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ARTICLE INFO ABSTRACT

Keywords: In the present work, a lab-scale packed bed reactor has been used to decarbonize mixtures of inlet gases
Calcium-copper looping simulating the typical composition of blast furnace gases (BFG) and convert them to Hy-rich streams by means of
Steel mill

the Ca—Cu chemical looping concept. The reactor was packed with 355 g of Cu-based oxygen carrier (OC)
supported on Al,O3 and natural Ca-based sorbent. The three main reaction stages; namely (i) Calcium Assisted
Steel-mill Off-gas Hydrogen (CASOH), (ii) Cu oxidation and (iii) Regeneration of carbonated Ca-based sorbent
were examined. In CASOH stage, BFG is converted into Hj-rich stream (17% by vol.) under the experimental
conditions of 600 °C, 5.0 bar and S/CO molar ratio of 2.0. A controlled oxidation causes a mere 3.5% of CaCO3 to
decompose during the Cu-oxidation stage. This resulted in a nearly pure Ny stream at 600 °C and 5.0 bar
operating conditions. During the regeneration stage, BFG and mixture of BFG and CHy is used as a reducing fuel.
To ensure the amount of heat needed for the decomposition of CaCO3 during the reduction of CuO, a 1.4 CuO/

Blast furnace gas
CO,, capture
Chemical looping combustion

CaCO3 molar ratio has been used. It resulted in 46% CO, in Ny at the end of the reduction/calcination stage.

1. Introduction

Roughly, 20% of global CO; emission is due to the burning of fossil
fuels in the heavy chemical industries such as iron and steel (31%),
cement (27%), refineries (10%) and other petrochemical industries
(32%). These heavy chemical industries release 10 Gtgoo into the at-
mosphere annually [1]. Steel production is predicted to exceed 2200 Mt.
a year in 2050, causing a considerable rise in energy consumption and
CO, emissions. In these conditions, even the best possible energy-
efficiency techniques would not be able to reduce the emission of CO;
to the level set for the future (carbon neutral by 2050) [2]. Therefore,
there is a need to develop and implement CCUS techniques for CO5
reduction in the steel sector. In steel industry, the two major routes
responsible for steel production are; (i) the blast furnace (BF) and basic
oxygen furnace (BOF) integrated route (BF/BOF), which represents
nearly 65% of the world steel production and (ii) electric arc furnace
(EAF) route, which contributes nearly 35% of the world steel production
[3,4]. The blast furnace gas (BFG) has very low heating value (LHV =
2-4 MJ kgfl), and a very high carbon content (> 45% by vol.).
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Therefore, it is important to develop CO2 capture technologies to
decarbonize existing steel plants and when possible, upgrade BFG into a
valuable low carbon-fuel for energy and chemical uses.

In the present scenario, three routes/viable solutions have emerged
as the best possible routes for the zero carbon emission in steel industry
[5] namely: (i) switching from coke as a reducing agent to H, (ii)
implementation of carbon capture and storage (CCS) technologies and
(iii) using biomass rather than coal as a reducing agent and source of
energy. Several CCS technologies are sufficiently mature and ready to
use with ideally zero carbon emission from steel industries. Pre- and
post-combustion CCS technologies are widely used for retrofitting of
existing plants. The monoethanolamine (MEA) based post-combustion
process is a chemical absorption process widely used in industrial
sector to reduce the level of CO in the off-gases. However, the high
content of CO5 in the BFG demands for a high consumptions of steam,
required for the regeneration of the absorbent, hence, causes a limited
application in the steel industries [6-8]. The pre-combustion capturing
of CO, with methyldiethanolamine (MDEA) requires more modification
in the existing plant as compared to the post-combustion with MEA.
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However, with this process nearly 90% CO, can be avoided in the off-
gases [9]. The amine-based sorbents having a high CO capture capac-
ity and improved durability have been developed during the VALORCO
project [10], and this technology is being tested at Technology readiness
level-7 (TRL7) for steel mill off-gases in the framework of the ongoing
3D Project [11,12]. In the H2020 STEPWISE project, the low heating
value BFG is transformed into a Hy-rich gas having >30% vol. Hy by
reacting with steam through a water-gas shift process (WGS), whereas
the COy produced during the reaction is captured by the hydrotalcite-
based sorbent [13]. The demonstration of this technology up to
TRL6-7 has been carried out during the consecutive EU programmes
CACHET, CAESAR, and STEPWISE [14]. A wide range of additional
emerging CO, capture technologies have been proposed to target gas
streams in the iron and steel industries, either as post-combustion or as a
top gas recycle concepts (advanced solvents [15], membranes [16], new
solid sorbents for Pressure Swing Adsorption and Vacuum Pressure
Swing Adsorption (PSA/VPSA) [17], chemical looping and calcium
looping [18,19]). All these technologies present issues regarding sta-
bility of functional materials, role of impurities, energy consumption,
retrofitability and need of rigorous quantitative estimation of cost and
overall process efficiencies.

The Ca-based materials have also been widely proposed as CO»-
sorbents in various pre-combustion applications [20,21] [22], they
theoretically allow process intensification by conducting several re-
actions steps in a single reactor and can yield high theoretical energy
efficiencies because their operating conditions at suitably high temper-
atures. However, the development of these processes have encountered
serious issues, as a very high temperature (~900 °C) is required during
the regeneration of the used sorbent to produce a CO; rich gas stream.
Despite of having an advantage of recovering thermal energy input
during the carbonation and heat removal stages, there is still a main
challenge of providing a thermal heat during the regeneration stage. To
counter this issue, one feasible solution is to merge the sorption-
enhanced process and the chemical looping combustion (CLC) of
metal oxides. During the Ca—Cu chemical looping process, the reduc-
tion of CuO using a various gaseous fuel such as CH4, CO, or Hy provides
the necessary heat for the calcination of the carbonated sorbent resulted
in producing CO, and H,0O without the need of any air separation unit
(ASU) [23]. In EU ASCENT project, a considerable development was
made on reactor modelling [24,25] with the preparing and character-
ization of Ca—Cu materials [25], process integration [26,27], and lab-
scale to TRL5 scale validation of packed beds reactor [28-30]. The
application of Ca—Cu chemical process in steel-mills to produce Hy and
CO4, rich using interconnected fluidized bed reactors have been widely
proposed in literature [18,31]. The arrangement of interconnected flu-
idized bed reactor not only helps in assisting the heat management in the
highly exothermic redox stages, but it also results in a continuous pro-
duction of desirable product streams. However, this setup has a pressure
restrictions and needs an extra unit to separate the Ca- from the Cu-
based materials once the sorbent has been completely regenerated. In
a previous work [32], a variant of these processes has been proposed
using packed bed reactors to conceptually design the Calcium Assisted
Steel-mill Off-gas Hydrogen (CASOH) production process (Fig. 1) based
on the concept of pre-combustion capture with Calcium Assisted WGS to
capture the CO5 at the downstream of BF in a steel plant. In the proposed
CASOH process, BFG is transformed into a Hy-rich stream free of CO5
with higher Lower Heating Value (LHV) while producing a large amount
of high-temperature heat. The process is carried out in dynamically
operated packed-bed reactors following a set of three main reaction
stages: CASOH, Cu oxidation and regeneration as shown in Fig. 1. The
main reactions considered in the CASOH process are illustrated in
Table 1.

The conditions of temperature and pressure are changed to facilitate
the conditions of the solids bed in each stage, following well established
principles of PSA/TSA and regenerative heat-transfer processes [32]. In
the present work, we have used the combined Ca—Cu based material in
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Fig. 1. Scheme of the CASOH process for the conversion of LHV BFG to H, and
CO,, rich streams ready for the subsequent storage or utilization.

a packed bed reactor to study the main reaction stages (CASOH stage,
Cu-oxidation stage and reduction/calcination stage) occurring during
the CASOH process. Prior to the CASOH experimentation, the individual
Ca- and Cu-based materials are tested under the various temperature
(400-850 °C) and pressure (1-5 bar) conditions for over 300 h of
operation. The CASOH experiments are carried out in a packed bed
reactor under the different conditions of temperature (600-870 °C),
pressure (1-5 bar), flowrate of feed (10-20 NLPM) and inlet gas com-
positions. A lot of research has been carried out on sorption enhanced
WGS and sorption enhanced reforming, as well as chemical/Calcium
looping technology applied to Hy production. Despite the research
proposed in that area does not refer to integrated steelmill [30,33-41].
The pseudo-continuous CASOH process in a lab-scale packed bed reactor
under high-pressure conditions is demonstrated first time in the litera-
ture. Apart from the testing of the gas-solid combined chemical/calcium
looping above atmospheric pressure and flowrate which has never been
presented in literature confirming several of the hypotheses previously
formulated but never demonstrated, this work is also looking at the
process operation by using existing material paving the way to the
further scale-up and demonstration.

2. Process description

In the CASOH stage, the 20% vol. CO present in the BFG reacts with
the steam through the WGS reaction (R7) and produces a Hy/Nj fuel gas.
The Cu acts as a catalyst during the WGS reaction and the CaO reacts
with CO, forming CaCOs3 (R1). The continuous removal of the formed
CO4, from the gas phase shifts the WGS equilibrium towards a higher Hy
production (about 34%, on a dry basis), therefore, it is feasible to have a
higher CO conversion under the operating conditions of 600 °C to 650 °C
and 5.0 bar, and consequently <1% of CO is present in the product gas.
Once the CaO-based reaches to its full saturation, and the further con-
version of BFG to Ha/Nj is no longer possible in the CASOH stage, the
reactor would act as a stationary WGS unit. In the second step of the
process, the Cu-based particles are oxidized (R3) using air at high
pressure and moderate temperatures (i.e. at 5.0 bar and temperatures
below 650 °C) to minimize the calcination of CaCOs, thereby leading to
a negligible carbon leakage during this operation. Finally, in the third
reaction stage, the exothermic reduction of CuO to Cu (R4 — R6) using
BFG, other steel mill off-gases or natural gas (NG) provides the necessary
heat for the calcination of the spent sorbent (R2). This is a unique feature
of the process, because by exploiting the exothermic reduction of CuO to
Cu it is possible to produce a CO2-rich gas (exclusively CO, and H3O if a
No-free fuel gas is used) during the CO5 sorbent regeneration by calci-
nation. To carry out the sorbent regeneration in the CASOH process and
produce a rich stream in CO,, an atmospheric pressure is needed to
facilitate the decomposition/calcination of the CaCO3; at a moderate
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Table 1
Main reactions considered in CASOH process.
Process Reaction
Carbonation CaOs) + COyq) — CaCOs) AHaosk =-178.8 k) mol!  (R1)
Calcination CaC03(s) — COz(g) + CaO(S) AHoogx = 178.8 kJ mol! (R2)
Oxidation of Cu 2 CU(S) + Oz(g) —2 CuO(s) AHoosk =-310.4 kJ mol’! (R3)
. CuOgs) + Hag)— Cugs) + HaOg AHaosk = -86.6 kJ mol! (R4)
Reduction of CuO
CuO(S) + CO(g) — CU(S) + COz(g) AHoosgk = -127.8 kJ mol™! (RS)
4 CuO(s) + CH4(g) — 4 CU,(S)"F 2 HzO(g)+C02(g) AHoogx = -181.5 kJ mol! (R6)
Water gas shift (WGS) CO(g) + HzO(g) — Hz(g)+ COz(g) AHoosk = -41.2 kJ mol™! (R7)

temperature (below 900 °C), according to the equilibrium data of CaO/
CaCOs3 [23,42]. A suitable CuO/CaCO3 molar ratio of active Ca and Cu
components in the composition of the bed will ensure that the heat
released during the reduction of CuO is sufficient to completely
decompose the CaCO3 without any external energy supply [43].

3. Methodology
3.1. Experimental setup

The CASOH process experimental campaign has been conducted in a
laboratory setup located in the James Chadwick Building (JCB) at the
University of Manchester. The state-of-the art laboratory setup is divided
into two fume cupboards (FC), i.e. fume cupboard-1 (FC-1) and fume
cupboard-2 (FC-2) as demonstrated in Fig. 2(a - ¢). In the FC-1, the inlet
dry gases feeding system and the product gas analysis equipment such as
a Hiden QGA mass spectrometer and a Siemens CO analyser, are located.
The gas feeding system comprises of a central supply of Hy, CHy, N3, He,

air and in-house cylinders of CO and CO; as shown in Fig. 2(a). The feed
flowrates and pressure are regulated and controlled by the Bronkhorst
mass flow controllers and a Bronkhorst pressure controller respectively.
The FC-2 has a packed-bed reactor setup (manufactured by Array In-
dustries B-V) having an inside diameter of 35 mm and a total reactor
length of 1050 mm as shown in Fig. 2(b). The reactor is enclosed in a
Carbolite furnace. Inside the reactor, a thermowell having 10 K-type
thermocouples (TC) measures the temperature along the length of the
bed. Each TC is 45 mm apart from each other. A schematic of the packed
bed reactor is shown in Fig. 2(¢). An HPLC pump (LC-20AP Shimadzu) is
used to deliver the water into a Carbolite steam generator, which can
operate from 30 to 3000 °C. The outlet of steam generator, reactor inlet
and outlet are insulated and heated using heating tape. The reactor
exhaust gases are cooled in an ice-bath to ensure that no water content is
sent to the gas analysis units.

Fig. 3 represents the overall P&ID of the experimental setup. An in-
house HMI system is used to control the flow rate and pressure condi-
tions. The HMI system also records the temperatures at the multiple

I CATALYST

=B

Fig. 2. The TRL4 packed bed reactor set-up located at the University of Manchester having (a) an inlet dry gas feeding system in FC-1; (b) a packed-bed reactor
enclosed in a furnace placed in FC-2 and (c) schematic diagram of the packed-bed reactor unit.
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Fig. 3. The overall P&ID diagram of the experimental setup.

detection points of the thermocouples. In addition, a second indepen-
dent HMI unit was used to monitor the gas compositions obtained
through the MS and the CO analyser.

In this experimental campaign, a mixture of 205 g Ca-based material
supplied by Carmeuse and 150 g of Cu-based material supplied by
Johnson Matthey, as shown in Fig. 4, was crushed to get an average
particle size of 1.5-2 mm using Pulverized Ball mill and loaded in the
reactor. Despite natural ore CaO exhibits low reactivity compared to
new and more performing Ca-based sorbent, in this this study we tested
existing material available from lime production which results in low-
cost and high availability. The solid material amount has been chosen
to make sure that we do not require any external heat supply during the
CaO regeneration stage. To make sure the Ca—Cu mixture is held firmed
in the reactor, the bottom and top section of the packed bed reactor was
packed with an inert material (AlyO3), having a particle size of 3 mm.
The solids bed length was 400 mm. The Ca—Cu mixture is tested for
various consecutive cycles of CASOH, oxidation and reduction/calci-
nation at the conditions listed in Table 2. The intermediate cooling and/
or heating stages were used to avoid any undesired reaction in between
the process stages and to prepare the bed for the subsequent stage with a
controlled initial solid temperature. Prior to the CASOH process exper-
imentation, Cu- and Ca-based materials are activated individually. Cu-
based material was tested for 30 consecutive reduction and oxidation
cycles. The redox cycles were performed at 500 °C and 1.0 bar with a
20% vol. Hy in N gas stream for the reduction reaction, while oxidation
was performed with a 10% vol. O in Ny gas stream.

4. Results and discussion
4.1. Cu-based material stability testing

Before testing the combined Ca—Cu material at a TRL-4 reactor
setup, the Cu-based OC was activated and tested over 30 consecutive
redox cycles in the packed-bed to check the chemical stability of the
material. The Cu-based material showed high reactivity resulting in very
sharp breakthrough curves and highly reproducible oxidation and
reduction breakthrough profiles were obtained as shown in Fig. 5.

Moreover, the oxygen transfer capacity of the material, expressed as
grams of oxygen reacting per gram of material in oxidized form (OTC),
remained stable along the redox cycles, as it can be seen in Fig. 6. Ac-
cording to the mass changes measured during the successive reduction
and oxidation cycles, about 14.5-15.0% wt. Cu was reacting in the
material.

4.2. Ca - based material stability testing

Prior to the combined material testing, the Ca-based material was
first exposed to 10 calcination/carbonation cycles until the residual CO,
sorption capacity was achieved. The carbonation process was performed
with the solids bed initially at 600 °C with 20% vol. CO; in Ng, whereas
the calcination stage was carried out at 900 °C in Nj. Fig. 7 shows the
COy breakthrough curves and CaO conversion over 10 cycles of
carbonation. The decrease in CO2 breakthrough time over the multiple
cycles indicates that the sorbent is reducing its CO5 carrying capacity,
hence, a decrease in CaO conversion as can be seen in Fig. 7 (b).
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Fig. 4. Image of a) Cu-based material supplied by Johnson Matthey and b) Ca-
based material supplied by Carmeuse.

Table 2
The experimental conditions used in the CASOH process.

Conditions CASOH stage Oxidation Reduction/calcination
stage stage

Temperature [°C] 600-650 600-650 800-870

Pressure [bar] 5 1-5 1.0

Steam-to-CO ratio 2.0 - 1.5

Inlet gas 20%CO, 20% 10-21% O, 1) 20%CO, 20%CO,

composition (vol CO, and 60% N, in Air and 60%N,

%) 2) 20%CO, 20%COo,
20%CH,4 and 60%
N2
3) 20%CH,4 and 80%
N2
Total volumetric 10 10 10-20
flow (NLPM)

4.3. CASOH stage

As indicted in Table 2, a flow of 10 NLPM of synthetic fuel gas
approaching typical BFG composition mixed with steam (S/CO molar
ratio of 2) is fed into the packed-bed reactor to study CASOH stage. The
bed is initially filled with the reduced Cu and CaO material. Fig. 8(a—b)
shows the dry molar gas composition at the reactor outlet and temper-
ature profile along the bed during the CASOH stage at 600 °C, 5.0 bar
and S/CO molar ratio of 2.0. During the pre-breakthrough period (0 < t
< 2 min), the CaO sorbent is fully active, the WGS (catalysed by the Cu-
based solid) equilibrium is shifted towards the production of Hy and

Fuel Processing Technology 237 (2022) 107475

almost all the CO and CO; is removed from the gas phase. During this
period, a maximum concentration of 17% vol. Hy and <1% vol. CO and
CO,, are obtained at the reactor exit. Fig. 8(b) presents the temperature
variation during the CASOH stage along the length of the reactor. The
WGS (R7; AHgggx = —41.2 kJ mol 1) and the CaO carbonation reaction
(R1; AHoggx = —178.8 kJ mol™ 1) taking place in the CASOH stage are
both exothermic in nature and result in a temperature increase along the
length of the reactor with the passage of time. As the bed is progressively
carbonated, the temperature instantly increases until a maximum value
of 698 °C is obtained. The carbonation front advances first and a heat
plateau is left behind. Once the active CaO approaches total carbonation
(t = 2 min), the amount of H; in the product gases rapidly drops to 11%
vol. and the amount of CO; increases to 29% vol. After the breakthrough
(BT) period, the CO5 sorbent is totally saturated and therefore further
adsorption of CO, under these conditions is not possible. From that
moment onwards (t > 7.5 min), the reactor acts as a simple WGS unit
and a steady state product gases composition profile is achieved (i.e.
11% Hj, 4% CO, 29% CO5 and 56% N> by vol.).

Fig. 9 shows the conversion of CO breakthrough curve and conver-
sion profile during the CASOH stage. During the pre-breakthrough
period, where the CaO-based sorbent is completely active, 100% CO
conversion is achieved. In contrast, this conversion drops down to 95%
in the post-breakthrough period where only WGS process is taking place.
The results indicate that the system CaO/CuO is capable of converting a
gas with typical BFG composition in a Hy/N5 gas stream.

The Hp-rich gas obtained during CASOH stage could be used in the
steel mill for power generation or sent to PSA to produce pure Hy (at
industrial grade). Other applications of this Hy/N5 stream could also be
the production of additional sponge iron by fuelling an auxiliary Direct
Reduction of Iron, as proposed in [31], the production of NHs, as
recently proposed in the H2020 INITIATE [44], or gasoline and other
liquid fuel or olefins, as proposed in H2020 FRESME [45] and SPIRE
COZMOS [46].

Fig. 10 shows the CO5 composition breakthrough curves at the exit of
the reactor during the CASOH stage after 8 cycles of CASOH process
under the operating conditions of 600 °C, 5.0 bar and S/CO molar ratio
of 2.0. The results from consecutive cycles indicate that although the
sorbent is progressively reducing its CO carrying capacity [47], it is still
capable of maintaining its reactivity while there is active CaO in the bed.
In this way, gas product composition is not determined by the amount of
CaO active in the bed, but the CASOH duration is affected.

Once the CASOH stage is completed, most of the reactor bed is still at
a very high temperature (approximately at 690 °C). Since the Cu
oxidation is an exothermic reaction, a further increase of the solid
temperature would start to release CO, along with the Ny, thus reducing
the CO4 capture efficiency of the overall process. In order to avoid it, a
heat removal (HR-1) stage is required to remove the excess amount of
accumulated heat in the reactor. Therefore, a flow of 5.0 NLPM of N at
600 °C is fed into the reactor and the exit gas is cooled downstream. The
amount of heat recovered through the exit gas in this stage can be used
at a large scale as a heat source for other units of the steelwork or it can
be used to produce high-pressure (HP) steam that can later be used for
the power generation.

4.4. Cu-oxidation stage

Once HR-1 has been accomplished, (i.e. the bed is at 600 °C), the
oxidation stage is tested at high pressure (5.0 bar) using various Os
concentration (10% - 21%) in the feed, as listed in Table 2. At the start of
this stage, the CaO based sorbent is carbonated and the Cu-based ma-
terial is present in the reduced form. The objective of the oxidation stage
is to oxidize the Cu without decomposing the CaCOs.

Fig. 11(a) shows the O3 and CO, breakthrough curves during the Cu-
oxidation over 30 consecutive cycles performed at 600 °C, 5.0 bar and
10% O, in the feed. The O, and COs profiles are highly reproducible,
which demonstrates the great stability of the Cu-based material. The
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high pressure during the oxidation of Cu to CuO limits the leakage of
CO9 by partial calcination of CaCOs. A maximum of 0.6% of CO; is
observed in the product gas after 5 min of operation. The amount of CO4
measured during the oxidation indicates that only 3.5% of the calcium
carbonate present in the bed is calcined. As the O, is totally converted,
the product gas during the pre-breakthrough period consists almost of
pure Nj.

Fig. 11(b) illustrates the temperature profile along the length of the
reactor during the Cu-oxidation. The highly exothermic reaction of Cu
oxidation causes a rise in temperature of the bed to 712 °C. This tem-
perature increase is due to the 15% by wt. of active Cu present in the
reactor.

4.4.1. Effect of temperature and pressure

The O, and CO; breakthrough curves for various temperature
(600-650 °C) and pressure (1-5 bar) is presented in Fig. 12. Due to the
considerable heat losses and the effect cooling of the inlet gases, the
temperature across the solid bed is not uniform, with the difference
between first TC and the initial bed temperature being 50-100 °C. The
O, breakthrough time at 600 °C and 650 °C is identical but the amount
of CO; released at 650 °C is higher (1.6% vol.) as compared to the
amount of CO3 released at 600 °C (0.6% vol.) as shown in Fig. 12(a). The
higher leakage of CO3 at 650 °C is the consequence of the maximum
temperature (767 °C) achieved as compared to the maximum
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Fig. 7. a) The CO, breakthrough curves and b) CaO conversion (%) over multiple cycles of CaO sorption under the operating conditions of 600 °C, 5 bar and 20%

CO, in feed.
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Fig. 8. a) The composition and b) reactor temperature profiles during the CASOH stage under the operating conditions of 600 °C, 5.0 bar and a feed gas composition

of 20% CO,, 20% CO, 60% N, and steam (S/CO ratio of 2.0).
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Fig. 9. The CO breakthrough and conversion profile during the CASOH stage
under the operating conditions of 600 °C, 5.0 bar and a feed gas composition of
20% CO,, 20% CO, 60% N, and steam (S/CO ratio of 2.0).

temperature (712 °C) achieved at 600 °C oxidation as shown in Fig. 12
(b).

The decomposition of COj is favourable at high temperature and low
pressure as it can also be seen in Fig. 13; more CO; is released during the
oxidation stage as we decrease the pressure from 5.0 bar to 1.0 bar under
the same operating temperature and flowrate conditions. Moreover, an
increase in pressure causes a later Oy breakthrough, mainly due to 1) the
decrease in gas velocity with an increase in pressure, thus resulted in
increase in the gas residence time inside the reactor and 2) the strong
dependency of the pressure on the kinetics [48,49].

4.4.2. Effect of oxygen concentration

Fig. 14 illustrates the effect of O, content in feed (10%, 13%, 19%
and 21%) on the Oz and CO; breakthrough curves during the oxidation
at 600 °C, 5.0 bar and 10 NLPM conditions. As can be seen, with the
increase in Oy content, the O, breakthrough time decreases. Moreover,
as the concentration of O, in the feed increases, the CO, concentration at
the reactor outlet also increases due to the increase in the temperature in
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Fig. 10. The CO, breakthrough curves over 8 cycles of CASOH under the
operating conditions of 600 °C, 5.0 bar, and a feed gas composition of 20% CO,,
20% CO, 60% N, and steam (S/CO ratio of 2.0).

the bed, which favours the CaCO3 decomposition. When feeding 21% O,
the product gas contains 1% vol. of CO,. However, only 0.6% vol. of CO;
is measured when the inlet gas contains 10% of Os.

4.5. Reduction/calcination stage

Once Cu is completely oxidized to CuO, the reactor is purged for 5
min with N5 gas (5 NLPM) to eliminate any trace of Oz in the bed and the
pressure is reduced to almost atmospheric pressure to facilitate the
calcination of CaCOj3 at temperatures below 900 °C. To avoid the
calcination of CaCOs during the heating up of the reactor after the
oxidation to the operating temperature of the reduction/calcination,
reactor bed is heated up to the reduction/calcination temperature in
100% vol. CO5 at atmospheric pressure. Once the calcination/reduction
temperature is reached, CO, is tuned off and the reduction feed is
introduced for the reduction and calcination reactions to take place. In
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Fig. 12. a) The effect of temperature and b) the rise in temperature at TC6
during the Cu-oxidation stage using 10% O in the feed.

these conditions, the Cu/Ca molar ratio present in the solids bed is 1.4.
In the rig used in this work, an initial solid temperature profile of
840-850 °C is required to achieve a final regeneration temperature of
870 °C.

Different mixtures of reducing gases and steam have been used
during the reduction/calcination tests, as listed in Table 2. Fig. 15(a)
shows the molar composition of the product gases at the outlet of the
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Fig. 13. The effect of pressure on the O, and CO, breakthrough curves during
the Cu-oxidation stage using 10% O, in the feed.
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Fig. 14. The effect of O, concentration on the O, and CO, breakthrough curves
during the Cu-oxidation stage at the operating conditions of 600 °C, 5.0 bar and
a flowrate of 10 NLPM.

reactor during the reduction/calcination stage. When a gaseous mixture
composed of 20% CO, 20% CO4, 60% N, and 1.5 S/CO molar ratio is fed
into the packed-bed at 800 °C a mere 10% CaCOs is calcined according
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Fig. 15. a) The composition and b) solids bed temperature profiles along the length of the reactor during the reduction/calcination stage under the operating
conditions of 800 °C, 1.0 bar, 20% CO,, 20% CO, 60% N, and S/CO ratio of 1.5 in the feed.

to the amount of CO3 released during the experiment. During the first 4
min of the operation, the product gas is mainly composed of 40% CO»
and 60% N,. Once the reduction/calcination front reaches the last
portion of the bed, the CuO-based material approaches total conversion
to Cu, and CO along with Hj starts appearing in the product gas as the
reactor acts as a single WGS unit. In these conditions, the temperature of
the solids is insufficient and the complete calcination of CaCOs3 can only
be achieved by heating the bed using an electric furnace. Fig. 15(b)
shows the temperature profile with time along the length of the reactor.
The sorbent calcination takes place in the region of the bed whose
temperature is well above 840 °C, according to the carbonation/calci-
nation equilibrium (i.e. Pcozeq, 840 °C = 0.4).

4.5.1. Effect of solid bed temperature

To observe the effect of initial temperature on CaCOs calcination, the
reduction/calcination stage has been performed between 800 °C and
870 °C at atmospheric pressure. Fig. 16 shows the product gases evo-
lution profile at different initial temperatures in the bed (800-870 °C).
The outlet composition of product gases is mainly comprised of CO, and
No, as shown in Fig. 16. As the operating temperature increases, the
amount of CO; released during the reduction/calcination is higher. In
this way, the amount of CO; released at 870 °C corresponds to 80%
calcination of CaCO3 as compared to 10% and 50% calcination at 800 °C
and 850 °C, respectively.

These results show that the calcination of CaCOs is favourable at

—CO;

Solid lines: 870 °C

Molar composition of product
gases [-]

0.2 Dotted lines: 850 °C
Deshed lines: 800 °C
0.1
0
0 2 4 6 8 10
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Fig. 16. The bed temperature effect on the product gas composition during the
reduction stage under the operating conditions of 1.0 bar, 20% CO,, 20% CO,
60% N, and S/CO ratio of 1.5 in the feed.

higher temperature. During calcination/reduction, the heat is trans-
ferred from CuO-Cu to CaCO3-CaO and the final temperature of the
system is 870 °C. the heat transfer from particle-to-particle occurs fast to
generate a single reaction and heat front in the reaction as shown in
Fig. 15 and Fig. 16 (for the first 4 min). The same conclusions were also
achieved in two previous study from CSIC [50]. Total calcination of the
sorbent can be achieved by prolonging the subsequent purge with Ny
carried out at temperatures above 850 °C by further heating using
electric furnace (i.e. for t < 15 min in Fig. 17).

When the calcination is carried out with synthetic BFG, a maximum
concentration of 46% CO, diluted with Nj is obtained. Therefore, an
additional purification step is required in order to use the CO5 or send it
for storage at high purity (>95% vol.)

If CH4 or other gases with low content of N, such as coke oven gas
(COQG) are used instead of BFG during the reduction/calcination stage,
the CO, purification can be simplified as the only products obtained are
CO, and H»0. However, this scenario also causes a large additional CHy4
consumption [32]. For this reason, in this work, a gas stream containing
20% CHy4 in Ny (CASE 1) and a gas mixture containing 20% CO, 20%
CO2, 20% CH4 and 40% N5 (CASE 2) along with steam (S/CH4 = 3) has
also been used as reducing gases for the sorbent regeneration stage.
Fig. 18(a - b) shows higher concentrated CO5 gas streams at the reactor
exit for CASE 1 and CASE 2. According to the mass balance, about 26%
CaCOgs is calcined using the gas mixture in CASE 1 under the operating
conditions of 800 °C and 1.0 bar. On the other hand, 64% CaCOs is
calcined using the CASE 2 gas mixture operating at 870 °C and 1.0 bar.
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Fig. 17. The CO, breakthrough curve during the reduction stage under the
operating conditions of 870 °C, 1.0 bar, 20% CO2, 20% CO, 60% N, and S/CO
ratio of 1.5 in the feed.
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Fig. 18. The molar composition of product gases during the reduction/calci-
nation stage under the operating conditions of a) 800 °C, 1.0 bar, 20% CHy,
80% N, and S/CH,4 molar ratio of 3.0 in the feed (CASE 1); and b) 870 °C, 1.0
bar, 20% CO,, 20% CO, 20% CH,4, 40% N, and S/CH, molar ratio of 3.0 in the
feed (CASE 2).

4.6. Complete cycle

The composition of product gases at the exit of reactor during each
stage is shown in Fig. 19. As discussed earlier, CASOH stage involves the
production of Ha-rich stream (17% Hj on dry basis). Hy-rich stream is
intended as a gas that would be substantially pure Hy (>99%) on dry and
Ny free basis. The CO2 captured in CASOH stage is mainly released
during the regeneration stage as CaO-based sorbent is regenerated by
the calcination of CaCOs. In the regeneration stage, the outlet gas rich in
CO; (46% CO5 and 54% Ny) would necessitate an additional capture
step. This could be possible by employing CO2/N5 adsorption process or
cryogenic separation.

Fig. 20 shows the one complete CASOH cycle temperature profile
starting from heating the bed to the cooling down the reactor after the
reduction/calcination stage under the optimum operating conditions for
each stage in the CASOH process.

At the end of the experimental campaign, the structural character-
ization of the Ca—Cu material after the different stages in the CASOH
process is observed using the Scanning Electron Microscopy (SEM) data
for the fresh and spent materials (Ca-based and Cu based material). The
SEM images of fresh and spent Cu material show that there is a change in
the structure of Cu material after multiple cycles of CASOH process. The

10

Fuel Processing Technology 237 (2022) 107475

PR ;
% \ .S K
: _
5 08 8 |
g 2 n O | Calcination
w v o 3
g o A ! atconstant
5 o = £ { temperature
.~ { ©
5 .
c | &5 -E',J W<’ >
18 04 ! £
2 X s> S
Q.
§
S o2
L
2 H
= i
= o L :
0 10 20 30 40 S50 60 70
Time [min]
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Fig. 20. Temperature profile of one complete cycle of CASOH process (I:
CASOH stage; II: Oxidation stage; III: Reduction/calcination stage).

overall surface area of Cu material has increased as can be seen in more
magnified images as shown in Fig. 21.

On the other hand, the SEM images of fresh and spent Ca-based
material show that there is no change in the structure of the material
after multiple cycles of CASOH process as shown in the Fig. 22.

5. Conclusion

In this paper, the three main reaction stages of the process were
examined under the various operating conditions of temperature, pres-
sure, flowrate and feed composition. The results show that the system
Ca0/CuO is capable of converting a gas with typical BFG composition in
a Hy/Ny gas stream (Hy/Njy: 17%/82%, <1% unconverted CO and
leakage of CO,) under the operating conditions of 600 °C feed temper-
ature, 5.0 bar and S/CO of 2.0. The maximum temperature attained
during the Cu-oxidation stage can be restricted below 700 °C, which
causes only 3.5% calcination of the CaCO3 available in the bed. The
calcination of CaCOj3 increases from 3.5% to 8.0% as the initial solids
bed temperature increases from 600 °C to 650 °C at 5.0 bar operating
pressure. The amount of CO; released during the oxidation increases
from 0.6% vol. to 1.6% vol. with the decrease in pressure from 5.0 bar to
1.0 bar. The regeneration stage is carried out with different gases
available in a steel mill and is expected to lead to a complete calcination
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Fig. 22. SEM images of fresh and spent Ca-based material.

of the CaCOj3 present in the bed, giving as product a gas with different
CO4 content. The CuO reduction, using BFG, at 800 °C, 850 °C and
870 °C causes 10%, 50% and 80% calcination of CaCOg respectively.
This shows a temperature higher than 850 °C is preferable for the sor-
bent regeneration. The CO5 content starting from 46% diluted in N5 (on
dry basis) in case of only BFG at 870 °C, 33% in CASE 1 (20% CH,4 and
80% N3 in feed) at 800 °C and 50% CO5 in CASE 2 (20% CO, 20% COa,
20% CH4 and 40% N in feed). This makes necessary a subsequent pu-
rification of CO5 in a CPU unless a No-free fuel such as NG is used. In
terms of energy outputs, the results demonstrate that it is possible to

11

convert a low quality BFG stream into a H; rich gas and pure CO; stream
with a very low energy penalty.
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