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ABSTRACT: This paper focuses on the experimental demonstration of a three- CO, H, H,/CO N,
stage GST (gas switching technology) process (fuel, steam/CO,, and air stages)
for syngas production from methane in the fuel stage and H,/CO production in
the steam/CO, stage using a lanthanum-based oxygen carrier
(LaggsSto1sFeq0sAlg0sO3). Experiments were performed at temperatures between
750—950 °C and pressures up to S bar. The results show that the oxygen carrier
exhibits high selectivity to oxidizing methane to syngas at the fuel stage with
improved process performance with increasing temperature although carbon ::ff
deposition could not be avoided. Co-feeding CO, with CH, at the fuel stage %§
reduced carbon deposition significantly, thus reducing the syngas H,/CO molar
ratio from 3.75 to 1 (at CO,/CH, ratio of 1 at 950 °C and 1 bar). The reduced
carbon deposition has maximized the purity of the H, produced in the
consecutive steam stage thus increasing the process attractiveness for the
combined production of syngas and pure hydrogen. Interestingly, the cofeeding of CO, with CH, at the fuel stage showed a stable
syngas production over 12 hours continuously and maintained the H,/CO ratio at almost unity, suggesting that the oxygen carrier
was exposed to simultaneous partial oxidation of CH, with the lattice oxygen which was restored instantly by the incoming CO,.
Furthermore, the addition of steam to the fuel stage could tune up the H,/CO ratio beyond 3 without carbon deposition at H,O/
CH, ratio of 1 at 950 °C and 1 bar; making the syngas from gas switching partial oxidation suitable for different downstream
processes, for example, gas-to-liquid processes. The process was also demonstrated at higher pressures with over 70% fuel conversion
achieved at S bar and 950 °C.

¢

1. INTRODUCTION production, which increases the investment/capital costs and is
also associated with CO, emissions if nonrenewable electricity
is used for powering the ASU. Nevertheless, POX remains an
attractive technology when targeting its integration with gas-to-
liquid (GTL) technologies for producing fuels, such as
methanol or other higher hydrocarbons, because the Eroduced
syngas has a H,/CO ratio ranging between 1 and 2.”~"°

Natural gas is considered to be an important energy source in
the decarbonization roadmap of fossil fuels considering its
availability and low carbon footprint compared to other fossil
fuels such as crude oil or coal.'" However, the direct utilization
of natural gas is associated with CO, emissions, thus shifting
the focus toward its conversion to syngas (a mixture of

hydrqgen 3nd carbon monoxide), hydrogen, and other valuable CH, + 050, — CO + 2H,
chemicals.” Syngas can be produced from natural gas through »
six different ways:® (i) Steam methane reforming (SMR), (ii) (AH,g5x = —35.6 kJ mol ) (R1)

partial oxidation of methane (POX), (iii) dry methane
reforming (DMR), (iv) combined methane reforming (CMR,
a combination of SMR and DMR), (v) autothermal reforming 00 X !
(ATR, a combination of SMR and POX), and (vi) trireforming ASU by utilizing metal oxide-based oxygen carriers
(TMR, a combination of SMR, DMR, and POX). However,
only three (POX, SMR, and ATR) of the six technologies have Received: = September 3, 2020

Chemical looping partial oxidation (CLPOX) of methane has

been introduced to remove the need for the capital-intensive
1-14

that

been commercialized.** Although SMR is commercialized, this Revised:  February 18, 2021
technology is very energy-intensive and usually associated with Accepted: February 18, 2021
high CO, emissions. Partial oxidation of methane (POX) is Published: February 28, 2021

more energy-efficient than SMR,° but the conventional route
(reaction R1) requires an air separation unit (ASU) for oxygen
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can provide the oxygen for the partial oxidation reaction
through circulation between two reactors, namely, the fuel and
air reactors. The CLPOX of methane occurs through a
heterogeneous reaction with the lattice oxygen of the oxygen
carrier (reaction R3) in the fuel reactor. The oxygen carrier is
then circulated to a second reactor, for the regeneration of its
lattice oxygen with air in an exothermic reaction (reaction
R12) that also supplies the required heat to the process (the
partial oxidation reaction becomes endothermic when gaseous
oxygen is substituted with lattice oxygen). This way CO,
emission is intrinsically avoided due to the inherently separated
feed of air and CH, to the two reactors. CLPOX shares similar
advantages with the conventional chemical looping reforming
(CLR), which has received increasing attention over the last
two decades due to its prospects of increasing the process
efficiency through heat integration.”™"® For material develop-
ment, CLPOX exhibits an advantage over CLR in terms of cost
and availability since metal oxides (oxygen carrier) are not
required to be catalytically active for the hydrocarbon.'”~*!
CLPOX offers the flexibility to control the H,/CO ratio of the
produced syngas by simply adjusting the process conditions,
cofeeding CH,, H,O, and/or CO, in the syngas production
step. 2>

In this study, this technology has been extended to combine
syngas and pure hydrogen production in a three-step process
(CLPOX-H,) as illustrated in Figure 1. The three steps of the

Step 1

(Fuel stage)

Step 2

(H,0/CO, stage)

MeO, + (z-x)CH, = MeO, + (y-x)H,0/CO, =

(z-x)CO + 2 (z-x)H, + MeO,, (y-x)H,/CO + MeO,

Step 3

(Air stage)

MeO, + 4.76(z-y)air =

+3.71(z-y)N, + MeO,

Figure 1. Redox cycle for the three-step chemical looping (CLPOX)
process for the combined syngas and H,/CO production.

CLPOX-H, are as follows: In the reduction step 1, the oxygen
carrier is first reduced slightly when exposed to CH, (reaction
R2), thereby fully combusting the CH,. The oxygen carrier is
then reduced further, but now the CH, is partially oxidized by
the lattice oxygen to produce syngas (reaction R3). In this
step, CO, and H,O could be utilized to control the syngas
quality (i.e, H,/CO molar ratio). In the oxidation step 2,
H,0/CO, is fed to partially oxidize the oxygen carrier and
produce H,/CO (reaction R9). In another oxidation step 3,
the oxygen carrier is further oxidized by oxygen from the air for
regeneration and production of heat (reaction R12). Step 3
could be avoided but that would reduce the overall heat
generated from the process, thus requiring an additional
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external heat source to meet the heat requirement of the
process.

To maximize the economic and environmental benefits of
CLPOX (or CLPOX-H,), a pressurized operation is required
to improve the overall process efficiency and simplify its
integration with downstream GTL processes. Chemical
looping-based processes have been investigated at larger scales
using interconnected circulating fluidized beds (CFB).***’
Althou%h the CFB configuration has been demonstrated at the
1ab**~** and pilot”™** scales for several chemical looping
processes, pressurizing this configuration (Figure 2a) could be
difficult for this application considering that each reactor needs
to be pressurized individually with the need for precise control
of the circulation of the oxygen carriers to fulfill the heat and
mass balances of the process; only a few studies are reported
on pressurized chemical looping using the interconnected
fluidized bed configuration.”” The challenges magnify in three-
steps processes such as CLPOX-H,, which would require three
interconnected reactors with an oxygen carrier circulating
between them. As a consequence, the studies on Opressurized
chemical looping operations are still very limited.*"~*’

Alternative reactor configurations have been proposed to
address the need for pressurized operation. Among these
alternatives, the gas switching technology (GST) reactor
concept has been proven to be promising.*"™*’ The GST
reactor concept utilizes a single fluidized bed vessel, in which
gas feeds are alternated between the different reaction stages to
oxidize and reduce the oxygen carrier (metal oxide) without
requiring external solids circulation (Figure 2b). This greatly
simplifies reactor operation and brings heat integration benefits
as the reactions occur in one confinement as opposed to the
traditional chemical looping concept that requires the
circulation of oxygen carriers between separated reactors.
The CLPOX process adopted is referred to as gas switching
partial oxidation (GSPOX) and is illustrated in Figure 3.

Fuel Stage
MeO, + b)) CH,
(z-y) (z-y)

~ =5 C0, +2 H,0 + MeQ, (®2)
MeO, + (y — x)CH,

- (y — x)CO + 2(y — x)H, + MeO, (R3)
CH, + CO, — 2CO + 2H,

(AHyggx = +247.0 kJ mol™") (R4)
CH, + H,0 - CO + 3H,

(AH,ggx = +205.9 k] mol ") (RS)
CO, + H, < CO + H,0

(AH,ggx = +/—41.1kJ mol™") (R6)
CH, —» C +2H, (AH,gg = +74.9 k] mol™') (R7)
C+ CO, - 2CO (AH,g = +1724 K mol™)  (R8)
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Figure 2. (a) Conventional chemical looping technology using CFB configuration;** (b) gas switching technology proposed in this study.*
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Figure 3. Three-stage chemical looping process for combined syngas production with integrated CO,/steam utilization to produce H,/CO: (a)
conventional chemical looping arrangement; (b) the simplified gas switching technology under investigation.

Steam/CO, Stage
MeO, + (y — x)H,0/CO, — (y — x)H,/CO + MeO,

(R9)

C+H,0 - CO+H, (AHg = +131.2% mol™")

(R10)
CO + H,0 = CO, + H, (AH,g = —41.1kJ mol™")

(R11)

Air Stage

MeO, + 4.76(z — y)air - 3.71(z — y)N, + MeO,

(R12)

Note that x, y, and z represent the oxidation states of the
oxygen carrier (z > y > x).

Like any other chemical looping-based process, the
teasibility of GSPOX depends to a great extent on the oxygen
carriers, which should be of low cost, and enable a high
selectivity toward syngas production in the fuel stage and
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hydrogen production in the oxidation stage with steam.’’

Perovskite-based metal oxides have demonstrated good
performance for the production of syngas from CH,.>'~>*
Perovskites have the general formula of ABO; where A
represents a rare earth metal and/or an alkaline earth metal,
and B is a transition metal.”>*® Perovskites generally possess
good redox properties under the appropriate temperature and
pressure conditions,”™*° offer more resistance to carbon
deposition, and are thermodynamically suitable to convert
CH, to syngas.'””’ " Perovskites have also been applied in
the combined partial oxidation and H,0/CO, splitting to
produce syngas in the reduction step and H,/CO in the
oxidation step.®*™%

A La—Fe-based perovskite (LaggsSro;sFeqosAlyosO3) that
was developed, characterized, and tested at gram-scale, was
upscaled to the kg-scale using spray drying in this study, and it
was tested under real gas GSPOX conditions in a dense
fluidized bed.®* A sensitivity study of this GSPOX process
performance to the operating conditions such as CH, molar
concentration in the feed (8% was used in refs 64 and 65,

https://dx.doi.org/10.1021/acs.iecr.0c04335
Ind. Eng. Chem. Res. 2021, 60, 3516—3531
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Figure 4. SEM image showing the particle distribution of the freshly synthesized LaggsSr, 15Feg95Aly 0sO3 0xygen carrier under investigation in this

study.
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Figure S. (a) Particle size distribution of calcined oxygen carrier spheres before sieving and (b) particle size distribution of material screened used

in the reactor after sieving

which is far from real feed conditions of GSPOX), flow rate,
operating temperature, and pressure was conducted to gain
insight and understanding of the process behavior, and also to
ascertain the best process conditions for the eventual scale-up
of the process. A high focus was placed on demonstrating the
tunability of the syngas composition delivered at the fuel stage
to highlight the benefits of such a process in delivering custom
designed syngas to different downstream GTL processes.
Finally, a simultaneous redox reaction mechanism for
coconversion CH, and CO, to syngas on this oxygen carrier
(different from the conventional catalytic dry reforming) was
experimentally demonstrated.
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2. EXPERIMENTAL DEMONSTRATION

2.1. Oxygen Carrier. The oxygen carrier used had the
composition LaggsSrg sFegosAlyosO3 and was prepared from
La,0;, SrCO;, Fe,0;, and Al O; (technical grades) by solid-
state processing. This starting materials composition was
determined in a previous study®® in which the different
elements were mixed in the given ratio and then milled to the
specific particle size (D10:0.263 um, DS50:0.620 um,
D90:1.355 um, D99:2.1587 um), followed by drying and
calcination at 1250 °C for 4 h (5§ °C/min increment, 25 °C/
min decrement). Small samples of the prepared materials were
characterized first by X-ray diffraction (XRD) to ensure a
phase-pure perovskite had formed. Due to the relatively small

https://dx.doi.org/10.1021/acs.iecr.0c04335
Ind. Eng. Chem. Res. 2021, 60, 3516—3531
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Figure 6. (a) XRD patterns of the synthesized oxygen carrier (LaggsSrg 1sFeg95Aly05O3.5) collected in the fully oxidized state and at the end the fuel
stage (before the air oxidation step). The dotted vertical line indicates a shift in peak position, as can be seen more clearly in the inset. All indexed
diffraction peaks correspond to the perovskite phase.65 (b) Normalized sample mass and temperature of the oxygen carrier measured in the TGA
for different reducing and oxidizing gas atmospheres. The dashed vertical lines plotted in the reduction segment separate the reduction stage in
segments where three different reactions were dominant: the total oxidation of CH, (a, reaction 2); the partial oxidation of CH, (b, reaction R3);

and the cracking of CH, (¢, reaction R7).*

scale of the material production (few kilograms), a small spray
dryer was used resulting in less homogeneous particle size.
Therefore, the material needed to be screened and sieved
before the application in the fluidized bed reactor. Figure 4
shows the SEM image of the synthesized
Lagg5Srg15FegosAlyosO; spheres produced by spray-drying.
Initially, the PSD of the calcined spheres was quite wide
(Figure Sa), but the samples used in the GST reactor were
sieved between 137—225 um for the experimental demon-
stration (Figure Sb). The particles were porous and had a
relatively low density (bulk density ~1900 kg/m*) compared
to the heavy elements included. The oxygen carrier was phase-
pure, as is evident from the diffractogram shown in Figure 6a.
Th%4maximum oxygen storage capacity was 9 wt % at 900
°C.

2.2. Experimental Setup. The experimental set up
consisted of a fluidized bed reactor, the gas switching reactor,
with § cm inner diameter and 50 cm height with a freeboard
region at the top (expanding from a S cm to a 10 cm diameter)
to minimize particle entrainment (Figure 7). The total height
of the reactor, including the body and the freeboard, was 90
cm. The reactor vessel was made of Inconel 600 to withstand
high temperatures up to 1000 °C. Gas was fed into the reactor
using a lance extending toward to bottom of the reactor. Heat
was supplied to the reactor through an external electrical
heating element wound around the reactor vessel and covered
with a 25 cm thick insulation. The process parameters, data
acquisition, and logging were controlled through a LabVIEW
application. Bronkhorst mass flow controllers were used to
measure and control the gas feed into the reactor. A three-way
valve separated the air and fuel feeds during the redox process.
The outlet gas stream was cooled down through the heat
exchanger before it was sent to ventilation. Gas was sampled
after the cooler and sent to a gas analyzer for measuring the gas
composition. A syngas analyzer (model ETG MCA 100 SYN
P) was used to measure the gas composition. The temperature
was measured using two thermocouples located 2 and 20 cm
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from the bottom inside the reactor. The pressure was
measured at different locations and used for monitoring
reactor operation. A back-pressure valve was placed after the
cooler and used for maintaining the target set pressure up to S
bar. A thermogravimetric analyzer (Mettler Toledo TGA/
DSC1) was used to investigate the amount of lattice oxygen
that can be transferred to/from the oxygen carrier under
different gas environments (CH,/CO,/air) at 900 °C.

2.3. Methodology. 2.3.1. GSPOX Operation. Lab-scale
experiments were conducted using the La-based oxygen carrier
described in section 2.1 and the experimental setup shown in
(Figure 7). About 460 g of the oxygen carrier was placed inside
the reactor, corresponding to a 0.3 m static bed height. The
GSPOX cycle consists of three stages: fuel, steam, and air stage
(Figure 3). The reactor was first heated up to the target
temperature at a ramp rate of S °C/min, followed by
approximately 30 short redox cycles (oxidation and reduction)
for 1 h to enhance the activity of the oxygen -carrier
(“activation”). After activation, the actual GSPOX cycling
experiments started with the fuel stage, where CH, was fed.
The net reaction at this stage is endothermic thus requiring
heat addition to ensure that gas conversion does not decrease
extensively across the stage. It is possible to cofeed CH, with
CO, and/or H,O to control the syngas quality (i.e, H,/CO
molar ratio) and carbon deposition. The steam stage
proceeded the fuel stage to partially reoxidize the oxygen
carrier while producing hydrogen and gasifying any deposited
carbon from the fuel stage. Air was fed after the steam stage to
ensure complete oxidation of the oxygen carrier and the
generation of heat to drive the process. A known amount of
inert N, gas was fed across the fuel stage to quantify the
amount of all the species formed or converted through carbon
and hydrogen balances. There was also a purging step included
between the redox stages to avoid the direct contact of the fuel
and the oxidant. The total gas flow rate ranged between 1 and
50 nL/min in all stages. The gas flow rate was chosen to ensure
that the bed was fluidized and the flow was maintained (U/U,

https://dx.doi.org/10.1021/acs.iecr.0c04335
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Figure 7. Experimental setup. SV04 represents stop valves and MFC1—4 represents mass flow controllers for air, the inert gas (N, and CO,), the
fuel (CH,, CO), and H,, respectively. TT1 and TT2 represent the temperature transmitter (thermocouple) that measures the temperature of the
heating element on the reactor external circumference, while TT3 and TT4 represent temperature transmitters (thermocouple) that measure the
bed temperature inside the reactor. P is pressure sensors while TT7 is the temperature transmitter (thermocouple) that measures the temperature

inside the reactor shell.

~ 10) within the bubbling/turbulent regime to achieve good
solid mixing/heat transfer across the bed. The experiments
were performed by varying the CH, molar ratio from 10—60%,
temperatures from 750—950 °C, and reactor pressures from
1—35 bar. The reactor behavior, effect of temperature, pressure,
CH, molar fraction, flow rate, and CO,/H,0O utilization were
evaluated using reactor performance indicators described in
section 2.3.2.

2.3.2. Reactor Performance Indicators. Different perform-
ance indicators were defined to evaluate the GSPOX process
and identify appropriate conditions to achieve the maximum
conversion of CH, to syngas (H, and CO). Note that a known
amount of inert gas (N,) was fed at the fuel and steam stages
respectively to quantify the amount of other gaseous species
using the mole fractions recorded in the gas analyzer (eq 1). It
is desired to have maximal gas conversion in the fuel stage and
H,0/CO, conversion in the steam/CO, stage. The CH,
conversion and the fuel stage and H,O conversion are defined
in eq 2 and eq 3, respectively. It is important to tune the syngas
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H,/CO ratio (eq 4) to meet the requirements of the
downstream process where the produced syngas could be
utilized. Carbon deposition may occur in the fuel stage which
is quantified as a percentage of the total converted carbon
sources (CH, and CO,) fed at the fuel stage that produced
solid carbon (eq S). As mentioned earlier in this section, a
known amount of inert gas (N,) was fed at the fuel stage to
quantify the amount of the unconverted CH, and CO, from
the gas analyzer mole fractions (eq 1). The unconverted CH,
and CO, are subtracted from the amount of CH, and CO, fed
at the fuel stage to determine the converted CH, and CO,.
The amount of deposited carbon (¢ oy ) Was quantified
through a carbon balance (eq 6). Deposited carbon is released
at the steam and air stages in the form of CO and CO,, thus
negatively affecting the purity of produced H, in the steam
stage. In the fuel stage, many competing reactions can occur; it
is, therefore, important to quantify the selectivity to the
different species formed. The CO selectivity (eq 7) at the fuel
stage is affected by the deposited solid carbon and CO,

https://dx.doi.org/10.1021/acs.iecr.0c04335
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selectivity (eq 8). The H,O production from the total
oxidation of the fuel and the reverse water gas shift (RWGS)
reaction affects the H, selectivity (eq 9) while the produced
solid carbon, CO,, and H,O affect the overall syngas selectivity

(eq 10).
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nC,outﬁfuel = (nCH4,in7fuel + nCOZ,inffuel)

- (nCH“,ouquel + nCOZ,outffuel) (6)
s _ nCO,out_fuel
CO —
%k *
7’(:1-[4 nCH4,injuel + yc()Z nco,,in_fuel (7)
sco, = 100 — sco — Cyep (8)
nHZ,out_fuel .
———————— without steam
2(}/(;1-14'1CH4,in_fuel
Sy, =
2 nHz,ouquel .
— 2 = with steam
3 (7CH4nCH4,injuel) (9)
S

syngas —
nCO,out_fuel + nHz,out_fuel

(nHz,outifuel + nCO,infuel + ¢, out_fuel + nH;_O,outifuel + SCOZnCH4,in7fuel)

(10)

3. RESULT AND DISCUSSION
3.1. The GSPOX Process Behavior. Complete GSPOX

cycles at atmospheric pressure and temperatures from 750 to
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950 °C are shown in Figure 8a. The oxygen carrier reactivity
was stable over the entire experimental campaign, with no signs
of sintering/agglomeration observed despite being exposed to
thermal stress and redox cycles. Sintering/agglomeration
makes the particles fuse together, defluidize, thus making
part of the bed to behave as a packed bed. With this, the
particles will not be exposed equally to the reducing/oxidizing
gases leading to hot spots, excessive reduction, and non-
identical gas composition over the cycles. On the other hand,
identical gas composition over several cycles as observed
during the experiment (Figure 8a) indicates that the mixing of
the bed is good and there is no sign of sintering/
agglomeration. The cycle starts with the fuel (reduction)
stage where the oxygen carrier was exposed to CH, (diluted
with 50% N,). The overall reaction in the fuel stage is
endothermic, unlike the conventional partial oxidation process
using gaseous O, feed. At the start of the fuel stage for the
three temperatures, the CH, was oxidized completely to CO,
and H,O, followed by a sharp transition toward partial
oxidation with mostly syngas being produced. For this
particular oxygen carrier composition, ~4% of the redox-active
lattice oxygen is selective for the total oxidation of CH,,
whereas ~96% of the redox-active lattice oxygen is selective for
the partial oxidation of CH,, as can be seen from a control
TGA experiment shown Figure 6b. During the reduction of the
oxygen carrier, the perovskite phase transitions to La,0O3,
La,Sr, Fe,Al;_,O, and metallic Fe in a single step.64 The high
oxygen storage capacity of ~9 wt % is associated with a change
in the oxidation state of the iron component from Fe**/Fe* to
Fe’. Metallic Fe, that is, Fe’, catalyzes the decomposition of
CH, (reaction R7), which was apparent when the ratio of H,/
CO measured in the off-gas increased above the theoretical
value of 2. This is different from the results reported in
previous studies using the La, ¢St 4FeqgAly,03. 5 oxygen carrier
with an oxide shell, that acts like a micromembrane via a
thermochemical process,”® and La,_Sr,FeO;_; via chemical
100ping67 with a H,O ratio ~2, respectively, due to the
different synthesis methods. However, the transient H,/CO
ratio is similar to the first study with the same oxygen carrier in
a gram-scale setup.’®

At the steam stage, it can be seen that H, was produced
through the water-splitting reaction (reaction R9)—the partial
oxidation of the oxygen carrier with steam. There was also
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gasification of the deposited carbon with steam (reaction R10)
resulting in a large amount of CO produced in the first third of
the steam stage. When all the deposited carbon was fully
gasified, pure H, production dominated the rest of the stage. In
the oxidation stage with air, the rapid oxygen breakthrough
suggests that most of the oxidation has been completed in the
steam stage. As mentioned above, ~96% of the redox-active
lattice oxygen can be regenerated using mild oxidants such as
H,O or CO,. It is worth noting that the observed rate of H,
production was about double the gaseous carbon products
(CO and CO,) in the fuel stage, suggesting that both partial
oxidation of the oxygen carrier and carbon gasification
occurred simultaneously. A small amount of CO, was also
observed during the steam stage indicating the occurrence of
the water gas shift (WGS) reaction (reaction R11), which
decreased with temperature due to its exothermic nature.
Finally, at the air stage, the still partially reduced oxygen carrier
was regenerated completely. The reaction in this stage was
highly exothermic generating part of the heat required to drive
the endothermic reactions in the fuel stage to achieve
autothermal operation.

Comparing the GSPOX behavior for the three operating
temperatures tested (Figure 8a), it can be seen that the CH,
conversion almost doubled when the temperature was
increased from 750 to 950 °C (Figure 8 b), indicating an
improvement in the reaction kinetics as the temperature
increases. The extent of carbon deposition also reduced with
the increase in temperature (especially at 950 °C) in favor of
an increased CO production (likely due to the increased
oxygen release that simultaneously gasifies the depositing
carbon), to a large extent contributing to an improved syngas
selectivity. It was observed that the H, selectivity improved
when the temperature was increased from 750 to 850 °C and
remained insensitive beyond 950 °C. This could be explained
from Figure 8 showing that CO, was produced simultaneously
with syngas in the fuel stage indicating that the WGS reaction
(reverse reaction R6) occurred in parallel with other reactions
(reaction R3 to reaction R8) in the fuel stage. Recall that WGS
reaction utilized H,O (which is the only competing product
with H,) and CO to produce more H, and CO,, thus
increasing H, selectivity. Since the WGS reaction (reverse
reaction R6) is exothermic according to thermodynamics, the

https://dx.doi.org/10.1021/acs.iecr.0c04335
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increase in temperature from 750 °C decreased the extent of
the reaction until 950 °C where the reaction became negligible.

Despite the improvement in the degree of carbon deposition
especially at 950 °C, the syngas H,/CO ratio remained above
the expected value of 2 in the fuel stage (Figure 8a), and less
than 80% H, purity was achieved at the steam stage. It is worth
mentioning that if syngas production is targeted, carbon
deposition will not be an issue for this process as it is
completely gasified within the subsequent steam stage, thus
sustaining the oxygen carrier reactivity. Surprisingly, the carbon
deposition reported in this study when less than 70% of the
active lattice oxygen was consumed during the fuel stage was
not observed in the gram-scale study with the same material,**
bringing into question a possible scale effect of the proposed
gas switching technology as also reported in another study for
H, production through water splitting.45 It should, however, be
noted that the gram-scale was performed with only 8% CH,
molar fraction as against 50% in the current study. The
following section reports the results of a sensitivity study
varying several operating parameters to evaluate their influence
on key GSPOX process parameters.

3.2. Sensitivity Study. This section shows the effect of the
operating and feed conditions on key performance indicators
for the GSPOX process. Among others, a large focus is put on
minimizing the carbon deposition (which also improves the
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purity of the produced hydrogen from the steam stage) and on
showing the ability to tune the composition of produced
syngas as a key feature of the process to respond to the feed
specifications of the different downstream GTL processes.
3.2.1. The Effect of CH, Molar Fraction. The effect of the
CH, molar fraction at the fuel stage was investigated under
atmospheric conditions and 950 °C (Figure 9) while keeping
the total gas flow rate constant. The time of the fuel stage was
decreased proportionally with the CH, molar fraction such that
the total amount of CH, fed during the fuel stage was kept
constant. From the results shown in Figure 9, it can be seen
that carbon deposition increased with the CH, molar fraction.
This finding further supports the GSPOX behavior explained
in section 3.1, where it was shown that different active sites
determine the dominant reactions/output of the GSPOX
process. Although the fuel stage always started with a fully
oxidized oxygen carrier, it is likely that the increased CH,
concentration in the reducing gas increased the rate of carbon
deposition by locally reducing the oxygen carrier faster than
expected. This increased carbon deposition reduced the CO
selectivity, which in turn led to an increase of the H,/CO ratio
to ~3.7 when the CH, molar fraction was 60%. Consequently,
CH, conversion was marginally affected by the carbon
deposition. By inspecting Figure 8a, it can be seen that in
the fuel stage the CH, conversion decreased with time
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accompanied by a decrease in CO generation—a sign of
increased carbon deposition which blocks the pores and limits
the diffusion of gas into the active surface of the metal oxide.

Interestingly, the total amount of CO, produced during the
fuel stage was insensitive to the CH, molar fraction, implying
that the oxygen carrier was reduced to the same extent. This
also confirms that the reduction of the oxygen carrier in the
fuel stage occurred in two principal steps, in which the first
short step involved the complete methane combustion to
produce CO, and H,O, while the second step involved the
partial oxidation of methane after a certain amount of lattice
oxygen had been removed from the oxygen carrier (850 and
950 °C in Figure 8a illustrate this behavior). From our
previous work, the transition from the total to the partial
oxidation of CH, occurred when ~3%—4% of the redox-active
lattice oxygen was removed from the oxygen carrier, which can
be seen also in Figure 6b.°* The H,/CO ratio of the syngas
increased with carbon deposition indicating that the
mechanism of carbon deposition is mainly methane cracking
(reaction R7). The absence of CO, and H,O in the second
step (i.e., the partial oxidation) reduced the extent of side
reactions, thus making H, selectivity insensitive toward CH,
molar fraction. Despite that, the H, selectivity remained
unaffected, and the syngas selectivity decreased following the
decrease in CO selectivity due to carbon deposition.

3.2.2. The Effect of Flow Rate. The effect of flow rate was
investigated at 50% CH, molar fraction (50% dilution with
N,), 950 °C, and 1 bar by varying the flow rate between 6.2
nL/min and 102 nL/min (Figure 10). This flow rate range
was selected to ensure that the reacting bed was always kept
within the bubbling/turbulent fluidization regime. Similar to
that in section 3.2.1, the total amount of CH, fed during the
fuel stage was kept the same by proportionally decreasing the
stage time with the gas flow rate. The transient gas
composition (Figure 10a) shows that the cycles for the three
tested flow rates were almost identical, implying that the
reactions involved in the three stages were fast enough to be
independent of the gas residence time in the bed. This also
suggests that the gas—solid contact was good in the studied
range of the gas flow rates and that slippage of the reactant
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gases through the bed was avoided. Carbon deposition was
apparent for the three cases as can be seen by the released CO
and CO, in the steam stage (after the fuel stage) marking the
gasification of deposited carbon. H, production through the
partial oxidation of the oxygen carrier by steam was visible for
the three tested cases. It can be clearly seen that the H,
concentration was around twice that of CO when carbon
gasification occurred, while pure hydrogen was produced for
the rest of the steam stage after all the carbon had been
gasified.

From the time-averaged values shown in Figure 10b, the
CH, conversion increased slightly when the flow rate was
increased from 6.2 to 8.2 nL/min, but it then remained
relatively constant with a further increase. The improvement in
CH, conversion is a sign of improved mixing/gas—solids
contact that counteracted the possible negative effect of
reduced residence time. As expected, such improvement in the
mixing of the gas and the particles would reduce bed
segregation, prevent some of the solids to form a packed
bed, ensure that the oxygen carrier is reduced uniformly in the
entire bed, and reduce carbon deposition. However, Figure 10
contrarily shows that with increasing flow rate the carbon
deposition increased. This may be as a result of the increased
rate of reduction at higher flow rates which enhances carbon
deposition (type 3 active site of Mihai et al.*”) as described in
section 3.1. Consequently, the CO selectivity increased with
decreasing carbon deposition and the absence of the RWGS
reaction (reaction R6). Interestingly, the selectivity to CO,
remained constant confirming that the oxygen carrier achieved
the same level of reduction as described in section 3.2.1. As
also explained in section 3.2.1, the H, selectivity was also
insensitive to the change in flow rate due to the good
distinctive behavior of the two substeps of the fuel stage.

3.2.3. The Effect of CO, and H,0 Utilization. In an attempt
to reduce carbon deposition and control the syngas quality,
CO, and H,0 were cofed during the fuel stage. Four cases
were investigated at atmospheric condition, 50% CH, molar
fraction and a temperature of 950 °C as follows: (i) base case,
without CO, and H,O addition (50% N, and 50% CH, molar
fraction at fuel stage); (ii) CO, case (50% CO, and 50% CH,

https://dx.doi.org/10.1021/acs.iecr.0c04335
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molar fractions at fuel stage); (iii) H,O case (50% H,O and
50% CH, at fuel stage); and (iv) CO, + H,O case (25% CO,,
25% H,0, and 50% CH, at fuel stage). The transient gas
composition of the four cases (Figure 11) shows that the use of
CO, and H,O had a positive influence on the extent of carbon
deposition, gas feed conversion, and syngas quality.

The CO, case shows that carbon deposition was reduced
significantly (from 40% to 0%) with a resultant improvement
in the purity of the H, produced in the subsequent steam stage
(Figure 11). A similar approach was applied in chemical
looping reforming using a perovskite-based oxygen carrier
where a combined effect of POX (reaction R3) and DMR
(reaction R4) was achieved."”’ The attractiveness of this
strategy is the ability to utilize CO, to produce valuable
products and offset GHG emissions. The H,O case was
considered to achieve a combined effect of POX (reaction R3)
and SMR (reaction RS). With this arrangement, carbon
deposition was significantly reduced achieving a high H,/CO
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ratio, which was found to be close to 4 (Figure 12b) due to the
WGS reaction (reaction R11). The converted steam reacted
with the produced CO to form CO, (and H,) through the
aforementioned WGS reaction (evidenced by the presence
ofCO, as a product in the fuel stage as shown in Figure 11).

20CH, + H,0 + MeO + CO, — 21CO + 41H, + Me
(R13)

It is also possible to synergize CO, and H,O utilization in the
fuel stage to achieve a combined effect of POX, DMR, and
SMR (reaction R13), known as trimethane reforming (TMR).
TMR is expected to eliminate the disadvantages of the
conventional individual reactions, improve overall process
performance, efficiency, prolong catalyst life, and mitigate
coking.””' TMR also provides the flexibility to tune the
produced syngas to a desired quality. This approach has been
previously demonstrated to produce syngas with a H,/CO
ratio between 1 and 2, suitable for gas-to-liquid processes.”"
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It was observed that the three cases with the addition of an
oxidant (H,O and/or CO,), syngas production was favored
from the start of the fuel step, thus eliminating the initial
reduction of the oxygen carrier that produced CO, and steam.
This has resulted in a slight decrease in the overall methane
conversion for those three cases as can be seen in Figure 12a.
On the other hand, the overall H,, CO, and syngas selectivities
improved compared with the base case (Figure 12a).

The slight improvement in H, selectivity resulted from the
disappearance of the reduction step at the beginning of the fuel
stage which eliminates steam production that affects H,
selectivity. Instead, methane was reformed to syngas (H, +
CO) in the presence of the oxidant. Carbon deposition
decreased substantially in the presence of the oxidant, thus
considerably improving the CO selectivity (Figure 12b). The
improvement in CO selectivity was however lower for the case
of pure steam addition, which could be attributed to the
occurrence of the WGS reaction in the presence of steam thus
maximizing hydrogen production. With these results, the CO,
and the CO, + steam cases could safely be recommended for
GTL applications due to the moderate H,/CO ratio, the
elimination of carbon deposition with high syngas selectivity,
but interestingly, they can also produce high purity H, in the
steam stage.

The improvement of Figure 12 in the fuel stage when
cofeeding an oxidant with methane could be attributed to two
mechanisms: (i) simultaneous redox reactions occur in the
presence of the oxidant leading to the immediate restoration of
the lattice oxygen in the reduced perovskite,”>”? (ii) oxidant
addition could also ensure simultaneous gasification of the
deposited carbon to CO thus eliminating its negative effect on
syngas quality (H,/CO ratio). An additional experiment was
performed by cofeeding CO, and CH, (50% molar fractions
each) for more than 12 h (Figure 13), which demonstrated
that syngas production could be sustained continuously with
only a very small drop (<5%) in the conversion of CH,. This
indicates that the oxygen carrier performed similarly to a
catalyst in the dry reforming reaction. At the start of the fuel
stage, CH, conversion was slightly higher than CO, conversion
but gradually decreased and stabilized at the same value as the
CO, conversion for the rest of the stage (the CO, conversion
remained constant in the entire duration of the fuel stage).
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From an XRD measurement (Figure 6a) of the oxygen
carrier sample collected immediately after the fuel stage
(before the reoxidation step), it is evident that the oxygen
carrier was not reduced significantly when CH, and CO, were
cofed. The small shift in peak position toward lower diffraction
angles indicates that only a small amount of lattice oxygen was
removed (~0.4 wt %), most likely at the beginning of the
experiment shown in Figure 13. It was observed that a ratio of
CH,/CO, > 3 was required to reduce the oxygen carrier
further and utilize its complete oxygen storage capacity of ~9
wt %. Below that ratio, the oxygen carrier maintained its high
oxidation state without undergoing a bulk phase transition;
however, full recovery of its lattice oxygen required a stronger
oxidant, that is, air (reaction R12). Therefore, the observations
made do not suggest the catalytic activation of CH, or CO,
that is mechanistically comparable with the conventional dry
reforming of methane, since the perovskite itself is not
catalytically active. The trend seen in Figure 13 appears to
be rather the result of the simultaneous reduction/oxidation of
the oxygen carrier utilizing only a small amount of its lattice
oxygen. However, further investigations under kinetically
controlled conditions are required to fully decipher and
understand the nature of these observations.

At the beginning of the fuel stage, the rate of reduction of
the oxygen carrier to H, was higher than the rate of oxidation
but gradually decreased and remained constant following the
same trend as CH, conversion later in the stage. Altogether
Figure 13 suggests that syngas production was likely following
the aforementioned mechanism (i) exposing the oxygen carrier
to simultaneous reduction through partial oxidation by CH,
and oxidation by CO,. At the end of the 12 h fuel stage, only
4% degree of reduction of the oxygen carrier was achieved
similar to the degree of reduction achieved after 3 min of the
fuel stage with the same H, yield at the subsequent steam
stage. This suggests that when cofeeding an oxidant with CH,
into this oxygen carrier, simultaneous redox reactions
(oxidation and reduction) can take place at equal rates,
when the oxygen carrier is reduced to 4%, as observed in
Figure 13. Again, further research is needed for drawing firm
conclusions about the mechanisms by which syngas is
produced when cofeeding an oxidant with CH, to the oxygen
carrier.
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Figure 14. Variation of gas composition with pressure at 50% CH, molar fraction and 950 °C. (i) Fuel stage (gas input: CH,, 2.1—10.5 nL/min;
CO,, 2.1-10.5 nL/min for 11.74—2.35 min); (ii) N, purge (gas input: N, 10—50 nL/min for 10—2 min); (iii) steam stage (gas input: H,0, 2—10
nL/min for 20—4 min); (iv) air stage (gas input: air, 10—S0 nL/min for 10—2 min).

3.3. The Effect of Pressure. Pressurized operation is
necessary to reduce downstream compression work, improve
process efficiency, and explore the feasibility of integration with
other downstream processes. For these reasons, a further
investigation of GSPOX at pressures from 1-—5 bar was
performed at 50% CH, molar fraction, the addition of CO,
(CO,/CH, ratio of 1), and an operating temperature of 950
°C. The gas feed was increased proportionally to the pressure
to maintain a constant superficial gas velocity of about 0.1 m/s
in the reactor. The achieved performance is summarized in
Figure 14. It can be seen that increasing the pressure led to a
decrease in CH, and CO, conversions, similar to a previous
study.”” Since the reactions are heterogeneous (gas/solid
reaction) and mainly endothermic, it is possible that the
pressure would have negative effects both on the equilibrium
and the reaction kinetics. The overall CO, conversion was
lower than the CH, conversion, confirming that the partial
oxidation of CH, occurs at a faster rate than the oxidation of
the metal oxide by CO, at the beginning of the fuel stage as
shown earlier in Figure 13. However, the difference between
the two reactions was found to decrease with the pressure,
indicating that CH, conversion is affected more negatively by
pressure than CO, conversion. This could be attributed to the
fact that CH, is involved in more reaction pathways (reaction
R3, reaction R4, reaction RS, and reaction R7) while CO, is
involved in fewer reactions (reaction R4 and reaction R6). The
decrease in H, selectivity indicates that pressure improves the
kinetics of the RWGS reaction (reaction R6) in which CO,
reacts with the H, to form H,O and CO indicating that
kinetics played a larger role than thermodynamics. This leads
to a decrease of the syngas H,/CO ratio with pressure (even
below 1 at pressures higher than 4 bar). Overall, further work is
needed to optimize this oxygen carrier to minimize the
negative effect of pressure on its performance before the scale-
up of the GSPOX process.

4. CONCLUSION

The coupling of CH, partial oxidation and water splitting for
syngas and hydrogen production as an efficient pathway for
natural gas decarbonization was investigated in this work using
a lanthanum strontium ferrite oxygen carrier. Unlike previous
studies on related topics, the experiments were completed in a
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novel chemical looping reactor concept known as gas switching
technology (GST) that uses a single fluidized bed reactor
cycling multiple stages of the process (fuel, steam, and air
stages). The results showed that the oxygen carrier exhibits
high selectivity to syngas production at the fuel stage but with
substantial carbon deposition when pure methane was fed,
resulting in syngas production with a very high H,/CO ratio in
the fuel stage and very low purity H, production in the
consecutive steam stage. If only syngas is targeted, carbon
deposition will not be problematic as the deposited carbon
could totally be gasified in the steam stage producing valuable
syngas and ensuring complete regeneration of the oxygen
carrier, thus prolonging its lifetime with sustained chemical
reactivity.

Co-feeding an oxidant, such as CO,, H,O, or both, together
with CH, at the fuel stage resulted in a significant decrease in
carbon deposition and the H,/CO ratio between 1 and 4. This
demonstrates an important feature of GSPOX, which is the
tunability of syngas composition to properly respond to the
needs of the different GTL downstream processes. For all cases
of H,0 and CO, (or combination) utilization at the fuel stage,
an improved H, purity at the steam stage was achieved
following the reduction in carbon deposition with less CO
contamination through the gasification of the deposited carbon
with H,O.

An important observation of continuous syngas production
with (H,/CO = 1) by cofeeding CO, and CH, at the fuel
stage for over 12 h indicated that the oxygen carrier was
exposed to simultaneous redox reactions through CH, partial
oxidation with the lattice oxygen which is restored instantly by
the fed CO,. This process occurs at a higher rate for the CH,
partial oxidation in the beginning of the fuel stage but reduces
gradually to equalize the reversed oxidation reaction by CO,
resulting in a behavior similar to conventional methane
reforming that occurs continuously as long as heat is supplied.

Operating at high pressures was found to have negative
effects on both CH, and CO, conversions. This could be due
to the combined equilibrium and kinetic limitations of the
involved endothermic heterogeneous reactions. CO, con-
version was less sensitive to the pressure than CH, conversion
since CH, is involved in more dominating reaction pathways
than CO,. Pressure improves the kinetics of the RWGS
reaction contrarily to equilibrium prediction, thus affecting the
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H, selectivity and the syngas H,/CO ratio negatively. This
calls for further research to explore approaches to minimize the
negative impact of the pressure on the GSPOX performance
before scale-up. A dedicated techno-economic assessment is
also recommended to confirm the GSPOX attractiveness
against benchmarking technologies.
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B ABBREVIATIONS

ASU = air separation unit

ATR = autothermal reforming

CAPEX = capital expenditure

CCUS = carbon capture utilization and storage
CFB = circulating fluidized bed

CLPOX = chemical looping partial oxidation
CLR = chemical looping reforming

CMR = combined methane reforming

DMR = dry methane reforming

GSPOX = gas switching partial oxidation
GSR = gas switching reforming
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GST = gas switching technology
GTL = gas-to-liquid

Me = metal

MeO = metal oxide

OC = oxygen carrier

POX = partial oxidation

RWGS = reverse water gas shift
SMR = steam methane reforming
TMR = trireforming

U = fluidization velocity

U,,¢ = minimum fluidization velocity
WGS = water gas shift

XRD = X-ray diffraction

Symbols:

Cyep = carbon deposition

D, = diameter of the catalyst which 10% of a sample mass is
smaller than

Dy, = diameter of the catalyst which 50% of a sample mass is
smaller than

Dy, = diameter of the catalyst which 90% of a sample mass is
smaller than

NCout fuel = Mole of C at the gas outlet during reforming
stage_

Ncpyin el = mole of CH, fed in the fuel stage

Nch,out fuel = Mole of CH, at the gas outlet in the fuel stage
fcoeut oxi = Mole of CO at the gas outlet in the oxidation
stage B

1CO, 0y oxi = mole of CO, at the gas outlet in the oxidation
stage -

1coout fuel = Mole of CO at the gas outlet in the fuel stage
ncozyin:fuel = mole of CO, fed in the fuel stage

nco,0ut_fuel = Mole of CO, at the gas outlet in the fuel stage
Ny, out_fueb = Mole of H, at the gas outlet in the fuel stage
M11,0,0ut_fuel = Mole of H,O at the gas outlet in the fuel stage
e = Mole of any gas species at the gas outlet

fin,in = known mole of N, gas fed in the fuel stage

Sco = CO selectivity

Sco, = CO, selectivity

Sy, = H, selectivity

Seyngas = overall syngas selectivity

X;ou = mole fraction of any gas species as recorded in the gas
analyzer

X0t = mole fraction of N, gas as recorded in the gas
analyzer

Ycu, = CH, conversion

Yco, = CO, conversion

B REFERENCES

(1) Zhao, K; Chen, J; Li, H; Zheng, A; He, F. Effects of Co-
substitution on the reactivity of double perovskite oxides LaSrFe2-
xCoxO6 for the chemical-looping steam methane reforming. J. Energy
Inst. 2019, 92 (3), 594—603.

(2) Bai, Y.; Wang, Y.; Yuan, W.; Sun, W.; Zhang, G.; Zheng, L.; Han,
X.; Zhou, L. Catalytic performance of perovskite-like oxide doped
cerium (La2- xCexCoO4 + y) as catalysts for dry reforming of
methane. Chin. J. Chem. Eng. 2019, 27 (2), 379—385.

(3) Arora, S.; Prasad, R. An overview on dry reforming of methane:
strategies to reduce carbonaceous deactivation of catalysts. RSC Adv.
2016, 6 (110), 108668—108688.

(4) Papavassiliou, V.; Pacouloute, P.; Wu, K.; Drnevich, R.; Vlachos,
D.; Hemmings, J.; Bonnel, L. Catalytic Partial Oxidation Pilot Plant
Study. Ind. Eng. Chem. Res. 2010, 49 (1), 94—103.

https://dx.doi.org/10.1021/acs.iecr.0c04335
Ind. Eng. Chem. Res. 2021, 60, 3516—3531


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ambrose+Ugwu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-0908-8726
http://orcid.org/0000-0003-0908-8726
mailto:ambrose.ugwu@ntnu.no
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Abdelghafour+Zaabout"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-7468-8050
http://orcid.org/0000-0002-7468-8050
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Felix+Donat"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-3940-9183
http://orcid.org/0000-0002-3940-9183
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Geert+van+Diest"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Knuth+Albertsen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christoph+Mu%CC%88ller"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-2234-6902
http://orcid.org/0000-0003-2234-6902
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shahriar+Amini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c04335?ref=pdf
https://dx.doi.org/10.1016/j.joei.2018.03.013
https://dx.doi.org/10.1016/j.joei.2018.03.013
https://dx.doi.org/10.1016/j.joei.2018.03.013
https://dx.doi.org/10.1016/j.cjche.2018.05.016
https://dx.doi.org/10.1016/j.cjche.2018.05.016
https://dx.doi.org/10.1016/j.cjche.2018.05.016
https://dx.doi.org/10.1039/C6RA20450C
https://dx.doi.org/10.1039/C6RA20450C
https://dx.doi.org/10.1021/ie900872r
https://dx.doi.org/10.1021/ie900872r
pubs.acs.org/IECR?ref=pdf
https://dx.doi.org/10.1021/acs.iecr.0c04335?ref=pdf

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

(5) Silva, A. M.; De Farias, A. M. D.; Costa, L. O.; Barandas, A. P.;
Mattos, L. V.; Fraga, M. A.; Noronha, F. B. Partial oxidation and
water-gas shift reaction in an integrated system for hydrogen
production from ethanol. Appl. Catal, A 2008, 334 (1-2), 179—186.

(6) Berrocal, G. P.; Da Silva, A. L.; Assaf, J. M.; Albornoz, A.; do
Carmo Rangel, M. Novel supports for nickel-based catalysts for the
partial oxidation of methane. Catal. Today 2010, 149 (3—4), 240—
247.

(7) Rydén, M.; Lyngfelt, A.; Mattisson, T. Synthesis gas generation
by chemical-looping reforming in a continuously operating laboratory
reactor. Fuel 2006, 85 (12—13), 1631—1641.

(8) He, F.; Wei, Y.; Li, H; Wang, H. Synthesis gas generation by
chemical-looping reforming using Ce-based oxygen carriers modified
with Fe, Cu, and Mn oxides. Energy Fuels 2009, 23 (4), 2095—2102.

(9) Luis, F.; Ortiz, M.; Adénez, J.; Garcia-Labiano, F.; Abad, A
Gayén, P. Synthesis gas generation by chemical-looping reforming in a
batch fluidized bed reactor using Ni-based oxygen carriers. Chem. Eng.
J. 2008, 144 (2), 289—298.

(10) Tang, M.; Xu, L; Fan, M. Progress in oxygen carrier
development of methane-based chemical-looping reforming: A review.
Appl. Energy 2018, 151, 143—156.

(11) Zhu, Y.; Liu, W.; Sun, X,; Ma, X,; Kang, Y.; Wang, X.; Wang, J.
La-hexaaluminate for synthesis gas generation by Chemical Looping
Partial Oxidation of Methane Using CO2 as Sole Oxidant. AICKE J.
2018, 64 (2), 550—563.

(12) Cheng, Z,; Qin, L; Guo, M.; Xu, M,; Fan, J. A;; Fan, L.-S.
Oxygen vacancy promoted methane partial oxidation over iron oxide
oxygen carriers in the chemical looping process. Phys. Chem. Chem.
Phys. 2016, 18 (47), 32418—32428.

(13) Liu, Y;; Qin, L.; Cheng, Z.; Goetze, J. W.; Kong, F; Fan, J. A;
Fan, L.-S. Near 100% CO selectivity in nanoscaled iron-based oxygen
carriers for chemical looping methane partial oxidation. Nat. Commun.
2019, 10 (1), 1-6.

(14) Zhang, R.; Cao, Y.; Li, H;; Zhao, Z.; Zhao, K; Jiang, L. The role
of CuO modified La0- 7Sr0- 3FeO3 perovskite on intermediate-
temperature partial oxidation of methane via chemical looping
scheme. Int. J. Hydrogen Energy 2020, 45 (7), 4073—4083.

(15) Ma, D;; Mei, D.; Li, X.; Gong, M.; Chen, Y. Partial Oxidation of
Methane to Syngas over Monolithic Ni/y-Al203 Catalyst——Effects
of Rare Earths and Other Basic Promoters. J. Rare Earths 2006, 24
(4), 451-455.

(16) Fathi, M.; Bjorgum, E.; Viig, T.; Rokstad, O. Partial oxidation
of methane to synthesis gas:: Elimination of gas phase oxygen. Catal.
Today 2000, 63 (2—4), 489—497.

(17) Li, R-J; Yu, C.-C,; Ji, W.-].; Shen, S.-K. Methane oxidation to
synthesis gas using lattice oxygen in Lal- xSrxFeO3 perovskite oxides
instead of molecular oxygen. Stud. Surf. Sci. Catal. 2004, 147, 199—
2041, DOI: 10.1016/S0167-2991(04)80051-X.

(18) Beretta, A.; Groppi, G.; Tronconi, E. Monolithic catalysts for gas-
phase synthesis of chemicals; CRC Press: Italy, 2006; Vol. 02.1, p 243—
310.

(19) Luo, S.; Zeng, L.; Fan, L.-S. Chemical looping technology:
oxygen carrier characteristics. Annu. Rev. Chem. Biomol. Eng. 2018, 6,
53-78.

(20) Bhavsar, S.; Veser, G. Chemical looping beyond combustion:
production of synthesis gas via chemical looping partial oxidation of
methane. RSC Adv. 2014, 4 (88), 47254—47267.

(21) Fan, L.-S. Chemical looping partial oxidation: gasification,
reforming, and chemical syntheses; Cambridge University Press: USA,
2017; pp 22—49.

(22) Nguyen, T. H,; tamacz, A; Krzton, A; Liszka, B.; Djéga-
Mariadassou, G. Partial oxidation of methane over Ni0/La203
bifunctional catalyst III. Steady state activity of methane total
oxidation, dry reforming, steam reforming and partial oxidation.
Sequences of elementary steps. Appl. Catal, B 2016, 182, 385—391.

(23) Kang, D.; Lee, M.; Lim, H. S.; Lee, J. W. Chemical looping
partial oxidation of methane with CO2 utilization on the ceria-
enhanced mesoporous Fe2O3 oxygen carrier. Fuel 2018, 215, 787—
798.

3530

(24) Lyngfelt, A.; Brink, A.; Langorgen, @.; Mattisson, T.; Rydén,
M,; Linderholm, C. 11,000 h of chemical-looping combustion
operation—Where are we and where do we want to go? Int. J.
Greenhouse Gas Control 2019, 88, 38—56.

(25) Breault, R. W. Handbook of chemical looping technology; John
Wiley & Sons: Germany, 2018; p 41-S58.

(26) Moldenhauer, P.; Rydén, M.; Mattisson, T.; Lyngfelt, A.
Chemical-looping combustion and chemical-looping reforming of
kerosene in a circulating fluidized-bed 300 W laboratory reactor. Int. J.
Greenhouse Gas Control 2012, 9, 1-9.

(27) Zhu, X.; Imtiaz, Q.; Donat, F.; Miiller, C. R.; Li, F. Chemical
looping beyond combustion-a perspective. Energy Environ. Sci. 2020,
13 (3), 772—804.

(28) Larsén, R. Construction and initial testing of a lab-scale Chemical
Looping system; Chalmers University of Technology: Gothenburg,
Sweden, 2014.

(29) Préll, T.; Kolbitsch, P.; Bolhiar-Nordenkampf, J.; Hotbauer, H.
A novel dual circulating fluidized bed system for chemical looping
processes. AIChE J. 2009, S5 (12), 3255—3266.

(30) Penthor, S.; Mattisson, T.; Adanez, J.; Bertolin, S.; Masi, E.;
Larring, Y.; Langergen, @.; Stréhle, J.; Snijkers, F.; Geerts, L.; et al.
The EU-FP7 project SUCCESS-Scale-up of oxygen carrier for
chemical looping combustion using environmentally sustainable
materials. Energy Procedia 2017, 114, 395—406.

(31) Langergen, @.; Saanum, L; Haugen, N. E. L. Chemical looping
combustion of methane using a copper-based oxygen carrier in a 150
kW reactor system. Energy Procedia 2017, 114, 352—360.

(32) Kolbitsch, P.; Bolhar-Nordenkampf, J.; Prsll, T.; Hofbauer, H.
Comparison of two Ni-based oxygen carriers for chemical looping
combustion of natural gas in 140 kW continuous looping operation.
Ind. Eng. Chem. Res. 2009, 48 (11), 5542—5547.

(33) Whitty, K; Lighty, J.; Fry, A. In Development and Scale-Up of
Copper-Based Chemical Looping with Oxygen Uncoupling. 4th
International Conference on Chemical Looping, Nanjing, China,
September 26—28, 2016.

(34) Strshle, J; Orth, M.; Epple, B. Design and operation of a 1
MWth chemical looping plant. Appl. Energy 2014, 113, 1490—1495.

(35) Vilches, T. B.; Lind, F.; Rydén, M.; Thunman, H. Experience of
more than 1000 h of operation with oxygen carriers and solid biomass
at large scale. Appl. Energy 2017, 190, 1174—1183.

(36) Ohlemiiller, P.; Strdhle, J; Epple, B. Chemical looping
combustion of hard coal and torrefied biomass in a 1 MWth pilot
plant. Int. J. Greenhouse Gas Control 2017, 65, 149—159.

(37) Kolbitsch, P.; Bolhar-Nordenkampf, J.; Prdll, T.; Hotbauer, H.
Operating experience with chemical looping combustion in a 120 kW
dual circulating fluidized bed (DCFB) unit. Int. J. Greenhouse Gas
Control 2010, 4 (2), 180—185.

(38) Weber, J. Single and Double Loop Reacting Systems - Handbook of
Chemical Looping Technology; Wiley: USA, 2018; p 41—60.

(39) Osman, M.; Khan, M. N.; Zaabout, A.; Cloete, S.; Amini, S.
Review of pressurized chemical looping processes for power
generation and chemical production with integrated CO2 capture.
Fuel Process. Technol. 2021, 214, 106684.

(40) Chen, L.; Kong, L.; Bao, J.; Combs, M.; Nikolic, H. S.; Fan, Z.;
Liu, K. Experimental evaluations of solid-fueled pressurized chemical
looping combustion-The effects of pressure, solid fuel and iron-based
oxygen carriers. Appl. Energy 2017, 195, 1012—1022.

(41) Xiao, R; Song, Q;; Zhang, S.; Zheng, W.; Yang, Y. Pressurized
chemical-looping combustion of Chinese bituminous coal: cyclic
performance and characterization of iron ore-based oxygen carrier.
Energy Fuels 2010, 24 (2), 1449—1463.

(42) Xiao, R; Chen, L.; Saha, C; Zhang, S.; Bhattacharya, S.
Pressurized chemical-looping combustion of coal using an iron ore as
oxygen carrier in a pilot-scale unit. Int. J. Greenhouse Gas Control
2012, 10, 363—373.

(43) Fan, Z.; Chen, L.; Liu, F.; Bao, J.; Nikolic, H.; Liu, K. In Coal
based pressurized chemical looping combustion combined cycle
process development and analysis. 4th International Conference on
Chemical Looping, Nanjing, China, September 26—28 2016.

https://dx.doi.org/10.1021/acs.iecr.0c04335
Ind. Eng. Chem. Res. 2021, 60, 3516—3531


https://dx.doi.org/10.1016/j.apcata.2007.10.004
https://dx.doi.org/10.1016/j.apcata.2007.10.004
https://dx.doi.org/10.1016/j.apcata.2007.10.004
https://dx.doi.org/10.1016/j.cattod.2009.06.005
https://dx.doi.org/10.1016/j.cattod.2009.06.005
https://dx.doi.org/10.1016/j.fuel.2006.02.004
https://dx.doi.org/10.1016/j.fuel.2006.02.004
https://dx.doi.org/10.1016/j.fuel.2006.02.004
https://dx.doi.org/10.1021/ef800922m
https://dx.doi.org/10.1021/ef800922m
https://dx.doi.org/10.1021/ef800922m
https://dx.doi.org/10.1016/j.cej.2008.06.004
https://dx.doi.org/10.1016/j.cej.2008.06.004
https://dx.doi.org/10.1016/j.apenergy.2015.04.017
https://dx.doi.org/10.1016/j.apenergy.2015.04.017
https://dx.doi.org/10.1002/aic.15942
https://dx.doi.org/10.1002/aic.15942
https://dx.doi.org/10.1039/C6CP06264D
https://dx.doi.org/10.1039/C6CP06264D
https://dx.doi.org/10.1038/s41467-019-13560-0
https://dx.doi.org/10.1038/s41467-019-13560-0
https://dx.doi.org/10.1016/j.ijhydene.2019.12.082
https://dx.doi.org/10.1016/j.ijhydene.2019.12.082
https://dx.doi.org/10.1016/j.ijhydene.2019.12.082
https://dx.doi.org/10.1016/j.ijhydene.2019.12.082
https://dx.doi.org/10.1016/S1002-0721(06)60142-7
https://dx.doi.org/10.1016/S1002-0721(06)60142-7
https://dx.doi.org/10.1016/S1002-0721(06)60142-7
https://dx.doi.org/10.1016/S0920-5861(00)00495-8
https://dx.doi.org/10.1016/S0920-5861(00)00495-8
https://dx.doi.org/10.1016/S0167-2991(04)80051-X
https://dx.doi.org/10.1016/S0167-2991(04)80051-X
https://dx.doi.org/10.1016/S0167-2991(04)80051-X
https://dx.doi.org/10.1016/S0167-2991(04)80051-X?ref=pdf
https://dx.doi.org/10.1146/annurev-chembioeng-060713-040334
https://dx.doi.org/10.1146/annurev-chembioeng-060713-040334
https://dx.doi.org/10.1039/C4RA06437B
https://dx.doi.org/10.1039/C4RA06437B
https://dx.doi.org/10.1039/C4RA06437B
https://dx.doi.org/10.1016/j.apcatb.2015.09.016
https://dx.doi.org/10.1016/j.apcatb.2015.09.016
https://dx.doi.org/10.1016/j.apcatb.2015.09.016
https://dx.doi.org/10.1016/j.apcatb.2015.09.016
https://dx.doi.org/10.1016/j.fuel.2017.11.106
https://dx.doi.org/10.1016/j.fuel.2017.11.106
https://dx.doi.org/10.1016/j.fuel.2017.11.106
https://dx.doi.org/10.1016/j.ijggc.2019.05.023
https://dx.doi.org/10.1016/j.ijggc.2019.05.023
https://dx.doi.org/10.1016/j.ijggc.2012.02.015
https://dx.doi.org/10.1016/j.ijggc.2012.02.015
https://dx.doi.org/10.1039/C9EE03793D
https://dx.doi.org/10.1039/C9EE03793D
https://dx.doi.org/10.1002/aic.11934
https://dx.doi.org/10.1002/aic.11934
https://dx.doi.org/10.1016/j.egypro.2017.03.1181
https://dx.doi.org/10.1016/j.egypro.2017.03.1181
https://dx.doi.org/10.1016/j.egypro.2017.03.1181
https://dx.doi.org/10.1016/j.egypro.2017.03.1177
https://dx.doi.org/10.1016/j.egypro.2017.03.1177
https://dx.doi.org/10.1016/j.egypro.2017.03.1177
https://dx.doi.org/10.1021/ie900123v
https://dx.doi.org/10.1021/ie900123v
https://dx.doi.org/10.1016/j.apenergy.2013.09.008
https://dx.doi.org/10.1016/j.apenergy.2013.09.008
https://dx.doi.org/10.1016/j.apenergy.2017.01.032
https://dx.doi.org/10.1016/j.apenergy.2017.01.032
https://dx.doi.org/10.1016/j.apenergy.2017.01.032
https://dx.doi.org/10.1016/j.ijggc.2017.08.013
https://dx.doi.org/10.1016/j.ijggc.2017.08.013
https://dx.doi.org/10.1016/j.ijggc.2017.08.013
https://dx.doi.org/10.1016/j.ijggc.2009.09.014
https://dx.doi.org/10.1016/j.ijggc.2009.09.014
https://dx.doi.org/10.1016/j.fuproc.2020.106684
https://dx.doi.org/10.1016/j.fuproc.2020.106684
https://dx.doi.org/10.1016/j.apenergy.2017.03.085
https://dx.doi.org/10.1016/j.apenergy.2017.03.085
https://dx.doi.org/10.1016/j.apenergy.2017.03.085
https://dx.doi.org/10.1021/ef901070c
https://dx.doi.org/10.1021/ef901070c
https://dx.doi.org/10.1021/ef901070c
https://dx.doi.org/10.1016/j.ijggc.2012.07.008
https://dx.doi.org/10.1016/j.ijggc.2012.07.008
pubs.acs.org/IECR?ref=pdf
https://dx.doi.org/10.1021/acs.iecr.0c04335?ref=pdf

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

(44) Science, N. M. F. Chemical Looping Combustion. https://mfix.

netl.doe.gov/research/chemical-looping-combustion/ (accessed
2020-06).

(45) Ugwu, A,; Donat, F.; Zaabout, A.; Miiller, C.; Albertsen, K;
Cloete, S.; van Diest, G.; Amini, S. Hydrogen production by water
splitting using gas switching technology. Powder Technol. 2020, 370,
48—63.

(46) Ugwu, A.; Zaabout, A; Tolchard, J. R;; Dahl, P. L; Amini, S.
Gas Switching reforming for syngas production with iron-based
oxygen carrier-the performance under pressurized conditions. Int. J.
Hydrogen Energy 2020, 45 (2), 1267—1282.

(47) Zaabout, A.; Dahl, P. I; Ugwu, A; Tolchard, J. R; Cloete, S.;
Amini, S. Gas Switching Reforming (GSR) for syngas production with
integrated CO2 capture using iron-based oxygen carriers. Int. J.
Greenhouse Gas Control 2019, 81, 170—180.

(48) Zaabout, A.; Cloete, S.; Johansen, S. T.; van Sint Annaland, M.;
Gallucci, F.; Amini, S. Experimental demonstration of a novel gas
switching combustion reactor for power production with integrated
CO2 capture. Ind. Eng. Chem. Res. 2013, 52 (39), 14241—14250.

(49) Wassie, S. A.; Gallucci, F.; Zaabout, A.; Cloete, S.; Amini, S.;
van Sint Annaland, M. Hydrogen production with integrated CO2
capture in a novel gas switching reforming reactor: Proof-of-concept.
Int. J. Hydrogen Energy 2017, 42 (21), 14367—14379.

(50) Chen, D.; He, D.; Lu, J.; Zhong, L.; Liu, F.; Liu, J.; Yu, J.; Wan,
G.; He, S; Luo, Y. Investigation of the role of surface lattice oxygen
and bulk lattice oxygen migration of cerium-based oxygen carriers:
XPS and designed H2-TPR characterization. Appl. Catal, B 2017,
218, 249-259.

(51) Taylor, D. D.; Schreiber, N. J.; Levitas, B. D.; Xu, W.; Whitfield,
P. S.; Rodriguez, E. E. Oxygen Storage Properties of Lal-x Sr x FeO3-
6 for Chemical-Looping reactionsd An In Situ Neutron and
Synchrotron X-ray Study. Chem. Mater. 2016, 28 (11), 3951—3960.

(52) Metcalfe, I. S.; Ray, B.; Dejoie, C.; Hu, W.; de Leeuwe, C,;
Dueso, C.; Garcia-Garcia, F. R;; Mak, C.-M,; Papaioannou, E. L;
Thompson, C. R.; Evans, J. S. O. Overcoming chemical equilibrium
limitations using a thermodynamically reversible chemical reactor.
Nat. Chem. 2019, 11 (7), 638—643.

(53) Marek, E.; Hu, W.; Gaultois, M.; Grey, C. P.; Scott, S. A. The
use of strontium ferrite in chemical looping systems. Appl. Energy
2018, 223, 369—382.

(54) Shen, X; Sun, Y.; Wy, Y.; Wang, J.; Jiang, E.; Xu, X; Su, J; Jia,
Z. The coupling of CH4 partial oxidation and CO2 splitting for
syngas production via double perovskite-type oxides LaFexCol- xO3.
Fuel 2020, 268, 117381.

(55) Zhao, K.; Zheng, A,; Li, H.; He, F.; Huang, Z.; Wei, G.; Shen,
Y.; Zhao, Z. Exploration of the mechanism of chemical looping steam
methane reforming using double perovskite-type oxides Lal. 6Sr0.
4FeCo06. Appl. Catal, B 2017, 219, 672—682.

(56) Ding, H,; Xu, Y.; Luo, C.; Wang, Q.; Shen, C.; Xu, J.; Zhang, L.
A novel composite perovskite-based material for chemical-looping
steam methane reforming to hydrogen and syngas. Energy Convers.
Manage. 2018, 171, 12—19.

(57) Zhu, X; Li, K; Neal, L; Li, F. Perovskites as geo-inspired
oxygen storage materials for chemical looping and three-way catalysis:
a perspective. ACS Catal. 2018, 8 (9), 8213—8236.

(58) Zeng, L.; Cheng, Z; Fan, J. A; Fan, L.-S.; Gong, J. Metal oxide
redox chemistry for chemical looping processes. Nature Reviews
Chemistry 2018, 2 (11), 349—364.

(59) Ebrahimi, H.; Rahmani, M. Modeling chemical looping syngas
production in a microreactor using perovskite oxygen carriers. Int. J.
Hydrogen Energy 2018, 43 (10), 5231—5248.

(60) Zheng, Y.; Li, K.; Wang, H.; Tian, D.; Wang, Y.; Zhu, X.; Wei,
Y.; Zheng, M.; Luo, Y. Designed oxygen carriers from macroporous
LaFeO3 supported CeO2 for chemical-looping reforming of methane.
Appl. Catal, B 2017, 202, 51—63.

(61) He, F.; Li, F. Perovskite promoted iron oxide for hybrid water-
splitting and syngas generation with exceptional conversion. Energy
Environ. Sci. 2015, 8 (2), 535—539.

3531

(62) Zhang, J.; Haribal, V.; Li, F. Perovskite nanocomposites as
effective CO2-splitting agents in a cyclic redox scheme. Science
advances 2017, 3 (8), No. e1701184.

(63) Bhavsar, S; Najera, M.; Solunke, R; Veser, G. Chemical
looping: To combustion and beyond. Catal. Today 2014, 228, 96—
10S.

(64) Donat, F.; Miiller, C. R. CO2-free conversion of CH4 to syngas
using chemical looping. Appl. Catal, B 2020, 278, 119328.

(65) Donat, F.; Xu, Y.; Miiller, C. R. Combined partial oxidation of
methane to synthesis gas and production of hydrogen or carbon
monoxide in a fluidized bed using lattice oxygen. Energy Technol.
2020, 8 (8), 1900655.

(66) Huang, C.; Wy, J.; Chen, Y.-T.; Tian, M.; Rykov, A. L; Hou, B;
Lin, J.; Chang, C.-R;; Pan, X.; Wang, J.; Wang, A.; Wang, X. In situ
encapsulation of iron (0) for solar thermochemical syngas production
over iron-based perovskite material. Communications Chemistry 2018,
1(1), 1-10.

(67) Evdou, A, Zaspalis, V.; Nalbandian, L. Lal- xSrxFeO3- §
perovskites as redox materials for application in a membrane reactor
for simultaneous production of pure hydrogen and synthesis gas. Fuel
2010, 89 (6), 1265—1273.

(68) Donat, F.; Xu, Y.; Miiller, C. R. Combined partial oxidation of
methane to synthesis gas and production of hydrogen or carbon
monoxide in a fluidized bed using lattice oxygen. Energy Technol.
2020, 8 (8), 1-10.

(69) Mihai, O.; Chen, D.; Holmen, A. Chemical looping methane
partial oxidation: the effect of the crystal size and O content of
LaFeO3. J. Catal. 2012, 293, 175—185.

(70) Zhao, K; Li, L.; Zheng, A.; Huang, Z.; He, F.; Shen, Y.; Wej,
G; Li, H; Zhao, Z. Synergistic improvements in stability and
performance of the double perovskite-type oxides La2- xSrxFeCoO6
for chemical looping steam methane reforming. Appl. Energy 2017,
197, 393—404.

(71) Song, C.; Pan, W. Tri-reforming of methane: a novel concept
for synthesis of industrially useful synthesis gas with desired H2/CO
ratios using CO?2 in flue gas of power plants without CO2 separation.
Prepr. Pap.-Am. Chem. Soc. Div. Fuel Chem. 2004, 49 (1), 128.

(72) Zhu, Y.; Sun, X,; Liu, W.; Xue, P.; Tian, M,; Wang, X,; Ma, X,;
Zhang, T. Microstructure and reactivity evolution of LaFeAl oxygen
carrier for syngas production via chemical looping CH4CO2
reforming. Int. J. Hydrogen Energy 2017, 42 (52), 30509—30524.

(73) York, A. P.; Xiao, T.; Green, M. L. Brief overview of the partial
oxidation of methane to synthesis gas. Top. Catal. 2003, 22 (3—4),
345-3S8.

https://dx.doi.org/10.1021/acs.iecr.0c04335
Ind. Eng. Chem. Res. 2021, 60, 3516—3531


https://mfix.netl.doe.gov/research/chemical-looping-combustion/
https://mfix.netl.doe.gov/research/chemical-looping-combustion/
https://dx.doi.org/10.1016/j.powtec.2020.05.039
https://dx.doi.org/10.1016/j.powtec.2020.05.039
https://dx.doi.org/10.1016/j.ijhydene.2019.03.191
https://dx.doi.org/10.1016/j.ijhydene.2019.03.191
https://dx.doi.org/10.1016/j.ijggc.2018.12.027
https://dx.doi.org/10.1016/j.ijggc.2018.12.027
https://dx.doi.org/10.1021/ie401810n
https://dx.doi.org/10.1021/ie401810n
https://dx.doi.org/10.1021/ie401810n
https://dx.doi.org/10.1016/j.ijhydene.2017.04.227
https://dx.doi.org/10.1016/j.ijhydene.2017.04.227
https://dx.doi.org/10.1016/j.apcatb.2017.06.053
https://dx.doi.org/10.1016/j.apcatb.2017.06.053
https://dx.doi.org/10.1016/j.apcatb.2017.06.053
https://dx.doi.org/10.1021/acs.chemmater.6b01274
https://dx.doi.org/10.1021/acs.chemmater.6b01274
https://dx.doi.org/10.1021/acs.chemmater.6b01274
https://dx.doi.org/10.1038/s41557-019-0273-2
https://dx.doi.org/10.1038/s41557-019-0273-2
https://dx.doi.org/10.1016/j.apenergy.2018.04.090
https://dx.doi.org/10.1016/j.apenergy.2018.04.090
https://dx.doi.org/10.1016/j.fuel.2020.117381
https://dx.doi.org/10.1016/j.fuel.2020.117381
https://dx.doi.org/10.1016/j.apcatb.2017.08.027
https://dx.doi.org/10.1016/j.apcatb.2017.08.027
https://dx.doi.org/10.1016/j.apcatb.2017.08.027
https://dx.doi.org/10.1016/j.enconman.2018.05.088
https://dx.doi.org/10.1016/j.enconman.2018.05.088
https://dx.doi.org/10.1021/acscatal.8b01973
https://dx.doi.org/10.1021/acscatal.8b01973
https://dx.doi.org/10.1021/acscatal.8b01973
https://dx.doi.org/10.1038/s41570-018-0046-2
https://dx.doi.org/10.1038/s41570-018-0046-2
https://dx.doi.org/10.1016/j.ijhydene.2018.01.108
https://dx.doi.org/10.1016/j.ijhydene.2018.01.108
https://dx.doi.org/10.1016/j.apcatb.2016.08.024
https://dx.doi.org/10.1016/j.apcatb.2016.08.024
https://dx.doi.org/10.1039/C4EE03431G
https://dx.doi.org/10.1039/C4EE03431G
https://dx.doi.org/10.1126/sciadv.1701184
https://dx.doi.org/10.1126/sciadv.1701184
https://dx.doi.org/10.1016/j.cattod.2013.12.025
https://dx.doi.org/10.1016/j.cattod.2013.12.025
https://dx.doi.org/10.1016/j.apcatb.2020.119328
https://dx.doi.org/10.1016/j.apcatb.2020.119328
https://dx.doi.org/10.1002/ente.201900655
https://dx.doi.org/10.1002/ente.201900655
https://dx.doi.org/10.1002/ente.201900655
https://dx.doi.org/10.1038/s42004-018-0050-y
https://dx.doi.org/10.1038/s42004-018-0050-y
https://dx.doi.org/10.1038/s42004-018-0050-y
https://dx.doi.org/10.1016/j.fuel.2009.09.028
https://dx.doi.org/10.1016/j.fuel.2009.09.028
https://dx.doi.org/10.1016/j.fuel.2009.09.028
https://dx.doi.org/10.1002/ente.201900655
https://dx.doi.org/10.1002/ente.201900655
https://dx.doi.org/10.1002/ente.201900655
https://dx.doi.org/10.1016/j.jcat.2012.06.022
https://dx.doi.org/10.1016/j.jcat.2012.06.022
https://dx.doi.org/10.1016/j.jcat.2012.06.022
https://dx.doi.org/10.1016/j.apenergy.2017.04.049
https://dx.doi.org/10.1016/j.apenergy.2017.04.049
https://dx.doi.org/10.1016/j.apenergy.2017.04.049
https://dx.doi.org/10.1016/j.ijhydene.2017.10.037
https://dx.doi.org/10.1016/j.ijhydene.2017.10.037
https://dx.doi.org/10.1016/j.ijhydene.2017.10.037
https://dx.doi.org/10.1023/A:1023552709642
https://dx.doi.org/10.1023/A:1023552709642
pubs.acs.org/IECR?ref=pdf
https://dx.doi.org/10.1021/acs.iecr.0c04335?ref=pdf

