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ABSTRACT

This study demonstrates a novel “Gas Switching Water Splitting (GSWS)” technology for production of pure H,
with integrated CO, capture. The reactor concept is based on the chemical looping technology where an oxygen
carrier (metal oxide) is used to transport O, from air to the fuel for different redox reactions. Unlike the conven-
tional chemical looping, Gas Switching Technology inherently avoids external circulation of the oxygen carrier by
alternating the oxidizing and reducing gases in a single bubbling fluidized bed reactor. This greatly simplifies re-
actor design leading to easier scale-up of the technology in comparison with the conventional chemical looping.
The first experimental demonstration of the GSWS concept was completed at atmospheric pressure and temper-
atures ranging between 700 °C and 900 °C with iron-based oxygen carrier supported on alumina (~35 wt% Fe,03
on Al,03). Approximately 99% H, purity was achieved at ~80% oxygen utilization. Significant fuel slippage was
observed especially beyond 33% degree of reduction with some carbon deposition. The deposited carbon was
able to combust/gasify completely in the subsequent air stage which makes the concept robust in sustaining ox-
ygen carrier life. However, the gas mixing between the GSWS stages reduced the H, purity, CO, purity, and CO,
capture efficiency. To minimize the negative impact of gas mixing, Cu doped Mg(Feg oAl 1)>04 spinel with 74 wt%
active content was developed specifically for the second experimental demonstration. Despite the high stability
and reactivity under redox conditions with TGA, this oxygen carrier did not perform optimally in 5 cm ID fluid-
ized bed reactor because of excessive agglomeration at degree of reduction beyond 34%. In general, a range of the
active content between 35 and 70 wt% of the oxygen carrier was desired for optimal performance of the GSWS

concept.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction

with current signs of adverse signs of climate change from the excessive
heat waves, wild fire, among others. For the Paris climate agreement

The Intergovernmental Panel on Climate Change (IPCC) has pre-
dicted that the global average temperature would increase between
3.7 and 4.8 °C by 2100 above pre-industrial levels if no actions were
taken to reduce anthropogenic CO, emissions [1]. According to the
Paris climate target, these emissions must reduce by approximately
45% from 2010 levels by 2030, reaching net zero in 2050 in order to
keep the global temperature rise below 1.5 °C [2] (or by ~25% by 2030
and reach net zero in 2070 in the 2 °C temperature rise scenario). De-
spite the urgent warning to reduce greenhouse gas (GHG) emission,
CO, emission has continued to increase due to the rise in global energy
demand and high reliance on fossil fuel [3-5]. This situation is critical
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target to be achieved to save our planet, it is crucial to switch more to-
wards clean energy carriers such as H, in the energy mix [6,7]. H; is con-
sidered a clean energy carrier for the future since the combustion is
associated with no CO, emission and it could be produced from a
range of primary energy sources [8] (water, hydrocarbons, and other or-
ganic matter). As a secondary energy source, the environmental impact
of hydrogen depends greatly on these primary sources and the produc-
tion process [9]. The major challenge is the ability to extract H, econom-
ically and efficiently from these primary sources with minimum CO,
emissions [8-10].

Currently, H is mainly produced at large scale through the steam
reforming of natural gas but associated with significant CO, emissions
as the heat required for the highly endothermic reforming is provided
by the combustion of fossil fuel outside the reforming reactor [11]. To
address this concern, two main zero-emission technologies have been
identified for H, production [9]: i) the conversion of fossil fuel with

0032-5910/© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Nomenclature

Abbreviations

BET Brunauer Emmett Teller

CCS Carbon capture and storage
CFB Circulation Fluidized Bed

CLC Chemical Looping Combustion
CLR Chemical Looping Reforming
EDS Energy Dispersive Spectroscopy
EDX Energy Dispersive X-Ray Spectroscopy
GHG Gashouse Gas

GSC Gas Switching Combustion

GST Gas Switching Technology

GSWS  Gas Switching Water Splitting

ICP-OES Inductively coupled plasma optical emission
spectroscopy

0ocC Oxygen carrier

POX Partial Oxidation of Methane

SEM Scanning Electron Microscopy

TEM Transmission Electron Microscopy

XRD X-ray Diffraction

TGA Thermogravimetric Analysis

Symbols

Caep Carbon deposition

Dsg Diameter of the catalyst which 50% of a sample mass is
smaller than

Nco Mole of CO at the gas outlet

Nco, Mole of CO, at the gas outlet

Nco,qir ~ Mole of CO, in the outlet gas at the air stage
Nco,fuet  Mole of CO, in the outlet gas at the fuel stage
Nco,steam Mole of CO, in the outlet gas at the steam stage

Nfuselin Mole of fuel input

Nuelone  Mole of fuel at the gas outlet
Nre,0,  Mole of Fe;03

Ny, Mole of H, at the gas outlet

N0 Mole of H,O at the gas outlet

Ny, Mole of N, at the gas outlet
No, Mole of O, at the gas outlet
Sco, CO, selectivity

Tco, CO, capture efficiency

Om, H, purity

Oco, CO2 purity

Vel Fuel conversion

YH,0 Steam conversion

integrated CO, capture [12] and ii) the utilization of carbon-free sources
such as the electrolysis of water using renewable electricity such as
solar, wind, etc. [13]. It is worth mentioning that the energy penalty
and cost of these technologies should be competitive compared to
other options in order to make them commercially viable [13,14].
Chemical looping with inherent CO, capture has been demonstrated
as a technology capable of addressing the high energy penalty and
cost relative to other carbon capture and storage (CCS) technologies
[12,15,16]. This made chemical looping an attractive technology to be
extended to energy-intensive processes such as H, production
[15-20]. Chemical looping process for H, production was introduced
by Howard Lane and his co-workers as a steam-iron process in 1903
[9,21,22]. This process has been demonstrated at lab and pilot scales
under atmospheric conditions [23-32].

However, high-pressure operation of these chemical looping con-
cepts is necessary for maximizing the energy efficiency and competi-
tiveness with other H, production technologies [33]. To date, only a
few studies on pressurized chemical looping in an interconnected

fluidized bed configuration have been completed [34-37], despite the
predicted benefits of such technology in terms of increased energy effi-
ciency [38]. A major challenge is the difficulty to scale up under pressur-
ized conditions, due to the high complexity and the need for precise
circulation of large quantities of oxygen carrier material between differ-
entinterconnected reactors as shown in Fig. 1 (a& b) given that each re-
actor vessel should be pressurized independently while it is essential to
fulfilling the heat and mass balance. In this situation, any instantaneous
pressure imbalance between the reactors may induce instabilities in
solids circulation, which could, in turn, result in large leakages through
the sealing devices. This would reduce the CO, purity and capture effi-
ciency and increases explosion risks if unreacted fuel gas mixes with
the air. Also, the stress imposed on the material through solid circula-
tion could change the morphology of the oxygen carrier thereby reduc-
ing the lifetime through excessive fragmentation.

Attempts have been made in recent years to address these issues
through novel reactor concepts with no external solid circulation in-
cluding gas switching in a packed bed reactor [41,42], gas switching in
a fluidized bed reactor [40,43-47] and internal circulating reactor [48],
but the focus of this work is on gas-switching fluidized bed reactors. Un-
like the conventional chemical looping, this novel technology utilizes a
single fluidized bed reactor and avoids the circulation of oxygen carrier
by alternating the feeds of the oxidizing and reducing gases to depict
different redox stages as shown in Fig. 1 b. With this arrangement, a
wide range of inlet flow rates can be accommodated and scale-up chal-
lenges can be greatly reduced. Experimental studies have proven that
this concept works under atmospheric and high-pressure conditions
showing ease of operation and control [49-51]. Gas Switching Technol-
ogy (GST) has also been proposed for combustion for power generation
[52,53], H, production through methane reforming [43,44,46,49,50],
GHG (CO, and CH,) utilization through dry reforming [47] and in
some cases provide flexibility in terms of product (H, or power) [54].

To capitalize on this success, this study extends the GST to the water
splitting using the steam-iron process for efficient H, production. Fig. 2
presents a schematic reactor arrangement of a conventional chemical
looping technology for H, production through water splitting and the
gas-switching alternative. The water splitting is a three-step process uti-
lizing the different iron oxide states to produce H, with integrated CO,
capture. In the first stage, Fe,0s3 is reduced to FeO/Fe using a gaseous
fuel (CHy4, CO, syngas, etc). This is followed by the 2nd stage where
steam is supplied for the partial oxidation (slightly exothermic) of the
FeO/Fe to produce Fe;04 and pure H,. Air is supplied at the 3rd stage
to fully oxidize back the oxygen carrier to Fe,0s. This last step (oxida-
tion) is also used to regenerate the oxygen carrier and produce heat
for the process.

Following the looping route (Fig. 2 a) for this purpose requires a
complex set-up of three interconnected reactors with the circulation
of solid oxygen carrier to fulfill both the heat and mass balance require-
ments [3,55,56] whereas the gas switching approach (Fig. 2 b) requires
only one fluidized bed reactor with gas feeds alternated in-between
stages to achieve the redox reaction without solid circulation.

Since the reactions all happen in a single reactor vessel, this new re-
actor concept enables easy and more effective utilization of heat of reac-
tions to reduce the energy penalty of the process. The reduction of the
oxygen carrier (Fe,03 to FeO/Fe) with CHy is endothermic and is ther-
modynamically more favored at high temperature [3] whereas the oxi-
dation of FeO to Fe304 with steam is slightly exothermic thus the
reaction is more favored at low temperature.

CHy + 4Fe;03—C0; + 2H,0 + 8Fe0 (1)
3CH, + 4Fe;03—3C0; + 6H,0 + 8Fe 2)
H,0 + 3Fe0 — H, + Fe;04 (3)
4H,0 + 3Fe — 4H, + Fe;0, (4)
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Fig. 1. Chemical looping and Gas Switching Technology for reforming and combustion applications. A) represents a scheme of conventional chemical looping reforming and combustion

[39] while b) represents the simplified Gas Switching configuration of Chemical Looping

1

202 + 2Fe304 — 3Fe;03 (5)

A conceptual disadvantage that GSWS has over the three-reactor
process, is the mixing of gases when switching from one reaction
stage to another, affecting CO, capture efficiency, CO, purity, and H; pu-
rity. The extent of the gas mixing depends on the flow rates and volume
of the reaction vessel. It is therefore important that the fuel and steam
stages are long enough to minimize the extent of the mixing of different
gases in the system to achieve an acceptable capture efficiency and
product gas purity. Fig. 3 shows the separation performance against
the redox-active content of the oxygen carrier computed using the
mass balance at 20 bar and 800 °C assuming a perfectly mixed reactor.
The H; purity, CO, purity and CO-, capture efficiency are quantified in
section 2.2.1 (Eq. 11 - Eq. 13) respectively. 80% oxygen carrier utilization
was assumed to achieve a degree of reduction from Fe,03 to FeO using

Combustion [39].

CH,4 as fuel. The assumption to limit the degree of reduction only to
FeO was considered because further reduction would i) lead to substan-
tial fuel slip due to equilibrium limitations, ii) cause particle agglomer-
ation and iii) lead to excessive coking. Clearly, CO, capture, CO, purity
and H, purity increase substantially with increasing the oxygen carrier
active content (Fe,03). Oxygen carrier with higher active content
would facilitate longer fuel, steam and air stages, thereby reducing the
impact of the undesired mixing when a high-pressure operation is
targeted.

In summary, this work demonstrates the experimental operation of
the water-splitting process for pure H, production which could be
coupled with other downstream chemical process using the Gas
Switching configuration. It explicitly highlights the advantages and dis-
advantages of this configuration in terms of oxygen carrier selection and
development, cycle design, and reactor performance (fuel and steam

I

Depleted air

Depleted ai
s . A | Gsws
Reactor Reactor Reactor

Fuel

Fe,0,

Fig. 2. a: Water-splitting process completed following the conventional chemical

Fuel H,0 Air

looping route. b: Configuration of a simplified Gas Switching Water Splitting, GSWS.
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Fig. 3. The separation performance at 20 bar and 800 °C assuming 80% degree of reduction
from Fe,05 to FeO.

conversion, carbon deposition, CO, and H; purity, CO, capture effi-
ciency, oxygen carrier, agglomeration, etc.).

2. Experiments and methods
2.1. Experimental setup
The GSWS experiment was completed using a lab-scale fluidized

bed reactor(Fig. 4). A fluidized bed is desired to achieve good mixing
to minimize concentration and temperature variation in the bed

Gas Analyzer « > vent

Reactorbed

Boiler

ONOVAWNR

11

Fuel 67
Inert @

0)
2=l

Air
Outlet

Freeboard region
External heating system
Two thermocouples
Heat exchanger
Pressure relief valve

Steam flowmeter

9. Steam generator

10. Manual operated valve

11. Gas feed compartment

12. Mass flow controller (MFC)
13. Air compressor

14. Two way valve

[57-59]. This reactor consists of a cylindrical column (5 cm in inner
diameter and 50 cm in height) and a freeboard zone consisting of an
expanding conic zone (5 cm in the lower end diameter, 10 cm at the
top end diameter and 40 cm height) to minimize particles elutriation.
The reactor is made of Inconel 600 with the capability of withstanding
high-temperature gas-solids reactive flows (up to 1000 °C). A porous
plate distributor made of Inconel 600 with 20 um mean pore size and
3 mm thickness was used to ensure good gas distribution. The reactor
vessel is heated up to a target temperature using an external electrical
heating element wound around the reactor. The reactor was also insu-
lated using a 25 cm thick blanket insulation to prevent excessive heat
loss. Automatic gas switching and feed into the reactor were achieved
using a three-way electrical automatic switching valve and mass flow
controllers from Bronkhorst BV respectively. A cooler was installed at
the outlet of the reactor to cool down the stream of hot gases before
being sent to the gas analyzer and to the vent. The gas composition
was measured using a syngas analyzer (ETG Risorse e Tecnologia)
while the bed temperature was measured using two thermocouples
inserted at 2 and 20 cm above the gas distributor respectively. A
LabVIEW application was used for data acquisition/storage and to
control all the measurement instruments and devices.

2.1.1. Thermogravimetric analyzer

The cyclic performance of the oxygen carrier was evaluated in a ther-
mogravimetric analyzer (Mettler Toledo, TGA/DSC 1) at atmospheric
pressure. The sample was loaded in a 30 pl alumina crucible that sat
on the crucible holder attached to the balance beam and was heated
to the desired temperature (usually 850 °C) under a reactive gas flow
of 125 mL min~" air, measured at normal temperature and pressure,

8

Fig. 4. The experimental setup [43,44,47] used for GSWS demonstration tests . a) schematic diagram, b) the actual reactor setup.
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NTP. In addition, a purge gas flow of 25 mL min~' N, was present
throughout the experiment. The reactant gases were supplied through
a fine capillary mounted on the cantilever arm terminating just above,
and before, the crucible, which means that the measured rate of mass
change was largely governed by diffusion in vertical direction from
the bulk of the gas to the surface of the sample inside the alumina cru-
cible (note that the gas flowed horizontally over the alumina crucible
containing the sample). When the set temperature was reached, the cy-
cling experiment started: The reduction step (25 min) was performed
using 6.7 vol% CH, in N, followed by a purge step (2 min) and the oxi-
dation step (11 min) using air. Sixty redox cycles were typically carried
out. In some experiments, an additional oxidation step was performed
using 20 vol% CO, in N, (prior to the air oxidation step).

2.1.2. X-ray diffraction

Powder XRD (PANalytical Empyrean) was used to investigate the
chemical composition of the crystalline phases of the as-synthesized
and cycled oxygen carriers. The diffractometer was operated at 45 kV
and 40 mA using CuKa radiation and each sample was scanned over
the range of 260 = 10-90° with a step size of 0.0167°. The total time
for each measurement was 1 h.

For in-situ measurements, the diffractometer was equipped with an
Anton Paar XRK 900 high-temperature reactor chamber where the sam-
ple was placed onto a glass-ceramic disc made of Macor and exposed to
different gas atmospheres at 850 °C. For each atmosphere, multiple
measurements were made to track the evolution of crystalline phases
over the range 20 = 20-80° with a step size of 0.0167°; each measure-
ment thus lasted 12 min. First, the sample was reduced in 4.4 vol% CH4
in N, (30 measurements), then re-oxidized in 15 vol% CO, in N5 (15
measurements) and finally oxidized in 50 vol% air in N, (5 measure-
ments). The cell was purged with pure N, for 2 min between the reac-
tion stages. The total flow rate of gas was kept constant at 200 mL
min~! (at NTP) and was controlled by a set of mass flow controllers
(Bronkhorst, EL-FLOW series) synchronized with the diffractometer
and the temperature controller of the high-temperature reaction
chamber.

2.1.3. Inductively coupled plasma optical emission spectroscopy (ICP-OES)

The molar ratio of Mg:Fe:Al:Cu in the oxygen carrier was deter-
mined via ICP-OES using an Agilent 5100 VDV. Matrix effects were less-
ened by matching the matrix acids for all blanks, standards
(multielement standard) and samples.

2.1.4. Scanning electron microscopy

A scanning electron microscope (FEI Quanta 200 FEG) operated at 10
kV was used to characterize the surface morphology of the materials. A
double-sided carbon tape was used to attach samples onto an alumi-
num holder. Prior to SE imaging, the samples were sputter coated
(Safematic CCU-010) with an ~5 nm-thick layer of PtPd. Transmission
electron microscopy (TEM) images of as-synthesized samples were ob-
tained using a FEI Talos F200X microscope operated at 200 kV, equipped
with a high-brightness Schottky field-emission gun (FEG), a high-angle
annular dark field (HAADF) detector and a large collection-angle
energy-dispersive X-ray spectroscopy (EDX) detector.

2.1.5. Crushing strength

The crushing strength of the oxygen carrier (as-synthesized and
after >40 h of redox operation in the TGA) was obtained by measuring
the force required to break individual oxygen carrier particles sieved
to 180-212 um using a force gauge operated at 50 Hz (Shimpo, FGN-
20). The crushing strength was defined as the first local maximum in
the recorded data when compressing the particle. At least 40 such mea-
surements were performed to give meaningful results.

2.2. Methodology

The gas switching water splitting (GSWS) was demonstrated using
an iron-based oxygen carrier with the reactor configuration as shown
in Fig. 2 b in a fluidized bed reactor (Fig. 4). A three-stage cycle (fuel,
steam and air stage) was designed to complete the GSWS process. The
cycle starts with the fuel stage where the oxygen carrier is reduced to
FeO or Fe using dry fuel (CO or CH,) with inherent separation of CO-.
The steam stage follows immediately after the fuel stage where steam
is fed to partially oxidize FeO/Fe to Fe30, while producing H,. The
final stage of the GSWS cycle is the air stage for complete oxidation of
Fe30,4 to Fe,05 associated with heat generation as explain in the intro-
duction (Section 1). For each reaction condition, real-time temperature,
pressure and gas composition were recorded and analyzed. The separa-
tion performance was also evaluated through mass balance with the fol-
lowing indicators: CO, purity, H, purity, and CO, capture efficiency as
also described in section 2.2.1. To avoid carbon deposition, the extent
of reduction was limited to FeO, although this reduced H, yield substan-
tially in line with thermodynamics.

2.2.1. Reactor performance measures

The objective of the GSWS process is to convert a hydrocarbon fuel
to Hs. Thus, it is desired to maximize the fuel conversion in the fuel
stage and maximize H; production in the steam stage. From this point
of view, the following performance measures have been defined for
quantifying the reactor performance. Note that n; specifies the total
moles of species i exiting the reactor during a given stage unless specif-
ically indicated for the moles entering the reactor as n; ;. Firstly, the fuel
conversion in the fuel stage is quantified as follows:

nfuel‘in— nfuel‘ou[
Vel == — (6)
el nfuel,in

However, conversion of CH4 to achieve partial oxidation achieves
four times less oxygen carrier reduction than the conversion of CH, to
achieve full oxidation. Thus, the selectivity of CH4 conversion to CO5 is
also quantified.

Nco,
Sco, =————— 7
? TNco + Neo, @

One of the goals of the fuel stage is to maximize the degree of oxygen
carrier utilization. This parameter is quantified as follows, assuming that
oxygen carrier reduction is carried out from Fe,05 to FeO:

__oxygen transferred to fuel nco + 2nco, + Ni,0
N oxygen available N

Xred (8)

3nFe203

When looking at the steam stage, the primary performance measure
is the degree of steam conversion:

n
= 9)
H, T MH,0

YH,0

Significant carbon deposition also took place during the fuel stage
and this deposited carbon was released in the steam and air stages.
The fraction of carbon deposition is therefore quantified as follows
based on the steam and air stages outlet and the total methane entering
the fuel stage:

Nco + Nco,

10
Nfel in ( )

Cdep =

The H, purity produced during the steam stage is determined by
quantifying the amount of other gas present during the steam stage. It
is therefore important that the steam stage is long enough to minimize
the extent of the mixing of different gases. Hydrogen purity will be
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reduced as a result of carbon deposition, possibly requiring further pu-
rification in a downstream processing step.

ny,

S B— (11)
Ny, + Nco + Nco,

OH,

steam

The CO, purity produced during the fuel stage is determined by
quantifying the percentage of depleted air (N, + O,) and unconverted
fuel (CH,4) in the outlet gas stream during the fuel stage as

Nco,
Nco, + Nco + N, + No, + Nfisel

(12)

O-COZ =

| fuel

Finally, the CO, capture efficiency is determined to quantify the per-
centage of CO, that escapes to the atmosphere during the air stage
(100% minus the percentage of CO, that escapes to the atmosphere).

nCOZ.uir (13)

MNeo, = 1—
’ nCOZ fuel + Nco, air + Nco, steam

2.3. Oxygen carrier synthesis

As mentioned earlier, the water-splitting uses the different states
oxides of iron to complete the cycle. Two campaigns to demonstrate
GSWS concepts were completed with different iron based oxygen car-
riers. The first demonstration was completed with oxygen carrier of
35 wt% Fe,03 supported on gamma-alumina. This oxygen carrier has
shown very stable performance under redox conditions for methane
reforming in a previous study [44]. In the second campaign, an opti-
mized Cu-doped Mg(FeqoAlg 1)204 spinel with 74 wt% active content
was developed and investigated specifically for this study to meet the
requirement of high active content loading for maximizing the separa-
tion performance of the GSWS process.

2.3.1. Synthesis of 1st campaign oxygen carrier (35 wt¥% Fe;,03 on Al,03)
An oxygen carrier with 35% active Fe,03 on Al,03 was developed
through wet impregnation where spherical gamma-alumina particles

from Sasol (Puralox SCCa 150/200) were impregnated in a concentrated
aqueous ammonium iron(I) citrate solution (~50 g/100 g water). The
aim was to form nanostructured iron oxide inside the mesoporous alu-
mina structure after calcination. Homogenous distribution of the active
iron oxide throughout the porous particles was obtained followed by
drying steps at 120 °C after each step up to a theoretical loading of
~10 wt% metal oxide. After the drying, the material was subjected to
heat treatment for about 5 h at 500 °C with ramp rate of 1 °C/min in am-
bient air. This procedure was repeated until the theoretical weight load-
ing of the Fe active content to Al,03 was about 1:1. The produced
particles were sieved with 100 um cut-off size to remove fines prior to
quality assurance testing. SEM/EDS analysis on particles after sieving in-
dicated the homogenous distribution of the Fe throughout the porous
alumina structure (Fig. 5). The measured loading of active elements
was lower than targeted (Fe:Al =~ 0.55:1 by weight) due to the loss of
active material by sieving, in form of fines which were loosely deposited
on the surface of the particles. The BET surface area of the produced Fe-
AlL,O5, impregnated particles was measured to 102.9 m?/g in compari-
son with the bare alumina support particles with a BET surface area of
206.0 m?/g.

2.3.2. Synthesis of 2nd campaign oxygen carrier (Cu-doped Fe/MgAl,0,4
spinel)

Iron oxide, magnesium carbonate, aluminum oxide, and copper
oxide were weighed and dispersed in deionized water with a suitable
dispersing agent to create a Cu-doped Mg(Feg oAl 1)204 spinel with
74 wt% active content. Wet ball milling using a horizontal attrition
mill (Netzsch, Germany) was employed to homogenize the dispersion
and create a stable suspension suitable for spray drying. The resulting
slurry was spray-dried using a pressurized fountain-nozzle atomizing
the suspension in the chamber of the spray dryer. The chamber was
filled with hot air from the top resulting in a counter-current regime en-
abling rapid water evaporation forming spherical particles due to sur-
face tension effects. To obtain oxygen carrier particles with sufficient
mechanical strength and the desired crystalline phases, the resulting
powder was then calcined at 1200 °C during 4 h to yield spheres with
an average particle size of 150 um and tap density of about 1.8 g/cm?>.

Fig. 5. SEM/EDS Image of the impregnated alumina particles with a map showing the distribution of Al, Fe and O content[44].
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3. Results and discussion

GSWS experiments were completed with both oxygen carriers (35
wt% Fe,030n Al,03 tested in a previous study on reforming but not
water-splitting [44] and Cu-doped Fe/MgAl,O, spinel with 74 wt% ac-
tive content developed specifically for this study (section 3.2.2). Screen-
ing and characterization of the oxygen carrier were completed and
redox experiments were carried out in the 5 cm ID fluidized bed reactor
(Fig. 4) and TGA as explained in section 2.1. All experiments were con-
ducted at atmospheric pressure.

3.1. 1st GSWS demonstration with Fe/Al,03 OC of 35% wt Fe;03

The first GSWS demonstration was done with the 5 cm ID fluidized
bed reactor (Fig. 4) using 35% active Fe,03 on Al,03 as described in
section 2.3.1. About 300 g of the oxygen carrier was initially placed in
the reactor. Three-stage GSWS cycles (fuel, steam and air stages) were
completed with CO and CHy4 as fuel at atmospheric pressure and tem-
peratures between 700 and 900 °C. Fig. 6 shows a typical gas composi-
tion at the reactor outlet with repeatable behavior over several cycles
with temperature profile as shown in SI Fig. S1. As presented in a previ-
ous study with the same oxygen carrier [44], the fuel stage occurs over
two distinct sub-stages. Complete CO conversion was observed at the
first sub-stage. This is in line with thermodynamics because CO is fully
converted to CO, at equilibrium when Fe,0s is present in the first sub-
stage. However, CO conversion decreases to ~33% in the second sub-
stage as the oxygen carrier is reduced beyond Fe30,. Despite the low
conversion achieved in the second sub-stage of the fuel stage, a high de-
gree of oxygen carrier utilization (from Fe,03 to FeO) of about 80% was
achieved. The large fuel slippage in the second sub-stage of the fuel
stage could be treated properly by recycling or integrating to other
downstream processes such as Gas Switching combustion, GSC [40,60]
or reforming, GSR [50,61], to maximize fuel utilization and process effi-
ciency. Indeed, a previous thermodynamic assessment of the GSC con-
cept integrated with an IGCC power plant [62] assumed a maximum
achievable reactor temperature of 1200 °C, even though state of the
art gas turbines can operate well above 1400 °C. Despite this negative
aspect, the GSC concept easily outperformed conventional pre-
combustion CO, capture, achieving 4%-points higher efficiency [62].
This efficiency advantage can be extended by several additional %-
points through an additional combustor after the GSC reactors [63]. H,
from the GSWS reactors can be used to fuel this combustor and raise
the stream temperature to the maximum achievable turbine inlet tem-
perature. This process configuration can, therefore, achieve very high
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Fig. 6. The transient gas composition of 4 cycles of GSWS using CO as fuel at 900 °C and 1
bar. Fuel stage in blue; Steam stage in green; Air stage in yellow. Flowrate: 5 NL/min CO for
6 min (80% degree of OC reduction), 1.9 NL/min steam for 5 min (CO: steam molar ratio
feeds = 2.5), 10NL/min Air for 3 min. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

electric efficiencies, while accommodating a large amount of fuel slip
in the GSWS fuel stage.

As for the subsequent steam stage, steam conversion of about 30%
was achieved, which is higher than equilibrium predictions with FeO
[3,20,64], indicating some degree of oxygen carrier reduction to metallic
Fe. However, steam conversion decreased later in the stage as the active
sites available for partial oxidation with steam diminished. It was also
be observed from Fig. 6, that no other gas was produced during the
steam stage that would contaminate the produced H, before switching
to another stage, thus making the process promising with the potential
of producing high purity H, (over 95%).

At the air stage, some traces of CO, were produced indicating some
carbon deposition in the previous reduction stage. As a result, CO, cap-
ture efficiency was affected through the release of CO, with a stream of
depleted air (N,) at the air stage since CO, is captured only during the
fuel stage. Fortunately, the deposited carbon could not be gasified dur-
ing the steam stage thus not affecting H, purity. Fig. 6 also shows that
0, composition approached 21% at the end of the air stage implying
that the oxygen carrier was completely oxidized before the start of the
next redox cycle. One of the advantages of the GST reactor design like
the conventional chemical looping reactor is the capability of
preventing deactivation of the oxygen carrier through coking as the de-
posited carbon are gasified and combusted completely at the air stage
before the start of the next cycle.

The sensitivity of steam conversion and oxygen carrier utilization to
the reduction time is shown in Fig. 7 a. It could be seen that the oxygen
carrier utilization increased only by ~17% when the reduction time was
doubled and by ~32% with tripling of the reduction time. The relatively
slow increase in oxygen carrier utilization with reduction time origi-
nates from the large fuel slippage that occurs when the reduction time
is higher than 2 min. Despite this small increase in the oxygen carrier
utilization, it has substantially improved the extent of steam conversion
to hydrogen. The average steam conversion across the whole steam
stage has increased by ~2.9x when the reduction time was doubled im-
plying a ~ 5.8x increase the quantity produced in the 3 min reduction
time. As for the 9 min reduction time, the average steam conversion
remained relatively unchanged in comparison to the 6 min, but the H,
yield has increased by 50% in comparison to the 6 min (the oxygen car-
rier utilization has only increased by ~11% opening about 0.145mols ad-
ditional FeO sites for water-splitting reaction) and is ~8.79 times the 3
min reduction time. This large increase in H, yield despite the limited
increase in the oxygen carrier utilization could be explained by the cre-
ation of Fe sites on the reduced oxygen carrier that have much higher
steam equilibrium conversion to H, than FeO [65,66]. This can clearly
be seen in Fig. 8 showing that the transient steam conversion to H,
peaks in the beginning of the steam stage to values beyond equilibrium
predictions of FeO demonstrating existence of Fe sites (with higher ex-
tents for the case of 9 min reduction time), but it goes down across the
stage as the Fe sites are being consumed. This positive improvement in
steam conversion to H, would justify accommodating the large fuel slip-
page occurring in the reduction stage if fuel recycling or GSWS process
integration measures are implemented to maximize fuel conversion
and energy efficiency.

The increased operating temperature has shown a positive effect on
fuel conversion in the reduction stage, leading to increased oxygen car-
rier utilization (Fig. 7 b) in line with thermodynamics and likely due to
improved kinetics [67]. This enhanced the degree of reduction of the ox-
ygen carrier improving steam conversion to H,. This phenomenon
counteracts the negative effect of increased temperature on equilibrium
of water splitting reaction (Eq. 3 and Eq. 4) over iron and its oxide.

Further testing of the GSWS concept using CH,4 as fuel shows repeat-
able cyclic performance (Fig. 9). The major difference observed with
CH,4 is that two distinct phenomena occur during the fuel stage. First is
the reduction reaction from Fe,03 to FeO associated with CO, produc-
tion. As the lattice oxygen continues to deplete, a point is reached
where the reaction switches completely to partial oxidation of methane
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associated with syngas production of H,:CO ratio of approximately 2:1.
About 60% fuel conversion was achieved in the first phase (reduction
phase) of the fuel stage while CH4 conversion further drops to about
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40% in the 2nd phase (POX) of the fuel stage in line with thermody-
namic analysis of Dohyung Kang et al. [68]. At the start of the steam
stage, CO was produced through the gasification of the deposited carbon
in the previous fuel stage. This phenomenon increases the partial pres-
sure of CO shifting the equilibrium of Boudouard reaction to the right to
convert the produced CO to CO, and redepositing carbon. The CO and
CO-, concentration in the steam thus affect H, purity negatively. This
could be due to the steam gasification of the deposited carbon at the
steam steam.

3.2. 2nd GSWS demonstration with Cu-doped Fe/MgAl>0, spinel OC

3.2.1. Oxygen carrier chemistry and screening

From Fig. 3 it is clear that an oxygen carrier with 35 wt% of redox-
active Fe,03 is not sufficient to obtain hydrogen of high purity at ele-
vated operating pressures. Initially, it was planned to produce oxygen
carriers via spray-drying using promising material formulations
(based on Fe,03) that have been reported in the literature in the context
of chemical looping water-splitting [9,32,69]. The majority of these ma-
terials showed good cyclic stability only with low Fe,03 contents (<30
wt%) and/or under mild reaction conditions (<900 °C) with incomplete
conversion of the oxygen carrier. Further, only a few studies dealt with

Time [sec]

Cco2 02 ——H2

Fig. 9. The transient gas composition of 4 GSWS cycles with CH, as fuel. Fuel stage in blue, steam stage in green, air stage in yellow. Flowrate: 1.7 NL/min CH,4 for 6 min; 1.9 NL/min steam for
5 min (H,0:CH,4 molar ratio = 3:1), 10NL/min air for 3 min. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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using CHy4 during reduction, which has a much lower reactivity with
Fe,03 than CO or H,, and hardly any work investigated the suitability
of the oxygen carriers for fluidized bed reactors, where also mechanical
properties are important. Most importantly, sintering and agglomera-
tion of oxygen carrier particles has widely been neglected but is argu-
ably the most important aspect when using oxygen carrier particles in
a fluidized bed system at a large scale. Agglomeration of particles in
the reactor would terminate operation immediately. Almost none of
the previous works on oxygen carrier development addressed chal-
lenges associated with scale-up and actual large-scale operation. Specif-
ically, the oxygen carrier particles had to possess high oxygen storage
capacity (> 0.2 g O, per g OC, corresponding to ~70 wt% Fe,O3 in the ox-
ygen carrier), high reactivity with CHy, high resistance towards
sintering at high temperature (up to 1000 °C), high resistance towards
coke deposition that would contaminate the H, generated in the subse-
quent steam oxidation step, and reasonable mechanical strength (~ 50
MPa). The material formulation had to be suitable for a production pro-
cess via spray-drying, followed by calcination at high temperature
(1200-1300 °C) to ensure sufficient mechanical strength. The resulting
oxygen carrier particles produced through spray-drying are naturally of
very low surface area (< 1 m?/g), which requires good solid-state prop-
erties to achieve high reactivity [70].

The cyclic performance of newly developed oxygen carriers (their
synthesis is described in the experimental section 2.3.2) was assessed
using thermogravimetric analysis (TGA) at 850 °C and they were char-
acterized by electron microscopy and X-ray diffraction (XRD) before
and after the cycling experiments.

3.2.1.1. Material development and assessment of the cyclic redox perfor-
mance in the TGA. The material development work focused initially on
Fe,05 supported on La-doped CeO-, and variations thereof [56,71-73].
When cycled in the TGA at 850 °C, none of them was found to be cycli-
cally stable and the oxygen carriers deactivated quickly due to sintering
(data not shown in this work). Promising results were reported by
Imtiaz et al. [74], and so similar oxygen carriers were produced from ni-
trates, which contained 70 wt% Fe,03, 22 wt% MgAl,0,4 and 8 wt% CuO.
Cu-species have high mobility and they were found to migrate to the
surface and cover Fe-sites during reduction, thus reducing their catalytic
effect for CH4 decomposition (CH4 — C + 2Hj;) substantially [74]. The
oxygen carriers produced in this work were calcined at much higher
temperature than in the original work by Imtiaz et al. due the require-
ment for obtaining stable spheres after spray-drying in a scaled produc-
tion process; the corresponding X-ray diffractograms are compared in
Fig.10a -c

Itis clear that at the lower calcination temperatures, both Fe,03 (PDF
01-080-5406) and a cubic (Mg,Al,Fe) spinel phase existed within the
oxygen carrier (Fig. 10a &b). A crystalline CuO phase was not observed,
suggesting the dissolution of CuO in the spinel phase. With increasing
calcination temperature, there was a gradual decrease in the amount
of Fe;03 and after calcination at 1300 °C (Fig. 10 c), almost all Fe;03
existed in a mixed (MgAlFe) spinel phase (identified as Mg
(Feo.5Alp5)204, PDF 01-080-3010), which most likely included also the
Cu, since no reflections from isolated CuO were detected. If CuO is incor-
porated in the spinel structure, its mobility is lowered and all elements
within the spinel structure are effectively anchored [75]. It was recently
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Fig. 10. The results from X-ray diffraction. a) - ¢) Effect of calcination temperature on the crystalline phases formed for an oxygen carrier with 70 wt% Fe,03, 22 wt% MgAl,04 and 8 wt%
CuO. d) As-prepared oxygen carrier Mg(Feg5Alg5)>04 with 5 wt% CuO calcined at 1300 °C. e) Oxygen carrier Mg(Feg sAlos)>04 with 5 wt% CuO calcined at 1300 °C after 40 h of redox
cycling in the TGA at 850 °C. f) As-prepared oxygen carrier Mg(Fep9Alg.1)204 with 5 wt% CuO calcined at 1300 °C. g) Oxygen carrier Mg(FepoAlg.1)204 with 5 wt% CuO calcined at 1300
°C after 40 h of redox cycling in the TGA at 850 °C. h) Spray-dried, as-prepared oxygen carrier Mg(FeqoAlp.1)204 with 5 wt% CuO calcined at 1300 °C. The vertical light grey lines in
d) and e) indicate the peak positions of the reference pattern for Mg(Fep sAly5)204, PDF 01-080-3010. The vertical dark grey lines in f) - h) indicate the peak positions of the reference

pattern for Mg(FegoAlo 1)204, PDF 01-071-1233.
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shown that Cu can be exsolved from the spinel under reducing condi-
tions, thereby improving the material's reactivity [76]; this is discussed
below together with results from the in-situ XRD measurements.

Owing to the formation of the mixed spinel phase upon calcination
at high temperature, a stoichiometric compound was synthesized and
used as an oxygen carrier, Mg(Feq sAlg 5),04 doped with 5 wt% CuO (cal-
cined at 1300 °C). From the XRD pattern presented in Fig. 10 d the oxy-
gen carrier was nearly phase-pure and the corresponding EDX maps
shown in Fig. 11 confirm a uniform distribution of elements within
the material. Measurements via ICP-OES gave a ratio of Mg:Fe:Al:Cu of
0.310:0.585:0.061:0.044, which was in good agreement with the theo-
retical ratio (Mg:Fe:Al:Cu = 0.320:0.575:0.064:0.041).

The oxygen carrier was cycled (reduction in ~7 vol% CH, and oxida-
tion in ~83 vol% air) in the TGA at 850 °C, with the results of the first
eight cycles shown in Fig. 12 a & b. Initially, there was hardly any reduc-
tion (Fig. 12 a), but the oxygen carrier gradually activated, as can be
seen from the increasing weight loss during reduction. The subsequent
weight increase measured during reduction was due to the decomposi-
tion of CHy, resulting in coke deposits on the surface of the oxygen car-
rier. The weight loss curve thus reflects two different mechanisms: The
loss of lattice oxygen due to the conversion of CH,, and a weight in-
crease due to coke depositing on the sample surface. After 30 cycles,
the measured oxygen storage capacity prior coking was ~10.9 wt%,
which corresponds to 76% of the theoretical oxygen storage capacity as-
suming the equivalent amounts of Fe,O3 and CuO were the only redox-
active species. It was thus expected that coking would not become a
major problem in fluidized bed experiments by limiting the time of

the reduction since the oxygen carrier is reduced uniformly inside the
reactor.

Fig. 10 d & e compare the diffractograms acquired before and after
the cycling experiment respectively. The peaks corresponding to the
(Cu-doped) Mg(FeqsAlgs)204 spinel split into pairs of peaks, indicating
the separation of the Mg(Feq sAly 5)-04 spinel into an Fe-rich and an Fe-
depleted spinel phase. The Fe-rich spinel phase was identified as Mg
(Feg.oAlg.1)204 spinel (PDF 01-071-1233), containing theoretically 74
wt% of redox-active Fe,0s. Since this phase appeared to be the thermo-
dynamically stable phase under the reaction conditions employed, a
phase pure Mg(FegoAlg.1)204 oxygen carrier doped with 5 wt% CuO
was synthesized and investigated in the TGA under identical reaction
conditions. The results are plotted in Fig. 12 ¢ &d and show that the ma-
terial was active from the first cycle and no activation period was re-
quired. The diffractogram of the oxygen carrier after the cycling
experiment (after 60 cycles after the air oxidation step, corresponding
to ~40 h of cycling operation) was identical with that of the as-
synthesized oxygen carrier, demonstrating that no irreversible phase
changes occurred during redox cycling (Fig. 10 f & g). The extent of cok-
ing was much lower than that seen for the Cu-doped Mg(Feg5Alp5)204
and the oxygen storage capacity was 18.8 wt%, utilizing ~85% of the total
redox-active lattice oxygen prior coking. The material collected from the
TGA after the 60 cycle experiment appeared fused together (note that
fine powder was used as the starting material) and could not easily be
separated by slight agitation, confirming that surface area played only
a minor role for the material's reactivity. In the TGA experiments, fine
powder of oxygen carrier remained stagnant in the crucible during

Fig. 11. TEM images of the as-prepared oxygen carrier Mg(FeosAlgs),04 with 5 wt% CuO calcined at 1300 °C, and the corresponding elemental maps.
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redox cycling, which clearly facilitated sinter processes. In fluidized bed
operation, discussed below in section 3.2.2 the oxygen carrier particles
were much larger (100-180 pm) and under vigorous movement with
fast heat transfer; it was thus expected that sinter processes causing
particle agglomeration would not be significant or could at least be con-
trolled by varying the flow rate of gas and the extent of reduction.

3.2.1.2. Material characterization. Most oxygen carriers deactivate owing
to either irreversible phase changes occurring during redox cycling or
sintering decreasing the surface area and accessible pore-volume, or
both. From the TGA experiments it appeared that the reactivity of the
Cu-doped Mg(FeqoAlp 1)204 oxygen carrier particles did not depend
on surface area (N, sorption measurements of fresh and cycled material
gave BET surface areas <1 m?/g). Since no irreversible phase changes oc-
curred during redox cycling (Fig. 10 f& g), the oxygen carrier was inher-
ently stable.

The experiments described above have, so far, neglected the re-
oxidation with steam to produce H,. Using high steam concentrations
in TGAs is usually difficult, and so CO, was used as an oxidant instead.
At 850 °C, CO, and H,0 possess roughly the same oxidation potential
|76]. Fig. 13 a & b show the results from a TGA experiment (first five
redox cycles), where the Cu-doped Mg(Feg9Alg.1)204 0Xygen carrier
was reduced in CH,4 and re-oxidized using first CO, and then air. Oxida-
tion with CO,, restored 89% of the total redox-active lattice oxygen of the
material within the given time. Nonetheless, a significant amount of
heat was produced when replenishing the remaining lattice oxygen
with air, with the oxidation in CO, being nearly heat neutral (Fig. 13
b). No adverse effects on the cyclic redox stability have been observed
when the oxygen carrier was not re-oxidized in air, although it has
been reported for mixed Fe-based oxygen carriers that an air oxidation

1.05 1.05
a) reduction with CH
oxidation with air
& 1 LI+
© @
= E
o <@
oY oS
& &
» 0.95 0.95 o
° o
[0] (0]
N N
®© ©
£ £
2 09 09 2
0.85 0.85
900 900
b)
885 885
(& (&
© o
o o
S S
“@ 870 870 ‘é‘
[0] [0]
o o
5 5
[ =
855 855
840 840
0.5 1 1.5 2
Time /s x10%

step may be required [76] to prevent the material's deactivation due to
gradual phase segregation. Material collected from the TGA appeared
less sintered compared to that which had been re-oxidized using air
only, implying that the re-oxidation with CO, (or steam in the actual hy-
drogen generation step) aided in restoring transient phases of lower
sinter temperatures.

Temperature-programmed reduction (TPR) in the presence of 7 vol%
CH4/N, using the TGA showed that the Cu-doped Mg(Feg 9Alg 1)204 0X-
ygen carrier reduced in two principal steps (SI Fig. S2 c). The results
were confirmed by in-situ XRD (Fig. 13 ¢), which was performed
under similar reaction conditions as the cycling experiment (i.e. reduc-
tion with CHy4, oxidation with CO, followed by air at 850 °C). Fig. 13 ¢
shows that upon exposure to CHy, the oxygen carrier reduced to metal-
liciron via a different mixed (Mg,Al Fe) phase. Interestingly, separate re-
flections from Cu-species were not seen until also metallic iron formed.
Separate crystalline Al-containing phases such as Al,03 were not de-
tected during reduction. Upon re-oxidation with CO, (scans 32-46 in
Fig. 13 ¢ metallic Cu (peak near 50°) was re-incorporated in the mixed
spinel environment, which is different from what has been observed
for Fe-based brownmillerite structures, where Cu could only be re-
incorporated upon exposure to air (i.e. at higher partial pressures of ox-
ygen) [76]. Before the atmosphere in the reaction chamber was changed
from CO, to air, there was, somewhat unexpected, a gradual transition
towards the initial spinel phase, which suggests that a near-complete
recovery of lattice oxygen with CO, was possible. To confirm this, an iso-
thermal cycling experiment was performed at 850 °C, in which after the
fourth reduction the material was re-oxidized for 4 h in 20 vol% CO, only
(SI Fig. S2 c). Indeed, there was an increase in sample mass throughout
the oxidation period, although at a very low rate that would prevent
the complete re-oxidation withing a reasonable time. However, this
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Fig. 12. The results from the redox cycling experiments using the TGA at 850 °C. Reduction was performed with CH, and oxidation was performed with air.a) and b) show the normalized
sample mass and sample temperature, respectively, measured during the initial eight (of 60) cycles for the oxygen carrier Mg(Feg sAlp5)204 with 5 wt% CuO. c) and d) show the normalized
sample mass and sample temperature, respectively, measured during the initial eight (of 60) cycles for the oxygen carrier Mg(FegoAlo 1)204 with 5 wt% CuO.
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Fig. 13. The results from the redox cycling experiments using the TGA and In-situ XRD at 850°. a) and b) show the normalized sample mass and sample temperature, respectively,
measured during the initial five cycles for the oxygen carrier Mg(FeggAlg1)204 with 5 wt% CuO. c) shows a 2D intensity map measured during an in-situ XRD experiment at 850 °C in
which the oxygen carrier Mg(FegoAlg 1)204 with 5 wt% CuO was reduced in CH, (scans 2-31) and oxidized in CO, (scans 32-46) and oxidized in air (scans 47-51).

result also implies that the complete combustion of CH,4 to generate CO,
and H,0 only during the reduction of the fully-oxidized oxygen carrier
(as is the case for the transition Fe,03 = Fe304) is probably not possible
thermodynamically. At the beginning and the end of the in-situ XRD ex-
periment (scan 1 and 51), the same crystalline spinel phase (PDF 01-
071-1233) was observed, confirming the fully reversible phase changes
within the oxygen carrier.

In the actual gas switching reactor, a fluidized bed, spray-dried par-
ticles were used (their synthesis is described in the experimental section
3.2.2. Most of the freshly calcined particles were of spherical shape, but

some particles had the shape of a torus with a large void in the center, as
can be seen in Fig. 14 a. In addition, smaller satellite particles stuck to
larger ones, thus forming agglomerates of particles. The compression
strength of the as-synthesized spray-dried Cu-doped Mg(FegoAlg1)204
oxygen carrier particles was 4.25 +/— 1.29 N, which is equivalent to
~142 MPa when normalizing force by the average geometrical diameter
of the particles. The relatively large standard deviation of the measured
crushing strength was probably due to the inhomogeneity of some of
the particles, as seen in Fig. 14 a.After 60 redox cycles in the TGA, the
crushing strength reduced to 3.44 +/— 1.46 N (equivalent to ~115

b)

Fig. 14. SEM images of the spray-dried oxygen carrier Mg(FegoAlg.1)204 with 5 wt% CuO. a) As-prepared oxygen carrier particles, b) oxygen carrier particles after redox cycling in the
fluidized bed, and c) oxygen carrier particles after redox cycling in the fluidized bed when the bed partially defluidized and the oxygen carrier particles fused together. The length of

the white bar is 200 pm.
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MPa), which is comparable to what has been reported as state-of-the-
art in the context of oxygen carriers for chemical looping [77].

3.2.2. Fluidized bed experiment with optimized Cu-doped Mg(Feg9Alo.1)204
spinel OC

The oxygen carrier material was investigated in the 5 cm ID reactor
(Fig. 4) under atmospheric condition. The mass of the oxygen carrier
originally placed in the reactor was 460 g making about 3 mol of lattice
oxygen. It is important to note the reduction behavior and the thermo-
dynamic properties of the Cu-doped Mg(FegAlg 1)204 are fundamen-
tally different from the Fe,Os-system, for which three-phase
transitions occur upon reduction (Fe,03-Fe304, Fe;04-Fe, FeO-Fe). Cu-
doped Mg(FegoAlg1)204 reduces in two steps, where the first step
(transition between two different spinel environments, Fig. 10 c)
would require the consumption ~1/3 of the total redox-active lattice ox-
ygen (Fig. 12 a), equivalent to Fe,03=> FeO transition. In the second
transition the redox-active Fe-species transform from the spinel envi-
ronment to metallic Fe at a relatively low equilibrium constant (equiv-
alent to FeO = Fe transition), which implies that upon reduction no
pure CO, can be generated, but upon oxidation with steam even higher
yields of H, can be obtained than for the transition Fe = FeO. In fact, in
preliminary studies the measured equilibrium constant K., = pC0O,/pCO
(CO, was used as a surrogate for H,0) at 800 °C was 0.33 compared to
K.q = 0.54 for the transition Fe - FeO.

3.2.2.1. Reactor performance. From Fig. 15 the cyclic behavior of the oxy-
gen carrier was repeatable over the three cycles. The degree of fuel con-
version in the fuel stage was, unfortunately, low, with a large quantity of
unconverted CH,, CO and H; exiting the reactor. It is possible that con-
version will be improved in a larger reactor with a greater gas residence
time, but the general degree of fuel utilization in these experiments was
below expectations when comparing it with the results from the TGA
experiments (Fig. 12 c). It is clear that such a large amount of fuel slip
will require integration with another process capable of combusting
this large quantity of slipped fuel as discussed earlier. From Fig. 15,
about 13% steam conversion was achieved at 800 °C, which was much
lower than expected from K., (note that K.q = 0.33 implies a steam con-
version of 75% is feasible). It thus appeared that the oxygen carrier was
not reduced sufficiently to exploit the low value of K., for this material.
Carbon deposition from the fuel stage was also eminent and unlike the
behavior with the oxygen carrier containing 35 wt% Fe,03, the
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deposited carbon was gasified in the steam stage to produce syngas
(CO + Hy), thus reducing the H, purity.

Even though such large degrees of fuel slip can be accommodated by
more complex process integration, it remains desirable to greatly im-
prove the fuel utilization in the GSWS fuel stage. High fuel conversion,
therefore, remains an important priority for future oxygen carrier devel-
opment studies. Apart from the low fuel utilization, the new oxygen car-
rier presented additional challenges in the reactor tests: agglomeration
(Fig. 14 b & ¢) at higher degrees of reduction and carbon deposition in
all cases. When the fuel time was increased beyond 4 min, the oxygen
carrier started to agglomerate at the air stage after 10 cycles (SI Fig.
$3). This was probably because of non-uniform reduction arising from
dead zones in the reactor above the distributor plate, making some
part of the oxygen carrier much more reduced than others. This phe-
nomenon made the reactor inoperable. The produced agglomerate
was brittle and could relatively easily be reduced to a fluidizable and re-
active powder again. It is also desired to reduce the oxygen carrier uni-
formly in the bed to prevent coking as seen in the TGA experiments
section 3.2.1 (Fig. 12 c).

However, it is very important for the GSWS process to be able to
achieve a large degree of oxygen carrier utilization to maximize
CO,, separation efficiency. As outlined in the introduction, lower de-
grees of oxygen carrier utilization will magnify the effect of the
mixing of different gases when switching between stages, resulting
in lower CO, capture efficiency and purities of H, and CO,. As illus-
trated later in the achieved oxygen carrier utilization in the case
with 4 min fuel time was only 34% (Fig. 16), implying that the
onset of agglomeration at the oxidation stage is greatly restricting
the degree of oxygen carrier utilization and thus also the CO, separa-
tion performance of the reactor. This is in agreement with the TPR re-
sults (SI Fig. S2) and in-situ XRD experiments (Fig. 13 c). The onset of
both coking and agglomeration appears to be related to the forma-
tion of the metallic iron phase.

As outlined in section 3.2.1 agglomeration was observed in TGA ex-
periments only when a fine powder was used. It is therefore difficult
to ascertain why agglomeration of the spray-dried particles was experi-
enced in the larger reactor, but one possibility could be the large reactor
aspect ratio, which limited the axial mixing in the reactor. Lower quality
of mixing will increase the likelihood of particle agglomerates forming.
Agglomeration will be a self-strengthening phenomenon in this case,
with initial agglomerates further reducing the quality of mixing in the
bed, thus allowing additional agglomerates to form.
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Regarding carbon deposition, Fig. 15 clearly shows the formation of
CO and CO; in the steam stage due to the gasification of deposited car-
bon by steam. It is shown that the concentration of CO, was significantly
higher than that of CO, suggesting that the oxygen carrier catalyzes the
water-gas shift reaction, which converts CO and excess steam to CO,
and H,. These released carbon-containing gases will reduce the CO, cap-
ture efficiency if the resulting H,-rich stream is combusted for heat or
power production.

Fig. 16 summarizes the reduction performance of the oxygen carrier
as a function of the fuel and steam times. In these cases, data was ex-
tracted from a stage before significant agglomeration started, but it is
possible that some initial agglomeration behavior already caused the re-
actor to exhibit some plug-flow behavior in these cases, thus increasing
fuel conversion due to increased gas contact and residence time.
Looking at the effect of fuel time (Fig. 16 a), higher H, yield was
achieved with fuel times of 5 and 6 min (evident from H,O conversion),
but associated with higher carbon deposition and less H, purity as op-
posed to the fuel times of 3 and 4 min. At lower fuel time, the degree
of fuel utilization with methane conversion (40%) mostly occurring
through partial oxidation to syngas instead of full oxidation (CO, selec-
tivity was in the range of 30-45%). Steam conversion of about 13% was
obtained for all cases; more than 50% lower than the Fe;04-FeO equilib-
rium at 800 °C. Carbon deposition at the fuel stage resulted in about 6%
of the incoming carbon to end up in the H,-rich stream from the steam
stage. On a dry basis, these carbon-containing gases will reduce the H,
purity to about 90%. At shorter steam stage (Fig. 16 b), higher steam
conversion to H, was achieved but also with lower H, purity due to
more of CO, and CO mixed into the released H,. As shown in Fig. 15,
H,0 conversion, through the gasification of the deposited carbon and
water-gas-shift reaction are higher at the start of the steam stage,
explaining these trends.

4. Conclusion

Two GSWS experimental campaigns were completed using 35 wt%
Fe,05 on Al;05 and Cu-doped Fe/MgAl,0, spinel of high iron content
developed specifically in this study. The 1st GSWS demonstration was
completed with 35 wt% Fe,03 on Al,03 OC in 5 cm ID fluidized bed re-
actor. Good reactor performance was achieved with no agglomeration

but H, purity was compromised due to gas mixing while switching be-
tween reactor stages. To improve H, purity, a mass balance calculation
showed that up to 70 wt% iron content oxygen carrier is desired to
keep the GSWS stages sufficiently long to minimize gas mixing effect
on GSWS gas separation performance. On this ground, an optimized
Cu-doped Mg(FegoAlg.1)204 spinel OC with 74 wt% active content was
developed, screened and characterized using TGA, XRD, ICP-OES, SEM,
ICP and crushing test for the 2nd GSWS demonstration in the 5 cm ID
fluidized bed reactor. High oxygen-carrying capacity up to 20% was
achieved and TGA result at 850 °C shows that the oxygen carrier is
very reactive and exhibited good redox behavior.

However, the 2nd GSWS demonstration with the optimized Cu-
doped Mg(FegoAlg.1)204 spinel OC with 74 wt% active content re-
vealed three key challenges with the proposed high active content.
All three of these challenges need to be addressed in future work to
increase the attractiveness of the GSWS concept. Firstly, the degree
of fuel utilization in the fuel stage was low, resulting in high fuel slip-
page. Such slipped fuel can be productively integrated with a down-
stream process, but it will certainly increase the attractiveness of
the GSWS concept if fuel slip can be minimized. Secondly, the oxygen
carrier started to agglomerate after about 34% of reduction. This issue
does not allow the process to utilize even half of the oxygen-carrying
capacity and will seriously hamper the CO, separation performance of
the process. It is possible that this challenge can be overcome in a
larger reactor where more vigorous fluidization is possible, but this
needs to be confirmed in future experiments. Thirdly, the oxygen car-
rier showed significant carbon deposition, resulting in CO, and CO
being released in the steam stage. When the H,-rich stream is
combusted, this will result in CO, emissions of about 20 kg/GJyy of
H,. Alternatively, a downstream pressure swing adsorption unit can
be used to purify the H, before utilization. The results from TGA ap-
peared as if coking was delayed until 85% lattice oxygen conversion
was achieved. This was possible because the rate of reduction was
much faster in TGA than the rate of coking so that the net effect was
mass loss even though coking occurred. This shows that TGA alone
is not suitable to relate conversion with onset of coking.

To summarize, the following points could be noted:

» Gas Switching water-splitting could be an efficient technique for H,
production with zero-emission.



62 A. Ugwu et al. / Powder Technology 370 (2020) 48-63

» Oxygen carrier with 35 wt% active content performed well but with
less H, purity without agglomeration, while the oxygen carrier with
74 wt% active content tends to agglomerate faster.

» A compromise in the active content is therefore required to achieve an
optimum GSWS performance.

* Relying on a TGA alone is not so sufficient as many other factors, such
as coking, agglomeration, could differ with large-scale setup.
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