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ARTICLE INFO ABSTRACT

This study is the first experimental demonstration of CO, capture and utilization for dry methane reforming
using a novel chemical looping concept, “Gas Switching Dry Reforming” (GSDR) to produce syngas. The new
reactor concept utilizes a single fluidized bed reactor to complete redox (reactions) cycles by alternating air and
gaseous fuel feeds, generating heat and near pure CO, for usage in a consecutive dry reforming stage.
Autothermal operation of GSDR was achieved using NiO/Al,O3 oxygen carrier, in a three-stage configuration
where pure CO is used in the reduction stage while CH,4 and CO,, are fed simultaneously in the reforming stage.
Most of the heat duties of the process is generated by the exothermic oxidation reaction. The reforming stage is
very sensitive to temperature with very good CH4 and CO, conversion achieved at 850 °C but dropped rapidly at
lower temperatures. Carbon deposition is a major issue affecting the performance of GSDR process although this
is found to be minimized by a combination of high operating temperature and larger CO,/CH, ratio, but also led
to low H,/CO molar ratio driven by the reversed water gas shift reaction. Reducing the utilization of the oxygen
carrier by 50% also proves to decrease carbon deposition by 62% due to the presence of latent oxygen on the
oxygen carrier. However, CH4 and CO, conversion are affected negatively resulting in a drop of ~22%. An
excellent opportunity for maximizing the energy efficiency of the GSDR is by integration with a Gas-To-Liquid
(GTL) Fisher Tropsch to use outlet gas stream from the reforming as feedstock to GTL while the unconverted hot
gasses from GTL process is fed to the reduction stage of GSDR.
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1. Introduction

CO, and CH, are the two major primary greenhouse gases (GHG)
that pose a threat to the world today through global warming and cli-
mate change. As global energy demand and consumption of fossil fuel
continue to increase, CCS remains a viable and cost-effective tech-
nology to combat greenhouse gas emission and achieve the Paris
Climate Accord goals of maintaining the global temperature increase
within 1.5 °C (IPCC, 2018). With the projection that natural gas would
be the fastest growing fossil fuel in the coming decades (Nejat et al.,
2015; Baltagi et al., 2002), CO, methane reforming (dry reforming)
would therefore be an attractive technology that can sustainably utilize
CO, and the abundant natural gas (CH4) not only to reduce GHG
emission but also produce valuable products (syngas) for various ap-
plications (Muraza and Galadima, 2015a; Sternberg et al., 2017;
Ewbank et al., 2014).

The particularity of syngas produced from the dry reforming process
is the H,/CO molar ratio which is close to unity (Reaction 1), being

especially suitable for the synthesis of liquid hydrocarbons, (through
the Fisher Tropsch process), oxygenates and other industrially relevant
chemicals (Usman et al., 2015a). Although the working principle of dry
reforming has been experimentally tested, where tens of studies were
published for this process mainly about catalyst development (Wei and
Iglesia, 2004a, b; Wei and Iglesia, 2004c, d; Wei and Iglesia, 2004e, f),
there are various factors that are still limiting its industrial deployment.
Firstly, the reaction is highly endothermic making the process energy
intensive requiring an operating temperature above 800 °C in order to
achieve high conversion (Aramouni et al., 2017). This involves large
CO, emissions as fossil fuel is used for supplying heat to the en-
dothermic dry reforming reactions. Another major drawback that
hampers the commercialization of the process is the high degree of
carbon deposition through different mechanisms (Reaction 3 and Re-
action 4), leading to fast catalyst deactivation (Oyama et al., 2012).
Several studies attempted to tackle the carbon deposition issue through
catalyst development (Hou et al., 2006; Carrara et al., 2008; Chen et al.,
1998). Alternatively, it has been shown that a CO,/CH4 molar ratio
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Nomenclature Dy Diameter of the catalyst which 90% of a sample mass is
smaller than
Abbreviations neou—_res Mole of C at the gas outlet during reforming stage
Neryin_rer Mole of CHy fed during reforming stage
CCS Carbon capture and storage Nera,ou_ree Mole of CHy at the gas outlet during reforming stage
CLDR Chemical Looping Dry Reforming Nco,out_oxi Mole of CO at the gas outlet during oxidation stage

CLR Chemical Looping Reforming
GSDR Gas Switching Dry Reforming
GSR Gas Switching Reforming
GST Gas Switching Technology
GTL Gas-To-Liquid

RWGS  Reverse Water Gas Shift

Symbols

Cep Carbon deposition

Dy 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

Ncoyoui_oxi Mole of CO, at the gas outlet during oxidation stage
Nco,out_red Mole of CO at the gas outlet during reduction stage
nco.in_rea Mole of CO fed during reduction stage

neo,oui_ref Mole of CO at the gas outlet during reforming stage
Nco,,in_ref Mole of CO,, fed during reforming stage

Ncosoui_ref  Mole of CO, at the gas outlet during reforming stage
Nsout_ref Mole of Hy at the gas outlet during reforming stage
N0,0u_rey  Mole of HyO at the gas outlet during reforming stage
Sco CO selectivity

Sta H, selectivi
2
Diyngas Overall syngas selectivity
Yen, CH,4 conversion
Yco CO conversion
Yco, CO,, conversion

higher than stoichiometry (unity) could improve the reaction kinetics
and lead to high syngas yield (Aramouni et al., 2017). Consequently,
this leads to low syngas purity due to the presence of excess CO, in the
produced syngas. Another side effect of feeding excess CO, is the low H,
yield resulting from the reverse water-gas shift reaction. It is, therefore,
crucial to develop new technologies that can address the aforemen-
tioned issues of dry reforming to make the process environmentally and
economically viable for commercial deployment.

CHy 4+ CO, — 2CO + 2H, (AHyogx = +247KJmol™") (€8]
CO, + H, & CO + H,0 (AHy95x = +41KJmol™) 2)
CH, — C + 2H, (AHyp3x = +74.9KJmol™") 3)
2C0O < C + CO, (AHyggx = —172.4KJmol™") (€))

This paper demonstrates a novel chemical looping technology “Gas
Switching Dry Reforming (GSDR)” which combines carbon capture and
utilization in a single process to produce syngas (H, + CO). The aim is
to use a novel chemical looping reactor design that can be easily
pressurized and scaled up to minimize CO, emissions in dry reforming
processes by integrating carbon capture in one step and possible utili-
zation of the captured CO, as a feedstock for Reaction 1 in another step

as explained in Section 1.1. If successfully demonstrated and scaled up,
this technology can offer a sustainable solution for the costly CO,
transport and storage issue hindering the implementation of CCS
technology. This paper also explores and maps out the opportunities
offered by the proposed technology for minimizing carbon deposition
on the catalyst/oxygen carrier and maximizing the fuel conversion.

1.1. Gas switching dry reforming

Chemical looping technology is an emerging low-carbon technology
which typically employs an interconnected fluidized bed reactor system
that circulates a metal oxide (oxygen carrier) to transfer oxygen from
the air reactor to the fuel reactor for combusting fuel gases in a No-free
environment, producing a pure CO; stream ready for storage or further
utilization (Fig. 1 -Left) (Ishida et al., 1987; Lyngfelt et al., 2001). The
low energy penalty of this technology relative to other CCS technologies
has led to the extension to other energy-intensive processes such as
steam-iron process, low emission coal conversion, methane reforming,
etc. (Anthony, 2008; Rydén and Arjmand, 2012). The major drawback
of the traditional chemical looping systems using CFB configuration is
the operational challenges associated with high-pressure processes

CO,, H,0 Depleted air

Depleted air
(Tz) CO,, H,0
MeO
Air Reactor Fuel Reactor
Me

=

=
T T

Air Fuel

Fuel Air

Fig. 1. Left: Conventional Chemical Looping Combustion Reactor Concept. Right: Simplified Gas Switching Reactor Concept for fuel combustion with integrated CO,

capture.
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reflecting why most of the experimental demonstrations were carried
out under atmospheric conditions (Proell et al., 2010; Kronberger et al.,
2004; Linderholm et al., 2008; Johansson et al., 2006; Ding et al., 2012;
Kolbitsch et al., 2010; Ryden and Lyngfelt, 2006; Rydén et al., 2006; de
Diego et al., 2009). Solid circulation between interconnected reactors
would be difficult to achieve under pressurized conditions given that
each reactor is pressurized independently while fulfilling the essential
need for heat and mass balance. Any instantaneous pressure imbalance
between the reactors would induce instabilities and could result in
leakages through the sealing devices, thereby increasing the risk of
explosion. Even with these limitations, high-pressure operation is
however prerequisite in order to maximize the overall process effi-
ciency.

To address the challenges facing pressurized chemical looping ap-
plications, recent research has focused on the development o alter-
native reactor designs with the ability to operate under pressurized
conditions (Hamers et al., 2014; Zaabout et al., 2013a; Noorman et al.,
2007; Hamers et al., 2013; Zaabout et al., 2014). One of the promising
reactor designs is the Gas Switching Technology (GST) that utilizes only
one fluidized bed reactor and avoids solid circulation by alternating the
feeds of the oxidizing and reducing gases to depict different redox
stages as shown in Fig. 1- right. The reactor choice for a fluidized bed is
driven by the previous study that fluidized bed reactors exhibited the
highest activity, catalyst stability, lower carbon deposition, and higher
conversion compared to a fixed-bed counterpart (Usman et al., 2015b).
Since solid circulation is avoided, GST does not require separation
systems like cyclone and loop seals making it less expensive and simpler
compared with traditional chemical looping systems. The GST reactor
concept has been applied for power production through combustion
(Zaabout et al., 2013b, 2017; Zaabout et al., 2018) and syngas pro-
duction through steam methane reforming with integrated CO, capture
(Wassie et al., 2017a, 2018; Zaabout et al., 2019; Ugwu et al., 2019).
Experimental demonstration studies have also proved the ease of au-
tothermal operation for both combustion and reforming (Zaabout et al.,
2017; Wassie et al., 2017a, 2018). To capitalize on this success, this
study extends the GST concept to dry reforming process for syngas
production referred to as Gas Switching Dry Reforming (GSDR).

The working principle of Gas Switching Dry Reforming (GSDR) is
very similar to the Gas Switching Reforming (GSR) demonstrated ear-
lier for syngas production with integrated CO, capture (Wassie et al.,
2017a; Zaabout et al., 2019). It is a three-stage process as illustrated in
Fig. 2 comprising of a fuel stage where the oxygen carrier is reduced to
metallic radical to catalyze the endothermic dry reforming reaction at
the consecutive reforming stage. The third stage is the air stage where
the oxygen carrier is reoxidized to generate the heat needed for the
highly endothermic dry reforming reaction. In this process, the solid
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particle plays simultaneous roles of oxygen carrier and catalyst for dry
methane reforming. To demonstrate autothermal operation of GSDR
process, part of the CO produced during the reforming stage is used as
fuel in the reduction stage to sustain the bed temperature since the
reduction reaction of NiO with CO is slightly exothermic. The separate
reduction stage of GSDR will especially be beneficial if the GSDR is
integrated with a Gas-To-Liquid (GTL) process, allowing the un-
converted GTL outlet gases to be fed to the reduction stage of GSDR
(Fig. 3), thereby maximizing fuel usage and overall process efficiency.
However, if similar GSDR process should be implemented with the
conventional chemical looping concept using the circulating fluidized
bed (CFB) configuration, three interconnected reactors would be re-
quired as shown in Fig. 2-left, thus increasing the difficulties in con-
trolling the solids circulation rate to meet the tight heat and mass
balance of the three separate reactors. A two-reactor CFB configuration
could work if the fuel reactor is fed with methane for simultaneous
reduction of oxygen carrier and reforming. In this case, the oxidation
degree and circulation rate of the oxygen carrier should be well con-
trolled for maximizing the selectivity to syngas instead of CO,, (if excess
of oxygen is available on the oxygen carrier) while accurately supplying
the heat needed for the endothermic dry reforming reaction. The two-
reactor CFB configuration would also make it difficult to feed GTL
unconverted gasses, thereby reducing the process flexibility and its
potential for maximizing its energy efficiency. A major advantage of
GSDR process is the efficient use of the reaction heat produced during
the oxidation stage for the endothermic reforming stage, since the re-
actions occur in a single reactor vessel, thus facilitating its autothermal
operation (Ortiz et al., 2011). The redox reactions involved when a Ni-
based oxygen carrier is used are specified in (Reaction 5 and Reaction
6) (Zaabout et al., 2013b, a), while Reaction 1 to Reaction 4 takes
place in the reforming stage.

Fuel stage

CO + NiO = Ni + CO, (AHagsx = —43.3KJmol ™) 5)
Air stage

Ni 4+ O, — 2NiO (AHagsx = —479.4KTmol) 6)

Like other gas switching concepts, GSDR faces the challenge of
undesired mixing when switching the inlet feed gases. In the case of
GSDR, undesired mixing will cause some N, to leak into the syngas and
some CO, to escape to the atmosphere with the depleted air. This
leakage is small for reforming concepts though. For example, reactor
modeling in a previous study on GSR showed that 97% CO, capture
could be achieved despite this undesired mixing (Nazir et al., 2018).

Depleted air N
(N,) NiO/AL,O;  CO, Ni/ALO,  SYngas,H,0 Syngas, H,0
M Depleted air
(N2)
i Reformer Gas Switching
Air Reactor Fuel Reactor React :> Dry Reforming
eactor
(GSDRY)
T T co
AT co CH,, CO,
CO,, CHa
|
Ni/Al,O3

Fig. 2. Conceptual schemes of dry reforming process. Left; Conventional chemical looping route. Right; Gas Switching Dry Reforming(GSDR) route.
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Fig. 3. Possible integration of GSDR with gas-to-liquids (GTL) processes.

2. Experiment and methods
2.1. Experimental setup

The core of the experimental set up used for the demonstration of
the GSDR concept consists of a fluidized bed reactor with a cylindrical
column (5 cm in inner diameter and 50 cm in height) and a freeboard
zone (Fig. 4). The freeboard is an expanding conic zone (from 5 cm in
the lower end diameter to 10 cm at the top end) followed by a cy-
lindrical part to minimize particles elutriation. The total height of the

reactor, including the body and the freeboard, is 90 cm. The reactor
vessel was made of Inconel 600 to withstand high-temperature gas-
solids reactive flows (up to 1000 °C). A porous plate with 20 pm mean
pore size and 3 mm thickness, made from Inconel 600, was used as a gas
distributor placed at the bottom of the reactor. External electrical
heating elements wound around the reactor vessel was used to heat up
the reactor to a target temperature before starting autothermal GSDR
process. A 25cm thickness insulation was installed, surrounding the
reactor, combining blankets and vermiculate. Mass flow controllers
from Bronkhorst BV were used for feeding gases to the reactor. A three-

Gas Analyzer «

> Vent

11

12

Fuel ﬁ* _’E—
mert (| | )

1. Reactor bed

2. Freeboard region
2 3. External heating system
4. Two thermocouples
5. Heat exchanger
6. Pressure relief valve
7. Boiler
8. 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

L

NN
Air

Outlet

Fig. 4. GSDR Experimental setup.
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way electrical valve was used to separate the air and fuel feeds when
cycling the process stages. A cooler was installed at the outlet of the
reactor to cool down the stream of hot gases before being sent to the
vent. The gas composition was measured using an ETG syngas analyzer
sampling the gas on the outlet gas stream. The temperature was mea-
sured at two positions in the reactor, 2cm and 20 cm above the gas
distributor using two thermocouples inserted through the middle axis of
the reactor. All the measurement instruments and flow controlling de-
vices were controlled through a LabVIEW application. The LabVIEW
application was also used for data acquisition and logging.

2.2. Methodology

The GSDR was demonstrated using a highly active NiO/Al,O3
oxygen carrier manufactured by VITO through spray drying was used
for the GSDR demonstration. The total mass of the oxygen carrier used
in this study is 623 g corresponding to a 0.3 m static bed height. The
oxygen carrier has particle size cut-offs D;¢, Dsg and Dgg 0f 117.4, 161.7
and 231.3 um respectively. About 33% weight of active NiO is available
for reaction. The powder has a loosely packed density of 1950 kg/m>
and a tapped density of 2166 kg/m>. This oxygen carrier used in che-
mical looping studies including combustion (Zaabout et al., 2013b;
Bolhar-Nordenkampf et al., 2009; Cho et al., 2004; Zaabout et al.,
2015b) and reforming (Wassie et al., 2018, 2017b) where it has been
excellent stability and catalytic activity for reforming.

In the present study, typical GSDR cycles were completed starting
with the reduction stage by feeding CO to react with NiO to produce Ni
to catalyze the dry reforming reaction. CO is preferred in the reduction
stage because of its high reactivity and the slightly exothermic reaction
with NiO allowing sustaining high temperature in the reactor before the
start of the dry reforming stage. The reduction stage is followed im-
mediately by the reforming stage where the reduced Ni-based oxygen
carrier serves as a catalyst for the dry reforming to produce syngas (CO
and H,). The energy demanding reforming stage is followed by an air
stage where pure air is fed to oxidize Ni back to NiO while producing
the heat required to bring back the process to the same temperature at
the start of the cycle.

Experiments were performed under different target operating tem-
peratures from 850 - 750 °C (the temperature at the start of the re-
duction stage) at atmospheric pressure. The reactor was first heated up
using external electric heating element up to the target temperature,
followed by the autothermal GSDR experiments while the heaters are
turned off. Following the three-stages process (reduction, reforming and
oxidation) configuration.12.8 nl/min CO was fed into the reactor for
5min, 3.2 nl/min CH,4 (and CO, at various CH4/CO, ratios) in the re-
forming stage and 15 nl/min feed of pure air in the oxidation stage. The
feed rates used ensured operating the reactor at velocities way beyond
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1

1 1
r‘—‘-wm A~ -

-~
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t
:
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1000 1500
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1
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the minimal fluidization velocity of the powder.

As mentioned earlier, real-time temperature and pressure mea-
surements were logged using a Labview application while the online
gas composition was measured using an ETG Syngas analyzer. The re-
actor performance at different temperatures was evaluated using the
following measures: fuel conversion, CO, conversion, CO and H, se-
lectivity, degree of carbon deposition, syngas purity. The experimental
results were compared with equilibrium predictions.

2.2.1. Reactor performance indicators

The objective of the GSDR process is to convert a hydrocarbon fuel
(CH,4 in this study) and CO, to syngas (H, and CO). Therefore, it is
desired to maximize the fuel conversion in the reduction stage and CH4
and CO, conversion in the reforming stage in order to maximize syngas
production and CO,, capture and utilization. The following performance
indicators have been defined to evaluate reactor performance.

Firstly, the CO conversion in the reduction stage is quantified as
follows:

Nco,out_red

Yeo=1-
co nco,in_red (7)

Syngas ratio is an important parameter that determines the quality
and application of the product syngas. This parameter is defined as:

H, _ N, out _ref

co nCO,out_rcf (8)

The methane conversion in the reforming stage is quantified as
follows:

ncH 4,0utyef

Yeny =
4 NCHy, inpgy (C)]

The carbon present in methane converts to solids carbon that de-
posits on the oxygen carrier and CO. Thus, the selectivity of converted
methane to CO is quantified as follows:

nCO,out,ref

Sco =
nCO,oul_ref + nC,out_ref

(10)

The selectivity of converted methane to H, is also quantified as:

NH2,0ut_ref
Sp2 = Y
Z(YCH4 nCH4,in_ref) (1 1)
The degree of CO, conversion in the reforming stage is:
nCOg,out,ef
Yo, =1———
2 ROy ingy 12)

Significant carbon deposition also took place during the reforming
and fuel stage and this deposited carbon was released in the oxidation

Fig. 5. Two autothermal GSDR cycles showing
transient gas composition and temperature
profile. The reduction starts at a temperature
850 of 850 °C (target temperature). 1 bar operating
pressure, CO,/CH4 molar ratio of 2 and gas
flowrate as follows: CO- 12.8nl/min, CHy,-
3.2 nl/min, CO»-6.4 nl/min, Air—10 nl/min. i,
ii and iii represent the reduction, reforming
and oxidation stages respectively.

-

\
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~
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stage. The fraction of carbon deposition is therefore quantified as fol-
lows based on the oxidation stage outlet and the total methane entering
the fuel stage:

nCO,out,oxi +n CO2,0ut_oxi

Cdep =

yCH4*nCH4,in_ref + yCoz*nCOz,in_ref + yCO*nCO,in_red (13)

Finally, the overall syngas selectivity produced during the reforming
stage is quantified as follows:

nCO,ou[_ref +n Hp,out_ref

stngas =

14)

nHz,out_ref + nCO,in_ref + nC,out_ref + nHZO,out_ref

3. Result and discussion
3.1. Demonstration of GSDR concept

In order to achieve autothermal operation, a three-stages GSDR
process (reduction, reforming and oxidation) was designed where CO
was used in a separate reduction stage due to the slightly exothermic
reaction between CO and NiO enabling maintaining a high temperature
in the reactor before starting the consecutive reforming stage. Using CO
in the reduction stage will also implicitly demonstrate the ability to
integrate GSDR with a GTL process as discussed in Section 1.1, where
CO is the main component in the GTL off-gasses together with H, that
was shown to convert well with NiO (Wassie et al., 2017a; Zaabout
et al., 2015a). CH4 and CO, (CH4:CO, = 1:2) were fed in the dry re-
forming reaction to produce syngas while pure air was fed in the oxi-
dation. A typical GSDR behavior is shown through the transient gas
species composition and temperature over two cycles as depicted in
Fig. 5 (larger number of cycles were completed demonstrating the
stable repeatability of GSDR autothermal operation; only two are
shown for illustration).

During the reduction stage, CO reacts with NiO to produce Ni and
pure CO, stream ready for usage as feedstock in the reforming stage
(otherwise it can be transported for storage in case of no-use). As can be
seen in Fig. 5, almost complete conversion of CO (~99%) was achieved
in the entire reduction period. It is worth mentioning that the reduction
time was selected based on preliminary experiments showing that be-
yond 6 min a sharp drop in CO conversion occurs indicating depletion
of oxygen on the oxygen carrier. Although this reduction reaction is
slightly exothermic, the temperature slightly dropped across the stage
due to substantial heat loss to the surrounding, but it remained beyond
800 °C before the start of the reforming stage. During this stage, CO5
reacts with CH, producing syngas (CO and H,). This reaction is cata-
lyzed by the Ni sites of the oxygen carrier generated from the precedent
reduction stage. Due to the high endothermic dry reforming reaction,
the temperature drop at this stage intensifies, which is evident from the

0.7
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CH4 H20
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steepness of the temperature profile (Fig. 5). As the reforming proceeds,
the reactor gets colder and CHy4 conversion drops leading to increased
CH, slippage with an adverse effect on performance. It is, therefore,
necessary to stop the reforming stage at a relatively high temperature to
maintain high process performance. Alternatively, the GSDR cycle
should be designed to start the reforming stage at a temperature higher
than 850 °C to accommodate the inherent transient drop of temperature
in the reforming stage. It is, however, worth mentioning that heat losses
from the reactor contribute with the large extent in the sharp tem-
perature drop that occurs in the reforming stage. Heat balance calcu-
lations of the present GSDR cycle plotted in Fig. 5 has shown that the
achieved length of the reforming stage is only 50% of the theoretically
predicted one. Indeed, for a total CO feed of ~2.6 mol to the reduction
stage, ~6.15mol of air would be required to oxidize back the oxygen
carrier. The total heat generated in the system from the combustion of
CO is then equal to ~700.9kJ (assuming 95% CO conversion in the
reduction stage). This heat is used for heating up the different feed
gases from room temperature to the reactor operating temperature and
the rest is utilized for driving the endothermic methane dry reforming
reaction with an enthalpy of + 247 kJ/mol. The calculated theoretical
time of the reforming stage is ~543 s while the experimental one was
only 280s. Nevertheless, heat losses will be negligible in industrial
scale reactor.

The GSDR cycle is finished by an oxidation stage by feeding air to
oxidize back Ni to NiO with inherent separation of N, (depleted air)
while serving as a main heat source for the GSDR cycle due to the
highly exothermic oxidation reaction. This is clearly reflected on the
temperature rise in the oxidation stage bringing it back to the initial
target temperature for starting a new GSDR cycle. The oxygen carrier
was completely oxidized back as reflected by the oxygen breakthrough
from the gas composition plot (Fig. 5), where any longer air feed leads
to heat removal from the system reducing. Therefore, to ensure optimal
heat usage in the GSDR cycle, it is crucial to switch to the next re-
duction stage at the point where maximum oxidation temperature is
attained which occurs just before oxygen breakthroughs in the oxida-
tion stage.

3.2. The effect of temperature

The effect of temperature on the reactor performance at atmo-
spheric pressure and CO,/CH4 molar ratio of 2 was investigated by
varying the target start temperature from 750 °C -850 °C. Equilibrium
predictions were computed from HSC Chemistry using the assumptions
and parameters similar to Snoeck et al (Xu and Froment, 1989; Snoeck
et al., 2002, 1997) for comparison with the experimental results. An
example of GSDR equilibrium composition at 1 bar, 800 °C and CO,/
CH, ratio of 2 is shown in Fig. 6. In addition, the equilibrium mole

Co2 | co @
0.67 [ 0 0

OEquilibrium | 2.49299E-05 | 0.083152386 | 0.116807726 | 0.155141878 | 0.206593774 | 0.038259362

Fig. 6. Equilibrium dry reforming composition at 800 °C, 1 bar and CO,/CH4 molar ratio of 2.
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fractions from 0 °C-1000 °C at 1 bar, CO,/CH,4 molar ratio of 2 and Ni/
CH,4 molar ratio of 4 is shown in Fig. 7.

CO conversion in the reduction stage was sensitive to the operating
temperature where the overall reduction stage CO conversion has
moved from 86% at 750 °C to 98% at 850 °C (Fig. 8). The reforming
stage was found to be more sensitive to temperature than the reduction
stage. Fig. 9 shows the transient conversion of CH4 and CO, across the
reforming stage and the corresponding reactor temperature. It could be
seen that for the three operating target temperatures that the reactor
temperature drops gradually as the reforming stage proceeds. This
arises from the heat losses and the high endothermicity of the reactions
taking place in the reforming stage. Consequently, a very high differ-
ence in the CH4 and CO, conversion is found between the start and the
end of the reforming stage showing the large effect temperature has on
the stage performance (Fig. 9). For example, methane conversion be-
yond 95% was achieved at the start of the reforming stage at a tem-
perature of ~825 °C but dropped to 75% at the end of the stage where
the reactor temperature reached ~ 700 °C (CO, conversion has shown a
similar trend). This transient behavior of GSDR makes the overall re-
forming stage performance relatively low in comparison to what would
be achieved with the interconnected fluidized bed reactor configuration
where the fuel reactor where both oxygen carrier reduction and me-
thane dry reforming occurs simultaneously under a steady state (Najera
et al., 2011). However, integration of the GSDR concept with a GTL
process as proposed in Section 1.1 could allow tolerating some un-
converted methane in the reforming stage to feed directly to a GTL
process. Then all the unconverted gases from GTL (a mixture of syngas,
methane, CO,, and steam) are to be recycled back to be converted in the
reduction stage of GSDR, thereby maximizing fuel utilization and
overall process efficiency. This potential of integration with a GLT
process is not feasible with the interconnected fluidized bed reactor
configuration unless a third reactor is added to complete a separate
reduction and reforming stages, thus involving additional complexities
to the process. Other alternatives to minimize the impact of the tran-
sient nature of the GSDR concept is the use of shorter reforming stage
(shorter GSDR cycle), combined with operating the process at the
higher target operating temperature, to complete the entire reforming
stage at temperatures above 800 °C, in order to maximize fuel conver-
sion. However, this will be compromised by lower CO, capture effi-
ciency and purity that were shown earlier to be negatively affected
when shortening the process cycle due to unavoidable mixing of gasses
that occurs when switching between the stages (Zaabout et al., 2015b).

The large effect of temperature on the reforming stage performance
could clearly be seen on the averaged conversion of CH, and CO, found
to be well below equilibrium predictions at low operating temperature
(especially for CH,) but rapidly increases towards equilibrium at higher
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temperatures (see Figs. 7 and 10). This is consistent with thermo-
dynamics since CH4 and CO, are very stable molecules with high dis-
sociation energy thus requires a high temperature to achieve equili-
brium conversion (Jang et al., 2018). The transient nature of the GSDR
process contributes to its low performance; with about 0.010molcy4/
Zeatalyst 1S converted at 750 °C (average temperature of the reforming
stage) which is slightly lower than the conversion 0.012molcy4/8catalyst
achieved by Hao, et al. at 800 °C using a micro-fluidized bed reactor
(Hao et al., 2009). The low conversion below equilibrium predictions at
low temperatures could be attributed to the substantial carbon de-
position that could result from competing mechanisms; Boudouard
(Reaction 4) and methane cracking (Reaction 3) reactions (with the
former being more favored at low temperature), driven by the well-
known high catalytic activity of metallic nickel (the reduced Ni-based
oxygen carrier) for carbon deposition (Muraza and Galadima, 2015a;
Arora and Prasad, 2016; Wang et al., 1996). As shown in Fig. 12, be-
yond 700 °C carbon deposition becomes insignificant. This is because
Boudouard reaction is not favoured at such high temperatures. This is in
line with thermodynamics where the dry reforming reaction being more
spontaneous and is favoured more than the methane cracking reaction
leading to a decrease in carbon deposition. This is a promising result,
showing that operation at industrially relevant temperatures
(~1000°C) will most likely not face noticeable carbon deposition
problems, thereby GSDR contributes to solving one of the major issues
affecting the commercialization of DMR (Jang et al., 2018; Arora and
Prasad, 2016; Muraza and Galadima, 2015b). Carbon deposition also
affects CO conversion at the reduction stage.

Although temperature plays a major role, it is difficult to generalize
gas conversion by thermodynamics because it is also dependent on ki-
netics and the catalyst (Wei and Iglesia, 2004a, b; Wei and Iglesia,
2004c, d; Wei and Iglesia, 2004e, f; Usman et al., 2015b; Jang et al.,
2018; Usman et al., 2015c). It is likely that due to kinetic limitation, the
dry reforming reaction was slow at low temperature favoring the pro-
duction of solid carbon on the catalyst and hydrogen from the con-
verted methane. The synthesis method of the catalyst, active content,
support and the number of active sites of catalyst also affect conversion
and degree of reduction (Usman et al., 2015b; Jang et al., 2018). Too
strong interaction of active metals and supports causes the poor re-
ducibility and fuel conversion (Jang et al., 2018). Interestingly, despite
the tens of GSDR cycles completed at different temperature that caused
carbon deposition at different extents, no deactivation of the oxygen
carrier/catalyst was observed demonstrating the robustness of the gas
switching concept in prolonging the catalyst lifetime through cyclic
gasification of the deposited carbon in the oxidation stage although on
the expense of a reduced CO, capture and utilization efficiency. Note
that the Ni-based oxygen carrier used in this study is a standard Ni/
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Fig. 7. Equilibrium gas composition of dry reforming composition from 0 to 1000 °C, at 1 bar, CO,/CH,4 molar ratio of 2 and Ni/CH, molar ratio of 4.
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Al,O3 oxygen carrier that was tested under chemical looping combus-
tion (Zaabout et al., 2013b), reforming (Wassie et al., 2017a, 2018;
Osman et al., 2018) and no under dry reforming. Promoters would have
been needed in the case of conventional DRM, without the redox re-
action involved in the chemical looping, to reduce the extent of carbon
deposition and extend the catalyst lifetime (e.g. K promoted support
was used to improve the reducibility and reduce carbon deposition by
creating weak interaction between the NiO/Ni and the support (Juan-

Juan et al., 2006; Luna and Iriarte, 2008)).

Result also indicates low selectivity to Hy as shown in Fig. 11. This
could be explained by the RWGS (Reaction 2) that uses the excess of
CO,, feed and depletes the hydrogen produced from methane conversion
to produce CO and H,0, while the Boudouard reaction converts that CO
back to more solid carbon. The continuous process combining the
carbon deposition and RWSG mechanisms, explains the high conversion
of CO, above the equilibrium prediction despite the low methane
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conversion. This phenomenon has also favored carbon deposition rather
than CO production with a CO selectivity way below equilibrium.

The change of Gibbs free energy can be used to determine which
reaction route is favoured most at a particular temperature. The more
the change in Gibbs energy tends towards negative the more favoured
the reaction indicating that the free energy of the reactants is greater
than that of the products, the entropy of the universe will increase in
the reaction direction, thus the reaction will have more tendency to
occur(Bejan, 2016). Consequently, the resulting overall syngas se-
lectivity (Fig. 12) and H,/CO ratio (Fig. 11) were relatively low similar
to previous results of chemical looping dry reforming (Kang et al., 2018;
Huang et al., 2016; Galvita et al., 2015). This conforms with thermo-
dynamics as DMR is favoured more than RWGS at higher temperature
considering the Gibbs-free energy value of, Table 1, resulting in lower
CO yield similar to the previous experimental results of Khalesi et al.
(Khalesi et al., 2008; Nikoo and Amin, 2011). The performance below
the equilibrium prediction supports the previous results of Arora et al.
stating that the DMR process is not only affected by thermodynamics

but also kinetics (Arora and Prasad, 2016). If higher H,/CO ratios are
desired, reactant gas feed of lower C:H ratio should be maintained by
reducing the CO,/CHj, ratio, co-feeding CO,, with steam in tri-reforming
or possible integration with WGS (Usman et al., 2015b; Jang et al.,
2018; Pakhare and Spivey, 2014).

However, Fig. 12 also shows that the overall syngas selectivity in-
creases with temperature. This could be attributed to the increase in gas
conversion to syngas with reduced carbon formation. In general, higher
temperatures will both minimize carbon deposition and maximize the
syngas yield (CO and H,). The GSDR process should, therefore, be op-
erated at the highest achievable temperature.

3.3. The effect of CO,/CH,4 ratio

Additional experiments were completed investigating the CO»/CH4
at 750 °C and 1 bar. Fig. 13 shows that CH, conversion increases with
the CO,/CH, ratio, which is in line with the findings of Arora and
Prasad that CO, gas as an oxidant has a positive effect on CHy4

Table 1
Thermodynamic data of reactions 1-4: DMR, RWGS, Methane Cracking and Boudouard reactions respectively (source: HSC Chemistry).
T [°C] AG [kJ] AH [kJ]
Reaction 1 Reaction 2 Reaction 3 Reaction 4 Reaction 1 Reaction 2 Reaction 3 Reaction 4
750 —30.57 2.056 —21.715 8,854 259.478 34.633 89.078 —170,399
800 —44.741 0.477 —27.139 17,602 259.339 34.12 89.449 —169,890
850 —58.904 -1.079 —32.578 26,326 259.115 33.617 89.75 —169,365




A. Ugwy, et al.

100%

International Journal of Greenhouse Gas Control 90 (2019) 102791

90%
80%
70%
60%
50%

Conversion [%]

40%
30% .f¢

20%

g
8

¥

1.4 1.6

1.8

2 2.2 2.4 2.6 2.8 3

CO,/CH, Ratio [-]

= =#== CH4 Conversion

-=-@--CO02 conversion

—=3}— Equil CH4 conversion —@— Equil CO2 Conversion

Fig. 13. Overall gas conversion in the reforming stage plotted against CO,/CH, molar ratio. 1 bar operating pressure, 750 °C and gas flowrate as follows: CO - 12.8 nl/

min, CH, - 3.2 nl/min, Air—10nl/min.

conversion (Arora and Prasad, 2016). The improvement in CH,4 con-
version (Fig. 13) was however marginal with an excess of CO5 at 750 °C,
confirming the large effect that temperature has on overall reforming
stage performance. Previous studies show that the initial step of dry
reforming is methane decomposition (Reaction 3) to produce solid
carbon and H, followed by the gasification of the solid C (Reaction 15)
with CO, to produce CO (Usman et al., 2015b; Li et al., 2011). It could
also be inferred from Fig. 15 that increasing CO,/CH,4 has resulted in
reduced carbon deposition. This agrees with the result of Nakagawa and
Tomishige suggesting that the higher tendency towards carbon de-
position will be observed in lower O/C (Li et al., 2011). As a matter of
fact, carbon deposition arises mainly from CH,4 cracking and intensive
CO,, dissociation on the surface of the catalyst (Usman et al., 2015c).
With insufficient reducible oxides (CO,), the rate of methane decom-
position will surpass CO, dissociation leading to carbon deposition
(Usman et al., 2015b). It could also be speculated that the excess CO»
has enhanced the RWGS (Reaction 4) that has consumed more H, for
producing CO and H,0 (Fig. 15). These phenomena affect H,/CO ratio
as it decreases with the increase in CO,/CH, ratio since a shift towards
RWGS leads to more CO and less H, yield while a decrease in methane
cracking as the partial pressure of CH4 decrease also deteriorates Hy
yield (Figs. 14 and 15).

C+ CO, = 2C0O (AHzgg[( = +1724Kfmol’l) (15)
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3.4. The effect of oxygen carrier utilization

The oxygen carrier utilization was changed by varying the degree of
reduction of the oxygen carrier before starting the reforming stage. In
other words, 50% oxygen carrier utilization means that the oxygen
carrier was 50% reduced (starting from a fully oxidized state), while
50% of the active content remains as NiO, before the start of the re-
forming stage. In this sensitivity study, 50% and 100% oxygen carrier
utilizations were tested (the oxygen carrier is fully reduced to metallic
nickel in the last case). 62% carbon deposition reduction in the case of
50% oxygen carrier utilization compared to 100% case (Fig. 17), re-
flecting the immediate positive impact of the presence of latent oxygen
on the catalyst, in the form of NiO, during the reforming stage hin-
dering carbon deposition likely through enabling oxy-gasification of the
carbon. This has largely affected the mechanisms by which syngas is
produced in the reforming stage. The oxy-gasification of carbon by la-
tent oxygen on the catalyst favoured CO production that in turn re-
duced the extent of the RWGS reaction, leading to improved H, se-
lectivity and consequently higher H,/CO ratio and overall syngas
selectivity. This also means that CO, conversion through the RWGS
would reduce resulting in poorer overall CO5 conversion in the re-
forming stage which was confirmed by the experimental results. Ad-
ditionally, the 50% oxygen carrier utilization has also affected methane
conversion that has shown a 22% reduction compared to the fully re-
duced catalyst (Fig. 16). The main reason for this could be the smaller
availability of metallic Nickel sites to catalyze the dry reforming
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Fig. 14. Overall Selectivity and H,/CO molar ratio in the reforming stage plotted against CO,/CH,4 molar ratio. 1 bar operating pressure, 750 °C and gas flowrate as

follows: CO - 12.8 nl/min, CH,4 - 3.2 nl/min, Air —10 nl/min.
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reaction, as 50% of nickel on the oxygen carrier is present in oxidized
form; NiO. This is in agreement with the finding from a previous study
with the same oxygen carrier that has shown that steam methane re-
forming begins only when a good reduction level is reached on the
oxygen carrier (Wassie et al., 2017b).

Another positive impact of smaller oxygen carrier utilization is the
improved CO conversion in the reduction stage facilitated by the easily
accessible latent oxygen in this case (Fig. 16). This further strengthens
the business potential of integrating the GSDR with a GTL process,
which will maximize the use of unconverted outlet stream gases from
GTL in the reduction stage of GSDR. As mentioned in the introduction
section, such integration with GTL will not be efficient if an inter-
connected fluidized configuration is used for the chemical looping dry
reforming (Najera et al., 2011). In this case, the unconverted fuel gases
in a GTL upstream will have to be fed jointly with methane to the fuel
reactor of the interconnected fluidized bed configuration resulting in a
methane-rich stream that leads to simultaneous oxygen carrier reduc-
tion and dry methane reforming reactions. This will have two negative
impacts on the fuel reactor performance: i) lower fuel conversion will
be achieved due to the low reactivity of methane with the oxidized
oxygen carrier (Wassie et al., 2017b) and ii) the simultaneous DMR and
reduction reactions will make it difficult to control the oxygen carrier
utilization, thereby reducing the ability to achieve a high methane
conversion, to control carbon deposition and to counteract the RWGS,
and thus failing to solve the low H,/CO ratio issue encountered in
conventional dry reforming (Jang et al., 2018; Arora and Prasad, 2016;
Muraza and Galadima, 2015b; Aramouni et al., 2018).

To summarize, the insights brought by the chemical looping process
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in general and particularly the gas switching to the dry reforming
process, will largely reduce the issue raised in the introduction section
that are hindering dry reforming commercialization: i) reduce CO,
emissions from energy-intensive conventional dry reforming; instead
using it as an added value chemical for the process ii) prolong the
catalyst lifetime by gasifying the deposited carbon on the catalyst in the
redox cycle and iii) solve the low H,/CO ratio by partial oxygen carrier
utilization. Clearly, the optimal operation of GSDR should consider
tuning the three sensitivity parameters investigated in this section
(temperature, CO,/CH,4 ratio, and oxygen carrier utilization), in addi-
tion to considering the requirements of the downstream GTL process to
integrate with GSDR. Further measures could be taken for approaching
the H,/CO ratio to unity such as using a proper oxygen carrier that both
reduces carbon deposition and minimizes the extent of CO, and H,
conversion through the RWGS. Co-feeding of steam would also mini-
mize these issues, but it will reduce the extent of CO, use in GSDR
(Zaabout et al., 2019). Alternatively, the GSDR system demonstrated in
this work with the current oxygen carrier offers great opportunities for
using renewable hydrogen from electrolysis to further improve CO,
conversion in the reforming stage, but through the RWGS. Further re-
search is needed both on the experimental and process integration as-
pects for better highlighting the full potential of GSDR in capturing and
utilization of CO5 for producing high-value chemicals and fuel at the
highest possible efficiency.

4. Summary and conclusion

This paper extended the Gas Switching technology to dry methane
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Fig. 16. Overall gas conversion and temperature change in the reforming stage plotted against Oxygen carrier utilization. 1 bar operating pressure, CO,/CH,4 molar
ratio of 2 and gas flowrate as follows: CO - 12.8 nl/min, CHy - 3.2 nl/min, CO; - 6.4 nl/min, Air —10 nl/min.
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reforming, GSDR, for capturing and utilization of CO, in syngas pro-
duction. This technology uses a single fluidized bed reactor cycling
redox and reforming conditions into a bed of oxygen carrier, thereby
greatly simplifying the operating and scale up challenges encountered
in conventional chemical looping configuration.

Autothermal operation was experimentally demonstrated using the
three-stages GSDR process (Reduction, Reforming and Oxidation)
owing to the excellent heat integration between the different stages.
The use of CO in the reduction stage was beneficial due to its slightly
exothermic reaction with the Ni-based oxygen carrier allowing starting
the reforming stage at a temperature high enough that ensured high
CH,4 and CO, to syngas. However, the transient nature of the GSDR
resulted in a continuous drop in temperature across the reforming stage
causing a rapid deterioration of CH,4 and CO, conversions. In this re-
spect, short GSDR cycle combined with elevated operation temperature
would maximize GSDR performance in the reforming stage.

Carbon deposition was a major issue that results in reduced carbon
capture efficiency, as the deposited carbon gasifies and combusts in the
oxidation stage where the exhaust gases are vented to the atmosphere.
Increasing the operating temperature and the CO,/CH, proved to
minimize carbon deposition, likely due to the overtake of the dry re-
forming reaction over methane cracking, but on the expenses of lower
H,/CO ratio of the produced syngas, driven by the reverse water gas
shift reaction favored at higher temperature and excess of CO,. Smaller
oxygen carrier utilization (lower reduction degree) has also proved to
reduce carbon deposition while increasing the H,/CO ratio but caused
lower CH4 and CO, conversion. The remaining latent oxygen on the
catalyst (when the oxygen carrier is 50% reduced) has likely reduced
the catalytic activity of the three reactions taking place in the reforming
stage (Reaction 1, Reaction 2 and Reaction 3). Additional benefits of
smaller oxygen carrier utilization are the smaller temperature variation
in the cycle that improves GSDR performance in the reforming stage
and the better CO conversion in the reduction stage. It should also be
emphasized that no deactivation was observed showing the robustness
of the gas switching concept in prolonging the catalyst lifetime through
cyclic gasification of the deposited carbon in the oxidation stage al-
though on the expense of a reduced CO, capture and utilization effi-
ciency.

Clearly, the key for GSDR performance optimization lays in the
proper tuning of the process parameters investigated in this study, but
also by using a more appropriate oxygen carrier/catalyst. Finally, in-
tegration of GSDR with a Gas-To-Liquid process (outlet stream from
GSDR to GTL while unconverted hot gasses from GTL are to feed to the
reduction stage of GSDR) has a great potential for maximizing fuel
conversion and energy efficiency of the overall process.
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