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CHEMICAL LOOPING FOR SYNGAS PRODUCTION WITH PARALLEL CO2
ACTIVATION

Amey Sudhir More, PhD

University of Pittsburgh, 2016

The anticipated rise in global population and the rapidly growing economies of the developing
world will dramatically increase the demand for consumer products, which are derived mostly
from commodity chemicals. While the abundant natural gas (>95% CHa) reserves can potentially
enable bulk chemical production, all commercial routes for methane (CH4) upgrading require its
conversion to syngas (mixture of CO+Hy) as a first step. Not only are current syngas production
technologies highly energy and capital intensive, but they also result in large CO. emissions.
Overall, rising environmental concerns, increase demand for bulk chemicals and availability of
abundant natural gas reserves together motivate the need to develop alternative processes for
syngas production with CO; utilization.

‘Chemical Looping Combustion’ is a clean combustion technology, which enables fossil
fuel combustion with inherent CO, capture based on the cyclic oxidation and reduction of an
oxygen carrier. While most efforts in chemical looping (CL) are focused on combustion, we
demonstrate the application of the “CL principle”—the periodic oxidation and reduction of a
metal oxide to couple two independent redox reactions—to the activation of CO> via reduction to

CO (a chemical feedstock) and upgrading of CHato syngas or hydrogen.



In this work, we investigate and compare CO: activation via CL in two different
operating modes: In the first scheme, CO2 reduction is coupled with CH4 oxidation by using
mixtures of Fe and Ni (as alloys or simple physical mixtures) to produce CO and syngas product
streams. In the second operating scheme, monometallic Ni carriers are utilized to catalytically
crack CHas, producing pure Hz streams. The solid carbon deposits are then burnt off with COs,
overall producing separate CO and Hz product streams. Our investigations demonstrate the
potential of CO, as a “soft” oxidant which enables selective oxidation reactions in all the
configurations, and thereby establish the potential of chemical looping processes for efficient

syngas production with CO; utilization.
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1.0 INTRODUCTION

Selective catalytic oxidation of hydrocarbons directly contribute to the production of a wide
variety of indispensable consumer products and hence represent nearly 25% of the value
produced by all catalytic process worldwide!. With the world population expected to increase
~30% by 20507 along with the rapidly growing economies around the world, it is anticipated that
the demand for consumer products would rise substantially. Reports suggest that the per capita
chemical sales by 2050 would be ~$2000— a surge of almost 300% as compared to 20123,
Naturally, oxidation processes have received immense attention from industrial as well as
academics researchers over the past 50 years, with the efforts directed towards improving overall
process yields and selectivity. Crude-oil has been the traditional feedstock for bulk chemical
production. However, the price volatility of crude oil as well as dependence on foreign imports,
has prompted a need to utilize cheap, economically stable and locally available alternatives.
Advances in drilling technologies have made large reserves of natural gas economically
accessible in the U.S. Although the actual amounts of recoverable gas based on ecological
concerns is up for debate, it is clear that the readily available reserves of natural gas have
initiated significant interests in developing the infrastructure (pipelines, downstream conversion
assets, storage etc.) for utilization of this resource. Natural gas consists mainly of methane
(>95%) along-with higher alkanes (C2-Ca), viz. ethane, propane and butane. In the absence of

commercially proven technologies that can directly convert methane to end chemicals, all routes



for methane upgrading, currently proceed via its conversion to syngas (a mixture of CO & H>) as
a first step, and from there on, to a wide variety of chemicals and intermediates (Figure 1).
Currently, syngas is mainly produced via steam reforming of methane (SRM): CHs + H,O = CO
+ 3H2. While SRM is a mature technology, it requires huge capital investments and large scale
operations* for economies of scale benefits. Moreover, the process energy costs contribute nearly
70% to the overall production costs and resulting in large amounts of CO, emissions®. By now it
is well established that anthropogenic CO> emissions resulting from a combination power
generation as well as inefficient chemical production, have resulted in atmospheric CO> levels
consistently being over ~400ppm®. Overall, the anticipated demand in bulk chemical production,
the stricter environmental regulations on commercial processes and the flexibility to utilize
locally available natural gas resources, together motivate the development of commercially

viable, atom-efficient and carbon neutral process for conversion of methane to syngas.
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Figure 2. Schematic of chemical looping combustion (CLC)

Chemical Looping Combustion (CLC)®'? is a rapidly emerging technology for clean,
efficient and robust combustion of fossil fuels (Figure 2). The process utilizes an oxygen carrier,
typically a metal oxide, at high temperatures to combust the fuel in a “reducer reactor”. The
reduced oxygen carrier is then oxidized in an “oxidizer reactor” with air and recycled back to the
“reducer”; the term “chemical looping” thus derived from the carrier recycle loop. The resultant
product gas stream from the reducer is composed mainly of CO2 and H>O allowing for easy
separation of CO: through simple condensation to yield sequestration-ready CO. streams.
Furthermore, the separation of the combustion into two distinct yet coupled processes, viz.

oxidation and reduction, avoids direct contact between air and fuel thus eliminating problems

4



like NOyx generation which are typical for conventional combustion. Overall, CLC elegantly
offers inherent separation of a greenhouse gas: CO., while utilizing existing industrial
technologies (fluidized bed, fixed bed reactor etc.) without major efficiency penalties as
compared to its competitor: oxyfuel combustion. It is important to note that chemical looping
does not alter the overall reaction (which is fuel combustion) or the overall reaction enthalpies.
The overarching principle of chemical looping is primarily: a convenient “break-up” of a process
without affecting the overall process itself, thereby improving the net exergy (or usable energy)
extracted from the overall process; Exergy losses typically occur when a gas mixture needs to be

separated into its components.

1.1 CHEMICAL LOOPING COMBUSTION

The surge in CLC activities over the past decade was mainly due to the recent focus on
developing technologies that offer CO. capture without significant energy penalties. Yet, the
concept behind CLC: certain metals can take up oxygen from a gas, had been demonstrated by
the French chemist Antoine Lavoisier in the 18" century, albeit towards a different goal— to
prove mass is always conserved in a reactive process! On the other hand, the Lavoisier-Meusnier
iron-steam process established the practical aspects of this finding by producing hydrogen by
reacting steam with iron at 600°C. Messerschmidt (1911) and Hurst (1939) successfully operated
large scale hydrogen production plants after incorporating periodic operation, by recycling the
oxidized iron after reduction with natural gas. However, these initial demonstrations of chemical
looping were not able to compete with steam reforming of methane due to availability and

stability of oxygen carriers (naturally occurring iron ores).



While the initial interest in chemical looping was exclusively focused on combustion,
reforming and partial oxidation via chemical looping (CLR and CLPOM, respectively) has
started to attract some attention over the past five years. CLR incorporates CO, and H2O along
with CHa into the reducer feed, to facilitate syngas production via the steam reforming and dry
reforming reactions over Ni carriers. Alternatively, the process feeds are kept unchanged from
the original CLC process, but the degree of fuel oxidation is controlled either via use of
appropriate carriers or via the ratio of fuel-to-oxygen carrier such that incomplete, i.e. partial
oxidation to synthesis gas (CO + Hy) results (CLPOM). For example, Ryden et al. studied the use
of Ni-based carriers for partial oxidation and steam reforming of methane in a chemical looping
process using a CFB configuration®®. They report near complete methane conversion, albeit at
operation with C/O ratios well below the stoichiometric ratio for partial oxidation, resulting in
low syngas selectivities. In a follow-up study, they demonstrated that the carrier formulation has
significant impact on activity and selectivity, but all Ni-based carriers were plagued by coke
formation, which required steam addition to mitigate the problem*. Similar problems with
coking of Ni-based carriers have been reported before for CLC as well, where again large
addition of steam (H20:CH4 = 2) was proposed as mitigating strategy (at the expense of process
efficiency®). Proll et al. recently also used a Ni-based carrier to produce syngas from methane;
while they do not report on coking problems, their syngas selectivities were poor with <60% H>
selectivity even at optimal conditions®®. Overall, these studies support the feasibility of a CL-
based syngas production process, but point out a key issue: the oxygen carriers showed
insufficient activity, selectivity, and/or coking resistance for partial oxidation of methane. The
current project aims to fill this gap by developing highly reactive, selective and rationally

designed oxygen carries for syngas production.



1.2 DRY REFORMING OF METHANE

Dry reforming of methane (DRM): CH4 + CO2 = 2CO + 2H: utilizes both CO; as well as CHa
while producing the desired chemical intermediate i.e. syngas. Even though, DRM is an
endothermic process (AHr = 248kJ/mol), it has potential to be used in sustainable energy
production in solar-chemical energy transmission systems, where the heat from the renewable
resources like the sun can be used to drive the endothermic reaction forward.

Initial studies conducted by Fischer & Tropsch on dry reforming of methane conducted in
the early 20" century suffered from severe deactivation from carbon formation. Subsequent
work!’ by Reitmeier et al., analyzed equilibria for the multiple gas-phase reactions occurring in
the system viz. Boudouard reaction: 2CO = CO; + C (AHr = 72 kJ/mol); methane
decomposition: CHs = C + 2H2 (AHRr = -171 kJ/mol); water gas shift: H.O + CO = CO, + H»
(AHr = -41.2 kJ/mol), and their reverse reactions to identify suitable conditions— temperature and
reactant ratio, necessary for carbon free operation in a generalized H,O/CO2/CH4 system. From
the analysis of the reaction free energies, Wang et al. proved that for CH4:CO, = 1, carbon
formation was thermodynamically inevitable below ~900°C and 1 atm pressure'®. Nematollahi et
al. confirmed this observation and further established that reactant conversion and product yields
drop significantly with increasing pressures'®. Although, it is possible theoretically to operate at
conditions with minimal carbon formation, practical considerations dictate addition of H>O for
all dry reforming applications.

Research conducted over the past fifty years attempted to develop stable and coke-
resistant dry reforming catalysts with the focus mainly being on Ni as an active component®.
Rostrup-Nielsen first reported a catalyst with a spinel framework of Al and Mg and some basic

Mg remaining on the surface, acting as a promoter in activation of CO, and promoting oxidation
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of surface carbon?. This concept of using basic promoters was employed by several researchers
although, the mechanism behind this activation was not established yet. To tackle the problem
from a different angle, noble metal catalysts like Pt, Rh and Ru, which are active towards dry
reforming but have a much lower tendency for coke formation were proposed 2224, Since these
catalysts were quite expensive for a commercial scale process, the noble metals were alloyed

with Ni to improve the stability without greatly affecting the cost.

1.3 PERIODIC PROCESSES FOR DRY REFORMING OF METHANE

Gilliland et al. demonstrated dry reforming of methane in a periodically operated process for the
first time more than fifty years ago using Cu based oxygen carriers?®. The process involved
contacting CHa4 with a controlled amount of oxygen (oxygen carriers) such that the C:O ratio was
~ 1, producing CO; and H2O as a first step, followed by the subsequent conversion of these
products to syngas via reforming (dry and steam reforming) with the unconverted CH4 over
metallic Cu in the second step. The process was then repeated after oxidation with air. While the
generation one of the reactants (CO) for dry reforming during the process was a unique
configuration, typical problems in conventional dry reforming were only partially addressed; The
first step (in an ideal scenario) produces a mixture of gases: CO., H2O and unconverted CHa,
which undergo reforming reactions over a metal catalyst: Cu. It is clear that all the usual
problems of dry reforming: carbon deposition, equilibrium limited process and poor selectivity
control, would present themselves despite the periodic nature of the process.

Recently, Najera et al. demonstrated an alternative approach to CO; activation by

incorporating it as an oxidant (instead of air) in the chemical looping configuration and thus



enabling its transformation to CO?. The reducer utilized Hz as a fuel such that the overall
process: CO2 + H2 = CO + H20O, was a demonstration of the reverse water gas shift reaction.
While this initial study did not attempt dry reforming of methane (CHs + CO2 = 2CO + 2H»), it
served as a harbinger for implementation of the dry reforming process by chemical looping
concept (CLDR) - two reactants (H> and CO2) undergoing separate reactions which are
connected by a species (oxygen) carrier. More importantly, based on a thorough thermodynamic
screening, this work identified iron as a potential metal suitable for a process that uses CO- as an
oxidant. Huang et al. demonstrated the concept utilizing CHs as a fuel to produce CO and H20 as
the overall products by using bimetallic Fe-Ni carriers. Galvita et al. used a physical mixture of
Ni catalyst and Fe based oxygen carriers for CO; activation to CO in the oxidizer while using a
mix of CO, and CHa (typical for a biogas plant), as fuel in the reducer?’. Highly functional
nanomaterials like Fe-SiO2 core-shell structures®, Mg-Fe-Al-O spinels?® and La based

perovskites®® were also reported with the primary goal of CO- activation to CO.



14 PROJECT OBJECTIVES AND LAYOUT

Briefly, the current work utilizes the chemical looping approach to: 1) employ lattice oxygen for
superior control over partial oxidation reactions; 2) appropriate the chemical inertness of CO: for
controlled replenishment of the lattice oxygen while enabling its transformation to CO; and 3)
demonstrate the principle of “carrier-coupled” processes beyond the current realm of “oxygen”
carriers for oxidation processes, thereby advocating the flexibility of this concept for overall
process improvement.

The overall research is laid out in a chapter-wise manner, with individual chapters written
in a standard scientific research article format i.e., containing introduction, experimental
methods, results and discussion, and conclusions (chapters 2-5). Finally, a brief summary
encompassing the complete work (chapter 6) and an outlook exploring the future directions of

this work (chapter 7) is provided.
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2.0 IRON-NICKEL ALLOYS FOR CARBON DIOXIDE ACTIVATION BY

CHEMICAL LOOPING DRY REFORMING OF METHANE

The content of this chapter is taken from More et. al., Iron-Nickel Alloys For Carbon Dioxide
Activation By Chemical Looping Dry Reforming Of Methane, Energy Technology.

2016;10(14):1147-1157.

2.1 INTRODUCTION

Dry reforming of methane is conceptually the simplest process that combines CO- utilization
with methane valorization via the formation of synthesis gas, a widely used feedstock in the
chemical industry for the production of synthetic fuels and commodity chemicals?®3%3, Dry
reforming of CHs to produce syngas (CO+Hz; R1) has received limited interest industrially in the
absence of incentives for CO; utilization, since it suffers from catalyst coking issues and
produces a Ho-lean syngas with a H,:CO ratio of 1834 Autothermal reforming (ATR) and
catalytic partial oxidation of methane (CPOM) avoid the coking issues and produce a syngas
with more desirable, higher syngas ratios. However, they require an oxygen separation plant
which constitutes a major fraction of the overall syngas plant cost (~40%)% and do not allow

utilization of CO..
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Dry Reforming: CH4 + CO2 = 2CO + 2H> (R1)

Oxidizer: Me + CO2 =MeO + CO (R2)
Reducer: CHs + MeO = CO + 2H2 + Me (R3)
Net reaction: CHs4 + CO2=2CO + 2H; (R4)

“Chemical looping” is an interesting alternate technology for methane conversion which
has recently gained much attention as a clean combustion technology (Figure 3a)®%11123637 |
this “combustion configuration”, chemical looping utilizes an oxygen carrier, typically a metal
oxide, to combust the fuel in a “reducer reactor” at high temperatures. The resultant product gas
stream, composed mainly of CO> and H2O, allows separation of CO through simple
condensation of water to yield sequestration-ready CO; streams. The reduced oxygen carrier is
then re-oxidized with air in an “oxidizer reactor” and recycled back to the reducer reactor.
Chemical looping combustion (CLC) thus offers an elegant and efficient path towards carbon
capture with minimal energy penalty. However, it does not enable utilization of the captured CO>

stream.
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Figure 3. Chemical looping processes: a) combustion and b) dry reforming

We have recently proposed a closely related process, “chemical looping dry reforming”

(CLDR;Figure 3b)? which utilizes the same approach as CLC and applies it to dry reforming of

methane by using CO> as oxidant in the “oxidizer reactor”. If the oxidation of methane in contact

with the oxygen carrier is furthermore carefully controlled, the reducer reactor produces a syngas

stream and hence enables simultaneous production of syngas with activation of CO; via

reduction to CO (R3), depending on the metal present. Although the net reaction (R4) produces

syngas at the same stoichiometric ratio as conventional dry reforming (R1 vs R4), the effluent of

the reducer is at a syngas ratio of H.:CO = 2 (desired for typical downstream processes, such as
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Fischer-Tropsch or methanol synthesis) with the “excess CO” obtained separately as a
concentrated stream at the oxidizer exit.

We have previously conducted a systematic study in which we screened a broad range of
metals and identified Fe as the most suitable candidate for this process due to its ability to reduce
CO2, and then demonstrated the feasibility of the process using Fe-based oxygen carrier
materials and H, as model fuel?®. Subsequent work by our group and others utilized this property
further by developing highly functional nanomaterials like Fe-SiO2 core-shell structure?®, Mg-
Fe-Al-O spinels?® and La based perovskites®® with the primary goal of CO; activation to CO.
However, Fe-based carriers show poor reactivity with methane, hampering the application of this
process to methane valorization®“!, In contrast, Ni is a well-known catalyst for C-H bond
cleavage323342-45 We have recently shown that alloying Fe with Ni—resulting in the creation of
active Ni sites for CH4 activation embedded in an iron oxide matrix—can strongly improve the
reactivity of the carrier towards CHs, as demonstrated both for CH4 conversion via chemical
looping combustion** and chemical looping partial oxidation*. While in these cases the high
activity of Ni towards methane activation was utilized to “activate” a carrier composed
predominantly of cheap and non-toxic Fe, it seems reasonable to assume that the same concept
should be applicable to the CLDR process, where the ability of Fe to capture oxygen via
reduction of CO. would complement the high activity of Ni for methane conversion. This
hypothesis is further supported by prior reports that similar alloys enable catalytic CO>
decomposition, producing CO or C depending on operating conditions?’#*, Thus, we
hypothesized that alloyed Fe-Ni carriers should show strong reactivity with both CH4 as well as

CO2 and hence enable an efficient CLDR process.
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The present work aimed to validate this hypothesis by evaluating the performance of
alloyed Fe-Ni oxygen carriers in chemical looping dry reforming. Ceria (CeQy>) is used as carrier
support based on its reducible nature which had been shown to enable accelerated redox kinetics
and enhanced carrier utilization*2. Since Fe has multiple oxidation states with varied oxygen
availability and thus offers tunable product selectivities with CH4 as a fuel*®, we furthermore
employ the inherently slow(er) oxidation kinetics of CO; as oxidant to control the carrier
oxidation state in order to “fine-tune” the syngas selectivity in the subsequent methane
conversion, while simultaneously activating CO, via production of CO, a useful and reactive

chemical feedstock.

2.2 EXPERIMENTAL SECTION

2.2.1 Material Synthesis

Focus of the carrier synthesis was on a simple, inexpensive and scalable synthesis approach. The
alloy carriers were therefore synthesized via a simple wet-impregnation approach. Appropriate
quantities of the metal nitrate precursors, Fe(NO3)3.9H>O and Ni(NOz3)2.6H20 (both 99+%,
Sigma Aldrich), were dissolved in 1mL ethanol. Commercially available CeO2 powder (99+%,
Alfa Aesar) was added to the solution, stirred continuously for 2 hours and dried overnight
(90°C). The resulting solid cake was ground and then calcined in air (0.2 SLM) at 800°C for 2hr.
In addition to the two monometallic carriers (Fe and Ni), alloy carriers were synthesized with 40
wt% total metal loading at three different Fe:Ni ratios, 67:33, 88:12 and 98:2 (designated as

Feo.67Nio.33, Feo.gsNio.12 and Feo.9sNio.02).
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2.2.2 Characterization

X-Ray Diffraction Characterization: To confirm the phases present, the synthesized carriers were
first analyzed via powder X-Ray diffractometry (Bruker D8) operating at 40kV and 40mA with
Cu Ka radiation (A=1.5418 A). The data was recorded between 20 values of 20° and 90° with a
scanning rate of 3.5%min. The XRD pattern was smoothed with a FFT filter. The phases were
identified using the JCPDS database. Average crystallite size was calculated using the Scherrer
equation.

Surface Area and Pore Volume: BET (Brunauer-Emmett-Teller) surface area
determination was conducted via Nitrogen adsorption/desorption in a Micrometrics ASAP 2020
gas adsorption analyzer. The samples were pretreated by degassing under vacuum for 2hr at
200°C. All the samples considered in the study had low surface areas of < 5 m?/g as expected due
to initial sintering of the materials.

Electron Microscopy: A High Resolution-Transmission Electron Microscopy (HR-TEM)
JOEL JEM-2100F was used to image the particles and conduct EDAX mapping. Bulk metal
weight percentages and metal dispersion of the synthesized samples were confirmed by Energy
Dispersive X-Ray Analysis (EDAX) performed using an Oxford INCA EDS system attached to a

JSM-6510LV SEM.

2.2.3 Reactivity tests

Solid-Phase Conversion: Carrier conversion was determined in a Thermo-Gravimetric Analyzer
(SDTQ600, TA instruments). 10-15mg of the carrier powder were loaded into the instrument.

The temperature was ramped up to the reaction temperature at 100°C/min and then held there
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isothermally for the experimental duration. The gases used were: N2 (Grade 5, 100sccm), Ar
(Grade 5, 20sccm), Hz (Grade 2, 20sccm) CH4 (Grade 2, 5sccm) and CO: (Grade 2, 20sccm).
The carrier gas (N2) is flown continuously throughout the experiment. The reactive gases
H2/CH4 and CO., are used for the reduction and oxidation of the carrier respectively. The purge
gas (Ar) is used to flush the system between consecutive reduction and oxidation cycles. For
comparison between the various carriers carrier conversion was defined as follows:

Sample Weight — Reduced Weight
Oxidized Weight — Reduced Weight

Carrier Conversion =
Eq. (1)

The different oxidation states of the sample were calculated by a simple mass balance
from the oxidized weights.

Gas-Phase Reactivity: Conversion of the fuel (CH4) and product selectivity was
determined using a fixed bed reactor set-up. 100mg of the carrier was packed between two glass
wool plugs in a horizontal quartz tube (1/4” ID) enclosed by a furnace (Thermo electron
corporation-Lindberg/Blue M). The reactant gases were fed via mass flow controllers at the
following flow rates: Ar (99.995%, 5 sccm as a reference for calculations flown throughout the
experiment and 20 sccm as purge between cycles), CHs (99.995%, 1 sccm) CO2 (99.999%, 1
sccm) and Oz (99.999%, 1 sccm). The outlet gas concentrations were measured by a mass
spectrometer (Pfeiffer Omnistar QMS 200) and the corresponding molar flow rates (ni) were
calculated.

The selectivities and conversion of various gaseous products during the reduction half

cycle were calculated using the following formulas:

X — Nehy i — MeHyout . NH, out
CHy — Hy — _
N, in NcHy i — McHyout

Eq. (2), 3)
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ncoout s _ n €03z, 0ut
_ cox — _
NeHym — McHyout NcHy i — McHyout

Sco =

Eq. (4), (5)
To check the accuracy of the performed experiments, a carbon balance was performed

and closed within 10% for all the reported experiments. Carbon balance:

nCHd-,m = nCHd-,out + ncoz,out + ncoout +ncout

Eq. (6)
nCHd-,m = nCHd-,out + ncoz,out + ncoout + 0.5 x (nHz,out - choout)
Eq. (7)
For the oxidation half cycle the conversion was calculated as:
Neo, ;n — MNcos.0ut
Xcoz = . e
nCOz,m
Eq. (8)

The carbon balance closed within 10%.

2.3  RESULTS AND DISCUSSION

2.3.1 Carrier Characterization

The carriers were first analyzed in an X-Ray Diffractometer (XRD) to identify the phases present
in the carriers as-synthesized (Figure 5). As expected, diffractions peaks for the CeO, support
were detected for all three alloy compositions. For Feoe7Nioas, (i.e. Fe:Ni = 2:1) only nickel

ferrite NiFe2O4 is detected, i.e. both metals are only present as the stoichiometric alloy (oxide).
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Figure 4. X-Ray Diffraction (XRD) patterns of the as-synthesized alloyed Fe-Ni carriers of varying Fe:Ni

ratios denoting the phases formed for each case.

For Feo.ssNio.12, which contains an excess of Fe, Fe,Os was detected in addition to the
nickel ferrite phase, that is, the “excess” Fe forms a separate monometallic oxide phase. For a
further increase of the Fe content to form Feo.gsNioo2, only Fe2Os was detectable by XRD. The
absence of detectable Ni-containing phases is likely caused by the small Ni fraction.

The metal weight loading of the materials was determined by energy-dispersive X-ray
analysis (EDAX) and was in excellent agreement with the target weight loadings (to within
+2%). The coexistence of Fe and Ni and their uniform distribution on the nanoscale was further

confirmed by elemental mapping in TEM (see Figure 5; the element maps of the other samples
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show similar homogeneities). Thus, all of the synthesized carriers were composed of alloyed Fe—

Ni oxide particles of 50-100nm size with ceria particles of a similar size.

Figure 5. TEM image with (top left) and without (top right) superimposed elemental map and elemental
distribution of individual elements in a FeggsNio.12 —CeO- calcined at 800°C in air for 2 hr. This analysis confirms

alloying on the nanoscale.
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2.3.2 Reactivity of oxygen carriers with CHsand CO:2

The reactivity of the materials with CHs and CO, was evaluated through thermogravimetric
analysis (TGA) at 800°C to monitor the carrier conversion. CHs4 and CO2 were used for carrier
reduction and oxidation, respectively. The system was purged with Ar between two consecutive
reduction—oxidation cycles to obtain clearly separated oxidation and reduction phases. Note that
the carrier conversion (Eq.(1)) is defined such that a conversion of 1 corresponds to the
completely oxidized carrier in which all Fe is in the 3+ oxidation state and all Ni is in the 2+
oxidation state, whereas a carrier conversion of zero implies a completely reduced carrier with
both Fe and Ni in their metallic states. Thus, the time required for the carrier to go from a carrier
conversion of 1 to O (or vice versa) is indicative of the carrier reducibility (or oxidizability,
respectively).

A comparison of carrier conversions versus time for the reduction half-cycles of all of the
carriers tested in this study is shown in Figure 6a. The much higher reactivity of the
monometallic Ni carrier with CH4 compared with that of the monometallic Fe carrier is clearly
visible: the Ni carrier is fully reduced in less than 3 min, whereas the reduction takes
approximately 50 min for the Fe carrier. The reactivity of the three alloy carriers decreases with
increasing Fe/Ni ratio, that is, in line with the reactivity of the pure metals, and a higher Ni

content in the alloy improves the overall carrier reducibility.
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Figure 6. Comparison of overall carrier conversion during thermogravimetric analysis (TGA) of various
samples with: a) CH4 (5 sccm) at 800°C which shows increasing Ni content leads to enhanced carrier reducibility
and b) with CO; (20 sccm) at 800°C which shows increasing Fe content leads to strong improvement in carrier
oxidizability. The dashed horizontal lines indicate the calculated carrier weight for specific oxidation states of the

Feo.ssNio.12 aIon.

For FeosgsNio.12, which contains an excess of Fe, Fe;Oz is detected in addition to the
nickel ferrite phase, i.e. the “excess” Fe forms a separate monometallic oxide phase. Further
increasing the Fe content to FeogsNioo2, only Fe2Os is detectable in XRD. The absence of
detectable Ni-containing phases is likely due to the small Ni fraction.

The metal weight loading of the materials was determined by EDAX analysis and
confirmed to be in excellent agreement with the target weight loadings (to within £2%). Co-
existence of Fe and Ni and their uniform distribution on the nanoscale is further confirmed via
elemental mapping in TEM (see Figure 5; the elemental maps of the other samples, not shown,
show similar homogeneity). All synthesized carriers were thus composed of alloyed Fe-Ni oxide

particles of 50-100 nm size with ceria particles of similar size.
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Although an enhancement of the carrier reactivity for methane was expected with
increasing Ni content, the opposite should be expected for the reactivity of the alloys with COo.
This is indeed the case, as shown in Figure 6, in which the carrier reactivity versus time in the
oxidation half-cycle with CO; as the oxidant is summarized. As expected, the monometallic Ni
carrier shows only minimal reactivity with CO>. In contrast, the monometallic Fe carrier is
oxidized rapidly up to a carrier conversion of approximately 0.78, which corresponds to the
formation of FeO, followed by a very slow deeper oxidation to a carrier conversion of
approximately 0.9, which corresponds to the carrier oxidation state of FesOs. The complete
oxidation of the carrier to Fe.Os was not observed, as this oxidation state is thermodynamically
inaccessible under these conditions with CO as the oxidant?®. Interestingly, all of the alloy
carriers follow qualitatively the same oxidation curve as that for the monometallic Fe carrier, and
the transition from fast to slow oxidation shifts with increasing Ni content towards a more
gradual transition at lower conversion.

The oxidation and reduction data are summarized in Figure 7, in which the times required
for the reduction and oxidation of all five monometallic and alloy carriers are plotted as a
function of the Ni content. The time for reduction is taken as the time for complete reduction of
the carrier from its initial, fully oxidized state, whereas the time for oxidation is calculated as the
time for oxidation from the fully reduced state to a carrier conversion of 0.7 (i.e., 70 % of full
oxidation). The addition of only 2 % Ni causes a steep drop in the reduction time of the alloyed
carrier compared with that for the monometallic Fe carrier. A further increase of the Ni content
results in a further decrease in the reduction time, that is, the carrier reactivity continues to
increase with increasing Ni content. Overall, we observe a strongly nonlinear decrease in the

reduction times of the alloyed carriers with increasing Ni content; therefore, a strong synergy
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exists between the two metals: the addition of Ni does not simply result in a proportionally
higher reactivity but also in a strongly enhanced reactivity of the alloy carrier. For the oxidation
half-cycle, the monometallic Ni carrier is barely oxidized by CO: (in agreement with the
thermodynamic constraints) and, hence, it was not added to the plot. In contrast to the reduction
phase, a near-linear increase in the oxidation time with increasing Ni content was observed, that

is, the reactivity of the carrier towards CO> decreases approximately linearly with the Ni content.
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Figure 7. Comparison for reduction (circles and dashed line) and oxidation times (squares and dotted line)
for the five carriers in this study (from Figure 6): Increasing Ni content strongly reduces reduction times and linearly
increases oxidation times. For comparison, a line connecting the reduction times for the monometallic Fe and Ni
carriers is added to the graph, representing the expected behavior for an independent, linear superposition of the

reduction behavior of the two metals.
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A closer inspection of the oxidation half-cycle of one of the carriers, Feo.gsNio.12, is shown
in Figure 8 (the oxidation behavior of the other carriers is qualitatively identical, as seen above).
Mass-balance calculations show that the final carrier conversion corresponds to NiO—Fe3O4. This
observation is consistent with our previous thermodynamic calculations, which identified FezO4
as the highest attainable oxidation state of Fe in the presence of CO». This final oxidation state is
attained for all Fe-containing carriers at approximately the same final time (see Figure 6b). This
is remarkable, as our previous thermodynamic calculations showed that Ni cannot be oxidized
significantly in a CO2 atmosphere. Our results indicate that the Ni content in the carriers is
oxidized in the presence of Fe; this suggests that oxygen that is “captured” by Fe is effectively
“shuttled” to Ni through a solid-state diffusion process. Hence, this process also explains the
deceleration in the oxidation process as the Ni content increases (see Figure 6b), as is further
made visible by calculating the rate of oxidation versus time during the oxidation half-cycle
(Figure 8, dashed line). A distinct transition occurs between an initial, very fast oxidation of Fe
to FeO and a subsequent much slower (by one to two orders of magnitude) rate of oxidation of
FeO to FesO4 and Ni to NiO. Note that no further distinction between the oxidation rates for
FeO—Fe304 and Ni—NiO is discernible; this suggests that the “oxygen shuttling” from iron
oxide to Ni is likely not rate-limiting and that the oxidation of Ni occurs simultaneously and at

comparable rate to that for the formation of the magnetite phase.

25



S|

Fe,0,-NiO [ 1

e
[=2]
1

.

= 0.5

R

mg/min

r 0.4

0.2

Carrier Conversion [a.u.]

Rate

(=]

S ¢
T

. Fe-Ni

0 10 20 30 40
Time [min]

b)

600 -

*Fe oFeO *Fe,0, xFeNi
®CeO,

B

o

o
1

200

Intensity [a.u.]
°

20 [degree]

Figure 8. Re-oxidation of Feg gsNio.12 by CO at 800°C in a TGA — a) Rate of oxidation vs time during the
oxidation half cycle for FeogsNio 12 in the TGA at 800°C oxidized by CO; (20sccm) shows two distinct regions of

oxidation fast & slow, and b) ex-situ XRD after the fast oxidation regime shows multiple oxidation states of Fe.
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To further confirm the oxidation states of the two metals, the oxidation was stopped at the
time point at which the rate decreased (i.e., immediately after the fast initial oxidation), and the
sample was cooled in an inert gas (Ar) and then transferred for analysis. The XRD pattern of the
sample (Figure 8b) reveals the simultaneous presence of Fe in three oxidation states, that is, Fe,
FeO, and Fes0s, in addition to an Fe-Ni alloy phase. The simultaneous presence of multiple
oxidation states is typical for Fe and well-documented for iron oxidation in air. Apparently, this
behavior is unchanged for the oxidation with a weaker oxidizing agent such as CO..
Furthermore, the absence of any oxidized Ni phase confirms that the oxidation of Ni, enabled by
Fe, occurs in the “slow” oxidation regime.

Finally, all carriers were analyzed further by XRD at the end of the reduction and
oxidation half-cycles in TGA. The results are shown in Figure 9 for Feo.gsNio.12. NiFe2O4, which
IS present in the initial oxidized sample (i.e., after oxidation in air) and is reduced at the end of
the reduction half-cycle to an Fe—Ni alloy and excess Fe. Upon re-oxidation of the sample with
COz, only one diffraction pattern is detected, which agrees with the formation of FesO4 and
Nio.4Fe2604 phases. A complete overlap between the diffraction patterns of the two oxides
(which share the same inverse spinel crystal structure) makes further distinction impossible.
However, the absence of any reflections for a separate Ni phase either in the oxidized or reduced
state of the carrier supports the mass balance calculations, which suggest that Fe and Ni maintain
a close association after the reduction and oxidation half-cycles and that both metals undergo
reduction and re-oxidation during the TGA experiments. Furthermore, the stable association
between Fe and Ni indicates the excellent stability of the alloys during reduction and oxidation.
XRD studies of highly Ni-rich carriers (Feo.2Nio.g; not shown here) show the presence of excess

Ni at the end of the reduction half-cycle in addition to an Fe-Ni alloy phase. Upon re-oxidation
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in CO., the Fe—Ni alloy phase was again oxidized to NiosFe2 604, Whereas the separate Ni phase
remained in the metallic state; this further confirms that only Ni associated with Fe can be

oxidized by CO:..
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Figure 9. Re-oxidation of Feg gsNio.12 by CO- at 800°C in a TGA — a) Rate of oxidation vs time during the
oxidation half cycle for FeogsNio 12 in the TGA at 800°C oxidized by CO; (20sccm) shows two distinct regions of

oxidation fast & slow, and b) ex-situ XRD after the fast oxidation regime shows multiple oxidation states of Fe.
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2.3.3 Stability of the oxygen carriers

Carriers in chemical looping are required to undergo a large number of periodic reduction--
oxidation cycles. The resulting solid-state oxygen transport during uptake and release exerts
significant strain on the carrier; therefore, carrier stability is one of the key concerns in chemical
looping processes. Hence, the carrier stability was investigated further in multicycle TGA
experiments with H, and CH4 for the reduction and CO; for the oxidation. Initially, H> was
chosen as a fuel to avoid complications from possible coke formation, that is, to study the limits
of the carrier stability caused purely by the temperature and solid-state redox processes.
Following these tests, further test were conducted with CHs4 to determine the effect of the change
in fuel. To operate in the fast oxidation regime, the carrier oxidation was kept to a partially
oxidized regime (up to conversion ~ 75%). The final oxidation half-cycle was then extended to
near-completion (carrier conversion < 0.9) as a further probe for carrier stability. In keeping with
our goals to (1) reduce the Ni fraction in the bimetallic carrier and (2) maintain good reactivity

towards the fuel and CO2, Feo.ssNio.12 was selected for these studies.

2.3.3.1 Cyclic stability with H2

Extended stability tests (50 cycles) were performed at 800, 900, and 1000 °C. The carrier
performed highly reproducibly and robustly at all temperatures (Figure 10a, only the run
performed at the highest temperature of 1000 °C is shown). In addition to the constant height of
the maxima and minima in the cyclic carrier weight, the calculated rates of reduction and
oxidation for the first and the last cycle, which form a much more sensitive indication of stable
performance, show excellent agreement and, thus, further support the stability of the carrier
(Figure 10b and c). Finally, the XRD analysis of the sample before and after the stability tests

29



showed no changes to the phases present in the carrier. Moreover, the average crystallite size

was essentially unchanged at all temperatures (less than 1 % change).
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Figure 10. Multi-cycle stability test in a TGA for Feg.gsNio.12 at 1000°C (H2: 20 sccm & CO,: 20 sccm).
The results — a) Stable carrier weight oscillations vs time, and rate comparison between the 1% and 50" half cycle

during b) reduction and c) oxidation, indicate robust operation over 50 cycles.
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2.3.3.2 Cyclic stability with CH4

Methane conversion processes are plagued by coking owing to methane cracking. This carbon
deposition blocks active sites and, hence, deactivates the oxygen carrier during the reduction
process. This can be avoided by stopping the carrier reduction before the carrier is reduced too
deeply and catalyzes the non-oxidative cracking reaction. The time at which this occurs depends
strongly on the carrier composition. Therefore, the optimal reduction time was first determined
through carrier reduction in CHaz until the onset of coking was observed. These carrier-specific
optimal reduction cycle times were then adjusted accordingly for the subsequent cyclic
experiments.

Next, preliminary tests were performed at temperatures of 800, 900, and 1000°C to study
the effect of temperature on the rates of reduction and oxidation (Figure 11). As expected, higher
temperature resulted in a strong increase in the reduction rates as well as increased oxidation
rates. Albeit not the focus of the present study, we note that the much stronger increase in the
rate of reduction with temperature suggests that the rate-limiting step for this process
(presumably the initial H abstraction process) has a significantly higher activation barrier than
that for the oxidation step (i.e., the oxygen abstraction from COy). The highest temperature,

1000°C, was chosen to further test the stability of the carrier with CHa.
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Figure 11. Comparison of rates during: a) reduction (CHa: 5 sccm) and b) oxidation (CO2: 20 sccm) of

Feo.ssNio.12 at different temperatures show that increased reaction rates are observed with increase in temperature.
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The alloyed oxygen carrier was subjected to ten periodic redox cycles with CH4 and COo.
A comparison of the rates of reduction and oxidation again shows good agreement for the first
and the last cycles (Figure 12). The slight variation in the reduction kinetics can be ascribed to
the small difference in the time at which the flow of CH4 was stopped for each of the respective
cycles (owing to manual operation of this particular set of experiments). Overall, the Feo.gsNio.12

carrier showed highly stable operation with both H, and CH4 at temperatures as high as 1000°C.
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Figure 12. Comparison of rates during: (a) reduction with CH4 (5 sccm) and (b) oxidation with CO; (20

sccm) for the 1st and the 10th cycle for multicycle experiment in a TGA at 1000°C.
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2.3.4 Fixed-bed-reactor tests

Although TGA experiments allow us to probe the changes that occur in the solid phase, that is, in
the carrier, during reduction and oxidation, they do not yield meaningful information about the
conversion and selectivities for the gaseous reactants. For this information, fixed-bed
experiments were performed, again with FeogsNio.12 as the carrier. Owing to the strong increase
in rate with increasing temperature discussed previously, the fixed-bed experiments were all
conducted at 1000 °C.

A typical selectivity profile for the as-synthesized carrier obtained during reduction with
CHa is shown in Figure 13. The reduction half-cycle shows four distinct phases: (1) total
oxidation of CHa4 (t=0-5 min); (2) a mixture of total oxidation and partial oxidation (t=5-8 min);
(3) highly selective partial oxidation to synthesis gas (t=8-16 min); and finally (iv) catalytic

cracking of CH4 to produce C+Ha (t>16 min).
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Figure 13. Selectivity towards various products as a function of time during reduction of 100mg of

Feo.ssNio.1o-CeO, with CH4 (1 sccm, 16.7 vol%) at 1000°C.

During the periodic operation, the reduction of the carrier was stopped before the onset of
cracking (to avoid coke formation), and the subsequent oxidation of the reduced carrier was
conducted with CO; this resulted in the formation of CO until CO> breakthrough indicated the
complete (thermodynamically possible) reoxidation of the carrier. A full cycle is shown in Figure
12: the oxidation half-cycle extends from t=0-70 min, and the reduction half-cycle extends from

t=80-100 min (t=70-80 min is the purge phase).
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Figure 14. A full cycle of the carrier FeggsNio12—CeO2 consists of oxidation by CO; (1 sccm, 16.7 vol%)

and reduction by CHa (1 sccm, 16.7 vol%) at 1000°C.

2.3.4.1 Effect of carrier oxidation state on product selectivity

Iron—nickel alloyed oxygen carriers offer different product selectivities during reduction with
CH4 depending on the oxidation state of the Fe, as observed earlier. To optimize syngas
production, both the final cracking phase and the initial total-oxidation phase must be minimized.
The final cracking phase can be avoided by stopping the reduction at the point at which the
decrease of CO concentration (t ~ 16 min in Figure 13) indicates the onset of catalytic cracking.
On the other hand, to avoid the total-oxidation products formed at the start of the reduction half-
cycle, the carrier oxidation must be restricted in the preceding oxidation half-cycle. We have

shown previously that this can be achieved through time-controlled oxidation with air as the
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oxidant*. The use of CO; as the oxidant facilitates this approach by making use of the kinetic
regimes for oxidation with COg, that is, by stopping the oxidation of the carrier at the end of the

fast kinetic regime to restrict carrier oxidation.
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Figure 15. Re-oxidation of FeggsNig.12—CeO, by CO; (1 sccm, 16.7 vol%) shows two regions of CO,
conversion (greater than ~60% and less than ~40%) with the red dots denoting the time where re-oxidation was
stopped. The inset shows re-oxidation by O, (1 sccm, 16.7 vol%). All experiments were conducted post reduction by

CHy (1 scem, 16.7 vol%) at 1000°C.
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The outlet concentrations of CO and CO; as well as the CO> conversion obtained during
the reoxidation half-cycle are shown in Figure 15. The overall oxidation cycle consist of two
coarse regimes: high CO2 conversion (t=0-20 min, Xco2 >60%) and low CO> conversion (t=25-
60 min, Xco2 <40%). The high CO> conversion regime can be further divided into three sections
that correspond to nearly complete CO2 conversion (t<5 min), approximately 80 % CO-
conversion (t=5-12 min), and a third regime in which the conversion decreases from
approximately 80 to 60% (t=12-25min). In contrast, a single CO peak (which is attributed to
carbon burn-off) is observed during the reoxidation of the reduced carrier with Oz (Figure 15,
inset), followed by O breakthrough after the complete oxidation of the carrier, that is, although
carrier oxidation with CO. is a multistage process, the carrier oxidation with air proceeds
through two steps: carbon “burn-off” followed by metal oxidation.

The “staggered” oxidation caused by the inherently slow oxidation kinetics with CO> as
opposed to O should enable a much finer control of the oxidation state of the carrier. Hence, one
should expect that stopping the oxidation half-cycle at various time points during the re-
oxidation would control the oxygen uptake by the carrier and, thus, control the product
selectivity in the subsequent reduction cycle. This was tested next by stopping carrier oxidation
during the oxidation half-cycle (with CO>) at the times indicated by the numbered red dots in
Figure 15. These partially oxidized carriers were then reduced in CH4 to observe the impact on
product selectivity. For comparison, the carrier was also oxidized to completion in air and in CO>
(denoted by the labeled red dots in Figure 15).

The outlet concentrations of CO2 and CO during the reduction half-cycle are shown in
Figure 16 for comparison after (1) complete oxidation by air (“post-air”), (2) complete oxidation

by CO2 (“post-CO.”), and (3) suspended oxidation by CO; at four different points during the
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oxidation half-cycle (as indicated in Figure 15). To facilitate the visual comparison, the
concentration curves for case (2) and the four points of case (3) were shifted forward on the time
axis (offset by 2—-6 min) such that the end of the reduction half-cycle (onset of coking) for all
cases occurs at the same time as that for the post-air case (t~17 min). Interestingly, except for the
initial CO, formation, the curves for cases (1), (2), and the data point “1” show excellent
agreement, which suggests that the methane conversion and selectivity is identical between the
three cases once the same degree of carrier reduction is attained, that is, the carrier reactivity is
controlled entirely by the degree of initial carrier oxidation. During air oxidation of the carrier,
both Fe and Ni are oxidized to their highest oxidation states, Fe2Oz and NiO. Therefore, the
following reduction half-cycle initially produces only total-oxidation products (represented here
by CO3), followed by syngas production (represented by CO). Notably, the CO, production
clearly occurs in two stages with an initial large peak (centered at t~3 min) and a smaller second

peak (centered at t~7 min), the nature of which will become apparent in the following.
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Figure 16. Reduction half cycles with CH4 (1 sccm, 16.7 vol%) at 1000°C following different oxidation

times indicated by numbered spots according to figure 13. A comparison of a) CO, and CO concentration profiles,

and b) CO selectivity and yield (indicative of partial oxidation), show increased syngas production is facilitated by

controlled oxidation.

If the bed is fully oxidized by CO, the oxidation of the metals is limited

thermodynamically to FesOs and NiO (which is oxidized through solid-state diffusion, as
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discussed before). Thus, the subsequent reduction half-cycle produces less total-oxidation
products, as evidenced by the reduced CO; peak, owing to the absence of the Fe20O3—Fe304
transition, which is known to produce CO preferentially. Finally, if the oxidation time is limited
to the time corresponding to “1” in Figure 15, Ni oxidation to NiO is suppressed, and the initial
CO: peak in the following reduction is further reduced; this suggests that this part of the total
oxidation is largely caused by the Ni content in the carrier. Hence, the results so far suggest that
the avoidance of Ni oxidation enhances the selectivity towards syngas formation strongly but is
not sufficient to suppress CO> formation entirely.

Therefore, the carrier oxidation was further controlled by taking advantage of the
stagewise oxidation process to stop the reduction at intermediate time points (points 2—4 in
Figure 13). One can see that the CO/CO: concentration profiles start to change more
dramatically; the first CO, peak disappears completely, and the (smaller) second CO; peak
decreases gradually. Remarkably, although the first, strong CO. peak was not accompanied by
CO formation, that is, it indicated a completely selective oxidation to CO. over the highly
oxidized carrier, the second CO peak coincides with the onset of CO formation; therefore, this
CO:z is either the result of parallel total/partial oxidation pathways or, more likely, the result of a
sequential reaction in which CO formed in the initial oxidation of CHa is further oxidized to
CO2. The extent of the carrier oxidation corresponding to these time points was calculated
through an oxygen mass balance with the FesO4—NiO carrier at t~60 min (i.e., post-CO2 in
Figure 15) as the reference point. The calculated oxidation states, Fe--Ni (for t~ 5min) and FeO-
Ni (for t~ 20min), agree closely with time points 4 and 2, respectively, and further confirm that

high syngas selectivity can be achieved by restricting the carrier oxidation to FeO-Ni.
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For direct comparison, the CO gas-phase selectivity and yield are compared for all of the
oxidation scenarios considered here in Figure 16b. Clearly, the selectivity towards partial
oxidation increases continuously with the reduced degree of carrier re-oxidation. However, too
large a restriction of the carrier oxidation results in undesirable methane cracking and, hence, a
strong drop in CO selectivity (whereas methane conversion remains high; see point 4). This is
expected as the bed remains partially in the (metallic) state after the oxidation half-cycle, as is

evidenced by the subsequent “short” reduction half-cycle (At ~5 min).

2.3.4.2 Chemical looping dry reforming operation

Finally, the insights gained allow the development of an optimized CLDR process, which utilizes
the controlled oxidation of the Fe—Ni alloy carrier in the “fast CO, oxidation regime” in the
oxidation half-cycle to enable the highly selective production of syngas streams in the reduction
half-cycle. Again, the carrier for the process was FeogsNio.12/CeO2, which is oxidized at high
CO2 conversions (oxidation stops at time point 3, see Figure 15) and then reduced in CH4 before

the cycle is restarted. A full cycle in this manner is shown in Figure 17.
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Figure 17. Full CLDR cycle for FeggsNio.1o—CeO- with restricted oxidation (point 3 in Figure 13) during
the oxidation half cycle (CO, 1 sccm, 16.7 vol%) and subsequent reduction with CH4 (CHa, 1 sccm, 16.7 vol%) at

1000°C.

An inspection of the time-resolved outlet-gas concentration profiles (Figure 18) obtained
during the reduction half-cycle for this modified mode of operation reveals a small residual CO»
peak at the start of the cycle, and this peak decays quickly as the partial oxidation products CO
and H are produced. Over the entire half-cycle, the concentration profiles of H, and CO
essentially overlap (supporting the earlier use of CO as an indicator for partial oxidation), and
good selectivity towards partial oxidation ~907%) was observed over the entire cycle with a
H>/CO ratio of approximately 0.5, as typically desired for the downstream utilization of syngas
(note: the selectivity was calculated after the first minute at which the carbon balance closes
within 10%). Correspondingly, a negligible amount of carbon is produced over the cycle. It is
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furthermore noteworthy that this carbon is burnt off by CO- in the subsequent oxidation cycle
and it adds to the CO produced, that is, it becomes integrated fully into the value stream of the
process.

During the carrier reoxidation, a high CO2 conversion of approximately 90"% is obtained
over the oxidation half-cycle. As is apparent from the flow-rate traces (Figure 15), even higher
COz2 conversions may be attainable upon further optimization; however, this was not the intent of
the present study. Overall, the modified CLDR operation allows for robust operation with high

fuel conversion and product selectivity.
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Figure 18. The reduction half cycle of FegsNip.1.—CeO; in CH4 (1 sccm, 16.7 vol%) at 1000°C in the

optimized cyclic CLDR operation: a) concentration profiles, b) product selectivity, and ¢) methane conversion

(Xcra) and syngas ratio (H2:CO) vs time.
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2.4 CONCLUSIONS

The abatement of CO2 emissions from the utilization of fossil fuels is a key challenge of our
times. In the present study, we demonstrated that a modified methane dry reforming process
through “chemical looping dry reforming” (CLDR) constitutes not only one of the most simple
processes for COy activation through the reduction to CO but also increases significantly the
efficiency of conventional (catalytic) dry reforming. The process allows for high methane and
CO:2 conversions in excess of 90%, the coking issues that typically plague dry reforming
processes are avoided, and syngas (at the desired H2/CO ratio of 2) and excess CO are obtained
in inherently separate product streams.

The process is enabled by the combination of Fe and Ni in alloy carriers, which combine
the high reactivity of Ni for methane activation with the good selectivity of iron oxides for
syngas formation and the ability of Fe to reduce CO> to CO. Hence, the combination of these two
metals not only enables the process but also introduces strong synergistic effects: the addition of
a small amount of Ni into an Fe-based carrier results in the strong enhancement of the reactivity
with methane, whereas the presence of Fe enables the oxidation of Ni with CO2 (which is
thermodynamically restricted for pure Ni under the same reaction conditions). The latter
indicates a strong coupling of the two metals through oxygen transport in the solid carrier and,
hence, suggests that similar effects should exist for many other metal combinations. Therefore,
alloyed carriers likely hold much broader potential for redox processes in a “looping”
configuration than one might anticipate, as a smart combination of two metals might allow the
reconciliation of contradictory demands in the two, coupled half-cycles. Clearly, the stabilities of

these alloys under the extreme conditions of these high-temperature redox processes must be
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considered and might be a limiting factor for many cases. In the present study, the FexNiy carriers
kept their alloyed nature over multiple reduction—oxidation cycles, that is, they showed stable
operation without signs of permanent dealloying.

Finally, the product selectivities were dependent on the oxidation state of the carrier, as
one would expect. Hence, the use of a weak oxidant such as CO; is beneficial, both from a
thermodynamic and a Kkinetic point of view: CO oxidation is much more restricted
thermodynamically and, hence, can limit the over-oxidation of a carrier material, and the
relatively slow oxidation kinetics allows the oxidation state to be controlled through the
oxidation time.

Thus, overall, the present study demonstrated not only that CLDR is a promising process
for CO- utilization but also that CO. can have desirable properties as an oxidant in chemical
looping processes and that alloy carrier materials hold vast promise for selective oxidation

processes through chemical looping “beyond combustion”.

See Appendix B for an alternative explanation of the alloy oxidation mechanism.
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3.0 PHYSICAL MIXTURES AS SIMPLE AND EFFICIENT ALTERNATIVE TO

ALLOY CARRIERS IN CHEMICAL LOOPING PROCESSES

The content of this chapter is taken from More et. al., Physical Mixtures As Simple And
Efficient Alternative To Alloy Carriers In Chemical Looping Processes, AIChE Journal. (in

press).

3.1 INTRODUCTION

Over the past few decades, Chemical Looping Combustion (CLC)®%111251 has emerged as a
promising technology for efficient combustion with inherent CO2 capture well within the
framework of the existing energy infrastructure. In CLC, a metal oxide—-typically a transition
metal--is used as an oxygen source for fuel combustion in a “reducer” reactor, thereby generating
only the combustion products CO, and H2O, which can be easily separated to generate a
sequestration-ready CO; stream. After combustion, the reduced metal is then regenerated in an
“oxidizer” reactor (typically with air) and recycled back to the reducer, completing the materials
“loop”. Thus, CLC bypasses most of the problems of conventional fuel combustion, including
NOx formation and CO> separation from dilute gaseous streams, and is currently emerging as a

favored solution for large-scale clean combustion applications®*°.
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More recently, the chemical looping scheme has been used successfully beyond
combustion towards a broader goal of fuel upgrading to value-added chemicals!'®3’. For
example, we have demonstrated in recent years that pure H> streams can be produced by
replacing air with H20 in the “oxidizer”, resulting in chemical looping steam reforming of
methane (CLSR)®®, while using CO; as oxidant results in its reduction to CO (a useful and
reactive chemical feedstock) in a chemical looping dry reforming (CLDR) configuration 262,
Similarly, the fuel conversion in the “reducer” reactor can be tailored to produce syngas from
methane®’, with CO; or air as oxidants, resulting in a chemical looping partial oxidation of
methane (CLPOM) process*®.

Although the principle of chemical looping thus has been widely demonstrated for
different configurations, significant challenges remain for large scale application. In particular
the development of oxygen carriers which are cheap, reactive, as well as chemically and
thermally stable over extended cyclic operation at harsh conditions, is paramount for robust
process operation. Most of the carriers reported in the literature are supported Fe-, Cu-, Ni-, and
Mn- based engineered materials®®°8%°, Due to their abundance, low cost, and low toxicity, Mn
and Fe materials have emerged as the most popular choice for oxygen carriers. However, both
materials suffer from slow redox kinetics and correspondingly low fuel conversion®.
Conversely, while Ni-based oxygen carriers are promising due to their high reactivity with
methane and other fuels, the relatively high cost and toxicity of Ni limit their application as
oxygen carriers®?. Finally, Cu- based oxygen carriers have a high oxygen release capacity, yet
suffer from agglomeration under typical operational conditions due to the low melting point of

Cu38
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In an attempt to overcome the limitations of these monometallic carriers, the focus has
recently shifted towards development of mixed metal oxides. For example, the redox kinetics of
Fe based carriers can be significantly improved by addition of small amounts of Ni (i.e. via
formation of Fe-Ni alloys), thus offering much enhance reactive performance at lower overall
carrier cost and toxicity*®3®4_Similarly, addition of Ni helps stabilize the low-melting Cu in Ni-
Cu alloys, improving the overall carrier stability at high temperatures®*. Recent work in our own
lab has demonstrated that combining Mn (instead of Ni or Cu) with Fe not only augments the
carrier reactivity at reduced cost, but also mitigates the environmental impact of oxygen carriers,
further confirming the benefits of mixed metal systems*. However, Fe-based alloys form
complex spinel structures which are periodically formed in the oxidation half step and broken
down in the reduction half step of the cyclic process*!%>%. Understanding these lattice structure
transformations and the governing oxygen transport and reaction mechanisms is important for
rational design of oxygen carriers. While a recent study by Qin et al.®® provided some insights
into nanoscale evaluation for Fe-Ni alloys, the observations are largely limited to post-reaction
analysis of the material. Hence, the important physicochemical changes occurring during the
redox processes, which are representative of the underlying oxygen transport, still remain poorly
understood. Moreover, Fe-Mn*%%® and Fe-Cu’® alloys have been shown to undergo complex de-
alloying and re-alloying processes during redox operation further complicating such analyses.

Physical mixtures of two monometallic carriers potentially offer a much simpler
alternative towards rational oxygen carrier design — but at first view do not seem to enable the
synergies between the constituent metals as for alloys. However, Johanson et al. already
demonstrated a mixture of iron and nickel oxides can yield significantly improved yields of CO>

in methane combustion compared to the individual oxides™. Since the methane feed was diluted
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with steam (1:1), they hypothesized that catalytic steam reforming of methane over Ni produced
syngas which was further combusted (to CO. and H20) over iron oxide, improving the overall
COg yield. Using a similar configuration, Gayan and coworkers reported improved combustion
efficiencies for physical mixtures compared to alloys due to suppression of steam reforming
when nickel is chemically mixed with iron’2. While both studies suggest that addition of Ni can
improve the performance of iron oxide, the focus of these studies was exclusively on improved
power production i.e. total combustion efficiency. Furthermore, the near equimolar steam
dilution of the methane feed employed in these studies will simultaneous oxidize metallic iron
(as demonstrated previously®®) which further complicates evaluation of this system. Finally,
Moghtaderi and Song investigated binary physical mixtures amongst Fe-, Cu- and Ni- oxides in
the presence of CO, H2 and CH4 showing enhancement in reduction Kinetics as compared to the
parent oxides, although the reason for the enhancement remained unclear’.

The present contribution extends these previous studies by systematically comparing the
reactive performance of physical mixtures and alloys for pure CHs and identifying the synergistic
effects at play. More importantly, we extend the previous investigations by applying physical
mixtures towards selective (partial) oxidation, i.e. by using an unselective metal as “initiator” and
a selective one as the “product guide”. Towards this goal, we synthesize oxides of Fe and Ni
supported on ceria, which we have previously shown to strongly enhance oxygen transport and
oxygen carrying capacity of supported metals, reduce the carrier sensitivity to coking, and a
stabilize both single metal and alloyed carriers*®42, The physically mixed carriers are compared
with alloyed carriers (with identical metal content) in thermogravimetric analysis to establish
differences in the reactivity trends. Multi-cycle tests are then carried out to test the stability of

the carriers and further investigated in a fixed bed reactor set-up to test the product selectivity
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and fuel conversions. Finally, we incorporate a “soft” oxidant (CO) to selectively oxidize one
of the two carrier components while again enabling CO> activation via reduction to CO, and
demonstrate the added flexibility of the physically mixed configuration for improving process

selectivity.

3.2 EXPERIMENTAL SECTION

3.2.1 Material Synthesis

All carriers were synthesized by a simple wet-impregnation approach. For the alloy carriers,
appropriate quantities of the metal nitrate precursors, Fe(NO3)3.9H.O and Ni(NO3)..6H.0O
(99+%, Sigma Aldrich), were dissolved in 1mL ethanol. Commercially available CeO, powder
(99+%, Alfa Aesar) was then added to the solution, stirred continuously for 2 hours and vacuum
dried overnight (90°C). The resulting solid cake was ground using a mortar-pestle and then
calcined in air (0.2 SLM) at 800°C for 2hr. All alloy carriers were synthesized with 40 wt%
metal, with three different Fe:Ni ratios of 98:2, 88:12 and 67:33, respectively. Monometallic Fe
and Ni carriers with 40 wt% metal were also synthesized by the same approach. Homogeneous
physical mixtures of the two monometallic carriers were produced by mixing solid suspensions
(in C2H50H) of appropriate quantities of each monometallic carrier, followed by drying to

evaporate the solvent.
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3.2.2 Material Characterization

X-Ray Diffraction Characterization. To confirm the phases present, the synthesized
carriers were analyzed by a powder X-Ray diffractometer (Bruker D8) operating at 40kV and
40mA with Cu Ko radiation (A=1.5418 A). The data was recorded between 20 values of 20° and
90° with a scanning rate of 3.5°/min. The phases were identified using the JCPDS database and
the average crystallite size was determined by the Scherrer equation.

Surface area. BET (Brunauer-Emmett-Teller) surface area determination was conducted
via Nitrogen adsorption/desorption in a Micrometrics ASAP 2020 gas adsorption analyzer at -
196°C. The samples were pretreated by degassing under vacuum for 2hr at 200°C. All samples in
this study had low surface areas (< 5 m?/g), as expected due to initial sintering of the materials.

Electron Microscopy. A Transmission Electron Microscope (TEM) JEOL-200CX was
used to image the particles. Bulk metal weight percentages and metal dispersion of the
synthesized samples were analyzed by Energy Dispersive X-Ray Analysis (EDAX) performed

using an Oxford INCA EDS system attached to a JSM-6510LV SEM.

3.2.3 Reactive Testing

Solid-Phase Reactivity. Carrier reactivity was determined by a Thermo-Gravimetric
Analyzer (SDTQ600, TA Instruments). Alumina pans containing 10-15mg of sample powders
were loaded into the instrument. The temperature was ramped up to the reaction temperature at
100°C/min and then held isothermally for the experiment duration. The gases used were: N2
(Grade 5.0, 100sccm), Ar (Grade 5.0, 20sccm), Hz (Grade 2.0, 20sccm) CH4 (Grade 2.0, 5sccm)

and CO; (Grade 2.0, 20sccm). The carrier gas (N2) is flown continuously throughout the
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experiment. The reactive gases H2/CH4 and COy, are used for the reduction and oxidation of the
carrier respectively, and the purge gas (Ar) is used to flush the system between consecutive
reduction and oxidation cycles. For comparison between the various carriers carrier conversion
was defined as follows:

Sample Weight — Reduced Weight
Oxidized Weight — Reduced Weight

Carrier Conversion =
Eq. (9)

The oxidation states of the samples were calculated from the sample weight by a simple
mass balance relative to the fully oxidized sample weights.

Gas-Phase Reactivity. Conversion of the fuel (CH4) and product selectivity were
determined in a fixed bed reactor set-up. 100mg of sample was packed between two glass wool
plugs in a horizontal quartz tube (1/4” ID) enclosed by a furnace (Thermo electron corporation-
Lindberg/Blue M). The bed temperature was measured by a coke resistant, high-temperature
thermocouple (Omega Engineering). The gases used were: Ar (5sccm and 40sccm), CH4 (Grade
2, 1 sccm) CO; (Grade 5.0, 3 sccm) and 20% Oz in He (Grade 5, 3 sccm). Outlet gas
concentrations were measured by a mass spectrometer (Pfeiffer Omnistar QMS 200), and the
corresponding molar flow rates (ni) were calculated from the (calibrated) ion currents. The
accuracy of the measurement was checked by performing carbon balances over the system and
closed to within 5-10%.

For the reduction half cycle the carbon balance was calculated as:

nCHq—,in = nCHcl-,out + ncoz,out + ncoout + 05 X (nHz,ou: o zncoout) E (10)
g.

The conversion and selectivity of the various gaseous products involved were calculated

using the following formulae:
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_ McHy i — MCHyout 5. = NH, out
Xen, = n Hy = o -
CH.-_;.’;_'H CH.-_;.’;_'H CH@,Out
Eqg. (11), (12)
_ ncoou: s _ ncoz,out
Sco = — Coy — —
MNeHy i — McHyo0ut N¢H, i — MNcHyout

Eq. (13), (14)
The major reactions in the system are total oxidation, partial oxidation and catalytic

pyrolysis of CHa:

Total Oxidation: CHs+ 4 MeO & 4 Me + CO2 + 2 H0O (R5)
Partial Oxidation: CHs + MeO & Me+CO +2 H> (R6)
Methane Pyrolysis: CHas (+ Me) & 2 Hz + C (+ Me) (R7)
For the oxidation half cycle the carbon balance was calculated as:
Mo, in = NCOs0us T MCOyus
Eq. (15)

3.3 RESULTS AND DISCUSSION

331 Oxygen carrier reactivity with CHs

The reactivity of the oxygen carriers with CH4 was initially studied in a thermo-gravimetric

analyzer (TGA) at 800°C. The weight change upon reducing the carrier by CH4 was recorded and

56



carrier conversion, which is indicative of the oxygen loss/gain for the carrier, was calculated and
used to compare all carriers. Results are shown in Figure 19a. Carrier conversion of 1
corresponds to the completely oxidized carrier (where all Fe is in the Fe;O3 state and Ni in the
NiO state), while carrier conversion of 0 indicates a completely reduced carrier with both Fe and
Ni in their metallic states. Thus, the time required for the carrier to undergo complete reduction
from carrier conversion of 1 to O is indicative of the carrier reducibility. As a reference and to
indicate deviations from a simple linear superposition of the reactivity of the two monometallic
carriers, a curve representing the reduction times calculated from a linear superposition of the
monometallic carriers was furthermore added to the graph (i.e. tcaiculated = 0.88*tre + 0.12*tni)

The results in Figure 19a show that all carriers in this study were completely reduced by
CHg, although at significantly different rates. As expected, the monometallic Fe carrier took
longest for reduction due to the slow reduction kinetics of Fe>Oz. In contrast, the monometallic
Ni carrier was reduced rapidly due to the well-known catalytic properties of Ni. The alloy
“inherits” some of this high reactivity of Ni and thus shows higher reactivity than the
monometallic Fe carrier. The reactivity is well in excess of a simple, linear superposition of the
reactivities of the monometallic carriers (represented by the calculated “(88%Fe + 12% Ni)caic”
curve), thus indicating significant synergies between the two metals in the alloy. We had
previously explained this effect by efficient methane activation on Ni centers, followed by
oxidation of the dissociated methane on iron oxide (and, for higher Ni content, also partially on
NiQO). As this mechanism relies on an intimate contact of the Ni and Fe phases, one would expect
this acceleration to cease entirely for physical mixtures, in which no direct phase contact

between Ni and Fe exists.
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Remarkably, the physically mixed carrier (with the same Fe:Ni ratio) not only showed
again a strong acceleration over the monometallic Fe carrier, but was in fact reduced also much
faster than the respective alloy. Similar observations were seen for other Fe:Ni compositions
investigated (not shown here). For comparison, Figure 19b shows the times required for
complete reduction of the two monometallic and all three alloy carriers and the respective
monometallic physical mixtures as function of their respective Ni content. As expected, the Fe-
Ni alloys show a continuous—though “super-linear”—drop in reduction time with increasing Ni
content, confirming that the presence of Ni accelerates the carrier reduction and that synergistic
effects between Ni and Fe result in a stronger-than-linear decrease in reduction time. This
synergy is most pronounced at low Ni content. Reduction times for the physical carrier mixtures
are consistently lower than those for the alloys at the same composition. Furthermore, reduction
time drops precipitously with increasing Ni content and reaches essentially identical values with
the pure Ni carrier for as little as 12% Ni/CeO. mixed with 88% Fe/CeO.. Thus, addition of a
small amount of Ni-carrier results in a drastic acceleration of the reduction of the
(monometallic!) Fe-carrier present in the mixtures, indicating that the reduction mechanism for
the physically mixed carriers must follow a very different mechanism than that for the alloy

carriers.
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Figure 19. a) Carrier conversion vs time during the reduction half cycle (w/ CH,) in TGA at 800°C. The
horizontal lines at X= 0 and X=1 represent the fully oxidized and fully reduced states of the two metals (Fe and Ni),
respectively. b) Reduction time (w/ CH4in TGA at 800°C) vs Ni fraction for physical mixtures and corresponding
alloy carriers. The physically mixtures reduce at a much faster rate than the alloys for all three compositions

investigated suggesting an altered reaction mechanism.
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3.3.2 Proposed reaction mechanism for Fe-Ni physical carrier mixtures.

The enhanced reduction Kinetics of the Fe-Ni alloys can be explained by the lattice associations
between the constituent metals i.e. Fe and Ni, which enables a cooperative reaction mechanism
through spill-over between surface species and sharing of lattice oxygen. However, in the
physically mixed carrier, monometallic Fe>Os and NiO particles are at best in macroscopically
close proximity of each other but are neither in microscopic vicinity of each other nor do they
share a common lattice. Unsurprisingly hence, the XRD pattern of this carrier shows distinct
Fe203 and NiO peaks, confirming that no unintended cross-contamination of the carriers either
during physical mixing or reactor operation resulted in the unexpected formation of an alloy
phase (as further discussed below, see Figure 23). Hence, during reduction we can expect the two
metal fractions of the mixture to reduce independently of each other. However, due to its
inherently faster reduction kinetics, NiO will reduce to metallic Ni much more quickly than the
parallel, slow reduction of Fe;O3 to Fe’*™, After the rapid initial reduction, the resulting metallic
Ni will hence readily crack CH4 to carbon and Hz while the iron-oxide carrier fraction is in
parallel still slowly being reduced to Fe. This should result—after a fast initial reduction phase
that mimics that of the monometallic Ni carrier—in a slow, second reduction phase of the
physical mixture in a fashion similar to the monometallic iron carrier, accompanied by
simultaneous carbon deposition on Ni, which would rapidly deactivate this fraction of the carrier
mixture. Clearly, this is not the case (see Figure 19a). In fact, counter to this expectation, the

mixed carriers reduce completely and almost as fast as the monometallic nickel carrier,
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suggesting an interplay between the two carrier fractions which, in the absence of a microscopic

(“nanoscale’) mixing between the two metals, can only be mediated through the gas phase.

! -iPhysicaI Mixture
’ ' (a)
Oxidation Reduction

w/Air

CHy co,”ic0,

(f) (b)

NiO ®FeO, ®Ni @Fe @C  CeO,

Figure 20. Proposed reaction mechanism for Fe-Ni physical mixture.
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It hence seems reasonable that this interaction must occur via gaseous intermediates
produced during the reduction of the individual monometallic oxides. Initially, i.e. at high carrier
oxidation states, both NiO and FeOx react with CH4 to produce CO. and H2O (Figure 20 (a) &
(b)). As discussed above, NiO reduces much faster than FeOx and hence starts cracking CHs to
carbon and H>. The hydrogen formed in this step has a much higher reactivity with iron oxides
than CHa, hence drastically accelerating their reduction (Figure 20 (c)). The steam formed during
the reduction of iron oxide with Ha then results in gasification of the carbon deposited on the Ni,
thus continuously regenerating the metallic Ni and hence avoiding deactivation of the Ni carrier
(Figure 20 (d)). Finally, this gasification step also results in re-generation of the Hx which
continues to reduce the iron oxide carrier (Figure 20 (e)). It should be noted that while CO2 could
conceptually play a similar dual role as gasification agent for carbon (being reduced to CO),
followed by re-oxidation in contact with the iron oxide carrier, the slow methane oxidation over
iron oxide (which would be the sole source of CO; after the initial NiO reduction) suggests that
this reaction path is likely only a minor contributor to the overall reaction progress.

This *“coordinated” reduction of the carrier can continue—at the rapid rates of Ni
catalyzed methane cracking and H>-mediated FeOyx reduction—as long as there is an oxide

component present in the system, i.e. until the oxygen reservoir in FeOx is depleted. Overall, the
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cooperative action of these two independent reactions—which occur over two macroscopically
separated carrier fractions but are coupled via reactive gaseous intermediates (mainly H> and
H>0)—hence results in rapid reduction of both carriers, much in excess of the rate over the

corresponding alloy carrier.

3.3.3 Validation of the proposed cooperative reaction mechanism

The validity of the proposed reaction mechanism depends on two main claims: i) The relative
rates of reduction of the (monometallic) Fe carrier by Hz is much faster than reduction with CHa,
and ii) the carbon that is deposited on Ni during CH4 cracking is efficiently removed via
gasification with steam. We hence tested these assumptions in independent experiments.

First, the monometallic iron carrier was reduced separately by three gases— H., CO, and
CHs in a TGA at 800°C. A comparison of the rates of reduction (Figure 21a) shows that
reduction of the monometallic Fe carrier occurs indeed at the fastest rate by H» (~2-3 times faster
than the rate of reduction with CHys in the initial reduction phase (t<2 min), and ~10-times faster
in the later reduction phase), followed by CO, which is ~1.5 times and ~5 times faster than CHg,
respectively, (but likely plays a minor role in the process, as discussed above), and finally the
slow rate of reduction with CHas. This result hence confirms the first key assumption of the
proposed reaction mechanism.
Next, we tested the hypothesis that the physical mixture of Ni- and Fe-based carriers results in
efficient gasification of carbon deposits on Ni by H>O, suppressing carbon accumulation and
subsequent Ni deactivation. Towards this purpose, the physical mixture (88% Fe + 12% Ni) was
reduced with CH4 in a fixed bed reactor and then re-oxidized in air. Figure 21b shows the
product trace during re-oxidation. The very small peaks of CO/CO. that are detected indicate
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absence of significant carbon deposition on the carrier during the previous reduction half cycle.
Next, a structured bed was prepared in which the upstream part of the bed consisted of a
(monometallic) NiO-CeO: bed followed by a (monometallic) Fe>O3-CeO- bed, packed at the
same 12:88 ratio as the (random) physical mixture before. Again this structured bed was reduced
in CH4 until the partial oxidation products CO and Hx (which follow the initial production of
total oxidation products over the fully oxidized carriers in both cases) leveled off, and the bed
was then again oxidized with air. As shown in Figure 21c, about 10-times more CO and CO> was
formed during the oxidation phase, indicating an increase on coke formation by about an order of
magnitude in comparison to the random physical mixture. Similarly, in contrast to the physical
mixture, TEM of the reduced carrier in the structured bed showed presence of carbon nanofibers
(capped by Ni nanoparticles), as typical for methane cracking on Ni’#'8, Again, this observation
IS consistent with the suggested reaction mechanism, as the separation of the two metals in the
structured bed minimizes contact between the (upstream) Ni-fraction of the bed with the steam
formed over the (downstream) Fe-carrier.

Overall, the experimental evidence hence supports the proposed mechanism of a gas-
phase mediated coupling between rapid methane cracking over Ni followed by equally rapid
reduction of iron oxide with H.. The steam formed in the second step then gasifies the carbon

formed on Ni, keeping the reaction loop alive.
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Figure 21. a) Comparison of the reduction rates for the monometallic Fe carrier in presence of either H;
(dotted), CO (dash), or CH4 (dot-dash) in TGA (T=800°C), showing a drastic acceleration of the reduction with H,
compared to CH4. b) Fixed-bed reactor re-oxidation of a randomly mixed Fe/Ni carrier bed, and c) of a structured
bed in which Ni bed precedes a Fe bed, demonstrating a significant reduction in carbon formation for the randomly
mixed bed. The insets in panels b and ¢ show TEM images of the reduced samples, confirming the much enhanced

carbon formation for the structured bed.
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3.3.4 Evaluation of carrier stability

Chemical looping requires the oxygen carrier to perform a large number of consecutive reduction
and oxidation operations in a robust manner at the high temperatures of operation. We first test
the stability of the physically mixed carrier bed in cyclic TGA operations, using H: as a fuel to
avoid complications due to potential carbon deposition when using CH4 and CO; as an oxidant

as a means of CO> activation via reduction to CO.
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Figure 22. a) Multicycle redox experiment in TGA at 900°C measuring weight as a function of time (H:
20 sccm, Ar: 20 sccm, CO2: 20 scem). Comparing the rates of: (b) reduction half cycle and, (c) oxidation half cycle

suggest excellent stability over 100 successive cycles.
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Figure 22 shows results from a multi-cycle test over 100 redox cycles at 900°C. During
the reduction half cycle, Hz reacts with the lattice oxygen to produce steam, resulting in the loss
of carrier mass. The carrier reduces completely, as seen in the weight decrease down to the
calculated reduced carrier weight corresponding to (Fe + Ni). The slight drop below this fully
reduced weight indicates some reduction of CeO, which we have previously shown to be
reducible a typical chemical looping operating conditions and hence able to contribute (albeit to
a minor degree) to the oxygen carrying capacity of the carrier via CeOz < CeOzx + x/2 0%
During the subsequent re-oxidation of the carrier with CO», the sample is oxidized at a fast rate
to the oxidation state corresponding to FeO-Ni. While further oxidation is possible, the rate
becomes very slow and the oxidation phase is hence terminated at this point. This transition to
slow oxidation is expected since CO.—a weak oxidant—is not able to oxidize Ni and oxidizes
Fe only up to FesO4 (due to thermodynamic constraints®®), following a two-step oxidation, i.e. a
fast oxidation from Fe to FeO followed by a much slower step from FeO to FesOs. We hence
restrict cyclic operation to between the states of FeO-Ni and Fe-Ni for the entire experiment.

The results show excellent stability over multicycle operation (the slight upward shift
over time is due to instrument drift over the course of the experiment). In particular, the rates of
reduction and oxidation for the first and the last cycle, which tend to be highly sensitive
indicators of deactivation, are essentially unchanged (Figure 22b & c). Furthermore, the carrier
sample shows no sign of sintering over these cycles with average crystallite size (determined via
XRD) remaining unchanged at ~39nm. Most significantly, we find no sign of alloy formation via
cross-contamination of the two monometallic carriers, which could significantly alter reactivity:
XRD analysis after the cyclic experiment shows only distinct phases of Fe2O3 and NiO (Figure

23).
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Figure 23. XRD patterns of a physical mixture of 88% Fe + 12% Ni carrier (oxidized in air) before and
after multi-cycle TGA experiments. Detection of only separate phases for Fe and Ni confirm absence of unintended

alloying due to potential cross-contamination during cyclic operation.

3.3.5 Reactive evaluation in a fixed bed

Following these tests, the stability and selectivity of the carrier in cyclic redox operation with
CHA4 as fuel was tested in fixed-bed experiments at 900°C. Earlier work had shown that nickel-
based carriers are selective only towards total oxidation of CH4, while the selectivity of iron-

based carriers depends on the oxidation state of iron®®. For the physically mixed carriers, it is
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expected that the co-operative gas phase mechanism will significantly change the effective
overall selectivity as a function of the relative fractions of iron and nickel carrier present in the
mixture by coupling between these two monometallic carriers through gas phase intermediates.
As a first step, we hence screened the activity and selectivity of these physical carrier
mixtures as a function of Ni:Fe mixing ratio. In order to gain further insight into the importance
of the oxidation state of the carrier for activity and selectivity, we conducted cyclic tests both

with air and CO; as oxidants. Results are summarized in Figure 24.
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Figure 24. CH4 conversion (Xcha; triangles) and CO selectivity (Sco; squares for CO, oxidation and
diamonds for air oxidation, respectively) as a function of Ni fraction for a Fe-Ni physical mixture in a fixed bed
reactor at 900°C with CHa4 (1 sccm, 16.7 vol%). The oxidant (air or CO,) used before reaction with methane has no

impact on conversion but strongly impacts selectivity.
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Interestingly, methane conversion follows identical trends between the two experiments:
Pure Fe carriers show relatively low reactivity with methane and hence low conversion.
However, even a small amount of Ni carrier in the mix increases methane conversion
dramatically, and in both cases methane conversion is near complete (>95%) for carrier mixtures
with >10% Ni. This again reflects the very high reactivity of Ni for methane activation. The fact
that the nature of the oxidant plays no significant role, despite the fact that the Ni carrier is
oxidized to NiO after oxidation with air but remains reduced (Ni) after oxidation of the bed with
COy, is in agreement with our earlier finding that the reactivity of Ni supported on ceria does not
vary significantly as a function of oxidation state®. It also indicates that the role of the Fe carrier
for methane conversion is insignificant, as the Fe fraction of the carrier bed is fully oxidized to
Fe>Os3 after oxidation with air but only to FeO after oxidation with CO>, and the activity of
Fe/ceria carriers show a more pronounced dependence of activity on degree of oxidation®!.

In contrast to conversion, the CO selectivity (which represents overall syngas selectivity
in these graphs) shows a significant difference between the experiments with the two different
oxidants (CO- and air): For oxidation with CO2, which only oxidizes Fe to FeO and leaves Ni in
the metallic state, CO selectivity remains essentially unaffected by the Ni content in the bed.
While surprising at first, this is in fact fully consistent with the gas-phase mediated cooperative
mechanism that we proposed earlier: If methane is cracked over Ni, and subsequent oxygenate
formation occurs via oxidation of H, with the oxidized Fe carrier and gasification of the carbon
deposit on Ni, the product spectrum will not be affected by the oxidation state of the carriers as
long as Ni remains in its metallic state, i.e. the oxidation state of the Fe fraction is irrelevant for
the syngas selectivity. The relative amounts of Ni:Fe are furthermore irrelevant as long as

oxygen is available in the Fe carrier.
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Conversely, this suggests that as soon as Ni is being oxidized the process selectivity
should drop, since the overall reaction mechanism changes from methane cracking over Ni to
methane oxidation over NiO. The latter, however, is highly unselective and produces essentially
no partial oxidation products. This expectation is directly reflected in the experimental results,
which show a steep drop in CO selectivity with increasing Ni content when using air as oxidant,
and a convergence of the selectivities for the experiments with air and CO», respectively, for low
Ni content in the bed*.

Overall, these results confirm the proposed coupling mechanism between the two
monometallic fractions in the carrier bed, and suggest that a carrier bed with a majority of Fe
carrier is preferable not only from a cost and toxicity perspective, but also in order to maximize
syngas yields. Use of CO. as oxidant furthermore raises selectivies from ~70% (for air as

oxidant) to ~80%.
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Figure 25. a) Multicycle operation of Fe (88%) + Ni (12%) carrier in a fixed bed reactor at 900°C with CH4
as fuel (1sccm, 16.7 vol%) and CO- as oxidant (3sccm, 37.5 vol%), b) Oxidation of the reduced carrier by CO;
shows step wise change in the amounts of CO produced. During the cyclic experiments, the carrier oxidation was
stopped at t =11min which corresponds to the carrier in the FeO-Ni oxidation state, and c) typical reduction half

cycle shows the flow rate traces of the products formed over the oxidized carrier.

Based on these results, we selected the 88% Fe + 12% Ni mixture (which shows the

highest syngas yields) for deeper evaluation. Figure 25a shows ten periodic cycles at 900°C with
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CHs and CO- as fuel and oxidant, respectively. Periodic operation was optimized by terminating
each reduction half cycle as soon as the CO concentration peaked and started dropping
(suggesting that the oxygen reservoir in the Fe carrier was nearing depletion) in order to avoid
CHa4 cracking and subsequent carbon carry over. During oxidation, the CO> flow was stopped as
soon as the rate of oxidation dropped i.e. the carrier oxidation was restricted to the fast oxidation
regime (as discussed earlier). To confirm the carrier oxidation states, an extended re-oxidation of
Fe-Ni by CO2 was conducted (Figure 25b). Initially large amounts of CO are detected along with
some unconverted CO. followed by a step wise change until negligible amounts of CO are
detected. Since oxidation of Ni by CO; is thermodynamically limited®® and Fe can only be
oxidized with CO2 up to FesOs, the physical mixture is in a FesOs-Ni state when CO
production has completely stopped (t = 20min). Using a mass balance, the time points
corresponding to the other oxidation states of iron, i.e. Fe and FeO, were calculated and are
indicated by vertical dotted lines. Based on these criteria, a reduction time of 10 min and
oxidation time of 11 min was determined and used in the multicycle experiments.

The stability of the carrier is reflected in the constant height and shape of the
concentration time traces over the ten cycles in this experiment (Figure 25a). At the start of
reduction (Figure 25c), CO and H» are formed right away at high concentrations, whereas a
comparatively small amount of CO> is formed in parallel, likely as a result of water-gas shift
between H>O and CO (both Fe and Ni are well-established WGS catalysts). No CHjs is detectable
throughout the cycle indicating very high methane conversion (>99%). It is likely that further
improvement in the process parameters can be achieved by optimizing reactor operation.
However, such process optimization was not the target of this proof-of-concept study.

Nevertheless, the present configuration resulted in excellent methane conversions (>99%) and
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good syngas selectivity (~68%) with a H2:CO ratio of ~2.2, i.e. close to the typically desired

ratio for downstream processes such as Fischer-Tropsch or methanol synthesis.

3.4  CONCLUSIONS

Recent surge in natural gas production has renewed interest in its industrial utilization to
produce value added products. Currently, any utilization route proceeds via syngas a
intermediate, i.e. it requires methane reforming or partial oxidation as an initial, highly capital
and energy intensive step. We have recently demonstrated that chemical looping can be used to
produce syngas from methane via “chemical looping partial oxidation of methane” (CLPOM)?*
and via “chemical looping dry reforming” (CLDR)?®’, i.e. the chemical looping equivalents of
the conventional partial oxidation and dry reforming processes. Both processes were shown in
those studies to proceed particularly efficiently over Fe/Ni alloy catalysts, using a reducible
(ceria) support. The sensitive control of selectivity via adjusting the Fe:Ni ratio in the alloy
indicated the large potential that multimetallic carrier materials might hold for selective
oxidation processes via chemical looping. However, the complexity of supported multimetallic
redox systems also makes prediction and hence rational a-priori design of such carriers a
formidable task.

In the present study, we demonstrate that, surprisingly, the use of simple physical
mixtures of two monometallic carriers can yield similar synergies, albeit based on a completely
different coupling mechanism: While the alloy carriers in our earlier studies relied on the
“shared” use of lattice oxygen between the coexisting metals in the oxide lattice, the physical

mixture relies on a gas-phase mediated cooperative mechanism, where the initial activation of
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one reactant over the first metal is coupled with the subsequent conversion of the intermediates
over the second metal. The product from this secondary conversion is then undergoing another
reaction step, forming the final product. Specifically, for the present system, we demonstrated
that methane is activated via cracking over Ni, resulting in the formation of (solid) carbon and
H>. The intermediate H> is then oxidized in contact with FexOy, and the produced steam then
gasifies the carbon on Ni, resulting in the formation of the final products CO and H2. The overall
coupled process allows combination of the high methane activation rates over Ni with the good
syngas selectivity over Fe oxides, resulting (without detailed process optimization) in near-
complete methane conversion with syngas yields of ~70%.

On a conceptual basis, it seems worthwhile to point out that H, effectively acts as a gas
phase catalyst, which catalyzes the reduction of the iron oxide and then gets re-formed from H>O
in the gasification of carbon. The present process hence constitutes an intricate coupling of two
“nested” catalytic cycles (see Figure 26): Over the entire cyclic process, the proposed net
reaction is a metal (oxide) catalyzed dry reforming reaction, broken down into two half steps.
Nested into this, the reduction half cycle contains a gas-phase catalyzed solid state reaction in
which carbon is effectively oxidized with lattice oxygen from iron oxide with steam (and
possibly, to a minor degree, CO>), which hence play the role of “gas phase oxygen carriers”.

The use of simple physical mixtures in place of alloys is not only cheaper, but opens
another window for rational process design which can build on an ever increasing number of
published studies on (monometallic) oxygen carriers in chemical looping oxidation processes
and on the availability of thermodynamic databases for a large number of metal/oxide systems.
We hence expect that this approach will find application to many other combinations of metals

and a family of closely related selective oxidation reactions.
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CO/H,
Ni(C) + Fe,0, <> Ni + Fe,0,., + CO

\ co,
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CH, + CO,& CO+2H,

Fuel / Gas phase-catalyzed
solid state reaction

Overall: Metal-catalyzed dry reforming

Figure 26. Schematic representation of the two “nested catalytic loops” in the present process: The overall
process (left) constitutes a metal (oxide) catalyzed dry reforming reaction, while the reduction half cycle is driven by

a gas phase catalyzed solid state reaction between carbon and lattice oxygen from the iron oxide carrier.
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4.0 DOPED CERIA SUPPORTS FOR CHEMICAL LOOPING PROCESSES

4.1 INTRODUCTION

The use of reducible supports has been well established in the field of heterogeneous catalysis
where reducible oxides, and in particular ceria, are widely used as support for metal
nanoparticles in various catalytic redox reactions” , including automotive exhaust clean-up
(catalytic convertor)®, water gas shift reaction®8? and catalytic methane oxidation®®°, It is
understood that the promotional effect seen with use of ceria as support is due to strong metal-
support interaction® and its oxygen buffering capacity, i.e., the facile and reversible release of
lattice oxygen via the Ce*" <> Ce3* transformation®’. Drawing the analogy between catalysis and
CLC on the basis of similar promotional effects, ‘oxygen mobility’ in the support structure of
oxygen carrier is crucial for effective utilization of the supported metal. Furthermore, it is well
known that the oxygen mobility and oxygen storage capacity in such reducible oxides is a strong
function of concentration of oxygen defects in the support structure®. Therefore, one can
expected that the reactivity of oxygen carriers can be further enhanced by introduction of
extrinsic oxygen defects in ceria via doping.

Doping ceria with cations that have smaller ionic radii than Ce**, such as zirconia

(Zr**)838%  or with aliovalent dopants such as La** 88 has indeed been reported to promote its
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redox properties by facilitating oxygen transport in the ceria lattice, where a strong relation
between concentration of oxygen defects and oxygen carrying capacity exists®-*°. Such doping is
also known to improve the thermal stability/textural properties of the support oxides?38488.89.91
Based on work reported in fuel-cell community, the effective dopant size is shown to have a
crucial impact on the ionic/oxygen transport and hence the overall electrochemical
performance®. Inaba and Tagawa show that there exists a critical dopant radius viz. 0.111nm for
divalent dopants and 0.104nm for trivalent dopants®. This was further correlated with
association enthalpy— the energy tax to introduce a dopant into the ceria lattice— which is
minimized as a function of the dopant radius®°.

However, the effect of ceria doping on redox kinetics and/or carrier stability has not
found significant attention in the context of chemical looping to-date. A sole study from the
Chalmer’s group® aimed at investigating the effect of using ceria and 10% Gadolinia-doped
ceria (in comparison to conventional non-reducible alumina support) for iron-, copper-, and
manganese-based carriers. The authors report that doped ceria particles were more reactive than
pure ceria. However the effect of dopant nature on redox behavior, carrier stability, and oxygen
carrying capacity of oxygen carriers in CLC was not considered — a significant factor towards
understanding the mechanistic functioning of such doped carriers as well as towards determining
the optimum dopant required to observe the enhancement effects. In the concentrated solar
power (CSP) community, doped ceria has also found some attention recently: Haile and
coworkers tested 15% samarium-doped ceria for solar-thermal H.O and CO: splitting
chemistry®’, but determining the optimal dopant concentration was again not in the scope of the
reported work. In related studies, Li et al. investigated mixed-oxides of Fe-Ce for chemical

looping, combining the role of the active metal and the dopant®. However, poor stability of
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iron in the ceria lattice and subsequent bleed-out of iron as a separate phase upon heat treatment
at high temperatures limited the stability of the carrier and precluded deeper mechanistic insights
and derivation of composition-activity correlations. Therefore, a clear understanding for doped
ceria based materials in their application to chemical looping processes is lacking to-date.

We have recently reported that addition of La to CeO> can strongly influence the redox
kinetics of the supported “active” phase—iron oxide!®. A balance between enhancement of
oxygen mobility and lowered reducibility upon formation of a lanthana phase results in a
strongly nonlinear dependence of carrier reactivity on the dopant concentration and gives rise to
an optimum at low dopant concentrations. Building on this initial work, we hypothesize that the
dopant type (i.e. ionic size as well as chemical nature) can further influence the enhancements in

oxygen mobility, depending on the degrees of association in the ceria lattice.

4.2 EXPERIMENTAL SECTION

4.2.1 Material Synthesis

The main focus in the synthesis of doped ceria (dopants: Pr, Sm, Gd & La) was not only to attain
solid solution of dopant (D)-Ce but also on simplicity of the synthesis procedure to keep the cost
of the resulting material low and hence realistic for industrial application. Oxygen carriers were
synthesized using a simple and scalable two-step approach. First, doped ceria is synthesized, and

then iron is subsequently deposited on the Dx-Cei—xO»-x2 support by deposition—precipitation.
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DxCei—xO2-x2 supports with different D concentration (x = 0.02 & x = 0.1) were prepared via a
facile hydrothermal synthesis procedure previously adapted in our research group®:. For
example, Lao1Ceo90195 was synthesized by dissolving 0.675 g of Ce(NOz3)3-6H.O (99+%,
Sigma-Aldrich) and 0.075 g of La(NOz3)3-6H20 (99+%, Sigma—Aldrich) in 8 ml DI water. 30 ml
of NaOH (98+%, Sigma—Aldrich) solution (7 M) was rapidly added under vigorous stirring.
After 30 min of stirring, the slurry was transferred into a 50 ml autoclave, heated to 100 °C under
autogenous pressure for 72 h, and then allowed to cool to room temperature. The product was
washed with DI water and collected via centrifugation to remove any ionic remnants until the pH
of the solution was 7. Finally, the resulting powder was dried at 100 °C overnight and calcined at
450 °C for 2 h.

Next, Fe-based carriers were synthesized by deposition—precipitation. Briefly,
Fe(NOz3)3-9H.0 (99+%, Sigma—Aldrich) was dissolved in DI water, and 40 mL of the 0.06 M
precursor solution was precipitated by 0.5 M NaOH at pH of 9-9.5 on 200 mg of the desired
support powder suspended in 100 mL DI water. After aging for 2 h, the resulting precipitate was

centrifuged, vacuum dried at 100 °C, crushed and finally calcined in air at 900 °C for 2 h in air.

4.2.2 Characterization

X-Ray Diffraction Characterization: To confirm the phases present, the synthesized carriers were
first analyzed via powder X-Ray diffractometry (Bruker D8) operating at 40kV and 40mA with
Cu Ka radiation (A=1.5418 A). The data was recorded between 20 values of 20° and 90° with a
scanning rate of 3.5%min. The XRD pattern was smoothed with a FFT filter. The phases were
identified using the JCPDS database. Average crystallite size was calculated using the Scherrer
equation.
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Surface Area and Pore Volume: BET (Brunauer-Emmett-Teller) surface area
determination was conducted via Nitrogen adsorption/desorption in a Micrometrics ASAP 2020
gas adsorption analyzer. The samples were pretreated by degassing under vacuum for 2hr at
200°C. All the samples considered in the study had low surface areas of < 5 m?/g as expected due
to initial sintering of the materials.

Electron Microscopy: A High Resolution-Transmission Electron Microscopy (HR-TEM)
JOEL JEM-2100F was used to image the particles and conduct EDAX mapping. Bulk metal
weight percentages and metal dispersion of the synthesized samples were confirmed by Energy
Dispersive X-Ray Analysis (EDAX) performed using an Oxford INCA EDS system attached to a

JSM-6510LV SEM.

4.2.3 Reactivity Tests

Solid-Phase Conversion: Carrier conversion was determined in a Thermo-Gravimetric Analyzer
(SDTQ600, TA instruments). 10-15mg of the carrier powder were loaded into the instrument.
The temperature was ramped up to the reaction temperature at 100°C/min and then held there
isothermally for the experimental duration. The gases used were: N2 (Grade 5, 100sccm), Ar
(Grade 5, 20sccm), Hz (Grade 2, 20sccm) CH4 (Grade 2, 5sccm) and CO: (Grade 2, 20sccm).
The carrier gas (N2) is flown continuously throughout the experiment. The reactive gases
H2/CH4 and CO., are used for the reduction and oxidation of the carrier respectively. The purge
gas (Ar) is used to flush the system between consecutive reduction and oxidation cycles. For
comparison between the various carriers carrier conversion was defined as follows:

Sample Weight — Reduced Weight
Oxidized Weight — Reduced Weight

Carrier Conversion =
Eqg. (16)
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The different oxidation states of the sample were calculated by a simple mass balance
from the oxidized weights.

Gas-Phase Reactivity: Conversion of the fuel (CH4) and product selectivity was
determined using a fixed bed reactor set-up. 100mg of the carrier was packed between two glass
wool plugs in a horizontal quartz tube (1/4” ID) enclosed by a furnace (Thermo electron
corporation-Lindberg/Blue M). The reactant gases were fed via mass flow controllers at the
following flow rates: Ar (99.995%, 5 sccm as a reference for calculations flown throughout the
experiment and 20 sccm as purge between cycles), CHs (99.995%, 1 sccm) CO2 (99.999%, 1
sccm) and O2 (99.999%, 1 sccm). The outlet gas concentrations were measured by a mass
spectrometer (Pfeiffer Omnistar QMS 200) and the corresponding molar flow rates (ni) were
calculated.

Carbon Balance:

nCHd-,m = nCHd-,out + ncoz,out + ncoout + 05 X (nHz,out - choout) Eq (17)

On-stream methane conversion (Xchs) and cumulative carrier (Xcarrier) CONVersion were
evaluated using:

NeHyin = MCHyout 4% Nco,out + cho,ou:

XCH p— XC - pu— . .
+ Moy, - ’ arrer — Total mol of O in carrier
CHy in

Eq. (18), (19)
Selectivity of various species (Si) viz. CO2, Hz, CO and carbon (C) formation by methane
pyrolysis was calculated by the following equations.

ncoz,out S . nCOoug
’ co —

Scoz =

(nCHé,in - nCH@,out) (nCHcy,in - nCH@,out)

Eq. (20), (21)
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l:::l'S:H-F'irz,out o O'S(HHz,out o zncoout)
carbon —

SH

2

- (nCHé,in - nCH@,out) J (nCHchin o nCHcl-,ou:)

Eq. (22), (23)

4:2 nCOZ,out + Z nCOJ
Total mol of O in carrier

out

X Carrier —

Eqg. (24), (25)
As expected, we find that complete combustion, partial oxidation and catalytic pyrolysis

of methane are the dominant reactions occurring with the metal oxide (MO):

Complete Combustion: CH4 + MO = CO2 + H.0 + 4M (R8)
Partial Oxidation: CHs+ MO =2H,+CO+M (R9)
Methane Pyrolysis: CHs+M=M+C + 2H; (R10)

43  RESULTS AND DISCUSSION

4.3.1 Stability of dopant-ceria solutions

In order to study the effect of various dopants on carrier reactivity, it is essential to first confirm
the successful formation of the mixed oxide (DxCe1xO2x2) upon synthesis and further, on
deposition of iron. Therefore, the mixed oxides calcined at 450°C, were first subjected to X-ray
diffraction to test for possible co-existence of separate ceria and dopant phases which would
indicate incomplete incorporation of the dopant into the ceria lattice.

Upon doping Ceria with various dopants (i.e. Pr, Gd, Sm and La), no separate peaks for
the respective oxides (PrO,, Gd203, Sm203 and La,03) are detected. The primary peak CeO, (6

= ~28.5°) for all the mixed oxides is further compared in Figure 27a. Once again, the vertical
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dotted line represents the standard X-ray diffraction angle for pure CeO,. The peak positions for
the Pr-, Gd- and Sm- doped supports is virtually unchanged as compared to CeO,. However, the
corresponding peak for La- doped CeO: is shifted slightly to lower reflection angles suggesting a
partial incorporation of La in the CeO> lattice. The peak positions also allow for calculation of
the lattice parameters of these support oxides. The dopants La, Sm and Gd are all typically
present in the 3+ oxidation state when doped in ceria®*1%%192 and have ionic sizes which are
larger than that for Ce**1%, It was anticipated that the lattice parameter of CeO2 would increase,
when the dopants with larger ionic sizes viz. Gd**, Sm®*" and La*", partially substitute cerium
atoms in the CeO: lattice. Figure 27b shows the average lattice parameters of the various doped
oxides as a function of the dopant radius. The calculated lattice parameters for the doped
supports increased as compared to the undoped ceria. Moreover, the lattice parameters roughly
followed the same trend as the (increasing) ionic radii of the dopants. However, the lattice
parameter of Pr-doped ceria is a clear outlier with a smaller lattice parameter despite having a
larger dopant radius. This can be explained considering the multivalent nature of Pr— it can be
present in the oxidation state of 3+ (majority) as well as 4+ (minority) 1%41%_Moreover, the ionic
radius of Pr** (0.096nm) is very close to that of Ce** which will potentially result in the overall
lattice parameter of the Pr-doped being smaller than expected. Overall, the absence of additional
phases of the dopants in the X-ray diffraction patterns can be considered proof enough to

confirm the successful formation of mixed oxides.
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Figure 27. a) X-ray diffraction peaks for ceria (6 = ~28.5°) on addition of various dopants (D" where D is
the dopant, n is the valence) calcined at 450°C in air, show the peak position did not change due to the incorporation
of the dopants. b) The average lattice parameter calculated for each of the mixed oxides and plotted against the

dopant radius, show a slightly increasing trend.

Upon confirmation of the formation of homogeneous solid solutions of ceria and dopants
for all samples, iron was deposited onto the support powders via deposition—precipitation, and
the obtained materials were calcined at 900°C. Figure 28 shows typical X-ray diffraction patterns
for all Fe-DxCe1xO2.x2 carriers after calcination at 900°C. For all the samples, the peaks for
Fe>Os3 are detected in addition to CeO2. However, for the La- doped sample, XRD shows the
appearance of low intensity peaks which indicate formation of LaFeOs. This is expected and has
been reported in a previous study done in our 1ab!®. The strong interactions between lanthana

and iron possibly provide a strong driving force for bleed-out of lanthana which was stable in the
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ceria structure prior to iron loading. Overall, our results show that for all dopants except La,
there is no noticeable interaction between the iron and the dopants which further allows the

dopants to remain incorporated in the solid solution.
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Figure 28. X-ray diffraction patterns of Fe-DxCe1xO2-x2 (Where D is the dopant) calcined in air at 900°C

for various dopants showing that only La reacts with the supported iron to form a separate phase.
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4.3.2 Reactive tests in TGA

After establishing the thermal stability of the oxygen carriers at non-reactive conditions, all
carrier materials were subjected to redox cycling in a thermogravimetric analyzer (TGA) at
450°C. CLC operation was simulated by periodically switching between fuel (carrier reduction)
and air (oxidation), separated by a purge phase to avoid direct contact of fuel and oxidizing gas.
The aim of these studies was to understand the redox kinetics of the carriers as a function of
dopants in the support. Therefore, H> was used as model fuel to avoid complications arising due
to multiple parallel and sequential reaction pathways in the oxidation of methane, including
carbon deposition due to fuel pyrolysis.

Figure 29a shows a redox cycle for the Fe-Pro.1Ceo.9O1.95 carrier in the TGA at 450°C.
The carrier shows rapid loss of oxygen (i.e. reduction) upon exposure to hydrogen. The
horizontal dotted lines show the sample weight that corresponds to various oxidation states of the
carrier during redox operation i.e. Fe2O3, Fe3O4, FeO and Fe. It is worth noticing that the various
bends in the weight trace agree to an extent with the various oxidation states, suggesting that the
rates of reduction are dependent on the oxidation state transitions. The sample weight obtained in
the reduced state of the carrier is the expected weight due to full reduction of the iron phase in
the carrier (depicted by the bottom-most dotted line in Figure 29a), indicating the complete
reduction of the carrier.

Previously, we had observed that the use of (undoped) reducible supports yields very
limited contribution to the oxygen carrying capacity; however, the oxygen mobility in the
support structure resulted in fast redox kinetics and facilitated complete utilization of the
supported metal*?. Therefore, the impact of doping on the redox kinetics of the overall carrier

was evaluated by calculating the rate of reduction of the oxygen carriers. Figure 29b shows the
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absolute reduction rate (dX/dt) as a function of the degree of carrier reduction (X) for all carriers,
where X is defined as: X = (Wt — Wred)/(Wox — Whed), with Wt denoting the momentary weight of
the carrier, Wox the carrier weight in the fully oxidized state, and Wreq the carrier weight in the
fully reduced state. Importantly, all values are calculated based on the complete reduction of the
metal only, thus keeping a consistent reference for the differently doped carriers (which allow
reduction of the support to different degrees). Thus, X = 1 represents the carrier in its fully
oxidized state, while X = 0 indicates that the active metal in the oxygen carrier is fully reduced
(without any contribution of the reducibility from support). Measurable contributions of the
reducibility of the support beyond the full reduction of the metal phase hence result in X < 0 due
to the additional decrease in the carrier weight.

Overall, all doped carriers show similar trends for the rate of carrier conversion: two
zones of reduction with first maxima between 1 < X < ~ 0.9 and the second extended maxima
between 0.9 < X < 0. The boundaries of the first reduction regime correspond well with the
reduction of Fe;O3 (X = 1) to FesO4 (X = 0.88), indicating that the initial reduction of the fully
oxidized iron oxide phase proceeds very rapidly. This is in clear contrast to the undoped carrier
where the first peak is completely absent suggesting that the reduction is controlled by the
availability of the solid-phase oxygen. Furthermore, the rate of reduction for the undoped carrier
during the rest of the cycle is lower than that for all the doped carriers. Hence, addition of
dopants improve the transfer of oxygen in the overall carrier and result in improved reduction

rates.
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Figure 29. a) Single redox cycle during redox operation of Fe—Pro1Ce901.05 in TGA at 450°C with

reduction in Hp, argon purge, and air oxidation (all 20 sccm). Dotted lines in the panel show the sample weight that

corresponds to various oxidation states of the carrier during redox operation. Comparison of (absolute) rates of

carrier conversion during b) reduction with H, and, ¢) oxidation with air, for the various iron loaded-doped supports

at 450°C
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Figure 29c shows the absolute oxidation rate (dX/dt) as a function of the degree of carrier
reduction (X) for all carriers, where X is defined as before. Thus, for the oxidation half cycle the
difference between the doped carriers and the undoped CeO, was much more apparent. Fe-CeO>
was only oxidized up to X = ~0.6 as compared to the other carriers which were completely
oxidized (X ~ 1). The rate of oxidation for all the doped carriers remained constant (dX/dt ~
0.35) over the entire oxidation half cycle suggesting that oxidation (unlike reduction), does not
proceed in a staggered manner. Typically, oxidation proceeds by reaction of gas phase oxygen
with the metal atoms on the surface, thus forming an oxide film. Hence, the oxidation of the
encapsulated metal requires diffusion of gas phase oxygen through the oxide film- the rate
controlling step. Correspondingly, the oxidation of the undoped carrier proceeds rapidly upto X
~ 0.35 and then suddenly shuts down, possibly once an oxide layer of sufficient thickness is
formed over all the particles. The addition of dopants results in formation of vacancies in the
ceria lattice, thus enabling complete and efficient oxidation via “shuttling” of oxygen.

We further compare the effects of the dopant size in terms of their relative enhancements
during reduction and oxidation. Figure 30 shows the time required for reduction of carrier up to
X = 0.1 i.e. 90% reduction, and the time required for oxidation of carrier up to X = 0.9 i.e. 90%
oxidation, plotted against the dopant size. We expect the doped carrier with the dopant size
closest to cerium, would result in a relatively relaxed lattice and thereby the maximum reactive
enhancement. However, on comparing the time required for reduction or oxidation, no clear
trend can be seen with respect to the dopant ion size. Hence, this suggest that as long as the
vacancies are created, the size of the dopant (or its chemical nature) does not have any

appreciable impact on the reactive enhancements. Overall, these results indicate that the
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enhancements observed under these conditions are mainly due to the physical shuttling of

oxygen and not due to any electronic effects.
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Figure 30. Comparison of time required for reduction (Hz, 20 sccm, 450°C) and oxidation (Air, 20 sccm,

450°C) in TGA for various doped carriers Fe-DxCe1-xO2.x2 (where D is the dopant, x = 0.1).

4.3.3 Reactive tests in fixed bed reactor

Although redox cycles in TGA provide useful information about carrier reactivity, they do not
adequately represent gas— solid contacting patterns in a fixed bed or fluidized bed configuration.
Hence, redox cycles in TGA cannot give meaningful insight into fuel conversion and product

selectivity in the gas phase. In order to study the impact of dopant addition on the reactive
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parameters, we subject the carriers to reduction in methane. Moreover, since there was no
appreciable difference in the reactivities of the various dopants, and going by the initial idea
about reducing the lattice strain, we down-selected Pr as the dopant for the subsequent studies.

During fixed-bed reactor tests, the oxygen carrier bed was brought to the reaction
temperature (900°C) and then methane was flown over the pre-oxidized carriers until the carrier
was reduced, i.e., until the selectivity for partial oxidation products (CO) starts dropping,
indicating the depletion of solid phase oxygen.

Figure 31 compares the product selectivity as a function of the degree of carrier reduction
for the undoped carrier (Fe-CeO2) as well as the Pr-doped carrier (Fe-Pro.1Ceo901.95). Fe-CeO-
(Figure 31a) produces the mainly the total oxidation product CO; as the carrier reduces from
Fe>O3 (carrier reduction = 0%) to Fe3O4 (carrier reduction = ~11%). This is reported widely in
the literature and occurs due to the high rate of oxygen transfer during the transformation of
Fe203 to FesOa4. Subsequently, the product selectivity shifts to the partial oxidation product (CO)
due to the relatively slower rate of oxygen transfer during conversion of FesO4 to FeO (carrier
reduction ~ 33%). The product selectivity towards partial oxidation remains nearly constant up to
~80% carrier reduction, after which methane cracking is initiated (represented by the solid
carbon produced). As expected, reduction of Fe—CeO3 stops in close vicinity of the calculated
carrier weight for fully reduced metallic iron suggesting little to no contribution from the support
material.

The reduction of the Fe-Pro.1Ceo90O1.95 carrier looks qualitatively similar to Fe-CeO..
However, it is interesting to note that the CO> selectivity remains high (>80%) for up to ~33%
carrier reduction as compared to 11% for Fe-CeO. Overall, all the transitions in selectivities are

shifted to higher degrees of carrier reduction emphasizing the improved oxygen transport. It is
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furthermore remarkable that the shift of the selectivity ‘‘breaks” toward lower carrier weight (i.e.
higher oxygen consumption) is already present for the very first transition, i.e. the transition from
Fe>Os to Fe30s. This indicates that the carrier support contributes oxygen to the methane
combustion from the very onset of the reaction and not only after the oxygen in the Fe-phase has
been depleted. This suggests that the oxygen exchange between the Fe-phase and the support
proceeds in a very facile way and agrees with earlier observations that doping results in the
formation of oxygen vacancies which greatly facilitate oxygen transport inside the (doped) ceria
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Figure 31. Comparison of product selectivity for a) Fe-CeO, and b) Fe-Pro1Ceo.901.95 as a function of

carrier reduction in a fixed bed reactor (100mg, 900°C) during the reduction half cycle (CHa, 1 sccm, 16.7 vol%).
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4.3.4 Effect of doping on stability

Finally, it can be expected that doping of the support may affect — beyond the reactivity — also
the carrier stability during redox cycling. It has been previously reported that doping ceria helps
abate the deterioration of its textural properties which in turn helps preserve the oxygen defects
in the support structure®8%1%7, Therefore, multi-cycle TGA redox tests were used to investigate

the effect of doping on the redox stability of the carriers at CLC conditions.
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Figure 32. Comparison of 100 redox cycles for a) Fe-CeO, and b) Fe-Prg1Ceo.901.95 at 900°C in TGA using

H and air.

Figure 32 compares performance of Fe—Pro.1Ceo.901.95 and undoped Fe—-CeO2 over 100
cycles using H> as model fuel at 900°C. The Pr-doped carrier shows stable operation,
characterized by reproducible carrier weights in successive reduced and oxidized states, and is
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fully reduced and oxidized during the redox process (as indicated by the dotted lines representing
the sample weights in various oxidation state of the metal). The carrier weight dips below the
completely reduced carrier weight due to the reducible nature of the support.

In contrast to that, while Fe—CeO2 appears to be stable over the initial ~15 cycles, this
carrier subsequently shows strong deactivation with incomplete re-oxidation of the carrier. This
inability to re-oxidize completely suggests sintering/agglomeration, where the increasing particle
size results in increasingly long pathways for solid state diffusion in order to access the oxygen
contained in the carrier. The absence of a significant change in the redox kinetics over 100 cycles
for the Pr-doped carrier suggests that Pr-doping helps to maintain a high oxygen mobility in the
support structure and hence keeps the iron oxide phases easily accessible. Hence, overall the
doped support materials will be of particular interest for large scale applications where

identification of robust carriers is a key concern.

44  CONCLUSIONS

The identification of low-cost, highly active and stable oxygen carrier materials is critical for
successful implementation of chemical looping technology in industrial practice. To-date, most
studies have focused on monometallic carriers supported on simple oxides. In the present report
we investigated the impact of various dopants on the redox kinetics of the supported active
metal. Moreover, based on similar studies in the electrochemical literature, we hypothesized that
dopant properties (ionic size and chemical nature) will influence the relative kinetic effects due

to a combination of physical (lattice strain) as well as electronic effects.
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Doped ceria supports (DxCe1.xO2-x2 Where D = Pr, Gd, Sm or La) were synthesized using
a straightforward hydrothermal synthesis approach and Fe was deposited onto the support matrix
via deposition—precipitation. X-ray diffraction and lattice parameter calculations confirm the
formation of a uniform solid solution of dopant in ceria, i.e. complete incorporation of dopants
into the ceria cubic lattice. Upon deposition of iron onto the doped ceria supports, all the carriers
showed good thermal stability. During redox cycling, all doped carriers showed strongly
enhanced kinetics as compared to the undoped carrier, during the reduction as well as oxidation
half-cycles. The enhancement during the oxidation half cycle was much more prominent as the
undoped carrier was incompletely oxidized (~60%) at lower temperature (450°C), whereas all the
doped carriers were completely oxidized. This observation suggests that the vacancies created on
addition of dopants, result in modification of the oxygen transport mechanism and thus enable
efficient oxidation of iron oxide. However, amongst the various doped carriers, the relative redox
kinetics followed no specific trend with respect to the dopant size or chemical nature, suggesting
that the Kkinetic improvements were purely an effect of vacancy creation and the subsequent
shuttling of oxygen. Hence, a single doped carrier (Pr-doped CeO,) was down-selected for
evaluation of gas-phase reactivity and long-term thermal stability. The gas-phase product
selectivity during reduction with CH4 for both the Pr-doped and the undoped carrier were
qualitatively similar with a mixture of total and partial oxidation products being generated. The
transitions in product selectivity for the Pr-doped carrier were shifted to higher degrees of carrier
reduction as compared to the undoped carrier. Over the course of the complete carrier reduction,
for the doped carrier, the improved oxygen transport results in results in production of larger
quantities of the total oxidation product (CO2) as compared to the partial oxidation products

(CO).
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Finally, from an applied perspective the current results suggest that doped carrier
supports, which have to-date not found much attention in industrial research on chemical
looping, offer a range of benefits in return for minimal added carrier cost (due to low dopant
concentrations and straightforward synthesis of these carriers). At the same time, enhanced
stability will allow utilization of the carrier over more cycles and hence reduction in carrier cost

due to carrier replacement.
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5.0 PRODUCTION OF INHERENTLY SEPARATED SYNGAS STREAMS VIA

CHEMICAL LOOPING

The content of this chapter is taken from More et. al., Production of Inherently Separated Syngas

Streams via Chemical Looping, in preparation.

5.1 INTRODUCTION

While syngas produced in both the chemical looping dry reforming (CLDR) processes (described
earlier) is of the optimum ratio (H2:CO ~2) for direct utilization in Fischer-Tropsch synthesis, it
is further desired to make this ratio tailorable to support other downstream processes such as
methanol synthesis (H2:CO ~1), ammonia production (Hz only), carbonylation (CO only) and so
on. Hence, we propose a modification of the chemical looping process as shown in Figure 33.
CHa4 can be converted to a pure hydrogen stream and solid carbon via thermo-catalytic cracking
over a metal catalyst in a “cracker” reactor. The deposited carbon is selectively oxidized in an
oxidizer using COg, thereby producing pure CO streams and regenerated metal can be recycled
back to the cracker. The metal thus periodically cycled between the two reactors carrying carbon

from one to another. Not only does this process produce separate streams of H, and CO (that can
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be combined in tailorable H2:CO ratios), but the process allows for CO; activation by conversion

to CO.
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Figure 33. Chemical looping processes: a) chemical looping combustion and, b) proposed process for

inherently separated syngas streams

Thermocatalytic cracking of methane for hydrogen production has been studied
extensively over the past several decades, typically using transition metal based catalysts!%®112,
Due to the excellent C-H bond cleavage activity of Ni, supported Ni catalysts have widely been
reported as the most favorable for this reaction. Typically, Ni dispersed on inert supports such as
Al,03, MgAl,04 and SiO2 have been investigated'**-*1¢, During the process of methane cracking,

extensive carbon filament formation and concomitant H> production occurs, which avoids rapid
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deactivation of the catalyst and hence allows extended operation 747117118 Eventually, however,
the metal particles are encapsulated by carbon which results in deactivation. This deactivation is
highly sensitive to the reaction temperature, with higher temperatures resulting in much faster
deactivation. Hence, most cracking studies have focused on the temperature range between T=
~550-700°C to ensure sustained carbon (& hydrogen) formation!'®1%-124 However, in this
temperature range methane conversion is typically ~50%, which is too low for economic
implementation of this process since it results in a large separation requirement. Non-transition
metal based catalysts such as carbon black have also been studied as a cheaper alternative,
however the CH4 conversions (5-30%) are even lower that for metal catalysts 1212, Irrespective
of temperature, all the catalysts undergo eventual deactivation and require regeneration. Air
regeneration (at ~600°C) has most commonly been reported an effective means to regenerate the
catalysts™*1%2, In air regeneration, oxygen reacts with the deposited carbon to produce a mixture
of carbon oxides (CO and CO3), depending of the amount of excess air used. This process again
results in CO/CO; emissions since the products cannot be separated easily from the N2 in the air.
Hence, a few studies used CO. as an oxidant. Takenaka et al. studied methane cracking over
various nickel catalysts at 550°C and subsequent regeneration of the catalyst using CO; at
elevated temperatures 650°C**3, They reported incomplete removal of carbon possibly due to the
weak oxidation capability of CO.. Li and Smith also used CO; for regeneration of an alumina
supported Ni catalyst, and reported extremely slow kinetics; at T~ 500°C oxidation with CO;
was 20-times slower than with O/air*34. Pinilla et al. used CO; to regenerate an activated carbon
catalyst at high temperatures, but reported simultaneous burn-off of the catalyst!3®. Overall,

while there have been some reports for cyclic operation of methane cracking processes, all of the
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reported processes suffer from low CH4 conversion during catalytic cracking and large periodic
temperature excursions during carbon burn-off in the oxidation half cycle.

The use of *“active” supports is well established in heterogeneous catalysis, where in
particular CeO- is in widespread use as a support for metal nanoparticles in oxidation and redox
catalysis'®, such as automotive exhaust abatement™®’, water gas shift®-82 and catalytic methane
oxidation®. Moreover, the strong metal support interactions for CeO2 are known to help maintain
smaller particle sizes, which are critical for most catalytic reactions'*®. However, few studies to-
date have used CeO: as a support for the thermocatalytic cracking of methane. Li et al.
investigated Ni-CeO, systems prepared by various methods and reported that interactions
between Ni and CeO2 are critical for carbon formation!3. Zapata et. al. reported that addition of
CeO2to Ni-SiO2 catalysts prevents the sintering of nickel particles during reduction process, thus
improving the performance for catalytic cracking!®. Finally, Ahmed et al. used Ni supported on
ceria-modified alumina supports and reported improved carbon formation, again citing improved
metal dispersion’*!. The above reasoning and the few encouraging reports, in combination with
our own experience using ceria as a highly active support in chemical looping
processes*24657.100.142 “motijvate the investigation of CeO, as a potential support for the proposed
process.

In the present report, we hence demonstrate the design of a chemical looping methane
cracking process for the production of inherently separated syngas streams using a Ni-ceria
“carbon carrier”. We demonstrate the impact of Ni weight loading on the reactive performance
as well as the carbon morphology formed. Furthermore, we demonstrate simple control of Ni
particle size by changing the size of the support for improving the catalytic performance. Finally,

we investigate the impact of temperature on carbon production (and hence methane conversion)
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for Ni supported on CeO2 vs MgAIl,O4 as a reference for an “inert” support. Based on this, we
identify and demonstrate conditions for operation of chemical looping methane cracking (carbon

deposition and burn-off) in a periodically operated fixed bed reactor.

5.2 EXPERIMENTAL SECTION

5.2.1 Material synthesis:

CeO2 and MgAIl>04 supports were synthesized from the corresponding salt precursors by
dissolving in ethanol and vacuum drying overnight (100°C). The resulting solid cake was ground
using a mortar-pestle and then calcined in air (200 sccm) at 900°C for 2hr. Additionally,
commercially available CeO, powders (99+%, Alfa Aesar) were also used. The carriers were
synthesized by a cheap and simple wet-impregnation approach. Briefly, appropriate quantities of
the metal nitrate precursor (Ni(NO3)26H.O, 99+%, Sigma Aldrich) was dissolved in 1mL
ethanol. The CeO. powder was then added to the solution, stirred continuously for 2 hours and
vacuum dried overnight (100°C). The resulting solid cake was ground using a mortar-pestle and
then calcined in air (200 sccm) at 900°C for 2hr. The carriers were synthesized with weight

loading of 20%, 40%, 60% and 90%.

5.2.2 Material characterization:

X-Ray Diffraction Characterization. To confirm the phases present, the synthesized

carriers were analyzed by a powder X-Ray diffractometer (Bruker D8) operating at 40kV and
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40mA with Cu Ko radiation (A=1.5418 A). The data was recorded between 26 values of 20° and
90° with a scanning rate of 3.5 K/min. The phases were identified using the JCPDS database and
the average crystallite size was determined by the Scherrer equation.

Surface area. BET (Brunauer-Emmett-Teller) surface area determination was conducted
via Nitrogen adsorption/desorption in a Micrometrics ASAP 2020 gas adsorption analyzer at -
196°C. The samples were pretreated by degassing under vacuum for 2hr at 130°C.

Electron Microscopy. A Transmission Electron Microscope (TEM) JEOL-200CX was
used to image the particles. Bulk metal weight percentages and metal dispersion of the
synthesized samples were analyzed by Energy Dispersive X-Ray Analysis (EDAX) performed

using an Oxford INCA EDS system attached to a JSM-6510LV SEM.

5.2.3 Reactive testing

Solid-Phase Reactivity. Carrier reactivity was determined by a Thermo-Gravimetric
Analyzer (SDT Q600, TA Instruments). Alumina pans containing 7-10mg of sample powders
were loaded into the instrument. The temperature was ramped up to the reaction temperature at
100 °C/min and then held isothermally for the experiment duration. The gases used were: N2
(Grade 5.0, 100sccm), Ar (Grade 5.0, 20sccm), Hz (Grade 2.0, 20sccm) CH4 (Grade 2.0, 5sccm)
and CO; (Grade 2.0, 20sccm). The carrier gas (N2) is flown continuously throughout the
experiment. The reactive gases H2/CH4 and COg, are used for the reduction and oxidation of the
carrier respectively, and the purge gas (Ar) is used to flush the system between consecutive

reduction and oxidation cycles. For comparison between the various carriers, normalized weight
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of carbon (mg C/mg Ni) deposited, and the normalized rate (mg C/mg Ni-min) were calculated

as follows:

N lized Carb _ Sample Weight — Reduced Weight
ormatized Larbon = oo o Weight — Reduced Weight Eq. (26)

(Normalized Carbon), — (Normalized Carbon),,

t— L Eq. (27)

Normalized Rate =

The oxidation states of the samples were calculated from the sample weight by a simple
mass balance relative to the fully oxidized sample weights.

Gas-Phase Reactivity. Conversion of the fuel (CH4) and product selectivity were
determined in a fixed bed reactor set-up. 20mg or 100mg of sample was packed between two
glass wool plugs in a horizontal quartz tube (6.35mm ID) enclosed by a furnace (Thermo
electron corporation-Lindberg/Blue M). The bed temperature was measured by a coke resistant,
high-temperature therm®ouple (Omega Engineering). The gases used were: He (5sccm and
40sccm), CH4 (Grade 2, 1 sccm) CO2 (Grade 5.0, 1 sccm) and O2 (Grade 5, 1 sccm). Outlet gas
concentrations were measured by a mass spectrometer (Pfeiffer Omnistar QMS 200), and the
corresponding molar flow rates (ni) were calculated from the (calibrated) ion currents. The
accuracy of the measurement was checked by performing carbon balances over the system and
closed to within 10-12%.

The major reactions in the system during the reduction half cycle are total oxidation,

partial oxidation and catalytic pyrolysis of CHa4:

Total Oxidation: CHs4+ 4 MeO & 4 Me + CO2 + 2 H20 (R11)
Partial Oxidation: CHs4+ MeO <& Me+ CO + 2 H> (R12)
Methane Pyrolysis:  CHs (+ Me) & 2 Hz + C (+ Me) (R13)
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Hence, the carbon balance for the reduction half cycle was calculated as:

nCH@,in = nCH@,out + ncoz,out + ncoout + 'DS X (nHz,out o zncoout) Eq (28)

The conversion and selectivity of the various gaseous products involved were calculated

using the following formulae:

Yo = MNeHy i — TCHy.0ut _ Mo, ot
CHa Nl in 2 NeHyim — McHy0ut
Eq. (29), (30)
mn mn
SCO _ iﬂout chz _ Gi"z,ou:
N¢Hy 1 — McHyout Nedy i — McHyout
Eqg. (31), (32)
The major reactions in the system during the oxidation half cycle (with O>) are:
Carbon partial oxidation: Me+ C + % O, = Me + CO (R14)
Carbon total oxidation: Me + C + O2= Me + CO> (R15)

Hence, the oxygen balance for the oxidation half cycle with O2 was calculated as:

2 X naz,m = 2 X ncoz,out + ncoout

Eq. (33)
And during oxidation cycle with CO- are:
Carbon oxidation: Me + C + CO2 = Me + 2CO (R16)
Hence, the oxygen balance for the oxidation half cycle with CO. was calculated as:

2. X ncozin - 2. X nCOZGut + {)5 X ncoout

Eq. (34)
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5.3 RESULTS AND DISCUSSION

5.3.1 Carrier reactivity with CH4: Effect of Ni weight loading

The reactivity of the oxygen carriers with CHs was initially studied in a thermo-gravimetric
analyzer (TGA) at 800°C. The weight change upon reacting the carriers with CHs was recorded
and the amount of carbon (normalized to the amount of Ni in the carrier) was calculated and used
to compare all carriers. Since Ni in the as-synthesized carriers is in the oxidized state, all carriers
were reduced in a Hz at 800°C in-situ before the start of the experiment.

As a first parameter, the impact of Ni loading was investigated, since chemical
looping processes typically at much higher metal weight loadings than conventional catalytic
processes. Figure 34a shows the mass of carbon deposited versus time during exposure of the Ni
carriers (with varying Ni wt%) to CH4 . The mass of carbon produced is normalized to the mass
of Ni in the respective sample (as discussed in the methods section). Since Ni is the active
component in the carriers, one might expect that the carbon produced per mass of Ni would
remain constant as the Ni weight loading is increased. However, it can clearly be seen that the
amount of carbon produced decreases with increasing Ni weight loading. Thus the sample with
20wt% Ni produces the most carbon (~0.8 mg C/ mg Ni over 60min) with higher Ni weight
loading producing progressively lesser amounts of carbon. Figure 34b shows the rate of carbon
deposition (again normalized to the Ni content) for these carriers. The rate of carbon formation
for the 20wt% Ni sample is ~4 times higher than that for the 40wt% Ni and ~7 times than 60wt%
Ni. Similar effects were reported for Ni-supported on SiO. catalysts by Venugopal et al**.

Overall, the significantly higher amounts of carbon formed for the sample with the lowest weight
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loading strongly suggests that the active Ni particles in the different samples differ in their size

or morphology (and hence their surface reactivity).
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Figure 34. Comparison of the reactivity of various carriers with CH4in TGA at 800°C. a) Comparison of
the amount of carbon produced (mg C/mg Ni) show a decrease in amount of carbon produced with increasing Ni
weight loadings and, b) comparison of rates of normalized carbon formation (mg C/mg Ni-min) shows that

increased carbon formation is directly related to the rate of carbon formation.
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To investigate the structural differences in the Ni particles present in the various samples,
the “coked” samples after the TGA experiments were investigated under the TEM. Figure 35
shows representative TEM images of two such samples: a) & b) for 20wt% Ni, b) & d) for
60wt% Ni (with Ni particles showing up darker compared to carbon due to the differences in Z
number). One can see that, as expected, the Ni particles for the higher Ni weight loading are
larger than those for the lower weight loading. However, the size difference (and hence the
increased surface area) alone do not account for the strong difference in carbon formation.
Instead, the carbon formed on the two carriers is morphologically different. For the 20wt% Ni
(Figure 35a and b), carbon filaments are observed with Ni particles encapsulated within. These
filaments are responsible for the large amount of carbon per Ni (on weight basis) that was
observed during the course of the TGA experiments, since the carbon formation is hence not
limited by the amount of Ni or the Ni surface area available. On the other hand, for 60wt% Ni
carrier, carbon filaments are conspicuously absent. Instead, the Ni particles are directly
encapsulated by a carbon film formed on the particle surface. Correspondingly, the amounts of
carbon formed is limited by the available Ni surface area and hence much lower than for the
20wt% sample.

The TEM images show that the size of the Ni particles that result in carbon filament
formation (i.e. for the 20 wt% Ni) and those that result in carbon film encapsulation (for the 60
wit% Ni) are very different. Virtually all Ni particles found in the carbon filaments are in the sub-
50nm range, while those encapsulated by carbon films are >100nm. This suggests that the Ni

particle size is critical in enabling carbon nanofiber growth and hence facilitating carbon
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production. The generally accepted mechanism for carbon filament formation involves activation
of methane on Ni particles to form solid carbon and gaseous Hz'47"144145 The carbon diffuses
through or over the Ni particle and precipitates on the support side thereby causing a particle lift-
off. This process continues after lift-off of the particle, resulting in formation of carbon
nanofibers. Small imbalances in carbon formation and carbon transport eventually result in
carbon built-up and deactivation of the Ni particles. The carbon transport through or over the Ni
particle is hence critical to filament formation and has been shown to be the rate limiting step of
the process’#%6, Consequently, it is expected that the carbon transport through or over larger Ni
particles is much slower athn for smaller Ni particles, and hence results in much more rapid
deactivation, and ultimately in formation of only carbon films. Similar effects have be reported
for other Ni-based catalytic cracking systems. For example, Toesbes et al. show a dependence of
carbon morphology on Ni particle size for CHs and C,H: for Ni-SiO, ', Li et al. synthesized Ni
particles with controlled size and demonstrated that Ni particles >>100 nm do not produce
carbon!*®, Chen et al. used a series of hydrotalcite supported Ni catalysts and suggest that an
optimum growth rate and yield of carbon nanofibers can be achieved for optimally sized Ni
particles (~ 34 nm) °. Similarly, for our carriers, higher weight loadings of Ni resulted in
formation of larger particles, likely due to ease in aggregation during high temperature operation,

and hence caused strongly reduced carbon formation.

111



i AR

Figure 35. TEM images of carriers post CH4 cracking in the TGA at 800°C for: 60wt% Ni (a & b) and,
20wt% Ni (c & d). This shows a difference in carbon morphology (filament vs. encapsulation) depending on the Ni

particle size.

5.3.2 Carrier reactivity with CHa: Effect of CeO2 size

If Ni particle size is directly dependent on the amount of Ni in the sample due to aggregation
effects, as hypothesized above, the CeO> support should be expected to play an important role in
controlling particle size by affecting dispersion via the available surface area. The ceria support
used for the above discussed set of experiments was 52nm (as measured in XRD). To investigate
the effect of CeO: particle size, two smaller ceria particle sizes (25nm and 35nm, respectively) of
commercially available CeO, were used as supports. For comparison all carriers were loaded

with the same 20 wt% Ni loading.
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The as-synthesized carriers were reduced in H. to reduce the NiO to metallic Ni and
analyzed in XRD to determine particle sizes of Ni and CeO>. Figure 36 compares the Ni particle
sizes (red crosses) as a function of the ceria support particle size. As expected, the sample with
the smallest CeO» particles (~25nm) yields the smallest Ni particles (~27nm), and Ni particle
size increases systematically with CeO; particle size. This hence agrees well with the hypothesis
that increasing surface area of the support (which increases inversely proportional to the square
of size, assuming a spherical geometry) results in improved Ni dispersion, i.e. smaller Ni particle
size. In fact, the specific surface areas of the ceria supports were determined via nitrogen
sorption and found to increase by a factor of 3 across the range of CeO; particle sizes, i.e. from
~10 m?/g (52nm CeO>) to ~ 35 m?/g (25nm CeO>), in good agreement with the calculated values
of 15 m?/g and 32 m?/g (based on the assumption of spherical particles and the density of bulk
ceria). Hence, for smaller CeO; particles, there is a significantly higher surface area available for
Ni particle dispersion and thereby a reduced probability of Ni particle agglomeration.

Clearly, a reduced Ni particle size should manifest itself in much improved reactive
performance. Hence, all the samples were subjected to the same TGA experiment as before: in-
situ reduction in H; followed by CHa cracking at 800°C. Figure 36a shows the mass of carbon
deposited at the end of 5min, 10min, 15min and 20min for each carrier (blue diamonds, from
bottom to top). On reducing the CeO- particle size from 52nm to 35nm, the (average) Ni particle
size changes only marginally from 50nm to 43nm and the amount of carbon produced hence also
increases marginally over the same time duration. However on further reducing the CeO particle
size to 25nm, the Ni particle size reduces much more significantly to 27nm and the
corresponding amount of carbon produced increases strongly (by a factor of 2-3). Figure 36b

shows photos of this sample before and after the experiment. The sample (~7mg) sits at the

113



bottom of the white pan at the start of the experiment and is hence initially not visible. After the
reaction, the carbon formed can be seen overflowing from the pan, visually confirming the
strongly enhanced reactivity. Moreover, analyzing this sample under TEM (Figure 36b, bottom)
shows carbon filaments, characteristic for strong carbon formation. Overall, these observations
not only further confirm that Ni particle size directly influences carbon formation, but also

indicates that the Ni particle size can be easily tailored by controlling the particle size of the

CeO2 support.
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Figure 36. a) Comparison of carbon (mg C/mg Ni) deposited on Ni-CeO, samples (all 20wt% Ni) of
different CeO, particle sizes in TGA (CH4 at 800°C). The blue diamonds represent the carbon produced at 5, 10, 15
and 20 min after the start of reduction. The red crosses indicate the average Ni particle size for each sample
calculated using the Scherrer equation with the corresponding standard deviations. The CeO; particle size influences
the Ni particle size and hence, is inversely related to the amount of carbon produced. b) Ni-CeO; sample (CeO; size

25nm), before and after flowing CHa in the TGA showing the amount and nature (TEM below) of carbon formed.
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5.3.3 Evaluation of gas phase reactivity in a fixed bed reactor

Although the TGA tests yield important insights into the reactivity of the carrier materials, the
flow configuration (and hence the gas—solid contacting pattern) in a TGA is not representative of
that in a fixed-bed or fluidized bed reactor nor does it allow for studies of the selectivity of the
reaction. Hence, as a next step, the reactivity of the carriers was tested in a fixed bed reactor at

conditions otherwise similar those employed in the TGA..
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Figure 37. Comparison for methane conversions (Xcna) and cumulative H, (over 10min) produced tested
in a fixed bed reactor at various temperatures under CH, flow (1sccm, 16.7vol%) for 20wt% Ni-CeO; (a) & (b), and
20wt% Ni-MgAl;04 (c) & (d) both for 20mg sample in the bed. Unlike Ni-MgAlI;O4, the methane conversion and

hence H, produced increases with temperature for Ni-CeOs.

For the first set of experiments, the 20wt% Ni supported on the CeO. (52nm) synthesized
in the lab is used (so as to enable comparison with similar sized MgAIl.O4 as discussed below).
Similar to the TGA experiment protocol, all samples were reduced in-situ using H> at 900°C,
followed by flowing CH4 (1sccm, 16.7vol%) at the respective temperature. Each experiment was

run until the methane conversion dropped to less than 50%. Figure 37a shows the conversion-
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time traces for the first 10 min of this carrier at temperatures between 600-900°C. At the lowest
temperature, CH4 conversion is very low with a maximum value of ~10%. With increasing the
temperature in steps of 100°C, the CHas conversion increases dramatically reaching ~80% at
900°C. The cumulative Hz produced over the 10 min duration of the methane cracking
experiment at various temperatures, shown in Figure 37b confirms this trend with strong
increases with temperature from 600°C to at 900°C.

Interestingly, these trends contrast strongly with those observed for a similar Ni carrier
using a non-reducible support: Figure 37¢c & d show results from the same experiments using a
20wt% Ni carrier supported on MgAIl>O4. Clearly, the opposite trend with temperature is
observed: Methane conversion is highest at 600°C with ~50%. Notably, the cracking cycle
continued for ~60min at that constant conversion before rapidly shutting down (not shown).
However, increasing the temperature drastically decreases the methane conversion (to ~20% at
900°C). Similar observations have been reported previously!!6119150151 and are the primary
reason why methane cracking has been carried out to-date preferably between ~550°C-650°C.

The reason for the rapid decrease in reactivity with increasing temperature for non-
reducible supports has been suggested to be a rapid encapsulation of Ni particles at high
temperatures due to the much higher rates of carbon deposition compared to the rate of carbon
diffusion through (or over) the Ni particle. At this point, we do not have a firm explanation why
such a deactivation does not occur for the Ni-CeO. system. However, it is tempting to speculate
that a difference in metal-support interactions might be responsible for this interesting
observation. It has been reported before that metal particles are bound strongly to CeO: due to
strong metal support interactions (SMSI)1*8152-154 However, carbon filament formation occurs

via Ni particle elongation due to the favorable interfacial energy of carbon adsorption on Ni’,
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i.e. the ease of this elongation can be expected to rely on a competition between the Ni-C and Ni-
support interfacial energies. Moreover, it has also been shown that Ni facet re-alignment is
critical to the growth of the filaments. Ni (110) is a highly active face for carbon formation while
Ni (100) has much lower activity, and Ni (111) shows no activity at all*™>>. Hence, the Ni (100)
facet is oriented towards the filament growth, while the (111) facet forms in the tail part of the
crystal. This (111) facet is the most favorable surface for the formation of graphite due to the
coinciding symmetry between the parameters of Ni {111} plane and graphite {002} plane!®®. We
hence hypothesize that at low temperatures the strong metal support interactions in the Ni-CeO>
system do not allow the required changes in Ni particle morphology and hence impede carbon
filament growth. However, higher temperatures provide thermal energy to overcome the SMSI
for the particle realignment to occur and hence facilitate filamentous carbon production. Barrault
et al. have shown that the metal support interaction for Ni supported on CeO; are much stronger
than those for SiO, or Al,Oz supports®™®’. For the Ni-MgAl,O4 system the metal-support
interactions can be expected to be even weaker due to passivation of Al atoms by Mg addition.
Hence, Ni on MgAI>Os will tend to form carbon filaments much more easily at lower
temperatures due to a combination of two factors: ease in Ni particle restructuring, and an
optimum between carbon formation and transport rates. Increasing temperature facilitates Ni
particle restructuring but the transport of carbon is not able to keep up with carbon formation,
and the system hence shuts down rapidly.

In the CeO> system, the impeded restructuring of the Ni nanoparticles due to SMSI slows
carbon formation at low temperatures, which is removed with increasing temperature. Why this
impediment at lower temperature does not result in a rapid shut down of the reaction is not

entirely clear yet (while one might speculate that the “active” ceria could help removal of carbon
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via oxidation, none of the experiments showed significant formation of COx at these conditions).
However, our results suggest the morphological change occurring for the Ni particle at the

moment of particle lift-off may be key to obtaining further mechanistic insights for this process.

5.3.4 Periodic operation in a fixed bed reactor: cracking and oxidation

Up to this point, the focus of the investigation was on identifying major controlling factors for
the performance of the Ni-CeO; carriers in catalytic cracking of methane. As expected, the
catalytic performance of the carriers deteriorates over time due to slow carbon built-up, resulting
in reduced methane conversion/H2 production. Hence, the carrier needs to be regenerated
periodically by burning off the deposited carbon using an oxidizing gas. We hence proceeded to
investigate the full periodic “chemical looping” process. For these investigations, 20wt% Ni
supported on commercial CeO; (particle size=25 nm) was used due to the superior CH4 cracking
performance (see above).

First tests were performed with CHs-O> cycles at 900°C to demonstrate the validity of the
process. Figure 38 shows the concentration traces during periodic operation in a fixed bed
reactor. CHs (1 sccm, 16.7 vol%) and Oz (1sccm, 16.7 vol%) were used as fuel and oxidizing
gases, respectively. The flow of methane was stopped as soon as the CH4 conversion dropped
below 30% and the reactor was flushed with He (20sccm). The subsequent oxidation was
continued until Oz breakthrough was observed. The catalyst is fully regenerated in the oxidation
half-cycle, as demonstrated by the CO, CO, products formed (see t = 20-36 min for the first
cycle) and by the close match of the performance of the subsequent reduction half cycle in terms
of the peak shapes and heights. Somewhat surprisingly, the oxidation of the carbon in the
oxidation half cycle result predominantly in CO formation (rather than full oxidation to CO>).
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This periodic process, which effectively results in an overall methane partial oxidation process,
hence could be operated in a stable way and results already in fairly efficient separation of CO
production during the oxidation half-cycle and H> production during the reduction half-cycle.
However, as the concentration time-traces in figure 6 indicate, the product stream from the
cracking half-cycle still contains significant amounts of unconverted methane feed and an initial
strong CO> peak from methane oxidation, both of which need to be reduced significantly in order

to make the process industrially relevant.
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Figure 38. Concentration traces of outlet gases produced during periodic operation in a fixed bed reactor
with 20mg of Ni-CeO, (20wt%). Alternating cycles of CH4 (1 sccm, 16.7 vol%) and O (1 sccm, 16.7vol%) at 900°C

are used to demonstrates successive cracking and oxidation of the carrier.
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5.3.5 Effect of Oxidant: O2vs. COz2

As a next step, we hence compared operation of the process with oxygen and with CO; as
oxidants. Figure 39 shows effluent flow rates during a typical full cycle, i.e. cracking and
oxidation, in a fixed bed with O, and CO3, respectively, as oxidizing gases. In both cases the
carrier is in the coked state at the start of the experiment (t =0 min). For oxidation with O (figure
7a), CO is initially detected in the oxidation half cycle (t= 2-20min), indicating partial oxidation
of the deposited carbon by O.. Only a small fraction of carbon is converted to CO> during the
latter part of the regeneration, i.e. once the majority of the carbon is burnt off and the ratio of
carbon to available O, is reduced dramatically. Finally, COx production drops rapidly and
oxygen breakthrough is observed (t = ~15min).

During the subsequent cracking half-cycle, CO2 formation is seen at the very onset of the
cycle. This indicates that Ni in the carrier material was (partially) oxidized during the oxidation
half-cycle with air, and the CH4 feed hence reacts with NiO to produce predominantly CO> (and
smaller amounts of CO), as reported and discussed in detail previously*?. Once NiO is fully
reduced to Ni, i.e. all the solid phase oxygen is consumed, catalytic cracking of CH4 is observed
(t = ~29min). While the cracking continues over the next ~10min, as indicated by the continued
H> production, there is a gradually increasing CHs breakthrough, indicating that the carrier has
started to deactivate. Finally, when the CH4 flow rate reaches ~30umol/min (i.e. the CHs
conversion drops below 30%), the cracking half cycle is terminated and the reactor is flushed
with inert gas. Overall, as shown in the schematic (Figure 39a, inset), the coked carrier (Ni+C) is
hence oxidized by O to regenerate Ni, accompanied by the undesired re-oxidation of Ni to NiO.

In the cracking cycle, the oxidized carrier hence first reacts with CH4 to form (undesired) COg,

121



followed by the desired H production via cracking and hence re-forming the coked carrier (Ni +
C).

Figure 39b shows in comparison effluent flow rates during a typical full cycle when CO>
is used as oxidant. As before, the carrier is in the coked state at the start of the experiment (t
=0min). When the CO> flow is started, CO> readily reacts with the carbon, producing CO over
the next ~7 min. Gradually increasing CO> breakthrough occurs during this time until t =12min
when the CO: flow rate equals the feed flow, indicating that the oxidation is complete. In
contrast to the operation with air, the subsequent cracking half cycle shows H» production from
the very onset (t = 20min), indicating that the carrier is in the “active” metallic phase. This agree
with prior studies in which we have shown that Ni oxidation by CO> is thermodynamically
hindered at these conditions, and thus, unlike for O, the carrier remains in the reduced state (Ni-
Ce0y) during the oxidation with CO, %57, The small initial amount of CO (t = ~20-24min) likely
results from the reducible nature of CeO2 which can contribute a small fraction of its lattice
oxygen during the reaction*?. This is supported by the fact that the CO peak was completely
absent for samples reduced in Hz, due to maximum reduction of CeO.. Previous reports suggest
that CeO> can be oxidized by CO., which would hence explain the CO produced in the cracking
cycle!®®. The overall product yield to Hz when the coked sample (Ni+C) is oxidized by CO; is
~53% as compared to the ~42% when air is used as an oxidant. Therefore, using CO> as a “soft”
oxidant in the periodic cycles not only enable CO; activation via reduction to CO in the
oxidation half cycle, but also strongly enhances the overall product yield in the cracking half

cycle
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Figure 39. Comparison of a typical full cycle: cracking (CH4, 1sccm, 16.7 mol%) and oxidation using a)
03 (1sccm, 16.7 vol%) and b) CO, (1sccm, 16.7vol%) in a fixed bed reactor at 900°C. CO- as an oxidant improves

selectivity of the subsequent reduction half cycle due to suppression of the Ni oxidation to NiO.
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5.3.6 Proof of concept: Inherently separated streams of CO & H2

The present work aimed to demonstrate a process which allows for efficient production of
separated syngas streams, i.e. production of high-purity H> and CO effluent streams. However, in
the experiments discussed above, the oxidation half cycle shows gradual CO. breakthrough just
~2 minutes after the start of the oxidation, indicating incomplete conversion. More importantly,
during the cracking half-cycle, methane conversion is also still rather low, with the duration of
maximum CHa conversion only a very short fraction of the half-cycle (~1-2 min, t = 23-25min in
Figure 39b). In order to increase conversion and hence achieve high purity H> and CO streams,
we increased the contact time, i.e. decreased the weight hourly space velocity (WHSV = mass
flow of gases/mass of carrier), by a factor of 5 by extending the carrier bed to 100mg Ni-CeO>

and keeping all other conditions the same.
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Figure 40. a) Concentration traces during periodic operation in a fixed bed reactor for successive cracking-
oxidation cycles with CH4 (1sccm, 16.7 vol%) and CO2 (1sccm, 16.7 vol%) over 100mg of Ni-CeO; (20wt%) at
900°C. The outlet gas flow rates for: b) cracking half cycle and, ¢) oxidation half cycle are shown. Highly pure

streams of H, and CO are produced demonstrating the proof-of-concept.
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Figure 40a shows again the concentration traces obtained during fixed bed reactor tests
for five successive cracking-oxidation cycles with CH4 (1sccm, 16.7 vol%) and CO2 (1sccm,
16.7 vol%) at 900°C. The concentration traces are similar in peak shape and heights (following a
slight initial decrease for the fresh carrier), hence suggesting successful cracking and oxidation
reactions. Figure 40b shows effluent flow rates during a single cracking cycle for better
visibility. As discussed before, a small CO peak is detected at the onset of cracking (t = 0-10min)
due to the reducibility of the CeO> support. However, after t ~12min, a high-purity stream of H
is obtained with hydrogen purity ~94% and a CH4 conversion of ~95%. The cracking cycle was
manually terminated at t = 26min to avoid potential plugging of the reactor due to carbon
production.

The reactor is flushed with He before starting the oxidation half cycle which is shown in
Figure 40c. A high-purity stream of CO (~98%) at high CO> conversion (~99%) is formed over
the entire oxidation half cycle, up until CO, breakthrough at t = 10min. Overall, the combination
of the cracking and oxidation cycles hence demonstrate the proof-of-concept for the formation of
a separated syngas stream with high product selectivity at high feed conversions. Clearly, further
optimization of process parameters (which was not the aim of the present study) is likely to yield

further improvements.

5.3.7 Process Energetics:

In addition to the process parameters such as conversion and selectivity, the viability of the
proposed process also depends on the net energy demands. The heats of reactions (at 900°C) for
the various reactions involved are as follows:
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CHs + Ni = (Ni+C) + 2H, AHr = 93.8 kJ/mol Eq. (35)
(Ni+C) + CO,= 2CO + Ni AHr = 166.3 kJ/mol Eq. (36)

Ni + CHs+ COz = 2H; + 2CO +Ni AHg = 260.1 kd/mol Eq. (37)

Both, methane cracking (Eq 35) as well as carbon oxidation by CO. (Eq 36) are
endothermic. While the overall process using CO as oxidant “consumes” (i.e. activates) CO>
very efficiently (1 mol CO2 / mol CHs rather than 1/3 mol CO2 per mol of CHs as for
conventional dry reforming processes), the net reaction is a highly endothermic methane dry
reforming. While renewable energy sources, such as concentrated solar power, could be used to
supply the heat for this process in order to assure a net negative carbon footprint, such
technologies are immature at this point and not likely to become industrially viable at sufficient
scale over at least the next decade. However, in the absence of mature renewable energy based
technologies, it is hence important to conceptualize fossil energy based alternatives which still
minimize the carbon footprint.

CHs+ 202=CO02 + 2H20 AHRr = -801.4 kJ/mol Eq. (38)

In the simplest configuration, one could consider using an externally fired natural gas
burner to supply the required process heat (Eq 4). Comparing the heats of reaction (Eq 3 and Eq
4), we can see that for 1 mol of CH4 burnt (or 1 mol of CO> produced) during combustion, ~3
mol of CH4 can be converted or (~3 mol of CO2 consumed) in the net dry reforming process.
Assuming a ~50% efficiency of the heat transfer from the burner, the overall process could hence
still run autothermally with a net CO; utilization (~1.5 mol CO. consumed per mol of CO-
produced). However, such a process would consume high-purity CO> feeds and produce dilute

CO2 combustion emissions and hence yield an efficiency penalty in an overall life-cycle analysis.
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A more desirable alternative would make the process inherently energy “self-sufficient”.
Figure 41 shows a proposed alternative which would operate the process with net CO; utilization
while ensuring overall autothermal operation. In this configuration the oxidation is carried out in
a 2-step manner. First, enough carbon is burnt off using O to yield the energy needed to balance
the endothermal heat of the cracking and CO> reduction steps. Since this combustion occurs
within the carrier bed, which would hence act as a—drastically more efficient—regenerative heat
exchanger, the energy efficiency would strongly increase due to this heat integration. An energy
balance allows to estimate that ~92% of the deposited carbon would have to be converted with
0. to CO to enable autothermal operation. By optimizing the weight hourly space velocity,
selective CO production can be achieved (as seen in Figure 39a). While we saw above that O-
can readily oxidize Ni to NiO and thus hamper the selectivity in the subsequent cracking cycle,
in this configuration the oxidation would switch back to CO> as oxidant for the remaining carbon
before the Ni would be exposed to the oxygen stream, hence keeping Ni in its active metallic
state. The downside of this configuration is the need for an (expensive) air separation unit and a
significant reduction in CO production. However, there are definite possibilities to ensure an

energy efficient process.
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Figure 41. Schematic of the modified process operation to produce high purity H, & CO streams, with a

net CO; utilization with an overall autothermal operation.

54  CONCLUSIONS

Increased shale gas production has renewed interest in conversion of methane to valuable
chemicals. In the absence of economical direct routes for chemicals production from methane,
there is interest in development of scalable technologies for conversion of methane to syngas as
the first and most energy and capital intensive step in indirect methane upgrading routes. We
have previously demonstrated that chemical looping enables production of syngas from methane
via CLPOM and via CLDR, the chemical looping equivalents of partial oxidation and dry

reforming processes, respectively*®5"142 \While both processes can produce syngas with a
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desirable H2:CO ratio of 2 (required for major downstream processes such as Fischer-Tropsch
and methanol synthesis), further increase in the flexibility of the process could be obtained by
producing syngas of tailorable compositions.

In the current study, we propose a process for production of completely separated syngas
streams, i.e. production of inherently separated streams of H> and CO, via chemical looping
methane cracking. Thermocatalytic methane cracking is carried out using CeO> supported Ni
carriers, resulting in the production of high purity Hx streams along with carbon deposition.
Utilizing a reducible support with strong metal support interactions (i.e. ceria) allows efficient
production of carbon (and hydrogen) at elevated temperatures and thus high fuel conversion at
high throughput, making the process well suited for scalable, decentralized application. The
deposited carbon can be effectively removed by reaction with either O2 or CO- to regenerate the
active Ni species. Using CO; as a “soft” oxidant not only allows for CO; activation via reduction
to CO (enhancing the CO yield from the process and enabling CO> utilization), but also improves
the overall process selectivity by selectively oxidizing carbon while keeping Ni in its metallic
state active and selective for catalytic cracking.

While the overall process is similar to conventional dry reforming of methane, it
builds kinetically on two different, spatially or temporally separated reactions: catalytic cracking
and the reverse Boudouard reaction, coupled together using a “carbon carrier”. The use of a
reducible support (CeO.) in place of conventional support (such as MgAl.QOa4), not only facilitates
a more efficient production of hydrogen via thermocatalytic methane decomposition, but also
opens up possibilities for further process optimization via a modified growth mechanism of the

carbon filaments as a function of the metal-support interactions.
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Finally, on a conceptual basis, it seems worthwhile noting again that in this proposed
process Ni effectively acts like a “carbon” carrier, which shuttles carbon (produced from
methane in the “cracker”) to the oxidizer, where it is oxidized to CO. Thus, the current process
constitutes an extension of the chemical looping concept beyond the realm of oxygen carriers
and hence, oxidation reactions. Furthermore, while most chemical looping processes take
advantage of the ability of chemical looping to separate a feed stream (such as N2 and Oz in
process air), the current configuration utilizes the inherent separation in chemical looping to
separate the stream of produced gases to yield an inherently separated product stream. Given the
crucial role of separation for the chemical process industry (both for efficiency, cost, and
environmental footprint)®>°, it seems that application of the chemical looping principle with a
focus on product separation may constitute a fruitful area for development of next-generation

highly intensified chemical processes.
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6.0 SUMMARY AND CONCLUSIONS

The burgeoning global population and the rapidly developing world economies are together
expected to increase the demand for commodity chemicals. Recent advances in drilling
technology have made shale gas (>95% CHs) a cheap and widely available feedstock for
chemical production. However, in the absence of proven commercial technologies for direct
conversion of CH4 to chemicals, all current processes require conversion of CHs to syngas
(mixture of CO + H>) a first-step. Downstream syngas utilization requires specific H2:CO ratios
(1 or 2), pure Hy streams or pure CO streams depending on the chemicals produced, and thus
tremendously increasing the separation and energy costs. Hence, alternative syngas production
techniques are required which can sustainable chemical production with CO; utilization.

‘Chemical Looping Combustion’ is a clean combustion technology, which enables fossil
fuel combustion with inherent CO, capture based on the cyclic oxidation and reduction of an
oxygen carrier. While most efforts in chemical looping (CL) are focused on combustion, in this
work we investigated and compared two different operating modes of CL beyond combustion. In
the first scheme, CO> reduction is coupled with CH4 oxidation by using mixtures of Fe and Ni
(as alloys or simple physical mixtures) to produce CO and syngas product streams. In the second
operating scheme, monometallic Ni carriers are utilized to catalytically crack CH4, producing
pure H streams. The solid carbon deposits are then burnt off with CO,, overall producing

separate CO and Hy product streams. In both the operating modes, the overall reaction is a
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modification of dry reforming of methane (CHs + CO2 > 2CO + 2H>) called chemical looping
dry reforming (CLDR). The crucial advantage of the chemical looping configuration lies in the
inherent separation of the product streams. In the first mode of CLDR operation, streams of
syngas (H2:CO ~2) and pure CO are produced which can be used separately: syngas for gasoline
(via Fischer-Tropsch synthesis) and methanol production, and CO for acetic acid production
(Monsanto process); or mixed together (H2:CO =1) for use in formaldehyde manufacture. In the
second mode of operation, the separated H> and CO streams can be used virtually in any
combination, or pure Hz can be used individually for NHz synthesis. Overall, CLDR generates
directly usable syngas streams, which can dramatically improve the process flexibility and avoid
the need for expensive gas separations.

Since the “solid” oxygen availability in metal oxide carriers influences gaseous product
selectivity, rational carrier design was an important goal of this work. The gas-solid reaction is
mass transfer controlled via the metal-oxygen bond strength, with the high temperatures of
operation negating any possibility of kinetic limitations. Our work demonstrates that while FeOx
can selectively convert CH4 to syngas, the presence of a small fraction of reactive Ni centers (as
in a Fe-Ni alloy), can significantly improve CHs activation and the overall reactivity.
Conversely, the presence of Fe enables the Ni reoxidation with CO; and thereby facilitates its
conversion to CO. This concept of synergistic combination using alloys is relatively new in
chemical looping, as opposed to the field of heterogeneous catalysis where it has been explored
widely!®®1%1—  primarily due to influence of modified electronic properties on reactant
activation®2, Interestingly, the chemical looping system utilizes the intermetallic association
beyond reactant activation and towards co-operative oxygen transport (which occurs during the

redox processes). It is also worthwhile to point out that while the CLDR process facilitates the
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CO; utilization, the weaker oxidant CO: in turn enables the process by controlling alloy
oxidation and improving syngas selectivity. This suggests that CO can have desirable properties
as an oxidant for a broad spectrum of selective oxidation reactions (oxidative dehydrogenation of
ethane to ethylene), since a majority of them suffer from over oxidation and usually require
discriminating control over reactant oxidation. Broadly, our results suggest that the alloyed
carriers likely hold much broader potential for redox processes in a “looping” configuration than
one might anticipate, as a smart combination of two metals might allow the reconciliation of
contradictory demands in the two, coupled half-cycles.

While the alloys are stable over extended cyclic operation, it is likely that the
intermetallic phases are dynamic under the periodically changing reactive conditions. This
hinders a thorough understanding of the mechanistic aspects of the reactions which can be
crucial for a successful process scale-up. Hence, physical mixtures of metal components can
represent a simpler alternative to alloys in terms of the carrier design. We demonstrated that,
surprisingly, the use of simple physical mixtures of two monometallic carriers (Fe and Ni) can
yield similar synergies, albeit based on a completely different coupling mechanism: While the
Fe-Ni alloy carriers in the earlier study relied on the “shared” use of lattice oxygen between the
coexisting metals in the oxide lattice, the physical mixture relies on a gas-phase mediated
cooperative mechanism, where the initial activation of one reactant over the first metal is
coupled with the subsequent conversion of the intermediates over the second metal. The product
from this secondary conversion is then undergoing another reaction step, forming the final
product. Overall, the physical mixture components work cooperatively to convert CH4 to syngas.
Broadly, this concept can be considered similar to bifunctional asymmetric catalysts, where

cooperative Lewis acid and Lewis base pairs work together to promote a specific reaction®3164,
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However, better analogies are few interesting zeolite/metal-oxide systems!®>%® for Fischer
Tropsch synthesis: Syngas is converted to an active intermediate over one catalyst/active site and
transported via gas-phase to the second -catalyst/active site for a final conversion to
olefins/dimethyl ether. However, the key difference is while the physical mixture components in
these studies are catalysts that act successively, the physical mixture components in our work are
a catalyst-“oxygen” reservoir combination which acts in a cyclic manner (see Chapter 3 for more
details). In general, the use of simple physical mixtures opens another window for rational
process design which can build on an ever increasing number of published studies on
(monometallic) oxygen carriers in chemical looping oxidation processes and on the availability
of thermodynamic databases for a large number of metal/oxide systems.

The configuration for separated streams of CO and H. consists of two different, spatially
or temporally separated reactions: catalytic cracking (CHs - C + 2H.) and the reverse
Boudouard reaction (CO2 + C - 2CO), coupled together using a “carbon carrier”. This
represents an extension of the chemical looping concept beyond the realm of “oxygen carriers”
and hence, oxidation reactions. More importantly, this configuration demonstrates the true
potential of chemical looping in completing eliminating downstream product separation. Syngas
separation to Hy and CO is primarily done using Pressure Swing Adsorption (PSA) process at
high pressures and near ambient temperatures'®’. Syngas is almost always produced at T > 800°C
which needs to be cooled down to room temperature and then separated using PSA. The
separated components need to be heated back up to reaction temperatures (typically >300°C) for
downstream utilization, thus making the overall process highly inefficient. Similarly, polymeric
membranes used for non-condensable gas separation also operate at a maximum T ~70°C, with

high temperature-stable ceramic membranes costing ~10-100 times as much*®®. On the contrary,
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chemical looping process not only offers inherent separation, but also produces streams that can
be used directly or with minimal heat manipulation. Given the crucial role of separation for the
chemical process industry for efficiency, cost, and environmental footprint™®, it is likely that
other “carrier” systems (like “sulfur carriers” discussed in Chapter 6.2) can present cost-effective
alternatives.

The inherent separation of product streams offered by the chemical looping platform,
requires operation in a cyclic manner. From an applied perspective, periodically operated batch-
wise processes are more complicated than continuously operated steady-state processes.
However, periodic operation can sometimes offer sufficiently improved reactor performance to
offset any higher operating or capital costs. Improvements in terms of synthesis rates!®®,
yield*"%1"t catalyst life time 1’2 or even disposal of dilute by-products’®, has been reported in
the literature. Correspondingly, a successful commercial demonstration of a cyclic process has
been partial oxidation of butane to maleic anhydride (a polymer precursor) by DuPont’*- at the
time (~year 1999) producing 180million pounds per year. In recent years, demonstrations of
chemical looping combustion for power generation have also been successfully operated in a
cyclic manner at pilot plant scale operations for an extended time (~ 150kWh for 4000 hr)33°5175,
While the largest demonstration (~1MW)!® is still far from a commercial scale operation
(~500MW), these reports suggest a steadily growing expertise in automated cyclic operations.
The vigorous operating conditions in the circulating fluidized bed used made solid (catalyst) loss
via attrition an initial concern. Yet, modified synthesis techniques such as spray drying, have
been successfully implemented for developing attrition resistant catalysts.

Catalytic dry reforming (DR) of methane, where CHs and CO. streams are co-fed

continuously over a catalyst bed, is the steady-state equivalent of the chemical looping dry
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reforming (CLDR) process described in this work. Since one of the major challenges in
conventional dry reforming is catalyst deactivation due to carbon deposition, a small fraction (1-
3%) of precious metals (Rh) is typically incorporated into the catalyst to prevent carbon
deposition. Recent reports suggest that such Rh-containing catalysts typically show conversions
of ~95% with reduced carbon deposition over ~8h operation at 750°C*"". In comparison, the
CLDR process using Fe-Ni alloys produces similar conversion numbers while operating at
1000°C. Since, both studies were carried out in a similar fashion, viz. fixed bed reactors on a lab
scale (~100mg bed), approximate comparisons can be made. While the operating temperature for
the DR process is significantly (250°C) lower than CLDR, Rh is ~1500 times more expensive
than Ni and Fe. By a conservative estimate for the metal loading, i.e. ~1wt% Rh for DR and
~40wt% Fe for CLDR, the DR catalyst is ~35 times more expensive than the CLDR carrier on a
catalyst weight basis. While the turn-over number (mol of syngas/g catalyst) for the DR catalyst
is ~2.3 times that of CLDR carrier, using ~3 times the amounts of carrier in CLDR process can
also potentially offer similar turnover numbers. Overall, the DR process operates continuously
(steady-state) at a lower temperature (lower operating costs) and the CLDR process offers
flexible H2:CO ratios in a batch-wise manner at lower carrier/catalyst costs. A detailed process
and economic analysis at a larger operating scale will be required to further elucidate the benefits
of either process. On the other hand, both the dry reforming processes, will offer CO> utilization
albeit at the cost of energy input (CHs + CO2 = 2CO + 2H2; AHr ~250 kJ/mol). A quick
calculation shows that an externally-fired CH4 furnace can supply the required energy while still
keeping the overall process i.e. external combustion + dry reforming, a net CO. consumer;
autothermal operation with a slightly lower CO> utilization ~0.5 mol CO consumed/mol CHjs as

compared to 1 mol CO2/ mol of CHj for the original dry reforming process. Alternatively, energy
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derived from renewable sources such as concentrated solar power (CSP) can also be used. In any
case, both configurations (conventional and cyclic) of dry reforming processes offers a pathway
to upgrade CO; to syngas and further on to liquid fuels such as gasoline (via Fischer-Tropsch
processes), thereby conceptually closing the CO- cycle.

In the long run, it is unlikely that any single technology will offer a total solution for
efficient CO2 utilization. More importantly, the magnitude of CO2 emissions (mainly from
power plants), is significantly higher than any current market for CO2 utilization. Hence,
technologies like dry reforming, are directed towards sustainable chemical production and
prevention of additional CO2 emissions. The chemical looping platform presents an exciting
opportunity towards this goal. However, the incorporation of CO2 in the chemical process
industry will not only require strict regulations on future emissions, but also incentives for CO2

utilization.
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7.0 OUTLOOK

7.1 CRYSTAL GROWTH AND DESIGN FOR HOLLOW AND NON-HOLLOW

CERIA PARTICLES

Production of inherently separated streams of H, and CO via chemical looping involves coupling
of two reactions— catalytic cracking of methane to produce solid carbon and Ha (in “cracker”)
and carbon removal via CO; oxidation thereby producing CO (in “oxidizer”). During catalytic
cracking, carbon filaments are formed which “lift-off” the metal particle from the support. Thus,
oxidation of these filaments can potentially result in loss of the metal particles with the product
gases (Figure 42). In order to avoid the metal particle loss and thereby make the overall process
sustainable over a large number of cycles, we proposed development of novel core-shell
structures with the metal particle enclosed within the shell. Based on our earlier studies, the Ni-
CeO2 system was chosen as the potential candidate for this process and hence the end-goal of this

work was to produce a core-shell structure (Ni@CeO>).
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Figure 42. Schematic of the proposed synthesis.

It is by now well established that the relative high abundance has made ceria a very
popular material in variety of chemical processes such as automotive exhaust catalysis*’®17®,
water-gas shift (WGS) reaction®®®8 fuel cells'®2183 as well as in the fields of biotechnology*,
environmental chemistry®8 and medicine'®’. Moreover, decreasing the ceria particle size
strongly reduces the energetics for defect formation, thus dramatically influencing the generation
electronic carriers which are potentially responsible for the enhanced catalytic activity'®,
Correspondingly, there has been significant work on development of ceria nano-structures.
Hydrothermal synthesis is an easy, scalable and effective technique for synthesis of ceria
structures. However, a majority of techniques rely on use of surfactants or structure directing
agents to achieve the desired shape!89-191,

Reports in the literature suggested a SiO» template based approach for generation of core-

shell (SiO.@CeOy) structures followed by a selective removal of the SiO> to form hollow ceria

spheres (@CeOz). Hence, by depositing Ni on SiO. as a first step and following the same
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approach, we can in principle form the desired Ni@CeO; structures. However, to gain a better
control of the synthesis, we focused on creation of the hollow CeO- spheres as a starting point.
Two separate protocols were used— controlled precipitation of cerium precursor via drop wise
addition and hydrothermal synthesis. The first approach resulted in successful production of the
core-shell SiO.@CeO; structures, although the removal of SiO> template caused the crumbling of
the shells due to the small shell thickness. Subsequent efforts to increase the shell thickness were
unsuccessful, since they resulted in formation of extraneous CeO; particles. The hydrothermal
synthesis was carried out in two different sized reactors (90mL and 45mL) using synthesis
protocols scaled according to the reactor volume. The reactor with the larger volume resulted in
formation of extraneous spherical CeO; particles (~150nm) without any apparent ceria
deposition on the SiO, template (Figure 43). On the other hand, the smaller reactor volume
resulted in formation of a mix of core-shell SiO>@CeO- structures and spontaneously formed
hollow CeO, (@CeO:>) structures (Figure 44). At this point, it is not entirely clear what causes
the formation of these structures. It is likely that the relative rates of nucleation and
agglomeration, which are controlled by the reaction conditions (reactor volume, temperature and

reducing agents) play an important role in the process.
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Figure 43. TEM images of samples produced using hydrothermal synthesis: a) using smaller SiO;

(231nm£12nm), b) using bigger SiO; (387+34nm) showing the presence of bare SiO, spheres (lighter contrast),
spherical CeO, particles (darker contrast) and a small fraction of core-shell structures (top left), c) No visible layer
of ceria on SiO, sphere and the ceria particle is possibly formed by self-assembly of the smaller (~2-3nm) ceria
nuclei visible around the edges, and d) Post NaOH etching results in complete removal of SiO; particles without the

removal of CeO; particles or core-shell structures
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Figure 44. TEM images of samples produced in scaled hydrothermal synthesis a) with SiO», b) without

SiOy, ¢) spontaneously formed ceria shell (with SiO,), and d) ceria covering on SiO. spheres.

Our current results show a simultaneous presence of three different structures— solid
Ce0., hollow ceria (@CeO2) and core-shell (SiO.@CeO,. Understanding the formation
mechanisms will thus allow better control over reaction pathway for a particular structure. Li and
co-workers have reported the synthesis of hollow ceria nano-spheres without the use of

surfactant'®2, However, they offer no explanation about how the various reaction parameters
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(temperature, reducing agent, reactor volume etc.) control the crystallization-nucleation process.
Clearly, a balance between the rate of nuclei formation and agglomeration will not only control
the size of the solid ceria particles, but also influence the propensity towards hollow shell
formation. Simplistically, the underlying processes can be considered a series of simultaneous
and parallel reactions, which could be modelled mathematically to develop correlations relating
particle size as well as structure to the reaction parameters. Although non-trivial, a computational
study of this kind will not only provide a better understanding of the process, but also better

direct future experiments towards a successful synthesis.
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7.2  SULFUR CARRIERS FOR ETHYLENE PRODUCTION VIA CHEMICAL

LOOPING

In addition to syngas, ethylene (C2Ha) is one of the most important chemicals in terms of volume
as well as value for production of a number of chemical derivatives. Thus, a reduction in the
price of ethylene or its parent compounds (natural gas) will significantly affect the cost of a
number of consumer products. The ~70% drop in natural gas prices due to the shale gas
discoveries is expected to result in a nearly equivalent drop in the cost of ethylene production,
making the economics very competitive on the global level (PWC)!%. Hence, it is highly
desirable to develop a process that can convert natural gas directly to ethylene.

Recently, research groups of Marks & Neurock reported elemental sulfur as a promising
oxidant for selective methane conversion to ethylene over MoS,, RuS», TiS2, PdS and Pd/ZrO,
catalysts'®. In comparison to O, the thermodynamic driving force for methane over-oxidation
by S is significantly less, thus it is a ‘softer’ oxidant. Moreover, the oxidative coupling of
CHsby Szto form CaHs (2CHs+ Sp— CaHa+ 2H2S, AGiorsk= —4.9 kI mol)is
thermodynamically viable, while that to form CzHe (2CH4 + 1/2S; — CoHe + H2S, AGuior3k =
33.9 kJ mol™") is a thermodynamically uphill reaction and the over-oxidation of methane to CS;
or other species is far less favorable than the analogous over-oxidation by O>. Subsequent work
by Peter and Marks showed transition metal sulfides (Fe, Ti, Cr) show ethylene selectivity
>25%1%°. However, both these studies are based on reaction of gas-phase sulfur with CH4. With a
boiling point of ~450°C, a commercial process of this kind would require heated and insulated
lines to ensure the condensation of sulfur is avoided. On the other hand, H»S is a gas under all

the relevant conditions making the handling much easier. It is hence proposed to utilize the
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concept of using “sulfur” as a soft oxidant for conversion of methane to ethylene, in a chemical
looping scheme with H.S (sulfur feedstock).

Metal oxides have been used as sorbents for removal of H>S from coal-derived synthesis
gas and thus have been studied widely. Mangnus et al. reported that it is easier to sulfide the
surface and core of Ni(0) than that with Ni(ll), and NiS could be readily formed at the
temperature range of 370-850 K!%, Reshetenko et al. found that the H.S decomposition reaction
on a-Fe,03 leads to reduction of oxides and simultaneous formation of surface Fe(I11)S'®’. The
interaction of H>S and CuO was more complex: CuS was the main product, but Cu.S and
elemental Cu were formed at high temperature (>400 °C) and higher H>S concentration. As for
manganese, MnCQOz is the stable solid below 400 °C, while MnO is stable above 400 °C.
Importantly, manganese shows sulfidation potential at the higher temperature range of 600-700
°C1%_ On the other hand, previous work in our lab and by others has shown that metal sulfide
can react easily with air to regenerate the metal oxide in a cyclic manner suggesting suitable

stability of these “sulfur” carriers in a HzS/air cyclic configuration!9%:2%,
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Figure 45. Various process scheme for “sulfur” carriers in chemical looping: a) ethylene production with
hydrogen recovery, b) ethylene production with syngas purification, and c) SO (for Claus process) with hydrogen

recovery.
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The concept of such a process is shown in Figure 453, for a metal “M” which is reacted
with H»S to generate a metal sulfide, which serves as a “source” of sulfur. The metal sulfide then
can facilitate coupling of methane to produce ethylene and H.S. The “sulfidizer” thereby
produces a stream of hydrogen which can be directly used for S recovery in the hydro-
desulfurization (HDS)- required for sweetening of “sour” natural gas i.e. natural gas containing
sulfur products. Unconverted H2S in the Hz stream would not need to be separated beforehand as
the desulfurization process is amenable to all sulfur containing products and HzS is the major
byproduct of HDS. On the other hand, the stream from the “reducer” contains equimolar H>S
and C2Ha. Clearly, separation of H,S is crucial for any downstream use of the CoHa stream. This
separation although non trivial, it is in principle, possible using the existing commercial
technologies for natural gas processing. The economic penalties of this separation may largely
be offset by any marginal improvements in the selectivity and conversions in the sulfidizer-
producing a high value product (C2Hs) from a very cheap reactant (CHa).

As a second configuration (Figure 45b), it also possible to use the “sulfidizer” for
purification of sour syngas, which is typically formed when sulfur containing coal is used. We
have successfully demonstrated a similar concept for combined conduction and desulfurization
concept in our earlier work '*°. Here, we suggest a way to simultaneous desulfurize syngas
combined with ethylene production. Since the carrier comes to the sulfidizer in a reduced
(metallic state), the CO & Hz components of the syngas stream do not react with the metal.
However, the H,S from the syngas can readily react with the metal to regenerate the sulfide and
simultaneously produce hydrogen. Thus the outlet of the sulfidizer would consist of syngas with
a higher H2:CO ratio than the inlet. This modification can significantly increase the overall

calorific value of syngas depending on the H2S concentration. Performing a quick
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thermodynamic analysis shows that the overall process is endothermic (AHr = ~ 202 kJ/mol)-
for both the configuration (a) and (b). Although, not exactly ideal, such a process can be either
driven by renewable sources such as concentrated solar power or by external firing. Moreover,
using a chemical looping combustion (CLC) or an oxy-fuel technology will fulfil the energy
needs in addition to efficient CO> capture.

A third configuration for this process can attempt a simultaneous production of hydrogen
and SO». While the sulfidizer remains the same as before, an oxidizer is used to selectively burn
off the sulfur producing a pure SO stream. This SO> stream can be utilized downstream in the
Claus process for sulfur recovery?®. Claus process consists of two steps: SOz production— 2 H2S
+3 02 — 2 S0z + 2 H20 (AHR = -1036 kJ/mol), followed by the Claus reaction— 2 HzS + SO, —
3 S + 2 H>0. Since the required H2S: SO- ratio for the Claus process is 2:1, a stream of a third of
the total HS is generally separated beforehand and converted to SO in a free-flame (i.e. lot of
flames) and highly exothermic combustion, before being mixed with the remaining H>S stream.
On the contrary, the proposed configuration can produce the required SO> stream in addition to a
useful hydrogen stream. The overall reaction H2S + O, = SO; + H2 (AHRr = -276 kJ/mol) is
significantly less exothermic, flame-free (i.e. no flame) in both reactors and hence can be
operated with improved safety.

Overall, based on the existing studies in the literature and in our lab, the proposed
configurations can potentially be tried out using a Fe/Ni supported on CeO-. Initial tests would
have to be conducted in the thermogravimetric analyzer (TGA) to study the sulfidization of these
metals in HoS stream. Characterization of the sulfides using X-ray diffraction (XRD), Scanning
electron microscopy (SEM), Transmission electron microscopy (TEM) would help determine the

physicochemical properties of the carrier. As a first step, cyclic experiments with air/O>
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oxidation will establish the stability of carrier towards repetitive sulfidization-oxidation cycles.
Finally, fixed-bed reactor experiments would be carried out to study the gas-phase

selectivity/conversion of the process.
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APPENDIX A

SYNTHESIS OF CORE-SHELL SIO2@CEO2STRUCTURES

A.1.1 Material Synthesis and Characterization

The synthesis methodology of the hollow Ni@CeO: structures is shown in Figure 46. However,
to achieve a better control over the various synthesis parameters, the Ni addition step was
eliminated and hence the initial goal was to produce hollow CeO:; shells. SiO2 was synthesized
using Stober synthesis?®, Briefly, H.O (36 mL), NH4OH (7 mL) and Ethanol (150 mL) were
added to a round-bottom flask and stirred at room temperature to create a homogenous mixture.
Then TEOS (6.6 mL) was added to the mixture and stirred vigorously for 3 h. A wet cake was
obtained after 3 cycles of washing (with H2O) and centrifuging, which was dried overnight in a
vacuum oven (90°C). The dried cake was crushed and ground using a mortar-pestle and calcined
at 500°C (2 h, 0.2 SLM air). Re-hydroxylation of SiO, was performed by suspending 200mg of
SiOz in 40mL of DI water, and held at 100°C for 2 h under continuous stirring. This suspension
was then subjected to three cycles of washing-centrifugation and dried overnight in a vacuum

oven (90°C). This cake was ground again using a mortar-pestle to yield the SiO, powder.
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Figure 46. Schematic of the proposed synthesis.

The first synthesis method (denoted as method 1 henceforth) for templated synthesis of CeO-
shells (SiO.@CeO,) was adapted from work by Zhang et al?®®. The re-hydroxylated SiO, (100
mg) was dispersed in a pH-controlled buffer solution of MOPS (99.5%+, Sigma Aldrich; 0.5232
g in 50 mL H20) and sodium hydroxide (added until pH = 7.35). After heating to 70°C,
cerium(lI)sulfate (240 mg, 99.5%+ purity, Sigma Aldrich) was added to the buffer solution
under N2 atmosphere. The mixture was allowed to react for 2 h under vigorous stirring, at which
point it was washed with DI water and centrifuged three times. The final product was dried in a
vacuum oven overnight at 90°C, crushed and ground to produce a fine powder. This powder was
calcined at 400°C (2 h and 0.2 SLM air).

The second synthesis method (denoted by method 2 henceforth) was adapted from the work
by Strandwitz and Stucky?®*. Briefly, 300mg of re-hydroxylated SiO, was mixed with 43mL of
ethylene glycol to create a suspension. 2.25mL of 1M solution of cerium(ll)nitrate (99.5%+
purity, Sigma Aldrich) was added and the mixture was stirred for 10min. Afterwards, the slurry
was transferred into a 50 ml autoclave, heated to 130°C under autogenous pressure for 15 h, and
then allowed to cool to room temperature. The product was washed by DI water and collected

after multiple washing-centrifuging cycles (until solution pH ~7), dried overnight at 90°C,
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crushed and ground to produce a fine powder. This powder was calcined at 400°C (2 h and 0.2
SLM air).

To test the etching process, samples were dispersed in 5 M sodium hydroxide (NaOH) and
stirred for 1, 3, or 5 h. They were then washed, centrifuged, dried, and characterized as before.

All the samples were analyzed by JOEL 200CX Transmission Electron Microscopy (TEM).
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APPENDIX B

ALTERNATIVE INTERPRETATION OF FE-NI ALLOY OXIDATION IN CO2

During the thesis defense presentation there was a discussion of the oxygen transport mechanism
for the oxidation of Fe-Ni alloys by COx. It was suggested that the proposed mechanism (Chapter

2) be presented in an alternative manner.

B.1 EXPLANATION

In the Fe-Ni alloy, Fe is responsible for “extracting” oxygen from CO; by breaking the carbon-
oxygen bond. The solid oxygen atom thus produced can bond with either Ni or Fe atoms present
in the lattice. Since the reaction takes place at high temperatures (~1000°C), it is mass transfer
controlled (no kinetic limitations). The oxidation of the Fe-Ni alloy is hence thermodynamically

driven, and the presence of Fe enables the oxidation of Ni.
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