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Abstract

An integrated calcium and chemical looping combustion using dicalcium ferrite
(CazFez0s, CoF), a mixed phase from iron and calcium oxides, is proposed here to remove
carbon (CO + CO») contained in the blast furnace gas from the steel industry. C>F is particularly

attractive in chemical looping hydrogen production due to its lower Py, therefore CoF can split
steam into Hz. Here, the low Py, property allows C>F to have endothermic combustions in CO

and H> combustion (Stage 1 in the carbonator). The heat of combustion is chemically stored as
reduced-carbonated C>F to be utilised for sorbent regeneration (Stage 2 in the calciner),

essentially pumping the heat from the carbonator to the calciner. Combustion that occurred at
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Peo Peo of the typical BFG in which the C2F should have not been able to combust CO,
2

suggesting an enhanced combustion phenomenon. Experiments demonstrated in a fluidised bed
and a thermogravimetric analyser led to indications that rather than following reaction
pathways in an order of (i) CoF is reduced into CaO and metallic Fe and (i1) the CaO is absorbed
CO2 in Stage 1, CoF might directly form Fe + CaCO3 under a mixture of CO and CO», allowing
the CoF to react with BFG. Reincorporation of the reduced-carbonated oxides into C,F drives
lower decarbonation temperatures compared to CaO alone, suggesting a promising route to

improve energy efficiency in capturing carbon in the hard-to-decarbonise steel industry.
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Graphical abstract

1. Introduction

An integrated blast furnace and basic oxygen furnace process (BF-BOF) is the most
common steel manufacturing process, i.e., ~75% of the total global steel was produced via this
route [1]. It relies heavily on coal both as the energy supplier as well as feedstock to reduce
iron ore; thus, it is carbon intensive [2,3]. In fact, the steel industry is the largest industrial coal

consumer [4]. Shifting the fuel to a greener option such as hydrogen (via direct reduction of
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iron, DRI) is feasible, but is a longer-term solution as it requires renewable and abundant
sources of Ho. Capturing carbon from the steel industry is the most promising medium-term

pathway since the facilities can be retrofitted to the existing system.

The current BF-BOF process comprises three stages, i.e., coke production, iron making
in the blast furnace, and steel production in the converter. Each generates a different gaseous
effluent, i.e., coke gas, blast furnace gas (BFG), and converter gas (BOF), respectively. BFG
is the most problematic since it contains most of the carbon (i.e., 60 — 80%) from the BF-BOF
process [5]. Whilst fuels remain in the BFG, i.e., CO (19 — 27%) and H> (1 — 8%), these are
contaminated with N> (44 — 58%) and CO2 (16 — 26%) [1,2,5,6]. Carbon capture using amines
or oxyfuel combustion alone is not sufficient. A simultaneous process where CO is combusted

to CO» and subsequently CO; is captured is needed.

High-temperature looping processes for carbon capture, such as calcium looping [7,8]
and chemical looping combustion [9—11], have a much lower energy penalty than first-
generation carbon capture techniques, mainly owing to being able to integrate the heat they
reject into a power cycle. Ca-looping uses CaO rather than an amine to remove CO2, and is

constrained by the chemical equilibrium of

Ca0s) + €Oz ) = CaCO3, AHgy5x = —171.3 kJ/mol (R-1).
Though other high-temperature materials have been considered, CaO is the most widely studied
high-temperature sorbent [12]. It is relatively cheap and abundant, and many have argued that
natural limestone can be utilised [13—15]. Though sorbents usually deactivate over cycles, this
can be overcome by using supported materials [16,17], or by integrating the use of the sorbent
with cement [18] or iron production [19]. The equilibrium of R-1 imposes limits on both the
calcination and carbonation stages. To achieve a pure CO; stream at atmospheric pressure, the

temperature has to be ~900 °C to achieve an equilibrium Pco, of 1 bar [20]. The carbonation
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must run at a lower temperature (at a total pressure of 1 bar) as the outlet is constrained by the

Pco, for R-1, which is, for example, 0.004 bar [8] or 0.0032 bar [20] at 600 °C. The fact that

the calciner must run hotter than the carbonator means that extra fuel must be supplied to the
hotter calciner, along with pure oxygen. All this heat is then recovered from the temperature
calciner and sent to a power cycle [21]. It is therefore not possible to run autothermally without,

for example, using a pressure swing system [22].

Metal oxide looping (often known as chemical looping combustion) is a different kind
of high-temperature cycle that uses a metal oxide to provide oxygen and hence is a form of
oxygen combustion. Chemical looping combustion allows air to be used as the oxidant and
avoids the need for an air separation unit, again lowering the energy penalty [23]. Various
materials have been suggested as oxygen looping materials, often oxides of transition metals,
e.g., Fe, Ni, Mn, Cu, often with a support material, to overcome difficulties with cyclic stability.
Some favour natural ores [24—28] as these are cheap and abundant. Iron and copper also have

the advantage of being environmentally benign.

With high-temperature processes, it is possible to combine metal oxide looping and CaO
sorption, thus allowing the BFG to be both combusted and the carbon captured. Fig. 1 shows
an adapted calcium looping process using materials which can both capture CO; and also
combust carbon-containing fuels. As with Ca-looping, it consists of two stages, (i) reductive-
carbonation at a lower temperature in the carbonator and (ii) oxidative-calcination at a higher
temperature in the calciner. Any process which uses carbonation of CaO will require additional
heat input into the calciner to reverse the reaction. In a traditional looping Ca-lopping process,
this means adding supplemental fuel and oxy-firing. Here, the energy contained in the BFG
(ca. ~80 kJ/mol-BFQG) is roughly sufficient to allow an autothermal process (if all carbon,

including CO, is captured as CO; and calcium looping alone is utilised). This proposed system
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Figure 1 Schematic diagram of the integrated CaL-CLC.

A similar approach, integrated calcium and chemical looping combustion (CaL-CLC)
has been proposed for carbon capture applications [29-32]. CaO acts as the sorbent, whilst the
metal oxide, typically CuO, provides the oxygen to combust the supplementary fuel. The use
of pure oxygen is avoided by the chemical looping, which regenerates the metallic copper back
to CuO using air. Three reactors are needed, carbonation, calcination, and oxidation. Various
configurations are possible, and heat from reducing the metal oxide in the calciner can be used
to drive the calcination. In this case, oxides which reduce exothermically, like copper oxide,
are ideal. However, in the scheme shown in Fig. 1, oxygen-looping materials like copper oxide
would not be able to fully utilise the heat of CO/H> combustion to drive the calcination. Around
half of the heat from combusting the fuels would be extracted in the carbonator since CuO
reacts exothermically with CO or H> (AH® = —133 and — 100 kJ/mol-fuel at 650 °C,

respectively) [33].
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An alternative approach would be to use an oxygen carrier which combusts the fuels
(CO/H2) endothermically in the carbonator. This not only allows the full heat of combustion of
the fuels to be released in the calciner, but can also absorb some heat released from the
carbonation for use in the calciner. In subsequent calcination, this heat is transferred via
exothermic oxidation of the reduced oxides. The oxygen-looping material essentially acts as a
chemical heat pump transferring heat from the colder carbonator to the warmer calciner. In this
work, an oxygen carrier which performs the endothermic reduction in CO or Hy is investigated.
The heat of reaction with CO or H> is linked to the thermodynamic properties of an oxygen

carrier (denoted here as ‘MeQ’), and, in particular, the enthalpy of lattice oxygen release in

1
MeO(S) = ME(S) + EOZ(g) (R'Z)

R-2 determines the oxygen partial pressure at the equilibrium of

AHo, | ASo,

Eq. 1
RT R (Eq. 1)

0.51n POZ = —

where Py, AH,, and AS,, are the equilibrium oxygen partial pressure, standard enthalpy, and

entropy of R-2. The heat of reaction, AHg_5 for the combustion of CO, or H>, by a metal oxide

in
MeO(S) + CO[OI' HZ](g) = Me(s) + COZ [or HZO](g) (R-3)

are related to AH,, by AHg_3 = AHcompust + AHo,, Where AH ompust 18 the standard heat of

combustion in gaseous oxygen for either CO or H», giving
AHg_3 = AHcompust + TASo, — 0.5RTIn(Py, ) (Eq. 2)

Since ASq, is approximately constant for most oxygen carriers [34], the equilibrium Py,
largely determines the value of AHp, and thus AHg_3. Very low Py, oxygen carriers are

needed to give endothermic conversion of CO or Ha. The value of Py, can be directly related
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to the equilibrium Pgo/Pco, or Py, /Py,o at equilibrium, with a low value of Py, implying
values of Pco/Pco, or Py,/Py,o sufficiently large that the metal oxide reduction can be easily

reversed with CO» or steam. Thus, suggesting oxygen carriers utilised in water-splitting

processes [25,35-37] would be suitable candidates for the proposed application.

Fig. 2 illustrates that oxygen carriers with relatively high Py, phase transitions, such as
CuO to Cu0 (loglO(P02)~ -5) and Fe2Os to Fe3O4 (loglO(P02)~ -13), respectively, are not
suitable candidates since both exothermically oxidise H> and CO. The heat of combustion of

the fuel (indicated by the total height of the bar) is split between the oxidation and reduction
reactions. As P, falls, more of the fuel's heat of combustion is released in the oxidation until
very low values of Py, when the reduction becomes endothermic. For example, the wiistite
(FexO) to metallic Fe transition has loglO(Poz) = —20 and AH;_3’650 oc 0f 15 and -21 kJ/mol-
fuel in H and CO, respectively [33]. Iron oxides have been previously investigated in hydrogen
production using steam; however, deep reduction of unsupported iron oxides leads to severe
sintering, causing rapid deactivation after only a few redox cycles [38,39]. Therefore, supports
are essential to maintain the iron oxide’s performance over reasonable cycles. Inert supports
do not form mixed phases, and therefore the iron oxide has the same phase transitions as pure
iron oxide, for example, ZrO> [40] and MgAl>O4 [41]. Some support materials form mixed

oxides or solid solution phases with the iron oxides and alter the equilibrium of the phase

transitions, e.g., TiO; [42], A12O3 [43], MgO [44,45], and CaO [24,25].
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Figure 2 Enthalpy of reaction for reduction and oxidation (per mole of fuel
combusted) for different redox reactions at ~650 °C, except for FexO and CF at ~750 °C

using data from MTDATA [33].

The mixed oxides of calcium and iron have previously been suggested as looping
materials [24,25,36,37,46—48]. They are made up of abundant and cheap oxides and are already
used in the steel-making process, hence are the focus of this work. Dicalcium ferrite (CaFe2Os,
CoF) has been widely investigated for chemical looping hydrogen production via water splitting
[25,35-37]. It is remarkably stable in cyclic reduction-oxidation processes [25,35,37,47] and
has roughly similar Py, for its reduction than wiistite, i.e., loglO(Poz) of -20 [33], which
according to the well-known phase diagram, should occur as a single reaction to CaO and

metallic Fe [25,33,35], i.e.,
CayFey 05, = 2Ca0() + 2Fe() + 3/, 04,y (R-4)
or with CO of Hy,

C32F6205(S) + 3C0(g) = 2Ca0(s) + 2Fe(s) + 3C02(g) (R-S)
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CaFe;05 ) + 3Hy(, S 2Ca0(, + 2Fe(y + 3H,0, (R-6).

The AH250 oc for R-5 and R-6 are around 2 and 38 kJ/mol-fuel, respectively, as shown in Fig.
2, implying CF is a suitable oxide candidate. The P, value can also be expressed as P¢o/Pco,
and Py, /Py, o for R-5 and R-6 with values of ~3.3 and ~3.8 at 780 °C, respectively [20,33].
C2F alone would not be able to combust CO and H> completely. However, CoF is also a
multifunctional material, releasing CaO as it reduces, which can carbonate and act as a CO;
sink, i.e., a reductive-carbonation reaction. For example, combing R-5 with R-1 drives the
reaction to convert the CO, and depending on the partial pressure of COz, and the ratio of CO

to CO», allows other iron oxides to form, for example,

C32F6205(S) + 3C0(g) = 2C3C03(S) + ZFE(S) + COz(g) (R-7)

Equally on the regeneration, the oxidative-calcination can occur; the formation of CoF makes
it easier to release the COz, and oxidise the Fe’ to Fe*". This, of course, is driven by the fact
CoF 1s a mixed phase with a lower free energy than equivalent amounts of Fe>O3 and CaO, e.g.,
ZFE(S) + 2C3C03(S) + 1502({;) = CazFEZOS(S) + ZCOZ(g) (R-S)
The CaO can be sourced either from the reduced phases of the CoF (CaO+Fe), by adding excess

CaO onto the CoF as a composite particle, or by feeding separate CaO particles to the system.

Different compositions of CaO and Fe>O3z would lead to different phases formed in the
Fe — Ca — O system. When a limited amount of CaO is available, a mixture of FeoO3 and/or
CaFexO4 forms. CyF is the only mixed oxide that should form if Fe/(Ca+Fe) < 0.5, i.e., with
excess CaO the solid looping material should consist of CoF and CaO (i.e., C2F/CaO) [35]. In
this work Fe/(CatFe) < 0.5 is utilised, since CaO is needed to capture the CO>. CoF
performance in combusting various fuels, e.g., CO [25,35], CH4 [49,50], and H> [49] has been

previously evaluated, but mainly at higher temperatures (> 800 °C) when carbonation of CaO
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would not occur at atmospheric pressure. Sufficiently low temperatures, ~600 °C, are necessary

to allow carbonation instead of direct reincorporation into CoF [25].

In this work, using CoF as a chemical heat pump in Fig. 1 is demonstrated in a
thermogravimetric analyser and a fluidised bed. Here, lower temperatures are investigated
since carbonation is required to treat BFG. CyF, C2F/CaO composites, and C2F and CaO as
separate particles in a fluidised bed are evaluated for reductive-carbonation using hypothetical

BFG with a ratio P;o/Pco, of ~1.3 over cycles which mimic the process shown in Fig. 1.

2. Materials and methods

2.1. Materials characterisation
Materials were characterised using X-ray diffraction (XRD) analysis (Siemens D500 x-
ray diffractometer, Cu Ka radiation; operated at 35 kV and 20 mA; a scan range between 5°

and 90° in 20 with a step size of 0.02°. The materials were tested on an aluminium mount.

2.2. Materials synthesis

To prepare CoF and C2F/CaO composite, FeoO3 (Iron (III) oxide, 98%, Thermo fisher
scientific) and CaCOs (calcium carbonate precipitated, Fisher Scientific) were ball milled at 30
Hz for 3 hours to give a mole ratio of Fe/(Fe+Ca) of 0.5 and 0.3. 10 %wt potato starch (BDH
Laboratory Supplies) was added to improve microstructure and deionised (DI) water was used
to improve the mixing in the ball mill. The homogenous slurry was then dried overnight in the
oven at 100 °C, before finally calcined in the furnace for 6 hours at 1000 °C, and crushed into
desired particle size, i.e., 355 — 500 pm for experiments in a thermogravimetric analyser (TGA)
and 500 — 1000 pm in a fluidised bed. The mixing, drying, and calcination were repeated once
for the C2F/CaO composite to improve its hardness and prevent severe attrition in the fluidised
bed. CF alone was formed when Fe/(Fe+Ca) in the precursors is exactly 0.5, as seen in XRD

patterns in Fig. 3. As expected, the composite comprised a mixture of ‘free’ CaO and CoF [35].



195

196
197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

Intensity (a.u.)

L » A itaity Shalra i N N
20 30 40 50 60 70 80 90
20(9)
o Ca,Fe,05 (ICSD — 14296) A CaO (ICSD — 28905) Al mount

Figure 3 XRD pattern of as-prepared CoF and CoF/CaO. The obtained diffractograms were
then compared with reference patterns from the Inorganic Crystal Structure Database (ICSD),

i.e., ICSD — 14296 for CazFe2Os and ICSD — 28905 for CaO.

2.3. Thermogravimetric analysis

The thermogravimetric analyser (TGA, Mettler — Toledo TGA/DSC 1) comprised a
microbalance equipped with an electrically-heated horizontal tube furnace on which an alumina
crucible was placed. Typically, the TGA chamber was constantly purged with N> as protective
and purging gases with 50 mL/min (20 °C, 1 atm) each, unless stated otherwise. Reactive gas,
typically at 50 mL/min (20 °C, 1 atm) was fed to the system via a capillary tube above the

crucible.

The material’s ability to transfer its lattice oxygen and capture CO; was studied in the
TGA. The sample was (i) reduced in CO/N; for 150 mins, (ii) carbonated in CO> for 120 mins,
(ii1) oxidised in a mixture of CO; and air at isothermal temperatures of 650 and 700 °C, before
finally (iv) heated up from isothermal temperatures to 900 °C at 5 °C/min and (v) further
oxidised for 30 mins at 900 °C in air/COz. To examine COz capture alone in a carbonation and
calcination cycle, typically, a sample was reacted in CO- at a constant temperature of 650 °C

for 120 mins and followed by the calcination by ramping the temperature to 900 °C at 20
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°C/min under COs. Limestone (425 — 600 um, its XRD result is given in Fig. S1, labelled as
“Limestone A”) was also tested for calibration and comparison. Before actual experiments, as-
synthesised materials and limestone were dried by ramping temperature from ambient to 900
°C at 20 °C/min and holding it isothermally in air for 30 mins so all materials were in their

calcined states.

2.4. CoF and C>F/CaO composite performance in treating a hypothetical blast furnace gas in

a fluidised bed

As-prepared materials, i.e., CoF and C2F/CaO composite were reacted with a hypothetical
blast furnace gas (BFG) in a fluidised bed (described in detail elsewhere [47]). The hypothetical

BFG comprised CO and CO; with a ratio of Pco/Pco, is around 1.3. For comparison, a mixture

of separate particles of CoF and limestone (600 — 1000 pum, its XRD result is given in Fig. S1,
labelled as “Limestone B”), referred to as C,F+limestone, was tested, with an overall

Fe/(Fe+Ca) ratio the same as the C2F/CaO composite.

A typical cycle was performed by feeding 7 g of as-prepared materials into a preheated
bed filled with alumina sand (~30 g, Boud Minerals, grade FEPA-46, size 350 — 420 um) under
Nz at 900 °C to remove all the absorbed moisture and CO,. The reactor was then cooled to 650
°C in N; and followed by (i) reacting the materials with hypothetical BFG (7% C0./9.3% CO
balance with N») for 30 mins (reductive-carbonation), (ii) purging under N> for 20 mins while
ramping the reactor temperature from 650 to 800 °C at a rate of ~30 °C/min (purging), (iii)
oxidation in 20%CO2/N> for 5 min and (iv) in air for 5 min at 800 °C. This cycle was repeated
at least three times for every prepared material. All the gases were supplied from gas cylinders
(BOC) of 10% CO/N2, 100% CO», compressed air, and N> with a total flow rate of ~33 mL s
at NTP (20 °C, 1 atm) for C2F and C2F/CaO composite, and ~25 mL s at NTP (20 °C, 1 atm)

for CoF+limestone. The gaseous products were pumped (16 mL s7) to be analysed using gas
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analysers (ABB EL3020) equipped with a non-dispersive infrared (NDIR, ABB Uras26) cell

for CO and CO> . To summarise, Table 1 shows as-prepared materials studied in the fluidised

bed.
Table 1. As-prepared materials studied in the fluidised bed.
Notation 0OCs CO; sorbent Fe/(Fe+Ca)
C,F CayFe,0s N/A 0.5
CzF/CaO CazFezos CaO 0.3
C,F+limestone CaFe;Os  Calcined limestone 0.3
3. Results

3.1 Reduction — carbonation — oxidative calcination in the TGA

The ability of the CoF and the CoF/CaO composite to transfer their lattice oxygen and
capture CO; in reduction, carbonation, oxidation, and calcination in CO/air is shown in Fig.
4. The fresh C2F was not fully reduced in CO at 650 °C in the time allowed, giving up only
~0.08 g-oxygen/g-CoF (~45% CoF conversion), leaving a mixture of CaO/Fe and CoF. When
all the CaO formed during reduction is carbonated to CaCOs3, the mass gain should be 14.7wt%,
giving a normalised mass of around 106.7wt% (see Fig. 4). However, the final mass at the end
of carbonation reached ~114wt%, indicating that oxidation also occurred, consistent with all
the formed CaO and metallic Fe being converted to CaCO3 + Fe;04 (21.8Wt% gain, reaching
a mass of ~114wt% in Fig. 4). This agrees with the behaviour expected from the
thermodynamics of the Fe — Ca — O system (Fig. 5). Carbonation with P¢o,= 0.34 atm should
convert the Fe to Fe3O4 and CaCOs at 650 °C as shown in Fig. 5, with the extent of oxidation

beyond Fe304 limited by equilibrium P¢o/Pco, produced by the oxidation reaction.
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Figure 4 Normalised mass in %wt vs time of CoF (—) vs CoF/CaO (—) in the TGA. The
cycles comprise of (i) CO reduction for 150 mins, (ii) carbonation in CO; for 120 mins, (iii)
oxidation/calcination in air/CO; for 120 mins at temperatures of 650 and 700 °C and, (iv)
ramping up temperature to 900 °C at 5 °C/min, and (v) holding temperature at 900 °C in

air/CO; for 30 mins.

The wunconverted CoF is stable when exposed to CO,. The subsequent
oxidation/calcination at 650 °C in a mixture of air and CO> (P, of ~0.25 atm) allowed further
oxidation with a mass gain of 0.9wt%, reaching ~116wt% consistent with all the Fe and CaO
produced on reduction being oxidised and carbonated to Fe,O3 + CaCOs. The loss in mass then
started as the temperature was ramped from 650 to 900 °C in air/CO». At the end of each cycle,

the sample was able to attain its initial dried mass, i.e., complete calcination and oxidation
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(labelled as dried material in Fig. 4). Assuming all the mass loss during temperature ramp-up
in air/CO; was caused by decarbonation, the sample had a CO; capture capacity of ~0.15 g-
COo/g-oxide. In the subsequent cycle at the higher temperature (700 °C) in the TGA (Fig. 4),
the C2F reached a higher conversion at the end of reduction, i.e., ~91%, releasing more CaO.
The final mass after carbonation was ~122wt%, which is higher than expected if the converted
material was only carbonated into Fe+CaCOs (i.e., 113.3wt%), but lower than expected if all

metallic iron produced was oxidised either to FexO (124.6wt%) or Fe3O4 (127.6Wt%).
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Figure 5 Predominance diagram of Fe — Ca — O system with Fe:Ca of 2:2.1 at 650 and 800
°C (computed using MTDATA [33], SUB-SGTE database for CO> and CaCO3, and HTOX

for all other species) [33].
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The cycle of reduction — carbonation — oxidation/calcination was repeated in the fluidised
bed so that sufficient material could be retrieved for XRD analysis (Fig. 6). The as-synthesised
CoF (Fig. 6A) was reacted with 10%CO/N; for 30 mins and then exposed in CO> for 30 mins
at 650 °C (Fig. 6B). The XRD patterns in Fig. 6B shows that a mixture of CaCO3+Fe304+FexO
was formed and no C,F peaks were observed. FexO presumably had not finished oxidising into
Fe304. When the reduced C,F was reacted in CO; and then exposed to a mixture of 20%CO>/air
for 5 mins at 650 °C (Fig. 6C), CaCOs3, FexO, and Fe3O4 peaks were still observed, and as the
reaction was prolonged up to 15 mins (Fig. 6D), CoF started to form, though the CaCO3, Fe3Os,

and Fe,O peaks were still observed.

Intensity (a.u.)

T ¥ 7 T T
20 30 40 50 60 70 80 90
20(9)
o CazFe;05 (ICSD — 14296) o Ca0 (ICSD — 28905) * Feq.9470 (ICSD — 24695)
A CaCO; (ICSD — 40107) 4 Fe (ICSD —53452)  « Fe304 (ICSD — 26410)
Al mount (blank experiment)

Figure 6 XRD patterns of C2F as prepared [A], CoF after reduction in 10%CO/N; for 30
mins and carbonation in 20%CQO/N> for 30 mins [B], and C>F after reduction in 10%CO/N>
for 30 mins, carbonation in CO2/N> for 30 mins and oxidation in 20%CQO/air for 5 mins [C]

or 15 mins [D] at 650 °C. The obtained diffractograms were then compared with reference
patterns from the Inorganic Crystal Structure Database (ICSD), i.e., ICSD — 14296 for
CayFex0s, ICSD — 40107 for CaCOs3, ICSD — 28905 for CaO, ICSD — 15840 for Fe,Os, ICSD

— 26410 for Fe304, ICSD — 24695 for Feo.0470, and ICSD — 53452 for Fe.

Reduction in CO for an extended reaction time (180 mins) at 650 °C to increase the CoF

conversion and CaO availability, carbonation in CO2 (P¢o,=~0.34 atm) at 650 °C for 120 mins,
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and oxidation by ramping up the temperature to 900 °C at a rate of 10°C/min in CO»/air (P¢o,=
~0.25 atm) were repeated for consecutive cycles as shown in Fig. 7. The oxygen transfer
capacity and CO; capture capacity of CoF through 15 cycles appeared to be relatively stable of
~0.1 g-oxygen/g-material and ~0.2 g-CO»/g-material, respectively for the given time. The
theoretical oxygen transfer capacity of CoF is 0.177 g-oxygen/g-CoF, while its fully-reduced

form should be able to capture 0.324-CO,/g-CF.
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Figure 7 Cyclic reduction — carbonation — oxidative/calcination of C,F in the TGA. The
error (depicted as error bars here) was estimated by comparing mean values of oxygen
transfer and CO; capture capacity from this experiment (in Fig. 7) and repeated similar cycles

for 10 times (not shown).

Cyclic carbonation and calcination of the C2F/CaO composite were performed by
reacting the composite with CO2 at 650 °C and then within the same atmosphere ramping the
temperature from 650 to 900 °C at a rate of 10 °C/min to drive calcination. Fig. 8A shows that
the fully-oxidised composite had a relatively stable CO, uptake throughout 10 cycles (i.e., 0.1
g-COo/g-composite). When the composite was initially reduced under CO with similar cycles
as for C2F in Fig. 7, the CO; capture capacity was initially ~0.15 g-CO2/g-composite, and

increasing as the cycle continued to finally reach ~0.3 g-CO/g-composite after 10 cycles (Fig.



318  8A and S20). Though there was extra CaO available in the reduced form of the composite, this
319  only added an additional 0.055 g-CO,/g-composite of CO> absorption capacity (from 0.03 g-
320  oxygen/g or 30% conversion of the composite). The greater CO> capacity in cyclically reduced
321  composite is likely caused by a greater accessibility of CaO as the material is cycled. In
322 comparison, fresh limestone and sintered CaCOs3; powder (Fisher Scientific, sintered for 6 hours
323  at 1000 °C) in their calcined states, initially showed a higher CO> capture capacity, i.e., 0.6 and
324 0.4 g-COy/g-material at cycle 1, respectively, and declined to 0.26 and 0.34 g-CO,/g-material

325 atcycle 10 (Fig. 8A).
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327  Figure 8 [A] CO; capacity in grams of CO> per gram of materials vs number of cycles of (—

328  []—) fully oxidised C2F/CaO composite, (—O—) partially reduced CoF/CaO composite, (--

329 A--) sintered CaCO3 powders, and (— A —) calcined limestone during 2 hours carbonation
330 under CO,. @ is theoretical CO» capture capacity if the Co.F/CaO is fully reduced into
331 CaO+Fe and all CaO is carbonated; and [l theoretical CO; capture capacity of a fully

332 oxidised composite; [B] isothermal redox cyclic experiment in the TGA at 900 °C of CoF and
333 CoF/CaO composite in Hz for 90 mins, and oxidation in air for 30 mins. The mass was

334 normalised from the mass of dried materials after drying in air at 900 °C for 30 mins.
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Cyclic reduction of materials was also tested by reacting CoF and CoF/CaO in Ha for 90
mins at 900 °C and reoxidation was performed in air. The C2F/CaO was able to reversibly
transfer its oxygen lattice and reached its maximum oxygen transfer capacity, i.e., ~0.11 g-
oxygen/g-material (Fig. 8B). C>F had an oxygen transfer capacity of 0.143 g-oxygen/g-
material, and did not reach its maximum capacity (~0.177 g/g) in the time allowed. Longer

reduction should have completely reduced the C,F [24].

3.2 Performance of C>F, C2F/CaO composite and separate particles of C2F and calcined

limestone (C>F+limestone) in the fluidised bed

When the CoF was exposed to hypothetical BFG (Peo/Peo,= 1.3) at 650 °C, there was a
peak in the consumption of CO; at the beginning in Fig. 9A(i), indicating some oxidation of
CO to COz with a maximum CO conversion of ~20% at ~2 min. Some CO and CO; was
produced during purging in N» (Fig. 9A(ii)) (ramping the temperature from 650 to 800 °C at
~30°C/min), indicating that absorbed CO> is able to reoxidise some of the reduced C,F. The
solid was then reoxidised in 20% CO2/Nz at 800 °C CO., producing CO (Fig. 9A(iii)) before
final oxidation in air to ensure complete oxidation (not shown). Around 40% of the CO was
produced during purging from the absorbed CO», while the remaining was generated during

CO; oxidation.

The CF/CaO composite also consumed both CO and CO; with a maximum CO
conversion of ~25% at t = ~2 min (Fig. 9B(i)) during reductive-carbonation at 650 °C.
Pco/Pco, remained at ~3 until about t = 3 min before dropping to 1.5, then at t > 15 min
reaching the inlet Pco/Pgo, of 1.3. During the purging step (Fig. 9B(ii)), both CO and CO»
were generated and much less CO was generated during CO» oxidation step, i.e., only 5% of

the total produced CO (Fig. 9B(iii)). This means that extra CaO in the C.F/CaO composite was



358

359

360

361

362

363

364

365

366

367

able to capture enough CO; during reductive-carbonation step to self-oxidise the reduced CoF

during purging step.

The composite was able to capture ~0.2 g-CO»/g-composite during the reductive-
carbonation step in the fluidised bed (Fig. 9B(i)), which is relatively close to the theoretical
CO; capacity of the fully-oxidised composite (i.e., 0.278 g-CO2/g-composite). If the composite
is fully reduced (i.e., CaO+Fe), its maximum CO» capture capacity becomes 0.487 g-CO»/g-
composite. Separate particles of CoF and calcined limestone (CoF+limestone) with the similar
Fe/(Fe+Ca) ratio as the C2F/CaO composite, i.e., 0.3, behaved similarly to the C,F/CaO with

Pco/Pco, of ~3 before approaching the Pgo/Pco, of ~1.3 after 10 mins (Fig. S2(i)).
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Figure 9 Profile of off-gas concentration during cyclic experiment comprised of (i)
reductive-carbonation in the hypothetical BFG at 650 °C, (ii) purging in N> by ramping up
the temperature to 800 °C at 30 °C/min, and (iii) oxidation in CO> at 800 °C of CoF [A] and

CoF/CaO composite [B].

The total CO; absorbed during the reductive-carbonation step was estimated from the
amount of CO and CO; released during the purging step, whilst the total oxygen released from
the material was calculated from the CO generated during the purge and CO; oxidation. Carbon
removal was calculated based on total CO consumed and CO; capture during reductive-
carbonation step as carbon equivalent in gram. The C2F/CaO composite and C,F+limestone
were able to capture 0.2 and 0.09 g-CO»/g-material and release 0.06 and 0.014 g-O/g-C>F on
average over three cycles (Fig. 10), while the C,F captured ~0.04 g-CO,/g-material and
released 0.016 g-O/g-CyF. Accordingly, total carbon removal (CO+CQO») of the C,F, CoF/CaO

composite, and CoF+limestone was 0.018, 0.055, and 0.024 g-carbon/g-material, respectively.
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Figure 10 Oxygen transfer capacity, CO2 capture and total carbon removal of CoF, C2F/CaO
composite and separate CoF+limestone during reductive-carbonation using hypothetical BFG

in the fluidised bed for three times repetitive cycles.
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4. Discussion

The normalised mass profile during carbonation both at 650 and 700 °C in Fig. 4
demonstrates the typical carbonation profile for CaO which comprised of (i) an initial
kinetically limited regime which is commonly distinguished by a fast carbonation profile in the
beginning of carbonation step, and followed by (ii) a slower regime which is diffusion limited
[15,30]. When CoF was initially reduced in CO and then exposed to COz (P¢p,= 0.34 atm) in
the TGA at 650 °C in Fig. 4, it obtained a final mass of ~114wt%, indicating that the material
is carbonated as well as oxidised to reach a mixture of CaCOj3; + Fe3Os, which corresponds to
the phases expected from Fig. 5. Interestingly, Fig. 5 suggests that further oxidation of CaCOs
+ Fe304in air/CO» (Pgp,= 0.25 atm) should have converted the materials into CF + CaCOs3,
However, instead of losing mass due to CaCOj3; decomposition, the material gained a little mass,
reaching the level as if Fe3Os is further oxidised into Fe,Os (i.e., ~116wt%). It seems that there
is a kinetic effect on the decomposition and incorporation of CaCOs3 + Fe3;0O4 into CF + CaCOs.
The oxidation of Fe;O4 to Fe;O3 appears to be faster, resulting a mixture of C2F + FexO3 +

CaCoO:s.

At 700 °C and the same P, during carbonation (P¢o,= 0.34 atm), the material should
have seen conditions where more complicated ferrites can form (see Fig. S6). If one of these
ferrites form e.g., CW3F+CaCO3, CWF+CaCO3, or C4WF4+CaCO3, the final mass should have
been ~120, 117.8, and 115.7wt%, respectively which was lower than the final mass gain after
it was exposed to CO2 in Fig. 4 (~122wt%). The material also did not reach its theoretical mass
ifall CaO and Fe were converted into CaCOs + FexO (124.6wt%). There could be a competition
between carbonation of CaO = CaCO3 vs oxidation and formation of ferrites. In fact, at 700
°C, the kinetics of carbonation of reduced C2F under CO; is much faster than the oxidation

[37]. As the material was reacted with a mixture of air/CO still at 700 °C, the mass dropped
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and reached 115.8 wt% which is roughly the mass expected for the C4WF4+CaCOs (i.e., 115.7
wt%) or CF+CaCO:s (i.e., 114.7 wt%). Although, CF is likely to form when the material was

exposed in air, there might be the kinetic limitations as well.

Since C,F is a mixed phase (with a lower free energy), it is relatively stable compared to
its separate components, i.e., CaO and Fe;Os3. Employing a mixed phase, such as CoF in its
reduced form as CaO + Fe to capture CO; forming CaCOs3, allows P, for decarbonation to
be lowered, depending on the Py, during calcination, i.e., decarbonation in Fe — Ca — O system
can be driven by the reincorporation of the calcium oxide into C2F. Whilst pure CaCOs is

expected to decarbonate at ~890 °C (PC02 = 1 bar) [20], the reduced-carbonated Fe — Ca — O

phases (e.g., CaCO3+Fe304) would decarbonate at temperatures as low as 750 °C [33]. Fig. 4

shows that the CaCO3+Fe304 started to decarbonate at ~695 °C. At similar conditions (PC02 =

0.25 atm), limestone started to calcine at ~845 °C in the TGA. A lower temperature gap

between carbonation and calcination steps means less energy is needed to complete the cycle.

Gu et al. [51] observed the similar phenomenon in using SrO as a CO» sorbent within Ce
— Sr — O system. SrCO3 should have decomposed at ~1225 °C when P, = 1 bar [20] if the
decarbonation occurs via SrCO3; = SrO + CO,, but instead decomposed at ~850 °C. The lower
decarbonation temperature was caused by the formation of SrCeQs, i.e., STCO3; + CeO, 2>
Sr2CeO4. Lowering decarbonation temperature would not only benefit the energy requirement
for the calciner, but also might minimise the sintering problem which is the typical issue for
the CaL [52—54] since Tamman temperature of CaCOzis 533 °C, whilst 1154 °C for CaO. It is
important to note that not all mixed phases would be as stable as the C,F, significantly lowering
the P¢o, for decomposition. In the typical copper-calcium looping [29], for example, formation
of mixed phases of Ca — Cu — O system does not significantly shift the P¢o, for calcium

carbonate decomposition, although the mixed phases still have a lower free energy than their
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separate oxides, the difference is not sufficient to significantly alter the decarbonation

temperature [17].

Turning to the results from the fluidised bed in Fig. 9, C2F should not combust the
hypothetical BFG, given its Pco/P¢o, = 1.3 is less than the equilibrium P¢g/Pco, ~3 for CoF
reduction in R-5. Other iron containing phases are one explanation. The presence of iron-
containing oxides other than C2F would imply free CaO (undetected by XRD in Fig. 3). To test
the presence of free CaO, the C2F was reacted under CO; from 200 — 900 °C at 2 °C/min (see
Fig. S7) and there was very little mass gained (0.3wt%) during carbonation, which would imply
only ~0.0038 g-CaO/g-C>F. This implies 0.0054 g-Fe,03/g-CoF or 0.0052 g-Fe3O4/g-CoF as
the impurity. If the CO combustion in Fig. 9A came from these impurities, the maximum
oxygen transfer should have been 0.00164 and 0.00145 g-O/g-C>F, respectively, much less

than then observed oxygen transfer, 0.016 g-O/g-C>F in Figs. 9A and 10.

If either Fe2O3 or Fe3O4 significantly contributes to the oxygen transfer during reductive-
carbonation at 650 °C in Fig. 9, it should also do so at a higher temperature e.g., 750 °C (see
Fig. S8), when carbonation cannot occur. The P¢g, of CaCO3 - CaO + CO: is 0.1 bar at 750
°C [20], indicating CaO should not be able to absorb CO; in the hypothetical BFG (P¢o, =
0.07 bar). Additionally, P¢o/Pco, for Fe2O3 = Fe3Oa, Fes04 2 FexO, and FexO - Fe are
0.00002, 0.42, and 1.6 at 750 °C, respectively [33], suggesting Fe>O3 or Fe3O4 should be able
to react with CO in the hypothetical BFG. Thus, the small amount of reduction observed in in
Fig. S8 is likely caused by the reduction of phase impurities (like Fe2O3), and these phase
impurities result in only a small oxygen transfer, i.e., only ~ 10% of the total observed oxygen
transfer during reductive-carbonation of the C>F (in Fig. 9A) when carbonation is possible. In
order for the bulk phase C>F to react with BFG, the temperature must be low enough to also

ensure carbonation is possible.
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To investigate further, the CoF and C2F/CaO composite were reacted with a mixture of

CO and CO; in the TGA (see Fig. 11). For this experiment, only 15 mL/min protective gas

(without purging gas) was fed to the TGA to lower the dilution effect. CO and CO» were set

(i.e., 9.3 and 7.3%vol, respectively) to give Pco/P¢o, of 1.3; if the reactions gases mixed fully

with the protective gas the CO and CO> would have been diluted to 7.1 and 5.6%vol,

respectively. For the CoF, mass began to increase (indicating carbonation) at 505 °C as shown

from the DTG curve in Fig. 11A, reaching ~104 wt% of its dried mass, before finally dropping

(i.e., calcination) back to the initial mass at 655 °C. For comparison, with the calcined

limestone (CaO) in Fig. 11C, the limestone (as CaCO3) started to lose mass at 765 °C as shown

in DTG
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Figure 11 Temperature-programmed from 200 — 900 °C in a mixture of CO/CO; with a ratio

of 1.3 at a rate of 2 °C/min in the TGA of [A] C2F (—), [B] C2F/CaO composite (—), and [C]

calcined limestone (---). Initially, all materials are calcined in air for 30 mins at 900 °C.
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Gas mixing in the TGA introduces uncertainty in the concentration seen by the sample.
Here, this was minimised by lowering purge gas flow, constraining the CO> concentration to
be between 5.6% (full mixing) and 7% (no mixing). This does not affect the ratio of CO to
COao, but will have an impact on the carbonation reaction whose equilibrium is determined by
the absolute CO> partial pressure. At a CO; concentration of 5.6%, limestone should have
released its CO, at 717 — 724 °C, whilst at inlet concentration (7%), the decomposition
temperature is 732 — 735 °C, depending on which data source is used for the thermodynamic
equilibrium constant [33,34,55]. Calibration of sample temperature and thermal lag can also be
an issue. Calibration using Zn melting point, 419.5 °C, gave 432 °C, suggesting a calibration
lag error of 12.5 °C (Fig. S10). Repeating experiment in Fig. 11 with different mass (see Figs.
S11 and S12 for CoF and limestone, respectively) showed onset temperatures for calcination
were very similar, but once reaction has initiated larger initial masses resulted in more lag in
mass loss. This indicates similar thermal lag for all experiments when heating, but significant
heat or transport limitation once reaction is underway. Thus, the small difference between the
observed and thermodynamically predicted decomposition can therefore be partly attributed to

thermal lag in sample temperature and also kinetic effects.

After the sample lost almost all of its mass gain as shown in Figs. 11 and S11, there was
a subsequent small mass loss at the temperature at which limestone decomposes. The mass
losses were approximately 0.3wt%, regardless of total mass of samples, and is consistent with
the amount of impurities detected in Fig. S7. At the end of TPR in the CO/CO mixture in Fig.
S11, any free iron oxide phase impurity would have been reduced to Fe, which would result in

a final mass were slightly lower than the initial mass.

When the C2F/CaO composite was reacted with the CO/CO; mixture, it started gaining
mass at roughly similar temperature as the CoF (i.e., 520 °C in Fig. 11B), reaching a maximum

mass of 113wt%. Then as the temperature rose, it experienced two different mass losses at 675
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and 760 °C which can be attributed to the CoF and the free CaO of the CoF/CaO composite

following behaving as expected if by themselves.

Rather than carbonating, coking via the Boudouard reaction (ZCO(g) = Ce + COZ(g))

can be ruled out as an explanation for the mass increase in Fig. 11A. The Boudouard reaction

iyeq P . .. ., P .
has equilibrium constant (%) [20]. At the inlet condition with % of ~11 bar’!, it is already
co co

higher than the equilibrium constant of the Boudouard reaction at 650 °C, i.e., ~3 bar™ [20].
This means that the inlet concentration has already beyond equilibrium. Moreover, CO and
CO; formation during purging in Fig. 9A suggested that the CyF is reduced and carbonated

rather than coking.
Alternatively, C,F alone is able to carbonate via

CayFe;05 ) +2C0;,) = 2CaC0s ) + Fey 03 (R-9),
but at a much lower temperature range than CaO alone, i.e., the equilibrium P¢, of R-9 is ~1
bar at 650 — 700 °C [25,34] as shown in Fig. S13. However, at these lower temperatures, the
carbonation kinetics are very slow. The very small mass gain (0.3wt%) during temperature-
programmed carbonation under CO> for the as-prepared C:F in Fig. S7 was likely from
impurity CaO rather than the CoF. As-prepared CoF started losing mass at similar temperature

when the limestone should be calcined, i.e., > 800 °C.

Given that neither carbonation (R-9) nor reduction of the CoF (R-5) should occur directly
for the given P¢o/Pco, of the hypothetical BFG, this suggests that instead of following R-5
and then R-1 in consecutive steps during reductive-carbonation in the fluidised bed (Fig. 9A),
CO combustion by CzF at temperatures which allow a carbonate product proceeds directly via

e.g., R-7. Alternatively, considering CO> is in the feed, reduction to higher oxidation states of
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iron is also possible. i.e., linear combinations of R-5, R-1, and metallic Fe oxidation to higher

oxidation states (e.g., FexO, Fe304), i.e.,

2 2 2

CaFe,05,, + (3 - ;) co_+ (; - 1) COy = 3P0 +2€aC04, (R-10)
1 5 2

Cagfe,05 +5C0  +35 00y = 3Fe;04 +2CaC04, (R-11).

For a partially reduced sample containing Fe, CaO and C,F, mass transfer limitations could

give local conditions in which the Pco/Pco, is sufficient to allow reduction to proceed via R-

5, e.g., slow mass transfer of CO and fast carbonation at the surface. However, this cannot
explain how the reaction starts. Thus it is likely, that when carbonation is possible reactions R-

7, R-10, or R-11 take place, allowing reduction at much lower Pco/Pco, than if R-§ was

followed.

Further evidence for the importance of the carbonation and reduction being coupled is
shown in Fig. S14. Here the sample is first held under conditions which would reduce any free
iron oxide phases, before starting the experiment. As the temperature is reduced, the reduction
and carbonation of the C>F occur simultaneously and are not influenced by the reduction of

any impurity phases that might be present.

Fig. 12 shows the phases that should form if the sample reaches equilibrium at each
temperature in the experiment shown in Fig. 11. At low temperatures, thermodynamics should
drive the sample to carbonate and reduce to metallic Fe + CaCOs. In the actual experiment,
kinetics prevents this until around 505 °C when the sample begins to carbonate. As seen in Fig.
12, there is a narrow window in which it is possible to form calcium ferrites with a lower
oxidation state than CoF. On further heating, the carbonate is decomposed as CF forms at 650
— 660 °C in the experiment in Fig 11A and Fig. S11, vs the thermodynamic prediction of around

665 °C. The calculation in Fig. 12 included a small amount of excess calcium, and its
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decomposition to CaO can be seen occurring, as expected, around 720 °C, much higher than if

the calcium can form C;F.
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Figure 12 TGA experiments of Feo /Pco = 1.3 and P¢o, = 0.056 atm (computed using
2

MTDATA [33], SUB-SGTE database for CO; and CaCO3 and HTOX for all other species

with Fe:Ca of 2:2.1).

Experiments in Fig. 11 were repeated for different P¢/Pco, i.€.,0.95 and 0.03 and their
expected phases changes throughout the temperature ramp are shown in Supplementary
Information (89). Fig. S16 shows that at Pcg/Pco, = 0.95, when it initially begins to carbonate
at 500 °C, the system is driven towards an equilibrium of Fe and CaCQO3, and as the temperature
rises, this changes to favouring the formation of FexO (i.e., a halite phase + CaCOs3). As the
temperature increases, there is a window where more complicated ferrites can form, before
decomposition to CoF would result in mass loss (experimentally observed at 670 °C in Fig. S15

vs 675 °C expected from thermodynamics in Fig. S16).

The lowest Pco/Pco, = 0.03 follows a similar pattern with the exception that at

temperatures where mass gain occurs, magnetite + CaCO3 should form (see Figs. S17 and S18).
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There is general agreement between when the mass loss occurs and the thermodynamic
prediction for when CF forms. The thermal lag effect on decomposition temperatures for CoF
(Figs. 11A, S15A, S17A) is less prominent compared to CaO (Fig. 11C), considering only
small AT between exothermic reactions R-7/R-10/R-11 and their reversed reactions. On the
other hand, for CaO, there is at least a AT of 200 °C between carbonation and calcination
temperatures (see Figs. 11C and S12 ), which allows sufficient time for heat to dissipate. The
total CoF conversion for experiments in Fig. 11A, S15A, and S17A were ~27%, 18%, and 25%

for the predicted phases of Fe + CaCOs3, FexO + CaCOs3, and Fe3O4 + CaCOs, respectively.

When FexO forms instead of metallic iron, it would add extra endothermicity to the

carbonator, given that

2 2 2
2Fec + ;COz(g) = ;FGXO(S) + ;CO(g) (R-12).

is endothermic (AH of ~35 kJ/mol-CoF [33,34,56]). Therefore, when C,F reacts via R-10
instead of R-7, forming FexO+CaCOs, extra endothermicity in the carbonator would result in

a greater amount of heat being chemically transferred to the calciner.

Carbonation driving reduction of CoF was also observed in the fluidised bed results in
Fig. 9A. If R-7 can proceed directly as suggested from Fig. S19 i.e., the phases at equilibrium
should be Fe+CaCOs at given hypothetical BFG composition and at 650 °C, the reduction is

no longer limited by the equilibrium P¢o/Pco, for R-5. Instead the limiting equilibrium

[PCOZ]

nstant is now k
cons snow k= Pl

which is equal to 174 bar? (calculated using Barin data book

[34] at 630 °C); 215 bar™ at 650 °C (estimated using MTDATA, HTOX and SUB-SGTE [33]).

[Peo,

The inlet condition with —= TONE

of 87 bar? would theoretically allow the R-7 to proceed. Fig.

[Peoy] .

[Pcol®

9A(i) shows that when CO conversion at its highest (t = ~2 min), is 227 which indicates
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that equilibrium is approached for R-7. Fig. S19 shows that under these conditions only Fe and

CaCOs3 would be expected, with higher temperatures needed to form other ferrites.

Excess CaO from C2F/CaO composite pulled the equilibrium even further, allowing more
CO combustion to occur during the reductive-carbonation step as shown in Fig. 9B(i). The

ratio Pgo/Pco, during the reductive-carbonation step in Fig. 9B(i) was ~3 for t < 5 min,

indicating reduction of CoF to Fe and CaO was controlling the process (R-5). Following this,

the Pco/Pco, dropped to 1.5, suggesting the formation of other phases. At t > 20 min, the
system had returned to the inlet Peo/Pco, of 1.3. This indicates that when excess CaO is

available to capture CO,, the reaction might follow R-1 and R-5 where C,F is reduced forming
metallic Fe + CaO. However, when the rate of carbonation of the free CaO falls as it begin to

run out, the CF is then reduced to Fe + CaCO3 via R-7.

Excess CaO in the C2F/CaO can improve the overall carbon removal (see Fig. 10) as well
as total CO converted. According to the measured oxygen transfer, C2F conversion only
reached 9% during reductive-carbonation step in the fluidised bed in Fig. 9, whilst CoF/CaO
and CoF+limestone conversions were 32% and 8% in respect to total CoF amount in the sample,
respectively (average for 3 cycles). In spite of relatively higher carbonation of the
CoF+limestone (0.09 g-CO»/g-material) compared to CF (0.04 g-CO»/g-material), the
CoF+limestone had much less reduction compared to the CoF/CaO composite and had similar

C,F conversion with C;F alone.

It appears that the close proximity between the available CaO and the C>F better assists
the enhanced combustion reaction. Excess CaO has the effect of lowering the bulk CO;
concentration, and if carbonation is fast enough, might also give a higher local P /P, ratio
at the particle surface if there is any mass transfer limitation. The effect of the excess CaO is

therefore a physical effect of the lowering of the CO, partial pressure, that subsequently
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changes driving force for reduction of the CoF. This is consistent with the fact that the excess
CaO within the composite (when carbonated) behaves similar to limestone, with similar
decomposition temperatures as shown in Fig. 4 and 11. Therefore, the benefit of lowering the
decarbonation temperature by utilising the mixed phase C,F is diminished, though, being
endothermic when reduced in CO, CyF reduction in the carbonator would still benefit the

overall system.

6. Conclusion

In this work, CaxFe>Os (C2F) demonstrates promising performance when removing CO
and CO> from a BFG via integrated Ca-looping and chemical looping combustion (CaL-CLC).

The low P, property of the metal oxide favours endothermic reaction in combusting CO/Ha,

allowing combustible gases in the BFG to be utilised. The heat is stored as a chemical reaction

to be released during the regeneration step in the calciner.

When CyF reacts with CO at high temperature (e.g., 900 °C), it follows Ca,Fe,0g © T
3C0y = 2Ca0¢y + 2Fe) + 3C02(g) whose P¢o/Pco, is ~3. Therefore, the CoF would not
combust CO from the BFG with Py /P¢o, of ~1. However, at temperature at which CaO could
carbonate, instead of following sequential reaction of (i) CoF reduction to CaO+Fe and (ii) CaO

carbonation to CaCOj3, the C,F follows a direct reductive-carbonation mechanism route of, e.g.,

C32F6205(S) + 3C0(g) = 2C3C03(S) + ZFE(S) + COz(g)
CayFe 05, + (3 — 2/%)C0, + (2/x — 1)C0,, = 2/xFe,0 , + 2CaC0y

CayFe;05 ) +1/3 Oy +5/3 COy,y = 2/3 Fe304 ) + 2CaCO0s .

The formation of phases at equilibrium are controlled by temperature, P, (Pco / PCOZ),

and P, . The direct reductive-carbonation pathway allows the C>F to simultaneously combust
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CO and capture CO; from the hypothetical BFG in the fluidised bed. Here, adding extra CaO
to C,F as a composite (CoF/CaO) or separate particle (CoF+limestone) were compared with the
CoF alone. The composite had better oxygen transfer and CO» capture compared to the CoF and

C,F+limestone.

Incorporation of reduced-carbonated C>F drives the decomposition of CaCOs3, allowing it
to decompose at much lower temperature than the CaO alone. In general, the decomposition

temperature of the reduced-carbonated CoF at various Po/Pco, agrees with thermodynamics

prediction from MTDATA.
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