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Abstract

Perovskite materials of the type Ca,La;-\Mn;-yM;O03-5 (M = Mg, Ti, Fe or Cu) have been
investigated as oxygen carriers for the chemical-looping with oxygen uncoupling (CLOU)
process. The oxygen carrier particles were produced by mechanical homogenization of primary
solids in a rotary evaporator followed by extrusion and calcination at 1300°C for 6 h. The
chemical-looping characteristics of the substituted perovskites developed in this work were
evaluated in a laboratory-scale fluidized-bed reactor in the temperature range of 900—1000°C
during alternating reducing and oxidizing conditions. The oxygen carriers showed oxygen
releasing behaviour (CLOU) in inert atmosphere between 900—1000°C. In addition, their
reactivity with methane was high, approaching complete gas yield for all of the materials at
950°C, the exception being the Cu-doped perovskite which defluidized during reduction. The
rates of oxygen release were also investigated using devolatilized wood char as solid fuel, and
were found to be similar. The required solids inventory in the fuel reactor for the perovskite
oxygen carriers is estimated to be 325 kg/MWy,. All of the formulations exhibited high rates of
oxidation and high degree of stability with no particle fragmentation or agglomeration. The high
reactivity and favourable oxygen uncoupling properties make these oxygen carriers promising

candidates for the CLOU process.

Keywords: CO,-capture; chemical-looping combustion (CLC); chemical-looping with oxygen

uncoupling (CLOU); oxygen carrier; perovskite.



1. Introduction

As suggested by the intergovernmental panel on climate control (IPCC), a 50-85% reduction in
total CO, emission by 2050 is necessary to limit the anticipated global temperature rise to 2°CrA
number of alternative technologies have been proposed to mitigate the rising levels of carbon
dioxide in the atmosphere. Among these, carbon capture and storage (CCS) is considered

promising.

Chemical-looping combustion (CLC) can give an essentially pure CO; stream from hydrocarbon
combustion without any direct gas separation. In a CLC system, two reactors, a fuel reactor and
an air reactor, are interconnected with an oxygen carrier circulating between these reactors.”™
When fuel and air are introduced into the reactors, the following overall reactions occur, i.e.

reaction (1) in the fuel reactor, and reaction (2) in the air reactor,
(2n+m)Me, O, +C,H,, — (2n+m)Me O, , +nCO, + mH,O (1)
2Me,O, , +0, — 2Me O, 2)
Here, Me O, and Me, O, are the oxidized and reduced forms of an oxygen carrier. C,H>,, is

the fuel, which could be gas, liquid or solid. A schematic description of the process is shown in
Figure 1. In case of complete conversion of the fuel, the exhaust stream from the fuel reactor
consists of only CO; and H,O, from which pure CO; could be obtained after condensation of

water. The reduced oxygen carrier (Me, O, ) is then transferred to the air reactor where it is re-

oxidized by air making it ready for the next cycle. Thus in CLC, N, and CO, gases are never
mixed. The oxidation reaction is always exothermic while the reduction reaction can be
exothermic or endothermic depending on the fuel and the oxygen carrier.’” However, the sum of
the heat from reactions (1) and (2) is the same as for conventional combustion. Thus the CLC
process does not entail any direct energy penalty for CO, separation. CLC has been successfully
demonstrated in a number of units of sizes up to 120 kW.® Overviews of current achievements in

CLC are given by Lyngfelt.’ Hossain and de Lasa® and Adanez et al.’

In the case of solid fuels, the char remaining after devolatilization is gasified in the presence of
steam, producing CO and H,, which then react with the oxygen carrier. An alternative to CLC for
solid fuels using gasification of the char, is chemical-looping with oxygen uncoupling (CLOU),"

in which the char reacts directly with gaseous oxygen released from the oxygen carrier. In



comparison to CLC where the reduction of oxygen carrier and oxidation of the gaseous fuel
generally occurs in a single step, an additional step is needed in CLOU for the release of gaseous

oxygen from the carrier prior to conversion of the fuel according to
Me O, - Me O, ,+0, ?3)

This is followed by the normal combustion of the fuel via
C,H,, +(n+ %)02 — nCO, + mH,0 4)

The reduced oxygen carrier is transferred to the air reactor for re-oxidation. The net heat of
reaction for the CLOU process is the same as CLC and only the mechanism by which oxygen is
accessed by the fuel differs. However, when using solid fuels like coal, the CLOU process avoids
the slow gasification of the solid fuel needed to produce synthesis gas as a prerequisite for the
reaction with the oxygen carrier.'” The oxygen carrier in CLOU must be able to release O, and

oxidize at temperatures suitable for the process, i.e. 800 to 1200°C.

The most commonly proposed approach to realize CLC is to use inter-connected fluidized-bed
reactors in a similar fashion as in a circulating fluidized-bed boiler (CFB),” the difference being
that CLC will require an active oxygen carrier rather than inert sand as bed material.
Conventional CFB boilers often operate at an air to fuel ratio of about 1.2, which means that the
oxygen concentration at the outlet of the air reactor in a realistic CLC unit should be in the
vicinity of 5%. Therefore, oxide systems with an equilibrium oxygen partial pressure lower than
5% at temperatures typical of the air reactor are desirable. Else higher air ratio will be required
compared to conventional combustion, which would result in a slight efficiency penalty, if the
aim is power generation via a conventional Clausius-Rankine cycle. The oxygen carrier should
also be able to release sufficiently large amount of oxygen in the fuel reactor, at sufficiently high

rate. These kinds of considerations limit the choice of oxygen carriers for the CLOU application.

An important aspect in the development of CLC and CLOU processes is the selection of oxygen
carrier materials with adequate reactivity. Oxides of transition metals (Mn, Fe, Co, Ni and Cu),
their mixtures, and a number of natural minerals (ores), industrial wastes and by-products have
been used as oxygen carriers in CLC and CLOU.*’ High reactivity during oxidation and
reduction over large number of cycles and the ability to fully convert the fuel are sought-after

characteristics. In addition, thermal stability, mechanical strength, proper fluidization



characteristics and, resistance to attrition and agglomeration are also important. One way of
achieving these is to mix the active phase (carrier oxide) with an inert support such as TiO,, SiO,,

ZrO,, Al,03 or MgAl,O4 and/or heat-treat the oxygen carriers.®

ABOs-type perovskites exhibit interesting properties by virtue of their oxygen non-
stoichiometry.'™"” This makes these materials interesting both for chemical-looping combustion
(CLC) and chemical-looping with oxygen uncoupling (CLOU) applications, owing to their

inherent ability to release significant amount of active oxygen through,

ABO 5 <> ABO 5 +%(5F ~3.2)0, (5)
The amount of oxygen released in the gas phase given by %2 (drr — J4r), can be used to burn
gaseous, liquid or solid fuel during the CLOU process. The term ‘0’ gauges the degree of oxygen
non-stoichiometry and ‘AR’ and ‘FR’ refer to the value of ¢ in the air and the fuel reactor,
respectively. The oxygen non-stoichiometry of a perovskite material can be altered by changing
parameters such as the ambient temperature or the O, partial pressure.'® For example, in the
oxidizing environment of the air reactor, d4z is determined by the partial pressure of oxygen at
the outlet of the reactor, which is typically around 5%.” In the reducing environment of the fuel
reactor, the partial pressure of O, is low. Therefore, at equilibrium Jg is larger than d4z which

suggest release of gaseous oxygen.

One promising group of perovskite-type oxygen carrier materials belongs to the calcium
manganate (CaMnOs-5) family and its slightly altered variants which have shown excellent
behaviour towards gaseous fuel combustion.'* "' Assuming an O, partial pressure of 5% in the
air reactor and a temperature of 950°C in the air and the fuel reactor, the change in 3§ is

20,21

approximately 0.04 for CaMnOs_s, which corresponds to 0.5 wt. % of gaseous oxygen release

from the carrier. Rydén et al.'”” examined CaMny g75T19.12503-5 in a 300 W circulating fluidized-
bed reactor and reported good fluidization behaviour, stable operation and steady O, release in
inert atmosphere; complete conversion of CH, was also achieved. More recently, Killen et al.'
investigated the performance of CaMnyoMgy 035, in a 10 kW natural gas fired CLC unit. The
results showed high rate of oxygen release and full conversion of natural gas, higher than NiO-

based oxygen carrier in the same unit.** >



It has been suggested in the literature®” **

that undoped CaMnQOs;_; undergoes decomposition to
CaMn,04 and Ca;MnOy4-5 with change in oxygen partial pressure in the ambient at medium to
high temperatures. Although this decomposition is reported as reversible with respect to other
applications, it has not been investigated in CLC. The present work reports on the performance of
a series of A and B-site doped CaMnOs; s-based oxygen carriers. Several formulations were
synthesized with partial substitution of Ca with La at the A-site and that of Mn with Mg, Ti, Cu
or Fe at the B-site. The substitution at both A- and B-site was restricted to 10 mol. %. The aim of
doping at the A- and B-site was to investigate the changes in oxygen carrying capacity,

performance, reactivity and stability of these carriers. The aliovalent doping in this class of

compounds™ is also a well-known strategy to induce oxygen non-stoichiometry.

2. Experimental
2.1 Preparation and fabrication of the oxygen carriers

The perovskite-based oxygen carrier particles investigated in this study and listed in Table 1,
were manufactured as follows. Ca(OH), (Alfa-Aesar, 95 wt. %) and Mn,Os (Alfa-Aesar, 99 wt.
%) powders with an average particle size ~46 pm (325 mesh) were mixed in appropriate weight
ratio with or without La,O3; (Alfa-Aesar, 99.9 wt. %), MgO (Alfa-Aesar, 99 wt. %), TiO,
(ACROS, 99 wt. %), Fe,O3 (Alfa-Aesar, 99 wt.%) and CuO (Alfa-Aesar, 97 wt. %) to make 170

g batches of the final product in each case.

Each mixed batch was transferred to a 1-liter pear-shaped distillation flask with 400 g of water,
which was placed in a programmable 20-liter water bath. The aqueous slurry was thoroughly
mixed and homogenized in a rotary evaporator (Bilichi R-110) unit that was interfaced with a
vacuum pump (Biichi V-710), a programmable vacuum controller (Biichi V-850) and a
recirculating chiller (Biichi F-105). The rotary evaporator was operated by the 20/40/60 rule,
20°C being the cooling water temperature in the chiller, 40°C the boiling temperature of the
water used as solvent at the reduced pressure, and 60°C being the bath temperature. The rotary
evaporator operation was initiated at relatively low vacuum level (600 mm of Hg), and as the
evaporation continued, the vacuum level was increased gradually (850 mm of Hg). This pressure
modulation varied from system to system. The duration of the evaporation was about 2 h for each
batch, which ensured thorough mixing, and uniform homogenization of the powders. When about

two-thirds of the water had been removed by evaporation, it resulted in concentrated and viscous



but smooth flowing slurry. The slurry was poured into a shallow pan (Pyrex) and dried at 150°C
in an air oven overnight. The dried soft cakey mass was then crushed and ground to a

homogenous powder for each batch.

The resulting powders were used for extrusion. In each case, 170 g of the powder was weighed
and mixed manually in a wide-mouthed plastic container with 10 g of polyvinyl alcohol (Alfa-
Aesar) with average molecular weight ~25000 as a binder, 2 g of soluble (C¢H;¢Os), starch
(Merck) as an auxiliary binder, and 2 g of LAROSTAT 519 (PPG Industries) which is a
quaternary ammonium salt, functioning as anti-static agent to increase the flux properties of the
mixture. A mixture containing 4 g of 1 M ammonium hydroxide as peptizing agent and 78-90 g
of water was added slowly to the solid ingredients with constant and quick stir-mixing. The
amount of water varied from formulation to formulation depending up on the nature of B-site
dopant. The somewhat wet mixture was then transferred to a food processor for mixing and
homogenization. The ingredients were mixed mechanically, with intermittent stirring with plastic

spatula, until pliant and flexible dough of desired plasticity suitable for extrusion was obtained.

The dough was transferred to a hand-held single-screw extruder and squeezed to form individual
strands. This process helped in avoiding the fine dust formation when the powder was directly
transferred to the food processor for mixing and also yielded the most optimum strands. This
procedure proved to be optimal in producing the dough for reproducible extrusion. The strands
were collected on a stainless steel sheet and dried in an air oven at 200-220°C overnight. The
dried extrudates were transferred to high-density alumina crucibles and calcined in air for 6 h at
1300°C in a programmable muffle furnace, using the temperature-time profile shown in Figure 2.
The calcined extrudates were sieved through stainless steel screens to yield particles in the range

of 125-250 pum.

2.2 Characterization of the oxygen carriers

Crystalline phase determination of the oxygen carriers was carried out using powder X-ray
diffraction (Bruker AXS, D8 Advanced) with CuKy; radiation. The bulk density was measured
for particles in the size range of 125-180 um using a graduated cylinder. The Brunauer-Emmett-
Teller (BET) specific surface area was measured by Nj-adsorption (Micromeritics, TriStar 3000).
The particle size distribution (PSD) was determined using a light microscope (Nikon, SMZ800)

and ImageJ software”® which measured the area of an ellipse fitted to a large number of particles.



The crushing strength (force needed to fracture a single particle) was measured using a digital
force gauge (Shimpo, FGN-5) for particles in the size range of 180-250 pum. An average of 30
measurements was taken as the representative crushing strength. The morphology of the particles
was examined with an environmental scanning electron microscope (ESEM) fitted with a field

emission gun (FEI, Quanta 200).

The attrition rate of the particles (sized 125-180 um) was measured using a customized jet cup
rig,”’ which simulates the effects of grid jet attrition and cyclone attrition in a circulating
fluidized-bed combustor. Six measurements, in the interval of 10 min. were made for the
particles. Approximately, 5 g of a sample was placed inside the cup and the apparatus was
assembled. Air at 10 I/min. was introduced at the nozzle, which corresponds to an air jet velocity
of approximately 94 m/s. To avoid static electricity, which otherwise would cause particles to
adhere to the inner walls of the apparatus, the air was humidified by bubbling air through a
column of water. These experiments were carried out at room temperature and near atmospheric

pressure.

In order to assess the oxygen capacity (Rp) of the investigated formulations for CLOU, reduction-
oxidation cycles were carried out in a thermogravimetric analyser (Netzsch, STA 409 PC Luxx).
Approximately 25 mg of a sample (125-180 pum) was placed inside the crucible and the
experiment was initiated by heating in an oxidizing environment (20.8% O;), with an inlet flow
rate of 50 mLy/min. The heating rate was a linear ramp of 40°C/min and after reaching 950°C,
the temperature was maintained constant for 30 min. The sample was then exposed to a stream of
high purity N, for 30 min. with an inlet flow rate of 50 mLx/min, while keeping the temperature
constant. These reduction-oxidation cycles were repeated three times. Prior to this, the
thermobalance was calibrated with an empty Al,Os crucible under identical experimental

conditions.

2.3 Experimental setup and procedure in fluidized-bed reactor

Experiments for examining oxygen uncoupling and reactivity aspects were carried out in a quartz
fluidized-bed reactor, 870 mm high and 22 mm in inner diameter. The scheme of the
experimental setup used in this investigation is shown in Figure 3. A porous quartz plate was
placed at a height of 370 mm from the bottom and the reactor temperature was measured with

chromel-alumel (type K) thermocouples sheathed in inconel-600 located about 5 mm below and



25 mm above the plate. Pressure transducers (Honeywell) were used to measure the pressure drop
over the bed of particles and the quartz plate at a frequency of 20 Hz. The pressure drop over the
quartz plate is approximately constant for constant flows. Thus by measuring the fluctuations in
the pressure drop, it is possible to determine if the particles were fluidized or not, i.e. a
defluidization would be noted from a decrease in pressure fluctuations. The exit gas stream from
the reactor was led into a condenser to remove water, which is generated during oxidation of the
fuel. The composition of the dry gas was measured by a Rosemount NGA-2000 analyzer which
measured the concentration (sensitivity of 0.001%) of O, through a paramagnetic channel, CO,,
CO and CHy4 through infrared channels and H, through difference in thermal conductivity of H,
and N,.

15 g of the sample was placed on the porous plate and the reactor was heated to 900°C in 5% O-
balance N, mixture, in order to oxidize the oxygen carrier fully, prior to experiments. The use of
5% O, mixture was aimed at being close to the expected condition at the air reactor’s outlet in a
realistic CLC unit. Henceforth, the term cycle will be used to describe a redox cycle involving
reduction of the oxygen-carrier sample in inert gas or fuel, followed by oxidation with the
aforementioned 5% O, mixture. A set of three inert gas (N,) cycles were carried out at 900 and
1000°C for 360 s, before and after fuel cycles for all samples to investigate the oxygen release.
Methane and synthesis gas (50% CO-50% H,) were used as fuel for 20 and 80 s, respectively,
during the reduction periods at 950°C. Nitrogen was used as an inert purge for 60 s in between
oxidation and reduction. Each cycle was repeated three times to establish reproducibility of the
performance. Flow rates of 450, 600 and 900 mLyx/min were used during reduction, inert and
oxidation, respectively. These flow rates were chosen to achieve a value of the superficial gas
velocity, U, in the reactor approximately 4 to 7, 7 to 13 and 11 to 20 times higher than the
calculated minimum fluidization gas velocity, U, of the oxygen carrier particles during
reduction (with methane), inert and oxidation periods, respectively. The minimum fluidization

velocity, U, was calculated by using the correlation given by Kunii and Levenspiel

In order to obtain the rate of oxygen release from the carrier as per reaction (5), it needs to be
exposed to an oxygen-deficient environment at a suitable temperature. However, when nitrogen
is used to simulate such a condition, reaction (5) may approach a condition close to that
corresponding to equilibrium oxygen concentration, thus releasing oxygen at a limited rate. This

rate could be slower than the actual rate in a real process, in which the released oxygen is



consumed by a fuel. Therefore, such an experimental approach would not readily yield the
relevant rate of oxygen release since this rate is likely hindered by the oxygen released
surrounding the particles. In the present case, the rate of oxygen release was obtained by using
devolatilized wood char (Skogens Kol AB) as fuel. The oxygen carrier was fluidized with N,
thus eliminating the likelihood of side reactions via gasification. In this way, the released oxygen
reacts directly with the char, keeping the ambient O, concentration low. Since the wood char is
free of volatiles, the rate of char combustion should be strictly correlated to the rate of oxygen
release from the oxygen carrier. This is similar to the method used in a previous investigation,
where the rate of oxygen release from MgAl,O,-supported CuO oxygen carrier was obtained.”
The wood char was crushed and sieved to the same size range as that of the carrier particles, i.e.
125-180 um. The devolatilization was carried out in a thermogravimetric analyzer (Leco, 701) at
920°C for 3 h in N, stream. Table 2 shows the analysis of fresh and devolatilized wood char. The
high carbon and low hydrogen and ash content helps in determining the rate of oxygen release

conveniently and accurately, by measuring the concentration of CO, and O; near the reactor exit.

For the oxygen release rate measurement, the amount of oxygen carrier in the bed was decreased
by mixing with an inert material. 6 g of the carrier was mixed with 9 g of quartz (Sigma-Aldrich),
sieved to the same particle size range. 0.1 g of the devolatilized wood char was introduced from
the top of the reactor, after approximately 1 min. from the start of the reduction (inert) period.
This was to eliminate the possibility of fuel combustion in oxygen left from the preceding
oxidation period. This also allowed for the conditions in the reactor to reach close to equilibrium
conditions with regard to oxygen concentration. The fuel was introduced together with a sweep
flow of 300 mLy/min N, in order to ensure that all fuel reached the reaction zone in the reactor.
The end of reduction was indicated by the decreasing concentration of CO, concentration at the
outlet, after which, oxidation in 5% O, was carried out. The redox cycles were carried out at
950°C, repeating each cycle three times. An inlet flow rate of 900 mLy/min was used during both
oxidation and reduction periods. This flow rate gave superficial gas velocity U, approximately 11
to 20 times higher than the calculated minimum fluidization gas velocity, Umf,28 of the oxygen

carrier particles during the reduction and oxidation periods.



2.4 Data analysis

The oxygen carrying capacity (Rp) of the investigated carriers for CLOU is defined as the mass

change of oxygen in the samples as follows:

max - mre
RO :m—d (6)

ox

where m,.; and m,, are the mass of the oxygen carrier in oxidized and reduced states,

respectively.
The reactivity of the oxygen carriers in the fluidized-bed apparatus is quantified in terms of gas

yield or conversion efficiency, », and is defined as the fraction of fully oxidized fuel divided by

the carbon containing gases in the outlet stream. For methane as fuel, the gas yield, y,, is

calculated as

Yco,
Vew, = (7)
Yco, T Yeu, TVco

Here, y; denotes the concentration (vol. %) of the respective gas, obtained from the gas analyzer.

For 50% CO in H; as fuel, the gas yield, y, , is similarly defined as in eq. (7) but with y., =0.

The mass-based conversion of the oxygen carrier, w, is defined as:
w=-" 8)

where m is the actual mass of the oxygen carrier.

Using methane as fuel, eq. (9) is employed for calculating @ as a function of time during the

reduction period from the measured concentrations of various gaseous species:

tl };l()ll M
@i = Oy _J.mn;—o(“ycoz +3Veo + 2o, _sz)dt ©)

ox
Where w; is the instantaneous mass-based conversion at time i, w;—; the mass-based conversion
in the preceding instant, 7y and ¢; the initial and final time of measurement, M, the molar mass of

oxygen, and 7, the molar flow rate of dry gas at the reactor outlet.

In case of 50% CO in H; as fuel, eq. (10) is used for calculation of w,



W; =, ; _J:O%O(ZJ’C@ + Yo +ZJ’02 _sz)dt (10)

The mass-based conversion of the oxygen carrier, @, during reduction with the devolatilized
wood char was similarly defined according to eq. (11), however, taking into account the

concentrations of only CO, and O,,

wn. M
0),- — a)i_l _I out o (2
ty m

ox

Veo, + 270, ) dt (11)

3. Results

3.1 Oxygen uncoupling of the carriers

Figure 4 shows the oxygen release profiles during inert gas purge at 900°C for all the samples.
Evidently each perovskite formulation exhibited oxygen uncoupling behaviour. The oxygen
release trend in each of the six carriers is quite similar, indicated by a steady decline in the
amount of released oxygen as a function of time. This is typical for the perovskite-type of
materials, where two mechanisms are believed to be dominant: (a) the oxygen non-stoichiometry
is an artefact of defect chemistry and (b) the release or uptake of oxygen is a function of oxygen
partial pressure in the ambient, according to reaction (5). Since the parent compound (CaMnOs_s,
CM) has the highest oxygen content (smallest ), the amount of oxygen release via uncoupling in
the inert environment is the highest. Doping at the A-site alone (CLM) affects the magnitude of
oxygen non-stoichiometry, which is reflected in its oxygen profile which is lower than that of
CM. In the light of the above rationale, the amount of oxygen releases is even lower for doubly-
doped formulations, with CLMT showing the smallest release. Interestingly, the behaviour of Cu-
doped material (CLMC) was different from others in the same series. For instance, while it
followed similar trend up to ~120 s, the amount of released oxygen became almost non-variant at
about 1% for the remainder of the inert period. In fact, during the latter part of the inert period,
CLMC released the highest amount of oxygen among all the doped perovskites investigated here.
The CLOU experiments were carried out over a number of cycles to ascertain the reproducibility
of the observed behaviour; there was little difference from cycle to cycle, indicating that these

oxygen carriers were stable and were not deactivated during successive cycles.



3.2 Reactivity of the Oxygen Carriers

The reactivity experiments were performed with methane as fuel at 950°C using 15 g of particles
in the bed. A typical concentration profile during the reduction period for CLMF is shown in
Figure 5. To begin with, the carrier is oxidized in 5% O, but, when the oxidizing stream is
replaced with pure nitrogen (inert), the oxygen concentration decreases steadily in the same way
as seen in Figure 4 for the oxygen uncoupling tests. Upon addition of fuel, CO, is evolved as a
result of methane conversion; no CO or CHy was detected. At the same time, oxygen
concentration decreases to zero. After complete conversion of fuel in the early part of reduction,
some methane could be detected in the reactor outlet. Thus, it is likely that the reduction of
perovskite carrier by methane consists of a combination of two reactions: (1) direct reaction of
methane with the solid particles (via CLC) and (2) indirect reaction of methane with the gaseous
oxygen released from the carrier (via CLOU). This aspect is discussed in more detail in Section
3.3. Also shown in Figure 5 is the oxygen concentration profile during oxidation (in 5% O,) at
950°C, following the reduction period. Initially, the depleted oxygen carrier consumes all oxygen
in the inlet stream. After about 1 min., oxygen breaks through and increases steadily, finally
approaching and levelling off at the inlet concentration (5%). The fact that no oxygen is seen
during the initial stages of oxidation suggests that the carrier had seen high degree of reduction.
Consequently, the oxygen partial pressure is rather low at that point, which explains why most of
the oxygen was consumed in the early part of the oxidation period by the oxygen-depleted
carrier. Table 3 shows the oxygen concentrations after 360 s of inert gas purges at 900°C and
1000°C, before and after the fuel cycles. As can be readily seen, there is no or very little loss in
oxygen release behaviour over the fuel cycles even at 1000°C, confirming that these oxygen
carriers are quite stable even when severely reduced with the fuel. The copper-doped formulation
(CLMC) defluidized at 950°C during the reduction period, thus no relevant data could be
obtained for CLMC. However, when the samples were retrieved from the reactor, no
agglomeration or channelling in the bed could be observed. For CLMC in particular, the flow rate
during reduction was increased and the reduction time decreased; still defluidization could not be

avoided.

Figure 6 shows the gas yield, y.,, , as a function of the mass-based degree of conversion, , for

the third methane period for all the carriers investigated here (except CLMC, which defluidized



during reduction). Clearly, all materials showed high gas yield which was more than 88% during

the entire reducing period.

The reactivity of the carriers was also investigated with synthesis gas (50% CO in H») and the

corresponding gas yield, y.,, with respect to CO was calculated. There was complete gas yield

(100%) at 950°C for all of the formulations, with the solid conversion reaching 0.98, i.e. change
in @ of 2%. The results of methane and synthesis gas as well as solid conversion compare rather

well with those reported for CaMng 575 Tig 12505 5.

3.3 Rate of oxygen release from the carriers

In order to obtain a rate of oxygen release from the carriers via the CLOU mechanism where the
overall rate of reaction is not governed by the equilibrium partial pressure of oxygen, all of the
released oxygen should preferably be seen in the form of CO,. At this point, the rate of

ABO,_; decomposition is least hindered by the presence of oxygen around the particles. Taking

only the carbon content of the devolatilized wood char into account (Table 2), it was estimated
that 0.1 g of the fuel should be more than sufficient for the reduction of 6 g of the oxygen carrier,
for obtaining the rate of oxygen release from the carrier in the CLOU region. In this context, it
can be assumed that all of the released oxygen would be consumed by the solid fuel, which

would be detected as CO; by the analyzer.

The oxygen concentration profile during CLOU process for the CM sample at 950°C is shown in
Figure 7 for illustrative purpose. Due to the dilution caused by the sweeping gas, the in-reactor
concentrations obtained from mass-balance over the reactor system are also included. The O,
concentration profile during the 60 s inert period prior to the introduction of devolatilized wood
char is very similar to that in the inert background, as seen from Figure 4. Furthermore, the
absence of peaks due to CH4, CO or H;, confirmed that the wood char was free of volatiles and
that the char reacted with the gaseous oxygen alone from the carrier. As a result of this, the
oxygen partial pressure drops rapidly to near zero within a short period. This indicates that the
oxygen release step is the overall rate limiting reaction and, therefore, the rate of oxygen release
is the overall reaction rate. Here, the rate of oxygen release from the carriers is at a maximum at
the given conditions, as the driving force for the reverse reaction is removed entirely. As there
was an excess of carbon introduced to the bed, there was a burn-off of the remaining carbon

during the subsequent oxidation period of every cycle resulting in formation of CO,. The amount



of carbon converted during reduction was approximately 0.01 g and was almost constant in every
cycle. Although solid-solid reaction between fuel and oxygen carrier particles is possible,* it is
very unlikely to affect the experimental results since such reactions are not fast enough under the
fluidized-bed reactor conditions employed. Thus, the rates shown in Figure 7 are representative
of the rate of gaseous oxygen release from the carrier.

dw
dt

Figure 8 shows the derivative of the mass-based conversion ( j, as a function of mass-based

conversion, w, of various oxygen carriers at 950°C. The non-variant regime of the plot during the
first 60 s span (before the introduction of fuel) is indicative of the approach and establishment of
near equilibrium conditions in the reactor with respect to oxygen concentration. Clearly, the
reduction of the oxygen carrier is slow during this period. When fuel is added, the gaseous
oxygen in the vicinity of the carrier is consumed almost instantly. This would create a rather large
chemical potential gradient, thus making the perovskite carriers release additional oxygen at the
highest possible rate. This is supported by the sharp spike in the curves. Interestingly, CM and
CLMT exhibited, respectively, the highest and the lowest rate of oxygen release. It is also worth
mentioning that the maximum oxygen release rate (~0.0002—0.0003 1/s) here is about 20 times
lower than that for 1 g of MgAl,O4-supported CuO (0.005 1/s) at 900°C.%° This is expected since
it is well established that the rate of oxygen release for the CuO-based carriers is much higher.
Using a methodology used previously,” the required solid inventory of perovskites in a fuel
reactor operating at 950°C was estimated to be 325 kg/MWy,, assuming carbon as fuel with a
lower heating value (LHV) of 32.8 MJ/kg, an average R, of 0.5% for the oxygen carriers and
solids circulation rate of 16 kg/s. MWy,.

Figure 9 shows the variation of mass-based conversion, w, with time for the reduction with
methane and 0.1 g of devolatilized wood char. The w profiles for the conversion of devolatilized
wood char are representative of the reaction pathway for the char with gaseous oxygen released
from the carrier via CLOU, whereas in the case of methane, it is a combination of direct reaction
of methane with the solid carrier via CLC and with gaseous oxygen via CLOU. As can be seen,
the amount of oxygen released by the CLOU mechanism is smaller than that available for
reaction with gaseous fuels such as CHy via the CLC process. This suggests that perovskite-based

carriers are likely to react via a combination of CLC and CLOU mechanisms both; the relative



extent of each of these would depend upon the degree of conversion of oxygen carrier in the

reactor.

3.4 Attributes of the oxygen carriers after redox cycle

Figure 10 shows the oxygen capacity of the materials for CLOU after the reactivity tests by
thermogravimetric analyzer, when cycled between air (20.8% O;) and high purity N,. The
slightly higher capacities (compared to those in Figure 8 and 9) are expected due to the higher
oxygen partial pressure (20.8% vs. 5%) used here. As can be seen, Ry varies between 0.37 (for

CLMT) to 0.76 (for CM). The Rp for CM corresponds well with the expected change in 3—6

1.20 1.21

reported by Bakken et al.”” and Leonidova et al.” Doping at the A- and the B-sites both evidently
resulted in decrease in oxygen capacity. Rermark et al.** have also reported a lower oxygen

transfer capacity for CaggLag;MnOs_5 compared to CaMnOs_.

The oxygen carrier particles were also investigated subsequent to the reactivity tests to
understand the mechanistic and structural changes that these materials undergo during the redox
processes. The XRD analyses of fresh as well as used samples for CM, CLM and CLMT are
shown in Figure 11. In the case of the used samples, the reactivity cycles where ended in N,
synthesis gas and oxidation (5% O,) streams at 950°C, respectively. A thorough analysis of the
XRD signatures is made difficult due to the superimposition of several diffraction peaks. Also, in
the case of B-site doped composition, the software suggests CaggsLag;sMnO; or
Cagolag 1 Mng gTip,03 compounds, even though the doping in the either case was only 10 mole%.
Other oxygen-deficient perovskite structures, however, could be identified in terms of their
distinct peaks. In all cases, oxidation of the reduced samples restored the composition similar to
that of the fresh oxygen carrier. Minor amount of the CaMn,0O4 spinel in the oxidized and
reduced samples were also detected. In the light of XRD patterns, the phase evolution could be
classified into two categories, corresponding to two different behaviours predominantly in the
synthesis gas environment: (1) The CaMnO;-5 (CM) and A-site doped Cagglag MnOs-5 (CLM)
samples were reduced by synthesis gas, forming CaMnO, phase (characterized by peak splitting
at 20 = 34.5° and 60.5°). The regeneration of the parent perovskite CM upon oxidation (Figure
11; bottom) is in accordance with several studies.”” ** *"" 3> Formation of CaMnO, is visually

31,33

verified by the characteristic olive-green colour of the particles after the reduction of CM by

synthesis gas. Thus, in the case of CaMnO;_5 (CM) and CayolLay ;MnO;-5 (CLM), Mn changes



from Mn*" to Mn”" as they transform into CaMnO, upon reduction at high temperatures. (2) In
the case of A- and B-site doped particles (CLMT, CLMF, CLMM), the XRD patterns looked
very similar to one other in all cases without any evidence of CaMnO, formation after reduction
by synthesis gas. This suggests that the doubly-doped compounds are less prone to phase

separation as opposed to their undoped and the singly-doped analogues.

Table 4 shows the bulk density and BET specific surface area of the used samples. Interestingly,
the BET specific surface area did not change considerably; small changes could be due to
measurement uncertainties. However, the bulk density decreased substantially, which could
partly be due to the fact that the oxygen content in these samples is somewhat lower, as these
were reoxidized in 5% O, in contrast to their fresh counterparts which were heat-treated in air

21% O»).

The particle size distribution (PSD) of the oxygen carriers before and after reactivity test is
shown in Figure 12. In the case of CLMT, the presence of fine particles in the fresh samples is
noticeable. These fine particles were most likely entrained from the reactor during the reactivity
test. The PSD for the rest of the oxygen carriers is quite similar and close, before and after the

reactivity tests.

The perovskite-based oxygen carriers also showed reasonable mechanical strength, as indicated
by the crushing strength measured prior to the reactivity tests. All particles (in the size range of
180-250 um) had a crushing strength higher than 1 N (Table 1). It should be noted that the
crushing strength might not correlate linearly with attrition and fragmentation behaviour in a real
CLC system. With the exception of the Cu-doped material, defluidization did not occur for any of
the particles during reactivity evaluation; no dust formation was observed either. However, given
that the total number of cycles and the gas velocities employed in this work are rather low,
further long-term tests will be needed in order to confirm the mechanical stability of these

materials.

Figure 13 shows the rate of attrition of the used oxygen carriers during testing in a jet-cup
attrition rig for 1 h. It can be noted that up to approximately 30 min., the rate of attrition is quite
high. This is likely due to erosion of sharp edges, which are then entrained in the early stage of
the test. Here, the attrition index, 4;, is defined as the slope of the attrition in the last 30 minutes

of the test period, where stable values of attrition rates are achieved. Although the presented rates



are still not sufficiently low for a realistic CLC unit, they are within the range of other oxygen
carriers tested in the same rig with satisfactory operation during hot experiments.”’ It is however,
clear that for use in a full scale plant, the mechanical resistance of these particles would need to

be increased, e.g. by changing or optimizing the manufacturing technique.

The ESEM images of the fresh and used CLM oxygen carrier are shown in Figure 14 (a-b), as an
example. The surface morphology of the used particles did not change in any noticeable way.
Moreover, the porosity of the particles did not seem to be affected by the redox testing compared

to the fresh samples.

4. Conclusion

A series of novel doped perovskite-type oxygen carrier particles were synthesized by extrusion
technique and investigated with respect to their oxygen uncoupling properties (CLOU) and,
reactivity with methane, synthesis gas and devolatilized wood char. It is shown that doping at A-
and B-sites decreases the oxygen transfer capacities of the various investigated formulations.
With the exception of Cu-doped material which defluidized, almost complete methane gas yield
was obtained at 950°C. With synthesis gas, complete gas yield was obtained for all materials at
the same temperature. Neither particle fragmentation nor agglomeration was noticed during the
experiments. All particles exhibited CLOU behaviour, which is an advantage especially with
respect to solid fuel conversion. The reactivity tests showed that this class of oxygen carriers
would react both via CLC and CLOU, in the fuel reactor. Their rate of oxygen release in the
CLOU regime was investigated using devolatilized wood char as fuel and the required solids
inventory in the fuel reactor using these materials is estimated to be 325 kg/MWy,. The high
reactivity and favourable oxygen uncoupling properties make these oxygen carriers interesting

for the CLOU process.
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Tables

Table 1 Physical characteristics of the fresh oxygen carriers investigated in this work.

Sample  System. Crushing Bulk' \ BET specific ,
strength [N] density [g/cm’] surface area [m™/g]
CM CaMnO;_; 1.4 1.62 0.28
CLM CagoLlag MnOs_; 1.2 1.72 0.44
CLMM  Cajpglag MnyoMg, 03— 1.3 2.27 0.48
CLMT  Cagylag MngoTip 055 1.5 1.68 0.40
CLMF  CagglayMnyoFey 0525 2.8 2.21 0.23
CLMC  CagglagMngoCug05-5 1.7 3.08 0.08

Table 2 Analysis of the as-received and devolatilized Swedish wood char used as fuel in this work.

Ultimate [wt.%] (dry basis)

Ash N C H N
As received 9.7 0.51 78.7 2.9 0.02
After devolatilization 14.3 0.71 88.9 <0.3 0.01

Table 3 Oxygen concentrations at 900 and 1000°C after 360 s of inert gas purge before and after the fuel
cycles at 950°C.

O, concentration at 900°C [%] O, concentration at 1000°C [%]

Sample before fuel after fuel before fuel after fuel
CM 0.59 0.59 0.96 0.89

CLM 0.30 0.25 0.77 0.72
CLMM 0.36 0.33 0.69 0.56
CLMT 0.22 0.21 0.61 0.57

CLMF 0.35 0.34 0.87 0.82
CLMC 0.78 Defluidized 1.06 Defluidized

Table 4 Physical characteristics of the oxygen carriers after the reactivity test.

Sample Bulk gensity BET szeciﬁc surface
[g/cm’] area [m’/g]

M 0.89 036

CLM 1.21 0.40

CLMM 127 0.45

CLMT 1.26 0.40

CLMF 1.48 0.25
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Figure 1 Schematic of the chemical-looping combustion (CLC) process.
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Figure 2 Temperature-time schedules for the processing of carrier extrudates.
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Figure 7 Concentration of various gaseous species during conversion of 0.1 g of devolatilized wood char at

950°C using CM (5 g sample in 10 g quartz); the temperature profile during fuel reduction is also shown.
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Figure 10 Oxygen capacity (Ro) of the carriers investigated in this work during cycling between air (20.8%

0,) and high purity inert gas (N,) at 950°C in a thermogravimetric analyzer.
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Figure 12 Particle size distributions (PSD) of the fresh and used oxygen carriers.
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Figure 13 Attrition rates of the used oxygen carrier particles.



Figure 14 ESEM images of (a) fresh and (b) used CLM particles after the reactivity tests. The size bars for the

top images are 400 and 50 pm while those of the bottom images are 2 mm.
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