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ABSTRACT

Due to the burning of fossil fuels and human activities, many greenhouse gases
such as carbon dioxide are released into the atmosphere, which causes global warming
and has a significant negative impact on the human living environment. Therefore, it is
imperative to develop carbon capture technologies that can prevent carbon dioxide
emission and reduce carbon dioxide concentration in the air. Further, if the captured
carbon dioxide can be converted back to fossil fuels, the emission of carbon dioxide is
delayed, and more time is gained to develop new and advanced carbon free and clean
energy technologies. Motivated by this thought, a multiphase carbonate membrane that
can capture carbon dioxide from the point source and convert a fossil fuel such as
methane into valuable chemicals with the captured carbon dioxide as a soft oxidizer has

been proposed.

In this thesis, mathematical models of four types of solid/molten-carbonate CO>
transport membranes were first developed with analytical and numerical approaches.
These four types of membranes are mixed oxygen-vacancy and carbonate-ion conducting
membrane (MOCC), mixed electron and carbonate-ion conducting membrane (MECC),
mixed electron and oxygen-vacancy conducting/ molten carbonate dual-phase membrane
(MOECC), and mixed electron and oxygen-vacancy conducting /metal/molten carbonate
triple-phase membrane (MOEECC). The analytical solutions can be derived for two basic

types of membranes, MOCC and MECC, and they agree well with numerical solutions.



For membranes with more charge carriers, numerical solutions are the only way to
calculate flux since the analytical solutions cannot solve the nonlinear concentrations of
charge carriers across the membrane. The models developed are the foundations for
improving the membrane performance and designing next-generation high-performance
CO. transport membranes. After validated by experimental data, a new type of plug flow
chemical potential driven reactor based on MOEECC membrane was modeled and the
results were compared with the co-fed fixed-bed reactor in terms of C2 yield, selectivity,
and CHa conversion rate of the oxidative coupling of methane reaction. The overall
results indicated the plug flow membrane reactors have much improved OCM

performance over the co-fed fixed-bed reactor in terms of C2 yield and coking resistance.

A new kind of MOEECC membrane was also experimentally studied in this
thesis. The oxygen flux was improved by Mn-doping CeO, (MDC) as a replacement of
benchmark Sm-doped CeO.. The upper limit of Mn-doping was determined by XRD to
be 6mol%. The co-precipitation method was used to synthesize the nanosized power
mixture of MDC and NiO, from which a porous MDC-NiO matrix was obtained after
sintering at high temperatures. A eutectic molten carbonate (MC) was then allowed to fill
the pores in the porous matrix and in-situ react with NiO to form electronically
conducting LNO phase. The best MC loading was determined to be 0.1g for a matrix
with 16% porosity, 0.916 cm? surface area and 0.75 mm thickness. With this membrane,
the flux densities of CO2 and O were obtained and the CO- and O pathways were

confirmed by specially designed experiments.
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CHAPTER 1
GENERAL INTRODUCTION: CO, CAPTURE AND SEPARATION

TECHNOLOGIES OVERVIEW

1.1 INTRODUCTION

Carbon dioxide is a vital chemical gas found in the atmosphere. It can support the
continuous life on the earth by participating in plant photosynthesis and keeping the
atmosphere warm. However, when carbon dioxide is present in excess, it threatens our
lives. Deforestation, agriculture, and fossil fuel use are the primary sources of carbon
dioxide emission. With the frequent occurrence of various extreme climate phenomena
worldwide, the threat of global climate change caused by high levels of CO> and other
greenhouse gases in the atmosphere is increasing day by day. China, the United States,
India, Russia, and Japan are the top five carbon emitters. The biggest source of carbon
dioxide emissions for these countries is the electricity sector, especially coal fired power
plants. It has become a global consensus to promote greenhouse gas emission reduction
jointly. At the same time, with the population growth and economic growth, solving the
energy shortage becomes more and more urgent. Therefore, coming up with the idea that
captures CO; and efficiently converts CO; into sustainable fuels as a delay strategy to
COz emission is a win-win strategy. Based on this background, the concept of CCS
(Carbon Capture and Storage) was proposed in 1977 and developed for over 40 years[1].

CCS is defined as a process consisting of the separation of CO, from industrial and



energy-related carbon sources, transport to a storage location and long-term isolation
from the atmosphere. A typical CO2 conversion cycle can be shown in Figure 1.1[2]. The
CCS practice technically involves capturing carbon dioxide from power plants, industrial
sites, and natural gas wells and transporting it through pipelines or ground transportation
to a favorable geological site for permanent storage. It has been suggested that CO> could
be captured from the coal-fired power plant and injected into suitable geological
formations. Over the past decades, CCS technology has gained a lot of attention and
development. Several carbon capture systems are associated with different combustion

processes, and some advanced carbon separation technologies have been developed.

Renewable energy

Fossil fuel
Carbon capture !
(T,
n
.2t CO, conversion

Power stations

® r\ HI
¢ ) ) Z :
Fuel Chemical

Energy ue

Figure 1.1 Carbon capture and conversion cycle [2]
1.2 CO, CAPTURE SYSTEMS

There are three main carbon capture systems available in the market: post-

combustion systems, pre-combustion systems, and oxy-fuel systems.



1.2.1 Post-combustion capture systems

Post-combustion capture process captures carbon dioxide from a flue gas
generated after the fuel has been fully burned with air. The process of post-combustion
capture is shown in Figure 1.2. The mixture of carbon dioxide, nitrogen, sulfur dioxide,
and oxygen are treated to remove the oxides of nitrogen and sulfur first and then contact a
liquid solvent for removing CO.. Generally, post-combustion capture systems include
absorption in solvents, adsorption by solid sorbents, cryogenic distillation, and membrane

separation. The post-combustion capture method is relatively mature in technical

applications and can generally meet the needs of conventional fossil fuel power plants.
The key advantages of post-combustion capture technology are its wide application area
and simple system principle. It could be built or retrofit with existing industrial plants and
power stations without significant modifications to the original design. The post-
combustion capture technology also has high operational flexibility and lower technology
risk than other existing technologies. What is more, renewable energy could be integrated
with the post-combustion capture technologies and capture carbon dioxide from
significant stationary sources of COz such as natural gas-fired power stations. However,
the post-combustion capture technology is not widely used in practice, mainly because of
the challenges of separating the relatively low concentration of carbon dioxide from the
large volumes of N2 in the flue gases. Also, the typically 4% CO; contained in the flue
gas from natural gas fired power plants reduces the driving force for CO; separation,
requiring more energy input. In addition, the investment and operating costs of carbon

capture equipment are high, which makes CO> capture more expensive.
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Figure 1.2 Post-combustion CO- capture process[3]
1.2.2 Pre-combustion capture systems

Pre-combustion capture refers to capturing CO> generated as an undesired co-
product of an intermediate reaction of a conversion process. In short, it is the separation
of CO2 before the burning of fossil fuels. Typically, in the pre-combustion capture
systems, fuel is converted by oxygen or steam to get a mixture of Hz, and CO. CO is then
reacted with steam in a catalytic reactor to produce CO, and more H,. The CO. produced
is then separated from Ho, usually by physical or chemical absorption. Finally, a
hydrogen-rich fuel could be obtained and used in many applications such as boilers,
refining, gas turbines, engines, and fuel cells[4]. An example of a representative pre-
combustion capture technology is the integrated gasification combined cycle (IGCC),
which converts coal to syngas. In an IGCC power plant, CO2 must be separated from
hydrogen using physical solvents or porous polymeric membranes. For the pre-
combustion capture systems, a key benefit is the high concentration of CO: in the output

stream, which makes pre-combustion CO> capture more efficient. It can be applied to



high CO> emitting industries such as chemicals (gas and coal-based) and iron and steel
making. Compared with post-combustion carbon capture technology, pre-combustion
carbon capture is more efficient since water-gas-shift (WGS) reaction is usually used to

shift syngas to generate higher concentration of CO; from CO.
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e ——
1}
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compression
—

- M Gass
steam steam Co, i power

Reforming/ |
r
Fuel = ”?mg syngas| Water gas ]COZ H, Power exhaust
partial : H CO, capture : !
okldation shift 2 | generation H
~—— Ne—

oxygen|  Syngas island €0, separation } iPower island

oo —

air
air Air exhaust
5 —>
separation
Oxygen island

Figure 1.3 Schematic of pre-combustion capture process for power generation [5]
1.2.3 Oxy-fuel combustion systems

Oxy-fuel combustion is currently considered one of the major technologies for
CO- capture. It includes three main components: the air separation unit (ASU) that
provides O, for combustion, the furnace and heat exchangers where combustion and heat
exchange occur, and the CO; capture and compression unit. Pure O is used for fuel
combustion in oxy-fuel combustion, thereby producing a CO2-enriched flue gas ready for
sequestration once water is condensed from the flue gas and other impurities are
removed. Compared with other carbon capture systems, NOx formation in oxy-firing is
significantly lower due to the use of No-free pure O as well as re-cycling of flue gas.
Furthermore, the flue gas volume from oxy-firing is significantly lower than any other

5



system since oxygen is used for the combustion process instead of air. This, in turn,
results in a need for much smaller flue gas emissions control equipment, leading to cost
savings. Oxy-power plants incorporate mature technologies at an industrial scale but have
not been deployed at a scale suitable for the electric power industry due to the high
energy costs associated with oxygen production, requirement for exotic materials to
withstand the high O, environment. Therefore, one next step in improving the oxy-fuel
combustion is a step-change technology for oxygen production. It will bring the cost of

oxy-fuel combustion down significantly.
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Figure 1.4 Typical process flow diagram of an oxy-combustion system[6]
Pre-combustion and oxyfuel power plants have better performance in some

environmental impact categories since they require less coal and result in less emissions
and wastes production. The pre-combustion systems have been proven to have the least
environmental impact because the flue gas can be fully purified by removing the heavy-

metal and benzene. Similarly, oxy-fuel combustion systems also show less environmental



impact since most of the particles are removed in the electrostatic precipitator, flue gas
desulphurization and CO2 compression and purification units. Post-combustion capture
can be easily adapted to the existing plant so it has the simplest implement but the gas
stream is much diluted in CO2, making it costly to capture[7]. Overall, all these three
technologies can achieve the goal of reducing CO2 emissions and thus reducing the

impacts of global warming.

1.3 CO, CAPTURE TECHNOLOGIES

Both pre-combustion and post-combustion involve the separation of CO, from a

gas mixture of different compositions.

1.3.1 Chemical absorption

Chemical absorption involves CO> react with a chemical solvent to form a weakly
bonded intermediate compound which may be regenerated with the application of heat,
producing the original solvent and a pure CO- stream. The typical plant for post-
combustion CO- capture by chemical absorption is shown in Figure 1.5. Before entering
the absorber column at the bottom, the flue gas is cooled first. Then CO- is absorbed by a
chemical solvent in aqueous solution in counter-flow manner when the flue gas rises in
the column. To increase the contact area between gas and liquid phase, the column is
filled with random or structured packing. At the top of the absorber, there is a washing
section contacting the gas with cold water to help reduce the slip of solvent to the
environment. To overcome the additional pressure losses in the flue gas path, an induced
draft is required. The treated CO>-free flue gas is released to the atmosphere from the top

of the absorber. The absorbed CO: is stripped from the rich solution in a separate column.



The COz-rich solution is gathered at the bottom of the absorber and pumped to the
desorber and passing a preheated heat exchanger to a required temperature. In the
desorber, the CO2-rich solution releases the captured CO,. A counter-flow of vapor
generated in the reboiler consisting mainly of steam and CO; deliver the partial pressure
difference and heat for the CO, separation. The CO2-rich gas is cooled, and part of the
water vapor is condensed at the top of the desorber. The remaining gas can be
compressed and then ready for transportation to a storage site. At the bottom of the
reboiler, the CO.-lean solution is gathered and returned to the absorber, passing the heat
exchanger and cool down to the desired absorber temperature. The process cycle is closed

by disperse the lean solution at the top of the absorber column.
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Figure 1.5 Process flow diagram for CO- capture from flue gas by chemical absorption[8]



The requirements for CO> capture by chemical absorption including high inherent

CO- capacity per weight of solvent, high absorption rate, low cost, non-corrosive

behavior, no degradation under the operating conditions of the absorber and desorber,

low vapor pressure, low viscosity, non-toxic and non-hazardous. The maximum amount

of CO- can be absorbed is determined by the inherent CO> capacity of the solvent. The

less solution needed to absorb the more CO2 is more beneficial for the reboiler heat

requirement and the solution pumps power demand.[9] The most commonly used

materials and conditions in CO2 absorption process is shown in Table 1.1 [10]

Table 1.1 Materials and conditions in CO. absorption [10]

Absorbent | Absorption | Absorption Desorption | Desorption Cost ($/ton
temp (°C) pressure(atm) | temp (°C) pressure(atm) | CO)

MEA 50 2.24 120 1 13.9

MEA (with | 55 1 120 1 None

Fe) reported

PSR 50 2.24 110 1 None
reported

K2COs 45 1 55 0.15 None
reported

Chemical absorption technology has the advantage of suitable for retrofitting of

the existing power plants and it has been commercialized for many years. However, it

also shows some disadvantages such as low CO> loading capacity, high equipment




corrosion rate and amine degradation and high energy consumption etc. The possible
approaches to solve these drawbacks focus on the improvement of absorbents and

operations.[11]
1.3.2 Membrane-based CO- separation

Both pre-combustion and post-combustion CCS involve the separation of CO-
form a gas mixture, composed of CO2 and Hz in the first step and CO: diluted in air and
other combustion gases, such as sulfur dioxide and nitrogen oxides in post-combustion
flue gas. Membrane-based CO> separation process in recent years appears to be a
competitive substitution for conventional chemical absorption technology. The schematic

of a membrane separation process is shown in Figure 1.6.[12]

Wet |

scrubber feed
Compressor Membrane I' P retentate
‘ﬁ N B
—_— >4 "

Flue gas permeate|  yacyum Vacuum
Pump 1 Pump 2
Cooling : @ : @
Water Intercooling Aftercooling

Figure 1.6 Schematic of the membrane separation technology for CO; capture [12]

When using the membrane separation technology for CO> capture, the flue gas is
usually cooled down to the operational temperature of the membrane by a wet scrubber
before entering the membrane module. A portion of CO, permeate through the membrane
in the membrane module and at the permeated side, a higher CO> concentration is gained

with retentate gas left in the flue gas.
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The membrane materials play an important role in separating CO> from flue gas.
Two major properties should be taken into consideration, which are permeability and
selectivity. Permeability affects the separation efficiency, and the selectivity determines
the CO- purity in the permeate gas. Membranes being investigated including polymer
membranes, mixed matrix membranes, carbon molecular sieve membranes and inorganic
membranes. Each membrane material has its own separation property, thermal and
chemical stability and mechanical strength, thus has its own advantages and challenges
related to performance, cost and lifetime. Polymer membranes have the advantages of
good separation performance, good mechanical stability and low cost. Commercial
polymeric gas separation membranes are mostly made from cellulose acetate (UOP,
GMS, NATCO), polysulfone (Air Products), and polyimides (Praxair), polyphenylene
oxide (Parker-Hanni-fin), and polydimethylsiloxane (GKSS, MTR). Microporous organic
polymers have large surface area and attracted many research interests. The first reported
polyimide-based thermally rearranged polymers is prepared by Park et al with an average
pore size of 0.4-0.9nm[13]. This membrane has flexible structures and excellent gas
separation performance under high-pressure[14, 15] and high temperature condition[16].
Another type of microporous polymer materials of PIMS (polymers of intrinsic
microporosity) has the advantages of slow physical aging, high gas permeability and high
selectivity. Budd et al reported a high surface area of 600-900 m?/g and a 22-24% high
fractional free volume of PIMS[17]. To improve separation performance of common
polymer membranes, rigid permeable or impermeable particles are dispersed in a
continuous polymeric phase to form mixed matrix membranes[18]. Mixed matrix

membrane with microporous fillers could improve selectivity and might get an increased

11



permeability as well, while adding nonporous nanoparticles can improve gas

permeability[19].

For high temperature CO> capture and conversion, a ceramic CO> transport
membrane consists of a porous solid phase scaffold infiltrated with a molten carbonate
phase has been studied. The porous solid oxide phase conduct ions and electrons and
work as placeholder for the molten carbonate phase. The molten carbonate phase acts as
the carbonate ionic conductor and gas sealant. Based on the charge carriers of the solid
oxide phase, the high temperature CO> transport membrane can be divided into three
categories: (1) MOCC (mixed oxide-ionic and carbonate-ionic conductor membrane), (2)
MECC (mixed electronic and carbonate-ionic conductor membrane), (3) MEOCC (mixed
electronic, oxide-ionic and carbonate-ionic conductor membrane). The mechanisms of
the membranes are shown in Figure 1.7[20]. Zhang et al developed a mixed-conducting,
triple phase membrane for high temperature and high selective CO,/O; capture and in situ
conversion of methane into syngas via dry-oxy methane reforming. The membrane
composed of a porous NiO-SDC matrix filled with molten carbonate. The membrane
achieved a flux density of CO2 and O, of 1.17mL min™ cm and 0.52 mL min*t cm?,
respectively at 850°C with Ar as the sweep gas and a CH4 conversion rate of 84.1% with

CHs-Ar as the sweep gas for the dry-oxy methane reforming[21].
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Figure 1.7 Schematic of high temperature CO; transport membranes [20]
1.3.3 Adsorption

Adsorption is a heterogeneous process that can be used to capture CO> from flue
gases generated by fossil fuel power plants. It can be performed on naturally occurring
substances such as coal or some more complex human-made sorbents such as activated
carbon, molecular sieves and zeolites. Two methods that are commonly used for
adsorption are pressure swing adsorption (PSA) and temperature swing adsorption
(TSA). The driving force for either case is temperature, CO> partial pressures, surface
forces and pore size or sorbent available surface area. PSA is always preferred since it

requires lower energy and has higher regeneration rate.

Figure 1.8 shows an example of a single chamber adsorption system. Flue gases
are cool down to the desirable temperature first and then enter the adsorption chamber.
To get the maximum CO; adsorption, the chamber is pressurized by flue gas with

compressors. The rest of the flue gas component are allowed to exit. To liberate the CO-
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from the sorbent, a vacuum can should be applied. Then, carbon oxide can be sent by a

separate outlet for sequestration.

Stage 1 Stage 2 COZ gas

C ) Vacuum
;’mpress'on ~0.0013 atm
> atm 60°C
30°C
Sorbent Sorbent
—] Cooler
Flue gases Flue gas stopped

Figure 1.8 Single chamber adsorption system [22]
Figure 1.9 shows an example of typical pressure swing adsorber. In this adsorber,

two chambers pass the pressure back and forth in a continuous cycle. Pressure is applied
to one of the chambers and flue gases are sent into this chamber. Then the pressure is
transferred to the other chamber and introduce a new volume of waste gas. When this
chamber is pressurized, the first chamber is depressurized then CO: is collected. The
waste gases are sequentially injected into the two chambers and the cycle continues in a
switching mode. The flow of the CO> and the flow of the rest of the flue gases are

controlled by the connecting lines and valves[10].
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Figure 1.9 Two-chamber pressure adsorption system [10]
1.4 METHANE CONVERT PROCESS

Nowadays, with the development of the natural gas industry, the production of
natural gas is increasing day by day, the potential and availability of this non-renewable
energy have been widely concerned. Methane, the main component of natural gas, not
only can work as fuel to produce heat and electricity but also can be converted to syngas

and other valuable chemicals.

1.4.1 Oxidative coupling of methane

Oxidative coupling of methane (OCM) is a process that converts natural gas into
value-added chemicals such as ethane and ethylene, it has been investigated as a
promising way to obtain higher hydrocarbons from natural gas. The first attempt of
directly converting methane into ethylene and other hydrocarbons was done by Ito and
Lunsford[23], Keller and Bhasin[24] during the 1980s. Those studies reported that
methane could be converted to ethylene and other hydrocarbons like ethane successfully

but with a low conversion rate and poor yields over metal oxide catalysts. Many studies
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since then targeted at effects of catalyst compositions, modifications, and reaction
conditions toward achieving high conversion and selectivity. There have been many
efforts to improve the C2 yield by developing novel catalysts, such as Li/MgO[25],
La,03/Ca0[26], and Mn/Na;WO4/SiO2[27]. The kinetics of OCM on La;03/Ca0 catalyst
involves 8 species. The kinetic model of a set of 10-step OCM reactions was reported by
Stansch et al[26]. The kinetic model included thermal cracking, steam reforming, and
water gas shift reactions. The kinetic model considered the following set of

stoichiometric equations:

CH, + 20, - CO, + 2H,0 (1-1)
2CH, + 0.50, = C,Hg + H,0 (1-2)
CH,+ 0, » CO + H,0 + H, (1-3)

CO +0.50, - CO, (1-4)
C,Hg + 0.50, - C,H, + H,0 (1-5)
C,H, + 20, - 2C0 + 2H,0 (1-6)

C,Hg = C,H, + H, (1-7)
C,H, + 2H,0 — 2C0 + 4H, (1-8)

€O + H,0 - CO, + H, (1-9)
€O, + H, —» CO + H,0 (1-10)

Typically, the OCM reactions involves methyl radicals (CHs*) formation via
hydrogen abstraction from the methane by the active surface oxygen species available on
the oxide catalyst surface. The simplified reaction network of the oxidative coupling of

methane at oxides is shown in Figure 1.10.
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Figure 1.10 Simplified reaction network of the oxidative coupling of methane at
oxides[28]

In 1982, Union Carbide first proposed the reaction on MnOx/Al.QO3z catalyst at
800°C. It can achieve 14% methane conversion and 5% C2 selectivity, thus a new way of
direct conversion and utilization of methane could be opening. Narui et al. carried out the
reaction on PdO/AI;O3 (PdO load 36%) catalyst at 740°C, and the selectivity of C2 was
7.17% at 11% methane conversion[29]. Studies on Li/MgO catalytic system show that on
pure MgO, only 1% C2 yield was obtained at 720°C. The yield of C2 was 14% on 7%
Li/MgO catalyst. It is believed that the substitution of Li* to Mg?* in MgO leads to the
formation of a new active site, which promotes the reaction[30]. Warren et al found that
introducing CI" into the system not only promote the reaction well but also inhibit the
generation of CO2 and improve the ratio of CoHa/C2He [31]. After screening hundreds of
catalysts by more than 40 labs worldwide, most of the alkali, alkaline earth, transition,

and rare earth metals are used in the OCM process.

At present, the catalysts with good performance are SrO/La>O3 and
Mn/NaxWO4/Si0». In 1998, Lunsford et al. obtained a 20% methane conversion rate and
80% C2 selectivity in Mn/Na;WO.4/SiO> system. [32] A comparative study of

Mn/Na,WO4/SiO> system with fixed bed reactor and electrochemical oxygen supply
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reactor shows that electrochemical oxygen supply can improve the selectivity of reaction
and the yield of C2 hydrocarbons, and 86% C2 selectivity and 4% C2 yield could be
reached under certain reaction conditions[33]. In general, decreasing CH4/O- ratio can
improve methane conversion, but the reaction’s selectivity could also be decreased.[34]
To improve the C2 selectivity, it is necessary to separate the dilute ethylene to recycle the
methane, which inevitably increases the cost of separation. To improve the economic
viability of the process, many strategies are used in the OCM reactions, for example,
membrane reaction separation systems, electrocatalytic reaction separation systems, and

distributed oxygen feed with different reactor design.

1.4.2 Dry methane reforming

Dry methane reforming (DMR) is the process that utilizes two leading greenhouse
gases, carbon dioxide (CO.) and methane (CHa), to produce a mixture of carbon
monoxide (CO) and hydrogen (H2) syngas, which is a critical precursor to produce other
valuable chemicals and liquid fuels. The concept of dry methane reforming was proposed
as early as 1888.[35] In addition to its potential role in managing greenhouse gas, dry
methane reforming also attract attention as a response to repeated oil crisis owing to its
higher CO selectivity and low H»/CO ratio, which are suitable for the synthesis of long
chain hydrocarbons or oxygenate chemicals such as acetic acid, dimenthyl ether and oxo-
alcohols[36]. A variety of catalysts for dry methane reforming including noble and non-
noble metals have been studied. Noble metals represented by Ir, Pt, Pd, etc. has a higher
resistance to the coke formation but they are economically unavailable[37]. To reduce the
cost of catalyst, cheaper metals such as Ni, Co were used as a promoter to decorate the

noble metal and help to provide the additional active sites and improve their resistance to
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coke formation[38]. Some studies also focus on the support influence as well as the

methods of preparation and activation to enhance the catalytic performance[39].

In the thermodynamics perspective, dry methane reforming is an extremely

endothermic reaction.

CH, + H,0 - CO + 3H,, AHYsgx = 206k] - mol~1 (1-11)
Both CH4 and CO: have very strong and stable chemical bonds with high
dissociation energy: 435 kJ/mol for (CHs-H) and 526 kJ/mol for (CO-O). To make the
reaction occur and produce syngas, high temperature is required. For the long-term
utilization, renewable energy would have to be used to supply the required heat for the
dry methane reforming reaction. The equilibrium for the production of synthesis gas is

generally influenced by the reverse water gas shift reaction:

CO, + H, » CO + H,0, AH29g = 41k] - mol™1 (1-12)
This results in the product Ho/CO ratio below 1 and the conversion rate of CO- is

higher than CHas.

For both OCM and DMR reactions, carbon deposition is a non-negligible problem
that can lead to catalyst deactivation. For DMR, the carbon is primarily formed via three
reactions:CH4 decomposition, Boudouard reaction, reduction of carbon monoxide by

hydrogen produced by previous reactions.

CH, - C + 2H,, AH24g; = 75k] - mol™1 (1-13)
2C0 - C + CO,, AH)ogx = —172k] - mol™? (1-14)
CO + Hy > C + Hy0, AHYogx = —131k] - mol™?! (1-15)

The fashion of carbon deposition on the catalyst surface is shown in Figure 1.11.
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Figure 1.11 Pore plugging in a supported metal catalyst owing to carbon deposition[40]

Wang et al. found that carbon formed by CH4 decomposition when temperature is
higher than 557°C and formed by the Boudouard reaction below 700°C. They suggested
that at the feed ratio of CO2/CH4=1:1, the optimum temperature range is 870-1040°C
when taking the conversion and carbon formation into consideration [41]. Several other
studies focused on the effect of temperature, CO2/CHa ratios, pressures also concluded
that to obtain higher conversion rate of DMR reactions, the temperature above 850°C and

low pressures is required[42-44].

Carbon formed at different temperature and support present different shapes and
has different impact on the catalyst. Arona et al listed different types of carbon species

deposited during dry methane reforming process, as shown in Table 1.2[45]
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Table 1.2 Details of different carbon species formed on the catalyst surface

Carbon structure Designation Temperature range (°C)

Adsorbed, atomic carbon Cq 200-400

(surface carbide)

Polymers, amorphous films | Cp 250-500
Ni carbide (bulk) C, 150-250
Vermicular filaments or Cv 300-1000
whiskers

Graphite (crystalline) Cec 500-550
platelet films

1.5 METHANE CONVERT REACTOR DESIGN

1.5.1 Fixed-bed reactor

Since the OCM reaction was proposed and concerned, most research works on
OCM are based on the fixed-bed reactors since the fixed-bed reactors have simple
structure and it is easy to assemble and operate. The scheme of fixed-bed reactor for
OCM reaction is shown in Figure 1.12. In the fixed-bed reactors, all gas composition is
co-fed at the inlet of the reactor. The catalyst is filled inside the reactor. The fixed-bed
reactor is an ideal candidate for industrial production because of its simple structure.
However, due to the key challenge of heat management and temperature control problem,
the C2 products (ethylene and ethane) yields cannot achieve over 25%, which limits the

application in industry. Apparently, the high axial and radial temperature gradients
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occurring in fixed-bed reactors not only limit conversions but also cause a drop of C2
selectivity and yield. Moreover, the effect of oxygen concentration can also make the C2
products oxidized into undesirable products such as carbon dioxide and carbon monoxide

since the oxygen distribution cannot be controlled in the fixed-bed reactor.

Methane
Oxygen

catalyst

Figure 1.12 Schematic of fixed-bed reactors[46]
1.5.2 Membrane reactor

To overcome the limitation of low C2 yield and minimizing the economic
constraints, the OCM studies have also been focused on the application of the membrane
reactors. In contrast to the fixed-bed reactor, the components of the membrane reactor
enter the reactor along the selective permeation membrane. By controlling the driving
force such as partial pressure, the distribution of components in the reactor can be well
controlled, so that the reaction can be carried out fully, and the problem of excessive
oxidation of products can be avoided. Many different types of inorganic membranes
including inert porous membranes, packed bed membranes, catalytic membranes, solid-
oxide membranes, and dense membranes are reported in literatures. Schematic of
catalytic mixed conducting ceramic membrane reactors for various reactions are shown in

Figure 1.13[47].
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Figure 1.13 Schematic of catalytic mixed conducting ceramic membrane reactors for
various reactions[47]

The most appropriate candidate materials for membrane reactor found so far are

the perovskite oxides. The performance of membrane reactors can be improved by (1)

developing new membrane materials which can be stable at high temperature under

reducing atmosphere during a long-term operation with less loss of gas permeability; (2)

membrane materials surface modifications to work as a catalyst or improve the gas

permeation; (3) designing new membrane reactor configurations[48-54]. Some studies
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have obtained remarkable results in the surface modification of the membrane. The
partial oxidation of methane performance in membrane reactor was studied by
Yaremchenko et al. They found that the methane conversion rate rose from 5.2% at
850°C to 16.1% at 950°C. In this case, the perovskite oxide (SrFe)o.7(SrAl2)o30: itself
served as a catalyst[55]. An increased oxygen flux and methane conversion due to the Pt
coating on Lao.sSro.4C0o.2Feo803-5 hollow fiber membrane was reported by Tan et al. At
950°C, a maximum C2 yield of 15.3% and 43.8% selectivity was obtained[56]. By
comparing the performance of modified BaosSro.sC0o.8Fe0.203.5 disk membrane surface
with three different catalysts (Pt/MgO, Sr/La203, LaSr/CaO) for OCM, it was found that
LaSr/CaO reached the highest yield between 900and 1000°C and achieved 18% C2 yield
with 34% CHj4 concentration[57]. Some other studies also focused on developing the
configuration of membrane reactor, a two-stage membrane reactor was proposed by Chen
et al. The schematic diagram of the two-stage membrane reactor is shown in Fig 1.14. In
this case, methane travels through the membrane consisting of Bao5Sro5C00.8F€0.203-5
(97.5 mol%) and Co304 (2.5 mol%) first, where the deep oxidation occurs. The heat
released by the deep oxidation is supplied to the catalyst bed where endothermic
reforming reactions take place. This device was considered as conducive to the energy
consumption and achieved both the methane conversion and CO selectivity exceed 95%.

[58]
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Figure 1.14 Schematic diagram of two-stage membrane reactor for syngas production[59]
In conclusion, the problem of greenhouse effect and energy crisis cannot be

ignored. The development of carbon capture and conversion technology is crucial to the

development of environment.
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CHAPTER 2
FUNDAMENTAL OF HIGH TEMPERATURE MULTIPHASE CO;

CAPTURE AND CONVERSION MEMBRANES AND REACTORS

2.1 WORKING PRINCIPLE OF HIGH-TEMPERATURE CO, CAPTURE AND

CONVERSION MEMBRANES

2.1.1 Working principle of classical high-temperature CO; capture and conversion
membranes

The previously reported high-temperature dual-phase membranes for CO2
separation can be classified into 4 different types, which are mixed oxygen-vacancy and
carbonate-ion conducting (MOCC), mixed electron and carbonate-ion conducting
(MECC), mixed oxygen vacancy, and electron-hole conducting/molten carbonate double
phase membrane (MOECC), mixed oxygen vacancy and electron-hole
conducting/metal/molten carbonate triple-phase membrane (MOEECC).

In MOCC membranes, the most commonly used materials in the solid oxide
phase are SDC and YSZ, which are known as typical oxide-ion conductors. In MOCC
membranes, gaseous CO; reactors with oxygen anions form carbonate ions (2-1), then the
carbonate ions travel through the molten carbonate phase and release CO; at the
permeated side following the reverse reaction. The working principle of the MOCC

membranes can be illustrated in Figure 2.1.
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CO, + 02~ = CO%~ (2-1)

Q‘F()Z D
cor”

3 0+ 3

€O =CO,+0"
Figure 2.1 Transport principle of MOCC membranes[20]

In MECC membranes, the ideal candidate for the metal phase should have
relatively high electrical conductivity and chemical inertness to molten carbonate. In
MECC membranes, CO: reacts with oxygen molecular in the presence of electrons on
electron-conducting porous support following reaction at the feed side (2-2), then the
carbonate ion transport through the membrane via molten carbonate phase and the reverse
reaction (2-3) occurs at the permeate side. The working principle can be illustrated in Fig
2.2.

CO,+1/20,+ 2e™ = CO% (2-2)
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CO,+1/20,+ 2¢"= COZ~
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Figure 2.2 Transport principle of MECC membranes[20]
In MOECC membranes, a mixed oxygen-vacancy and electron-conducting

(MOEC) solid oxide phase is mixed with molten carbonate to form the membrane. Both
MOCC and MECC transport mechanisms take place in MOECC. At the feed side,
oxygen ions are formed by gaseous oxygen with the presence of electrons. Carbon
dioxide reacts with oxygen in the presence of electron to form carbonate ion (2-3, 2-5). In
parallel, carbon dioxide reacts with oxygen ions, forming carbonate-ion (2-4). The
carbonate ion then transports through the membrane and form carbon dioxide and oxygen

by reverse reactions.

CO,+1/20,+2e™ = CO% (2-3)
€O, + 0% = CO2~ (2-4)
1/20, + 2~ = 0%~ (2-5)
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Figure 2.3 Transport principle of MOECC membranes[20]
2.2 NEWLY DEVELOPED CO2/02 CO-TRANSPORT MEMBRANES WITH

ENHANCED ELECTRON CONDUCTION

The current reported CO/O> co-transport membranes have a performance-
limiting factor that the multi-phase boundary density for the O.-transport pathway is very
low, which results in a low O to CO> flux ratio. To increase the O, to CO> flux ratio, one
strategy is to expand the O.-transport pathway. The approach to achieve this aim is to
introduce electronic conduction into the CeO> phase, which makes the multi-phase
boundary active for the pure CO2-transport also active for Oz-transport. The schematic
and working principle of the membrane with the addition of the electronic conduction

pathway is shown as Figure 2.4.
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Figure 2.4 Schematic working principle of the newly developed CO2/O> co-transport
membrane

The newly developed CO2/O> co-transport membranes are triple phase
membranes, consisting of a porous matrix solid oxide phase made of transition metal
doped CeO2 (TMDC), eutectic LioCO3z-Na2CO3z molten carbonate phase (MC), and
LiNiO2 (LNO)formed in-situ between MC and NiO at high temperatures. Here the
TMDC works as a mixed electron and oxygen ion conductor, molten carbonate is a pure
carbonate ion conductor, LNO is a pure electron conductor.

The transport mechanism of the new electron enhanced COTM is shown in Figure

2.5.
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Figure 2.5 Transport mechanism of high temperature CO2/O2 co-transport membrane
For CO; transport, the difference in partial pressures of CO; at the feed and

permeate boundaries creates a concentration gradient of carbonate ions in MC phase. At
the feed side of the membrane, gaseous CO; reacts with oxygen ions(O%) to form
carbonate ions.

0% (s0) + €O, = CO5™™ 30 (2-6)

Also, with the electron-conducting phase, there is another reaction taking place.
CO- and O, are combined with electron to form carbonate ions.

1 _ 2-7
COy + =0, + 2e™ (1yoy = CO5° (2-7)

2 (MC)

1 _ _ 2-8

502 +2e" noy = 0? (50) 2-8)
Carbonate ions transport through the MC phase from feed side to permeate side

with the driving force of pressure gradient. When carbonate ions and oxygen ions arrive

at permeated side, CO, and O are reformed by reverse reaction. The driving forces of the
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transport are the partial pressure and gradient of CO> and O across the membrane. The
overall reaction can be described by:

1 1 (2-9)
502 (feed) + CO,(feed) = 502 (sweep) + CO,(sweep)

2.3 THEORETICAL TRANSPORT FLUX MODEL FOR CO2 SEPARATION

MEMBRANES
2.3.1 Transport flux for MOCC membranes

A model to describe the flux of CO- through a dual-phase membrane consisting of
solid oxide and molten carbonate phases was developed by Wade et al.[60]. For the
transport thermodynamics of the molten carbonate phase, a multi-component force

balance is used to describe the properties:

(2-10)

C,V(y; + Zfip) = RTZ -
j

- vy

Dy~
Where Ci is the concentration of species i and it is also the driving force of the

transport system balanced by the interactions with other species j in the system.

The flux of species i, Ji, is defined as:

Ji = GV, (2-11)

Rearrange (2-10)

RT 1 2-12
CiV(u; + ZFip) = T E o (G =Gl (12
— Lj
j

Where Cr is the total concentration of all species and C+=3Cc,
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Under steady state conditions, the individual flux of each alkali metal cations in
the molten carbonate phase Ju=0, the concentration of the carbonate ion is uniform, so

the chemical potential of CO3? can be assumed as a constant, which means Vu, = 0
Eventually, the following expression for carbonate flux can be obtained:

ZcCeDeyF -
Jo = —¢ C ;TCM vgMe (2-13)

XLi XNa XK | (2-14)
Dew =3 L
M = Desi " Dewa | D

For the solid oxide phase, it can be either a pure ionic conductor or a mixed ionic-
electronic conductor. The motion of the mobile charge carriers in a solid oxide vacancies

and electrons can be obtained by dilute solution model:

Z;FD;C; -
Ji=—A-&)(D;VC; + %V(DSO) (2-15)

Where the (1-¢) is the correct factor for the fractional volume of the solid oxide

phase.

The reaction occurred on the surface of solid oxide phase and molten carbonate
phase converting CO2 to CO3? and coupling the transport properties of the solid oxide

phase and molten carbonate phase.

COzgy + 0550y = CO5cy + Voisoy (2-16)
The flux of all the species in the membrane must be known to solve for the flux of
carbon dioxide. The concentration and electrical potential profiles are determined by
solving the partial differential equation. To solve the partial differential equation, the

reaction on the surface is assumed to be at a pseudo-steady state:
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Hco, T MHox = v + ZyFDso + tic + ZcF Dy
The chemical potential of COz is related to the CO; partial pressure:

Pco,
PO

Hco, = Mgo, + RTIn

The chemical potential of defect charge carriers in the solid oxide phase,
vacancies and electrons are related to their concentrations:

o Ci

Hi = ,lli + RT 11’15

Then the following equations can be obtained:

Peo, C°

RT (n22.2) = F(Z,050 + ZcOuc) =

B = py — Mo, + He — Hox

Where B is considered as a constant over the bulk of the material.

(2-17)

(2-18)

(2-19)

(2-20)

(2-21)

The boundary conditions of the partial differential equations are the requirement

of net zero current and the zero potential along the coupled CO; surface reaction at both

boundaries[61].

2.3.2 Transport flux for MECC membranes

If the metal-carbonate membrane is a homogenous mixed conductor, the partial

flux density Ji of the charged particle can be written as:

D;C;

S o O S S S FI
]i - RT an (ZiF)Z VTh (ZiF)Z (v.ul + ZLFV®)

(2-22)

Where Di is the self-diffusivity, Ci is the concentration, oi is the conductivity and

zi is the charge of species i, ni is the electrochemical potentials of species i, i is the

34



chemical potentials of species i, ® is the static potential. In this case, the charged particle

i can be COs* or e

If we consider CO3? as species 1, e as species 2, since there is no external current

exists in the membrane,

zJ1+22J, =0 (2-23)

The Equation (2-23) can be simplified as:

0102 Vg —21/2, Vi, (2-24)
zZ2F? o, + o,

=

At the feed-surface, the CO; transport electrochemical reaction is:

CO, +1/20, + 2e~ = CO* (2-25)

That means at equilibrium,

1 2-26
Vidco, + Evﬂoz =V — 2V, (2-26)
The chemical potential gradient can be expressed as:
RT dlna, (2-27)
Vidco, = Vs = C_1 (aTCl)VCl
RT dlna, (2-28)
Vo, =V = < (m)vcz
Concentration C;j can be calculated by ideal gas law:
2 P (2-29)
€ =35 G
1 P (2-30)
C=3Gp

Where
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Pt=PCO2+P02=P1+P2 (2'31)

dP, :
G (252

The flux of carbonate ion can be written as:

(2-33)

1
Jco,= =Jco, = 8F2 (GCOZ ipe )(Vlnpco +2VlnP02)

At steady-state, the flux density of CO> can be obtained by integrating for one-
dimensional system for L and P:

J & f Pé’oZP"”Z( Tcog? %" )(dl Peo, +~dIn Peo,) .
Co, = T Gor27 D NFco, T 5dlnPeo
© B p, \Tco t e .

Where P¢p, and Py, represent the CO2 and Oz partial pressure at the permeate
side, while P, and Py, represent the CO2 and O partial pressure at the feed side. Since

the conductivity of metal phase is much larger than the molten carbonate phase, Equation
(2-35) can be simplified into:
3 J'Pélozpélz 1 (2-35)

Jeo, = T Oco,2- (dInPeo, + Edln Pco,)

Pco,Po,
If the microstructural and volumetric effects are taken into consideration, Jcoz can

be changed to:

e 3 (Mot 1 (239
Jeco, = _;8F2L(pJ Tcos?" (d1InPeo, +§dlnPC02)

Pco,Po,

Where ¢ is the porosity of the porous metal matrix, T is the tortuosity of the

porous matrix, and ¢ is the volumetric fraction of the carbonate phase[62, 63].
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2.3.3 Transport flux for MOEC membranes

The solid oxide phase in the MOCC membrane is a pure oxygen ion conductor,
while in MOEC the solid oxide phase is a mixed electron and oxygen ion conductor.
Considering the electron conducting in the solid oxide phase, the flux of electron is

connected to the flux of oxygen by:

Jn = —4/o, (2-37)
To establish the concentration of electrons and oxygen vacancies at both

boundaries, the mass action law should be used:

C, = K(T)Y2¢, /2Py 1" (2-38)
In this model, the electron current and electron concentration are both driven by
the oxygen partial pressure. The oxygen inside the bulk of the lattice is assumed to be
very small. The gas phase diffusive flux of oxygen relative to the membrane surface at

the feed side can be approximated as:

(2-39)

Do, co
]02 = —#(CS(O) - CsFeed)

SCOHC

Where Do2,co2is the binary gas phase diffusion coefficient, conc IS an assumed
concentration boundary layer thickness, Cs (0) is the oxygen concentration at the
membrane surface, Cs™*is the oxygen concentration within the bulk of the feed system.

The vacancy and electron concentrations can be coupled by electroneutrality:

z ZiC; = ZyCy + ZyCp + ZpCp = 0 (2-40)

If we assume Cy as a constant and using oxygen partial pressure to approximate the value,
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de*® 1 eZDcC, | Pco,(0)
&~ 2, 0= 9z,D,C, — e2.D.C n(PCOZ 0

)

At the permeate surface,

d’c,  dC,

=gz T 0

V- Jn

nZF d@S°
w=—
RT dx

Solving for concentration of electron, at x=0 and x=L boundaries[60],

C,(x) = 2K(T)%P0_f(x)

The final CO> flux density for the MOEC membranes is:

1
&/Tuc CCDC(j 0, ViLo, + (ov + 0,)Viico,)

Jco, = —

E/T
(RT(oy + 0,) + (1—/5% 27, ZcF?DcCe)
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CHAPTER 3
SYNTHESIS AND CHARACTERIZATION OF HIGH-TEMPERATURE

CO, TRANSPORT MEMBRANES

3.1 SYNTHESIS OF POROUS MATRIX AND MEMBRANES

Porous ceramics, also known as microporous ceramics, foam ceramics, is a type
of functional ceramic material. The primary materials are corundum sand, silicon carbide,
and other inorganics, and formed through high-temperature sintering process. After
formation, porous ceramic materials contain open aperture, high porosity and tortuosity.
Porous ceramics can be generally divided into three categories according to pore size:
microporous ceramics (pore size less than 2 nm), mesoporous ceramics (pore size of 2-50
nm), and Microporous ceramics (pore size more than 50 nm). The pore structure and
preparation method can be divided into honeycomb ceramics and foam ceramics. The
latter has three basic types: closed, open, and half-open structures. Porous ceramics have
strong chemical stability, low density, high heat resistance, large specific surface area,
and strong resistance to thermal impact[64].

Porous ceramics development began in the 1870s, was only used as a bacterial
filter material in the early time, It has low density, low thermal conductivity, high
porosity, high strength, good corrosion resistance and good thermal shock resistance. Its
excellent performance has opened up a broad prospect for its application. It has been
widely used in many engineering fields such as environmental protection, energy-saving,
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chemical industry, petroleum, refining, food, biomedicine, etc., attracting close
attention of the global material science community.

The properties of porous ceramics are closely related to the composition factors
and the shape, size, and distribution of pores. From the perspective of preparation,
structure, and properties, the formation of pores is the crucial step in the preparation
process of porous ceramics, which is also the focus of porous ceramics research.

At the same time, the distribution of pores in porous ceramic materials could
reduce the thermal conductivity of the material, which makes the porous ceramic
materials excellent heat reservoir and heat insulation performance. Therefore, porous
ceramic materials can be used as thermal insulation. At present, porous ceramic materials
are widely used in gas and liquid filtration, purification, separation, chemical catalytic
carrier, sound absorption, shock absorption, thermal insulation materials, biological
materials, unique wall materials, and sensor materials.

The traditional preparation method of porous ceramics features using a pore-
forming agent. The process is to add a pore-forming agent in ceramic slurry and make the
pore-forming agent and ceramic slurry as evenly as possible, through different methods,
and then remove the pore-forming agent in the body during the high-temperature
sintering process, leaving holes behind, thus obtaining porous preform. The advantage of
this process lies in that the amount of pore-forming agent can be arbitrarily adjusted to
control the porosity of porous ceramics to achieve the purpose such as tailoring the
thermal conductivity. The preparation process of porous ceramics is simple and easy to
scale up for production. However, it is difficult to disperse the pore-forming agent evenly

when mixing because of the inconsistency between the ceramic ingredients and the
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particle size of the pore-forming agent, which leads to the uneven distribution of the
internal pores of the porous insulation material. A criticality of this process is the type,
nature, and dosage of the pore-forming agent[65, 66].

Porosity is the most crucial factor affecting microstructural properties for porous
ceramic materials. There are many approaches to increase the porosity of ceramics
materials. Based on the relatively mature preparation methods of porous ceramics, more
attention is paid to control the size and shape of pores by unique ways. The pore
formation and growth model are established accordingly [67, 68].

One prospective way to increase the porosity of ceramics is to select a granular
composition for initial molding[69, 70]. Any packing of fine compositions could create
cavities. The closer the particle shape is to a spherical shape, the more dispersed the
liquid binder is, which is more conducive to the formation of pores and can reduce the
pressure required for molding and achieve the required sintering strength. This method
could achieve porosity up to 40% with a uniform structure, moderate strength, and
thermal resistance. An increase in porosity could be achieved by adding high porosity
granules. By increasing the inner porosity or size of granules, a higher porosity could be
achieved by additionally 10%-15%. The porous ceramics containing chamotte grains and
various oxides could be used as filters, porous membranes for metal refining, gas
purification, catalyst carriers, fuel elements, and other purposes.

Another accessible method is to introduce additives that could be removed
subsequently. The one used most extensively introduces burning-out additives, which
could be represented by any combustible material, including wood and wood-processing

products, coals, cooking products, etc[71]. The ceramic components are mixed with the
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burning-out additives and then molded by compression, plastic molding, or slip casting.
The intermediate articles should be fired in an oxidizing medium until completely
burning out the additives. The porosity depends on the burning-out additives’ type,
content, and grain size. With this method, the porosity could be achieved up to 60% -
65%][72].

The properties of porous ceramics depend on the type of initial material, porosity,
and structure of articles. The characteristics of porous ceramic’s structure include
porosity, permeability, pore size and pore size distribution, and specific surface area,
among which the most critical parameters are pore size and porosity. Pore size could vary
over a wide range from a fraction of a nanometer to a few millimeters. The role of
structure in porous ceramics for different destinations is not identical. Functional pore
space in permeable filtering products is created only by intercommunicating channel-
shaped pores. In catalyst carriers, isolated open pores can also have an active role. In
heat-insulating products, all pores act as barriers to heat propagation. Porosity is also an
important feature that always affects the physical properties of materials such as
permeability, conductivity, diffusion coefficient. Better knowledge and control of the
porous ceramic’s structure is required to obtain the desired materials performance[73].

Co-precipitation method refers to adding a mineralizer (e.g. basic solution) to a
solution containing two or more cations. At a sufficiently high pH, all cations are
precipitated out, forming a uniform product (usually metal hydroxides). It is a common
method to prepare the ultrafine powder containing one or more metal oxides. The main
advantage of the co-precipitation method is that nano-sized powders with uniform

chemical composition can be obtained directly solution precursors [74].
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This research work used co-precipitation method to synthesize the Mn-doped
CeO2 and NiO composite powders. Mn-doped CeO, (MDC) is expected to exhibit mixed
oxide-ion and electron conductivity and NiO is expected to react with MC to form
electron conducting LiNiO2. The solution precursors are Ni(NOz).-6H.O(Alfa Aesar,
99%), Mn(NQs)2-6H20 (Alfa Aesar, 99.5%), and Ce(NOs); -6H20(Alfa Aesar, 99.5%).
The stoichiometric amounts of these precursors were first dissolved into deionized (DI)
water. After that, the (NH4)2COs(Fisher Scientific, Altanta, 95%) solution was slowly
added into the above nitrate solution. The volume ratio of NiO and SDC was controlled at
50:50. The precipitant was washed by DI water for three times and followed by filtration,
drying, and calcination at 650°C for 8 h. The final MDC-NiO powders were then

obtained. The overall synthesis steps are summarized in Figure 3.1 schematically.

Mn(NO,),6H,0| [ Ce(NO,),6H,0 | |Ni(NO,),6H,0

C o 2
A |

Coprecipitation

‘ Drying, 60°C for 1 day ‘

‘ Calcination, 650°C, 8h |

|

‘ Coprecipitated sample ‘

Figure 3.1 Synthesis steps for co-precipitation method
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3.2 CHARACTERIZATION TECHNIQUES FOR POROUS MATRIX AND

MEMBRANES

The traditional CO2/O> oxidative conversion membranes have a performance-
limiting factor, i.e. the multi-phase boundary for the oxygen pathway is too low, which
results in low oxygen to carbon dioxide ratio. i.e., Jo2/Jco2. To increase the ratio, pure
CO: pathway should be shut down and converted to CO>/O> co-transport pathway. To do
so, the oxygen transport pathway should be expanded from 1D to 2D. The way to achieve
this is to introduce an electron-conducting phase into the CeOz phase. In this case, we
propose to study transition metal doped CeO: as a replacement for SDC. The transition
metal used in this research work is Mn. There are several critical studies that need to be
conducted, including determination of the upper limit of dopant, electrical conductivity of
MDCs under pertinent temperatures and atmospheres, microstructural characterization of
porous MDC-NiO matrix, Jo2/Jco. measurement of the down-selected MDC-NiO-MC
membrane.

3.2.1 XRD

The phase composition of the fabricated porous matrices and membranes were
examined by X-ray diffraction (XRD) by X-ray diffractometer (Rigaku, Japan)
equipped with graphite-monochromatized CuKa radiation (A\=1.5418 A) using a scanning
rate of 5° min ! in the 20 range from 10 to 80°.

To determine the upper limit of Mn doping, solid-state method was used to
prepare samples with different Mn dopants. The solid-state method is the most widely
used method in which a mixture of solid reactants is mixed and heated to high

temperatures to produce a new solid composition. Here 2%, 4%, 6%, 8%, 10%, 12%
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(mol%) MDC were prepared. MnO. and CeO; are mixed stoichiometrically and then

heated up to 1350°C for 10h. The phase composition was then analyzed by XRD to

determine the maximum Mn doping. The XRD patterns are shown in Figure 3.2. It is

evident that the maximum Mn doping content is 6 mol%, above which, MnO as an

impurity appears.

- 2% Mn-CeO 1350°C 10h
i +CeO,
4% Mn-CeO « MnO.
6% Mn-CeO :
= ~
8% Mn-CeO /
10% Mn-CeO, || - 5
- 12% Mr}e{)/ 1
% }‘
/\ r ’ ! . 8% Mn-CeO,
~ > s ——— i =
e S
v \J\ sacealle. Jf_ 1 6% Mn-CeO,
P O L/ ' [.
%L @/ ll 1. . - - )
/\‘ e 1 i - " 2 Theta
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2 Theta

Figure 3.2 XRD patterns at different Mn doping amount in MDC
3.2.2 SEM

The microstructures of obtained porous oxide and metal matrices were examined
by a field emission scanning electron microscopy (FESEM, Zeiss Ultra) equipped with an
energy-dispersive X-ray spectroscopy (EDS) analyzer. For non-conductive samples, a
thin layer of Au was coated on the surface by a gold sputtering coater. The microstructure
of the surface and cross-section of the porous matrix is shown in Figure 3.3 (a) and (b),
respectively and the cross-sectional views of the feed-gas side and sweep-gas side after
MC infiltration and testing are shown in Figure 3.3 (c) and (d), respectively. From these
microstructural observations, it is concluded that a porous MDC-NiO matrix and a dense

MDC-NiO-MC membrane can be formed.
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Figure 3.3 Microstructures of the MDC-NiO-MC membrane
3.2.3 Porosity measurement of the porous MDC-NiO matrix

The apparent density of a material is defined as the ratio of the mass of the
material to the volume occupied by solid material and by all the pores. When there are no
pores, the ratio of the mass of the material to the actual volume of the material is its
theoretical density. Pores are divided into interconnected pores (connected to the surface)
and closed pores (not connected to the surface). Ceramic materials prepared from powder
sintering usually contain both types of pores. Apparent density is usually measured by
Archimedes’ method. Porosity can also be derived from apparent density.

In this research work, the porosity was measured by fluid saturation, based on
Archimedes’ principle. The basic procedure is to saturate the pores with a gas or a liquid.
The measurement steps is illustrated in Figure 3.4. The open porosity can be deduced
from measuring the volume of gas required to saturate the porous material. To accurately

measure the pore volume, the sample needs to be first degassed by vacuum before
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saturating the sample with fluid (water). The difference between dry and wet weight
provides the information of pore volume. The advantage of the fluid saturation method is
its simplicity, while the disadvantage of this method is the low accuracy due to the

difficulty to saturate closed pores.

Dry Sample Wet sample

¢ = amm — 8,

-

Figure 3.4 The procedure of Archimedes porosity measurement
To measure the porosity of a porous ceramic sample, the dry sample is first

weighed in air and the weight is denoted as mz. After that, the dry sample is suspended in
a cone flask and evacuated the flask for 5 minutes. Then the sample is dropped into the
deionized water for 5 minutes to allow water to fully go into the pores. Then, the sample
is pulled out and tapped off the surface water from the top-bottom surface gently,
followed by measuring the weight, ma. Lastly, weigh the wet sample in DI water and
record the weight, ma.

The following equations are used to calculate porosity:

Total volume (Vy) of the sample including solid and pores:

y, = 2 (3-1)
PH,0
The pore volume is:
v, = m3 =M (3-2)
PH,0

Porosity:
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ms — My (3-3)
m;

£ =
Using this method, the average weight of the porous matrix is m:= 0.495g,

m3=0.558g, m2=0.525¢, so the calculated average porosity of this porous matrix is 12%.

3.2.4 Nonsteady-state helium permeation test

To obtain more details on the microstructure, nonsteady-state helium permeation
was performed on the porous matrix. The permeation flux and transmembrane differential
pressure are measured to indirectly obtain microstructural information (see below
theoretical basis). A schematic setup for the test is shown in Figure 3.5. Figure 3.6 shows
the actual device built for the measurement.

Before starting the experiment, it is recommended that the user wears safety
glasses and gloves for safety reasons since the device is under pressure. For a typical run,
first, set the pressure to approximately 30 psi. Then, seal the membrane in the sample
chamber using silicone paste. After that, close valve 9 and open valves 5 and 6 fully, turn
valve 7 towards valve 8, turn on valve 8 fully and open valve 1. Set mass flow controller
to 50 sccm. Check for leakage of the gas at all connections, which can be done by
applying a snoop solution to points of connection. If there are no bubbles forming, that
means there is no significant leakage. Read the pressure difference using the pressure
differential sensor (AP, unit in psi). If AP<10psi, change the flow rate of the mass flow
controller from 50sccm to 100/150/200sccm until the sensor is shown above 10 psi. Close
valves 5 and 6, turn on valve 9, and wait until the system stabilizes. Read the pressure on
the mass flow controller (Pamb). Close valve 9, turn on valves 5 and 6, and wait for the
system to stabilize. After that, measure the flow rate of helium in the system three times

with the bubble flow meter. Read AP and Ph and pressure on mass flow controller (Pmf).
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Close valve 8 by turning ~10 times until AP decreases by ~ 1 psi. Record AP, Ph, Pms, and
flow rate. Close valve 8 slightly again until AP decreases by ~ another 1 psi and record
AP, P, Pmt, and flow rate again. Repeat until AP<2 psi. When the operation is done, set
the mass flow controller to 0 and turn the helium cylinder off, close off valves 5 and 6,

turn on vales 9 and 8 to release the pressure.

He permeation and Leak test setup

Pressure
Sensor

»4 Pressure
Differential Sensor
Vac« — =
X | X Sample Chamber 71:'
I 4
+ A gh
Mass Flow controller/He Cylinder ‘

Bubble Flow Meter

Figure 3.5 Schematic setup for Helium permeation and leak test
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Figure 3.6 Experimental setup for Helium permeation and leak test
After the operation, the helium permeance is obtained and then graphed as a

function of average pressure and fitted to the following equation to obtain o and 3:

(1) =8Py @9
Where F/L=permeance (usual units of moles/m?-Pa-s)
L=membrane thickness, cm
a=Knudsen flow parameter
B=viscous flow parameter
Pavg=average pressure across the membrane
Here the permeance through the membrane is defined as:
(5) P (3-5)
L S (Pn—Pp)

Q=molar flow rate of permeating species
S=area of the membrane that is exposed to the permeating gas, close to the area of
sampling sealing tube
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Ph=upstream pressure

Pi=downstream pressure

Here Q can be calculated from bubble flow rate reading (unit: sccm, cc/min) and

converted to moll/s.

The average pressure P,y is calculated by

_ Py+P P+ P —AP AP AP

avg — 2 2 h 7 mf_Pamb_7

Ph—Pl:AP

(3-6)

(3-7)

Plot (F/L) against Payg, and extract o from the intercept of the fitted equation and f

from the slope, the average pore radius r of the pores in the matrix is calculated by:

RT B
w

Where r=average pore radius
R=gas constant with matching units
T=temperature

Mw=molecular weight

u= viscosity of permeating gas

The plot of permeance against Payg for MDC-NiO porous matrix is shown in

(3-8)

Figure 3.7, from which the average pore radius diameter is calculated to be 137.39 nm

and the tortuosity is 6.9.
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Figure 3.7 Helium permeation vs. average pressure
3.2.5 Conductivity measurement

Conductivity is a parameter used to describe the ease with which charge flows in
a substance. The value of conductivity is equal to the current density multiplied by the
strength of the electric field in the medium. The standard unit of electrical conductivity is
Siemens/meter. When a 1A current passes through a cross-section of an object with a
voltage of 1V, the conductivity of the object is 1S. The conductivity of the material is
equal to the reciprocal of the resistivity:
1 1 3-9
X (3-9)

Where R is resistance, | is the length of the sample and A is the cross-section area
of the sample.

The conductivity of different materials varies greatly. For electronic conductors,
silver is the best, followed by copper. For ionic conductors, the conductivity is often
determined by the concentration of active ions in electrolytes. The conductivity of most

metals is much higher than the ionically conducting electrolytes. Therefore, it is more
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convenient to introduce the concept of conductivity in order to compare with other
conductors more intuitively.

According to the ampere formula, the resistance of a conductor is calculated by
measuring the current passing through the conductor and the corresponding voltage drop.
The geometric size of the sample is measured and conductivity can be calculated by
equation (3-9). This method is known as the direct current method, which includes the
two-probe method and four-probe method. This kind of method is mainly aimed at testing
pure electronic conductive materials. When measuring the mixed conductor, that is, when
the conductor contains both electron and ion carriers, the charge transfer impedance will
affect the measurement due to the irreversible ionic conductivity. Therefore, the direct
current method often chooses the ion blocking electrode to make the measurement of
electron conductivity more accurate.

Four-probe method is a widely used standard method, which has the advantages
of convenient operation, high accuracy, and no strict requirements on sample shape[75].
The four-probe method test setup is shown in Figure 3.8; it is an improvement on the
two-probe method. By adding two probes between the current probes, the influence of
contact resistance is eliminated to a large extent. In the four-probe method, the measuring
circuit and the current circuit are in parallel. Resistance in the loop does not affect the
results. Therefore, regardless of the resistance of the sample, as long as the size of the test
sample is large enough, the measurement result is accurate enough. In addition, in order
to further eliminate the contact resistance and injection effect of the voltage probe itself,
the four-probe method also uses the compensation method to measure the voltage, so that

the current does not have to pass through the voltage probe and the measured resistance is
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more accurate. The most commonly used four-probe test device is the liner four-probe
test device, where four probes are arranged in a straight line at equal spacing. Therefore,

the calculation of resistivity of the sample can be simplified into equation (3-9)

Thermocouple

Probe voltmeter
Electrically conductivity
F metal lines
Peltier device
(::c:ole:',)'c Electrode

Sample material

Peltier device
(heater)

Figure 3.8 Conceptual schematic of four-probe measurement method[76]
In this research work, the conductivity of MDC bar samples in dimension of

25mm X 3.0mm X 5.0mm with different doping amounts was measured using a standard

four-probe method in air and hydrogen atmosphere from 550 to 850°C with the E-I
module in the Corr-Ware software within a Solartron 1287/1260 electrochemical
workstation system.

After the conductivity of the materials is collected, an Arrhenius plot can be
obtained by plot of In(cT) against 1000/T. Arrhenius plots can be used to analyze the
effect of temperature on the rates of chemical reactions. For a single rate-limited
thermally activated process, an Arrhenius plot gives a straight line, from which the
activation energy and the pre-exponential factor can be determined. Arrhenius plot of

MDCs under air and under reducing atmosphere is shown in Figure 3.9.
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Figure 3.9 Arrhenius plots for different MDCs in air and hydrogen atmosphere
From the plots, it is obvious that the activation energy of different MDC under the

air is almost the same, while 6% Mn-CeO- shows significant increases in H> atmosphere.
3.2.6 CO2/O> flux measurement

After the MDC and NiO mixture was prepared by co-precipitation method, the
powders were then mixed with carbon black and PVB in ethanol in the volume ratio of
4:6. The dried powder mixtures were pressed into pellets and sintering at 1300°C for 10 h
in air to remove the pore former and achieve the desired mechanical strength. Finally, a
membrane with an area of 0.916cm?, thickness of 0.81mm is obtained. The porous NiO-
MDC membrane was then sealed on the alumina tube by a commercial silver paste as the
sealant (Shanghai Research Institute of Synthetic Resins). The eutectic MC powder
mixture (52 mol% Li2COs and 48 mol% Na.COs) was gently placed on the top surface of
the membrane. Upon heating to > 500°C, the MC melts and generally flows into the pores
of the membrane and in-situ reacts with NiO to form LiNiOs..

The flux densities of CO2/O, permeation of the membrane were measured by a
homemade permeation system as shown in Figure 3.10. The upper side of the membrane

is connected with the feed gas (100 sccm flow of the mixture containing 75% N2, 15%
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COo, and 10% O.), while the lower side of the membrane is connected with the sweep

gas (50 sccm flow of Ar for CO2-O2 permeation testing or Ar-CHs mixture for methane
conversion testing). The N2 in feed gas was also used as a tracer gas for leakage
correction. The concentrations of CO2, Oz, and N2 in the sweep side were analyzed by an
online gas chromatographer (Agilent micro-GC 490). Commercial mass flow controllers
(Smart-Trak, 50 Series) were employed to control the gas flow rates and were specifically
calibrated for each gas before use. The temperature studied for the CO2-O; permeation
testing was held at 850°C for the stability test. The final CO2 and O flux densities (Jco2
and Jo2) were calculated by:

Ceo, (3-10)

] =
€02 7 (1= Ccp, — Co, — Cn,)

2
A

Jo, = oy i (3-10)
%27 (1= Cep,—Co,— Cn,) " A

Where Cco2, Coz, and Cn2 are the concentration of CO2, Oz, and N2, respectively;

Q is the flow rate of the sweep gas; A is the effective area of the membrane.
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Figure 3.10 Schematic of the CO. permeation cell configurations

To determine the most appropriate amount of MC loading, membranes with

different amounts of MC were tested. The fluxes of Oz, N2, and CO> are shown in Figure

3.11. A further comparison between the fluxes of the membrane among different amounts

of molten carbonate loading is shown in Figure 3.12.
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Figure 3.11 Flux measurement of membrane with different amount molten carbonate: (a)
0.25g molten carbonate; (b) 0.1g molten carbonate; (c) 0.05g molten carbonate
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Figure 3.12 Flux comparison of the membrane with different molten carbonate amounts
It is obvious that among different MC loading, 0.1g shows the best performance

for a matrix containing 16% porosity. The Arrhenius plot for the 0.1g MC loaded

membrane at 650 to 850°C is shown in Figure 3.13. The activation energy of O, and CO>

are similar, which are 46.5 and 52.93 kJ/mol, respectively.
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Figure 3.13 Arrhenius plot for Oz and CO> flux
3.2.7 Verification of the three transport paths

To verify the activation of the three paths of the triple-phase membrane, different

feed gas compositions as shown in Table 3.1 were applied to the system and the
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corresponding fluxes were measured. The results of CO2 and O flux are shown in Table

3.2. When using the flue gas as the feed gas, all three paths are activated. When O

inflow is stopped, none of the three paths is activated since Oz or O% are required in all

these three transport paths, as such both CO. and O fluxes are decreased dramatically.

When CO: inflow is stopped, the oxygen transport pathway is still activated, so only the

flux of O2 remains the same.

Table 3.1 Feed gas compositions to verify the activation of three paths

02 N2 CO2 Active path
Fluegas | 10sccm | 75scem | 15scem | CO, + 1/2 0, + 2e™ (1 ngy) = CO%‘(MC)
0% (upcy + €O, = CO3™ 0
1/2 0, + 2e” upcy = 0% (mpc)
Stop Oz | O0sccm | 85sccm | 15 sccm 0% (mpc) + CO, = CO%‘(MC)
Stop CO2 | 10 sccm | 90 sccm | 0 sccm 1/2 0, + 2e~ upcy = 0%~ (mpe)

Table 3.2 Flux density results for the verification of three transport paths

Joz(mL mintecm?) | Jcoz(mL mint cm?) Jeo2/do2
Flue gas 0.56068 1.19203 2.12
Stop O 0.016353 0.157122 9.61
Stop CO2 0.53232 0.037758 0.07

3.3 CONCLUSION

In conclusion, the 6% Mn-doped CeO: is t upper limit of dopant amount and it

was selected as the desired materials for the further high-temperature CO/O: co-
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transport membrane. The MDC-NiO mixture powder was synthesis by co-precipitation
method successfully and then used to sintering to porous matrix. The eutectic molten
carbonate was used to seal the pores and in-situ react with the NiO to form LNO. The
0.1g loading amount shows the best performance among different molten carbonate

doping amount.
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CHAPTER 4
ANALYTICAL SOLUTIONS OF FLUX DENSITY IN HIGH

TEMPERATURE CO, CAPTURE MEMBRANE!

There are two basic types of high-temperature dual-phase membranes previously
defined for CO. separation [77-79]: mixed oxygen-vacancy and carbonate-ion conducting
(denoted as MOCC) and mixed electron and carbonate-ion conducting (denoted as MECC);
Figure 4.1a and 4.1b schematically illustrate their individual chemistry. In MOCC
membranes, the surface reaction of CO; with lattice oxygen 0* and MC at the triple phase
(gas/oxide/MC) boundaries takes place to results in a gradient of chemical potentials and
thus transport of oxygen vacancies (V,") and carbonate ions (CO%7) in separate phase
across the membrane. Similarly, in MECC membranes, the surface reduction of CO> and
O by electrons (e~)enables the transport of CO2 via MC phase under a gradient of

chemical potentials of CO2 and O..

! Xin Li, Kevin Huang, and Xinfang Jin, 2020. Journal of The Electrochemical Society.

167: 165412. Reprinted here with permission of the publisher.12/07/2020
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Two additional membranes derived from MOCC and MECC are also shown in
Figure 4.1c and 4.1d. In Figure4.1c, a mixed oxygen-vacancy and electron (or electron
hole) conducting (MOEC) solid oxide (SO) phase is mixed with the MC phase to form a
membrane (denoted as MOECC); therefore, CO; transport is carried by both MOCC and
MECC chemistries. In Figure 4.1d, a third pure electron conducting (LNO) phase is

introduced into the MOECC membrane, which becomes a triple-phase membrane (denoted
as MOEECC). While the CO- transport chemistry remains the same to MOECC, the
additional electron/hole transporting phase offers more reaction pathways to produce co*

for CO transport. In the following mathematical models to solve CO; flux, we consider

the above surface reaction equilibria at multiphase interfaces in CO; transport.

(a) Mocc (b) MECC
o, co, CO, +0,
Py . Feows
£,
0 x L
Gas/Solid ) R 0 X L
Inerface CO,+ 0, © CO o + V) Eat:frsf::: o .
B o, +§01 +2¢ ., ©CO7
( C) s o MOEECC
& w Mixed Conducting Solid Oxide Phase ‘ O,
o, | Mixed Conducting Solid Oxide Phase | O, Co, Vo —> ¥V, — 1, o,
o, V, —— ¥, —— 1, |/J CO. e —— g — ¢
= - =
R @ SV F —— @ P,
o L, [N ‘F:\'q.l.
Feons Frons
Co, +0,
V] X L
Gas/Solid * 2- -
Inertace CO, + 05 <= COT L 4V,
reaction 1 . . . 0 x L
50.- Vo0 +2€ 50, > Ui CO, + Oz;mo] «r CO.‘I_'M.] + Vn.gso)
Gas/Solid 1
Interface EO: Vs +2€ g € O,
reaction

(Lv0) 3 (a)

CO, + %OJ +2¢ . o CO;]

Figure 4.1 Transport mechanisms in different membranes: (a)MOCC; (b)MECC;
(c)MOECC; (d)MOEECC
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Considering a 1D computational domain across the thickness direction of each
membrane, to get the analytical solution for second-order partial differential equations, a
basic idea is to integrate the second-order Ohm’s law twice and then implement the
boundary conditions to solve for the unknown parameters.

4.1 DERIVATION OF MOCC ANALYTICAL SOLUTION

In an MOCC membrane, oxygen vacancies are transporting in the solid oxide phase
and carbonate ions are transporting in the molten carbonate phase. And they are coupled
by surface reactions, as shown in Figure 4.1a. Only CO2 is permeating through the
membrane.

Governing equation and boundary conditions in the solid oxide phase:

(1 - 8) ZVZFZDVCV 2 (1 - 8) 2
V-Jy=- 5o RT Vigpso | = — 5o oyVehso =0 (4-1)
Pco,0C°
b R (in =550 ) - 5 (4-2)
Jv+Jc=0 (4-3)

Second governing equation and boundary conditions in molten carbonate phase:

e (Z:2F2DqC, € (4-4)
Veje=— 72 = ——0.V2pyc =0
Jc Tare < RT buc Tare ocV Puc
Puc(x=0)=0 (4-5)
Peo, 1 C 0)

buc = RT (ln PY Cy B _ Zybso (4-6)

Mc FZ, Z.

Parameters:
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_ Z*F?DcCe (4-7)

G RT
Zy*F%Dy Cy (4-8)
o =""pT

Integration of equation (4-1) and (4-4) with respect to x twice yields,

oy = — Cy ‘o C, (4-9)
50 (1—¢€)/t500y (1—¢)/1500y
_ C3 Cy
Puc = &/Tmcoc * &/Tmcoc (4-10)

Substitution of eq (4-5) into (4-10) results in C4=0, thus Eqg. (4-10) becomes,

Cs (4-11)
= — X
Puc &/Tmcoc
From Eq. (4-3),
Cl = _C3 (4'12)

Substitution of Eq. (4-12) into Eq. (4-11) yields,

C -
LR (4-13)

According to Eq. (4-2) and Eq. (4-9),

(1 —¢)/ts00y Pco,0C°

According to Eq. (4-6), Eq. (4-9), and Eq. (4-14) become,

Pco,.1
RT(Z —2)
o " Pos0 (4-15)
L)
¢\e/tycoc Zc (1 —¢€)/ts00y
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The complete solutions are:

b = x 1 RT(In PCOZ,L) (4-16)
Me LFZ (1 _Zy  &/Tmcoc ) Pco,,0
¢ Zc (1 -¢€)/t500y
X 1 COy,L
Do = —— RT [ In—=2 )
50 L F7 ((1 —&)/Ts00y Z_V) < Pco,0
¢ &€/Tmcoc Zc (4-17)
— [RT (=222} _
trz, | <n po ¢,) Pl
N, = RT e/tycoc (1 —€)/1500y (n PCOZ,L) (4-18)
€T LZcF? (e/TycocZy — (1 — €) [T500v Zc) Pco,0
RT S/TMC Oc¢ (1 - 8)/T500'V PCOZ,L (4-19)

Ny, = — In
v LZyF? (e/tyc 0cZy — (1 — €) /1500y Zc) Pcoz,o)

4.2 DERIVATION OF MECC ANALYTICAL SOLUTION

In an MECC membrane, electrons are transporting in the metal phase and carbonate
ions are transporting in the molten carbonate phase. And they are coupled by surface
reactions, as shown in Figure 4.1b. Both CO2 and O: are permeating through the
membrane.

First governing equation and boundary conditions in the metal phase:

1—c¢ 4-20
V']e:_( )O'e|72¢e=() ( )
m
o« RT  Peo, (P02>0'5 (4-21)
Pe =57 F " 22,F ™ po \po
JetJc=0 (4-22)
Second equation and boundary conditions in the molten carbonate phase:

& -

Vie=——0cV?¢yc =0 (4-23)
Tmc

Puc(x=0)=0 (4-24)
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a RT PC02 (POZ)OIS ZZe (4-25)

Puc ==zt 7 7" po (po 7. P
Parameters:
_ ZcPF?DcCe (4-26)
%c = TTRT
_ Z,*F*D,C, (4-27)
% =" Rr

Integration of equation (4-20) and (4-22) with respect to x twice yields

b, = — C1 . C, (4-28)
¢ (1 - E)/Tmo-e (1 - 5)/Tm0-e
C C -
buc = — < X — u (4-29)
&/Tmcoc &/Tmcoc

Substitution of eq (4-22) into (4-27) results in C4=0, then

Cs (4-30)

&/Tucoc

dmc = —

From Eq. (4-20), Eq. (4-26) and (4-28),

Cl = _Cg (4'31)
So, Eq. (4-28) becomes,
C; (4-32)
Puc = €/TmcOc g

According to Eq. (4-19) and (4-26),

(1 _S)/Tmae
CZ = —T a — RT In

Pco,0 (Po,0 05 (4-33)
po \ po

According to Eq. (4-23), Eq. (4-30) and (4-31),
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0.5

In Pco, 1L (@)
C = RT Pcoz,o P02,0
1= ZCFL( 1 ZZe 1 ) (4'34)
e/tmcoc = Zc (1 —¢&)/tmo,

The complete solutions are:

X 1 Pco, . Po,L (4-35)
Omc = L 2Z, &/TycO RT(lnP : )(P_Z)Ol5
FZ (1 + =< MCZC ) €020 1030
¢ Z¢ (1- 5)/Tmae
RT In Pco, L (POZ,L)O'S (4-36)
6. =_% ZcF " Peo, 0 \Po,0 N a  RT nPcoz,o (Poz,o)ols
em = L (1-8)/tm0e , ,Z.\ 2Z,F 2Z,F PO * PO
FZp (~—82tmT% 4 5 Ze
£/TmcOc Zc
N L &/Tuc 0c (1 — €)/Tm0e RT Peo,. (Poz.L)o_s (4-37)
¢ ZeL(Ze (1 —€)/tmo, + 2Zoe/Tycoc) F? Peo,o Po,o
N 1 €/tuc 0c(1 — &) /Tm0e RT  Pco,.1 (Poz,L)O.5 (4-38)
e

= —1n
ZL(Zc (1 —&)/t10, + 2Zoe/Tucoc) F2 Peo,o Po,o
4.3 DERIVATION OF MOECC ANALYTICAL SOLUTION

In an MOECC membrane, both oxygen vacancies and electrons are transporting in
the solid oxide phase and carbonate ions are transporting in the molten carbonate phase.
All three charge carriers are coupled by surface reactions, as shown in Figure 4.1c. Both
CO2 and O are permeating through the membrane. In the following derivation, g5, = 1 —
£,eyc = € and n is the same as e to represent electron. For the current associated with

oxygen vacancy and electron in solid oxide phase and carbonate ion in molten carbonate

phase,
£ 2,2F2D,,C (4-39)
Jv =— % <ZVFDVVCV + % V¢so>
g O, -
Jo = =225 (Vhte + 2eFV50) (4-40)
(4-41)
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_emcZc F*DcCc

= 4
Je Toe RT buc

According to the interfacial reactions,

1 1 (4-42)

Vhe = =7 Vito, =5 Vv

(4-43)

1
Vico, + > Vo, = ZcFV e + 2Vue + 2Z,FVgso = 0

Plug equation (4-38) into equation (4-39), and rearrange the equation:

1 Zc 1 (4-44)
- Z_Ze Vico, + ZFV(I)MC = FVso + Z_v Viuy

According to current conservation, add (4-35), (4-36) and (4-37) together, then
plug (4-40) into the new equation, and rearrange the equation. After a few steps of

derivation, we get,

Eso A 1 ZC 1 O¢
Tt F (oy + o) (‘ 27, Vico, + 27, F‘7¢Mc> “iz, Vo, (4-45)

212
Emc Zc"F D¢ Ce
—A 74 =0

Solve for V¢ in Eq. (4-41),

&o 1 (oy +0,) &o 1 0
. VHco, T aF 7, VHo, 76 (4-46)
- MC

eme Ze2F2DoCo
TMmc RT

=L =57 (oy + 0. )F +
e

Plug Eq. (4-42) back to Eqg. (4-37),
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55_01 (oy + o) ESO 1 Oe
ene ZPF?DeCe Too F 22, VMo, YT T 7, VHo, (4-47)
Emc ZC F2D, CC]

c=
Tmc RT &ol Z¢
EFZ_ZB (O'V + O'e)F + Tve RT

22
Use o, = % to Substitute DcCc, We get,

&0 (0oy + 0¢) 550 1o,
Emc %TSO ZZ VMCOZ + 4Z ‘7“02 (4-48)

Tve F [ESO Zc (O'V +0,) + —O’C]

Je=—

The flux of CO> should be J./Z./F, therefore, after some derivations,

N. = emc 0c 2(oy + 0.)Vico, + 0.V o,
c=- .
Tyc 8F2 [EMC Iso oc + (oy + ae)] (4-49)
Tmc Eso

The CO; flux is then obtained by integrating through the thickness of the

membrane:
N = Emc Oc fxz 2(oy +0.)Vuco, + 0.V, da
c=— .
Tme 8F2 Uy, [SMC Tso oc + (oy + Ue)] (4-50)
Tmc €so

Assume that o, << o,

N ~ _ EMC Oc f 2 2Vuco, + Vido, dx
c= Tyc 8F? SMC Tso %¢ ] (4-51)
TMC Es0 O¢

Assume the integration could be done separately in the numerator and denominator

without introducing large errors,

N~ _ EMC %C (24uco, + Auo,) 1
¢~ Ty 8F? L fxz [SMC Tso O¢c + 1] dx (4-52)
X1 LTyc Eso O
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Based on Eq. (4-46) and its simplified version Eq. (4-47), since the conductivities
of electron and oxygen vacancy are functions of x coordinate, the integral could not be
calculated analytically like Zhang did in her paper. Therefore, numerical solution is needed
to get the accurate CO> flux.

4.4 DERIVATION OF MDC/LNO/MC MEMBRANE ANALYTICAL SOLUTION

For an MDC/LNO/MC membrane, oxygen vacancies, electrons and carbonate ions
are transporting in MDC, LNO, and MC phases, respectively. Each phase is a single charge
conducting material and are coupled at the surface. Both CO, and O, are permeating
through the membrane.

First governing equation and boundary conditions in the solid oxide phase:

(1-¢) (4-53)
Vly = — oy V2¢pso =0
Tso
Pco,0 C°
b (mF%) -8 (4-54)
so = FZ,
Jv+Jc+Juino =0 (4-55)
Second equation and boundary conditions in the molten carbonate phase:
& -
Ve = = —0cV b = 0 (4-59)
Tmc
Puc(x=0)=0 (4-57)
Pco, L CO) (4-58)
. RT (n—S840-) - 5 o
Mc FZ, Z.
Third governing equation and boundary conditions in the LNO phase:
Vinino = _VLNO(Ue,LNo ‘72¢LN0) =0 (4-59)
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0.5

b X _ RT nPCOZ,O(POZ,O)
INOO ™57 F 2Z,F PO \ po

0.5
X RT l Peo, 1 (POZ,L) 4 Zc

Puvor =55~ 57 " po \Tpo 22, Pmet
Parameters:
Pco, C°
ty s0° = teo,’ + 1c® — tox = RT In POZ o F(Zcpue + Zypso) = B
\%4
Pco, (Po 05
RT In P°2 (P_OZ) —F(Zchdue — 2Zebrno)
1
= uc® — Iv‘coz0 - E.UOZO - 2l«le,LNo0 =X
_ ZcPF?DcCe
%c = TRt
_ Zy*F?DyCy
= TTRT

(4-60)

(4-61)

(4-62)

(4-63)

(4-64)

(4-65)

Integration of equation (4-53), (4-54) and (4-55) with respect to x twice yield

& G ¢,
= — X —
50 (1 —¢)/ts00y (1 —e¢)/ts00v
C3 Cy
e =~ &/Tmcoc * &/Tmcoc
Cs Ce
bLno = — -

X
VinoTeLno VinNoOe Lno

Substitution of eq (4-57) into (4-67) results in C4=0, then

From Eq. (4-55), (4-66), (4-68) and (4-69),

C3=—-C—Cs
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(4-67)

(4-68)

(4-69)
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Then, Eq. (4-69) becomes,

CitCs (4-71)

According to Eqg. (4-54) and (4-66),

(1—¢)/ts00v Pco,0C° (4-72)
= TS0 | pyp (0202 )
G FZ, "o ¢, )P

According to Eq. (4-58), (4-72), (4-71),

P, -
S/TMCacRT (ln #) 7 E/T o, (4 73)
€0,,0 —C(l——V mcOc >=C
LFZc ! Zc (1 —¢)/ts00v °
Substitution of Eq. (4-61) into Eq. (4-59) yields
Co——_y X RT  Pco,, <p02_0>°-5 (4-74)
6 = TYINOOeLNO |97 F T 2Z,F T PO \ PO

Substitution of Eq. (4-74), (4-73), (4-71) and (4-61) into Eq. (4-59) yields

RT (Poz,L)O'S_ €/tycoe RT (lnPCOZ,L>
C. = 2Z.F Po,0 VinoOe,no FZ¢ Pco,0

1= {ZV 1 1 ( “ 7y &/Tuco; )} (4-75)
2Z,(1—¢)/ts00y VinoOerno Zc (1 —¢)/t500y

The complete solutions are:

B = — ¢y x— C (4-76)
50 (1—¢)/t500v (1-¢)/ts00y

C C 4-77

Dinvo = — : - : ( )

X
VinoTeLno VinoTe,Lno

_ Cs (4-78)
Puc = &/TmcOc *
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RT ln(Poz,L>O'5_ e/Tycoc RT (lnPCOZ,L>

J,=C = 2Z.F 7" \Po, Vinoeno FZc \" Peo, 0
v= T L{Z_V 1 1 (1 ~Zy__&/tucoc )} (4-79)
2Z, (1 —¢€)/ts00y  VinoOeLno Zc (1 —¢)/t500v
Je =C3==Jy = Juwno (4'80)
Pco, L
&/TycocRT (ln—”)
P o e (1-Lr__<fmeoc ) (4-81)
nLNO 5 LFZC v ZC (1 - 5)/'[500-]/

4.5 CONCLUSION

For MOCC and MECC membranes, the analytical solutions could be derived
directly by integrating the second-order Ohm’s law twice and then implementing the
boundary conditions to solve for the unknown parameters. We compared them with the
published analytical solutions in the open literature in Chapter 5. However, we noticed that
the analytical solution of CO> flux derived for a LSCF/MC (or MOECC) membrane is
questionable since the concentrations (thus conductivity) of oxygen vacancy and electron
nonlinearly vary across the thickness. Treating them as constants in the derivation process
is inadequate. Because of such nonlinear concentration profiles (nonlinear PDES), we were
unable to derive analytical solutions using either the direct integration method shown in
the literature. In Chapter 5, we will show the results of numerical solution for MOECC

membranes.
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CHAPTER 5
MATHEMATICAL MODELING OF HIGH-TEMPERATURE
MULTIPHASE SOLID/MOLTEN CARBONATE MEMBRANES FOR

CO, CAPTURE?

High-temperature solid/molten-carbonate composite represent an emerging class of
COz transport membranes to capture CO> from flue gas with advantages in flux density
and selectivity over conventional solvent/sorbent- and polymer-based counterparts. While
significant technical progress in these membranes has been made in the past years, a deeper
fundamental understanding of CO- transport mechanisms is still limited. Aimed to bridge
this gap, we here report a theoretical study on flux performances of four types of
solid/molten-carbonate CO> transport membranes by analytical and numerical modeling.
We found that analytical and numerical results are virtually identical for solids with single
charge carrier. However, for mixed conducting solids, numerical methods are preferred

since analytical methods cannot solve the nonlinear local concentrations of charge carriers.

2 Xin Li, Kevin Huang, and Xinfang Jin, 2020. Journal of The Electrochemical Society.

167: 165412. Reprinted here with permission of the publisher.12/07/2020
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Application of numerical method to a new three-phase membrane containing a mixed
conducting solid, a pure electron conducting solid and molten-carbonate reveals a 75%
increase in CO> flux compared to the two-phase (mixed conducting solid and molten-
carbonate) counterpart. The models presented here are expected to provide better
fundamental insights and guidance for designing next-generation high-performance CO>
transport membranes.

5.1 INTRODUCTION

Stabilization of the current atmospheric CO. concentration to mitigate global
warming and climate change requires effective and efficient CO» capture technologies to
remove CO> from flue gas emitted by coal-fired and gas-fired power plants. The recently
emerged high-temperature solid/molten-carbonate (MC) membranes based on the MC
chemistry are a promising carbon capture technology for this purpose. This new class of
membranes has fundamental advantages in CO; flux density, selectivity, energy efficiency
and cost over the conventional solvent-/sorbent-based and polymeric membranes
counterparts. The high operating temperature of solid/MC membranes is another unique
advantage since it allows direct catalytic conversions of the captured CO> to valuable
products within the same membrane reactor, thus simplifying the system design and
practical operation. Since the first proof-of-concept stainless-steel/MC membrane was
reported for CO> capture in 2005 [63], the solid phase has been expanded to oxide-ion (e.g.
Y203-doped ZrO> (YSZ) [80] and Sm(Gd)-doped CeO, (SDC or GDC)) [78, 81], electron
(silver [62, 77, 82-85] and LiNiO2 (LNO)) [86] and mixed oxide-ion/electron conductors
(La1xSrxFe1yCoyOs.s (LSCF)) [87, 88] with much improved CO: flux density and

durability [89, 90]. More importantly, in the presence of proper catalysts, these membranes
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have been successfully demonstrated in laboratory-scale catalytic reactors to convert the
capture COz into syngas through dry (or dry-oxy) reforming of methane [21, 91] and into
ethylene via oxidative dehydrogenation of ethane [92, 93] with unprecedented conversion

and selectivity performance.

While the development of multiphase CO: transport membranes has progressed
significantly in recent years, a comprehensive understanding of the CO2 transport
mechanisms within multiphases is still limited. The early theoretical works [61, 63, 94, 95]
primarily focused on applying traditional Wagner’s equation [96] to solve ionic and
electronic transport problems in individual phase to reach an analytical solution. In this
approach, to solve for flux, the chemical potential gradient of charge carriers is not
rigorously related to the chemical potential difference of neutral species through the
equilibria at gas/solid and gas/liquid interfaces. In addition, to arrive at an analytical
solution, the method always assumes that the transport number of the charge carrier is
uniform across the membrane, which is not the case for mixed conducting solids.
Therefore, the solution derived from this analytical method is only suitable for dual-phase
membranes containing either a pure ionic or electronic solid phase, such as YSZ/MC and
Ag/MC. If the solid is a mixed ionic/electronic conductor, the derivation of analytical

solutions requires extra caution.

In the open literature, there have been multiple studies using Wagner’s theory to
derive the analytical solutions for CO> flux through solid/MC transport membranes [61,
63, 94]. However, inaccurate statements/derivations have been noted in these early studies.
For example, Wade et al. ¥ derived CO; flux equation from Wagner theory and concluded

that the additional electronic conductivity under low oxygen atmosphere would never be
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great enough to overwhelm the CO. transport. This statement is only true for n-type mixed
conductors. For p-type mixed conductors, such as Lao.sSro.4Coo.4Fe0603-s (LSCF), with a
dominant electron hole conductivity, CO> transport mechanism, thus flux equation, would
be different. Rui et al. [61] derived an analytical solution for mixed conducting LSCF/MC
membranes. The predicted improvement in CO> flux was attributed to the high hole
conductivity of LSCF. However, the arrived analytical solution was not mathematically
rigorous. Given the fact that there exists a large concentration gradient in oxygen vacancies
and holes across the membrane, the partial conductivity of each charge carrier should be a
function of location across the membrane. Direct substitution of the equilibrium boundary
conditions into the bulk transport equation is, therefore, inadequate since these equilibria
only hold on the boundaries. The authors also mistakenly related the oxygen gas
permeation flux to the half of the oxygen vacancy flux [61], which should be a quarter of

the electron flux.

In this work, we first demonstrate the general analytical solutions for CO> flux of
dual-phase solid/MC membranes by solving the partial differential equations (PDESs) along
with the boundary conditions. These analytical solutions are then compared with those
derived directly from Wagner theory. We also develop numerical CO: flux solutions and
compare them with the existing or our derived analytical solutions to point out the issues
with using analytical methods to solve CO> flux in complex multiphase systems. Finally,
we apply our numerical models to simulate CO> flux in more complex multiphase solid/MC
membranes and reveal fundamental insights into the factors that dictate the membrane

performance.
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5.2 TYPES OF MEMBRANES MODELED

Throughout this paper, Kréger—Vink notation is used to describe ionic and
electronic defects involved in the gas/solid interfacial reactions and bulk ionic/electronic
transport. Therefore, oxygen vacancies, instead of oxide-ions, as the ionic charge carrier,
are considered the active ionic defect in the solid-oxide phase; the electronic charge carrier

could be free electron or electron hole, depending on the material.

As discussed in Chapter 4, there are 4 types of membranes: mixed oxygen-vacancy
and carbonate-ion conducting (denoted as MOCC); mixed electron and carbonate-ion
conducting (denoted as MECC); a mixed oxygen-vacancy and electron (or electron hole)
conducting (MOEC) solid oxide (SO) phase mixed with the MC phase to form a membrane
(denoted as MOECC); a third pure electron conducting (LNO) phase introduced into the
MOECC membrane, which becomes a triple-phase membrane (denoted as MOEECC). We
consider the surface reaction equilibria at multiphase interfaces, charge diffusion and
migration transport driven by concentration gradient and potential gradient. There is no

external current applied across the membrane.

5.3 MATHEMATICAL MODELS

The numerical solution was solved using the finite element software COMSOL
Multiphysics version 5.4. This software was used to create one-dimensional models for the
membrane in the thickness direction in Chapter 5 and two-dimensional models for the
tubular membrane reactors in Chapter 6. For one-dimensional models, four different types
of high temperature CO2/O- co-transport membranes were studied. The electrical potential

and concentration profile of each phase and the resulted flux of each species were
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simulated. After validating the modeling results with experimental data, the MOEECC
membrane was used to create a plug-flow membrane reactor for oxidative coupling of
methane reaction. The reactor’s performance was studied and compared with a an identical
fixed-bed reactor with the same reactor bed and operating conditions. The steps of the

model build-up process are shown in Figure 5.1.

1D
Choose space dimension |

| :

General Form PDE

Choose Physics interface
l Transport of dilute species

Input Parameters

|

- 1D for membrane
Build Geometry <
l 2D for reactors

Build Mesh

I

Study | | Stationary

Parametric sweep

Figure 5.1 Steps of model build-up process
In a new COMSOL Multiphysics model, one should firstly select a component with

appropriate dimensions, which should be either 1D (Chapter 5) or 2D (Chapter 6). Next,
physics modules should be added to solve certain dependent variables, such as electric
potential, concentration of charged species, species diffusion and convection in the gas
phase. For the first two, we used ‘General Form PDE’ and ‘Global ODE and DAEs’ in
COMSOL; for the last one, we used’ transport of dilute species. Lastly, we added a

stationary study or a parametric sweep as necessary in the model.
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The next step was to specify the settings in the physics modules. For both 1-D and
2-D models, governing equations and boundary conditions should be implemented. Under
“Physics” toolbar, “Add Physics/General form PDE” should be selected. In this case,
thickness position x is the independent variables, the electrical potentials in MC phase(®wmc)
and SO phase(®so) are the dependent variables. The governing equations and boundary
conditions used in the 1D model was obtained from Wade’s work. The derivation of
analytical solution is shown in Chapter 4. In this model, the boundary conditions are
specified along the boundaries of the domain, which include an essential boundary
condition and a “Dirichlet boundary conditions.

To simulate the bulk CO> transport in each membrane, we assume that the chemical
potential in the plane perpendicular to the thickness direction is uniform. All the models
become, therefore, one-dimensional. The gas/solid/MC interface reactions are assumed to
be fast compared to the bulk transport of charge carriers to ensure local equilibria. The
mobility of each charge carrier is only a function of temperature, whereas the concentration
varies with gas composition and temperature. The governing equations and boundary
conditions for the above four types of membranes are given in Table 5.1. There are four
types of phases considered: solid oxide (SO), molten carbonate (MC), mixed oxide-ion and
electron conducting phase (MOEC), and metal. In the model, the membrane is exposed to
the feed gas at x=0 and to the permeate (sweep) gas at x=L. The meaning of each variable
is given in the Nomenclature section at the end of this paper. The focus of this work is to
demonstrate the numerical and analytical methodologies with materials properties from the
open literature. In the future work, we will validate the models by experimental data using

optimization to extract materials/microstructural properties simultaneously.
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In Table 5.1, the governing equations are either Ohm’s law describing the migration
of charge carriers or Nernst Planck equation explaining the diffusion and migration of
charge carriers. The conductivity of a charge carrier is related to its diffusivity by Nernst-
Einstein equation, see Table 5.3. The gas/solid/MC interface reaction is closely related to
the charge carrier in each phase. Table 5.2 lists all the possible surface reactions involved
in the four membranes. For MOCC membranes, reaction 1-1 occurs at both surfaces,
whereas for MECC membranes, reaction 3-1 happens at both surfaces. For MOECC
membranes, there will be two reactions occurring at the surfaces: 1) either reaction 2-1 or
2-2 depending on the type of the MOEC phase (n-type vs. p-type); 2) reaction 1-1. For
MOEECC membranes, there are three reactions: 1) reaction 1-1; 2) reaction 2-1 or 2-2; 3)
reaction 3-2. Combining reaction 2-1 and 1-1 leads to a similar reaction to 3-2 with the
electron provided by MOEC phase, instead of LNO phase. To properly set up the boundary
conditions for the equilibria of the reactions given in Table 5.2, lumped chemical potential

needs to be defined for each reaction, which are listed in Table 5.3.

For MOCC and MECC membranes, the analytical solutions could be derived
directly by integrating the second-order Ohm’s law twice and then implementing the
boundary conditions to solve for the unknown parameters. The final solutions to CO> flux
equations are given in Table 5.4 with the derivation process provided in chapter 4. We
compared them with the published analytical solutions in the open literature [61, 63, 94]
and found general agreements for MOCC and MECC membranes. However, we noticed
that all the pre-existing models in the open literature combined surface equilibria with
charge conservation equations to solve for CO: flux, instead of solving PDEs as shown in

this study. The problem for the surface equilibrium/charge conservation approach is that it
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is only valid when the chemical potential distribution of the charge carrier is linear
throughout the thickness. When there exists a nonlinearity in the concentration of charge
carriers, this method needs to be carefully examined. For example, the analytical solution
of CO; flux derived for a LSCF/MC (or MOECC) membrane [61] is questionable since the
concentrations (thus conductivity) of oxygen vacancy and electron nonlinearly vary across
the thickness. Treating them as constants in the derivation process is inadequate. Because
of such nonlinear concentration profiles (nonlinear PDES), we were unable to derive
analytical solutions using either the direct integration method shown in the literature. In

section 5.5.3, we will show the results of numerical solution for MOECC membranes.

82



€8

Table 5.1 Governing equations and boundary conditions for different membranes

Membrane type Oxygen vacancy conservation in Molten carbonate 1on Electron'hole conservation in SO Electron conservation
S0 phase conservation in MC phase phase in metal phase
Governing _ - . VeJe= ——— 0cVipe = 0
Eq Velp=— - aVigo = 0 Je " Prac
?(—(i} PI:: HIPT E_ ..:—.-3 fe (x=0)=0
MOCC bo=———— N/A N/A
B.C. J.+J,=0 arfwfe s
X=L g o L PC)" zs
Goverin o oa 0 PR
B.C. ( — ) RT p p
(x=0)=0 / - _
MECC | y_g N/A e N/A i b
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?{fﬁ RT f"m—P;c?' E_:”—ﬁ b (x=0)=0 ClO)=K"CTE,"
MOECC d,, =— = 4 Z,C +ZC +Z,C, =0 N/A
(P o (T g Ve 2
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Table 5.2 Interfacial chemical reactions and equilibria

Reactions Thermodynamic equilibrium
1-1 CO_'_QIJ eF HC(I:_ e _Vuw Pu- o o C
L X : Moo, +RT]_]1?+(HJ. — i, —Z: F;ﬁ,r: — M —RT].U.C——Z Fl;ﬁ.'“ =0
- P
21 10_4.,!/' +2 0 l,u.._' —l}i‘flni—;{_' —R.TlnC—'—Z_ Fg,+2u ' —ERTM&—EZ_FQ..—;{__ =0
2 2 O &) S0 O S 2 - 2 P' C' C' x
- P
22 10_ L7 &30 +7h l,u.._' —lR.Tlni—;{_' —Ri"'lni—Z_ Fg, -2u . —ERT].II&—EZ:FQ..—;{_ =0
2 2 O 50 O 7] S0 2 - 2 P C' C' %
3-1 1 _ - 1 B °
€0,+350,+2¢ ., <C0 ) | p,, 5 Hoy ~ M -Z.F¢, +2u,"+2Z Fp =0
3-2 1 _ . 1 N a
CO,+50,+2€ 11 €O Heoy + o oy ~H" —ZF e + 2 10" +2LFY, 1o =0

Table 5.3 Parameter definitions

Parameters Definition
Conductivity of carbonate ion Z.'F’D.C,
O, =—————
Conductivity of oxygen ion o - Z,’F*D,C,
\%

Lumped chemical potential of reaction 1-1

p= :u\/.so0 _/ucozo +:uc0 —H

o3

Lumped chemical potential of reaction 2-1

1
7/=,Uoé_

Ho, — :uvo - 2:un,500

Lumped chemical potential of reaction 2-2

1
§=ﬂo§—

/uozo - /uv0 + 2/umso0

Lumped chemical potential of reaction 3-1

_ 0 0
a= U ~Heo, —

0 0

1
" /uoz - Zlue,m

2

Lumped chemical potential of reaction 3-2

X = :uco _ﬂcozo

1
- _,uozo - Zlue‘LNOO

2
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Table 5.4 Analytical solutions of carbonate-ion flux*

Case Analytical Solution in this work Analytical Solution from Literature Ref
b = s RT(In °°2'LJ
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Note: * Derivation of the analytical solutions are provided in ESI A, B and C; the number of charges associated with oxygen vacancy, electron,

electron hole and carbonate ion are: Zy=+2, Zy=-1; Zn=+1; Zc=-2.
** C1, C2, C3, C5, and C6 are constants used in the solving process. Details could be found in the ESI C.

*** Analytical solution is only achievable for MOEECC membrane consisting of GDC/LNO/MC.




5.4 MATERIALS PROPERTY DATA

The materials properties are of critical importance to ensure the fidelity of a model.
In this study, we adopted all the parameters from experimental data published in the open
literature; they are listed in Table 5.5. The materials include 8% Y.Os stabilized ZrO-
(denoted as 8YSZ) and 20mol% Gd»Os-doped ceria oxide (denoted as GDC20), 10% Mn-
doped ceria oxide (denoted as MDC) and lanthanum strontium cobalt ferrite perovskite
(denoted as LSCF 6446) as MOEC, 52mol% Li>C0O3-48mol% Na>COs3 eutectic as molten
carbonate (denoted as MC), Li1.xNi1+xO2 (denoted as LNO) and silver (denoted as Ag) as

the pure electronic conduction phase.

Table 5.5 Materials properties under different gas compositions/temperatures

Material Properties Correlation Ref.
8YSz Conductivity (S/cm) vs T log,, (oT ) = 6.54509—5.46453. 1000 [97]
(K) ‘ T
LSCF6446 | Oxygen vacancy fraction 3- 6 =2.98941+0.03445-10g10( p,, ), 1073K [98]
Vs p,, (atm) 3-5 =3.01635+0.03128- log10( p,, ), 973K
3-6=3.03491+0.02717-log10( p,, ), 873K
Electron hole fraction p=[sr,|-25 -
GDC20 | Oxygen vacancy fraction 9100 ~220000] . |Gds, | [99]
vs T(K), p,, (atm) \/[Gd ] { RT } o0 2
Electron fraction n=25-[Gd,] [99]
Oxygen vacancy mobility | iog, (,,T)=24656-3.40416- 10T£ [100]
(em*/V/s) vs T(K) 109, ( £4,,,T ) = 2.36515 - 3.56931.- 1000
=
Electron mobility log,, (4,,,T ) = 4.1943—4.30072- lOTﬂ [100]
(sz v /S) Vs T(K) 100,, (44, T ) = 2.63204 - 2.6264- 1000
10 120 T
Diffusivity (cm?/s) D - 4RT RT -
' F
Conductivity (S/cm ’F’DC, -
y( ) O; :%-IPICI:ZKFMQ
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Fraction to molar volume
concentration (mol/m?)

o
c =—
m
a’.

vV, = a ,molar volume, (m*/mol)
NA

Na, Avagadro's number.
NA, number of cation atoms in a unit cell.

MDC Oxygen vacancy fraction S= [Mnég] ~0.003log,, p, [101]
vs T(K), p,, (atm) ’
Electron fraction n=2(5-[MnZ ) [102,
103]
MC Conductivity (S/cm) vs T | & =-4.6866+8533-10°-T-1.325-10°-T2 | [104]
(K)
LNO Conductivity (S/ T 105
onductivity (S/cm) vs o -1 0846 L2114 [105]
(K) T
Ag Resistivity (Q'm) vs T (K) | p=7-10*.T5.10° [106]

For comparison purpose, Figure 5.2 compiles the conductivity of each material

considered and groups them into three categories according to their magnitudes: 1) Ag with

conductivity on the order of 107 S/m; 2) MC, LNO and LSCF with a conductivity on the

order of 100 S/m; 3) GDC, MDC and YSZ with conductivity on the order of 10 S/m.
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Figure 5.2 Total conductivity comparison among different materials
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Operating temperature, gas composition, membrane thickness, porosity and
tortuosity are kept the same for all case simulations to ensure a fair comparison; they are
listed in Table 5.6. The baseline operating condition is defined as temperature: 800°C, feed
gas: 50% CO;; sweep gas: 0.1%CO,. If there is O in the feed gas, the ratio of CO2:0; ratio is
kept at 2:1. In the parametric studies, temperature is varied between 650 and 850°C, and pCO; at

permeate-side is changed from 0.02 to 0.25atm. The third electronic LNO phase in MOEECC

membrane is assumed to count for 0.5% of the total volume.

Table 5.6 Operating conditions and membrane parameter

Parameter | Value Unit | Description

T 650-850 °C Temperature

pCO20 0.5 atm CO;, partial pressure at feed side, x=0

pCO2 L 0.02-0.25 atm CO. partial pressure at permeate side,
x=L

pO2,0 0.25 atm O. partial pressure at feed side, x=0

pO2,L 0.01-0.125 atm O partial pressure at permeate side,
x=L

L 0.5 mm Membrane thickness

€ 0.5 1 Volume fraction of molten carbonate

T 2 1 Tortuosity of the membrane

Vino 0.005 1 Volume fraction of LNO phase

Feed gas | 50% CO2: 25% 02:25% | - Feed gas composition

N2
Sweep 99.85% Ar:0.1%CO0:: - Sweep gas composition
gas 0.05%0;

Note: Tortuosity is assumed to be the same in all the phases.

5.5 RESULTS AND DISCUSSION

All the governing equations listed in Table 4.1 are solved in multiphysics software
COMSOL 5.4. The computational domain is a 1D film spanning from 0 to L within which
transport of multiple species (oxygen-vacancy, carbonate-ion, electron, or hole) and
chemical reactions at gas/solid interface take place (see Table 5.2). The mesh is

symmetrically distributed with dense grids at the two boundaries. Arithmetic sequence
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growth formula is used to control the element ratio to be 10. A stationary solver is used to
solve all the equations in the models. Meanwhile, the analytical solutions derived in this
work, as given in Table 5.4, are also calculated in the corresponding COMSOL modules

for comparison purposes.

In this section, we demonstrate analytical and numerical solutions of CO; flux for
all the four types of membranes shown in Figure 4.1 as a function of T and pCO; at the
permeate-side. The CO2:0- ratio at the feed-side is kept at 2:1, see Table 6. For the first
time, electrical potential profiles are correlated with CO; flux under different conditions,
which is informative because the driving force for the CO> transport through a mixed
conducting membrane is the electrochemical potential gradient that is the summation of
chemical potential and static electric potential. The numerical solutions for MOCC and
MECC membranes are also compared with their analytical counterparts. The numerical
solution for MOECC membranes is compared to the existing analytical solution and the
cause of discrepancy is discussed. Most importantly, the numerical solution for MOEECC
membranes offers the evidence that the additional electronic conducting LNO phase can

significantly enhance the CO; flux.

5.5.1 MOCC

For MOCC membranes, both SO phase and MC phase transport one single charge
carrier, viz. oxygen vacancy and carbonate ion, respectively. Here, we simulate the two
most popular SO materials: 8YSZ and GDC20. The performances of the two membranes

are compared in terms of CO; flux.
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55.1.1 YSZ/MC

Here, we select 8YSZ, a pure oxygen vacancy conductor, as the SO phase, and Li-
Na eutectic, a pure carbonate ion conductor, as the MC phase, for the modeling. Figure
5.2 and 5.3 show CO; flux and electric potential in both MC and SO phases in the x
(thickness) direction against temperature and permeate-side pCOg, respectively. The solid
lines and symbols represent data calculated from numerical and analytical methods,
respectively. Evidently, the numerical and analytical results agree seamlessly. Figure 5.2a
shows that the CO2 flux increases nonlinearly from 1.0x107 to 9.0x10® mol/cm?/s as
temperature increases from 650 to 850°C. This temperature-related increase in CO> flux
is the result of increased ionic conductivity in MC and 8YSZ phases. Since the
conductivity in MC is much higher than 8YSZ, see Figure 5.3, the electric potential
gradient in the MC phase is much smaller than that in 8YSZ phase. For example, Figure
5.2b and 5.2c show that the variation of transmembrane electrical potential is Apmc~1.2
mV for MC phase under 850°C, whereas it is Adpso ~ 80 mV for 8YSZ phase. The change
of temperature does not significantly change the transmembrane gradient of ¢so, thus the
flux enhancement is mainly resulted from its conductivity dependence on temperature;
whereas the range of ¢mc does change considerably with temperature, implying that the
flux enhancement by the conductivity of 8YSZ is more pronounced than that brought by
the conductivity of MC phase. Overall, the conductivity of 8YSZ phase is a factor
limiting the CO; flux. This assertion is also supported by the measurement of the

effective conductivity of a MOCC membrane 1971,
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Figure 5.3 Numerical and analytical results of MOCC membrane at different
temperatures with a fixed permeate-side pCO2=0.1 atm:(a) CO flux; (b) electric potential
in MC phase; (c) electric potential in SO (8YSZ) phase

Figure 5.4 shows the same set of plots but with the permeate-side pCO; as a
variable at a fixed T=800 °C. As expected, Figure 5.3a shows that the lower the
permeate-side pCO», the higher the resultant CO> flux. From the mathematical point of
view, change of permeate-side pCO; leads to a change in boundary conditions, thus in the
chemical potential gradient. Correspondingly, Figure 5.3b and 5.3c show that the lower
the permeate-side pCO., the greater the slope (gradient of electric potential). Hence,
lower permeate-side pCO2 is beneficial to improve the CO; flux, which is increased by
nearly 5 times as pCO- decreases from 0.25 to 0.02 atm. This revelation also suggests
that instant consumption of permeated CO> via a chemical conversion process such as

reverse water-gas shift reaction can promote the transmembrane CO; flux.
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5.5.1.2 MOCC: GDC/MC

In this modeling, YSZ phase is replaced by GDC, another oxide-ion conductor, to

examine how oxide-ion conductivity affects the transmembrane CO- flux.

Figure 5.5 compares the calculated CO; flux for two membranes: YSZ/MC vs
GDC/MC. It is evident that CO> flux of GDC/MC (red curve) is 4-9 times higher than that
of YSZ/MC (red curve) in the temperature range of 650 and 850°C, and 6-7 times higher
in the permeate-side pCO> range of 0.02 and 0.25 atm. Therefore, replacing YSZ by GDC
or a SO material with higher ionic conductivity in MOCC membranes should significantly

improve the CO flux.
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pCO2=0.1 atm; (b) different permeate-side CO; partial pressures, (atm) with a fixed
T=800°C

5.5.2 MECC: Ag/MC

For MECC membranes, silver is selected as the metal phase due to its high electrical
conductivity and chemical inertness to MC. We built the MECC model using the governing
equations in Table 5.1 and parameters in Table 5 to simulate CO> flux. Figures 5.5 and 5.6
show the numerical (solid lines) and analytical (symbols) results against T and permeate-

site pCOg, respectively. Different from MOCC membranes, both CO2 and O permeate, at
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a flux ratio of CO,:0,=2:1, according to the reaction 3-1 in Table 5.2. Such a correlation
is indeed confirmed in Figure 5.6a and 5.7a. Remarkably, the results produced from the

two modeling methods are in excellent agreement.
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Figure 5.6 Numerical and analytical results of MECC (Ag/MC) membrane at different
temperatures with a fixed permeate-side pCO2=0.1atm: (a) CO2 and O flux; (b) electric
potential in metal (Ag) phase; (c) electric potential in MC phase

Compared to the MOCC counterpart shown in Figure 5.2a, the CO- flux of Ag/MC
membrane shown in Figure 5.5a is much higher, varying from 1.75x10° to 3.25x10®
mol/cm?/s at 650 to 850°C. Since the conductivity of silver is much higher than that of MC,
the carbonate-ion transport in MC phase becomes the rate-limiting factor to CO- flux.
Figure 5.5b and 5.5c¢ further confirm this point by showing that the electrical potential in
metal phase ¢ merely changes in the x direction at a given T but its absolute value increases

with T, while ¢mc gradient increases with T, leading to a higher CO2 flux.

Figure 5.7 further shows the same set of figures plotted under different permeate-
side pCO; at T=800°C. The CO; flux nonlinearly increases from 1.22x10° to 5.67x10°
mol/cm?/s as the permeate-side pCO> decreases from 0.25 to 0.02 atm, see Figure 5.6a. A
steeper slope (gradient of electric potential) is observed in Figure 5.6b and 5.6¢ for both
metal and MC phases when the permeate-side pCO- decreases, which leads to a higher CO>

flux. As expected from the high electrical conductivity, the variation of transmembrane
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electric potential in the metal phase is much lower than the MC phase, A¢e=0.5 mV vs.
Admc=150 mV. Overall, because of the much higher ionic conductivity of the transport-

limiting MC phase in MECC membranes than that of SO phase in MOCC membranes, the

former shows a much higher CO: flux than the latter under the same operating conditions.
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Figure 5.7 Numerical and analytical results of MECC membrane under different
permeate-site pCO; at a fixed T=800°C: (a) CO- flux; (b) electric potential in metal
phase; (c) electric potential in MC phase

5.5.3 MOECC: LSCF/MC

In this section, the pure ionic conducting YSZ phase is replaced by a MOEC: LSCF
phase. The objective is to show how electronic component in the solid phase affects the
total CO2 and O fluxes. The chemistries of such a MOECC membrane are illustrated in
Figure 4.1c. Figure 5.8 shows profiles of electron-hole and oxygen-vacancy concentration
along the thickness direction. A strong nonlinearity and opposite trending are observed for
both charge carriers. The lower the pCO, the more pronounced the variation. Such a

correlation is mainly dictated by the equilibrium of reaction 2-2 in Table 5.2.
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electron holes; (b) oxygen vacancies

Figure 5.9 compares the numerical (solid lines) and analytical (symbols) results
obtained from literature [61] in fluxes of O2, oxygen-vacancy and CO>. Clearly, Oz, oxygen
vacancy and CO; fluxes of the analytical solution show nonlinear variations across the
membrane, which are contradicted to those calculated constant fluxes from the numerical
method. The difference is rooted in the fact that the variations of oxygen vacancy and hole
concentration are nonlinear across the membrane, see Figure 5.8. Unfortunately, the
analytical method cannot solve this nonlinearity. The analytical results provided by ref.
[20] are wrong for the reason explained above. Therefore, for more complex MOECC
membranes, the numerical method is a better approach to calculating the flux. The constant
flux profiles vs. membrane thickness by numerical method is consistent with the governing

equation (gradient of flux equals 0 in the bulk) in Table 5.1.
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Figure 5.9 Comparison of transmembrane fluxes of LSCF/MC membrane under different
permeate-side pCO> and a fixed T=800°C derived from numerical and analytical
methods: (a) O2 flux; (b) oxygen vacancy flux; (c) CO2 flux

Figure 5.10 further compares CO, oxygen vacancy and O fluxes vs. permeate-
side pCO; derived from numerical and analytical methods. Ncoz, Ny and No. are molar
fluxes of CO-, oxygen vacancy and O across the membrane, respectively. The subscripts
numerical and ana represent numerical and analytical, respectively, and ana_avg, ana_x=0,
ana_x=L represent analytical-derived from concentrations of oxygen vacancies and
electrons of bulk average, at feed side and at permeate side, respectively. We find that if
the average concentration is used in the analytical solutions, a good agreement can be
reached between the numerical and analytical results for all the three fluxes, even though
a large discrepancy exists in analytical solutions using local concentrations. Therefore, to
use the analytical method to calculate the flux such as that in ref. 61 the average
concentration instead of local one should be used. In addition, we also find that in the same
reference, the author mistakenly set O, flux to be the half of the oxygen vacancy flux,
which should have been a quarter of the electron flux. If there was no electron conduction

in the SO phase, there would be no net O flux.
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5.5.4 MOEECC: MDC/MC/LNO

Recently, a new high CO2-flux membrane with three parallel pathways is reported,
in which a new electron conducting phase LNO is formed in situ between NiO and MC
[21]. Three pathways result: surface reaction 1-1 (SO and MC phase, pathway 1), surface
reaction 2-1 and 1-1 (SO and MC phase, pathway 2); surface reaction 3-2 (LNO phase,
pathway 3). Here, we apply the numerical method to solve the governing equations given
in Table 5.1 for CO2 and O fluxes of this three-phase membrane (previously denoted as
MOEECC) consisting of MDC, MC and LNO. Due to the complexity of the system,
analytical solution is very difficult; thus, we used numerical method to solve the governing
equations in Table 5.1 and produce the flux data. The results are shown in Figure 5.11 and
5.12. Since the third electron conducting LNO phase is formed in-situ during operation, we

assume it only counts for 0.5% of the total solid phase volume, see Table 5.6.

Figure 5.11a and 5.11b show the total and breakdown of CO; and O flux of the
membrane. The CO- flux can be split up into three partial fluxes, corresponding to the three
pathways, Y2 Ne Lno (pathway 3), -Nv, moec (pathway 1), %2 Ne, moec (pathway 2),
respectively. The oxygen vacancy is transported in the opposite direction of CO2; every 2

electrons will result in 1 CO.. The results suggest that the additional pathway 3 increases
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COs: flux by ~ 75% compared to MOEC/MC (denoted as MOECC) membrane. The O flux
is resulted from pathway 3 (%2 Noz, Lno) and pathway 2 (Y2No2, moec), and increased from
0 to 1.4x10" mol/cm?/s as the permeate-side pCO; is decreased from 0.25 to 002 atm.
Figure 5.11c further confirms that the flux ratio of CO2/O- is higher than 2, and the higher
the permeate-side pCOz, the higher the ratio. The additional CO, comes from pathway 1-
1. Overall, a small amount of LNO can enhance the CO> flux substantially by providing

additional electronic pathway for CO; transport.
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Figure 5.11 Breakdown of numerical CO2 and O fluxes of membrane under different
permeate-side pCO; and a fixed T=800°C: (a) CO: flux; (b) O2 flux; (c) CO2/O- ratio

Similarly, the temperature effect on the MOEECC membrane is shown in Figure
5.12. The enhancement brought by LNO phase is also ~ 75% in CO- flux, accompanied by
a significant increase in O flux. In Figure 5.13c, the flux ratio of CO./O; is > 2 and
increases with operating temperature as a result of higher CO2 flux contribution from

pathway 1.

Note that if the SO phase (such as GDC) can be treated as a pure oxygen vacancy
conductor, the analytical solution of the problem could be derived, which is given in

chapter 4 and Table 5.4.
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If solid oxide phase was LSCF, the LNO phase will still be beneficial to boost the
flux, however, since the electronic conductivity of LSCF is comparable to that of LNO, but
the volume ratio of LSCF is much higher than that of LNO, the CO2 flux will be dominated
by the LSCF phase, whereas LNO phase could only contribute to a small portion of the
total flux. However, the order of magnitude of the total CO flux will be close that reported

in Fig 5.10 for LSCF/MC membrane.

5.6 CONCLUSION

In this work, we have calculated CO2/O> flux of four types of multiphase solid/MC
membranes for CO, transport both numerically and analytically. For solids with a single
charge carrier, oxygen vacancy or electron, analytical and numerical results are virtually
identical. For solids of mixed oxide-ion and electron conductors, numerical methods are
preferred over analytical counterparts due to the fact that the nonlinear variations of charge
carrier concentrations across the membrane under large chemical potential gradient cannot
be solved analytically. From the transport perspective of membranes, the models indicate
that without O in the feed, GDC/MC membrane is preferable over YSZ/MC membrane,
yielding 4-9 times higher CO- flux over a temperature range of 650-850 °C and permeate-
side pCO2 range of 0.02-025 atm. With O in the feed, Ag/MC membranes exhibit higher
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CO./O; flux than LSCF/MC. This study also reveals that in the new MOEECC membrane
including a new separate electron-conducting phase LNO, the CO/O; flux can be markedly
enhanced by the additional electronic pathway and the resultant membrane is virtually a

combination of MOCC and MECC membranes.
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CHAPTER 6
PERFORMANCE PROJECTION OF A HIGH TEMPERATURE CO;
TRANSPORT MEMBRANE REACTOR FOR COMBINED CO;

CAPTURE AND METHANE-TO-ETHYLENE CONVERSION?

Direct conversion of methane into ethylene through oxidative coupling of methane
(OCM) is a technically important reaction. However, conventional co-fed fixed-bed OCM
reactors still face serious challenges in conversion and selectivity. In this paper, we apply
a finite element model to simulate OCM reaction in a plug-flow CO./O> transport
membrane (CTM) reactor with the directly captured CO2 and O, mixture as a soft oxidizer.
The CTM is made of three phases: molten carbonate, 20% Sm-doped CeO,, and LiNiO..
The membrane parameters are first validated by CO2/O> flux data obtained from CTM
experiments. The OCM reaction is then simulated along the length of tubular plug-flow
reactors filled with a La20s-CaO-modified CeO> catalyst bed, while a mixture of CO2/O-

is gradually added through the wall of the tubular membrane. A 12-step OCM Kinetics is

3 Xin Li, Kevin Huang, and Xinfang Jin, Submitted to Journal of The Electrochemical

Society
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considered in the model for the catalyst bed and validated by data obtained from a co-fed
fixed-bed reactor. The modeled results indicate a much-improved OCM performance by
membrane reactor in terms of Cz-yield and CH4 conversion rate over the state-of-the-art,
co-fed, fixed-bed reactor. The model further reveals that improved performance is
fundamentally rooted in the gradual methane conversion with CO./O; offered by the plug-

flow membrane reactor.

6.1 INTRODUCTION

A recent notable development in the energy field is the significantly increased
production of natural gas (NG) from shale and tight oil [108]. If the newly available, low-
cost NG is only used for producing heat and power as in the past, it will continue to emit
significant amount of CO> into the atmosphere and add burdens to the current effort to
mitigate global warming and climate change issues [109, 110]. Alternatively, NG can be
directly converted into value-added products with minimal CO2 emissions [20]. This direct
methane conversion (DMC) approach is also economically attractive due to higher values

of the final products [21, 90].

The most studied DMC technology is Oxidative Coupling of Methane (OCM),
transforming CHjs into ethylene (C2H4) with molecular O as the oxidant in a single step
[111]. A major technical challenge for the OCM process is to achieve high CH4 conversion
at high C2 selectivity [112]. A number of new reactor designs have been proposed based
on the concept of controlling the oxygen content to prevent over-oxidation of the desirable

C2 products [113].
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From a design perspective, there are generally three types of reactors: moving or
fluidized-bed reactor, fixed-bed reactor, and membrane reactor [114, 115]. For the moving
or fluidized bed reactors, the solid catalysts need to be replenished at a high frequency in
order to remove coke and achieve a C2 yield greater than 50% [116, 117]. However, it is
energy intensive to invest on larger reactor vessels, regenerate large amount of solid
catalyst, and provide high pumping power to move the catalyst. For the fixed-bed reactors,
there is little control over the over-oxidation of C2 such that C2 yield is often limited to
<25% [118]. There were some proposed fixed-bed reactors with the ability to control the
oxygen concentration in a continuous reactor by distributing the oxygen feed during the
reaction to reduce the over-oxidation of C2 products. But, to distribute oxygen feed in a
reactor is not trivial and could become very costly [119]. The membrane reactors reported
in the open literature are either porous membrane reactors or membrane reactors with solid-
oxide O transport materials (OTMs) [120, 121]. However, the improvement in C2 yield

and selectivity demonstrated so far is still marginal [122].

To control oxygen concentration, previous studies have shown that using nitrogen
oxide, carbon oxide or sulfur as a soft oxidizer can appreciably improve the conversion-
selectivity relationship [123]. Here in this study, we investigate from a modeling
perspective the performance of a membrane reactor to directly convert methane to ethylene
via OCM using a mixture of CO2/O>. In this case, a multi-phase, high-temperature CO>
transport membrane (CTM) is used to separate CO, and O from a carbon source such as
flue gas and simultaneously react with methane on the other side of the membrane to form
ethylene in the presence of OCM catalysts. We combine experimental data from the most

recent CTM study and reaction kinetics of La,O3-CaO-modified CeO; catalyst in a
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Multiphysics micromodel to predict CH4 conversion rate and C2 yield in a new plug-flow
membrane reactor. The performance of the reactor is then compared with a fixed-bed

reactor counterpart to show the advantages of the new technology.

6.2 TYPES OF REACTORS SIMULATED

In this study, we simulate a tubular plug-flow membrane reactor and a fix-bed
reactor for validation and comparison purposes. The working principle of each reactor is
schematically illustrated in Figure 6.1a and 6.1b. In the membrane reactor, the CTM
consists of three phases: Sm-doped CeO- as the solid oxide (SO) phase, molten eutectic
LiCO3-Na>COs3 as the molten carbonate (MC) phase, and the LiNiO2 (LNO) phase formed
in-situ between NiO and MC working as the electron conducting phase [124]. With such a
membrane composition, only CO; and O in the flue gas can permeate through the
membrane to react with methane on the other side. The central passage of the plug-flow
membrane reactor is filled with La,O3-CaO-modified CeO- catalyst having a 34% porosity.
A pure stream of methane is fed into the reactor through the catalyst bed, while a mixture
of CO2, Oz, and N2 as a mockup of the flue gas from power plants is fed along the outer
surface of the reactor. During operation, the CTM gradually adds CO and O into the
methane chamber under the gradient of chemical potentials of CO2 and O. There are
eleven catalytic reactions (solid line in the reaction network shown in Figure 6.3b) on the
surface and one bulk reaction in the gas phase (dashed line in the same plot) considered
inside the reactor (methane chamber). The corresponding reaction kinetics have been listed
in Table 6.1. Ethylene is the product in the outlet. A 2D axial symmetrical model was built

to simulate the performance of membrane reactor coupled with a catalyst bed.
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Figure 6.1 Schematic illustration of (a) membrane reactor; (b) co-fed fixed bed

In the fixed-bed reactor, the composition, diameter, and length, as well as the
porosity of the catalyst bed, and the inlet CH4 flow velocity are the same as the membrane
reactor. There are, however, two major differences in the fixed-bed reactor modeling
compared to the membrane reactor: 1) a mixture of CH4 and CO-/O; is co-fed at the inlet

of the reactor; 2) there is only one computational domain for the catalyst bed.

6.3 MATHEMATICAL MODELS

In this section, we give more details about the mathematical models to simulate
both OCM reactors. The reaction kinetics of OCM on La;03-CaO-modified CeO, catalyst
involves many species. A set of 10-step kinetic model was first proposed by Stansch et al.
[26] for O. OCM. It describes the differential rates of formation of different species under
a wide range of operating conditions (1<po2<20kPa, 10<pcH4<95kPa, 973<T<1228K). The
kinetic model includes thermal cracking, steam reforming and water gas shift reactions,
see Table 1. The kinetic parameters are estimated based on experimental data obtained

from a microcatalytic fixed bed reactor in the validation section [108]. The reaction rate
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equations are either in Hougen-Watson type (reaction 1-6) or Power-law type (reaction 7-
10). In addition, we also considered direct reaction between CH4 and CO; as reaction (11)
with the experimental data from Wang et al. [125].

Table 6.1 Reactions and kinetic rates

Index Reaction Reaction Kinetics
E Eq
1 CH, + 20, —CO2 + 2H,0 <ko1'€_ﬁ>'P£‘?-114'Po —kpve RT-P[ PHzO
n= _4Hg4,c0,,1
(1+Kyco,e RT  -Pcg,)?
2 2CH4 + 0.50; — CoHg + _Ea _2Hadoy
koze RT'(Kgp,'¢” RT  Pg,)"2PcH,
T, =
Hz0 2 AHgq,0, AHgq,0,
[1+ KO,OZ'e RT .POZ +K, ,05'€ RT POZ]Z
E
3 | CHi* O —COvHO (kose R e g5 i
2 3= AHgd,c0,3
(1+K3,c0,€ RT  -Pcp,)?
Eq Eq
4 CO +0.50, = CO2 <k04'€_RT> PCHy POy —kpre R Ploy Pis0
Ty = _4AHgg,c0, 4
(1+K4co,e RT  -Pcp,)?
5 CoHs + 0.50;, —C,H4 + H,O -Eq 5 -Ea ms n
2rie 2 24 2 kos'e RT |:Plyry: Py, —kpe RT'PCOSZ'PHSO
s = _AHga,00,5
(1+Ks,co,€ RT Pco )?
Eq
6 CoHq + 20, —2CO + 2H,0 <k06 e RT) Peie PO —kpe -7 ot PHZO
Te = _4AHgg,00,,6
(1+Ke,co,€ RT  -Pcp,)?
7 — + _Eaz
CoHe —CoHs + Ho v, =ko7 e RTPpp.
8 CoHs + 2H,0—2CO0 + 4H; mg ng
rg = kog e RTPc i, Pry0
+ H,0—CO, +
9 CO + H,O0—CO; + H; Ty = k09 e~ RT Pm9pn9
1 +H, — CO + —Eawo
O COZ HZ Co HZO Tlo — klO e RT Pm10Pn10
11 2CH; + CO, — CyHg + _Eas
) ’ 2 ri1 = kyg e AT Pmllpggzl
H,O0+CO

Table 6.2 lists the governing equations and boundary conditions in both the
membrane and the catalyst bed. The model was solved using commercial finite element
package COMSOL 5.4, Mathematics/The General Form PDE interface. Mapped mesh with

3500 linear quadrilateral elements was used in discretization. According to the definition

108



of our previous work [126], the membrane consists of three phases: molten carbonate phase
transporting carbonate ions, mixed oxide and electron conducting phase transporting both
oxide-ions and electrons, and the LNO phase transporting electrons only. Therefore, there
are four charge conservation equations in the membrane domain. The details of the
governing equations and boundary conditions can be found in our previous work [126]. In
the catalyst bed, the diffusion and convection of the gas species are described by transport
of dilute species in porous media. The reaction kinetics at the catalyst surface or the bulk

are given in Table 6.3. The velocity of the gas stream is assumed to be constant.

To evaluate the overall performance of the OCM reactors, three metrics are used: C2

yield (Y¢,), selectivity (Sc,), and CHa conversion rate (Ccy,4), Which are calculated by:

Yc2 = Scz " Ccha (6-1)
[2 X (]C2H4,0ut _]C2H4,in) + 2 X (]CzHG,Out _]CZHG,in)]
C2 = o (6-2)
]CH4,m ]CH4,out
C _ ]CH4,in _]CH4,out
cH JcHain (6-3)

6.4 PARAMETERS AND MODEL VALIDATION

Validation of the CTM and the catalyst bed were done separately with different sets
of experimental data. The 1D CTM model was validated by experimental data from button
cell of our previous work [126]. Here, we extend the model from 1D [21] to 2D. Therefore,
in Figure 6.2a, we compare the CO> fluxes calculated by both 1D and 2D models with
experimental data and found good agreement among the three sets of data. So, we think
the membrane parameters validated from experimental button cell data can be used to

simulate the performance of a pilot-scale membrane.
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Table 6.2 Governing equations and boundary conditions for different domains

B.C. @ Feed Side
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conservation in
MC phase

Physics Governing Eq. (Outer surface) (Inner surface)
Membrane
Oxygen Ve, =— (1"8) (Zv FD,V2C, + ’ RT(lnPCPOOZ"’%)—ﬁ Jv+In+Jct+Jano =0
vacancy , s0 50,0 =
conservation in ZVFRZ%VZ@SO) =0 v
SO phase
Molten V-Jo=———0:V2Bue =0 Ouc(x=0)=0 RT(In2€02LC%)_p
carbonate ion M Dycr = ( :;C CV) — Zviz oL

Electron/hole
conservation in

Ve jn = = =2 (ZaFDuV2C, +

Cn(0) = Kp/*Cy/% Py, o2
ZVCV + ZnCn + ZDCD = 0

Ca(L) = K7'C, /Ry ]
ZVCV + chn + ZDCD = 0

ZZF?DpC
SO phase %VZQSO) =0
: — _ X _ X
Electron |V ewo = 2 Binoo = T Bivos = T
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Figure 6.2 Validation of the reactors: (a) CO; flux validation of the membrane; (b)
validation of O2 OCM for the fixed catalyst bed in C2 yield; (c) validation of O OCM
for the fixed catalyst bed in CH4 conversion rate; (d) Validation of CO2 OCM for the
fixed catalyst bed

Validation of the O, OCM catalyst bed is done by optimization of the C2 yield and
CHs conversion rate to fit their experimental data obtained from a micro-catalytic fixed-
bed reactor with La>O3/CaO catalyst as reported by Stansch [127, 128]; the results are
shown in Figure 6.2b and 6.2c. With the obtained 10-step reaction kinetic parameters listed
in Table 6.3, an actual micro-catalytic reactor shown in Figure 6.1 is simulated. Validation
of reaction 11 with CaO/modified CeO- catalyst for CO> direct oxidation of CHs is done

with experimental data [22]; the results are shown in Figure 6.4d.
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Table 6.3 Kinetic parameters for catalytic and bulk reactions

ko
Index mol'lxg'1><S' Ea,j Kj,coz AHad,coz,k\]/mO| Koz,Pa'l AHad,oz m; )]
1xpa—(m+n)
1 0.2x105 | 4g | 02210 175 _ — 024|076
2 23.2 182 | 0-83X10° 186 0.2310° | 194 | 1 | 04
3 0.52x105 | 68 | 0-30x10 187 — — |o57]|085
4 0.11x10° | 104 | 0.4x10%2 168 — — |1 (o055
5 0.17 157 | 04510 166 — — 1095|037
6 0.06 166 | 0-16X10° 211 — — | 1 |09
7 12x107 | 226 | — — — — | — [ —
8 93x10° ]300 — — — — [097] 0
9 0.19x10° | 173 | — — — — 10 10
10 | 026x10° | 220| — — — — 10 10
11 18x107 | 140 2 |05

After the validation, a composite catalyst La,O3/CaO/modified CeO; catalyst for
both O» OCM and CO2 OCM has been used in the model as the catalyst bed. It is then used
to simulate the performance of a membrane reactor and a fixed-bed reactor with the same
catalyst bed dimensions and operating conditions given in Table 4. The material properties

in the table are obtained from validation.

Table 6.4 Parameters and operating conditions for both fixed-bed and membrane reactors

Parameter Value Reference
Common Parameters for Both Reactors
Reactor length 0.4 [m]
Reactor diameter 0.018 [m]
Operating temperature 973-1103 [K] [128]
Sweep gas composition 99.3% CHg4
CHg stream velocity 0.39 [m/s]
CO; diffusivity 1.39x10*[m?/s]
CO diffusivity 1.45x10*[m?/s] 129
O, diffusivity 1.52x10*[m?/s] [129]
CH diffusivity 1.57x10*[m?/s]
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C2He diffusivity 1.31x10*[m?/s]
C2H4 diffusivity 1.37x10*[m?/s]
H.0 diffusivity 1.95x104[m?/s]
H, diffusivity 6.20x10“4[m?/s]
Membrane Reactor Specific Parameters
Membrane thickness 0.2 [mm] [21]
Feed gas composition 15% CO2: 10% 02:75% N> [21]
Sweep gas composition 99.3% CHa4 —
LNO conductivity |na:5.8456—@ [S/m] [21]
Molten Carbonate conductivity o =-4.6866+8.533-10° - T -1.325-10° - T* [104]
0, = ﬂ = ZizFluiCi
RT
SDC20 ionic conductivity logm(ﬂ.‘mT)=2-465673.40416-10Tﬂ [99, 100]
log,, (44T ) = 2.3651573.56931-1:_&
100,, ( 44,,,T ) = 4.1943 - 4.30072- 1°Tﬂ
SDC20 electronic conductivity 1000 [99, 100]
10,, (44,7 ) = 2.63204 - 2.6264-T
Tortuosity of the solid oxide 2.5 [126]
phase
Tortuosity of the molten Inz, =-9.2167+ 11234.4 [126]
carbonate phase
Tortuosity of the LNO phase 7,0 =0.5768+0.0055-T [126]
Volume fraction of molten 0.5 [126]
carbonate
Volume fraction of LNO phase 0.01 [126]
Fixed-Bed Reactor Specific Parameters
Inlet gas composition | 8.7%CO0,, 4.3%0>, 87% CH4 | [128]

6.5 SET UP FOR COMSOL MULTIPHYSICS

For the 2-D model, membrane thickness is along the r direction and the reactor flow
is along the reverse of the z direction. An additional “transport of dilute species (tds)”
interface under “Chemical Species Transport” is needed. It is used to calculate the
concentration profile of all the gas species transported by diffusion and convection as well

as reaction. All species are assumed to be diluted. There are 8 species and 10 reactions for
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the oxidative coupling of methane (Chapter 6), and 5 species and 6 reactions for the dry-
oxy reforming of methane (Chapter 7) taken into consideration. The velocity of the gas
mixture is given as a constant. The diffusion coefficient of each species is added in the
materials node. Also, the reaction rates for both bulk and catalytic reactions are defined in
this model. The inflow gas concentration and initial values are given. In the fixed-bed
reactors, the gas composition of the inflow is a mixture of CH4/CO2/O2, whereas in the
membrane reactor, only methane was fed at the inlet, oxygen and carbon dioxide, are
permeated through the membrane.

After the boundary conditions and governing equations are implemented, the model
is ready to be meshed, in which the geometry of the model is broken down into smaller
pieces (elements). A finer mesh will result in a more accurate solution, but it requires more
time to compute. Therefore, balancing the accuracy and the computation time is necessary
for a complicate model. For the 1D model, the “physics-controlled mesh” was used to build
the extremely fine mesh, while for the 2D model, the “user-controlled mesh” is used to
build the desired mesh distribution. Mesh of the 2-D model built in this work is shown in

Figure 6.3.
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Figure 6.3 Mesh of the 2-D model of the tubular membrane reactor
The last step is to specify the study settings. Since this problem is a stationary
problem, the stationary solver is used. Then, a parametric study is created to sweep the
parameter through a specified range. Parameter such as temperature, partial pressure and
reactor length are used as sweeping parameters to study their influence on the performance

of the membrane, the membrane reactor and the fixed-bed reactor.

6.6 RESULTS AND DISCUSSION

In this section, we compare the simulated performance of a membrane reactor and
a fixed-bed reactor with the same catalyst bed and operating conditions. The operating
temperature is varied between 973K and 1103K. The purpose of this study is to
demonstrate the improved performance with the new membrane reactor over the state-of-

the-art fixed-bed reactor.
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6.6.1 Fixed-Bed Reactor

Figure 6.4 shows 2D axial symmetric molar fraction profiles of gas species in a co-
fed fixed-bed reactor under 1103K. Note that the 2D domain will be rotated around its
vertical orientation to form a cylinder in 3D. CH4 and CO2/O streams are co-flowing from
the top inlet to the bottom outlet of the cylindrical catalyst bed. To ensure a fair comparison,
CO./O; flowrates are the same as their equivalent flowrates permeated through the
membrane in the membrane reactor. The wall of the container is under zero-flux boundary
condition. It can be seen that CH4 and CO2/O, have been continuously converted to CO,

C2Hs, C2oHs, H2O and Hy, as the stream move toward the outlet (bottom) of the tubular
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Figure 6.4 2D axial symmetric gas species molar fraction profiles in the fixed-bed reactor
under 1103K

To show the gas species molar fraction profiles along the flow direction under
different temperatures quantitatively, we plotted their profiles along the z-axis of the

cylindrical catalyst bed, see Figure 6.5. Since CH4 molar fraction is much higher than the
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rest of the species, it is not plotted here. CH4 conversion rate will be discussed in section
6.6.3. The inlet corresponds to z=Omm and outlet is at z=400mm. The following trends
are observed: 1) The molar fraction of C2Hs increases with temperature from 973K to
1023K, and then decreases sharply toward 1103K. 2) The produced molar fraction of CoHa
surpassed that for CoHe at 1103K. 3) The molar fraction of H20 rises sharply first and then
stays flat around 0.09 as temperature increases. 4) CO molar fraction is below 0.02 for all
three cases. 5) O, molar fraction decreases fast with temperature and then becomes
depleted at 1103K. 6) CO. molar fraction profiles are quite stable for the lower
temperatures but started to decrease largely at 1103K.
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Figure 6.5 Molar fractions of gas species in the co-fed fixed-bed reactor along the z axis
under: (a) 973K; (b) 1023K; (c) 1103K

To understand the molar fraction profiles of all species and its relationship with the
catalytic and bulk reactions in the fixed-bed reactor, the reaction rates of all 11 reactions
listed in Table 1 are plotted along the z-axis of the reactor. There are 10 catalytic reactions
(1-6, 8-11) with a unit of mol/kg/s, and 1 bulk reaction (7) with a unit of mol/m3/s. The
catalytic reactions are plotted against the left y-axis in Fig. 5 and the bulk reaction is plotted
against the right y axis. Reaction 3 (producing undesirable C1), reaction 2 and 11
(producing desirable C2) are the most significant reactions. Reaction 3 shows a decreasing
trend along the z axis and decreases faster at higher temperatures. The bulk reaction 7

converts CoHg to C2H4 and its reaction rate is enhanced by higher temperatures. Its profile
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in the z axis direction is correlated to the reactant CoHs molar fraction. Even though
reaction 2 and 11 (C2 reaction) and reaction 7 (from C2He to C2Has) has been significantly
enhanced at 1103K, reaction 5 (convert CoHeg to C2H4) and 6 (convert CaHato CO) has also

been facilitated, which prevents further increase of C2 product in Figure 6.5.
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Figure 6.6 Reaction rates in the fixed-bed reactor along the z axis under:(a) 973K; (b)
1023K; (c) 1103K

6.6.2 Membrane Reactor

Different from the fixed-bed reactor, in the membrane reactor, pure CHs is fed at
the inlet, while CO2/O> is gradually added into the reactor through the CTM. The catalyst
bed of the membrane reactor is the same as that for the fixed-bed. The CH4 inflow velocity
is the same as that for the fixed-bed reactor. The flux of CO2/O; is determined by the in-
situ CO2/O> partial pressure gradients across the membrane and varies along the z-axis.

Their overall flux is the same as that at the inlet of the fixed bed reactor.

Figure 6.7 shows 2D axial symmetric gas species molar fraction profiles along the
membrane reactor at 1103K, from which we can see that: 1) CO; and O are gradually
added into the reactor through the wall of the membrane reactor. 2) CHs is consumed in
the bulk of the reactor and there is a significant variation along the radial direction since
there are more abundant O, and CO> permeated from the membrane at the inner surface.
3) Both C2 products (C2Hs and C2Ha) are produced in the bulk of the reactor, and their

molar fraction are slightly higher along the membrane inner surface. 4) Large amounts of
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H>0 and H: are also produced at the outlet of the reactor. 5) CO molar fraction is the lowest

in the reactor.
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Figure 6.7 2D axial symmetric gas species molar fraction profiles in the membrane
reactor under 1103K

Figure 6.8 shows the molar fraction variations along the membrane inner surface in
the z-axis direction. Compared to their counterparts’ plots for fixed-bed reactors, there are
three major differences: 1) C2 (CoHs and C2He) molar fractions are higher for the
membrane reactor, especially at higher temperature 1103K. 2) H>O product mole fraction
is one time higher compared with that for the fixed-bed reactor. 3) CO2 molar fraction
becomes dominant species in the product stream, indicating successful capture of the high
flux of CO2 from the flue gas. As temperature increases, CO. domination has been

weakened by H20.
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Figure 6.9 further confirms the enhanced reaction kinetics for more desirable

I I 1 L 1
200 300 400 0 100

z/ mm

L L
0 100 300

reactions, such as reaction 2 and 11 (producing C:Hs), reaction 5 (producing CzHa),
especially towards the outlet of the reactor. Therefore, elongating the reactor in the flow

direction could further improve its performance by enhancing CO2/O, OCM reaction.
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Figure 6.9 Reaction rates in the membrane reactor along the z-axis under: (a)973K;
(b)1023K; (c)1103K

6.6.3 Performance Comparison

-100 0 100
z/mm

To compare the overall performance of the two different OCM reactors, C2 yield
and selectivity, as well as CH4 conversion rate from Eq. (6-1)-(6-3) are plotted against
operating temperature in Figure 6.10. One can see that 1) for the fixed bed reactor, C2 yield
reaches the maximum of ~15% around 1023K, whereas for the membrane reactor, it
continues to increase as the temperature increases; 2) C2 selectivity for the membrane
reactor could maintain above 93% while that for the fixed-bed falls under 91% at 1103K;

3) The CH4 conversion rate for the membrane reactor is more than two times of that for the
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fixed-bed reactor at 1103K. At the same time, significant amount of CO> has been captured

in the membrane reactor from the flue gas.

o
w
o

(b)

o o
N w
o o

©
5
T
o
N
(=3

<}
o

C2 Selectivity
(=] o
o
w

CH, Conversion Rate

—e— Membrane Reactor

—e— Fixed-bed Reactor 005k ~—a— Membrane Reactor

—e— Fixed-bed Reactor
L L L

—e— Membrane Reactor
0.05F —e— Fixed-bed Reactor 0911

L . s n . n s 1 L L L L 1 L 1 L L L
960 980 1000 1020 1040 1060 1080 1100 1120 960 980 1000 1020 1040 1060 1080 1100 1120 960 980 1000 1020 1040 1060 1080 1100 1120

Temperature / K Temperature / K Temperature / K

Figure 6.10 Performance comparison between membrane and fixed-bed reactors: (a) C2
yield; (b) C2 selectivity; (c) CH4 conversion rate

In Figure 11a, CO2/O- flux along the membrane inner surface in the z-axis direction
is plotted; it increases with temperature. But it decreases exponentially along the z-axis
from the inlet to the outlet at a given temperature. At the inlet, large amount of CO2/O; is
needed to convert CHs to C2 products; as the stream approaches the outlet, CO2/O;
concentration in the membrane reactor increases, which will reduce the driving force for
the chemical potential driven diffusion process and leads to reduced CO2/O> flux. In Figure
6.11b, CH4 molar fraction is plotted against the z-axis. It decreases along the z-axis from
the inlet to the outlet. The CH4 molar fraction decreases more abruptly along the z axis in
the membrane reactor than that in the fixed-bed reactor, which is consistent with the CH4

conversion rate shown in Figure 6.10c.
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Figure 6.11 (a) CO- flux along the gas/membrane interface in the membrane reactor; (b)
CHa4 molar fraction comparison between membrane and fixed-bed reactors

The comparison results in Figure 6.10 and Figure 6.11 indicate that the membrane
reactor shows improved performance under higher temperature in terms of C2
yield/selectivity and CH4 conversion rate. However, in practical operation, lower operating
temperature is preferred to maintain a longer lifetime of the reactor. An alternative solution
to improve the reactor performance at lower temperatures is to increase the length of the
reactor. The fixed-bed reactor has the well-known limitation in C2 yield. As shown in
Figure 6.12, C2 yield is plateaued at 20% with a reactor length higher than 1.4 m. But for
the membrane reactor, as the length increases, C2 yield linearly increases and could reach
as high as 32% with a reactor length of 2 m. Therefore, it is economically beneficial to run

a longer membrane reactor for combined CO- capture and OCM under lower temperature.
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Figure 6.12 C2 yield as a function of reactor length
6.6.4 Coking resistance

Coke formation during OCM reaction is thermodynamically and kinetically
favorable, particularly under controlled oxygen condition to avoid over-oxidation, leading
to loss of catalyst’s activity via pore blockage, collapse of the catalyst support or physical
blockage of the tube in the fixed-bed reactor [130]. Coking is a major challenge for OCM
to be commercially viable. We here assess the coking possibility of OCM in fixed-bed and
membrane reactors by analyzing thermodynamic equilibrium with the gas composition
calculated from the COMSOL model under different temperatures. The results are shown
in Figure 6.13. Coking selectivity is defined as the moles of carbon produced divided by
the moles of CH4 consumed. From the figure, we find that: 1) for the fixed bed reactor,
coking selectivity decreases by more than 100% as temperature increases from 970K to
1120K, which is the result of fast reaction kinetics and abundance of CO2/H>0 in the gas
stream. 2) For the membrane reactor, a similar trend with temperature is observed, but the
coking selectivity is slightly higher at low temperature and much lower at high temperature

than the co-fed fixed-bed reactors. Such improved coking resistance at higher temperature

123



is due to the excellent CHs conversion rate of the membrane reactor. Therefore, we
conclude that longer membrane reactor design and higher operating temperature are
beneficial to suppress coke formation. Along the CH4 flow direction of the tubular

membrane, as more CO2 and O; are added, coking can be further suppressed.
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Figure 6.13 Coking selectivity as a function of operating temperature

6.6.5 Direct CO> oxidative coupling of methane

For the results presented in section 6.6.1-6.6.3, direct oxidation of methane by CO-
(reaction 11) has been included. Compared to O>-OCM (reaction 2), CO2-OCM is more
difficult given the nature of stable CO2 molecule. However, using CO: as an oxidizer for
OCM has implications to mitigating CO. emission. In recent years, explorative studies on
direct CO2-OCM have reported [34, 131], but with very low C2 yields (3 - 6% depending
on CO; partial pressure in the gas mixture). In this study, we use the experimental data
produced from CaO-modified CeO> catalyst [125] to obtain the reaction kinetics parameter
for reaction 11 in Table 6.3 and then incorporate the reaction into the models for fixed-bed
reactor and membrane reactor. Referring to the C2 yield for OCM with O in Figure 6.13,

Figure 6.14 shows that the maximum C2 vyield increase vs. temperature of direct CHs
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oxidation by CO., which is similar for fixed-bed and membrane reactors, 2.5% for the
fixed-bed reactor vs. 2% for the membrane reactor at the highest temperature 1120K and a
reactor length of 0.4 m. For longer reactors, there will be longer residence time for CO; to
react with CH4. However, it is evident that CO.-OCM contribution is marginal compared
to O.-OCM, regardless of the type of reactor. New catalysts would be needed to boost CO»-
OCM. As of now, the ability to capture CO- and incremental addition of O (diluted by the
captured CO,) into CH4 stream for OCM are the major advantages for the membrane

reactors.

0.025
0.020 |-
[0}
»
©
o
o 0.015}
£
o
$ 0010}
o
O
<
0.005 |-
—a— Membrane Reactor
—e— Fixed-bed Reactor
1 1 1 n 1 i 1 1 1 " 1 1 1

000 -— :
960 980 1000 1020 1040 1060 1080 1100 1120
Temperature / K

Figure 6.14 C2 yield increase for membrane reactor and fixed-bed reactor considering the
OCM by CO2

6.7 CONCLUSION

In summary, we have developed a membrane reactor model to simulate the
performance of a combined CO> capture and CH4 oxidative coupling reaction. The model
parameters are obtained by validating experimental data of C2 yield and CH4 conversion
rate from a microcatalytic fixed-bed reactors, as well as CO flux in a lab-scale membrane.

The results show that the membrane reactor has the following advantages over its
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counterpart fixed-bed reactor design. 1) The membrane reactor can overcome C2 yield
limitation faced by the fixed bed reactor under higher operating temperatures or longer
reactor length, achieving over 30% C2 yield. 2) CO2 molar fraction becomes dominant in
the membrane reactor product stream, indicating successful capture of the high flux of CO>
from the flue gas. 3) Longer membrane reactor shows better coking resistance compared
to its fixed-bed counterpart design. 4) Direct oxidation of CHs by CO> could only improve
the C2 yield in the membrane reactor by 2%, suggesting that OCM is mainly carried out
by O.. We show that the membrane reactor with high intrinsic CO> flux can become an
efficient bifunctional device for simultaneous CO> capture and CHas-to-C2Hs conversion
through OCM reaction. Further technoeconomic analysis will be conducted to assess the

commercialization potential of the technology in the future.
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CHAPTER 7
PERFORMANCE PROJECTION OF A HIGH-TEMPERATURE CO;
TRANSPORT MEMBRANE REACTOR FOR METHANE-TO-SYNGAS

CONVERSION

This chapter focus on the modeling of a high-temperature CO> transport membrane
reactor for methane-to-syngas conversion. The traditional approach to produce syngas
from methane is to react methane with steam at high temperatures and high pressures.
However, this reaction is very energy-intensive and endothermic. A better alternative
method is to utilize the CO; captured for upgrading CHa, an abundant and affordable fuel
of today, into syngas as precursor for liquid fuels [132-134]and methanol[135]. This
method is commonly known as Dry Methane Reforming (DMR). Compared to its rivalry
steam methane reforming (SMR) and partial oxidation of methane (POM), DMR is an
environmentally friendly catalytic process because it combines two harmful greenhouse

gases to make value-added products. The DRM reaction proceeds as follows:

CH,+ CO, - 2C0 + 2H, (7-1)
The other commonly used oxidant is pure oxygen, with which “Dry-Oxy Methane

Reforming” (DOMR) occurs. The partial oxidation of methane by oxygen reaction is:

CH,+1/,0, > CO + 2H, (7-2)
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In this chapter, the high-temperature CO./O2 co-transport membrane reactor is
studied for DOMR process, which involves both CO; and O as oxidants to convert
methane to syngas and are advantageous in conversion over DMR. Both reaction (7-1)
and reaction (7-2) are taken into consideration in the presence of a composite bifunctional

catalyst.

Besides these two main reactions, oxidative methane reforming proceeds with a
rather complex reaction pathway:[136, 137]; the following reactions occur

simultaneously.

CH, + 20, & CO, + 2H,0 (7-3)
CH, + 0, & CO + H,0 + H, (7-4)
co+1/,0, o co, (7-5)

CO + H,0 & CO, + H, (7-6)
€O, + H, & CO + H,0 (7-7)

These reactions are included in the model described in the following section.

7.1 MEMBRANE REACTOR

This modeling work was carried out in the high-temperature CO2/O co-transport
membrane described in Chapter 5. The catalyst used in this work is the metallic Ni-based
Nio2MgogO containing 1 wt % Pt (NMP) catalyst, which can effectively catalyze the
DOMR. The transport membrane of the membrane reactor consists of three phases: Sm-
doped CeO: as the solid oxide phase, eutectic Li.CO3-Na,COs3 as the molten carbonate
phase and LiNiO2 formed in-situ between NiO and Li.COs at high temperature as the

electronic phase. Flue gas consists of CO2, Oz, N2 mixture are fed along the surface of the

128



membrane reactor, CO2 and O from the feed gas permeate through the membrane to the
permeate side. Methane is fed to the permeate side in the reactor from the inlet. The
schematic is shown in Figure 7.1. The annulus of the membrane reactor is filled with
catalyst with density 0.5854kg/m?. At a desired temperature, methane is partially oxidized
to CO and Hz syngas in the presence of catalyst. A 2D axial symmetrical model was built
to simulate the performance of a membrane reactor coupled with a catalyst bed. The

domain is the same as Figure 6.1 in Chapter 6.

Hydrogen

Methane Carbon Monoxide

catalyst

Figure 7.1 Schematic of the membrane reactor for dry-oxy reforming
7.2 MATHEMATICAL MODELS

In this section, more details about the mathematical models to simulate the
membrane reactors for DOMR are given. The reaction kinetics of DOMR involve 5 species
and 6 reactions in this reactor at the reaction temperature. The corresponding reaction
kinetics are listed in Table 7.1. The reaction rate equations are either in Hougen-Watson

type (reactions 1-3) or Power law type (reactions 4-6).
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Table 7.1 Reaction kinetics of all DOMR reactions

Index | Reaction Reaction Kinetics
+ + _Eq _Ea
1 CHy +20, ~C0, + 2H.0 (k01 e RT) “ Pk Pon; — kyve RT - ng; . PI?;O
= _4Haq,c0y1
(A +Kyco, € RT - Pgo,)?
+ + + _Eq _Eq
2 CHi+ 0o = COTH0 (k03-e RT)'PQIZ'sz?)_kb'e RT'ng;'PIEO
H, 2= _AHaqd,c0,3
A+ K3c0,€ RT - Pgo,)?
+ _Ea —Eq
3 C0O +0.50; - CO; (k04 ‘e RT)- Py - P8t —ky - € RT - P10t - Pt
3= _AHgq,c0,4
A+ Kyco, € RT - Pco,)?
+ + —Eao
4 CO + H,0—CO2 + H> 1y = koo - € R;szgpfzgo
+ + —Earo
5 COz;+H, — CO+H0 re = kyo- e R%"ng;oPZIlzm
6 CH4+C0O,—2C0O+2H,[138 Pen, * Peo .
[ ] #—Kr,cm,'l(r,coz‘krl'PHZlS'Pco2
T6 = H P
CH
1+ P—(fs “Krcu, + Peo, * Kr.co,)?
Hy

According to the membrane models in chapter 5 and 6, there are three phases,
including molten carbonate phase conducting carbonate ions, solid oxide phase
conducting oxide ions and the in-situ formed LNO phase conducting electrons. The
boundary conditions and governing equations are the same as Chapter 6. The velocity of

the gas stream is assumed to be constant, which is 18cm/s.

To evaluate the overall performance of the membrane reactor, two metrics are
used, which are methane conversion rate (Xcy,) and CO2 conversion rate (X¢o,); they are

calculated by:
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(%) _ FCH4(in)—FCH4(out) (7-8)

X .
CHa Fem, (in)

Jco, (total)—Jjco,(unconsumed)
Jco, (total)

Xco,(%) = (7-9)

7.3 VALIDATION

Validation of the membrane has been done in Chapter 5 and 6. For the reaction
kinetics in the catalyst bed of the reactor, validation is done with the experimental data
obtained from Zhang’s experimental work on DOMR [21]. To be specific, the validation
work is done by optimization of the CHs and CO: conversion rates to fit with the
experimental data obtained with NMP catalyst. The experimental and fitting results are
shown in Figure 7.2, from which the following reaction rate and kinetic parameter values

are obtained:

N kr1KrcHyKr,co, 0CcHADCO2/PH2%° —PH2 " DCc0? [ Kref) (7-10)
ref (1+pcHa/PH2* Ky .cHatDCO2Kr,c02)?

284.44

= 359 X 10%exp (Fr) (7-11)
Krcna = 2.89 X 10 exp (= 7) (7-12)
Kr,co2 = 3.53 X 10 8exp (- =) (7-13)
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Figure 7.2 Validation of the DOMR Kkinetics for the membrane reactors with Zhang's

data[21]

After the validation, a NMP catalyst is considered in the model of the catalyst

bed. It is then used to simulate the performance of the membrane reactor for the DOMR.

The material properties and operating conditions in Table 7.2 are also obtained from

validation.

Table 7.2 Parameters and conditions of the DOMR validation

Parameter Value
Reactor length 0.4(m)
Reactor inner diameter 0.018(m)
Temperature 850(K)
Pressure 1.1(atm)
Catalyst BET 173(m?/g)
Catalyst density 0.5854(kg/m®)
Stream velocity 0.18(ml/s)
CO diffusivity 1.39 X 104(m?/s)
CO diffusivity 1.45X 10"4(m?/s)
O diffusivity 1.52X 104(m?/s)
CHa diffusivity 1.57 X 104(m?/s)
H, diffusivity 6.20 X 10*(m?/s)
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7.4 RESULTS AND DISCUSSION

and compared. The purpose of this study is to demonstrate the importance of reactant CO-

and O contributions to the methane reforming.
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In this section, the DMR and DOMR on the same membrane reactor are simulated
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Figure 7.3 Molar fractions profiles of (a) CH4; (b) Gas species produced from the DMR

and DOME reactions
Figure 7.3 shows the molar fraction profiles of CH4 and CO2, CO, H; along the

flow direction in the reactors, when DMR and DOMR reactions are considered in two
separate reactor models. It could be seen that CH4 molar fraction from DMR is generally

higher than that of that from DOMR in Figure 7.2a. Therefore, more CO,, CO and H; are

produced from DOMR, as shown by the dashed lines in Figure 7.2b.
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Figure 7.4 2D axial symmetric gas species molar fraction profiles in the membrane
reactor under 1023K for the dry reforming reaction
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Dry-Oxy Reforming at 1023 K

Figure 7.5 2D axial symmetric gas species molar fraction profiles in the membrane
reactor under 1023K for the DOMR reactions

Figure 7.4 and Figure 7.5 illustrate 2D axial symmetric molar fraction profiles of
gas species in a membrane reactor under 1023K for the DMR and DOMR reactions,
respectively. The 2D domain could be revolved around the vertical axis to form a cylinder
in 3D. Methane stream is flowing from the top inlet to the bottom outlet of the reactors,
while CO2 or CO2 and Oz mixture for DMR or DOMR reactors are permeating through the
membrane. It can be seen that methane and CO,/O, have been continuously converted to
syngas of CO and H in both reactors. Comparing the profiles of DMR and DOMR reactors,

the latter produces more syngas, which is consistent with Figure 7.2b.
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Figure 7.6 Reaction rates of the DOMR reactions under 1023K

Figure 7.6 shows the main reaction rates of the DOMR under 1023K. All the six
reactions are considered as catalytic reactions. Among all the six reactions listed in Table
7.1, reactions 1, 2, 6 are the main reactions of methane reacting with CO2 and O-. In
reactions 3 and 4, CO is further oxidized by O, and water, which is undesirable. Reaction

5 is the water gas shift reaction, with reactions 4 as its inverse reaction. Reaction 5 has

slightly higher reaction rate than reaction 4.

In conclusion, comparing to the DMR reactor, the DOMR reactor exhibits the
following trends: 1) More methane is converted and the methane consuming ratio by CO>
and Oz in DOMR reactor is about 2:1. 2) With oxygen introduced, the concentration of all

products CO,, CO and H> are increased. 3) Water gas shift reaction is negligible in DOMR

reactor model.
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7.5 CONCLUSION

In this chapter, we used a 2D axial symmetrical membrane reactor model to study
the performance of dry methane reforming and dry-oxy methane reforming reactions. The
DOMR reaction kinetic parameters are validated by Zhang’s experimental work. DOMR
shows higher methane conversion and syngas production rate than the DMR reaction.
The DOMR reactor converts 45% of methane while the DMR reactor only converts 30%

of methane under the same reactor condition.
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CHAPTER 8

CONCLUDING REMARKS

The objectives of this thesis work are synthesis of a new high-temperature mixed
oxide-ion, carbonate-ion and electron conducting membrane with enhanced partial O
pressure in the permeated CO2-O2 mixture and the mathematical modeling of the charge

transport in the membrane and conversion in the reactor.

From the experiment, the 6% Mn-doped CeO. (MDC) was found to be the upper
limit of Mn-doping and exhibit the highest oxide-ion and electronic conductivity. It was,
therefore, selected as a part of the matrix material for the high-temperature CO2/O- co-
transport membrane to be further evaluated for flux and conversion performance. The
MDC-NiO mixture powder was synthesized by co-precipitation method and then used to
blend with carbon as pore former to achieve porous matrix after high temperature
sintering. A eutectic molten carbonate (MC) was then allowed to fill the pores and in-situ
react with NiO to form electronically conducting LNO phase. The best MC loading was
determined to be 0.1g for a matrix with 16% porosity, 0.916 cm? surface area and 0.75
mm thickness dimension. With this membrane, the flux densities of CO2 and O were
obtained and the CO; and O pathways were confirmed by specially designed

experiments.
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The CO2/0> flux density of four types of multiphase solid/MC membranes for
CO. transport have been calculated both numerically and analytically. For solids with a
single charge carrier, viz. oxygen vacancy or electron, analytical and numerical results
are virtually identical. For solids of mixed oxide-ion and electron conductors, numerical
methods are preferred over analytical counterparts due to the fact that the nonlinear
variations of charge carrier concentrations across the membrane under large chemical
potential gradient cannot be solved analytically. From the transport perspective of
membranes, the models indicate that without O in the feed, GDC/MC membrane is
preferable over YSZ/MC membrane, yielding 4-9 times higher CO> flux over a
temperature range of 650-850 °C and permeate-side pCO> range of 0.02-025 atm. With
02 in the feed, Ag/MC membranes exhibit higher CO2/O; flux than LSCF/MC. This
study also reveals that in the new MOEECC membrane including a new separate
electron-conducting phase LNO, the CO2/O- flux can be markedly enhanced by the
additional electronic pathway and the resultant membrane is virtually a combination of

MOCC and MECC membranes.

Finally, a membrane reactor model has been developed to simulate the
performance of a combined CO> capture and CH4 oxidative coupling reaction (OCM).
The model parameters were obtained by validating experimental data of C2 yield and
CHa conversion rate from a microcatalytic fixed-bed reactors, as well as CO> flux in a
lab-scale membrane. The results show that the membrane reactor has the following
advantages over its counterpart fixed-bed reactor design. 1) The membrane reactor can
overcome C2 yield limitation faced by the fixed-bed reactor under higher operating

temperatures or longer reactor length, achieving over 30% C2 yield. 2) CO2 molar
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fraction becomes dominant in the membrane reactor product stream, indicating successful
capture of the high flux of CO. from the flue gas. 3) Longer membrane reactor shows
better coking resistance compared to its fixed-bed counterpart design. 4) Direct oxidation
of CH4 by CO. could only improve the C2 yield in the membrane reactor by 2%,
suggesting that OCM is mainly carried out by O2. We show that the membrane reactor
with high intrinsic CO> flux can become an efficient bifunctional device for simultaneous

CO- capture and CH4-to-C2Ha4 conversion through OCM reaction.
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