bed.

As explained above, mass conversion degree change means changes
in oxygen carrier's crystalline structure. We expected that phase
composition contributes to the structure of the particles and may,
therefore, have an implication on the mechanical strength. The crys-
talline phases on the oxygen carriers, which were obtained from the XRD
analysis using a molybdenum source, are presented in Table 4. The
phase name can be found after the table.

3.2. Attrition resistance

During the investigations using the customized jet cup device, each
material showed a different attrition rate tendency. Rydén et al. [16] has
previously reported that the attrition tendency of an oxygen carrier may
follow either a linear or a non-linear trend as a function of time. Fig. 4
below illustrates both attrition rate tendencies (see Eq. 2 for calculation)
observed during our study in the case of ilmenite ore. There, A and
Aszg_go refer to the total attrition rate observed during the whole 60-min
investigation and the attrition rate in the last 30 min in the observation,
respectively. It can be seen that the freshly calcined ilmenite ore tends to
experience a linear total attrition [31], while the fully oxidized one
follows a non-linear one.

In this work, we observed that the total attrition rate of most oxygen
carrier samples follows a non-linear trend. Still, the attrition rate in the
last 30 min of all samples during the observations tends to show a rather
linear trend [16] (see the solid lines in Fig. 4). Therefore, this attrition
rate, symbolized as Az g, is taken as the basis of comparison. Fig. 5
shows the attrition rate Asg_go, presented in bar columns, measured for
different oxygen carrier materials at different mass conversion degrees,
refer to left y-axis. Additionally, the attrition rate ratio between Azg_go
and Ao is also presented as line in the same graph, refer to the right y-
axis. An attrition rate of 1 indicates a perfectly linear attrition [16]. Sand
is shown as a reference.

The attrition rate tendency changes between different materials.
Sand as the reference material, which is a common bed material in

Table 3
Mass conversion degree of the oxygen carrier samples.
Oxygen carriers Fully Moderately Substantially
oxidized reduced reduced
(FO) (MR) (SR)
Ilmenite ore 1.000 0.991 0.980
Synthetic 1.000 0.990 0.979
ilmenite
Iron sand 1.000 0.992 0.983
LD slag 1.000 0.993 0.988

Mill scale 1.000 0.958 0.914

Powder Technology 438 (2024) 119598

Table 4
Crystalline phases on oxygen carriers' surface observed by XRD.*
Oxygen carrier Mass conversion Crystalline phases
degree
Ilmenite ore 1.000 Fe,TiOs, Fey03, TiO,
(freshly calcined)
1.000 Fe,TiOs, Fey03, TiOy
(fully oxidized)
0.991 Fe,TiOs, FeTiOs, TiOy
0.980 Fe,TiOs, Fey03, Fe30y, TiO2
Synthetic 1.000 Fe,TiOs, Fe;03, TiOo
ilmenite (freshly calcined)
1.000 Fe,TiOs, Fe,03, TiO,
(fully oxidized)
0.990 Fe,TiOs, FeTiO3, TiO,
0.979 Fe,TiOs, FeTiOs, TiOy
Iron sand 1.000 Fe,03, Fe304, SiOy
(freshly calcined)
1.000 Fe,03, Fes0y, SiOo
(fully oxidized)
0.992 Fe,03, Fe304, Fe,Si04, SiO,
0.983 Fe,03, Fe304, FeO, SiO,
LD slag 1.000 Fe,03, Fe304, CagFey0s, CasSiOy,
(freshly calcined) CaO
1.000 Fe,03, Fe304, CagFey0s, CasSiOq,
(fully oxidized) CaO
0.993 Fe304, Fe11012, CazFe;0s, CasSiOy,
CaO
0.988 Fe304, Fe;.5012, CasFes0s, CasSiOy,
CaO
Mill scale 1.000 Fe,03
(freshly calcined)
1.000 Fe,03
(fully oxidized)
0.958 Fe304, FeO
0.914 Fe304, FeO, Fe, 50, Fe

* Phase name: Fe,03 = hematite, Fe304 = magnetite, FeO/Fe; s0/Fe 1012 =
wiistite, Fe = metallic iron, FeTiO3 = ilmenite, TiO5 = rutile, SiO, = cristobalite,
CayFe,05 = srebrodolskite, Ca;SiO4 = larnite, CaO = lime

1.4

08 N

e Freshly calcined

= Fully oxidized

Accumlated attrition (wt%)

0 10 20 30 40 50 60
Observation time (min)

Fig. 4. Different attrition rate tendencies observed on the freshly calcined (FC)
and fully oxidized (FO) ilmenite ore, which shows linear and non-linear total
attrition trends, respectively. The solid and dashed lines refer to the attrition
rate Azg_go and Ay, respectively.

circulating fluidized bed units, has an attrition rate and an attrition rate
ratio of around 0.5 wt%/h and 0.75, respectively. Both ilmenite ore and
iron sand have shown a relatively stable attrition rate over different
mass conversion degrees, even though the former show a slight attrition
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Fig. 5. The attrition rate Az ¢o (presented in bar columns) and the attrition rate ratio Az _e0/Ator (presented as lines) for different oxygen carriers at different mass
conversion degrees. FC denotes the freshly calcined state of each material. Note that the synthetic ilmenite has a different Y-axis scale for Azg_eo.

rate increase. Furthermore, both the mentioned materials also show the
lowest attrition rates of all investigated materials. Iron sand performed
slightly better with attrition rates which are similar to that of sand, i.e.,
about 0.5-0.7 wt%/h, while those of the ilmenite ore are between 0.6
and 1 wt%/hour.

LD slag and mill scale show opposing attrition rate tendencies. While
the attrition rate of LD slag tends to decrease at lower mass conversion
degree, that of mill scale increased substantially. However, it is impor-
tant to note that mill scale has been reduced substantially further than
the other materials - this was possible due to its higher Fe content. Both
the freshly calcined and fully oxidized mill scale have similar attrition
rates with those of the ilmenite ore, which has been found among the
strongest materials in this study.

Being the only synthetized material in this study, the synthetic
ilmenite has the lowest attrition resistance among all investigated ma-
terials. Please note the different scaling on the axes for this material in
Fig. 3. The attrition rate of the substantially reduced synthetic ilmenite is
higher than that at higher mass conversion degrees but similar to that of
the freshly calcined one.

Most activated samples, i.e., non-fresh materials, have a lower

attrition rate ratio than that of sand, which indicates that the attrition
rate of the investigated oxygen carriers saw a more substantial decrease
compared to sand after 30 min. The majority of oxygen carrier samples,
except LD slag, has a rather stable attrition rate ratio independent of
mass conversion degree. LD slag shows a declining attrition rate ratio.

3.3. Chemical analysis of the generated fines

Fines collected from the customized jet cup device were character-
ized using SEM/EDX using a point analysis. The sampling was per-
formed by considering different contrasting particles observed under
SEM/EDX and at least 5 points were observed for each bulk sample over
multiple particles. The estimated elemental composition of the fines for
the fully oxidized (FO) samples and substantially reduced (SR) samples
were calculated as the average composition from the observable points
and are shown in Table 5. FC (ref) is the composition of the freshly
calcined material according to the available data (see Table 1) [25].
Note that the freshly calcined (FC), instead of fully oxidized (FO), mill
scale was presented here due to the lack of possibility to recover the FO
fines. Still, this is expected to be sufficiently representative as their bulk
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Table 5

Average elemental composition on the surface of the collected fines from each
oxygen carrier at their fully oxidized (freshly calcined for mill scale) and sub-
stantially reduced forms observed under SEM/EDX using point analysis.

Oxygen carrier Sample Elemental composition, in atomic %
Fe Mn Ti Si Ca
Ilmenite ore FC (ref) 50 0.72 48 0.44 0.12
FO 70 0.73 17 8.7 3.7
SR 60 0.77 32 5.3 1.2
Synthetic ilmenite FC (ref) 50 0 50 0 0
FO 56 0 42 1.1 0.1
SR 55 0 43 1.3 0
Iron sand FC (ref) 50 0.50 0.22 45 4.54
FO 71 1.1 1.3 17 10
SR 74 1.0 0.54 16 7.9
LD slag FC (ref) 22 3.46 1.2 15 58
FO 19 3.7 1.7 9.5 66
SR 24 3.9 1.3 9.6 62
Mill scale FC (ref) 91 0.88 0 7.6 0
FC 92 0.75 0.19 1.8 4.3
SR 97 0.66 0 0.49 1.5

crystalline chemical phases are nearly identical (see Table 4).

It is clear from the point analysis that the fines from the ilmenite ore,
mill scale and iron sand have a considerable enrichment of iron
compared to the original samples. This is not the case with that obtained
from the synthetic ilmenite, which has a ratio of about 50/50 between Fe
and Ti, which also is the atomic ratio of the original sample, see Table 1.
The fines coming from LD slag are clearly rich in calcium. Note that Mn,
Si, and Ca contents in fully oxidized and substantially reduced iron sand
and Ti and Mn contents in fully oxidized and substantially reduced mill
scale are most likely impurities obtained from the jet cup device filter,
which have been used for the examination of the other samples.

The result of the SEM/EDX analysis can be further compared to the
XRD results (see Table 4) of the fully oxidized and substantially reduced
bulk samples, i.e., before jet cup examination, using a semi-quantitative
analysis. As we did not crush the samples, we expected to get repre-
sentative results from the oxygen carriers' surface rather than from in-
side the bulk. The summary is shown in Fig. 6 below.

100%
90%
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70%
60%
50%
40%
30%
20%
10%

0%

limenite ore

Mol percentage (mol%)

Synthetic ilmenite Iron sand
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Fig. 6 illustrates the phase transformation on the oxygen carriers'
surface obtained from a semi-quantitative analysis. Even though such an
analysis can entail quite large errors; some general conclusions can still
be made. Substantially reduced ilmenite ore clearly has much higher
hematite and significantly less pseudobrookite compared to its fully
oxidized counterpart. A similar pattern can be seen with synthetic
ilmenite. The substantially reduced iron sand has much more magnetite
than the fully oxidized one as well as a minor amount of wiistite. LD slag
does not experience significant transformation, except in the cases of
hematite reduction to magnetite and even wiistite. Nearly all hematite in
the fully oxidized mill scale has been reduced to magnetite, largely
wiistite, and a minor amount of metallic iron in the substantially
reduced one.

3.4. Crushing strength

The average crushing strength from 100 examined particles is pre-
sented in Fig. 7. The mass conversion degrees of all materials, expect
mill scale, are quite similar to two-digit accuracy, therefore they are
shown together in a single column bar graph. Mill scale is thus shown in
another graph due to the large differences in its mass conversion de-
grees. The error bars show the upper and lower 95% confidence
intervals.

Among the investigated oxygen carriers, iron sand has the highest
crushing strength values, especially on its freshly calcined state (about 5
N). This is in line with our observation that the calcined iron sand taken
from the high-temperature oven was the most difficult material to break
into smaller pieces. Iron sand at @ = 0.99 seems to have a slightly higher
crushing strength than the fully oxidized one (o0 = 1), but the same
sample also has the highest standard deviation, which is presented as an
error bar. Both these samples have a similar crushing strength of around
4-4.5 N. Iron sand at the lowest mass conversion degree clearly has the
lowest crushing strength at about 2.5 N.

Comparing mill scale and the ilmenite ore, their fully oxidized
samples have similar crushing strength values at about 3 N. However,
ilmenite shows a significantly more stable crushing strength compared
to mill scale independent of mass conversion degree. Still, it should be

FO SR

M Lime (Ca0)

M Larnite (Ca2SiO4)

m Srebrodolskite (Ca2Fe205)
Quartz (Si02)

M Cristobalite (SiO2)

M Rutile (TiO2)
Elemental iron (Fe)
Wiistite (FeO)

W Magnetite (Fe304)

B Hematite (Fe203)

B Pseudobrookite (Fe2TiO5)

LD slag Mill scale

Fig. 6. Semi-quantitative analysis of the surface of fully oxidized (FO) and substantially reduced (SR) bulk oxygen carriers, i.e., before jet cup examination, based on

the XRD results.
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Fig. 7. The average crushing strength of a hundred particles randomly selected from each sample. Sand is shown as reference. Ref and FC denote the reference and a

freshly calcined state, respectively.

noted that mill scale got reduced much further than ilmenite in this
study. Even at its lowest mass conversion degree (o = 0.914), its
crushing strength is still on a par with that of other materials at their
lowest ® such as LD slag and synthetic ilmenite — both did not get
reduced as far as mill scale.

Lastly, both synthetic ilmenite and LD slag have a fairly similar and
stable crushing strength, which are quite low at about 1.5 N in most
cases. Similar to iron sand, both materials also have their lowest and
highest crushing strength values at their fully oxidized states (w = 1) and
o = 0.99, respectively. Still, their crushing strength values are generally
lower than those of the other materials.

Fig. 8 is a plot between crushing strength and attrition rates of the
activated samples, i.e., the samples that have been exposed to redox
cycles in the batch fluidized bed reactor. This means all the freshly
calcined samples are excluded from the plot. The reason for this is to
have a better observation in order to see if the crushing strength and
attrition rate correlate to each other. However, it is clear that the pa-
rameters do not show a strong correlation between each other as a
higher crushing strength does not necessarily indicate a better attrition
resistance and vice versa.

16 @ limenite ore
14 " B Synthetic ilmenite
12 "= Iron sand
— LD slag
ey
§ 10 X Mill scale
B
$ 6
<
4
X X
2
S ox
0
0 1 2 3 4 5

Crushing strength (N)

Fig. 8. Attrition rate plotted against crushing strength for all activated oxy-
gen carriers.

4. Discussion

4.1. Oxygen carrier's mechanical strength over different mass conversion
degrees

Ilmenite ore saw a slightly increasing attrition rate with an average
value slightly higher than sand. Its crushing strength slightly decreases
over different mass conversion degrees and is slightly lower than that of
sand. These make ilmenite ore one of the most robust materials with
quite a stable attrition rate and crushing strength in this study. The
material has been reported to have a low attrition rate in a chemical
looping combustion units [32]. Still, an increasing attrition rate was
observed. An iron migration outward to the surface was observed, which
leads to enrichment of iron on the surface (see Fig. 6) and a high iron
content on fines (see Table 5).

On the other hand, synthetic ilmenite has shown the highest attrition
rates among the evaluated oxygen carriers at all mass conversion degree.
Its crushing strength values are also quite low despite undergoing a
similar crystalline phase transformation with ilmenite ore. The major
reason for this phenomenon is likely due to the synthesis process itself,
which led to loosely sintered Fe;O3 and TiO; particles. This may have
led to non-uniform grain sizes and, thus, a different diffusion process
compared to that taking place in ilmenite ore [33]. Fig. 9 shows that the
freshly calcined ilmenite ore shows a more uniform sintered surface
compared to freshly calcined synthetic ilmenite under SEM observation.
Additionally, the enrichment of iron also did not take place in the syn-
thetic ilmenite like it did in ilmenite ore, see Table 5.

Contrary to the ilmenite ore, which had undergone harsher geolog-
ical processes over millennia, synthetic ilmenite had never been exposed
to such a treatment. This might be the reason why synthetic ilmenite
behaves differently. Furthermore, Stanic¢i¢ et al. [34] has reported that
synthetic ilmenite tends to be more porous than the ilmenite ore. A
higher porosity has been reported to be one of the factors that cause a
decreased attrition resistance [31,35]. Fig. 10 shows the SEM images of
the collected fines from attrition examinations of fully oxidized ilmenite
ore and synthetic ilmenite in the customized jet cup rig. The visualiza-
tion clearly shows that the collected fines from ilmenite ore are signif-
icantly coarser and have sharper edges compared to that from synthetic
ilmenite.

When it comes to waste materials, iron sand has quite a stable
attrition resistance and its attrition rates are on par with those of sand, so
this material is the most robust oxygen carrier in this study. The reported
BET surface area of freshly calcined iron sand indicate a rather low
porosity [36], which may contribute to its mechanical stability. We also
observed that freshly calcined iron sand is quite difficult to break into
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Fig. 10. SEM images of collected fines from attrition examinations of fully oxidized ilmenite ore (ILFO) and synthetic ilmenite (SIFO) in the customized jet cup rig.

smaller pieces, which indicates a strong sintering. The trend on iron
sand's crushing strength is inconclusive, yet it is clear that the substan-
tially reduced iron sand has the lowest crushing strength. This indicates
that a stable attrition resistance does not necessarily lead to an
uncompromised crushing strength, as the material may be robust toward
mechanical erosion but not compressive load.

In general, LD slag shows higher attrition rates and lower crushing
strength compared to sand. Some manganese ores with a significant CaO
content have shown a similar attrition rate to LD slag in this study [37].
The fact that LD slag has multiple phases on its surface (see Fig. 6) may
have led to a rather uneven phase distribution and, therefore, uneven
strength throughout the particle. This likely causes a lower attrition
resistance and crushing strength in general. LD slag has a relatively
stable crushing strength, but this is not the case with its attrition rates,
which decrease at lower mass conversion degrees. Hildor et al. [38]
reported a decrease on the BET surface area of LD slag after activation,
which suggests that the material becomes less porous during redox cy-
cles. Furthermore, another calcium-based perovskite material has been
reported to experience an improved attrition resistance after exposure to
a continuous redox cycles [16], while LD slag contains a fair share of
srebrodolskite (see Table 4 and Fig. 6), which also belongs to calcium-
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based perovskite phases. This likely has an implication to the
increasing trend of its attrition resistance.

Mill scale has previously been reported to have a lower attrition
resistance compared to the ilmenite ore [39], so it is reasonable that the
material has significantly higher attrition rates than ilmenite ore and
sand, especially at lower mass conversion degrees. The attrition resis-
tance and crushing strength of mill scale tends to decrease as the ma-
terial gets reduced further. Fig. 6 demonstrates that the freshly calcined
mill scale is composed of almost entirely hematite, but its substantially
reduced counterpart comprises largely magnetite and minor amounts of
wiistite and elemental iron. The formation of these phases reportedly
leads to more cracks and pores on the oxygen carrier's surface [40]. This
may contribute to a decreasing mechanical strength of mill scale at
lower mass conversion degrees.

As mentioned, our initial conjecture was that phase composition may
affect the attrition rate trend. However, materials like ilmenite ore and
iron sand show a stable attrition rate despite their phase composition
changes, see Table 4. Still, in an attempt to build a generic hypothesis
with respect to this, it can be useful to correlate the main metal bases of
the materials to the attrition rate. Table 6 summarizes the main metal
bases, the ratio of average attrition rates of the activated samples (taken
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Table 6
Main metal bases, ratio of average attrition rate to that of sand, and attrition rate
trend of examined oxygen carriers.

Oxygen Main Ratio of average Attrition rate trend over
carrier metal attrition rate to that decreasing mass conversion
bases of sand degree
Ilmenite ore Fe, Ti 1.4 Generally stable
Synthetic Fe, Ti 24.4 Generally stable
ilmenite
Iron sand Fe, Si 1.1 Generally stable
LD slag Fe, Ca 4.5 Decreasing
Mill scale Fe 4.2 Increasing

from three different mass conversion degrees — the freshly calcined
sample is excluded) to that of sand, and the attrition rate trend of the
evaluated oxygen carriers.

From Table 6, it seems that both Fe-Ti and Fe-Si combinations
contribute to a rather stable attrition rate over different mass conversion
degrees. Furthermore, materials with these combinations show a com-
parable attrition rate to sand, except for synthetic ilmenite — this has
been explained above. On the other hand, Fe alone tends to see a
decrease in attrition resistance with further reduction, while a Fe-Ca
system seems to contribute to an improved attrition resistance at
lower mass conversion degrees. Our hypothesis is that this can be related
to the psychochemical structure of the materials and how it changes
with reduction [14]. This may include multiple factors such as porosity
[3,41], sintering quality, and formation of iron layers [42] - all can play
a role at the same time. However, assessing the influence of a single
potential factor on the attrition rate of materials in general has been
found challenging. For instance, a direct correlation between BET sur-
face area and attrition rate has been deemed inconclusive [14]. Still,
some publications hint on results that may support these findings. For
instance, the addition of Fe reportedly increases the strength of Ti-based
alloy materials at certain conditions [43,44] Also, Fe-Si alloys with >11
at.% Si have been found to show good mechanical properties [45]. An
Fe-catalyst has been found to have a low attrition resistance [46].
However, we could not find any related references with respect to the
Fe-Ca system by far.

Furthermore, the attrition resistance of an oxygen carrier seems to be
a more significant parameter in comparing the mechanical strength of
oxygen carriers, while the crushing strength is not so representative due
to variations between different particles and, at times, inconclusive
trends. This is despite the fact that we had measured the crushing
strength of more particles than what have been previously done, i.e.,
100 cf. as few as 20 particles in these publications [24,47]. Rydén et al.
[16] have previously reported that a more suitable size range for a
meaningful crushing strength investigation should be at least 180-250
pm cf. 125-180 pm in this case, yet this will still entail a substantial
systematic measurement error. Some publications [48,49] that have
successfully depicted relationships between particle size and crushing
strength in a reliable way used particles with several millimeter sizes, so
investigating small particles in the same manner has proven to be
challenging as for now. Still, crushing strength measurement can still be
useful for rejecting non-suitable materials as a low crushing strength
almost always implies a poor fluidization performance [47]. As shown in
Fig. 8, both attrition rate and crushing strength show a weak correlation
to each other. Nevertheless, the same figure shows that the crushing
strength of ilmenite ore and iron sand never got lower than 2 N, which is
reportedly the threshold value for an oxygen carrier to be considered
acceptable for continuous operations [16]. In this regard, despite the
weak correlation, both the attrition rates and crushing strength exami-
nations may qualitatively agree on which oxygen carrier should be
recommended from mechanical strength perspective. It is expected,
however, that compressive forces in a fluidized bed unit may cause less
significant damage on the oxygen carrier compared to attrition-causing
phenomena, e.g., mechanical abrasion and particle collision, in a
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chemical looping unit.

4.2. Implication for chemical looping application

The results may have three main implications for chemical looping
technology:

i) Material screening with respect to mechanical strength and the
influence of oxidation degree.

Choosing a suitable oxygen carrier is essential for any chemical
looping process. By comparing the attrition tendency, this study can give
a useful estimation for oxygen carrier screening with respect to me-
chanical endurance. As discussed, ilmenite ore and iron sand seem to be
the most robust materials, LD slag and mill scale have a moderate me-
chanical strength, and synthetic ilmenite shows the poorest mechanical
performance. Excluding the poorly performing synthetic ilmenite, it
seems that Fe-Ti and Fe-Si systems contribute to a generally stable
attrition rate over different oxidation degrees, which is desired. On the
other hand, the Fe-Ca system in our study saw a decline in attrition rate
at lower oxidation degrees, while an almost pure Fe system experienced
an increasing attrition rate.

ii) Relevance to various chemical looping processes.

With respect to CLC and OCAC, the most relevant results may be the
results involving higher mass conversion degrees (around 1 > o >
0.990) since the reduction extent in these processes are expected to be
low. In this case, ilmenite ore, iron sand, and mill scale seem to have the
best attrition resistance levels, while LD slag shows a significantly higher
attrition rate. However, the results at lower mass conversion degrees (o
< 0.990) are relevant for processes like CLG, CLR, and CLWS where
higher reduction degrees of oxygen carrier might take place. In such a
situation, only ilmenite and iron sand can still be said to have the best
attrition resistance, while mill scale likely shows a higher attrition rate
compared to that of its fully oxidized form. Counter-intuitively, LD slag
may in turn show an improved attrition resistance, as it experiences a
reduced porosity which leads to a lower attrition rate at lower oxidation
states. From this explanation, it is clear that different oxygen carriers
may have different levels of attrition resistance depending on the
chemical looping processes they are being utilized in.

iii) Lifetime estimation of oxygen carriers over different oxidation
degrees based on attrition rates.

With respect to ilmenite ore and iron sand, which are the best per-
forming materials in this study, the lifetime of the ilmenite ore and iron
sand would be about 100-160 and 140-200 h, respectively, judging by
their attrition rates taken from different oxidation states in this study.
Note, however, that this might not reflect the reality in a chemical
looping unit as the conditions inside those reactors are very different
than that in the customized jet cup rig [16]. As a comparison, Linder-
holm et al. [50] has reported an estimated lifetime of 700-800 h for the
same ilmenite ore in a 100 kW chemical looping setup, which is a
circulated fluidized bed unit. This is reasonable since the conditions in
the jet cup device might be much mechanically harsher than that in the
chemical looping unit. Nevertheless, the roughly estimated lifetime
values from this study still lies between the desired lifetime range in a
chemical looping unit, which is reportedly 100-400 h [51]. This sug-
gests that the utilization of the ilmenite ore and iron sand in any
chemical looping unit may have an advantage due to their robust me-
chanical resistance.

5. Conclusions

Based on attrition resistance and crushing strength investigations,
some conclusions can be taken:

o The effect of phase transformation on the attrition rate of oxygen
carriers depends largely on the type of the material itself. It seems
that Fe-Ti and Fe-Si systems contribute to a stable attrition rate
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independent of mass conversion degree, while a Fe-Ca system may
lead to a decreasing attrition rate at lower mass conversion degrees.
e Attrition rate is a better comparison for the mechanical strength of
oxygen carriers compared to crushing strength, which entails a
higher systematic error when examining small particles.
Ilmenite ore and iron sand have a relatively stable attrition rate (only
slightly affected by oxidation state) at about 0.5-1.0 wt%/h (com-
parable to sand) and most robust mechanical strength among the
investigated materials.
The attrition rates of LD slag and mill scale are generally lower than
that of iron sand and ilmenite and clearly influenced by their
oxidation degree. As the materials get reduced further, the attrition
resistance of mill scale decreases but that of LD slag increases
instead.
The results of this study can be useful for material screening with
respect to various chemical looping processes as well as to roughly
estimate the lifetime of oxygen carriers.
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