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Abstract

The chemical-looping combustion (CLC) and chemical-looping with oxygen uncoupling (CLOU) processes are novel
solutions for efficient combustion with inherent separation of carbon dioxide. In this work, oxygen carriers based on
CuO supported by zirconates of SrZrO; and CaZrO; are investigated. The oxygen carriers were produced by
mechanical homogenization of primary solids in a rotary evaporator followed by extrusion, drying and calcination at
950 and 1030°C for 6 h. Their chemical-looping performance was evaluated in a laboratory-scale fluidized-bed
reactor at 900 and 925°C under cyclic oxidizing, inert (N,) and reducing (CH,) conditions. All oxygen carriers
exhibited rapid release of oxygen in the inert environment (CLOU) with high conversion of methane. The carrier
calcined at 1030°C with SrZrOj; as support showed no agglomeration or deactivation and exhibited the highest
reactivity. Thus, the use of this oxygen carrier could be of interest for the CLOU process.
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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°C [1]. A number
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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 [2-4]. 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)MeXOy +C,H,, > (2n + m)MeXOH +nCO, + mH ,0 (1)
2Me O, +0, - 2Me 0, (2)
Here, Me,O, and Me,O,.; are the oxidized and reduced forms of N, O, CO, H,0

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 Air ' Fuel
carrier (Me,O,.;) is then transferred to the air reactor where it is re- | Reactor Reactor
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 [5].
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 ~Fig. 1 Schematic of the chemical-looping
successfully demonstrated in a number of units of sizes up to 120 combustion (CLC) process

kW [6]. Overviews of current achievements in CLC are given by

Lyngfelt [6, 7], Hossain and de Lasa [8] and Adanez et al. [9]

Air Fuel (C,Hzm)

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) [10], 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+m/2)0, — nCO, + mH,0 “4)
The reduced oxygen carrier is transferred to the air reactor for re-oxidation. The overall 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
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gasification of the solid fuel needed to produce synthesis gas as a prerequisite for the reaction with the
oxygen carrier [10]. The oxygen carrier in CLOU must be able to both react with O, and release O, 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) [2], 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 in the case of CLC corresponds to an outlet
oxygen concentration close to 5% from the air reactor. To be noted is that this concentration is somewhat
higher than in normal combustion since the flue gas from the air reactor does not contain CO,. Therefore,
oxide systems with an equilibrium oxygen partial pressure lower than 5% at temperatures typical of the
air reactor are desirable. Otherwise, higher air ratio will be required compared to conventional
combustion, which would result in a higher heat loss due to larger flue gas stream. Moreover, the oxygen
carrier should also be able to release a sufficiently large amount of oxygen in the fuel reactor, at a
sufficiently high rate.

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
investigated as oxygen carriers in CLC and CLOU [6-9]. 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 and mechanical stability, proper fluidization characteristics and resistance to attrition
and agglomeration are also important. One way of achieving these properties is to mix the active phase
(carrier oxide) with an inert support such as TiO,, SiO,, ZrO,, Al,O3; or MgAl,O, and/or heat-treat the
oxygen carriers [8].

Copper-oxide materials have received a great deal of attention as efficient oxygen carriers, owing to
high reactivity, high oxygen transport capacity and absence of thermodynamic limitation for complete
combustion of the fuel [6-9]. Among various supports for CuO oxygen carriers, Al,O; has received
considerable attention [11-22]. However, when using Al,O5 as support, a difficulty arises due to the facile
interaction between CuO and Al,O; either during synthesis or during operation, resulting in partial loss of
CuO and CLOU behaviour due to formation of copper (II) aluminate (CuAl,O4) and copper (I) aluminate
(CuAlQ,; delafossite) [11-22]. Since the copper-aluminate phases are highly reducible, the interaction
between the support and the active phase does not necessarily cause a problem with respect to CLC
application. For CLOU however, this interaction should be avoided in order to preserve CuO as the active
phase, for instance by using other supports such as TiO,, ZrO,, SiO, or MgAl,O,.

Most of the studies using Cu-based oxygen carriers have been carried out at low temperatures
(~800°C) where CLOU effect is small, i.e. application for CLC [6-9]. However at higher temperatures
(~950°C), an increase of carbon conversion rate in the vicinity of CuO particles had been reported which
was associated with the direct oxidation of char [23]. It is now well established that CuO decomposes to
Cu,0O when the actual concentration of oxygen is lower than the equilibrium concentration [10]. As a
result, oxygen is released thereby allowing CLOU to take effect. For temperatures of 900 and 925°C, this
occurs at oxygen concentrations below 1.5 and 2.7%, respectively [10]. Thus, from a CLOU point of
view, the optimum temperature of the air reactor is likely in the range of 900 to 925°C for Cu-based
oxygen carriers. Research has also been conducted on Cu-based oxygen carriers in the temperature
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regime applicable for CLOU in fluidized-bed batch reactors [10, 13, 24-33], continuous operations [27,
34-36] and thermogravimetric studies [28, 37-39], with and without supports.

In cognizance of the potential of copper-based systems as CLOU materials, samples of CuO supported
on zirconates of SrZrO; and CaZrO; were synthesized to assess their suitability as CLOU oxygen carriers.
By changing the experimental process variables, such as reaction time and temperature, their tendencies
towards the loss of active CuO phase due to the redox operation, agglomeration and particle
fragmentation were analyzed.

2. Experimental
2.1. Preparation and manufacturing of oxygen carriers

The physical properties and characteristics are of the oxygen carriers used in this investigation
summarized in Table 1. The samples were prepared via extrusion, described elsewhere in detail [40].
Mixtures consisting of starting component oxides of CuO (Alfa-Aesar, 97 wt.%), SrZrO; (Alfa Aesar,
99.3 wt.%) and CaZrO; (Thermograde Process Technology), were thoroughly homogenized in a rotary
evaporator. After drying, the resulting powder was turned into pliable dough using polyvinyl alcohol
(Alfa-Aesar) as dispersant and soluble (C¢H,oOs), starch (Merck) as binder with additional mixing.
LAROSTAT 519 (PPG Industries) which is a quaternary ammonium salt was used as an anti-static agent
to increase the flux properties of the mixture. The resulting dough was then processed to form thin strands
using a hand-held single screw extruder. The strands were dried in an air oven at 200-220°C overnight
and were then calcined in a muffle oven at 950 and 1030°C for a dwelling time of 6 h. The calcined
material was sieved through stainless steel screens to yield particles in the range of 125-250 pm.

Table 1 Physical properties and characteristics of the oxygen carriers used in this work

Sample Calcinatoion Active phase, Support phase, Crushing Bulk Der}lsity B]ZET
Temp. [°C] 40 wt. % 60 wt. % Strength [N] [g/em’] [m7/g]
C4SZ-950 950 SrZrOs 0.8 1.46 0.72
C4CZ-950 CaZrO; 0.7 1.63 1.98
C4SZ-1030 1030 Cu0 St710; 1 1.51 1.05
C4CZ-1030 CaZrOs >0.5 1.25 0.56

2.2. Characterization of oxygen carriers

Crystalline phase determination of the oxygen carriers was carried out using powder X-ray diffraction
(Bruker AXS, D8 Advanced) with CuK,; radiation. The bulk (tapped) density was measured for particles
in the size range of 125-180 pm using a graduated cylinder. The Brunauer-Emmett-Teller (BET) specific
surface area was measured by Ny-adsorption (Micromeritics, TriStar 3000). 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 pm. 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).

2.3. Experimental setup and procedure

Experiments for examining oxygen uncoupling and reactivity of the oxygen carriers were carried out
in a laboratory-scale quartz fluidized-bed reactor, 870 mm high and 22 mm in inner diameter. The scheme
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of the experimental setup used in this investigation is
shown in Figure 2. 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) '—E'E
thermocouples sheathed in inconel-600 located about 5

mm below and 25 mm above the plate. Pressure

transducers (Honeywell) were used to measure the I 1
pressure drop over the bed of particles and the qUATtZ [acqusition| | Anuyeer
plate at a frequency of 20 Hz. By measuring the
fluctuations in the pressure drop, it is possible to |
determine if the particles were fluidized or not, i.e. a vontiation |
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 of O, through
a paramagnetic channel, CO,, CO and CH, through infrared channels and H, through difference in
thermal conductivity of H, and N,, with correction for other measured gases.

Oven

R

® O O

Pressure
Measurment
Temperature
Measurment

eactar

-_————

Fig. 2 Scheme of the experimental setup used in this
investigation

A sample of 10 g was placed on the porous plate inside the fluidized-bed reactor and the bed was
exposed to alternating oxidizing and reducing conditions. Prior to the test, the reactor was heated to
900°C in a stream of 11% O, to ensure that the oxygen carrier was in fully oxidized state. In previous
investigations using the same experimental setup [13, 40], a 5% O, stream was used during the oxidation
phase. This was done in order to examine whether the oxygen carrier could be oxidized in an oxygen
deficient condition similar to the outlet of the air reactor in a realistic CLC unit. The rationale of using
11% O, stream instead in this work was to accelerate the oxidation process. 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 11% O, mixture. A set of three inert gas cycles were
initially carried out for all samples in N, to investigate the release of oxygen during a span of 360 s. For
reactivity test, methane was primarily used for 10 s during reduction cycles and repeated for at least three
times. The duration of 10 s was selected as it approximately corresponds to the reduction of CuO to Cu,O
in the samples, assuming complete gas conversion. Subsequently, additional cycles were carried out in
which the reduction time was increased in steps of 10 s intervals up to 50 s. During the prolonged
reduction cycles, it is likely that reduction to Cu is gradually approached, i.e. applicable to CLC. The
extended reduction time also helped in evaluating the extent to which the active CuO phase was available
for reduction and whether the oxygen carrier could resist agglomeration and particle fragmentation. There
was no carbon burn-off during the subsequent oxidation cycles (indicated by way of increase in CO
and/or CO, concentrations) to show carbon deposition during shorter reduction cycles. This was due to
the fact that more oxygen was available than the stoichiometric demand of the fuel. However, some
carbon was deposited during the extended reduction cycles as they were depleted of oxygen. Nitrogen
was used as an inert purge for 60 s in between oxidation and reduction. Inlet flow rates of 450, 900 and
600 mLy/min were used during reduction, oxidation and inert cycle, respectively. These flow rates were
chosen to achieve values ranging between 7 to 9 uy,e during reduction, 12 to 17 uy,s during inert and, 19 to
26 uy,e during oxidation of the inlet flows, where u,¢ is the minimum fluidization velocity. The minimum
fluidization velocity, u,,, was calculated by using the correlation given by Kunii and Levenspiel [41].
However, it should be noted that due to gas expansion during reduction, the actual velocity in the bed is
higher, as CHy is converted to CO, and H,O.
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2.4. Data analysis

The reactivity of a given oxygen carrier is quantified in terms of gas yield or conversion efficiency, y,
and is defined as the fraction of fully oxidized fuel divided by the carbon containing gases in outlet
stream, in this work CO,, CO and CHy,.

Yco,
p=——— (5)

Yeo, T Yeu, T Veo

Here y; denotes the concentration (vol. %) of the respective gas, obtained from the gas analyzer. The
mass-based conversion of the oxygen carrier, w, is defined as

0=-" (6)

ox

where m and m,, are respectively, the actual mass and the mass of the oxygen carrier in fully oxidized.
Equations (7) and (8) are employed for calculating w as a function of time during the reduction and
oxidation period respectively from the measured concentrations of various gaseous species by the gas
analyzer:

In()ll M
W, =0, — '[fo n; (4yc0 +3yYeo +2¥0, - sz)dt (7

ox

W 2M
o, = "0

(’;lin Yo,in — Roy 0y,0ut ) dt (8)

where w; is the instantaneous mass-based conversion at time i, w,; the mass-based conversion in the
preceding instant, ¢, and ¢; the initial and final time of measurement, M, the molar mass of oxygen, and
"ou the molar flow rate of dry gas at the reactor outlet.

3. Results
. 12 —
3.1. Concentration profiles - - C457.050
H - & - C4CZ-950
Fig. 3 shows the oxygen concentration during the 10 T sz

inert gas phase following an oxidation for all samples. -
During this period, CuO decomposes spontaneously into
Cu,0O in the environment of inert nitrogen where the
particles release oxygen. The oxygen concentrations are
somewhat lower than the theoretical equilibrium partial
pressure, Po, , corresponding to the decomposition of
CuO into CuyO (1.5% and 2.7% respectively at 900 and
925°C [10]).

0, Concentration [%]
o (=]
T T

Following the inert gas cycles, successful cycles of
oxidation and reduction were carried out for all oxygen 0 T T T 1 T 1
carriers at 900 and 925°C. As an example, Fig. 4 shows 0 b Tirf]?[s] S48 400
the concentration profile for the C4SZ-1030 sample for
the third reduction cycle at 925°C. During the short

Fig. 3 Oxygen concentrations during inert gas cycles
at 900 and 925°C
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interval in inert gas prior to fuel injection, the
spontaneous release of oxygen via the CLOU mechanism
can be seen. The fuel (methane) reacts with the released
oxygen, producing CO,, with concomitant increase in
temperature due to the exothermic nature of the reaction
this is common for copper-based oxygen carriers [5]. The
rise in temperature shifts the thermodynamic equilibrium
and in turn increases the oxygen concentration. However,
the actual oxygen concentration during reduction in the
reactor is lower due to dilution created by the water
formed. This water is removed in the cooler prior to the
gas analyzer. Note that no CHy or CO was detected
during the entire reducing period, and hence full gas
yield was clearly achieved. The concentration profiles
were similar from cycle to cycle, except for slight
variations in peak concentrations due to the transitory
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Fig. 4 Concentration and temperature profiles for
C4SZ-1030 during reduction for 10 s using CH, at
900°C

non-steady state. At 900°C, less oxygen is released during the inert and reduction cycles.

3.2. Reactivity of oxygen carriers

Fig. 5 shows the reactivity (in terms of gas yield, ) for all oxygen carriers at 925°C, using methane
as fuel for the third repeated cycle. All samples exhibited high fuel conversion during this period. The
carriers lose approximately 2% of their mass as they are converted during 10 s of reduction (@ going from
1 to 0.98). Fig. 6 shows the gas yield () for all samples at 925°C during the extended reduction cycle
(50 s) with methane. Under the experimental conditions and the oxygen carriers employed, the theoretical
conversion of CuO to Cu, w, at the end of reduction should approach 0.92. This was nearly obtained only
in the case of C4CZ-1030 and C4SZ-1030 where w reaches a value of 0.93 with nearly full conversion of
methane. On the contrary, in the case of C4CZ-950 and C4SZ-950 samples a lower value of w is reached.
This could indicate that the latter two oxygen carriers were not stable during longer reduction periods.

1
e BT - A -»;y; p>
0.98 "
0.96 —
0.94 —
0.92 — - % - C45Z-950
- & - C4CZ-950
g —— C4SZ-1030
—6— C4CZ-1030
0.9 T I T | T I T I
1 0.995 0.99 0.985 0.98

o[
Fig. 5 Gas yield, , as a function of mass-based
conversion, o, for all oxygen carriers during 10 s of
CH, reduction at 925°C

0.2 4 - % - CA4SZ-950
- &~ CA4CZ-950
g —— C4SZ-1030
—&— C4CZ-1030

0 — T T T T T 1
1 0.98 0.96 0.94 0.92
w []
Fig. 6 Gas yield, y, as a function of mass-based
conversion, o, for all oxygen carriers during 50 s of
CH, reduction at 925°C
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Fig. 7 shows the oxygen partial pressure as a function
of oxygen carrier conversion, w, in the oxidation phase
following the extended reduction period (50 s) at 925°C for
the C4CZ-1030 and C4SZ-1030 samples. Note that in Fig.
6, approximately 7% mass-based conversion of the oxygen
carriers was reached during 50 s of reduction, i.e. @ going
from 1 to 0.93. Thus, during the following oxidation cycle,
the carrier is expected to retrieve the amount of oxygen
withdrawn from the carrier, meaning that @ must revert
from 0.93 to 1. Only then, truly reversible redox behaviour
of the carrier is achieved. For both of the C4CZ-1030 and
C4SZ-1030 samples as shown in Fig. 7, the carriers retrieve
the expected conversion with the value of w extending to 1.
This shows that the active CuO phase has remained intact
in these samples.

3.3. Physical aspects of the oxygen carriers after redox
cycle

The oxygen carrier materials were extracted from the

02 Concentration [%]

12 5
—s— C45Z-1030

1 —%— C4CZ-1030 M

Fig. 7 Variation of oxygen concentration with
mass-based conversion (@) during oxidation at
900°C for C4CZ-1030 and C4SZ-1030

reactor after the experiments for further analysis. The experiments were always ended in the oxidation
phase and thus the characterization of the used samples refers to this phase. All samples except the C4SZ-
1030 oxygen carrier had experienced sever fragmentation as seen by the large amount of fines formation.
Physical characteristics of the fresh oxygen carriers were given in Table 1. The XRD characterization of
all fresh and tested samples did not indicate the formation of any ternary compounds other than the active
and support phases. The BET surface area of the used C4SZ-1030 sample had decreased to 0.63 m*/g.

The ESEM images of fresh and post-reaction for the C4SZ-1030 sample are shown in Fig. 8 (a-b). It
can be observed that in this case, the oxygen carrier particles remain individual with no observable
agglomeration. However, minor fragmentation could be noticed which requires changes in the preparation
and manufacturing method. Considering this and the reactivity test shown in Fig. 5-7, it can be inferred
that among investigated oxygen carriers, only C4SZ-1030 could be of interest for the CLOU process.

Fig. 8 Fresh (a) and post-reaction (b) ESEM images of C4SZ-1030 oxygen carrier
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4. Conclusions

The use of CuO oxygen carriers supported on zirconates of CaZrO; and SrZrO; as CLOU materials
have been investigated. The oxygen carriers were calcined at 950 and 1030°C. All of the investigated
oxygen carrier materials showed rapid release of oxygen in an inert environment (CLOU) with high
conversion of methane. However, only in the case of SrZrO; as support and calcination temperature of
1030°C, deactivation and sever fragmentation were not observed. Thus, the use of this oxygen carrier
could be of interest for the CLOU process.
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