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ABSTRACT

The conversion of distributed renewable electricity into liquid ammonia is a promising vector
for hydrogen transport and storage, decarbonizing ammonia production and esibling e cient
hydrogen distribution. This thesis describes the development othe catalytic membrane reactor
(CMR) technology as a compact, e ective, and low-cost solution for decetralized and scalable
processes of ammonia synthesis and decomposition. We introduce a @vkton guration where the
membrane and catalyst are in intimate proximity, mitigating mass transport limitations, and
realizing record hydrogen productivity from ammonia decomposition uing less catalyst mass at
reduced temperature (450 C). A numerical simulation of the CMR captures the experimental
results with high delity, identifying rate-limiting regimes , and illustrating pathways for further
improvement. A Ru/ -alumina catalyst was shown to be more active than Ru/YSZ, and adding
it to the interior of the CMR signi cantly improves the performance , including increased
conversion and doubled hydrogen productivity. Clinoptilolite is identi ed as a low-cost, reusable
adsorbent that reduces residual ammonia in the permeate stream from 1000 ppm exiting the
CMR to the ultra-high purity standards ( < 0.1 ppm) required by fuel cell electric vehicles.

The second topic focused on the development of CMR con gurations for ammaa synthesis
reactions at mild temperature and pressure. Yttria-stabilized zirconia (YSZ) is demonstrated to
be a highly active support for Ru catalysts. A number of alkali and alkaline-earth metal
promoters were evaluated with Ba found to be stable and deliver the lghest speci ¢ activity
reported to date. A microkinetic model was developed that was capable ofapturing the strong
dependence on the /N ; ratio and temperature, highlighting the importance of surface coverage
in controlling the kinetics. Alternatively, a low-cost Cs-Fe/ -alumina catalyst was developed that
reached 50% of the activity of the Ba-Ru/YSZ catalysts. Finally, a reactor simulation study
was conducted to quantify the potential of the CMR con guration for the scalable synthesis of
ammonia. The ammonia permeance controls conversion and recovery wherepsrity scales with
an e ective selectivity. A thermally stable membrane could enablee ective ammonia synthesis at

much milder conditions (P < 30 bar, T < 400 C) than the conventional Haber Bosch process.
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CHAPTER 1
INTRODUCTION

1.1 Overview

Global warming leads to very high risks of \severe, wide-spread, and ieversible impacts"
including the increasing numbers of extreme weather events sticas wild res and hurricanes.[1]
Numerous studies have demonstrated a strong correlation and causalitydiween global warming
and anthropogenic greenhouse gas (GHG) emission.[1] G@&missions from human activities
including the combustion of fossil fuels and industrial processeaccounted for around 78% of the
total GHG emission increases from 1970 to 2010, leading to the rising atmospherCO,
concentration from 325 ppmto 390 ppm. During that time the mean global temperature has
increased 0.56°C.[1] As of Sep. 2020, the C@ concentration in the atmosphere has surged to an
alarming level of 410 ppm.[2] There are two important approaches to reducing C@ emissions:
() Transition from fossil fuels to renewables (ii) Decarbonize carlon-intensive industrial processes.

This thesis focuses on developing e cient chemical process téoologies to enable these
strategies. Renewables contributed about 25% of the global electricity geeration in 2018 [3] and
show increasingly strong momentum. The levelized cost of electrity (LCOE) for wind and solar
is below coal and gas- red power plants with an ever-growing margin wittout subsidies.[4] Wind
and solar accounted for 76% of the U.S. electricity generation additions in 202@&] However, their
deployment and electricity generation are inherently distributed and variable[6], which requires
e cient energy transportation and storage solutions.

Physical methods such as pumped hydro dominate current electrity storage and have high
round trip e ciencies (RTE) up to 70%.[7] However, its implementat ion relies heavily on suitable
topography and is often limited to large-amount and long-time storage applicatons.[7, 8] The
electric grids are useful for short-range transportation but requireschallenging integration
solutions.[6] Batteries are the most direct solution, but this resouce cannot be scaled to meet the
required capacity for long-time and long-distance applications.[8] An altenative is to convert
electricity into chemical energy, with the most direct route being electrolysis of water to produce

hydrogen.



Hydrogen as fuels can be directly combusted or power fuel cells. Comped to fossil fuels,
hydrogen has superior gravimetric energy capacity (33.3 kWh/g) but limited volumetric energy
capacity (liquid hydrogen, 2.4 kWh/L).[9] Both metrics are signi cantly higher than batteries,
making it particularly competitive to decarbonize long-range and heavyduty mobile sectors
including trucks (e.g., Hyzon Motors), trains (e.g., Hydro ex train), ships (e.g., Norwegian
Electrical Systems), and airplanes (e.g., ZeroAvia). Aside from beingn energy carrier, hydrogen
is widely used in industries including ammonia synthesis, medl re ning, and chemical re ning
processes.[10] Around 95% of current hydrogen production in North Americas derived from the
reforming of fossil fuels such as natural gas.[11] Natural gas is mainly compsad of methane, and
its reforming process is the most energy-intensive one among variodsssil fuels.[12] A transition
to green hydrogen can dramatically reduce the carbon footprint of the hydogen-associated
industrial processes.

However, the transportation and storage of hydrogen are also very challengingCurrently,
hydrogen is stored at cryogenic temperature or by compressing up to 700 bat.ow volumetric
energy density and issues with boil-o limit its storage for long-time and/or long-range
applications.[13]

Ammonia stands out as a medium for hydrogen transport and storage for many reasong-irst,
it has a superior gravimetric hydrogen density (17.7 wt.%) and volumetic hydrogen density (108
g/L), and the latter is 50% higher than liquid hydrogen.[13] Besides, it is aliquid at ambient
temperature and modest pressure<€ 10 bar). As such it can be stored for long times and
transported over long distances. As a major commodity chemical tradedylobally, the regulation
of ammonia and infrastructure for its distribution such as ships and ppelines are already in
place.[14] Policymakers from various groups have endorsed ammonia as a hemeggy commodity.
The International Maritime Organization (IMO) proposed to reduce the G HG emission at least
by 50% before 2050 by adapting engines powered by carbon-free fuels suchaamsmonia (e.g, Man
Energy Solutions).[15, 16] Japan has launched imports of hydrogen as ammonia tesad of fossil
fuels from Australia to reduce its carbon footprint.[17] Several planred construction of green
ammonia plants (e.g., CF Industries, Fertiberia) are announced to met the increasing interests in

green fuels.



Applications such as proton-exchange membrane (PEM) fuel cells use tu& high purity
hydrogen (> 99.97%, residual ammonia< 0.1 ppm).[18] As such the ideal ammonia
decomposition process requires a reaction system of high-level cargion and an e cient
hydrogen separation unit. The endothermic reaction occurs at high tempratures (500 - 700C)
for favorable thermodynamics and kinetics.[19] The pressure of operain in a conventional packed

bed reactor (PBR) is limited at atmospheric pressure following Le Clatlier's principle.

NH4 0:5N2+1:5H, Ho=46:2 kJ=mol (1.1)

Ecuity performed a techno-economical (TEA) analysis of hydrogen delivey at end-user sites by
cracking ammonia.[20] In the case of a decentralized scenario, ammonia isahsported and
cracked on-site, whereas in a centralized model ammonia is decompdseentrally and distributed
as compressed or lique ed hydrogen.[20] The former is found to be more @somically viable than
the latter. This poses both challenge and opportunity for compact and moduar technologies to
integrate hydrogen separation and ammonia decomposition reactions at mildetemperatures.[20]

Ammonia also has numerous industrial and agricultural uses. At presentammonia is used to
produce chemicals such as plastics and explosives, and most importaypturea and various
ammonium salts for direct use as fertilizer.[14] For example, in the USn 2016, 88% of ammonia
ultimately acts as the raw material for fertilizer.[14] Synthesis of ammonia relies on the same
Nobel-winning approach invented by Haber and made viable by Bosch a hundd years ago. The
Haber-Bosch process operates at high temperatures (400 - 5@) and high pressures (150 - 200
bar).[12] The former is required to activate the reaction kinetics wtile the latter is required to
partially overcome very unfavorable thermodynamics.

Small-scale and remote ammonia production has become a hot topic and theasons are
twofold. First, as discussed, ammonia stands out as a promising hydrogecarrier. By de nition,
the renewable generation of hydrogen will be a distributed proposition and the means to store
and transport hydrogen must be compatible with this mode of operation. Seond, a signi cant
contribution to the cost of ammonia for end-users is the distribution of ammonia. This cost comes
from the di erence between sites for ammonia production and sitesdr ammonia usage. For

example, in the US, over 55% of ammonia is produced in Texas, Oklahoma, and L@iana in



2014.[14] However, ammonia consumption is concentrated>( 50%) in the US Midwest such as
lowa, lllinois, etc., which comes from the need for fertilizer usagdor crop production.[14]
Consequently, transportation of ammonia is necessary. And the deliver cost takes over 33% of
the end cost from the US gulf producer to the US Midwest users.[21] Altbugh the modern
Haber-Bosch process at massive scales is well optimized with high eiency, small scale operation
isn't proved to be economical and thus brings the challenge of designgnnovel technologies and

processes.[22]
1.2 Catalytic membrane reactors

This thesis focuses on the development of catalytic membrane reactsfCMRs) technologies to
solve the challenges for small-scale ammonia production and decentraéid hydrogen generation
and puri cation by ammonia decomposition. CMRs employ the concept of piocess intensi cation
by combining reaction and separation into a compact and modular unit. Theremoval of products
while the reaction happens can relax thermodynamic limitations and poential kinetic inhibitions.
Compared to a conventional PBR, the use of CMR leads to improved perfanance including
higher conversion and selectivity at reduced temperature. Succeful implementations are majorly
for dehydrogenation processes including ammonia decomposition[23] anteam methane
reforming etc.[24]

One way to improve the CMR performance is the development of catalyisactivity. For
ammonia synthesis, the classic catalyst is the non-reducible metalxide promoted iron and has
the advantage of its high activity and low cost.[12] Compared to bulk iron catalysts, supported
metal catalysts can have a higher surface area for an enhanced density oftae sites. The
synthesis reaction can be described by three elementary steps[25holecular nitrogen and
hydrogen chemisorb and dissociate on the catalyst surface. Next, surfaaeactions proceed by the
stepwise hydrogenation of nitrogen intermediates. Finally, ammonia dsorbs and frees active sites.
The decomposition reaction happens conversely through the same set ofeahentary steps.
Ru-based catalysts are found to be the most active metal catalysts for bottammonia synthesis
and decomposition.[25, 26] Ni catalysts are a cost-e ective choice for the amamia decomposition

process.[26] However, high temperatureX 600°C) is required for su cient catalytic activity.[26]



Another focus is the development of membrane materials and fabricationsFor use in
separation processes, membranes are typically thin Ims that permate di erent components at
di erent speeds and therefore can be used for separation. Compared tamaventional separation
methods such as distillation, membrane separation is more attractive bcause it is driven by the
partial pressure di erence between the feed and permeate sidesitivout additional energy input.
Permeance, or the pressure driving force averaged permeation ux,haracterizes a membrane's
ability for permeating a particular component. Permeability is the t hickness normalized
permeance and linearly scales with the di usivity and solubility of the membrane material.
Selectivity is de ned as the ratio of the permeances of di erent conponents. Membranes can be
categorized into organic and inorganic membranes. Generally, inorganic memanes are more
favorable than polymer membranes for membrane reactors requiring higthermal and chemical
stability.[24] Dense metallic membranes using Pd and Pd alloys can sectively permeate hydrogen
through the solution-di usion mechanism, leading to its preferred uses for high-purity hydrogen
delivery.[27] Additionally, the separation of ammonia from nitrogen and hydrogen can follow

various mechanism including molecular sieving[28] and facilitated trasport[29].

Condenser
NHs3

CMR NH;
300°C ®—>
30 bar

Figure 1.1 Process ow diagram for ammonia synthesis using a CMR (lejtor PBR (right).
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In this thesis, we developed CMR technologies pertinent to distibuted ammonia synthesis and
decomposition. First, a new CMR con guration for ammonia decomposition wasdeveloped based
on impregnating the Ru catalyst into the support and using it as a seed ér electroless deposition
of the Pd membrane. The intimate proximity of the catalyst and the Pd membrane greatly
enhanced both decomposition kinetics and hydrogen recovery. A 2D reast model was developed
and validated, and this model was used to further improve CMR operaton, achieving world
record productivity by increasing catalyst loading and increasing te operating pressure. The
low-cost zeolite Clinoptilolite was identi ed as a reusable adsorbenthat reduced residual
ammonia in the permeate to levels suitable for fuel cell operation€ 0.1 ppm). Second,
nano-scale Ru and Fe catalysts were developed for ammonia synthesis. gport interactions were
critical for both, with Ba-promoted yttria-stabilized zirconia and Cs -promoted -alumina being
ideal materials for Ru and Fe, respectively. Ru displayed state-othe-art activity and the
nano-scale iron was identi ed as a cost-competitive alternative. Finaly, a reactor model was
developed to explore the potential of CMR technologies for modular ammori production. This
study established the minimum membrane requirements for ammonigermeance & 100 GPU)
and selectivity (> 10) and displayed how operating conditions could be greatly relaxed relate to

Haber-Bosch to much more modest conditions (P< 30 bar, T < 400 °C).



CHAPTER 2
METHODS

This chapter discusses experimental methods and numerical metius used in this thesis. The
former includes catalyst preparation, membrane preparation, and reactoroperation. And the

latter consists of kinetic modeling, reactor modeling, and process odeling.
2.1 Catalyst preparation

Generally, the catalyst loading is through wet impregnation on both tubular membrane
supports and cylindrical pellets. Incipient wet impregnation addsthe precursor solution on a
support drop by drop. Alternatively, supports can be immersed in the precursor solution. The
loading of metal and promoters on supported catalysts roughly scales with th pore volume of the
support and the concentration of the precursor solution. The desireddading of catalysts and
promoters can be adjusted by varying the concentration of the precursosolution. An additional

step of calcination or reduction is required to x the metal particles on the support.
2.1.1 Catalysts impregnated in membrane supports

Asymmetric, tubular, yttria stabilized zirconia (YSZ) Iters are purchased from Praxair Inc.
and used as supports for Pd and Pd-alloy membranes. Yttria constitutest mol.% for desirable
mechanic stability. The O.D. and I.D. of the tubular YSZ supports are 1.0 cm and 0.74 cm,
respectively. The bulk of the supports are macroporous with the poreige in 3 m for e cient
gas transport, and the outer layer has a thickness in 20 m and pore sizes in 200 nm to
support a thin metallic Im. The surface area of the supportis 2.2 m?/g determined by nitrogen
physisorption and BET method. Additionally, symmetric alpha-alumin a supports (CoorsTek Inc.)
are used with homogeneous pore sizes in 200 nm, and its surface area igt.4 n¥/g.

Ru catalysts are loaded into YSZ supports through wet impregnation. The Ruprecursor
solution is 0.67 M RuCl; dissolved in a mixture of water (25 vol.%) and acetone (75 vol.%). For a
complete catalyst loading, bare support is immersed in the Ru precurr solution for 30 mins and

a typical Ru loading is 1 wt.% determined gravimetrically. Alternatively, Figure 2.1(a) sh ows



that Ru catalysts can be con ned to the outer layer of the support by Il ing its inside with water
and capping ends using Para Im and Te on tapes. The Ru loading can be redaed to 0.5 wt.%.
The Ru loaded YSZ tube is then dried in an oven at T = 13C°C for 45 mins. Next, the Ru
impregnated tube is reduced under hydrogen at T = 400C for 2 hours, followed by washing using
DI water to remove any unreduced Ru chloride.

Promoters such as Cs, Ba, and K are loaded sequentially after Ru reductiofollowing the same
methods, and their precursor solutions are made by dissolving the coesponding nitrates (0.91 M,
CsNOs, 99.99%, Alfa Aesar; 0.34 M, Ba(NQ)2, 99.999%, Sigma Aldrich; 1.06 M, KNG, 99.999

%, Sigma Aldrich) in DI water. The reduction of promoters is performed in situ during reactions.

(@) (b)

Figure 2.1 (a) Con ned Ru loading on the outer layer of a YSZ membrane suppar (b) Fe/ -
alumina catalysts prepared in-house with a uniform Fe loading usingncipient wet impregnation
on particles from crushed supports.

2.1.2 Catalysts impregnated in pellets

Commercial gamma-alumina supports (Alfa Aesar) with high surface area ( 250 m?=g) are
used to prepare supported Fe catalysts with high metal loading. The Fe gecursor solution is 1.4
M ammonium iron citrate (reagent purity, Sigma Aldrich) dissolved in D | water. To achieve a
uniform loading, the support pellets are crushed into particles wih sizes in the range of 250 - 425
m . The catalyst loading is then performed by incipient wet impregnation. The precursor
solution is added into supports drop by drop using pipettes until a lled pore volume
(Figure 2.1(b)). To achieve a higher loading of metallic catalysts and pronoters, multiple loadings

are done by performing cycles of loading and subsequent drying in air atbom temperature. The



supported catalyst is then calcined at T = 350°C in air. The nal reduction step is performed in
situ during reactions.
Commercial Ru catalysts are purchased from Strem Chemical. The Ru loadig is 0.5 wt.%

and the surface area is 100 m?=g.

2.2 Membrane preparation by electroless plating

2.2.1 Support cleaning and activation

R S S e 78
Catalyst Impregnated

Pristine Su -,- =

Figure 2.2 Photographs of Pd membrane supported on the Ru activated YSZ tubeat di erent
stages of fabrication.

YSZ supports are cleaned using DI water and subsequent acetone. Next, attivation step
deposits Ru or Pd particles and is necessary to initiate the autocatalyic electroless Pd plating. In
addition to activation through Ru wet impregnation (section 2.1.1), airbrus hing using chloroform
based precursor solution (e.g., palladium acetate dissolved in chlorofor, 0.16 M) can limit the
activation process on the outer layer. Next, the activated tubes can beeduced under hydrogen or

calcined in air at T = 400°C to decompose the metal salts.
2.2.2 Pd membrane deposition

A Ru or Pd activated YSZ tube is lled with water inside and ends are capped using ParaIm
and Te on tapes. The tube is then placed in a graduate cylinder to redwce the oxidized metal
crystallites using hydrazine solution in water (20 mM) at room temperature for 30 mins. If the
level of oxidation is high, an elevated temperature or hydrazine solutin with a higher

concentration can be used. After removing the reduction solution, tie plating continues by the



addition of Pd plating and hydrazine solution (10 mM), and the ratio of its t otal volume over the
tube surface area is 1.5. The Pd plating solution is 10 mM PdCl, dissolved in water (736

mL/L) and NH 3 (4 M). The Pd plating bath is replaced after 1 - 2 hours to maintain a desrable
deposition rate. Each plating cycle deposits a Pd layer with a thickhess of 1 m . Fora
membrane with negligible defects, a thickness ir> 4 m is desirable for the YSZ supports used in
this work.

The oxidation of hydrazine releases nitrogen and creates bubbles. Therompt removal of
bubbles is crucial to creating a dense membrane with less defectAs such the graduate cylinder
with a tube in Pd bath is placed in a sonicator, and shaking by hand or rotation by motors is
needed to dislodge bigger bubbles. This is especially important ithe deposition of the rst Pd
layer. A slower plating rate can also help create a denser Pd Im. Tlerefore room temperature is
often preferable. Additionally, longer storage usually results in a les strong reducing solution due
to oxidation by air. On the contrary, if a new hydrazine solution is prepared, homogeneous
precipitation of Pd might happen due to a fast reaction between hydrazne and the metallic

cations in the aqueous solution.
2.2.3 Au layer deposition

The Au plating is conducted through displacement plating due to a highrer half-cell potential
of Au (1.0 V)[30] compared to Pd (0.62 V)[31]. The Au plating solution is 3 mM AuCljs dissolved
in NaOH (0.25 m) and DI water (1000 mL/L). Similarly, the ends of a Pd/YSZ tube are c apped
using Para Im and Te on tapes and the inside is lled with water. After reducing the PdO
crystallites to Pd using the hydrazine solution, the residual hydazine is removed by washing the
tube using DI water. The tube is then placed in a graduate cylinder with the addition of Au
plating solution in a water bath at T = 60 °C for 18 hours. The graduate cylinder is capped using
Para Im to reduce the vaporization of the plating solution. To obtain a uni form Pd-Au layer, the
annealing step is performed at T = 500C and P = 30 bar under hydrogen. For the same reason,

multiple cycles of Pd and Au plating and subsequent annealing are prefrable.
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Figure 2.3 Process ow diagram of the general operation control.

2.3 Reactor operation

2.3.1 General operation control

Figure 2.3 plots a process ow digram of the general operation control of expgénents. A
reactor is placed in a Lindberg M furnace. Two thermocouples are usedt both the inlet and
outlet of the reactor and their di erence in measured temperatures tiroughout experiments is
within 2 °C. The pressure is controlled using a back-pressure regulator andgtvalue is monitored
using an electronic pressure gauge. The owrate of inlet reactants (b, N2, NH3, He, etc.) is
controlled using mass ow controllers (MFCs), whereas the owrate of outlet streams is measured
through mass ow meters (MFMs) or bubble ow meters. Each controller and meter is calibrated
by measuring owrate separately using a bubble ow meter. The owrates used in this thesis are
at standard conditions (T = 0 °C and 1.013 bar, e.g., sccm). Note that thermal-based MFCs and
MFMs are often calibrated by the factory using a speci c gas. Thereforea di erent gas
conversion factor (GCF) should be used to correct the controlled or meaged owrate depending
on the gas composition. For ammonia concentration below 1 mol.%, its concerdtion is measured
using a nondispersive infrared detector (NDIR, Bacharach Inc.). Tke analysis of higher ammonia
concentration and nitrogen concentration requires the use of gas spectrospy (GC) and mass
spectroscopy (MS). Detectors are calibrated using a 1% Ngldiluted in stoichiometric H, and N,
mixture (Matheson). Calibration using high ammonia concentration (10 - 200mol.%) and

nitrogen concentration can be controlled through MFCs. The experimenal data including
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temperature, pressure, owrate, and composition of outlet streams ardogged through a LabView
interface every 5 mins. The leak rate of the reactor module and test ¢ap is tested by
pressurization using nitrogen at room temperature. The use of hydrogemshould be avoided due to
concerns of hydrogen embrittlement for Pd-based membranes. The leatate of the system shall

be below 0.5 % of the highest inlet ow rate at the highest operating presure.

2.3.2 Packed bed reactor

N2

Packed-bed reactor

TEM with EDAX map
of nanoscale Ru

Figure 2.4 Schematic diagram of a PBR for the ammonia synthesis reaction irsg the Ba-Ru/YSZ
catalysts.

PBR is used to evaluate the kinetic performance of catalysts. Figure 2. shows a schematic
diagram of a PBR for ammonia synthesis using the Ba-Ru/YSZ catalyst. A PBR @n be
fabricated using VCR cells with a length to diameter ratio preferably over 10. The space velocity
is set at 72,000 mL gcat! h ! to ensure no external mass transfer limitations (Figure D.2).
Kinetic testing using catalyst particles in various sizes are necgsary to determine the threshold
for no internal mass transfer limitation. This is especially important for catalysts with small pore
sizes and high catalytic activity. In this thesis, particles with sizes in 250 - 425m are selected.
The catalyst particles are packed with glass beads and shook well to prasdee uniform distribution.
The inlet stream is puri ed using an oxygen trap to reduce the conceatration of oxygen impurity

to less than 2 ppb.
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Figure 2.5 Schematic diagram of a CMR for the ammonia decomposition process
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2.3.3 Catalytic membrane reactor

The catalytic membrane reactors follow the same setup as documentea iCollins and Way.[32]
Figure 2.5 plots a schematic diagram of a CMR for ammonia decomposition. Brig, a CMR is
sealed to 1/4%tainless steel tubing through 10 mm graphite ferrules inside of a%stainless steel
shell. The inlet and retentate ow are fed and collected on the tube e, whereas the permeate
ow is measured on the shell side. In addition to catalysts impregnatel in membrane supports,
the catalyst loading can be increased by packing catalysts in the lumermnf the CMR. Similar to
the PBR test, catalysts are crushed and sieved, and particles withi 250 - 425 m are packed.
Two ends are plugged with quartz wool as catalyst particle Iters. Catalysts can also be packed
on the shell side of a CMR, stainless steel meshes are used to holcetbatalyst bed. The
di erence between directly and indirectly measured retentate owrate is used to check the mass
balance of a CMR. The retentate owrate can be obtained directly by measirement from MFM
corrected using GCF calculated using the retentate composition. Alernatively, the nitrogen
balance can derive the retentate owrate based on the owrate and compogion of the inlet and

outlet streams (apart from the retentate). The mass balance needs closa within 5%.
2.4 Characterization

In this section, major methods and instruments for characterizingcatalysts and membranes are
brie y summarized including XRD, XRF, FIB, SEM, TEM, Physisorpt ion, and Chemisorption.

X-ray di raction (XRD, X'Pert Panalytical) is used to identify the cr ystalline structure of the
material. XRF (Fischerscope X-Ray XDLM-C4) is used to measure the thikness of the membrane
as well as the bulk composition of the material. To determine the homogeniy of Pd-Au
membranes, the accelerating voltage can be varied from 20 - 50 kV for variousepetration depths.

There are two electron microscopy (EM) machines including scannig electron microscope
(SEM, JEOL JSM7000F FESEM) and transmission electron microscopy (TEM, Talos F200X
Microscope). EM instruments are useful for imaging the material and déermine the surface
morphology based on the di erence in measured electron density. Theesolution of TEM is
signi cantly better than SEM and is more applicable for nanostructures < 10 nm. Additionally,
Energy-dispersive X-ray spectroscopy (EDX) is included in both irstruments for composition

measurement. Focused ion beam (FIB) can be used to prepare thin sks of samples for TEM.

14



Nitrogen physisorption (Micromeritics ASAP 2020) and BET method are used to determine
the surface area of the catalyst. Chemisorption (Micromeritics ASAP 2020) $ used to disclose
information including the catalyst particle size, dispersion, metllic surface area/active sites
density. Di erent probe gas can be used depending on the metal of intest. In the case of
supported iron catalysts, the catalyst is reduced for 12 hours under aanstant ow of hydrogen at
450°C. The analysis is done at T = 50°C. The di erence results are used representing the strongly

chemisorbed species on catalyst sites.

2.5 Numerical methods

2.5.1 Kinetic modeling

From experiments, the activity of catalysts is often evaluated usingthe generation rate of the
desired product normalized by the catalyst mass (e.g., mmol gcat' h 1) or active sites density
(e.g., turnover frequency/TOF). However, if the product inhib ition exists, reaction rates collected
in a packed bed reactor are more appropriately classi ed as an integral than iderential reactor
despite small conversion. At the same space velocity, the di erece in catalytic activity is more
signi cant than the di erence in integral synthesis rates/outlet pr oduct concentration appear. In
this scenario, kinetic modeling helps the evaluation and comparison afli erent catalysts at
various operating conditions. Additionally, kinetic modeling can give insights into the
rate-limiting step of the overall reaction, assisting the design of wvel catalysts and new processes
such as CMR. Depending on the level of complexity, various kinetic mdeling methods are used
including the power-law kinetics, Langmuir-Hinshelwood-Hougenwatson (LHHW) type reaction,
and microkinetic modeling.

The power-law rate is appealing because of its simplicity. Reactiortonditions need extensive
variation in the desired range for a quality tting. Experimentally, t he total pressure of the
system stays constant using an inert gas as a balance (e.g., He). The pawaf reactants is
determined by varying their partial pressures, individually. 1 n addition, varying the space velocity
gives the power of products.

The use of LHHW expression is an iterative process. The rst step is ppposing a mechanism
with multiple elementary steps. Next, the apparent rate expresson can be simpli ed using

assumptions including steady-state, quasi-equilibrium, rate-imiting step, and the most abundant
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species, etc. The mechanism is either accepted or rejected by cparing the tting quality
between experimental results with model predictions.

Compared to the LHHW expression, microkinetic modeling doesn't regire any assumptions.
The kinetic parameters such as the rate constant and activation energy areften estimated
through DFT calculations, molecular simulation, and experimental resuts such as single crystal

absorption. A detailed mechanism procedure can be found in chapter 4.
2.5.2 Reactor modeling

The reactor modeling in this thesis includes two reactor types: BR and CMR. The formed is
used for kinetic modeling as discussion in section 2.5.1. The CMR mating is discussed in detall

in the appendix A.
2.5.3 Process modeling

ASPEN is often used as the process modeling tool to perform the teclo-economical analysis
including the capital and operating cost. However, novel modules foprocess intensi cation such
as the CMR are not prede ned and cannot be simply replaced using a PBR ath separator. Here
we built an Excel connector to process data ow between ASPEN and MatLab ér customized

CMR module. Detailed discussion of this work is documented in theAppendix B.
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CHAPTER 3
EFFICIENT AMMONIA DECOMPOSITION IN A CATALYTIC MEMBRANE REACTOR TO
ENABLE HYDROGEN STORAGE AND UTILIZATION

A paper accepted by the ACS Sustainable Chemistry & Engineering.
Zhenyu Zhang3, Simona Liguori*, Thomas F. Fuerst®, J. Douglas Way®, Colin A. Wolden36

N S

PBMR

3.1 Abstract

Liguid ammonia is a high density (17.7 wt.%) hydrogen carrier with a wel-established
production and distribution infrastructure. E cient decomposit ion and puri cation are essential
for its use as a hydrogen storage material. Here we demonstrate the produon of high purity ( >
99.7%) H, from NH3 using a catalytic membrane reactor (CMR) in which a Ru catalyst is
impregnated within a porous yttria-stabilized zirconia (YSZ) tube coated with a thin, 6 m Pd
Im by electroless deposition. The intimate proximity of catalyst an d membrane eliminates

transport resistances that limit performance in the conventional packed bed membrane reactor
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(PBMR) con guration. The addition of a Cs promoter enabled complete NH3 conversion at
temperatures as low as 40%C, exceeding equilibrium constraints without the need for a sweg gas.
A reactor model was developed that captured CMR performance with high delity. NH 3
decomposition was observed to follow rst order kinetics due to e cient H, removal. Relative to a
comparable PBMR, the Ru loading in the CMR was reduced an order of magnitué and the H,
recovery increased 35%, enabling record volumetric productivityates (> 30 mol m 3 s 1) that

validate its promise for e cient, compact H , delivery from ammonia.
3.2 Introduction

Numerous studies have demonstrated the strong dependence betweglobal warming and
anthropogenic greenhouse gas (GHG) emission.[1] Of the total GHG emissiondreases from 1970
to 2010, approximately 78% was attributed to CO, emission by combustion of fossil fuels and
industrial processes.[1] During that time, the CO, concentration in the atmosphere has risen from

325 ppm to 400 ppm, while the mean global temperature has increased 0.56°C [1]. In
order to stabilize these changes and ensure atmospheric GO@emains less than 440 ppm by 2050,
it is imperative to substantially reduce CO» emissions from combustion of fossil fuels.[1, 33]

Renewable energy is at the center of the transition to a less carbon-iansive and more
sustainable energy system. In 2016 renewables accounted for almost twouttls of net new power
capacity, with almost 165 gigawatts (GW) coming online.[34] Solar PV deploynents increased
faster than any other fuel, overtaking the net growth in coal for the rst time. The International
Energy Agency expects renewables to account for more than one-third of ettricity generation by
2022.[34] Transportation accounts for approximately 20% of global energy consumptigrbut the
contribution of renewables in this sector lags ( 4%). At present, biofuels are the predominant
source, but competition with food production and unclear bene ts with respect to CO» reduction
render the global substitution of fossil fuels by biofuels unlikely{35] Electric vehicles (EVSs) are
making signi cant inroads. However, electri cation of the transport sector faces serious challenges
because the batteries employed for onboard electric energy su er ém low gravimetric and
volumetric energy densities.[36] Limited driving range and excesge time for recharging are also
concerns. A third alternative is fuel cell electric vehicles (FCEVS) powered by hydrogen, which

are commercialized with driving ranges exceeding 600 km (e.g., ToyotMirai, Hyundai Tucson,
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Honda Clarity, etc.). Conversion of electricity to chemicals is a leding approach for both medium
and long term energy storage, with electrolysis of water to produce K being the critical step in
the process.[37] Production costs for renewable Hare currently  $4/kg and forecast to drop to
$2/kg.[38] For reference, the energy in a kg of K is nominally equivalent to that in a gallon of
gasoline (1.019). At this price point hydrogen FCEVs would be very competitve with
conventional vehicles, considering their higher e ciency. Howe'er, hydrogen currently retails for
$15 - 16/kg, with the majority of costs associated with storage, transport, and dspensing
costs.[39] Conventional B storage in high-pressure compressed gas cylinders or cryogenic liquid
tanks is straightforward, but su ers from excessive energy losses (JHicompression, liquefaction,
and boil-o ) and low volumetric energy capacity.[40, 41]

As such there has long been e orts to develop alternative hydrogen carers for storage and
delivery.[42, 43] A host of candidates including metal hydrides[44], aamical hydrides[45], and
nanoporous materials[46] have been explored. Low gravimetric capacity<( 10 wt.%) and issues
with reversibility, durability, and thermal management are major li mitations [47]. Liquid fuels
generated from renewable H with high energy density include methanol[48], formic acid [49], and
ammonia [13]. Such fuels can be transported over long distances, storéadr long times, and are
then decomposed to H at end-use sites. A liquid at ambient temperature and modest presge
(< 10 bar), ammonia has a number of advantages over other carriers. First, it &s a superior
gravimetric density (17.7 wt.%) relative to either methanol (12.8%) or formic acid (4.34%). In
addition, it does not require management of carbon/CO species during #her its synthesis or
subsequent decomposition. As one of the world's leading commaodity chacals [50] an extensive
distribution infrastructure, including regulations for its trans portation, are already in place.[51]
For example, the US alone has over 5000 km of pipelines as well as hundreds efail outlets
throughout the Midwest.[14]

NH3 decomposition has long been advocated as a means to deliver carbon-fregdifogen for
applications such as fuel cell electric vehicles.[52] State-of-thart on-board storage consists of
compressed hydrogen (700 bar) that reaches 5.7 wt.% 4{13] A number of alternatives for
on-board storage have been evaluated over the past decades.[53] Howevaémudtaneously
satisfying the requirements of cost, size, start-up, performancesafety and purity is a tremendous

challenge, and it is expected that compressed #Hwill remain the standard for the foreseeable
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future. In such a scenario, ammonia delivery and decomposition would & used to supply
hydrogen fueling stations.[41] Ammonia contains 40% more hydrogen than liquid hydrogen on a
volumetric basis, without concerns about boil 0. A recent life cycle assessment concluded that
renewable ammonia was second to just hydrogen among all fuels in terms dfienvironmental
impact.[54] Giddey et al. [55] calculated that the round trip e ciency ( RTE) of renewable
ammonia to be signi cantly higher than liquid hydrogen.

The reconversion of ammonia to hydrogen and its puri cation are energy inensive steps that
impact its RTE [55]. Ammonia decomposition occurs through the following reaction:

NH3 § %N2+ gHz H° = 46:2kJ=mol 3.1

The endothermic reaction is commonly catalyzed by transition metals ircluding Ru, Ni, Fe,
and Ir.[26] Among these, Ru-based catalysts exhibit the highest activiy, while Ni is often used
due to cost concerns.[26] Ru catalysts are typically supported using déiwe carbon or metal oxides
such as MgO and AbO3. Both the nature of the support and alkali metal promoters can have a
signi cant impact on the catalytic performance by altering the electronic density of the Ru active
sites.[56, 57] At the conditions of interest, high conversion at the lowst possible temperature, the
kinetics are typically well described using the Temkin-Pyhzer model[58]:

2 I I 3

1
Pg Py, PS
r=k4 - Na Mo 5 (3.2)
Py Keqg Pln,

3

2

where the exponent has been reported to be in the range 0.16 - 0.25. This expression indicates
that the rate is inhibited by competitive adsorption of hydrogen and the reverse reaction becomes
non-negligible at temperatures below 60€C.

There are a number of reactor con gurations that have been explored to coduct this process
as recently reviewed by Chiuta et al.[59]. Packed bed reactors (PBRsare commonly used for
catalyst studies, but at scale they are ine cient and cannot meet the requirements with respect
to weight and size required by distributed power systems.[53] Thre has been considerable work
developing microreactor technologies that provide e cient heat and mas transfer as well as short

residence times to improve the responsiveness of such systeff, 61] Concepts such as
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microchannels, microposts, and monoliths provide the speci ¢ sulace area required to accelerate
reactions while providing e cient transport.[62] While microreact ors address these issues there
remains a need to purify H from N, and residual NHz that can be catastrophic to sensitive
systems such as proton exchange membrane (PEM) fuel cells whose taece levels are< 0.1
ppm.[18] Moreover microreactors require temperatures in excess of 6@ to fully decompose NH;
[63], and it would be desirable to reduce the thermal budget.

Multifunctional reactors combine reaction and separation into one unit operation. Hydrogen
permeable membrane reactors o er a number of potential advantages. If blis e ciently removed
from the reaction zone competitive adsorption e ects might be eliminated and the reaction
kinetics may described by the Tamaru model which normally appliesat high temperature where

H, adsorption and the reverse reaction are negligible.[64, 65]

= K'Pyy, (3.3)

In a conventional ammonia decomposition reactor increasing the pressaris unfavorable
following Le Chatlier's principle. However, with su cient hydr ogen removal higher pressures
enhances both kinetics and thermodynamics. The ability of membranegeactors to accelerate
decomposition kinetics have been demonstrated by a number of inviagators [44, 66{70]. In the
typical packed bed membrane reactor (PBMR) con guration catalyst partic les are packed within
the interior or in the annulus surrounding a tubular hydrogen permealde membrane.[44, 66] Using
a 200 micron thick Pd tube Itoh et al. achieved higher conversion in a PBMR relative to a
PBR.[68] However, the gains were quite modest and modeling showethat hydrogen recovery was
limited by the low permeance of the thick Pd tube. More commonly, conposite membranes
comprised of thin layers (5 microns) of Pd deposited on porous tubular supports are
used.[44, 66, 69, 70] Using a sweep gas (which enhances driving force for peation) the
temperature for complete decomposition in a PBMR was reduced below 40Q, exceeding
equilibrium constraints.[66] However, for hydrogen delivery appli@ations dilution by the sweep gas
is not desired. Israni et al. directly compared PBR vs. PBMR performance at various conditions
(500 - 600C; 1 - 5 bar, space velocity) without a sweep gas.[69] In the PBMR the sqce velocity

could be modestly increased (10 - 20%) while achieving comparable ldgeof conversion as the
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PBR, and the purity of the permeate exceeded 99%. Again bene ts were ited, and increasing
pressure was not bene cial. They developed a model using TemkiRyhzev kinetics and
experimental permeability that captured their results with high delity. Their modelling analysis
indicated that the H, recovery was limited by poor radial transport through the packed bed,

which was supported by the observed insensitivity to the thickress of the Pd membrane.[69]

PBMR CMR
Support

Catalyst
Impregnated
in Support

N\

Catalyst Pellets pjembrane

Figure 3.1 Schematic cross-sections comparing a conventional (PBMR)tthe catalytic membrane
reactor (CMR) used in this work.

There are two major transport limitations that can occur in PBMR con gur ations. First,
when using a highly active catalyst, di usion within pellets can li mit its e ectiveness. Second,
upon exiting an individual pellet, the hydrogen must then radially di use through the bed and
the support to the membrane surface before being swept away in theetentate ow. These issues
can be addressed in part by reducing the pellet size and controllinghe surface area to volume
ratio in the PBMR.[71] The objective of this study was to develop a catalytic membrane reactor
(CMR) that overcomes these transport limitations and demonstrate its performance for ammonia
decomposition. Following the convention of Dittmeyer et al. [72] the menbrane in a PBMR is
permselective but inert, with catalytic activity supplied exc lusively by catalysts in the packed
bed. In contrast, the membrane in a CMR is both permselective and calytically active. The two
are contrasted schematically in Figure 3.1. In our CMR, the catalyst is inpregnated onto the
porous oxide support prior to application of the Pd membrane by electroéss deposition. The Pd
itself is not catalytically active, but its intimate proximity to t he supported catalyst enables the

composite membrane to behave as a CMR. In the CMR, the length scale fadi usive transport is

22



reduced from millimeters to microns, with H, being released directly adjacent to the permeable
membrane upon decomposition. The absence of catalyst pellets elimines issues with poor
dispersion, channeling, or pressure drop through the bed. For a xedrilet ow rate the residence
time in the reactor is nominally doubled.

Herewith we report the development and implementation of a catalytic membrane reactor for
e cient ammonia decomposition. Speci ¢ improvements include signi cant reductions in
temperature, enhanced recovery, and reduced catalyst loading. Ruitnium dispersed on
yttria-stabilized zirconium (YSZ) is shown to be a highly e ectiv e catalyst that is enhanced with
the addition of a cesium (Cs) promoter. A two-dimensional reactor modelwas developed that
captures the CMR performance with high delity, and is used to eluddate rate-controlling steps

and optimize reactor operation.

3.3 Experimental details

3.3.1 CMR fabrication and characterization

Final CMR

p— !
L

Catalyst Impregnated

Pristine Support

Figure 3.2 (a) Photographs of the CMR at various stages of fabrication; (b) SEM coss section
showing the morphology of the asymmetric YSZ support that is dominated bylarge macropores
with the exception of a 20 micron mesoporous region at the exterior whichs in contact with a dense
layer of Pd deposited by electroless deposition (the apparent separain is an artifact of sample
preparation); (c) high resolution TEM obtained from the mesoporous region siowing well dispersed
2 - 3 nm Ru nanocrystals (white).

Asymmetric YSZ supports (3% Y.03, 97% Zr,O3) were obtained from Praxair Surface
Technologies (Figure 3.2 a). The supports have an outer diameter of 1 cm and wall thickness of
0.13 cm. The bulk of the support is made up of macropores several microns gize to promote
e cient transport. The outer 20 m of the support is a mesoporous region with pores on the

order of 0.2 m in size (Figure 3.2 b). The as-received supports were cut to the esired length,
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washed with acetone, and rinsed using deionized (DI) water. The Ruatalyst was impregnated
radially from the exterior (Figure 3.2 a) using a solution of Ru chloride hydrate (Pressure
Chemical CO., metal 40%) dissolved in 75% acetone (ICC, 99.5%) and 25% DI wat¢r3] The
YSZ support was rst lled with DI water and the two ends were capped with Te on. The tube
was placed in a graduated cylinder containing the Ru solution which was agated using an
ultrasonic bath (Bransonic 1200) at room temperature for 30 minutes. Next, the support was
removed and dried in air at 130C. The Ru impregnated YSZ tube was reduced under pure H at
400°C and 1 bar for 1 hour, in a Lindberg blue M furnace. This step was followd by washing the
Ru/YSZ tube in DI water to remove any unreduced Ru chloride. The tube was then dried again
in air at 130°C. The level of Ru loading (0.41 wt.%) was determined gravimetrically

Attempts to characterize the catalyst by chemisorption were unsucessful due to the limited
surface area and low catalyst loading. To assess the morphology and level ofsgersion
transmission electron microscopy (TEM) was performed on a 10 10 m cross-section of the Ru
impregnated mesoporous region prepared by focused ion beam (FIB) mitlg. The average Ru
crystallite was 3.8 2.1 nm in size (Figure 3.2 c¢) quanti ed by ImageJ which corresponds to a
dispersion of 34%.[74, 75] The Ru catalytic activity of ammonia decompositions highly structure
sensitive.[76] This is because Ru particle size determines thesdsity of B5 sites, whose geometry
and electronic properties bene t the desorption of N diatoms.[77] Smakr Ru particles (< 0.8 nm)
are too ne to be catalytic active, whilst larger particles do not necessarily increase B5 site
density.[77] The medium Ru particle size prepared in this study vas in the range of 2 - 7 nm that
has been reported to be optimal for N decomposition.[41, 77]

The Ru nanoparticles also provided the seed sites to catalyze the gngh of a Pd membrane by
electroless deposition.[78] Before plating, the inside of the tube wadled with DI water and the
two ends were capped with Te on tape. Then, the vessel containing lte plating solution and the
Ru/YSZ tube was placed in an ultrasonic bath at room temperature for 2 hours. Four plating
cycles were employed to produce a homogeneous, dense Im 6.#n in thickness measured by
gravimetric analysis. After Pd plating, the membrane was washed in DI vater, dried in air at
13C°C, and mounted in a module as discussed in the following section. Adr being used for
ammonia decomposition testing & 340 hours on stream), the CMR was cooled to ambient

conditions and removed. Cesium, a leading promoter for N decomposition[79], was then added
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by impregnation. Cesium was added after membrane formation since it is@uble in the Pd plating
solution. One end of the tube was capped and the interior of the tube wasaaked in cesium
nitrate (Alfa Aesar, 99.99%) in aqueous solution 2 hours. The tube was driedn air at 130°C, and
after reducing in pure H, at 400°C and 1 bar for 2 hours, the molar ratio of Cs/Ru was 1.5.

The pure gas permeance of Hland N2 in Ru and Cs/Ru CMR was measured before and after
ammonia decomposition experiments over a range of 1 - 5 bar (gauge) and thestdts are
summarized in Table 3.1. The hydrogen permeance displayed expectdzkhavior, and the
membrane proved to be very stable over anothepr 340 hours of cumulative ammonia
decomposition testing, including numerous temperature and presse swings. The hydrogen
permeance was well-described using a Sieverts' exponent of n = lomsistent with the rate
limiting step being hydrogen dissociation as often observed in thirPd membranes.[23] The slight
increase in permeance and detection of Nat 350°C is attributed to minor defect formation that

occurred during 700 hours testing.

Table 3.1 Summary of Pd membrane permeance at various temperatures for hCs/Ru CMR (hour
340 - 700 of testing).

Permeance 35eC 400°C 450°C
Before ammonia decomposition test

H, (molecm ?2s 1pPal) 419 101 552 1011 6.46 10 11
N, (molcm ?s ! Pa 1) Not measurable at 5 bar

After ammonia decomposition test

H, (molcm ?s 'Pa ) 6.64 10t 825 10 ' 991 10 ¥
N, (molcm 2s 1Pal) 442 10 ¥ N/A N/A

3.3.2 Ammonia decomposition experiments

The as prepared CMR was mounted in a module with detailed descriptin provided in the
literature [32]. The module was heated in a Lindberg blue M furnace, vth an in-situ
thermocouple measuring the temperature in the middle of the CMR.The CMR was short
compared to the heating zone, ensuring isothermal operation. All gases &d in this study were of
UHP grade and supplied from General Air. During heating, both the tube/retentate side and the
shell/permeate side of the module was fed with nitrogen to avoid hydogen embrittlement of Pd

membrane at low temperatures. Ammonia was delivered through the tubeside controlled using a
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mass ow controller (MFC, Parker). The permeate and retentate streams were connected to the
analysis system including quadrupole mass spectroscopy (MS) and natispersive infrared
detector (NDIR, Bacharach), independently. MS gives the gas compositin including NH3, No,
and H, while NDIR analyzes the NH3 concentration only. Calibration using a premixed gas
mixture of NH 3 (1%), N», and H, (H2/N » = 3) displayed good agreement between the MS and
NDIR. Permeate and retentate ow rates were measured using bubble ow meters (Humonics
Opti ow 520). The permeate stream was maintained at atmospheric pressue (0.834 bar in
Golden, CO) while the reactor pressure (gauge) was controlled by manigation of back-pressure

regulators.
3.3.3 Reactor model

Hydrogen Permeation: J,, = K‘(PH1 — Rm)
+ t * * ¢ ¢ ¢+

Porous Region: 2D Reaction Diffusion I r

4 i Ve
|"~ Channel: 1D Plug Flow °U|t
~Z” symmetry: -0 . L

Figure 3.3 Schematic representation of the axisymmetric reactor modeused to evaluate the per-
formance of the CMR. A 1D plug ow model in the channel is coupled to a 2Dreaction-di usion
model of the porous region that accounts for hydrogen permeation through the mmbrane.

A reactor model was developed to quantify the decomposition kineticand better understand
the performance of the CMR. The axisymmetric model employs a 1D plg ow in the channel
that is coupled to a 2D reaction-di usion model to describe the poroussupport region
(Figure 3.3). This approach is an adaption of a model originally developed to isnulate the
performance of solid oxide fuel cells.[80] The 1D plug ow treatment ofthe channel is appropriate
for the following range of conditions[81]

g Re Sc % (3.4)

where the Reynolds number is based on the inner diameterRe = ud= ), the Schmidt number is

the ratio of the kinematic viscosity to the di usivity ( Sc= =D), and L is the reactor length.
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The lower constraint ensures that back di usion is insigni cant, wh ile the upper constraint
ensures that there is su cient time for complete radial mixing. The experimental conditions
employed satisfy these conditions with the exception of the very lghest ow rates. The governing

equation for each species within the channel is as follows,[82]

@iu
@z

where ; is the density of specied, u is the mass averaged mean velocity through the channel,

=Fcir FmW;J (3.5)

iis the stoichiometric coe cients to the reaction r (Eq. 3.1), and W; is the molecular weight.
The velocity (u) is not constant but increases or decreases based on the net generation obles in
the porous region as described by the right hand side of Eq. 3.5. The rstérm on the right-hand
side of Eqg. 3.5 accounts for ammonia decomposition occurring within thgporous region and the
second accounts for hydrogen permeation through the membrane=. = 2R=r? is a geometric term
that accounts for the ratio of the channel surface area to volume of the poraosi region whereR
and r. are the outer and inner radii, respectively. Likewise,Fn, = R=r. is the ratio of the

membrane to channel surface areas. The ux through the membrane is

where is the experimental permeability (Table 3.1), Py, is the partial pressure of hydrogen
at the interior membrane surface, andP4, is the ambient pressure (0.834 bar) which is assumed
to be pure Py,. It is assumed that the membrane is impermeable to M and NH3. Solution of Eq.
3.5 requires a single boundary condition which is based on the inlet amonia owrate.

In the porous support, it is assumed that pressure{driven ow is neglgible [83] and the

resulting governing equation is
r (Dir ¢) = {KCNH, 3.7)

where D; is the di usion coe cient and ¢ is the concentration which was evaluated using the
ideal gas equation. Bulk di usion coe cients modi ed by the experi mentally determined porosity
( = 0.6) were used due to the small Knudsen number.[84] Binary di usioncoe cients calculated
using the Chapman-Enskog theory [84] were used as inputs to the Wilkequation [85] to obtain
mixture averaged di usivity coe cients for each species. Ammonia decomposition was modeled

using the Tamaru mechanism (Eq. 3.3) and the best t was obtained using rst order kinetics (
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=1). The rst order rate constant k was determined as a function of temperature for both Ru
and Ru/Cs catalysts, and this was the only adjustable parameter in the moel. The reaction was
limited to the high surface area mesoporous region impregnated with Ruand the macroporous
region was assumed to be inert. Eq. 3.7 was solved in cylindrical coontites using the following
boundary conditions (BCs): the inlet concentration ¢; (z = 0) was xed at the experimental
conditions; a Neumann BC was applied at the outlet (%‘32 =0at z = L); the ux of species at the
exterior (r = R) was either zero (Nb, NH3) or set to match the experimental permeability (H», Eq.
3.6); a Dirichlet BC was employed at the interface with channel ¢ = r¢) matching the solution to
channel model (Eq. 3.5). Equations 3.5 and 3.7 were simultaneously solgausing an implicit

solver in MATLAB using a level of discretization that had no e ect on the simulation results.

3.4 Results and discussion

X Ru350°C © RuCMR350°C = CsRuCMR350°C
Ru 400°C Ru CMR 400°C CsRu CMR 400°C
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Figure 3.4 (a) Comparison of NH; conversion obtained with the Ru catalyst (X), the Ru CMR (open
symbols), and the CsRu CMR (solid symbols) as a function of ammonia ow ate at P = 5 bar and
operating temperature. Lines are the CMR reactor simulations. The appication of the membrane
dramatically enhances conversion over the catalyst alone, while Cs ends additional reductions
in operating temperature. (b) Equilibrium conversion as a function of temperature at P = 5 bar
and the maximum values observed experimentally in the three con guations, demonstrating the
ability of the CMR to both enhance the kinetics and exceed equilibium constraints.

The performance of the CMR for ammonia decomposition was evaluated as a fution of

temperature, retentate pressure (gauge), and inlet ammonia ow rate.Critical metrics include
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ammonia conversion, B recovery, volumetric production rate, and purity. Figure 3.4(a) displays
the evolution of reactor performance throughout device fabrication. The onversion achieved over
the Ru-impregnated YSZ support was rst measured by closing the perneate stream and
directing all products through the retentate. The degree of conver®n (X) was limited and
dropped o sharply as the temperature was reduced. Application of the menbrane (open
symbols) dramatically enhanced the level of conversion. For comparableow rates at T = 450°C,
the degree of conversion in the Ru CMR was nearly twice that observed @r the catalyst alone.
The bene ts of the CMR are further accentuated as the temperature isreduced. The Ru CMR
reached 93% and 26% conversion at 400 and 3% respectively. In contrast, the maximum levels
of conversion achieved over the Ru catalyst at these temperatures werjust 31% and 8%,
respectively. Without e cient H , removal, the kinetics are expected to follow the Temkin-Pyhzev
mechanism (eq. 3.2), with hydrogen inhibition greatly attenuating the reaction at lower
temperature.

The addition of the Cs promoter signi cantly increased the catalytic activity of the CMR,
enabling comparable conversion to be obtained at higher ow rates (Figure3.4(a), solid symbols).
Alternatively, at xed ow rate, the CsRu CMR can achieve comparable conversion at operating
temperatures  50°C lower than in the case of Ru CMR. Notably, complete conversion was
achieved in the CsRu CMR at 400C, and up to 86% conversion was achieved at T = 35@C
without the use of a sweep gas. The reactor model (lines in Figure 3.4(a)joes an excellent job of
capturing the experimentally observed behavior at both 400 and 45%C. At 350°C the quality of
the t declines, which is attributed to the simple kinetic mod el employed. The rst-order rate
expression assumes that ammonia adsorption is negligible (eq. 3.3), and dsettemperature is
reduced the validity of this assumption becomes questionable. It wasound that the axisymmetric
model employed was necessary to accurately capture reactor performed, particularly hydrogen
recovery. A simple 1D reactor model is signi cantly inferior due to its inability to capture the
radial gradients in the support as detailed in the Supporting Information. The maximum
conversions achieved in the three con gurations are compared with eqlibrium (Figure 3.4(b)).
Equilibrium constraints are most signi cant at high pressure, yet at P = 5 bar the CMR
overcomes these limits at both 400 and 45C. The bene ts of the membrane and the Cs

promoter become more pronounced as the temperature is reduced.
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An Arrhenius analysis of the rate constants used to t the data revealed $milar apparent
activation energies of 160 20 kJ/mol for both Ru and CsRu CMRs. As reviewed by Yin and
co-workers,[76] there is considerable variation in the activation energyeported for this reaction
(20 - 200 kJ/mol) depending on the temperature, degree of conversion, andgptial pressure of
NH3 employed. The mechanism has been studied in depth, and it is genaly agreed that the rate
is limited by either ammonia dissociation or nitrogen desorption. At high temperature the former
dominates and the low activation energies reported (20 - 40 kJ/mol) are constent with the
energy required for N-H bond cleavage.[86] At low temperature desorptin becomes limiting, with
activation energies that are consistent with the activation energies rported for the recombinative
desorption of nitrogen (120 - 200 kJ/mol).[87] Our data are consistent with nitrogen desorption
being the rate-limiting step.

It is generally agreed that Cs promoters behave as electron donors and aceedte the rate by
reducing the activation energy.[79, 88, 89] The addition of Cs clearly enhared the kinetics in our
study; however, the apparent activation energy was nominally unchangedThe volumetric
rst-order rate coe cient ( k9 in eq. 3.3 is the product of the intrinsic kinetics and the densty of
surface sites. This suggests that Cs may enhance the kinetics by ectively increasing the density
of sites available for recombinative N desorption. This unique promoter e ect may also re ect
the use of the YSZ support, which to our knowledge has not been previolys studied for ammonia
decomposition. Due to the increased activity, we focus on the perfanance of the CsRu CMR for
the remainder of this article.

Figure 3.5 displays the impact of operating pressure on CMR performare. Ammonia
conversion at 5 bar was systematically greater than that at 3 bar (Figure 3.5(a)) Increasing
pressure from 3 to 5 bar also signi cantly increases bl recovery, especially at higher ammonia
ow rates (Figure 3.5(b)). Higher operating pressure increases the dving force for permeation,
which enhances recovery. Greater hydrogen permeation also increasthe concentration of NHz
remaining on the tube side, enhancing kinetics. The volumetric poductivity was evaluated using
the CMR reactor volume of 7.3 cn?, and it is proportional to the inlet ammonia ow rate,
conversion, and recovery. As shown in Figure 3.5(c) at T = 350C, productivity quickly reaches
its maximum and then declines with increasing NH; ow rate. Increasing pressure elevates both

the maximum productivity and the ammonia ow rate at which that is obtai ned, as shown in the
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Figure 3.5 Impact of operating pressure and temperature on (a) NH conversion, (b) H, recovery,
and (c) volumetric productivity as a function of NH 3 ow rate for the Cs/Ru CMR. Lines are the
results of reactor simulations. Operating pressure has a relativelyninor impact on conversion but
drives both recovery and volumetric productivity.
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T = 400°C results. At T = 450 °C the volumetric productivity increases and the maximum is not
reached over the conditions investigated. The model showed exdeht agreement to experimental

results at all conditions, further validating the rst-order kinet ic model.
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Figure 3.6 (a) Hydrogen purity of the permeate of the CsRu CMR as a functionof NH3 ow rate for

selected combinations of temperature and pressure. Purity> 99.7% was achieved at combination
of high temperature and NHz ow rate. (b) Impurity composition of the permeate as a function of

NH3 ow rate at T = 450 °C and P =5 bar. The hydrogen purity remains essentially constant while
the N2/NH 3 ratio changes, re ecting the decrease in conversion with increasgnNH3; ow rate.

For many applications, hydrogen purity is critical, and Figure 3.6 summaiizes the purity of
the permeate stream for the operating conditions employed. The puty improves with operating
temperature, re ecting increased conversion. Pressure did notigni cantly impact purity, as all
species permeate with a rst-order dependence on pressure. At F 450°C the hydrogen purity
exceeded 99.7% across all operating conditions. As the NHow rate is increased, the H, purity
is nominally unchanged while the NJ/NH 3 balance shifts in line with the degree of conversion
achieved (Figure 3.6(b)). The ammonia concentration never exceeds 100(pm. NH3 impurity can
be reduced to< 1 ppb using commercially available adsorbents (i.e., MesoSystemsethnology,
Inc.).[90]

Table 3.2 compares the results obtained with this CMR with those of preious studies in our
group using a PBMR con guration.[70] The membranes and support employedvere nominally
identical and were mounted in the same housing, with the primary di erence being the location

and distribution of the catalyst. The CMR obtained comparable levels of ®nversion using an
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Table 3.2 Comparison of the CMR Performance in This Work to Results Prevously Obtained in a
PBMR Using a Nominally Identical Membrane/Support[70].

Speci cations CMR PBMR
mg Ru/cm? 1.43 11.68
temperature (°C) 400 450 520
pressure (bar) 5 5 3
NH3 ow rate (sccm) 61.3 207.3 150
conversion (%) 98 95.7 98
purity (%) 98.7 99.7 99.2
recovery (%) 875 78.6 66

productivity (molm 3s ') 81 239 3.6

order of magnitude less Ru at temperatures 12 lower. The NH3 ow rate could be increased>
5X while achieving high recovery, con rming the superior mass tranger in the CMR. The highest
H, volumetric productivity obtained in this work is 31.6 mol m 3 s !, which is > 3X greater than
the highest value of 10.2 mol m?2 s ! reported in the literature.[66, 69, 91{93]

The reactor model was used to provide insight into the rate-limiting steps and to optimize
CMR performance. Figure 3.7 displays axial and radial composition pro lesof each species at
various conditions. At T = 400 °C (Figure 3.7(a)) the reactor is limited primarily by NH 3
decomposition kinetics. At the lowest NH; ow rate, complete conversion of ammonia is achieved,
and there is su cient residence time to reduce the hydrogen partal pressure to its limit.

However, as the NH; ow rate is increased, ammonia conversion is incomplete, and the hydrgen
concentration increases in the retentate stream. In contrast, at T = 450C the CMR productivity
is limited by the rate of hydrogen permeation (Figure 3.7(b)). At all NH 3 ow rates, ammonia
decomposition is essentially complete within the rst few mm, and n this regime permeation is
the rate-controlling step for H, recovery. The bene ts of higher operating pressure are shown for
a xed ow rate at T = 400 °C (Figure 3.7(c)). Without a sweep gas, the theoretical limit of
recovery is when hydrogen partial pressure in the retentate equalthe ambient pressure in the
permeate. Increasing operating pressure increases both the thedieal amount of H, recovery and
the rate at which it can be obtained. Finally, the e cient radial transp ort enabled by the CMR
design is con rmed in Figure 3.7(d), which shows the radial b pro le through the porous
support at various axial positions. The reactor conditions are 450C and 5 bar, where the

ammonia decomposition kinetics are the fastest in this study. Neveteless, the H gradients are
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Figure 3.7 Model predictions of axial composition pro les in the CsRu CMR under the following
conditions: (a) T =400°C, P =5 bar at increasing NH3 ow rate of 35.0 (solid), 94.2 (dashed), and
266.5 (dotted) sccm; (b) T = 450°C, P = 5 bar at increasing NH3 ow rate of 138.0 (solid), 207.3
(dashed), and 703.7 (dotted) sccm; (c) T = 450C, 35.0 sccm at pressures of 5 (solid) and 3 (dashed)
bar, showing the bene ts of increasing pressure; (d) radial pro les of the H, mole fraction through
porous support at selected axial positions for the conditions describeth (b), con rming e cient
radial transport through the porous support. The horizontal black dashed lines in each graph
indicate the minimum H, mole fraction that can be reached in the reactor, assuming complete
conversion and pure B at ambient pressure in the permeate. At T = 400°C (a) the reactor is
limited primarily by kinetics, reaching full recovery only at th e lowest ow rate. In contrast, at T

= 450°C (b) ammonia conversion is complete within the rst few mm, and performance is limited
by the rate of permeation through the membrane.
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small at all axial positions. This con rms that radial transport of H , is e cient and not limiting

reactor performance in this con guration.

Figure 3.8 Model predictions of the CsRu CMR performance at 5 and 20 bar.

Under permeation-limited conditions, the options to increase perfomance include the use of
thinner membranes, the further increase of pressure, and/or additin of a sweep gas. A sweep gas
dilutes the product, and reducing membrane thickness raises caerns about purity due to the
greater potential for defects. The feed pressure in the current gxerimental setup is limited to 5
bar due to concerns about NH condensation at room temperature. Nonetheless, the
demonstrated bene ts of higher-pressure bene ts motivated the malel prediction of CMR
performance at an elevated pressure (Figure 3.8). We choose 20 bar becaubis is the pressure
rating used on ammonia storage tanks. At 20 bar and a given ow rate, the absolutd NH3
conversion and H recovery are increased by factors of 24% and 47%, respectively. This
combination nearly doubles the permeate ow rate at higher inlet ow rat es.

The advantages of the CMR con guration demonstratedO here for ammonia decomgsition are
expected to be bene cial for related dehydrogenation processes duas steam methane reforming
(SMR)[24] or the water gas shift (WGS) reaction.[94] Ammonia decomposition s chosen as a
rst demonstration due to this reaction's simplicity, but its kin etic and thermodynamic

constraints are relatively insigni cant (Figure 3.4). In SMR and WGS, equilibrium constraints are
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signi cant. In a review article on SMR kinetics, Rostrup-Nielsen et al.[95] state that mass
transport restrictions in the catalyst can reduce the observed readbn rate as much as 90%. The
e cient transport exhibited in the CMR is expected to signi cant ly improve the performance of

membrane reactors for these important industrial processes.
3.5 Conclusions

To summarize, we fabricated and tested a new con guration for catalytic membrane reactors
by impregnating a promoted Ru catalyst into the exterior of a porous supprt onto which a Pd
membrane was applied by electroless deposition. The reactor was evalwat for ammonia
decomposition, and experimental results were in excellent agreemewith a developed reactor
model. Experimental ammonia-decomposition results were well-desibed using rst-order
kinetics, and the addition of Cs signi cantly enhanced the rate. The improved transport in the
CMR enabled reduced operating temperature ¥ 120°C), reduced catalyst loading (= 10X), and
enhanced H productivity ( > 6X) compared to similar PBMR con gurations. Nominally
complete NH; conversion was achieved at operating temperatures as low as £00) exceeding
equilibrium limitations. Very high H » volumetric productivity of 31.6 mol m 2 s ! was obtained.
Model prediction of CMR operated at elevated pressure provides a gion for large-scale NH

decomposition as a promising option to enable K storage and utilization.
3.6 Supporting information

The comparison of 1D and 2D model predictions is detailed in appendix C
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CHAPTER 4
ULTRA-HIGH PURITY HYDROGEN DELIVERY FROM AMMONIA DECOMPOSITION
USING CATALYTIC MEMBRANE REACTORS

Zhenyu Zhang8, Hope Wikofé, Arthur Harris 8, J. Douglas Way?, Colin A. Wolden?8?
4.1 Abstract

In using catalytic membrane reactors (CMR) for ammonia decomposition, ligh hydrogen
productivity of ultra-high purity (NH 3 < 0.1 ppm) is essential for applications such as supplying
hydrogen fueling stations for fuel cell vehicles. In this work, we denti ed Clinoptilolite as an
e ective and low-cost adsorbent to reduce ammonia impurity in the hydrogen permeate stream
below 0.1 ppm. The breakthrough capacity of the adsorbent is 0.17 wt.%, and used adsorbents
can be completely regenerated after ammonia desorption above T = 40Q. Kinetic testings
revealed that Ru/ -alumina catalysts are 2 - 3X more active than the Ru/YSZ catalysts.
Compared to a standard CMR where the interior is left empty, packing Ru/ -alumina catalysts
inside results in a similar conversion using a 3X higher ammonia inte ow rate. The hydrogen

productivity is increased by a factor of 2 and reaches a value close to 26&ccm cm 2.
4.2 Introduction

The cost di erence in global renewable generation stimulates the use cimmonia as a
commodity for green energy redistribution.[20] This strategy has beerendorsed as an essential for
realizing decarbonization goals by policymakers from countries includig the United Kingdom,
Japan, Australia, and Saudi Arabia etc.[17, 20] Ammonia can be decomposed eithat end-user
sites or in a centralized plant and then transport as compressed/liquil hydrogen. When the
transport distance is 100 km, the hydrogen delivery cost of the former is 30% lower than the
latter due to a signi cantly lower cost in ammonia transport and storage, and the cost margin
grows exponentially as the transport distance increases.[20] Technolagg such as CMR are

attractive as compact, low-cost, and e ective solutions for decentralzed ammonia decomposition.

"Primary researcher and author
8Department of Chemical and Biological Engineering, Colorado School of Mines, Golden, CO 80401, United States
9 Author for correspondence
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Our previous work [23] demonstrated a novel design of a CMR with the inimate proximity of
catalysts and membranes. Compared to a conventional PBMR, the new CMR laminates two
transport limitations including internal transport limitations wit hin catalyst pellets and the radial
transport limitation of hydrogen through the catalyst bed. Both record hyd rogen productivity
and high hydrogen recovery are obtained. However, the level of ammonia ipurity in the
permeate stream is above 1000 ppm, preventing its use for applicationsish as powering
proton-exchange membrane (PEM) fuel cells. A CMR of improved perfomance can be evaluated
using several metrics.

The round trip e ciency (RTE) of ammonia as a hydrogen carrier is signi cantly a ected by
the level of conversion and hydrogen recovery.[55] Unconverted ammonia drunrecovered
hydrogen can potentially get burnt to provide heat for maintaining temp erature for the
decomposition reaction. In this scenario, a conversion above 90% and hydrageecovery above
70% are potentially thresholds for practical operation. Another important metric is hydrogen
productivity. In a decentralized scenario, a high hydrogen rate perreactor volume characterizes a
high level of compactness of a CMR. In addition, it is desirable to havea high hydrogen rate per
surface area of Pd-based membranes due to its high material and fabricath cost. The ammonia
concentration in the delivered hydrogen has to be below 0.1 ppm to avdi poisoning the noble
metal catalysts in fuel cells. There are two approaches to improve hgrogen purity. The rst is to
develop improved membranes with reduced defects such as allogjn The second is to develop an
adsorbent capable of reducing the ammonia concentration in the permeat® below the ppm
threshold.

In this work, we explore the use of low-cost, commercially available asbrbents to remove
ammonia impurity in the permeate stream. The breakthrough capacity andregeneration
conditions of adsorbents are identi ed. Kinetic testings are performed to characterize the
decomposition activity of Ru catalysts supported on -alumina and YSZ supports. The
performance of a CMR including conversion, hydrogen recovery, and ldrogen productivity is

optimized by packing catalysts in the interior of the reactor.
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4.3 Experimental

4.3.1 Adsorbents testing and characterization

There are two types of ammonia adsorbents used including AmmoSorb (Ratl price =
$7/kg) and Clinoptilolite from KMI zeolite (Retail price = $0.03/kg). The adsorbent particles
are similar in sizes with a diameter of 2 - 3 mm. Adsorbents are packed Wi glass beads in a 3/8
inch Swagelok VCR cell. The absorption tests are performed at room tempature. For
desorption tests, the adsorbent bed is placed inside of a Lindberg Mufnace heated to the desired
temperature (120 - 550C) with a ramp rate of 3.6°C min 1. Both absorption and desorption tests
are performed at atmospheric pressures. A typical adsorbent mass is thin 0.2 - 1.2 g, and the
inlet ow rate is 500 sccm. In an absorption test, the inlet stream is conprised of 0.5 or 1.0
mol.% ammonia (research-grade, Matheson) in a stoichiometric mixtureof hydrogen and nitrogen
(UHP, Matheson). The composition of the gas mixture is controlled through MKS and Parker
mass ow controllers (MFC) for ammonia and hydrogen/nitrogen, respectively. Pure nitrogen is
used as the inlet ow in a desorption test. The ammonia concentration ofthe outlet stream is
measured using a nondispersive infrared detector (NDIR, Bacharachnic.). The NDIR detector
has a detection limit of ammonia concentration at 10 ppm. The outlet ammoniaconcentration is
recorded as a function of time using a LabView program every second. The bakthrough
capacity of an adsorbent is de ned as the ratio of the weight of ammonia absorba: over the
weight of the adsorbent before the outlet ammonia concentration reaches 18pm.

Draeger sampling tubes are used to detect ammonia concentration belod0 ppm by
monitoring the color change introduced by the presence of ammonia. The aximum reading and
lowest scaling of the sampling tube are 3 and 0.25 ppm, respectivelyfhe labeling of concentration
reading (c ) is relative to a volume (V) of 100 mL at standard conditions. The owrate of the
outlet stream (Q) and time consumed ( t) for the color change of concentration reading are

recorded. The ammonia concentration €) of the outlet stream can be calculated using eq. 4.1.

c= # (4.1)

X-ray di raction (XRD, X'Pert Panalytical) is used to determine the ¢ rystalline structure of
adsorbents. Figure 4.1 compares the XRD patterns of AmmoSorb and Clinoptilate adsorbents.

The former (Figure 4.1(a)) is identi ed by cesium potassium aluminum silicate
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(b)
Figure 4.1 XRD patterns of fresh (a) AmmoSorb and (b) Clinoptilolite adsorbents.
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hydrate/Clinoptilolite-Cs (blue peaks) and magnesium oxide impurity (green peaks), whereas the
latter (Figure 4.1(b)) consists of potassium sodium calcium aluminum dicate
hydrate/Clinoptilolite-Na (blue peaks) and vanadium oxide impurity (green peaks). The major
di erence between the two adsorbents is the cation in Clinoptilolite. Temperature programmed
desorption (TPD, custom-built apparatus at National Renewable Energy Laboratory) is used to

identify the ammonia desorption pro le of adsorbents as a function of tenperatures. Figure 4.2

Figure 4.2 TPD pro le of used AmmoSorb adsorbents.

shows a TPD pro le of used AmmoSorb adsorbents. Peaks with 15 and 16 amu sigrathe
predominant presence of ammonia. There are two type of adsorption sites @hammonia starts to

desorbatT= 80°Cand T=  290CC, respectively.
4.3.2 CMR fabrication

A detailed fabrication method of a CMR can be found in our previous publication.[23] Briey,
a tubular, asymmetric yttria-stabilized zirconia (YSZ) support (P raxair Inc.) is loaded with Ru
through wet impregnation. The O.D. of the YSZ support is 1.0 cm. The Ru loadng is 0.5 wt.%
determined gravimetrically. Pd-Au thin Ims are used as hydrogen-permeable membranes. Pd
and Au layers are deposited sequentially through the electroless plaig method. Next, the

obtained Pd-Au (Au 4 wt.%) membrane is annealed for homogeneity at T = 500C and P = 30
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bar under hydrogen. The thickness of the membrane is 6.2 m measured gravimetrically. The
reactor length for permeation is approximately 3.5 cm. Pure gas permeancests including both
hydrogen and nitrogen are performed before and after ammonia decompositiorxperiments at T
= 450°C. The hydrogen permeance value remains unchanged as 1.01E-3 mol fns ! Pa 1,

whereas the nitrogen ux is not measurable with a maximum transmembrare pressure of 5 bar.
4.3.3 Ammonia decomposition experiments

The performance of catalysts is studied using a packed bed reactor sante the setup in
absorption/desorption tests. The 0.5 wt.% Ru/ -alumina catalysts are purchased from Strem
Chemical. Catalysts including Ru/ -alumina pellets and Ru/YSZ tubes are crushed and sieved,
and particles with sizes in 250 - 425 m are selected to avoid internal mass transfer limitations.
The space velocity is xed at 72,000 mL gcat ! h ! for e cient external mass transport.

The experimental setup of a CMR is detailed in the work by Collins andWay[32]. In a
standard CMR, the lumen is left empty. Alternatively, it is packed with glass beads with a
diameter of 2 mm or crushed Ru/ -alumina catalysts with sizes in 250 - 425 m. The catalysts
used ina 3.5cm CMR is 4.0 g. Both ends of the CMR are placed with thermocouples to assist
the control of an isothermal condition. The temperature and pressure of opration are maintained
at T = 450°C and P = 5 bar (gauge), respectively. The ow rate of outlet streams is measured
through Parker mass ow meters (MFMs) and a bubble ow meter (Humonics Opti ow 520).

The composition of the retentate stream is analyzed through gas spectroscgGC, Agilent 6890,
CP-Volamine Columns) NDIR and a quadrupole mass spectroscopy (MS) are sl for analyzing

the composition of the permeate stream.

4.4 Results and discussion

4.4.1 Adsorbents tests

Figure 4.3(a) shows the use of an absorption bed packed with 175 g AmmoSorb redes the
ammonia concentration in the e uent from 10,000 ppm to below detection threshold (10 ppm) for
over 5 hours. During that time, the ammonia concentration is determined to be  0.05 ppm using
Draeger sampling tubes (Figure 4.3(b)) following the method detail@ in section 4.3.1. The shape

of the breakthrough curve suggests the presence of mass transfer lirattons, which is likely due
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© (d)

Figure 4.3 (a) Breakthrough curve of AmmoSorb adsorbents. Feed ow rate = 92 scm, feed
ammonia concentration = 1.0 mol.%, adsorbent mass = 175 g. (b) Color changes of Draer
sampling tubes for detecting ammonia concentration in ppb levels. €) Regenerated absorption
capacity after a series of desorption at various temperatures. (d) Ammorad impurity in the permeate
hydrogen stream measured through either bypass (NDIR) or absorption bed @raeger sampling
tubes). Conditions: T = 450°C, P = 5 bar (gauge).
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to a combination of low space velocity and the large particle size of adsodmts. The former is
constrained by a need for long-term operation which requires a large mass adsorbents relative
to the permeate ow rate. For the latter, large particle sizes are usedto minimize the pressure
drop across the absorption bed. The breakthrough capacity of AmmoSorb and Cliaptilolite is
very similar and quanti ed to be  0.17 wt.% at room temperature. Figure 4.3(c) shows a series
of experiments for the regeneration of AmmoSorb adsorbents as a function okmperatures. It
was found that heating to 400°C or greater resulted in a nominally complete restoration of
ammonia storage capacity. This is consistent with the desorption tempeatures determined in the
TPD pro le of used AmmoSorb adsorbents (Figure 4.2).

The absorption bed is further tested by integration with the CMR for am monia
decomposition. Figure 4.3(d) plots the ammonia concentration in the perneate stream, which is
recorded by periodically directing the e uent through bypass or an absorption bed. This test is
performed at T = 450°C and P = 5 bar, with the permeate collected at ambient pressure. The
ammonia level in the hydrogen permeate stream exiting the CMR and bypssing the adsorption
bed is measured to be 3950 ppm by NDIR and is nominally unchanged during the experiment.
At three di erent times the e uent exiting the adsorption bed is diverted to a Draeger tube. The
rst measurement shows ammonia concentration is above 0.5 ppm and thigs likely due to
adsorbed ammonia on the gas lines from the previous bypassing experinteThe second
measurement demonstrates the ammonia concentration is not detectablend well below the 0.1
ppm threshold. The ammonia concentration stays below 0.5 ppm for oved6 hours and breaks

through 10 ppm soon € 1 hour) after the third measurement.
4.4.2 Decomposition kinetics testing on Ru/ -alumina and Ru/YSZ catalysts

Figure 4.4 compares the apparent rates of ammonia decomposition of Rutalumina and
Ru/YSZ catalysts at di erent temperatures. Both catalysts have nominal ly the same Ru loading
as 0.5 wt.%. At T = 450°C and P = 0 bar, the Ru/ -alumina catalysts outperform Ru/YSZ
catalysts by almost a factor of two, and the margin increases at lowered temgratures. The
apparent activation energy of Ru/ -alumina and Ru/YSZ catalysts are 109.3 kJ/mol and 66.9
kJ/mol, respectively. For Ru/ -alumina catalysts, the pressure increase leads to a decrease in

catalytic activity, potentially due to an increased constrain of thermodynamics.
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Figure 4.4 The ammonia decomposition rate of Ru/ -alumina and Ru/YSZ catalysts as a function
of temperatures at T = 0 and 5 bar.

4.4.3 Ammonia decomposition tests using CMR

In a standard CMR, its interior (lumen) is left empty. As the ow rat e of inlet ammonia
increases, the conversion inevitably drops and productivity plataus, resulting from insu cient
residence time to decompose ammonia. To maximize catalyst activity tk interior of a CMR can
be lled with a packed bed of catalysts. However, this can potentially be compromised by the
decreased residence time and increased resistance in radial tramsp Figure 4.5 compares the
performance of the same CMR with three con gurations in terms of ammonia onversion,
hydrogen productivity, and hydrogen recovery. The CMR packed with inert glass beads works as
a control experiment.

The results with and without inert beads are nominally identical, demonstrating that
performance is insensitive to any changes in uid dynamics, residece time, or dispersion
introduced by the presence of the packing material. In contrast, wien the interior is packed with
catalysts the performance is dramatically enhanced. While maintainirg the same 90%
conversion and 70% hydrogen recovery, the feed ow rate of ammonia can get increased by 3X
and 2X, respectively. The use of -alumina supports can further increase the overall catalytic

activity of the reactor. The lagging increases in hydrogen recovery comgred to conversion is
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Figure 4.5 Performance of ammonia decomposition as a function of ammonia irtleow rate in
the same CMR with three con gurations. Reaction conditions: T = 450°C and P = 5 bar. (a)
Conversion (b) Hydrogen productivity (c) Hydrogen Recovery.
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potentially due to the resistance in permeation being the limiting factor at the conditions. The
pro le of the hydrogen productivity peaks and drops. This is due to a decreasing hydrogen partial
pressure for permeation due to reduced conversion at high ammonia owates. Compared to the
standard and packed glass beads scenario, hydrogen productivity is moréan doubled by the use
of packed Ru/ -alumina catalysts. Further improvements in performance requie increased
permeation rates. Hydrogen ux is a product of permeance and the presse driving force. The
former is inversely scaled with the thickness of membranes. Reding the thickness can enhance
the permeance but with the risk of an increasing number of defectsThe latter is to increase the

pressure of operation.
4.5 Conclusion

To summarize, low-cost and commercially available Clinoptilolite isidenti ed as an e ective
adsorbent to remove ammonia impurity below 0.1 ppm in the permeate fidrogen stream of a
catalytic membrane reactor. The breakthrough capacity is 0.17 wt.% and can be restored after
desorption at T = 400°C. Kinetics testing for ammonia decomposition is performed and
Ru/ -alumina catalysts are more active than Ru/YSZ catalysts by a factor of 2 - 3X. Cafalytic
membrane reactors are fabricated by the deposition of Pd-Au membranes onRloaded YSZ
supports using electroless plating. Ru/ -alumina catalysts are packed in the interior to maximize
the catalytic activity. Similar conversion and recovery can be realizd at increased ammonia inlet
ow rate by a factor of 3 and 2, respectively. Hydrogen productivity more than doubled and the

highest value is at 20 sccm cm 2,
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CHAPTER 5
BARIUM-PROMOTED RUTHENIUM CATALYSTS ON YTTRIA-STABILIZED ZIRCONIA
SUPPORTS FOR AMMONIA SYNTHESIS

A paper accepted by the ACS Sustainable Chemistry & Engineeringf’.
Zhenyu Zhang't''?, Canan Karakaya!®, Robert J. Kee'3, J. Douglas Way'?, Colin A. Wolden1214

5.1 Abstract

The cost-e ective, small-scale, distributed synthesis of ammora depends on e ective catalysts
and processes that operate under modest elevated-pressure (j.p.< 20 bar) conditions. The
present paper considers Ru as the active catalyst supported on yittd stabilized zirconia (YSZ).
The addition of alkali and alkaline-earth metal promoters is found to increase synthesis rates by
an order of magnitude. The rate enhancement is largely insensitive tolte promoter
concentration, with Cs outperforming Ba and K by a factor of two. However, Ba is found to be
stable whereas Cs degrades more rapidly, which is attributed to thedw melting point of its oxide.
At 400 C and 1.0 MPa, the speci ¢ synthesis rate over Ba-Ru is measured to bapproximately

1410 mmol gzj h 1, higher than the most active oxide-supported Ru catalysts reported i the

19Reprinted with permission of ACS Publications
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literature. The rate becomes inhibited by H, absorption at low temperature (below 35C0C), but
lower Hy/N , ratios enable the rate to remain comparable to what is observed in stoiclometric
mixtures at temperatures below 400C. The paper reports a new detailed microkinetic model that
accurately captures the observed behavior, revealing that adsorptions coverage dependent.
These results provide insight and direction into developing altenatives to Haber{Bosch for

distributed synthesis of green ammonia.
5.2 Introduction

The production of ammonia (NH3) is essential to sustain an ever growing human population
by providing the raw material for fertilizer[12]. Conventionally NH 3 is synthesized using the
well-known Haber{Bosch process affl 400°C and p 150 bar[12]. The endothermic nature of
H> generation and massive production scales (145 Mt Nglin 2014 globally[50]) make ammonia
production one of the most energy intensive chemical processes, guming as much as 2% of the
world's total energy[12]. Recently, NHz has also attracted attention as a promising carrier for the
transportation and storage of H, from renewable sources such as solar, wind, and bio-sources[13].
Attributes as a storage material include its high H, gravimetric (17.7 wt.%) and volumetric (108
g L 1) densities, its existence as a liquid at room temperature under ®ar, and an existing
infrastructure for distribution[13]. These properties also make NH; attractive for the peak energy
storage of renewable electricity.

Ammonia is produced conventionally in large centralized facilities n which the hydrogen is
produced through steam methane reforming and subsequent puri catbn. Hydrogen generation is
responsible for the vast majority of energy consumption and CQ emissions associated with
ammonia synthesis. Alternatively \green" ammonia could be derived fom H, produced by
electrolysis using renewable electrical energy. However, due the distributed nature of renewable
energy sources (e.g., solar and wind), small-scale NHproduction is needed. Unfortunately,
downscaling the capital-intensive conventional Haber{Bosch procesis thought to be
uneconomical[96]. This has spurred research into the development oftatnatives to Haber{Bosch
that are more amenable to small-scale, distributed production.

The high pressure requirements of the Haber{Bosch process deriveoin severe equilibrium

limitations at the elevated temperatures required for catalysts to adieve signi cant kinetic
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activity. However, it has been shown that signi cant synthesis rates may be maintained at modest
pressure when ammonia is continuously removed through reactive sapation processes such as
absorption[97]. Catalytic membrane reactors (CMR) are an alternative approab that has the
potential to combine reactive separation as well as process intensiation. Zhang et al.[23]
recently applied catalytic membrane reactor (CMR) technology to the reverse process, delivery of
high purity H » generated by ammonia decomposition. E cient product removal via a
hydrogen-selective membrane enabled signi cant reductions in opating temperature and
equilibrium constraints were exceeded without the use of a sweegas. Extending the CMR
concept to the more-challenging problem of ammonia synthesis requas two signi cant
innovations: the development of highly permeable membranes that areedective to ammonia over
H2/N 2 and catalysts with improved activity at mild conditions. The present paper focuses on the
latter.

Ruthenium (Ru) is recognized to be one of the most active metal catalyst for NH3
synthesis[25]. In addition, it is well known that the catalytic chemistry is a surface-structure
sensitive, with signi cant variations among oxide supports[98]. Aika & al.[99] compared the NH;
synthesis rates using Ru catalysts on various metal-oxide supports @hfound MgO > CaO >

-Al,03 > TiO, and Nb,Os. The trend between activity and support basicity suggests an
electronic modi cation of the Ru. In addition to alkaline-earth metal o xides, transition-metal
oxides can be partially reduced to create an enriched electron emdnment and accelerate the
dissociative adsorption of N[100, 101]. Wang et al.[102, 103] used Ru supported on Ba- and
K-modi ed ZrO , and realized higher NH; synthesis rate than unpromoted MgO or ZrG;.
Shimoda et al.[104] used a yttrium-doped barium zirconate (BaZg.oY .10z ) support and
obtained a synthesis rate of 4.63 mmol gﬁ h ! at 400°C and 1 bar. Sato et al.[105, 106] studied
the use of PLO3 and subsequently La.sPro.501.75 as the Ru catalyst support. The latter realized
a record NHs synthesis rate of 60.2 mmol g h * at 400°C and 10 bar. In another recent study,
Ogawa et al.[107] alloyed Ru directly with yttrium to tune electron d ensity for ammonia synthesis.

The present paper focuses on ammonia synthesis, using yttria-stélized zirconia (YSZ) as an
active support for Ru-based catalysts. Although both zirconia- and rare-eath-element-based
supports have been published, Ru on YSZ supports have not been priwusly studied. The

present research was motivated by the excellent ammonia decompositi performance using
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porous YSZ tubes impregnated with Ru in catalytic membrane reactors[23].The present study
rst evaluates the activity of YSZ as compared to the more commonly used -Al,03 support.
The study goes on to systematically investigate the e ects and stabity of alkali and
alkaline-earth metal promoters, the e ects of space velocity, and thedependence of temperature,
pressure, and H/N , feed ratio on NH3; synthesis rates. A detailed micro-kinetic model was

developed to assist explaining the rate-limiting processes andrpvide predictive capabilities.

Figure 5.1 (a) SEM cross section of the asymmetric YSZ support; (b) TEM mage of a YSZ/Ru/Ba
catalysts and accompanying EDAX maps of the (¢) Ru and (d) Ba distributions in this region.
The Ru is dispersed as nanoparticles ranging from 2 - 10 nm while the Baidistributed nominally
uniformly over the support.

5.3 Experimental procedures

5.3.1 Catalyst preparation

The YSZ and -Al,0O3 supports were supplied as porous tubes with an approximately 1 cm
outside diameter and approximately Q134 cm wall thickness. The YSZ support tube (4% ¥%Os3,
96% ZrQ,, Praxair Surface Technologies) has an asymmetric structure (Figure 5.1a)The exterior
of the support is an approximately 20 m thick mesoporous region with pore diameters of
approximately 0.2 m, whereas the bulk is characterized with larger pores 8 d, 10 m. The

-Al,03 (CoorsTek, Inc.) support is symmetric with uniform pore diameters of approximately
0.2 m. The BET surface area of -Al,O3 is 4.42 n? g 1, whereas the surface area of YSZ is 2.24
m? g ! due to its asymmetric structure and large pore size. The support tules were cut and
cleaned with deionized (DI) water and acetone to remove contaminantsfollowed by drying in air

at 130°C.
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The Ru catalyst was loaded into the porous structures using wet imprgnation. The 0.67 M
Ru precursor solution is synthesized from Ru chloride hydrate (Presure Chemical Co., metal
40%) dissolved in 75% acetone (ICC, 99.5%) and 25% deionized water. After redag Ru
chloride at 400°C and atmospheric pressure in pure H for 2 hours in a Lindberg M furnace, the
Ru catalyst was washed using DI water to remove unreduced Ru chloriel and then dried in air at
13C°C. Several promoters, including Cs, K, and Ba, were loaded individudy, following the same
impregnation method as used for the Ru catalyst. The promoter precursoisolution was prepared
using Cs (Alfa Aesar, 99.99%), K, and Ba (Sigma-Aldrich, 99.999%) nitrate dissaled in DI water.
The Ru catalyst and promoter loadings were determined gravimetrically As a consequence of the
support's low surface area, a typical Ru loading is in the range &% wt:% 1.0. The promoter
loading was controlled by varying the concentration of the precursor soltion to adjust the
promoter/catalyst molar ratio (cf., Supplementary Figure D.1). The Ru p article size distribution
was determined using TEM (Figure 5.1bc) and quanti ed using ImageJ[108] The average Ru
particle size was found to be 5.6 3.4 nm, corresponding to approximately 23% dispersion, which
is the size range reported to have dense RBsites that are active for N, dissociation and facilitate
the NH3 synthesis chemistry[98, 109]. Promoters such as Ba were found to be dmimly

distributed over the support and not preferentially associated wth Ru (Figure 5.1d).
5.3.2 Tubular con guration

Initial studies were accomplished using a modi ed catalytic membyane reactor that was
documented by Collins and Way[32]. As illustrated in Figure 5.2, the tubular catalyst, which is
connected to a 1/4-in stainless steel feed tube with Swagelok nuts and gphite ferrules
(Chromalytic, Ltd.), is mounted inside a 1-in-diameter stainless geel shell. This tubular
con guration represents a geometry that could be used for ammonia synth&is in a catalytic
membrane reactor (CMR). Without a membrane, however, the N/H » gases can be directed
through either the shell side or tube side. Alternative ow con gurat ions were tested and shown
to achieve essentially the same NHl synthesis rate (less than 10% variation). For the results
presented herein, H was introduced through the shell side forced to ow across the catalyswhile
N, was introduced through the tube side at a gas hourly space velocity of 13,000 L. This

tubular con guration was used to collect the preliminary data on supports and promoters that is
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Figure 5.2 lllustration of a catalytic membrane reactor[32]. Some of the expriments in the present
paper use the shell and tube con guration, but using the porous tube aloe without the membrane.

shown in Figure 5.3-Figure 5.5.
5.3.3 Packed-bed con guration

For the highly active promoted catalysts, both equilibrium and transport limitations were
found to impact the results at GHSV = 13;000 h 1. In the tubular experiments, the GHSV could
not be substantially increased with existing equipment. Thus, sibsequent studies were
accomplished in a conventional di erential packed bed reactor (PBR),which also facilitated direct
comparison with literature reports on other catalysts. The catalysts for PBR studies were rst
prepared in the tubular con guration, and then crushed and sieved. Paticle diameters in the
range 250 d, 600 m were selected to eliminate internal mass transfer limitations[110] The
catalyst particles were packed with quartz wool and glass beads (Sigma-Atith, particle
diameters 2 mm) inside a 3/8-in Swagelok VCR cell with a typical catalystloading of
approximately 0.2 g. The ratio of glass beads and active catalyst was approxiately 8.2. The
catalyst bed was 2 cm long, with quartz wool supports on both ends of the actie catalysts. Feed
streams of H, and N, were mixed by a tube union tee prior to entering the packed bed. Tie PBR
con guration was used to collect the data in Figure 5.6-Figure 5.9, which beame the basis for the

microkinetic model (Figure 5.7-Figure 5.11).
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5.3.4 Space velocities

This manuscript uses two terminologies to describe the total ow rates and the relationship
with the catalyst loading. The Gas Hourly Space Velocity (GHSV), which is the ratio of total
volumetric ow rate Qj, and the catalyst-bed volume V4 at standard conditions (p = 1bar

absolute, T = 273K), may be evaluated as

Qin .
cat

The GHSV is measured as h'. A GHSV of 10,000 h ! is commonly cited in the literature as

GHSV = (5.1)

being su cient to eliminate external mass transfer limitations[102, 103, 111]. Based on this
consideration the initial experiments reported here evaluating dierent supports and promoters
were conducted in the tubular con guration at GHSV = 13,000 h !, where the volume of the
catalyst bed is de ned as total volume of the YSZ ceramicVcq = rg ri2 L, whererg and r;
are the outer and inner the radii of the tubular reactor and L is the length.

The alternative terminology used is Space Velocity (SV), which is dened as the ratio of the
total inlet ow rate at standard conditions and the catalyst loading mcs;; as measured in grams of

active catalyst,

Qin .

SV = :
Mcat

(5.2)

The SV is represented as mL galt h 1. The space velocity for experiments conducted in the PBR
con guration is reported in these units because of the ease and accuracy afeasuring the catalyst
mass. For comparison, the GHSV = 13000 h ! condition used in the tubular con guration is
equivalent to SV = 4500 mL gcalt h 1. The PBR con guration increased the attainable space
velocity range by more than an order of magnitude to a maximum of SV = 144000 mL gcalt h 1
At space velocities of 72,000 mL gt h ® or greater, the ammonia-synthesis rate was found to be
insensitive to the feed ow rate (cf., Supplementary Figure D.2). The PBR experiments reported

herein all used SV = 72000 mL g+ h *.
5.3.5 Gas-composition measurement

The catalyst was heated to desired temperature (300{45%) under H, at a ramp rate of 3.6 K

min 1. A type-K thermocouple was placed in the middle of the catalyst bed/oven. The catalyst
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bed is short relative to the heating zone, ensuring isothermal condions. The gauge pressure was
controlled through an electronic back pressure regulator (Equilibar, LLC) varying between

0O p 10 bar. The ow rates of H, and N, (UHP, General Air) were varied using mass ow
controllers (MKS Instruments, Inc.) and the outlet ow rate was det ermined using a bubble ow
meter (Humonics Opti ow 520). An oxygen trap (Supelpure, Sigma-Aldrich Co. LLC) was used
to lower the inlet oxygen/water concentration of the inlet to below 2 ppb. The outlet composition
was measured using a quadrupole mass spectrometer (MS) and a non-déspive infrared detector
(NDIR, Bacharach). The MS measures the N, H», and NH3 concentrations, and the NH;
concentration is measured by NDIR . Both detectors were calibrated usig a gas mixture of 1%

NH3 in H2/N » (Matheson Gas). Data were logged every 5 minutes using LabView.
5.4 Microkinetics reaction mechanism

The reaction mechanism is developed using data from the packed-bedcgeriments and a
packed-bed model. The model is used as the basis to interpret mea®ments and establish
kinetics rate expressions. The reaction mechanism itself is basesh the reaction pathways rst
proposed by Hinrichsen et al.[112], which has been used widely sinds development in 1996. An
important contribution of the present model is the development of corerage-dependent rate

expressions that span ranges of operating temperature and pressure.
5.4.1 Packed-bed model

The isothermal and isobaric packed-bed model solves mass-conservatiequations within the
packed bed. This model neglects stream wise di usive transport. n summary form, the relevant

di erential equations are

¥
d(u) = As s Wy (5.3)
dz
k=1
dYy Xo
u e + AsYy SkWi = AgSkcWk; (k=1;:::,Kg) (5.4)
k=1
Pp 1T (5.5)
~RT YW '
sk =0; (k=Kg+1;:::;Kg+ Kyg): (5.6)
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In these equations is the gas-phase mass density is the super cial velocity, As is the specic
catalyst surface area (i.e., surface area per unit volume of bed}i is the molar production rate of
gas-phase species via heterogeneous reactidiy are the gas-phase species molecular weights, and
Yk are gas-phase mass fractions. There ai¢y gas-phase species and s surface-adsorbed species.
The rate expressions (Table 5.1) are evaluated according to the theory gsented in the section on
Reaction Pathways and Rate Expressions. Although the model could be ernhded to include axial
di usive transport as well as temperature and pressure variations[113]such extensions are not
needed for the ow conditions in the present experiments.

The species production rates are evaluated using the reaction mecham and the local
conditions within the bed. In addition to the gas-phase mass fractionsyy, the dependent variables
include the surface coveragesy for each of theK g surface-adsorbed species. Equation5.6, which
is an algebraic constraint that requires the local steady-state prodution rates of the surface
adsorbates to vanish, depends on the surface coverages as well as the gaage composition[114].
Note that Eg. 5.6 runs only over the K surface species. The surface reactions do cause net
production rates for gas-phase species (i.esi 6 0 for the Ky gas-phase species). By sign
convention, sy 0 means that the surface reactions deliver specids into the gas phase.

The governing equations form an initial value problem in di erential- algebraic form that is
easily solved computationally[115, 116]. Applicable software includes the \del5i" function in
Matlab . The inlet composition and velocity form the initial conditions. The pressure,

temperature, and speci ¢ catalyst surface area must be speci ed.
5.4.2 Reaction pathways and rate expressions

The reaction pathways are taken from Hinrichsen et al.[112] (often calledhie Ertl mechanism),
which was developed in 1996 to represent the ammonia synthesis oves@Ru/MgO catalysts.
Although the reaction pathways are unchanged, the rate expressions are ndoed signi cantly to
represent the Ba-Ru/YSZ catalysts over wide ranges of temperature (300 T  450°C), inlet
composition (0:1 H»=N, 3:0) and pressure (0 p 1Obar gauge). Maintaining
thermodynamic consistency (microscopic reversibility) is an inportant aspect of establishing the
rate expressions. Thermodynamic consistency was ensured usingeast-squares technigue to

minimize the Gibbs free energy over the relevant temperature rage. The algorithm details are
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Table 5.1 Microkinetic reaction mechanism for ammonia formation and decompsition over Ba-
= 2:6079 10 ° mollcm?. The
rate expression parameters are stated in consistent units of cm, s, ankll mol 1 with particulars
depending on reaction order. The reaction kinetics are available as el&onically as supplementary

Ru/YSZ catalysts. The surface site density is taken to be

data in Chemkin format (surf.inp, chem.inp, thermo.dat, trans.dat).

A E
Reaction (cm, s) (kI mol 1)

1 Nz+2(Ru) ! N(Ru)+N(Ru) 2 :892 10 % 0000 38949

(Sticking coe cient)
2 NRu)+N(Ru) ! Nz +2(Ru) 2:015 107 0279 148027 14 Ry
3  Hz+2(Ru) ! H(Ru)+H(Ru) 4 :007 10 % 0.000 00

(Sticking coe cient)
4  HRu)+H(Ru) ! Hy+2(Ru) 3:600 1020  0.658 91948 2 Ry
5 NHz+(Ru) ! NH3(Ru) 1:247 10 % 0.000 0O

(Sticking coe cient)
6 NH3(Ru) ! NH3z+(Ru) 2:235 10!  0.083 83536
7  N(Ru)+H(Ru) ! NH(Ru)+ (Ru) 8 :424 10'2°  0.000 83620 7 p(Ru)
8 NH(Ru)+(Ru) ! N(Ru)+H(Ru) 6 :813 10"°  0.207 30972+1 uRy
9 NH(RuU)+H(Ru) ! NHz(Ru)+(Ru) 4 :949 10*° 0.083 75236
10 NH2(Ru)+(Ru) ! NH(Ru)+H(Ru) 8 :321 10"™° -0.083 15767+1 uRry)
11  NH2(Ru)+H(Ru) ! NH3(Ru)+(Ru) 3 :886 10*1° 0.083 17:036
12 NH3(Ru)+(Ru) ! NHz(Ru)+H(Ru) 1 :478 10'20 0.000 64980+1 Ry

reported by Karakaya et al[117]. Thus, the model is equally well suitd to predict both ammonia

synthesis and decomposition.

The present model presented uses the mean- eld approximation,hus assuming that the Ru is

uniformly distributed on the catalyst surface[118]. The surface is chracterized by Ru site density

and the adsorbate site coverages. The Table 5.1 shows the 12-step reactiorechanism among 5

surface and 3 gas-phase species. Some of the rate expressions are wriite Arrhenius form as

ko= AT " exp

Ei

RT

(5.7)

Nominal values for the rate constants are estimated using transition-sta¢ theory. Pre-exponential

factors A are initially evaluated as

where kg is the Boltzmann constant, h is the Planck constant,

(5.8)

is the Ru surface site density

(=2 :6 10 ° mol cm 2), and n is the reaction order. For a rst-order surface reaction, the

nominal value of A is estimated to be approximately 133 s 1[119]. However, the pre-exponential

factors are all empirically adjusted to satisfy thermodynamic consigency and to represent the
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experimental measurements.
Three of the rate expressions (Reactions 1, 3, and 5) are represented ascking coe cients,
which may be activated. The sticking coe cient may represented in terms of the collision

frequency as[114]

. E;
i=aT exp ﬁ : (5.9)
The forward rate expression can be evaluated as
r

i RT
— : A1
mo2W,’ (5.10)

Kii =

where Wy is the molecular weight of the relevant gas-phase species (e.g., M Reaction 1). The
exponent m indicates the number of adsorption sites that participate in the reacton (e.g., m = 2
for Reaction 1)[114].

Reactions 2, 4, 7{9 and 12 (Table 5.1) use coverage-dependent activation eneegi which is an
essential element in representing kinetics over the range of revant temperatures. To include

coverage-dependent activation energies, the typical Arrhenius exgssion is modi ed as[114, 120]

ki k

ki= k% exp o

k=1
where  is a species coverage fractiorf; is the coverage-dependent activation energy

(5.11)

corresponding to thekth species in theith heterogeneous reaction. The present reaction
mechanism considers only H(Ru) and N(Ru) as possibly contributing to he coverage-dependent

activation energies.
5.4.3 Rate-expression tting

Although the present paper uses the reaction pathways proposed by Erthnd colleagues
(Table 5.1), the rate expressions and parameters are qualitatively and gantitatively quite
di erent. The rate parameters are t to be consistent with measured performance of the
Ba-Ru/YSZ catalyst over relevant ranges of physical parameters and operatig conditions
(Table 5.2). Throughout the tting process, the physical properties of the catalysts and the
packed bed are xed.

The pre-exponential factors and the activation barriers are adjusted topreserve overall

thermodynamic consistency[117] in the temperature range 50 T 110CC. In principle,
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Table 5.2 Reaction conditions

used as model input parameters.

Parameters Values

Temperature 300 T 450°C
Pressure (gauge) 0 p 10 bar

Inlet velocity 1:14 U;,, 1584cms !
Inlet stoichiometry 0 :1 Hz=Np 30
Catalyst bed length, L=2:0cm

Bed inner diameter D =9:525 mm

Bed porosity =0:70

Bed tortuosity =25

Average particle diameter dp =430 m

Speci c surface area As=3:0 103 cm !

activation barriers could be assigned to any value that is consistent wih transition-state theory.
However, the range of activation barriers are adjusted to be nominally coristent with prior
literature[110, 112, 121].

The iterative tting procedure is semi-automated, but does require some chemical insight and
judgement to choose the initial values, propose rate-determiningteps, anticipate coverage
dependencies, etc. Although adjusting rates to represent the exgrimental data and enforce
thermodynamic consistency is a lengthy process, th€aRMeN software is used to assist the
iteration procedure[122]. Although the speci c rate parameters (Table 51) may not be entirely
unigue, the holistic mechanism does represent the Ba-Ru/YSZ catalst behavior accurately over
relevant operating conditions.

Table 5.1 uses rate expressions that are di erent from Ertl's initial model[112]. Although the
Ertl model uses Ru as the active metal, the support e ect is lumpedinto the overall rate
constants. In a subsequent paper from the Ertl group, Jacobi et al.[123] stwed that the support
plays a signi cant role in the NH 3 formation rates[124], especially concerning the support's
in uence on nitrogen adsorption and desorption chemistry[110].

The present Ba-Ru/YSZ reaction mechanism uses a signi cantly higher N sticking coe cient
than does the Ertl model for Cs-Ru/MgO catalysts. The measured and calalated ammonia
formation rates in the present study are approximately seven times fgher than those for the
Cs-Ru/MgO catalysts[112]. Based on the present experimental data, the miogen sticking

coe cient is found to be 2.89 10 °. Hinrichsen et al.[110] showed that depending on the support
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the N, sticking coe cient on supported Ru catalysts vary. Hinrichsen et al. evaluated the N,
sticking coe cients to be 10 15 for Ru/Al 03, 10 3 for Ru/MgO and 5 10 ! for Cs-Ru/MgO

at room temperature via N, temperature-programmed desorption measurements[110]. Hinrichsen
et al.[110] observed a linear correlation between the Nsticking coe cient and ammonia

formation rate. Furthermore, Hinrichsen et al. suggested that because dg a small fraction of
catalyst surface was active the N sticking coe cients should be low. Dahl et al.[125] showed that
the nitrogen sticking coe cient can be as high as 10 %4 on the 1% of the Ru/MgAl ,O4 surface's
Ru(001) step sites.

Ertl's microkinetic model includes the recombination of adsorbed ritrogen (Table 5.1,
Reaction 2), which is reported to be energetically the most stable (137 kmol 1) reaction
step[112]. Adsorption and desorption energy barriers of N vary depending on the support as well.
Isotopic exchange studies show that N adsorption energy for Cs-Ru/MgO is 33 kJ mol 1, and
the desorption energy is 137 kJ mol!, whereas on Ru/MgO the adsorption energy is 48 kJ mol?!
and desorption energy is 158 kJ mol!. Tsai and Weinberg[121] calculated the barrier for nitrogen
desorption to be 184 kJ mol 1. The present kinetic model uses 38.95 kJ mol* for N, adsorption

and 148.0 kJ mol ! for N, desorption energy barrier, which is consistent with previous repats.

5.5 Results

5.5.1 E ects of supports and promoters

Because Ru loadings may vary somewhat as catalysts are prepared in di eréatches, the
measured NH production rates reported herein are normalized by the Ru mass (mmol ,g} h ).
Figure 5.3 compares the NH synthesis rate as a function of temperature atp = 0 bar (gauge)
using a YSZ support and the more-conventional -Al,O3 support. These measurements were
done in the tubular reactor (Figure 5.2). The production rates using RUYSZ are a factor four
greater than those using Ru/ -Al,03. Moreover, the Ru/YSZ maintains active at substantially
lower temperatures, below 400C. An Arrhenius analysis reveals that the YSZ support reduces the
apparent activation energy from 123 kJ mol 'to 103 kJ mol 1. The improved performance is
likely due to the strong metal-support interaction associated with the Ru and YSZ. At reaction
conditions, partially reduced Zr?* may donate electrons to adjacent Ru atoms, thus enhancing

their electron density and facilitating the N, dissociation step, which is recognized to be the
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rate-determining step for NH3 synthesis[25, 100, 101].

Alkali and alkaline-earth metal compounds are known to improve the activity of Ru catalysts
by altering their electronic structure[126]. The present study @nsiders three promoters (Cs, K,
and Ba) with varying promoter/catalyst molar ratios. Figure 5.4a shows measued ammonia
synthesis rates atT = 450°C, H,=N, = 3, and three pressures as functions of the Cs/Ru ratio.
Relative to Ru/YSZ alone, the addition of Cs as a promoter increases the redmon rate by almost
an order of magnitude. The increased activity is relatively insensiive to Cs/Ru ratio in the range
0:1 Cs=Ru 1:4. The reaction rate decreases somewhat at higher loadings (€RBu > 1:4),
potentially due to the coverage of active Ru sites by excess promotekP6].

Figure 5.4b shows the in uence of di erent promoters and promoter-Ru ratios as functions of
pressure. In all cases, the temperature, inlet stoichiometry, andsHSV are xed. Clearly, Cs is
the most active. In all cases, the synthesis rates increase nearlynkarly as functions of pressure.

Compared to Ru/YSZ, the introduction of Cs reduced the apparent activation energy for
ammonia synthesis from 103 kJ mol? to 65 kJ mol 1. The Ba and K promoters also signi cantly
enhanced the reaction rate and were insensitive to the promoter/Ru cadlyst ratio. At 400 °C and
30 bar, Siporin et al.[127] compared the catalytic activity of MgO supported Ru with the addition
of Cs and Ba. Those results showed that Cs was twice as active as Ba, whick consistent with
results in the present study. The promoter activity trend (Cs > K  Ba) correlates with the
electronegativity trend (Cs < K < Ba), suggesting that the rate increase associated with the

promoter is caused by electron transfer to the Ru[110, 127].
5.5.2 Space velocity and stability

Given the high rates observed on the promoted catalysts the reaction rate were evaluated as
functions of GHSV to determine the extent to which the experimerts could be kinetically limited.
Figure 5.5 shows the measured normalized synthesis rates and the exitt of conversion relative to
equilibrium (X=X ¢q) as functions of GHSV. The apparent reaction rates increase with increasg
GHSV, suggesting the possibility of a mass-transport limitation. Howeve, the measured
conversions are on the order of equilibrium, suggesting that the syntbsis rate at low GHSV could
be equilibrium-limited. Thus, the tubular con guration is not sui table for further study of the

process kinetics. Consequently, the study of reaction kineticsvas accomplished using
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Figure 5.3 Speci ¢ NHz synthesis rates of Ru supported on YSZ and -Al 03, individually, without
any promoter as a function of temperature (350 T  450°C). Reaction conditions: p = 1 bar
(gauge), H/N > = 3, GHSV =13;000 h 1.

measurements from a packed-bed reactor.

Using the packed-bed reactor, with the absence of transport limitatiors, ammonia synthesis
rates were found to be approximately four times higher than those obseed in the tubular
reactor. Under the packed-bed conditions, although the rates were initlly high, the Cs-Ru
catalyst was found to be unstable. Figure 5.6a plots the normalized ammoniaynthesis rates for
the Cs-Ru catalyst at three temperatures. At T = 450°C, the reaction rate declined
approximately 50% over 40 hours (cf., Figure 5.6a). Reapplication of Cs rested the rate, but it
again declined in a similar manner. The deactivation is apparently themally activated, with the
degradation rate decreasing at lower temperatures. Nevertheless, ¢hdegradation rates associated
with the Cs are practically unacceptable.

A separate stability test using Ru/YSZ without any promoter con rms the stability of Ru
catalyst itself at 450°C over 100 hours (cf., Supplementary Figure D.3). The Cs promoter was
identi ed to be the source of the instability. By contrast, the Ba-R u/YSZ remained stable at
450°C for over 140 hours (Figure 5.6b). Table 5.3 lists the melting points of tke alkali and
alkaline-earth compounds used in the present study, where the ogle is the most likely form at
reaction conditions[128]. The melting point of cesium oxide is only of 49T, whereas that of
barium oxide is much higher at 1923C. Therefore, it may be speculated that the Cs promoter, in
the form of a low-melting-point oxide, is mobile on YSZ support. Such nobility is expected to

reduce activity over time.

62



Figure 5.4 a) Specic NHz synthesis rates of Ru/YSZ as functions of Cs/Ru ratio at various
pressures (1 p 10 bar, gauge). b) Specic NH; synthesis rates of Ru/YSZ using di erent
promoters and concentrations as functions of pressure (1 p 10 bar, gauge). Reaction conditions:
T =450°C, Hy=N, = 3, GHSV = 13;000h 1.

The Cs stability has been considered in a few previous studies[110, 126{12%iporin et
al.[127, 129] studied Cs-Ru/MgO in the operating ranges 325 T 450°C,1 p 30 bar, and
space velocity 8900 SV 24,000 mL gcalt h 1, nding no deactivation. Larichev et al.[128]
compared the Cs promoter on Ru/MgO and Ru/Al,03 at 250 T 400°C, p=1 bar, and
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Figure 5.5 Speci ¢ NH3 synthesis rate (normalized with respect to the maximum GHSV value)and
the ratio of measured NH; concentration over that at thermodynamic equilibrium (X/X ¢q) as a
function of GHSV. Measurements were made in a tubular reactor (Figure 5.2) Reaction conditions:
T =450°C, p = 10 bar (gauge), H,=N, = 3, Cs=Ru = 0:67.

SV =8;900 mL g+ h 1, but simply did not discuss stability. As was the case with present
experiments in the tubular con guration, it is possible that Larichev et al.[128] did not detect
activity degradation.

Hinrichsen et al.[110] studied the catalytic activity of Ru/MgO and Cs-Ru/MgO over weeks
duration. At reactor conditions of T =315°C, p =1 bar, and SV =52;000 mL g} h 1, they
reported that the performance of Cs-Ru/MgO declined somewhat initially, whereas Ru/MgO
showed no deactivation. In a more detailed study, Rosowski et al.[124}sdied Cs-Ru/MgO at
315°C, p=1 bar, and SV = 17;400 mL g h 1. They observed that the measured NH
concentration declined over 24% for the rst 8 hours, attributing deactivation to heat treatment.
After an initial 100-hour test at 315°C, temperature was increased to 40 for 4 hours over
multiple cycles. However, the measured NH concentration was at thermodynamic equilibrium,

impeding the direct investigation of stability.
5.5.3 Model-experiment comparison for Ba-Ru/YSZ

Since the Ba-Ru/YSZ proved to be highly active and stable, it is used fere to determine the
e ects of temperature, pressure, and H/N , ratio on ammonia synthesis rates. The model
parameters (Table 5.1) were based on experiments and the subsequergures compare
experiment with model predictions. Figure 5.7 shows the ammoniaynthesis rate as a function of

pressure at selected temperatures. Other reactor conditions are &d as =N, =3, T =450°C,
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Figure 5.6 a) Normalized NH; synthesis rate of Cs promoted Ru/YSZ over time at various tempera-
ture (300 T 450°C). Csisreloaded after the performance decline of a 20-hour test &t = 450°C.

Reaction conditions: p = 0 bar (gauge), Ho=N, = 3, SV = 72;000mL gcalt h 1, Cs=Ru=0:3. b)

Normalized NH3 synthesis rate of Ba promoted Ru/YSZ over time at 450C. Reaction conditions:
p = 0 bar (gauge), Ho=N, = 3, SV = 72;000 mL gcalt h 1, Ba=Ru=1:0.

and SV = 72;000mL g5 h . At the higher temperatures, the NH3 synthesis rate scales
approximately linearly with pressure. As the temperature decreass, the bene ts of increasing
pressure are diminished. AtT = 300°C, the NH3 synthesis rate is nearly independent of pressure.
The model captures these trends.

Figure 5.8 shows measured and model-predicted ammonia synthesiates at p = 10 bar
(gauge) as functions of inlet /N » ratios for four temperatures. Depending on the temperature,
the synthesis rates achieve a shallow maximum at di erent feed stahiometries. As the
temperature decreases, the feed stoichiometry to achieve the peakte decreases as follows:
Ho=N, 2atT =450°C; H,=N, 1latT =400°C; H,=N, 0:5atT =350°C; and H,=N, 0:3
at T = 300°C. At high temperature and low H2=N> the synthesis rate approaches thermodynamic

equilibrium. Figure 5.8 shows predicted equilibrium rates as dased lines. The model again
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Table 5.3 Melting points of Cs and Ba compounds.

Melting Point ( C) Nitrate Oxide Hydroxide

Cs 414 490 342
K 334 360 740
Ba 592 1923 78

Figure 5.7 Speci c NH3 synthesis rate of Ba-promoted YSZ as a function of pressure (0{10 bar
gauge) at various temperature (300 T  450°C) at stoichiometric H,/N ». The solid line is the
Lea;ction rate obtained from the microkinetics model. Reaction conditon: SV = 72;000 mL g
captures the observed variations, and as discussed below, the localaxxima in synthesis rates arise
from a competition between H, and N, adsorption rates.

Figure 5.9 shows the reaction rate as a function of pressure using the timal H >/N > ratio
that maximizes synthesis rate at each temperature. The e ect of eleated pressure, especially at
low temperature, is stronger when using the optimal feed ratio (cf. Figure 5.7 and Figure 5.9).
Rosowski et al.[124] used Cs-Ru/MgO at 50 bar and obtained optimal E/N ; ratios of 1.5, 0.43,
0.25, and 0.05, at temperatures of 45, 400°C, 350°C, and 300°C, respectively. The optimal
H>/N » ratios for the Cs-Ru/MgO at each temperature are smaller than they are for the
Ba-Ru/YSZ catalyst, suggesting Cs-Ru is more susceptible to K poisoning. This is consistent
with the study by Siporin et al.[129] where Cs-Ru was found to be more ihibited by hydrogen

than were Ba-Ru and La-Ru using an MgO support.
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Figure 5.8 Speci c NH3 synthesis rate of Ba-promoted YSZ as a function of temperature (300
T 45C°C) using various stoichiometric ratios (01 H»=N, 3). The solid lines are the reaction
rates predicted from the microkinetics model. The dashed lines a the theoretical reaction rates
calculated using NH; concentration at thermodynamic equilibrium. Reactor conditions: p = 10
bar (gauge), SV = 72,000mL g, h 1.

Figure 5.9 Speci c NH3 synthesis rate of Ba-promoted YSZ as a function of pressure (0{10 bar
gauge) at various temperature (300 T  45C°C) at optimal H »/N ; ratios. The solid lines are the
reaction rates predicted from the microkinetics model. Reactor conifions: SV = 72;000 mL g,
h L.

5.6 Discussion

5.6.1 Role of the surface coverages

As discussed in the section on Model-Experiment Comparison, the ndel accurately predicts

the catalyst performance over wide ranges of temperature, pressurgnd stoichiometry. In very
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large measure, the model's predictive capability was the result of x@ending the Ertl mechanism
by including coverage dependency to the energetics of the surfachemistry. Figure 5.10 shows
model-predicted surface-coverage fractions at 10 bar (gauge) and 3W) for H,/N », inlet ratios of
0.1, 0.3 and 1.0. At low H/N » ratios (Figure 5.10a), the surface is mostly covered by adsorbed
nitrogen N(Ru). As H2/N » increases to 0.3 (Figure 5.10b), the hydrogen coverage H(Ru)
increases and the N(Ru) coverage decreases correspondingly until ihéevels are comparable,
which is coincident with the maximum ammonia-formation rates (cf., Figure 5.8). Further
increasing the feed stoichiometry to H=N, = 1:0 (Figure 5.10c) causes the surface to be covered
mostly by H(Ru), with N(Ru) becoming the rate-limiting reactant. To accommodate wide ranges
of Ha/N 5, the present model incorporates a coverage dependency of 14 kJ mélfor the nitrogen
desorption (Reaction 2). Although the 14 kJ mol ! emerges from the tting procedure,
independent Density Functional Theory (DFT) models also predid that nitrogen desorption is
coverage dependent[123, 130]. At low temperature this nitrogen coverageedendency, which
decreases the N(Ru)+N(Ru) recombination activation barrier as function of N(Ru) coverage,
enables the model to capture this dynamic evolution in surface cowvage and accurately predict
optimal H>/N » ratios.

As the feed H/N ; ratio increases from 0.3 to 1.0 the ammonia formation rates decrease as a
result of hydrogen poisoning. Hydrogen poisoning was rst reported by Ertls group[124] and
Davis's group[131]. At high H, concentration its high sticking probability of 4 10 2 is su cient
to cover the surface as H(Ru). For stoichiometric mixtures H(Ru) remmbinative desorption is the
rate-limiting step. As a result, the ammonia formation rates are kinetically controlled.
Consequently, increasing pressure does not signi cantly incre&sthe ammonia formation rate (cf.,
Figure 5.7).

These model-predicted observations are consistent with those repted by Rosowski et al.[124].
For these reasons, unlike iron-based catalysts, Ru catalysts tend to agate best below the
stoichiometric H,=N, = 3:0 to avoid the hydrogen surface poisoning e ect[131].

As compared to operation at 300C, the H(Ru) and N(Ru) surface coverages at 450C
(Figure 5.11) are weaker functions of the inlet B/N , ratios. At very low H » concentrations (i.e.,
H»=N, = 0:1), Figure 5.11a shows that the surface is largely covered by N(Ru), readhng above

90% for most of the bed length. By contrast, the adsorbed hydrogen H(Ru) covs only small
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Figure 5.10 Model-predicted surface coverage fractions as functions dfe position in the packed-
bed for selected H/N , inlet ratios (a) H>=N» = 0:1, b) H>=N, = 0:3, ¢) H,=N, = 1:0). Reaction
conditions: p =10 bar (gauge), T = 300°C, SV = 72;000mL gcalt h 1

fraction of the surface (H(Ru) 2%). The ruthenium open site fraction ((Ru) 5%) is predicted
to be greater than the H(Ru) coverage. Thus, at low H/N » ratios, the rate-determining step is
the NH formation step (Reaction 7, Table 5.1).

As the feed stoichiometry increases (H=N, = 1:0 and H,=N, = 3:0, Figure 5.11b,c) the
gualitative coverage trends remain similar to those at H=N, = 0:1. Comparing Figure 5.10 and
Figure 5.11 reveals that the coverage behaviors at 45Q are qualitatively quite di erent from the
behaviors at 300C. At 450°C, nitrogen coverage remains dominant even at high BN » ratios.
The temperature dependent rate for the H(Ru) recombination (Reaction4, Table 5.1) is

responsible for this behavior. At high temperatures, the hydrogen @sorption is enhanced by the
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Figure 5.11 Model-predicted surface coverage fractions as functions tfie position in the packed-
bed for selected H/N ; inlet ratios (@) H2>=N, =0:1, b) H,=N, = 1:0, c) H,=N» = 3:0). Reaction
conditions: p =10 bar (gauge), T =450°C, SV = 72;000mL gcalt h L

T factor (Eg. 5.7). As the temperature increases, the hydrogen poisoning ect at high H 2/N »
ratios (i.e., H,=N» 1:0) diminishes. The reaction mechanism captures this behavior by
introducing a temperature- and coverage-dependent H(Ru)+H(Ru) recombination rate (Eq.
5.11). The coverage-dependent activation energy barrier is decreasey B kJ mol 1, further
decreasing the activation energy for producing available H(Ru) to formNH(Ru). Increasing the
H(Ru) coverage leads to increasing the ammonia formation rates (cf., Figie 5.8).

Despite the low conversion rates for producing ammonia, Figure 5.10-Fige 5.11 show
relatively large spatial variations in surface coverages. The model xe the feed-stream
composition at the inlet to be a mixture of H, and N,. Because of low conversion to Nk, the

gas-phase H and N, concentrations vary only slightly along the bed length. Neverthelesssmall
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Table 5.4 Apparent activation energy (Ez) of Ru-based catalysts. For Ba-Ru/YSZ and Ru/YSZ

in present work, reaction conditions are: 300 T  450°C, p = 0 bar (gauge), and Hy=N, = 3.

Results for other Ru-based catalysts are derived from Kitano, et al.[132]where reaction conditions
were 320 T  450°C, p =1 bar, and H>=N, = 3. The ranges of E,; for some of the catalysts
listed have di erent Ru loadings.

Catalyst Ea
Ba-Ru/YSZ 46.2
Ru/YSZ 103.0
Ru/CaO 120.1
Ba-Ru/AC 725 E, 888
Cs-Ru/MgO 730 E; 858
RU/C12A7:0 2 104.6
RU/C12A7:e 40.0 E, 560

changes in the gas-phase composition can produce substantial changes irethurface coverages.
The net NH3 production rates depend on heterogeneous reactions rates and the actiyiof
gas-phase compounds and surface adsorbates (i.e., mass-action kinetjds)t at relatively low

pressure and temperature the NH production rates are small.
5.6.2 Comparison with literature

Ammonia production is usually normalized by the mass of catalyst, with the reaction rate
being reported as mmol galt h 1. The low specic surface area of the YSZ support (2.23 r gcalt)
used in the present study limits the Ru loading to 05 wt%  1:0. To eliminate the impact of
di erent Ru loadings on ammonia synthesis rate, the present paper comares results with
literature reports using the speci c rate measured as mmol gj h 1. Praseodymium-based
supports[102{104, 106, 132] have registered the highest synthesis rates to dateith Sato et
al.[106] reporting 1204 mmol gzj h ! at 400°C and 10 bar (absolute) using La.sPro.s01.75. For
the same operating conditions, which importantly includes idential SV = 72; 000 mL gcalt h 1
the speci ¢ NH3 synthesis over Ba-Ru/YSZ was approximately 1410 mmol g& h 1 (cf,

Figure 5.7). The high synthesis rates are attributed to a combination of ne Ru particles with
dense active sites, electronic-structure modi cation by the Bapromoter, and the strong
metal-support interaction. Table 5.4 summarizes the activation energés observed over various
supports as reported by Kitano, et al.[132]. The addition of Ba reduces; from 103 kJ mol ! for
Ru/YSZ to 46.2 kJ mol ! for Ba-Ru/YSZ, a value that is among the lowest reported to date and

manifested in the good performance observed at low temperature.
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5.7 Summary and conclusions

This paper adds to the long running history of ammonia synthesis catalgts both in terms of
practical advances and improved fundamental understanding. Experirentally yittria-stabilized
zirconia (YSZ) is shown to be a highly active support for Ru nanocrysals, and that the reaction
is greatly accelerated by promoters. Cesium was the most e ective promter, but unstable, while
the Ba-Ru/YSZ catalysts achieved the highest speci ¢ rates reported b date (approximately 1410
mmol gR& h 1at T =400°C, p=1 MPa). It is notable that both of these ndings were revealed
only when operating at space velocities much greater than values convéanally employed for
catalyst investigations (i.e., 10,000 h 1), and it is suggested that SV is as important as other
parameters (temperature, pressure, H/N ; ratio) when comparing catalysts or considering reactor
designs. The low activation energy of Ba-Ru/YSZ enables signi cant rates b be maintained as
low as T = 300°C when coupled with appropriate stoichiometry control.

A microkinetic reaction mechanism was developed that captured the obsrved behavior with
high delity over a broad range of temperature (300 T  45C°C), inlet composition
(0:1 Hy=N, 3:.0), and pressure (0 p 10 bar gauge). The mechanism employs the same
reaction pathways initially proposed by Ertl and colleagues[112], but expnded upon it in two
signi cant ways. The rst was to quantify parameters that represent the Ba-Ru/YSZ catalyst.
The second, and most important, was to introduce coverage-dependergctivation energies that
can accommodate the e ects of hydrogen and nitrogen catalyst poisoning. Thignabled, for
instance, the accurate prediction of optimal H,=N, ratios as functions of temperature. The
reaction mechanism in the present paper is accurate over large tempature ranges, which is a
signi cant advance over prior research where mechanisms were tailodeto high- and
low-temperature regimes. Thus, the validated, predictive, reation mechanism can play a valuable
role in assisting the design and implementation of practical reactor tebnology. Although the
present paper focuses on the Ba-Ru/YSZ catalyst, the framework develogd to account for
Ru-support interactions and coverage dependent rate behavior is exgrted to have broad

applicability for Ru-based ammonia-synthesis catalysts.
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5.8 Supporting information

The supporting le (appendix D) contains the heterogeneous reaction nechanism and rate
parameters (Table 5.1), together with associated thermodynamic and trasport properties in
Chemkin format. The supporting information also includes Figure D.1, Figure D2 and

Figure D.3, which are discussed in the manuscript.
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CHAPTER 6
DESIGN AND OPERATIONAL CONSIDERATIONS OF CATALYTIC MEMBRANE
REACTORS FOR AMMONIA SYNTHESIS

A paper submitted to AIChE Journal
Zhenyu Zhang'®1®, J. Douglas Way'®, Colin A. Wolden 61/

6.1 Abstract

Production of ammonia using hydrogen derived from renewable electtity instead of
hydrocarbon reforming would dramatically reduce the carbon footprint of this commodity
chemical. Novel technologies such as catalytic membrane reactors may pattially be more
compatible with distributed ammonia production than the convention al Haber-Bosch process. A
reactor model is developed based on integrating a standard industrialron catalyst into a
catalytic membrane reactor (CMR) equipped with an inorganic membrane that is selective to
NH3 over No/H ». CMR performance is studied as functions of wide ranges of membrane
properties and operating conditions. Conversion and ammonia recovery ardictated principally
by the ammonia permeance, and the bene ts by using membranes beconsigni cant above 100
GPU=34 10 8molm 2s !Pa ! To be e ective, the CMR requires a minimum selectivity
for ammonia of 10 over both nitrogen and hydrogen, and purity scales with thee ective
selectivity. Increasing the pressure of operation signi cantly improves all metrics, and at P = 30
bar with a quality membrane ammonia is almost completely recovered, mabling direct recycle of
un-reacted hydrogen and nitrogen without need for recompression. Tengrature drives conversion
and scales monotonically without thermodynamic limitations in a CMR. Al ternatively, the
temperature may be reduced as low as 30Q while achieving conversion levels surpassing

equilibrium limits at T = 400 °C in a conventional reactor.

15 Primary researcher and author
18 Department of Chemical and Biological Engineering, Colorado School of Mines, Golden, CO 80401, United States
17 Author for correspondence
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6.2 Introduction

Renewables accounted for 25.2% of global electricity generation in 2018, and areetfastest
growing sectors with wind and photovoltaic deployment increasing ly 23.0% and 36.5%,
respectively.[3] Renewable power generation is inherently disbuted and variable,[6] necessitating
e cient energy storage and transportation solutions. The electric grid and battery storage are
useful for short term management, but su er from challenging integration issues and limited
capacity.[6] Chemical storage is attractive for medium- and long-term stoage. The simplest
electrochemical conversion is hydrogen generation through electrolis of water, but hydrogen
storage and transportation is itself a very formidable task. Currently, hydrogen is stored via
cryogenic condensation and/or compression up to 700 bar. Both approaches su drom low
volumetric density and boil-o, putting practical constraints on both the duration and distance
associated with these approaches.[13] Conversion to ammonia has emergedaggromising energy
vector for hydrogen storage and transportation. Its gravimetric and volumetric hydrogen density
are 17.7 wt.% and 108 g/L, respectively.[13] Additionally, ammonia is a major cormodity
chemical (> 175 MMT/year) with an existing global infrastructure for distribution an d regulation
in place.[14] Conventionally, ammonia synthesis is conducted usinghe Haber-Bosch process at
extreme pressures (100 - 200 bar) in centralized facilities where kdyogen is predominantly
supplied by reforming hydrocarbons, making it the leading commodiy chemical in terms of
energy consumption and greenhouse gas emission.[133] A transition to green @nonia derived
from renewable hydrogen would be desirable to both displace currentnpduction and additionally
serve as a vector for renewable hydrogen distribution. Capital-intesive Haber-Bosch is not
economical at small scale, so there is need to develop modular technolegifor distributed
production that would be more compatible with renewable resourcesd2]

Reducing the capital intensity of ammonia synthesis requires desopment of processes that
operate at milder combinations of temperature and pressure. Curreng} the reaction is conducted
in a packed bed reactor with conversion approaching equilibrium limis at T  450°C. The
euentis cooledto T -25°C to condense and recover ammonia, and the unreactive gasses are
recompressed, reheated, and recycled to the reactor. There has lmea century of e ort to develop

catalysts that are more active at lower temperature, as that would greatly reduce thermodynamic
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Figure 6.1 Equilibrium conversion of stoichiometric No:H, mixtures as a function of temperature
at selected pressures.

constraints (Figure 6.1). There have been numerous reports displagg high activity in di erential
reactors, but these catalysts are strongly inhibited by ammonia and thé& performance under
practical conditions is not signi cantly improved over the commercial wustite catalysts [134, 135].
A second strategy is to improve the separation process. Cussler ana-avorkers have championed
novel absorbents as a cost{e ective alternative to conventional condegation.[136{138] Perhaps
the best opportunity are processes that integrate reaction and separabin.[97, 139] Catalytic
membrane reactors (CMRS) o er process intensi cation by combining reaction and separation
into a single unit. In addition to the compact and modular design, e ci ent product removal
relaxes both thermodynamic limitations and kinetic inhibitions.

Previously, the bene ts of CMRs have been demonstrated against packkbed reactors (PBRS)
mainly for the dehydrogenation processes such as ammonia decompositi@] 140] and steam
methane reforming[24]. These successful implementations rely hely on well-developed
hydrogen-permeable membranes based on Pd and Pd alloys.[141] Likewise, mionia permeable
membranes are crucial to successfully developing CMR technology fammonia synthesis. For
separating ammonia from nitrogen and hydrogen, the majority of work to date has focused on
polymeric membranes that operate via a di usion-solubility mechanism[142], where the
introduction of functional groups with high ammonia solubility enable selective permeation over

hydrogen and nitrogen. Laciak et al. [143, 144] and Cussler et al.[142] immobilized amonium
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thiocyanate using poly(vinylamine) and porous Nylon as the membrane badkone, obtaining
permeance up to 1900 GPU and very high selectivity over both hydrogen anaitrogen ( 3000)
at a temperature of 0 - 110C and pressures up to 66 bar. Cussler et al.[145] further improved
the ammonia permeance by fabricating thin, 1.9 m Na on coated microporous polypropylene
hollow ber membranes. Although high ammonia permeance and selectivit have been achieved
in organic membranes, their thermal stability precludes deploymeat in a CMR at practical
operating temperatures (300 - 45€C).

Inorganic ammonia permeable membranes have the potential to operate at sghesis
temperatures, but there has been very limited work reported to dae. Zeolite and silica
membranes [28, 146] in principal could work via molecular sieving, as the Retic diameter of NH3
(2.6 A) is reported to be smaller than both Hy (2.9 A) and N, (3.6 A).[147] These membranes
have exhibited high permeance ¥ 100 GPU), but have only demonstrated reasonable selectivity
(  10) at low temperature (< 100°C). The selectivity mechanism was attributed to preferential
adsorption of ammonia that impedes H/N , transport [28]. A second strategy for inorganic
membranes is based on molten salts such as LiNfand ZnCl, immobilized within a porous
support [29]. The ammonia permeance of ZnGl membranes increased from 500 to 700 GPU at
temperatures from 250 to 350C, and the selectivity of NH3 over N, and H, exceed 3000 and 1000,
respectively. These membranes work though a facilitated transport nrachanism, and as such the
ammonia permeance was found to scale inversely with the absolute ammanfeed partial pressure.

In this paper, we explore the potential of CMR technology for ammonia synhesis at moderate
operating conditions. The model CMR incorporates a conventional iron caalyst with membranes
of variable permeance and selectivity. Here we aim to elucidate the CIR performance
dependence on the ammonia membrane properties using a reactor mogdahd in doing so
establish minimum requirements for permeance and selectivity hat would enable this application.
Key performance metrics include conversion, ammonia recovery, anthe ammonia purity in both
the permeate and the retentate. The sensitivity to operating condtions are also explored to

illustrate the potential bene ts of a CMR over a conventional packed bed reactor.
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6.3 Reactor model development

6.3.1 Kinetics of bulk iron catalysts

The Haber-Bosch process uses bulk iron catalysts typically promoted ith three non-reducible
metal oxides. For example, the KM1 catalyst by Haldor Tops e A/S is comprised of 94% iron,
2.8% calcium oxide, 2.5% aluminum oxide, and 0.6% potassium oxide.[148] Katczyk [149]
studied the e ect of potassium promoter by comparing the catalytic performance of doubly and
triply promoted bulk iron catalysts (prepared in-house) at industri al operating conditions where
T =370 - 470°C and P = 100 bar. Sehested et al. [150] developed the global rate expression
shown in Eg. 6.1, and realized a good t with experimental results of oth Nielsen et al. [151]
and Kowalczyk [149].

! ! !

2 PéH PiH PNH PS>
r =2NgsK1ks P 3 =2NK1ko P 3 1+ — + 2 6.1
si\1 N> PSZKeq sl N2 PazKeq P|_1|25Ka Kb ( )

To validate this rate expression for use in our CMR simulations, we buk a di erential rate
calculator using kinetics parameters from Sehested et al. [150] and tesd its ability to reproduce
a number of packed bed reactor experiments reported in the literatuee. Figure 6.2 summarizes a
comparison of model predictions of ammonia outlet concentration with literature results for
integral reactors operated at pressures from 1 - 107 bar. Excellent agreemieis achieved over a
broad range of conditions, with minor discrepancies observed at extremeonditions that are not
pertinent to the current study (Etrl 1 bar, Etrl 107 bar). The reason s for such discrepancy remain
unclear. For the conditions targeted for CMR operation, 10 - 30 bar and modestonversion, the
model works extremely well. A more extensive review of the ammonigatalyst literature and

additional validation of the rate expression employed is presented irthe Supporting Information.
6.3.2 Reactor model

The CMR module is assumed to have the same design as documented imlins and Way.[32]
Brie y, the reactor is comprised of an ammonia permeable membrane depdsd on the exterior of
a tubular support with bulk iron catalyst packed in the lumen. The amm onia permeable
membrane is characterized using ammonia permeance, ammonia over rogen (A/N) selectivity,

and ammonia over hydrogen (A/H) selectivity. The reactor is assumed to opeate at steady state,
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Figure 6.2 Comparison of ammonia outlet concentration in an integral reactor beveen experimental
results and model predictions of bulk iron catalysts at T = 400°C and P = 1 bar[135] , 2bar[151]
, 10 bar[148] , 100bar[149] , 107bar[135]

isothermal, and isobaric conditions. Thus, only the mass conservation rezs to be solved.
Additionally, the reactor model is assumed to be 1D, i.e., no speciegariation in the radial
direction. The validity of this assumption is examined using the ciiteria modi ed from Raja et al.

[81] as follows.

Re, Sc (6.2)

r

L
Where r and L are the radii and the length of the tubular reactor, separately. Re; is the
Reynolds number based on the radius of the channelScis the Schmidt number. The left and
right bounds ensure the axial di usive transport is negligible and radial di usive transport is
more e ective are negligible compared to the axial convective transport respectively.
Additionally, the permeation ux per volume, i.e., the packing density of tubular membranes,
inversely scales with the radius, at xed ammonia permeance, and pi&sure driving force. Based
on our previous work on with CMRs [23, 134] a typicalL=r ratio is 40. This sets the valid GHSV
in the range of 8 -12,800 h 1.

A list of the governing equations is brie y summarized as follows. Moe detailed derivation

can be found in the supplement MatLab script.

X
@@;Z)z Frsg Wi (6.3)

k=1
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The overall continuity equation is given as eq. 6.3. The net change of massuxes is equal to the
permeation uxes through the membrane. The net change of mass uxes du¢o reactions equals
to zero. Fp-q is a factor that represents the ratio of the surface area of the membranéo the
volume of the reactor. Wy is the molecular weight of species k, and is the permeation ux of
species k by membrane separation. The species continuity equationdghas an additional reaction
term ryn, representing the species mass ux by the synthesis reaction, vdre | is the
stoichiometric coe cient of species k. Eq. 6.5 is the gas model apprdimated using the ideal gas
law, where Yy is the mass fraction of species k. Eq. 6.6 gives the relation betweendhpermeation
ux Jx and the membrane permeance and the pressure driving force. Here we assume vacuum
conditions on the permeate side for simplicity.

The performance of the CMR synthesis is evaluated against the converdnal process using
metrics such as the conversion, ammonia recovery, and permeate andteatate ammonia purity.
The conventional packed bed reactor (PBR) counterpart is assessed at cditions with no
permeation. The parameter space explored is summarized in the folldng ranges. Operating
conditions include temperature (250 - 450C), pressure (10 - 30 bar), space velocity (500 - 8000
h 1), Ho/N, ratio (R = 3). Membrane properties include NH3z permeance (10 - 1000 GPU, where
1GPU=34 10 9molm ?s ! Pa 1), AN selectivity (1 - 1000), A/H selectivity (1 - 1000).

6.4 Results and discussion

The Haber-Bosch process is typically conducted by approaching equiilium conversion in a
reactor followed by separation using a condenser and recycling unreted N, and H,. Extremely
high reactor pressures are employed (100 - 200 bar) to maximize the levef equilibrium
conversion. In contrast, the CMR process removes ammonia while theynthesis reaction happens.
This alleviates both the strong ammonia inhibition of the synthesis kinetics and thermodynamic

limitations. The ammonia removal by membrane separation can also generata permeate stream
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with higher ammonia concentration, which makes the subsequent ammoai puri cation more
cost-e ective. The goal of this work was to explore a wide parameter spac@cluding the
operating conditions and membrane properties and their e ects on the mterplay between kinetics,
thermodynamics, and permeation.

First, to balance between high ammonia production rate and high ammonia otlet
concentration for separation, an appropriate gas hourly space velocity (GHSVneeds to be
selected using a conventional PBR at T = 400C. Figure 6.3 plots the conversion versus pressure
at selected values of GHSV. The conversion maintains over 80% of the equilium conversion at
GHSV as high as 4000 h! and pressures up to 30 bar, which is used as the base space velocity in
the following discussion. For the same reasons, the #N ; ratio R is set at 3 to ensure less
constrained thermodynamic limitations. Next, we performed CMR sinmulations for optimized
membrane properties including ammonia permeance, A/N, and A/H selectivty and operating

conditions including temperature and pressure.

Figure 6.3 Conversion vs. pressure at various GHSV for the base case of a PB#th no permeation
at T = 400 °C. Thermo represents equilibrium conversion.

6.4.1 Role of the membrane on conversion

The three critical parameters are the ammonia permeance and its selgeity over both N »
(A/N) and H , (A/H). Conversion is de ned as the ratio of the nitrogen consumed by the

synthesis reaction to the inlet nitrogen. Figure 6.4 evaluates the deendence of conversion on
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ammonia permeance, A/H, and A/N selectivity. As shown in Figure 6.4 (a), at ammonia
permeance of 10 GPU the conversion pro le is almost constant and close to thconventional PBR
regardless of the selectivity values. As the ammonia permeance in@ses from 10 to 100 GPU
(Figure 6.4 (b)), the conversion of a CMR can surpass both the PBR and eqilibrium when both
the A/N and A/H selectivity are > 10. Interestingly, further improvements in selectivity beyond
this threshold do not impact conversion, as it plateaus independent othe permeance level. Below
this threshold, conversion is more sensitive to the A/H selectivily than the A/N selectivity,

re ecting the reaction mixture stoichiometry. In the case of A/H selectivity being 1, the
conversion drops to close to the PBR value despite the variation of the A/Nselectivity. Figure 6.4
(c) shows the conversion dependence at ammonia permeance equal to 100PW& The A/H
selectivity is cut o at 5, below which the spurious solution happensdue to the signi cant
hydrogen removal by permeation. Above the critical selectivity of 10 alevel of conversion of
13.9% is predicted, almost double the equilibrium conversion. It is oted that high conversion (

12.3%) is obtained even with A/H and A/N selectivity's as low as 5 and 10, separatdy.
6.4.2 Ammonia recovery

Ammonia recovery is de ned as the ratio of ammonia in the permeate stram divided by the
ammonia production by synthesis reactions. Figure 6.5 (a) plots the amrania recovery pro le at
the ammonia permeance of 10 GPU. The amount of recovery is negligible (2.3%&nd its variation
is insensitive to values of A/H and A/N selectivity. As shown in Figure 6.5 (b) and (c), the
recovery values increase from 2.3% to 20% and 75%, when the ammonia permeance
increases from 10 to 100 and 1000 GPU, respectively. At ammonia permeancegbier than 100
GPU, the ammonia recovery inversely scales with the A/H and A/N selectivity. This is somewhat
misleading. The conversion drops signi cantly at selectivity values< 10 (Figure 6.5), so it is
easier to fully recover the limited amount of ammonia produced. Howeer, above the threshold
variations in selectivity has little impact on ammonia recovery which is driven primarily by

permeance.
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Figure 6.4 Conversion as a function of ammonia selectivity over nitrogerand hydrogen at ammonia
permeance levels of (a) 10, (b) 100, and (c) 1000 GPU with other conditions xedat T = 400 °C,
P = 10 bar, R = 3, and GHSV = 4000 h 1. PBR conversion (6.6%) represents the packed bed
reactor with no membrane separation. Equilibrium conversion is 7.2% at hese conditions.
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Figure 6.5 Ammonia recovery as a function of ammonia selectivity over itrogen and hydrogen at
ammonia permeance levels of (a) 10, (b) 100, and (c) 1000 GPU with other conditien xed at T
= 400°C, P = 10 bar, R = 3, and GHSV = 4000 h 1.
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6.4.3 Ammonia purity

The purity of the ammonia recovered from the permeate de nes the sie of a subsequent
condenser as well as the subsequent recycle stream. Figure 6.6 pltk® ammonia purity in the
permeate stream at various A/N and A/H selectivity values. The pro le is essentially
independent of the ammonia permeance. The level of conversion and @ery were largely
independent of selectivity as long as the values were above the thsbold of 10. In contrast,
permeate purity is strongly dependent on the selectivity, scalirg with the logarithm of an e ective
selectivity (Figure 6.6 d), which is de ned as:

Sa-n Sa-p R
Seff = — o —AH (6.7)
Sa=y + Sa=n R

where R is the H:N> ratio. The e ective selectivity is controlled by the lower of two selectivities.
For example, if one of the selectivities is unity, improving the other does little to improve purity.
For stoichiometric mixture (R = 3) the A/H selectivity is more importan t than the A/N
selectivity. Compared to the PBR scenario, the use of CMR can upgradehie ammonia fraction

from 3.4% to > 22% if the A/H and A/N selectivity are equal to 10.
6.4.4 Pressure and temperature dependence

We have also evaluated the CMR performance as a function of temperatuse(250 - 450C) and
pressure (10 - 30 bar). To illustrate the important trends we display results at xed membrane
properties including the ammonia permeance = 1000 GPU, A/H selectivity= 10, and A/N
selectivity = 100. The higher A/N selectivity re ects the expectati on that the larger N, molecule
will be more easily separated by a size exclusion transport mechanigd47]. Other membrane
materials with di erent mechanisms such as solution di usion [142] or faglitated transport [29]
could potentially achieve higher A/H selectivities. Figure 6.7 compare the conversion of a CMR,
PBR, and equilibrium as a function of pressure at T = 400°C. Conversion in the CMR increases
linearly with pressure, exceeding both the PBR and equilibriumand the impact is enhanced at
higher pressure. This results from a combination of faster kineticsless constrained
thermodynamics, and stronger permeation (Figure 6.1). Increasing froml0 - 30 bar results in
nominally complete ammonia recovery, the permeate purity can be upgaded to over 30%, and

importantly the ammonia fraction in the retentate is negligible, enabling direct recycle without
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©) (d)

Figure 6.6 Permeate purity as a function of ammonia selectivity over itrogen and hydrogen at
ammonia permeance levels of (a) 10, (b) 100, and (c) 1000 GPU with other conditia xed at T
= 400°C, P = 10 bar, R = 3, and GHSV = 4000 h !. The purity exiting a PBR is 3.4% at these
conditions. (d) Permeate purity plotted vs. e ective selectivity from these simulations (a-c).
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further puri cation.

(@) (b)

(©

Figure 6.7 Conversion (a), ammonia recovery (b), ammonia purity (c) inthe permeate and retentate
as a function of pressure at T = 400C, R = 3, and GHSV = 4000 h . The ammonia permeance,
A/H and A/N selectivity are xed at 1000 GPU, 10, and 100, respectively. Thermo represents
equilibrium conversion.

Lastly, we consider the impact of temperature on a CMR with these memiane properties
operated at P = 30 bar as shown in Figure 6.8. For a conventional PBR 408C is optimal, with
performance constrained by kinetics at lower temperature and equibbrium at higher temperature.
With e cient ammonia removal, conversion increases monotonically with temperature since
equilibrium constraints are removed, as shown in Figure 6.8 (a). Notab}, the conversion is 17.7%
at a temperature as low as 30€C, and is higher than 14.5% in a PBR at 400C. As temperature is

further reduced to 25C°C kinetics become limiting and the bene ts of using a CMR are
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attenuated. Ammonia recovery (Figure 6.8 b) is a weak function of tempeature and dictated by
pressure as discussed above. Figure 6.8 c plots the ammonia purity both the permeate and
retentate at various temperatures. The permeate purity increases Vth temperature, re ecting the
higher levels of conversion. The ammonia purity in a CMR is at least 3X grater than what is
expected from a conventional PBR operated at these conditions. With a flgh permeance
membrane such as this the level of ammonia in the retentate stream isegligible, enabling direct

recycle of this stream to the reactor without the need for puri cation or recompression.

(@) (b)

(©

Figure 6.8 Conversion (a), ammonia recovery (b), ammonia purity (c) inthe permeate and retentate
as functions of temperature) at P = 30 bar, R = 3, and GHSV = 4000 h 1. The ammonia
permeance, A/H and A/N selecitivity are xed at 1000 GPU, 10, and 100, separately. Thermo
represents equilibrium conversion.
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Ammonia permeable membranes have been proposed as a separator before ta&igeration
unit.[152, 153] However, to the author's knowledge, this work is the rstto explore the use of the
CMR for ammonia synthesis. The results obtained in this study suggesthat CMR technology
could be an attractive technology for distributed ammonia production at low temperature and
modest pressure, provided that su cient membrane technologies ae available. While the
membrane requirements identi ed in this work are challenging they are not beyond the realm of
possibility. Laciak et al.[29] have demonstrated excellent ammonia peneance up to 700 GPU and
A/N and A/H selectivity at least 1000 and 3000 using immobilized ZnCl, molten salt membranes
at T = 350 °C. A drawback of this technology is that the ammonia permeance drops by ugo 80%
after increasing the absolute ammonia feed partial pressure from 0.1 bao 1 bar. While this
presents a reactor engineering challenge, a CMR with high ammonia pereance can maintain the
low ammonia partial pressure allowing such a membrane to retain su dent performance. A nal
caveat is that the simulations discussed above assumed vacuum or an mesweep gas on the
permeate side to simplify the calculations. This maximizes the poéntial driving force for
permeation and enables the possibility of complete ammonia recoveryn reality the permeate
would likely be collected at atmosphere or potentially elevated pressre to facilitate its
liquefaction. Thus the predictions for ammonia recovery are overlyoptimistic, but operation at 30
bar would be expected to provide a su cient driving force to enable signi cant if not complete
recovery. An optimal permeate pressure needs to be selected codsiing the membrane's
ammonia permeance and e ective selectivity by integrating the CMR model with a more

complete process simulation.
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6.5 Summary and conclusions

A reactor model was developed for CMR production of ammonia that employd a validated
kinetic model based on current industrial catalysts and consideredhe impact of membrane
properties, pressure, and temperature. The model identi ed mhimum material requirements, and
the key conclusions for each parameter are summarized below:

~ Ammonia Permeance: Permeance is critical to both conversion and recewy. Membranes
must have a permeance> 100 GPU in order to realize signi cant bene ts, and these improvemert
scales with permeance up to 1000 GPU. Above this value further gains satate.

~ Selectivity: The bene ts of permeance described above requireninimum values of
selectivity. Ideally, selectivity over both N, and H, should be> 10, but the minimum
requirements were A/H > 4 and A/N > 10. Above the S = 10 threshold, the degree of conversion
and recovery is generally independent of selectivity. In contrastpermeate purity scales sharply
with the e ective selectivity, where the lower of the two values is controlling.

~ Pressure has a dramatic positive impact as it drives permeation, kinics, and
thermodynamics. Conversion scales linearly with pressure and opation at 30 bar is su cient as
ammonia recovery approaches 100%, and the ammonia concentration in the reitate becomes
negligible, enabling direct recycling to the reactor without additional puri cation or
recompression.

" Temperature has a negligible impact on recovery or purity, which are dctated by pressure
and membrane properties, respectively. The main impact is conversn, and with the membrane
removing equilibrium constraints conversion increases monotonichl with temperature.
Alternatively, a CMR could operate at 300°C with performance in excess of a conventional PBR

operated at 400C.
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CHAPTER 7
GENERAL CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

Catalytic membrane reactor (CMR) technology for a chemical processingequires three
components including advanced catalysts and membranes, proper reactaiesign and operation,
and proper integration into the overall process design. The associateexperimental and numerical
analyses are often in vastly di erent scales in terms of time and sizeThe completion of catalytic
reactions can happen at the nanoscale in microseconds, whereas transpotich as di usion
through catalyst beds at the cm length scale extends to seconds. A comgtie system with recycle
and puri cation is on the length scale of meters and the time scale is on tke order of minutes or
hours. As such a linear development that optimizes each step locallyannot bridge the gap to
reach an overall best result. From studies in this work, it is concluled that an agile and iterative
cycle of development that integrates the three components can facilitte the diagnosis of limiting
steps (descriptive) and the discovery of new design specs for matals, reactors, and processes

(predictive).

Figure 7.1 Example methods at various time/length scales in a CMR devapment process.

The use of the CMR technology was explored in this thesis for two chergil processes: (i)
ultra-high purity hydrogen delivery by decomposing ammonia on-site br end-users, and the
reverse process (ii) small-scale ammonia synthesis for distrilbed green hydrogen production from

renewables. For the ammonia decomposition process, we identi ed aew con guration of a CMR
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with the intimate proximity of catalysts and membranes. Compared to a conventional packed bed
membrane reactor, the improved con guration eliminates two types of nass transfer limitations
including the internal mass transfer limitations within catalyst p ellets and radial transport
limitations for an e cient dispersion. The CMR of the new design realized record conversion and
hydrogen productivity using reduced catalyst mass at reduced temprature. A numerical
simulation of the CMR captures the experimental results with high delity and is used to assist
the further analysis and improvement of the system. Two CMR operatihg ranges were identi ed
and categorized kinetically limited and permeation limited. To maximize conversion at elevated
owrates we need to enhance the catalytic activity. It was found that Ru/ -alumina catalysts are
more active in decomposition activity than the Ru/YSZ catalysts. A combin ation of saturating
the YSZ support with Ru and loading the interior with Ru/  -alumina signi cantly lowered
characteristic time for reaction. With ammonia su ciently decompose d performance is limited by
how e ectively the hydrogen may be recovered. This is tackled byalloying Pd with Au to increase
the hydrogen permeance of the membrane. Improved performance inaling increased conversion
and doubled hydrogen productivity is realized especially when usig short residence time.

Due to unavoidable defects in membranes and seals the hydrogen in thpermeate stream
contains ammonia levels on the order of 1000 ppm, which would be catastrophiior a PEM fuel
cell. To meet the target of ammonia impurity for ultra-high purity hyd rogen delivery, a
puri cation unit based on adsorption is added after the CMR. Clinoptilol ite is identi ed as a
low-cost, commercially available adsorbent to scrub ammonia impuriy below 0.1 ppm. The
capacity was found to be 0.15 wt. % and it was shown that it could be fully regenerated and
reused by thermal annealing.

Catalyst development was a major focus for an e ective synthesis of amnia at mild
temperatures (300 - 450C) and pressures (1 - 20 bar). Two new catalysts based on supported Ru
and Fe nanopatrticles developed during this thesis. Ammonia catalyst prformance relies heavily
on the interaction between metal sites, supports, and promoters. Yttia-stabilized zirconia (YSZ)
is identi ed to be one of the most active transition metal oxide support for Ru catalysts. The
application of Cs is found to be not stable but the Ba promoter provides asigni cant increase in
a steady activity by an order of magnitude. The system of Ba-Ru/YSZ catalysts is then

optimized as a function of operating conditions. The catalytic activity is sensitive to the H/N »
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ratio and remains active at low temperatures as T = 300C. The experimental results are
described accurately by detailed microkinetic modeling to give msights into the rate-limiting step
at the conditions of interest. The rate sensitivity to the H2/N ; ratio results from competitive
adsorption between H and N,. The optimal H>/N , ratio shifts with temperature due to di erent
activation energies for the elementary steps of W and N, adsorption. For a low and high Hy/N »
ratio, the catalytic surface is poisoned by adsorbed N and adsorbed H, resptvely, whereas a
balanced adsorbed N and H can be achieved using an optimal#N » feed. In addition, Fe-based
catalysts were developed as a low-cost alternative to Ru-based cataligss The interaction between
Cs promoter and -alumina supports is identi ed to be the most stable and active for sypported
Fe catalysts.

All ammonia catalysts are strongly inhibited by the presence of ammonia. Assuch,
maintaining a low partial pressure of ammonia is key to a fast kinetic ate for practical usage. In
principle CMR technology could be a potentially transformative approachto ammonia synthesis.
To this end, a numerical simulation of the CMR is used to explore theperformance dependence
on the design parameters of ammonia permeable membranes and operating cdtiwhs. The
model employed a validated industrial iron catalysts combined withammonia permeable
membranes of variable properties. The permeance of an ammonia seleaimembrane
signi cantly impacts the conversion and ammonia recovery. The purity of the permeate stream is
determined by an e ective selectivity. The thresholds for ammonia permeance and selectivity are
100 GPU and 10, respectively. Temperature positively drives conveisn without the
thermodynamics limitation at high temperatures. Pressure improwes conversion and ammonia
recovery and 30 bar is found to be optimal.

Based on studies in this work, several directions can be consideredrffuture work: continued
work to improve the e ciency of studied chemical processes inalding (i) ammonia synthesis and
(i) ammonia decomposition. (iii) advancing the development cycle of CMR technology.

(i) ammonia synthesis. There are two areas of the prioritized focusricluding the integration of
CMR simulation with process simulations and the development of ammora permeable

membranes.
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" Chapter 3 discussed the development of a numerical simulation of a CK for the ammonia
synthesis process. It evaluates CMR performance using conversipammonia recovery, and
ammonia purity assuming the permeate side at vacuum conditions, whic is unrealistic and
should be improved. The e ciency of the secondary ammonia separations determined by
the pressure and composition of the permeate stream. The integration ofte CMR model
with a process simulation and techno-economical (TEA) analysis is neasary to evaluate
the CMR performance using metrics such as the ammonia production césThe more
explicit metrics can potentially reveal a more proper dependence adlesign specs of ammonia

permeable membranes and operating conditions.

The numerical simulation of the CMR for ammonia synthesis lacks expamental validation.
This re ects the absence of ammonia permeable membranes, though our ¢ehgues are
making great progress in their development. From our modeling analysisve have identi ed
membrane technologies in the literature that could potentially meet the performance
threshholds. An encouraging candidate is the immobilized ZnCl molten salt membrane.
The porous YSZ supports can be used to load ZnGlthrough impregnation. The mechanical
stability of the loaded membrane needs inspection by creating a transnembrane pressure
up to 30 bar in a temperature range of 250 - 40fC. The maximum pressure di erential is
likely dependent on factors including the surface tension of molterznCl,/ZnCl , (NH3)x and
pore sizes of the support. In addition, the ammonia permeance inversescales with the
thickness of the membrane. As such, various fabrication methods usgsupports with small
pore size can help achieve the desired ammonia permeance with enhadcmechanical
stability. The facilitated transport of ammonia across molten salt membranes is limited by
the di usion of ammonia loaded mobile carriers. As such a screening of mten salts can be
performed potentially aiming for candidates with high ammonia coordination number and

high di usivity at the conditions of operation.

(i) ammonia decomposition. There are two areas that can be considered tadvance the use of
CMR for ammonia decomposition including scaling up the CMR process sing both numerical

and fabrication strategies and validation of alternative process designs.
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" Chapter 4 discussed the improvement of CMR performances by packgcatalysts in the

interior of the reactor. The addition of catalysts changes the chemistryand transport
phenomenon in the lumen. Corresponding changes to the reactor modehall be made. A
validated model can then be used to identify the limiting steps ofthe reactor for further
improvements. In addition, the use of CMR for applications such as suplying hydrogen
fueling stations requires hydrogen productivity at an industrial scale. The scaling up of the
CMR can be approached in two ways including changing the reactor geomegrsuch as the
use of a longer CMR tube and multi-tube modules. In both scenarios, chllenging heat
integration can deviate the reactor operation from isothermal conditions dwe to the
endothermic nature of decomposition reactions. The integration of heat coservation
equations into the reactor simulation can help identify potential congdraints on the variation

of reactor geometry.

The exploration of the CMR performance using simulations can potentialy pose specs that
commercially available membrane supports cannot meet. In addition, Pebased membranes
are well optimized such as plating techniques to deliver hydrogen ofiigh purity while
studies on membrane supports lag. Impurities in the permeate streanare likely caused by
defects of membrane supports. It is preferable to prototype membraa supports with a
better control of quality and customization of complex geometry. The adven of novel
manufacturing techniques such as additive manufacturing/3D printing has demonstrated its
capability of high resolution in an nm- m scale and wide ranges of material choices such as
Al,03.[154] Studies on the membrane supports can focus on achieving a narrovoie size
distribution of the outer layer to avoid membrane defects caused bylarge pores. Predictions
from reactor modeling can potentially be used to inform the design of mebrane supports

with a novel geometry.

Pd-based membranes are particularly suitable for ultra-high purity hydrogen delivery
resulting from the solution-di usion mechanism uniquely selecive to hydrogen over other
species. When the CMR performance is limited by the resistanceni permeation, two
strategies can be considered including the increase of pressureiving force and the increase

of hydrogen permeance of the membrane. The hydrogen permeance of the Pdsed
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membrane can be increased by decreasing its thickness, but the cpnomise here is the
added risks in creating more defects and lowered hydrogen purity.nl addition to a focus on
the development of membrane materials, an alternative process desigran be considered.
For example, compared to membranes used in this study, membranes thi better
permeation and worse selectivity can be used. For example, microporousembranes
typically have similar hydrogen permeation ux, lower selectivity, and lower material costs
compared to Pd-based membranes. Dense metallic membranes can be dise obtain a
permeate stream of ultra-high purity with negligible ammonia and nitrogen impurities. The
design of dense metallic membranes can relax more cost-e ective cheg including metals
such as vanadium and geometry such as planar foils. As a start, the processmlation with
TEA analysis can be performed to compare the overall costs of two scenas and o er

design specs of the alternative membranes.

(iii) advancing the development cycle of CMR technology. An agile devedpment process needs
a well-established framework for both numerical simulations and expeémental setup. An
improved rate of iterations for process development can be facilitaté by the fast collection of
data both experimentally and numerically. Possible improvementsto the methodology are

recommended as follows.

Chapter 2 discussed the experimental method used in this thesi The control of pressure,
ow rate, analysis of the stream composition, and data recording are alreadyautomated
through a LabView program. Human input is still required in two cases. The rst is
temperature control. The lab-scale experiments especially kinéts measurements require
operation at isothermal conditions. Two thermocouples are placed in boththe front and
end of the reactor. When changing the conditions of operation, it is necesary to adjust the
reactor position in a furnace for a desired uniform pro le of temperatures. This can
potentially be solved by using multi heating elements with individual control. For example,
the use of an arti cial neural network (ANN) with IR thermography is found to have better
control than conventional PID controllers in both response time and stablity.[155] Secondly
when running experiments with a variety of parameters, the change otonditions requires

judgment on whether the system is at a steady state, made by monitoringhe change of
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composition and ow rate of the outlet streams. Instead, the cumulative sum (CUSUM)
approach can be used for automated decisions. Complete lab automation can acerdte the

experimental data collection signi cantly.

Chapter 5 discussed the development of the microkinetic mechanis of Ba-Ru/YSZ
catalysts. Chapter 3 described a simulation of CMR for ammonia decomposon. In both
cases, it is a lengthy process to adjust several tting parametersa match the experimental
results. Both problems can be formulated as optimization problems and catbe solved with

accelerated speeds using computer-aid automation methods.

The use of arti cial intelligence in chemical engineering has expéenced a third phase with
a prominent success in the eld of material science.[156] The "learnéddalgorithm such as
ANN is made possible by the availability of a large amount of data from simulatons such as
density functional theories (DFT).[157] To assist the design of the ractor and development
of materials, the process simulation with TEA analysis can involve a lage number of
combinations of parameters. Various analytics methods and machine learng algorithms

can potentially be used to assist the nding of optimal parameter sets.
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APPENDIX A
DOCUMENTATION OF NUMERICAL SIMULATION FOR CMR

A.1 Governing equation derivation

In this section, the derivation of governing equations for the CMR mocel will be discussed.
The discussion will be in the context of ammonia decomposition. The ractor operates in an
isothermal condition and no energy balance needs to be solved. In addith, momentum is
embedded in the 1D plug ow equation and not solved separately. And only ontinuity equations
are solved explicitly.

The reactor model is axisymmetric consisting of two components. Fit, in the lumen region, a
1D plug ow model is used in the axial/z direction. The underlying assumption includes no back
di usion in the axial direction and perfect mixing in the radial/r dir ection. Second, in the porous
region, 2D reaction-di usion equations in both z and r directions are solvel. Detailed

assumptions and boundary conditions will be discussed in detail in lagr sections.
A.1.1 Overall mass continuity equation

The system is de ned as a collection of mass, whereas control volume is ged volume in
space. Reynolds Transport Theorem (RTT) is applied to build the relation between system and

control volume.
Z Z

dN = @dv + V HAdA (A1)

dt System Ccv @t Cs

Where N is an extensive variable, and is the according intensive variable. Using the Divergence

theorem, the (A.1) can be further expressed in a more compact form as:
Z

aN - @), v g (A2)
dt System Ccv @t

In the case of mass conservation, the extensive variabld is massm, and the corresponding
intensive variable is 1. By de nition, the mass is a xed collection and it doesn't change with

time. As a result, the left-hand side of (A.2) is zero. And the overall mass continuity equation is
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derived as follows.

@
+ = .
Frov=o (A.3)
Now expand the right-hand side of (A.2) using chain rule:
dN _ z @ @

— = —+ —+ r-+ r V dv (A.4)
dt System Ccv @t @t

Using the mass continuity equation (A.3), two terms can be eliminated &actly. This gives:

z
dN - @, v av (A5)

dt System Ccv @t

Equation (A.5) is the most commonly used form.

Getting back to equation (A.3), it is obvious that the transient term is zero when the reactor
is at steady state. We also note that the individual species continuiy equation should sum to the
overall mass continuity equation.

The validity of this assumption is examined using the criteria mod ed from Raja et al. [81] as

follows.

d L
E RedSC a (A6)

Where r and L are the diameter and the length of the CMR, separately.Req is the Reynolds
number based on the channel diameterScis the Schmidt number. (A.3) will be reduced to the

form as follows.

=0 (A7)

A.1.2 Species continuity equation

In addition to the transient and convection terms, the species contiuity equation includes the
terms of di usion and reaction. For the former, we assume a perfect mixg in the radial
direction, and convection is much more e ective than di usion in the axial direction. As a result,
the di usion term is neglected. In the system we are interested lere, NHz decomposition accounts
for the generation of N, and H, and the consumption of NHz. Finally an additional permeation
term is required for Ho.

The model we developed here is a hybrid model, meaning that the extion only happens

heterogeneously in the porous region. Because the reaction is solved aegtely, we need to
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\project” it from the porous region part to the 1D plug ow part. This is d one using a scaling
factor Fc=gthat scales the volume of the reaction region (cat) to the volume of the lunen region
(geo).

Similarly, another scaling factor Fm=g is required to scale the permeation on the exterior
surface (mem) to the lumen region. Note that, in this model, we refeNH3s, N2, and H, as species

1, 2, and 3. The species continuity equations are summarized as follows:

u
NH3: @(@12) = FeegW1Ss (A.8)
u
Ny : @(@22) = FoogWas) (A.9)
u
2 @(@;Z) = FeegWas3  FregWaln, (A.10)

Where is the density. u is the mass averaged mean velocitWW is the molecular weight. s is the
molar kinetic rate by reactor volume. Jy, is the H, permeation ux, and the partial pressure
power n is assumed to be 1. The permeance value is experimentally determined by pure gas

permeance tests.

97 Vgeo  r2dz  r2
A _2Rdz _ 2R

Vgeo I 2dz 12
— n n
JH, = (Pret Pperm

F

Freg =

Since the highest order of derivatives is rst order, only one boundarycondition (BC) at the
inlet is needed. For H and N», BCs are determined by the reaction inlet conditions. For NHs,

the inlet concentration is zero.
A.1.3 Reaction di usion equation

In the porous region, we assume there is no convection, and we also nedldte
pressure-driven ow. As a result, the transport of mass is solely diven by molecular di usion and
reaction. Following the writing convention of (A.3), the di usion ter m, and reaction term are

written on the right-hand side.

roJi=s; (A.11)
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Where

Ji= Dimrg

In this model, molecular di usion uses a simple form of Fick's modé D¢ is the overall e ective
di usion coe cient of species i. r ¢ is the gradient of concentration of species i. In the cylindrical

coordinates, (A.11) is expanded explicitly as follows:

1@ . @c @ _.0@c
rar Par @z D ez

Ammonia decomposition rate was modeled using rst-order kinetics. [®tailed information can

-5 (A.12)

be found in chapter 3. Second-order derivatives in both r and z directins require four BCs in
total. In the z direction, the inlet/left BC is a Dirichlet BC, whi ch is simply determined by
reaction inlet conditions. The outlet/right BC uses a Neumann BC is usdl. In the r direction, the
lower BC (in contact with the lumen) is determined by solving ODEs in the 1D plug ow model.
And the upper BC varies with species: for N and NH3, no ux BC is used, neglecting membrane
defects. For H,, a permeation BC (Neumann BC) is implemented, where the di usive ux equals

the permeation ux.
A.1.4 Fluid property estimation

A mixture averaged di usion coe cient is a close approximation of species di usion in a
mixture. It requires information on binary di usion coe cients and the composition of a mixture.
Binary di usion coe cients ( Dag ) are calculated using the Chapman-Enskog theory. Since P =

Dji , three binary di usion coe cients in total are needed.
S

1 1 1 cm?
D =0:0018583 T3 — + A.13
AB Ma Mg P 2. pas S ( )

i iIs one of the parameters of Lenard-Jones potential (this isn't necessdyi equal to the kinetic

diameter), whereas p.ag is the collision integral.

115



T [K]

M [g=mol|

P [atm]

A A
kT

pag = f — A
AB

_P
AB = AB

1 X
Dim = P :

A.14
=161 Xj=Dj ( )

Ideally, the expression of the mixture averaged di usion coe cient (eq. A.14) should be
plugged into the numerical model, and this will become a nonlinear poblem. It is hard to get the
solution converged. As a result, an approximation has to be used by usingn average of inlet and

outlet molar composition (X ), where both are determined by the experimental conditions.

Dfm = —Dim (A.15)
2r," 8RT 2
D& = 3"7 M (A.16)
1
Df = (A.17)
Di?m Di(?k

The e ective mixture averaged di usion coe cient ( Df,) is corrected using the porosity (')
and tortuosity () of the porous support as eq. A.15. The overall e ective coe cient (DY) is
estimated using eq. A.17 accounting for the e ective Knudsen di uson coe cient ( Df} , eq.

A.16).

p 1
7P—
RT E=gl Yk:Wk
The gas model is approximated using ideal gas law (equation A.18) wher¥, is the mass

(A.18)

fraction of species k.
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APPENDIX B
ASPEN PROCESS SIMULATION FOR AMMONIA SYNTHESIS WITH A CATALYTIC
MEMBRANE REACTOR MODEL INTEGRATED USING MATLAB AND EXCEL

There are two approaches to customize an ASPEN module. The rst to use calculator
module and write the associated FORTRAN code. Secondly, ASPEN prowxes the capability to
de ne a user model that can be connected to Excel. Next, Excel can based as a port to send
and get data with Matlab using the Matlab-Excel add-in.

In this report, the second customization method, a typical work ow from ASPEN to Excel
and Matlab will be discussed. The discussion will be in the contexf implementing a CMR in an

ammonia synthesis process.

B.1 ASPEN module

A user de ned model (USER2) is used due to its capability to add multiple inlet and outlet
streams. As shown in gure Figure B.1, the design parameters of CMRs are @ned by specifying
the integer and real parameters including the number of tubular CMRs geometric properties
including the length and diameter of a CMR, and the membrane propertes including the
ammonia permeance, nitrogen and hydrogen selectivity.

ASPEN solves the process model using the sequential modular mesld. The reactor model
requires the ow information of the inlet and sweep including temperature (T), pressure (P), total
ow rate (Q), and molar fractions (X). Then, the corresponding ow infor mation of the permeate
and retentate is calculated using the Matlab code. Next, the stream a# option of the USER2
model uses the ow information (T, P, Q, and X) of the permeate and the reentate and

calculates the associated thermo properties such as the molar entropy
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Figure B.1 Setup of design parameters of the user model.

B.2 Excel connector

The ASPEN Excel connector used in this report is modi ed from the ASPEN user model
manual [158] and Fonstalvo's work [159]. The former provides an example spreauset with
built-in utility functions in macros to collect the ASPEN input and send the output back to
ASPEN. The latter provides the utility macro which collects the Ex cel data, send and then

retrieve the data from Matlab.

Table B.1 The default units of ow properties.

Flow properties Default units

Molar ow rate kmols 1
Temperature K
Pressure N m 2

It is noted that for consistency ASPEN will convert the units of the data sent to Excel to the

default ones (table Table B.1) regardless of the users' preference the ASPEN model.
B.3 Matlab model

The CMR model is written using Matlab. Detailed information about the model can be found
in appendix A. Notably, this model assumes the use of the ideal gas law, vith might be di erent

from the setup of the ASPEN model.
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Figure B.2 Process ow diagram of a CMR process for ammonia synthesis.

Table B.2 Flow setup of the feed and sweep streams.

Stream information Inlet

Sweep

NH3 molar fraction 0
0.25
0.75

N2> molar fraction
H, molar fraction
Flow rate (kmol s 1)
Temperature (K)
Pressure (K)

723
30

0
1
0

7.45E-5 7.45E-8

723
0.05

Table B.3 Design parameters of the CMR

CMR parameters

Values

Number of tubes

Length (m)

Radius (m)

Ammonia permeance (GPU)
N» selectivity

H, selectivity

100
0.1
0.005

1000
100
100
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B.4 Comparison with the tested CMR model

Figure Figure B.2 shows an example of a CMR ammonia synthesis processhe feed stream is
composed of stoichiometricH, and N,. A sweep stream is used to create vacuum conditions on
the permeate side. A separator is used to purify ammonia as the productream. The out stream
can be used as a recycle stream connected to the mixer. Additional digs parameters of the
CMR and the operating conditions are summarized in the table Table B.2 anl table Table B.3.
The Matlab model which has been tested separately is used to benchark the performance of the
process model. The comparison of the results of the retentate streams summarized in table

Table B.4

Table B.4 Comparison of the retentate ow between Matlab model and ASPEN simulation.

Retentate ow Matlab model ASPEN simulation
NH3z molar fraction 0.036 0.036

N, molar fraction 0.241 0.241

H, molar fraction 0.723 0.723

Flow rate (kmol s 1) 4.77E-7 4.77E-7

The mass balance is closed within 0.2% with a single pass. This deviatiocomes from two
ways. First, the error is attributed to the truncation error betwe en the conversion between kmol
s 1 to sccm. The former is used in the ASPEN model, whereas the lattersi used in the Matlab
model. Second, the Matlab model assumes the use of ideal gas law, whiehdi erent from the

PENG-ROBINSON gas law used in the ASPEN simulation.
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APPENDIX C
SUPPORTING INFORMATION TO CHAPTER 3

C.1 Comparison of 1D and 2D models

The goal of this this work was to develop a computationally e cient model t hat accurately
captures CMR performance. Here we compare the hybrid axisymmetric mdel used in this work
with a simple 1D model that assumes perfect mixing in the radial diection. Both models employ
the experimental hydrogen permeance and assume rst order ammonia demposition. As shown
in Figure C.1 the ability of the 1D model to capture CMR performance is signi cantly inferior,
particularly at elevated owrates, not modeling trends in H > recovery and conversion due to
radial gradients within the catalytic support. In the 2D model hydrogen is generated by ammonia
decomposition exclusively within the catalytic support adjacent to the membrane, elevating the
H, concentration at this interface, which drives permeation. The 1D moel assumes perfect radial
mixing which e ectively dilutes the H > concentration at this interface and arti cially reduces
hydrogen recovery. At low owrates where ammonia conversion is ess#ially complete this is not
an issue, but it becomes signi cant at higher owrates. The 1D model al® under predicts
conversion at higher owrates for the same reason. As the hydrogen recowereclines it dilutes
the ammonia concentration remaining in the reactor and reduces the e etive residence time,
which both contribute to the under prediction of conversion as owrates increase. With respect to
computational time the 1D model takes 1 second, the hybrid 2D model employed requires 1
minute, whereas a full 2D Navier-Stokes model would be expected ttake several hours operating
on the same machine. The combination of e ciency and accuracy makes the $ected model most

appropriate for the CMR, consistent with literature expectations[81].
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Figure C.1 Comparison of 2D (solid lines) and 1D (dashed lines) model pokctions of both ammonia
conversion and hydrogen recovery for CMR operation at P = 5 bar, T = 450°C using the Cs/Ru
catalyst.
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APPENDIX D
SUPPORTING INFORMATION TO CHAPTER 5
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Figure D.1 Normalized loading of catalyst/promoters as a function of normalizel precursor con-
centration for Ru, Cs, K, and Ba displaying the nominally linear relationship between loading and
precursor concentration.
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Figure D.2 Conversion as a function of the catalyst weight. Flowrate is ajlusted to keep space
velocity constant including 18,000, 36,000, and 72,000 mL gcat h 1, for 0.1, 0.2, and 0.3 g in
catalyst weight, separately. At 18,000 and 36,000 the rate slowly increases thi catalysts wright
whereas at 72,000 mL gcat! h ! the rate saturates with mass. Reaction conditions: P = 10 bar
(gauge), Ho/N , = 3, T = 450 °C.
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Figure D.3 Normalized NH3 synthesis rate of Ru/YSZ over time at 450°C. Reaction conditions: p
= 0 bar (gauge), Ho/N » = 3, SV = 72,000 mL gcat * h 1. The Ru/YSZ takes up to 60 hours of
activation to approach its maximum rate but then remains stable.
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The supplementary data include required input les in Chemkin format. The les include:

1- surf.inp: The le contains the surface species, side densitieand the elementary step
reaction mechanism for Ba-Ru/YSZ catalysts. The mechanism uses the utg of cm, s, kJ, mol.

2- chem.inp: Contains the gas phase species and element lists.

3- therm.dat: Contains NASA constants of gas-phase and surface species to calate the
thermodyamic properties. The gas-phase species thermodynamic datare taken from Burcat
(http: nngar eld.chem.elte.hu=Burcat=burcat.html). The surface species NASA constants are
based on Gibbs free energy calculations after the adjustment procede.

4- Trans.dat: Gas-phase speices transport properties are listed. Théata are taken from
Curran, H. J., Gauri, P., Pitz, W. J., & Westbrook, C. K. (2002). A compr ehensive modeling

study of iso-octane oxidation. Combustion and ame, 129(3), 253-280.
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APPENDIX E
CESIUM-PROMOTED IRON CATALYSTS ON/  -ALUMINA SUPPORTS FOR AMMONIA
SYNTHESIS

E.1 Characterization of Cs-Fe/ -alumina catalysts

The Cs-Fe/ -alumina catalyst is prepared following the incipient wet impregnation method
detailed in chapter 2. The Fe loading is 0.94 wt.% measured using XRF. The surface area of
the catalyst is 265 nf/g measured using the No physisorption and BET method. Assuming the
catalyst particle as hemisphere, the particle size and dispersion ardetermined as 7.2 nm and 15.5

%, respectively.

E.2 Stability of Cs-Fe/ -alumina catalysts

Figure E.1 Normalized ammonia outlet concentration as a function of time at T= 450°C, P = 0
barg, and Hy/N , ratio = 3.

Figure E.1 plots the normalized ammonia outlet concentration of Cs-Fe/ -alumina catalysts as
a function of time. The initial activation takes 20 - 30 hours and the performance reaches a

plateau and stabilizes for an additional 20-hours operation. In contrast, the adition of Cs
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promoter into the Ru/YSZ catalyst makes its catalytic activity decline over time, suggesting the

interaction of Cs and YSZ is the source of instability.

E.3 E ect of supports

Figure E.2 The ammonia synthesis rate as a function of pressures (0, 5, driLO barg) at T = 450°C
using various supported Fe catalysts without the addition of promoters.

Various supported Fe catalysts are prepared including Fe/YSZ, Fe/ -alumina, and
Fe/ -alumina catalysts without the addition of promoters. Their Fe loadings (relative to the
weight of Fe and support) are close and in the range of 0.7 - 1.0 wt.%. Figure E.shows their

synthesis rates by catalyst mass are very similar at T = 450C and P = 0 - 10 barg.
E.4 Eect of the feed H ,/N > ratio

Figure E.3 compares the H/N ; ratio dependence of the Cs-Fe/-alumina catalysts at various
temperatures and P = 10 barg. The optimal Hx/N , ratio of Cs-Fe/ -alumina catalysts stays
approximately the same in the range of 1 to 3, potentially due to a similaractivation energy of

the H, and N, absorption steps.
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Figure E.3 Ammonia synthesis rate as a function of H/N » ratio (0.1, 0.3, 0.5, 1, 2, and 3) at T =
300, 350, 400, 45 and P = 10 barg using Cs-Fe/ -alumina catalysts.

Figure E.4 Ammonia synthesis rates as a function of pressures (0, 5, and Marg) at T = 450 °C
using Cs-Fe/ -alumina catalysts and Ba-Ru/YSZ catalysts.
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Table E.1 Ammonia inhibition of Cs-Fe/ -alumina and Ba-Ru/YSZ catalysts at various tempera-
tures (350, 400, 45€C).

T(°C) Ba-Ru/YSZ Cs-Fe/ -alumina

350 -0.89 -1.22
400 -1.04 -1.32
450 -0.92 -1.24

E.5 Comparison with Ba-Ru/YSZ catalysts

As shown in Figure E.4, the synthesis rates by catalyst mass of Cs-Fefalumina catalysts are
roughly half of that of the Ba-Ru/YSZ catalysts at T = 450 °C. Their metal loadings are quite
similar in 0.94 wt.% and 1.05 wt.%, separately. Additionally, the apparent activation energy of
Cs-Fe/ -alumina catalysts and Ba-Ru/YSZ catalysts are 34.9 and 47.5 kJ/mol, separatelythat
is, the synthesis rates of Cs-Fe/ -alumina catalysts are even of a higher portion of the
Ba-Ru/YSZ catalysts rates at a lower temperature. Table E.1 compares theammonia inhibition
of the two catalysts at various temperatures. The inhibition is a weak finction of temperature for
both catalysts. The Cs-Fe/ -alumina catalysts are slightly more susceptible to ammonia

inhibition than the Ba-Ru/YSZ catalysts.
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APPENDIX F
PERMISSION TO REUSE COPYRIGHTED MATERIAL

The author has obtained permission from both publishers and co-authors taeuse the
copyrighted material including chapter 3 and chapter 5. Details of the prmission can be found in

the supplementary material.
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