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Abstract of dissertation

Ammonia (NH3) plays a vital role in population growth, agricultural production and
even the development of human society, which has made it one of the most in-demand
chemicals in the world. Since the advent of Haber-Bosch process at the beginning of
the last century, NH3 has been mass-produced as a revolutionary product for artificial
nitrogen fixation, and its annual output has exceeded 230 million metric tons. However,
the harsh NH3 production conditions such as high temperature (400-500 °C) and intense
pressure (20-50 MPa) via Haber-Bosch process bring many problems including high
energy consumption, high pollution, and high cost, especially in NH3 separation process
by a condenser. The gas membrane separation technology, which has the advantages of
low energy consumption, environmental friendliness, and continuous operation, would
be expected to be used for NH3 separation in NH3 synthesis process.

Firstly, based on the Lewis acid-base interaction between NH3 and transition metal,
a strategy was proposed to improve NH3 affinity through the coordination of transition
metal with aminosilica structure. Notably, Ni-doped bis[3-(trimethoxysilyl)propyl]
amine (BTPA) showed the highest NH3 adsorption amount (1.77 mmol g!) compared
with Fe, Co, Cu, and Ag-doped BTPA by metal-induced coordination and hydrogen
bonds and/or van der Waals interactions caused by N-H, N=0, and Si-OH groups via
characterizations and molecular simulations. Furthermore, after optimizing the amount
of nickel doping (Ni/N-H molar ratios of 0, 0.125, 0.25, 0.50, and 1.00), 0.50 Ni-BTPA
membrane showed a superior NH3 separation performance, i.e., NH3z permeance of

~2.8x10°° mol m? s! Pa’! with ideal NH3/H; selectivity of 11 and NH3/N; selectivity
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of 102 at 200 °C. It was ascribed to the sufficient molecular sieving owing to the en-
larged pore size by metal coordination as well as high NH3 adsorption-diffusion due to
improved NH3 affinity by doped nickel.

Additionally, based on the Bronsted acid-base interaction between NH3 and acidic
groups, the organosilica precursor with sulfonic acid group would be expectantly used
to fabricate NH3 separation membranes. In the first stage, the (3-mercaptopropyl)tri-
methoxysilane (MPTMS) containing mercaptan group (-SH) was used and further oxi-
dized to sulfonic acid groups by H>O» to improve NH3 adsorption amount (~1.41 mmol
g!). Owing to the enhanced acid-base interactions including intensified acidity and
more acidic sites, oxidized MPTMS membrane showed an excellent NH3/H» selectivity
of 6 and NH3/N; selectivity of 18 with an NH; permeance of ~1.4x10”7 mol m? s! Pa’
"at 300 °C. For another, 3-(trihydroxysilyl)-1-propanesulfonic acid (TPS) which con-
tains -SO3H groups in the chemical structure was used to fabricate TPS-derived mem-
brane by directly coating TPS solutions, that was diluted to 0.1 wt% with ethanol, on
Si0,-ZrO; intermediate layer. Owing to the inherently stronger proton-acidic -SO3H
groups in TPS, TPS-EtOH membranes showed a superior NH3 permeance of ~2.6 and
~1.8x107 mol m? s! Pa! with an excellent NH3/H> selectivity of 7 and 165, and
NH3/N; selectivity of 266 and 18700 at 300 and 50 °C, respectively.

Finally, a green NH; production system was proposed and carried out, namely reactor
combined with membrane separator with recycle flow, which enables the temperature
of reactor and membrane separator controlled independently. The Ru (10

wt%)/Cs/MgO catalyst and two types of membranes (Aquivion/ceramic composite and
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oxidized MPTMS membranes have different permeation properties and NHj selectivity)
were used to produce NH3 and selectively extract the synthesized NH3 from feed side
to permeate side, respectively. For recycle membrane reactor, NH3 mole fraction of
permeate side can be greatly increased to 0.1-0.45, which is ten to forty times higher
than 0.01 of equilibrium state without using membrane separator. A mathematical
model with one-dimension, isothermal, and plug-flow was proposed and successfully
applied to simulate recycle membrane reactor, which is beneficial to understand NHj3
mole fraction, recovery, and recycle parameters as a function of membrane length,
membrane performance, feed pressure, and feed flow rate, respectively.

In this dissertation, three types of organosilica membranes were fabricated for selec-
tive NH3 separation over a wide temperature range (50-300 °C) and a recycle membrane
reactor process was developed for green NH;3 production with efficient and low energy

consumption.

il
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Chapter 1

General introduction

1.1 NH3 synthesis
1.1.1 Current situation for NH3 synthesis

Ammonia (NH3) is of critical importance as one of the most demanded chemicals all
over the world and is the second-most produced chemical based on the International
Renewable Energy Agency (IRENA) report in 2022. The annual production of NH3 in
energy-intensive manufacturing plants via Haber-Bosch process ! worldwide has ex-
ceeded 230 million metric tons and has been rising year by year as indicated in Fig. 1-
1, 2} and the main producers are China (30%), Russia (12%), India (9%) and other
countries as displayed in Fig. 1-2. B Noteworthily, 80% of NH3 produced globally is
used in fertilizer production, and the production of plastics, explosives, nitric acid, and
intermediates for pharmaceuticals produced using NHj3 also have a non-negligible spe-

cific gravity.
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Haber-Bosch (HB) Process for large-scale implementation

Production of the synthesis mixture Production of ammonia

pre-heater

coniprassr Lg
-

N Hp CO;

catal

scrubbel

* Hz0 [

ammonia
(liquid)
Hy0 CO; u u
I

23534 236.4 239.41
=

L

2018 2019 2021 2022 2026 2030
Year

Production capacity of NH,

in million metric tons per annu
= = N N N

'S N © © b
< o (=] (=] (==} o

1 1 1 1 1 Il

[+

i
:—a’
-

-

Fig. 1-1. Haber-Bosch process for large-scale (above, https://en.wikipe-
dia.org/wiki/Haber process.); production capacity of ammonia worldwide from 2018
to 2022, with a forecast for 2026 and 2030 (below). (2!
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Fig. 1-2. Distribution of world ammonia production, Year 2021.

Conventional Haber-Bosch process using Fe-based catalysts was applied to NH3 pro-

duction (N2 + 3 Ho = 2 NH3 AH= -91.8 kJ mol™) under harsh conditions including
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high temperature (400-500 °C) and intense pressure (20-50 MPa). Nonetheless, only
~15% of NH3 conversion was obtained due to kinetic and thermodynamic constraints.
An overall conversion of ~98% can be achieved through NH3 condensation and recy-
cling of unreacted H, and N», ! which would consume around 1.8% of global energy
output each year and cause 500 million tonnes of global CO emission. ! In recent

> 6] “renewable NH3” [7], “NH3 economy” ¥ is grad-

years, the concept of “clean NH3
ually being established and induced NHj3 as a potential fuel, which also causes NH3 to
have many practical applications as shown in Fig. 1-3. Furthermore, since synthetic
NHj3 has increasingly become one of the important factors determining the national and

global energy and grain security, ) therefore, the search for more efficient and sustain-

able NH3 synthesis process has been the trend of the times.

Spark o
Ignition el g
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Refrigeration
Systems

Ammonia
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b1 Ignition
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/

Gas

3
¥ Boilers ;
Turbines

Fig. 1-3. Uses of ammonia in various practical applications. [°/

1.1.2 Catalysts and reaction conditions for NH3 synthesis
As exhibited in Fig. 1-4, catalysts are the key to overcome the reaction barrier and

improve the reaction efficiency, among which typical Fe-based, Ru-based, and Co-Mo



Hiroshima University Doctoral Dissertation

metallic catalysts play a distinctly important role for NH3 synthesis. [ Fe-based cata-
lysts, which are the first generation and already commercially available, are still being
ameliorated due to low cost and reliably catalytic activity, for example, K-Fe/C ! and

2] Furthermore, the second-generation Ru-based catalysts were developed

iron pyrite
and expressed superior reaction activity even at milder conditions including low tem-
perature, medium pressure, and low Ha/N; ratio, ['>!*] which were also not susceptible
to poisoning under conditions with high NH3 concentrations. Either the activation of
N=N bonds or the formation of N-H bonds that could be regarded as the rate-determin-

(15.16] resulting in

ing step always requires the abundant energy for synthesizing NHs,
the harsh reactive conditions. Consequently, some supports that can promote or enrich
electron density for Ru metals, such as hydrides, ['"! electrides, ['®! oxides, !°! and ni-
trides, 2% would be considered, which is highly expected to further enhance the cata-
lytic activity.

Fused multi promoted
Iron based catalysts

Fe,,0{111)

te baseq %
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Support morphology
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Fig. 1-4. Graphical overview of strategies to improve Haber-Bosch NHj3 synthesis. [1%]

Impressively, a stable electron-donating Ru/CaFH catalyst was reported and used to
NHj3 synthesis at low temperature (50 °C), which could be ascribed to the fact that ionic
bonds between Ca>" and H- was weakened by introducing F~ into CaHz, resulting in the

(21l However, most catalysts currently under

facile release of H atoms from H™ sites.
development still require high temperatures for efficiently improving NH3 conversion,
even though high thermodynamic conversion can be achieved at low temperatures due
to exothermic NHj3 reactions. In addition, although highly active catalysts have been
reported successively, catalyst cost also deserves further consideration because it pos-
sibly be restricted their large-scale application.
1.1.3 Green NH3 production

Fig. 1-5 221 shows the volumetric energy density of various fuel options. NH3, be-
cause of high hydrogen-storage capacity of 17.6 wt%, volumetric energy density of
4.32 kWh L in liquid, and volumetric density of 107.7 kgu> m>, as well as facile
liquefication and safe storage at moderate conditions, can be regarded as a COx-free
hydrogen-carrier and also considered as a future potentially industrial fuel, for example,

NHs-based fuel cells by direct-using as fuel 231,
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Fig. 1-5. The volumetric energy density of various fuel options. 2%

Green NHj3 can be scientifically described as a sustainable NH3 production pattern
that emits no or little CO; into the atmosphere [>*, which primarily means that H, feed-
stock can be produced and supplied through eco-friendly routes, such as steam methane
reforming (SMR) with carbon capture and storage, biomass gasification, or water elec-
trolysis via renewable power 2, because the main energy consumption and COx emis-
sions in Haber Bosch (HB) process come from the Hz production. This has also driven
the technological revolution in the small-scale and distributed process of NH3 produc-
tion such as biological, electrochemical, photochemical, [?*! photothermal technologies,
although they are still at the stage of basic technical or feasibility studies. ! Addition-
ally, it is particularly necessary to rigorously analyze the NH3 production and transport
costs of the emerging technology 8. Advisedly, biomass gasification **! and water
electrolysis via renewable power [*%-32] that can be used to obtain H, have been widely
explored for NH3 production and usually named for biomass-to-ammonia and power-

to-ammonia, **! respectively.
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As shown in Fig. 1-6 (left), NH3 production can actively transit from current HB
process to SMR-HB process with carbon capture and storage, and H>O electrolysis-HB,
as well as finally long-term NHj electrosynthesis [** for realizing the transition to the
second NHj3 revolution with carbon-free, energy efficient, and low-cost. With the global
boom in renewable energy, the favorable HB process coupling with H>O electrolysis
would improve energy efficiency of the synthesis loop by 50% (4.2 GJ tNH3‘1) and

351 Consequently, green NH3 production us-

greatly decrease CO> emissions of ~78%
ing renewable energy is increasingly bursting the potential to become economically
competitive, implying that replacing energy-intensive HB process to significantly re-
duce greenhouse gas emissions is no longer a dream. [**! As shown in Fig. 1-6 (right),

the evolution from brown NH3 to blue NH3 and finally green NH3 [37]

offers a fingerpost
to safely phase out fossil fuels **! to pioneer its “bottle” role for storing energy in the
form of a liquid-fuel. However, NH3 separation is inseparable in NH3 production, and
the current physical condensation not only has high energy consumption but also low
separation efficiency. Therefore, novel adsorption and membrane separation technolo-

gies have been wildly developed due to low energy consumption, especially membrane

separation that can continuously operate compared to adsorption-desorption process.
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Fig. 1-6. Outlook of stages along a transition from the present-day SMR-HB process
towards sustainable NHj (left) [*¥l; definition of green NH3 (right) P71,

1.2 Membrane separation and membrane for NH3 separation

Since the 1980s, membrane technology has applied to various separation processes,

such as Hz, N2, CO, and gaseous hydrocarbon separation. A membrane is commonly

made of organic (like polymer), inorganic (like ceramic and zeolite), or composite ma-

terial. Table 1-1 briefly summarizes the different materials for fabricating membranes

and their advantages and disadvantages.

Table 1-1. Various membrane materials.

Type Membrane Advantage Disadvantage
v" Low cost
Polvmeric membrane v Easiness for O Large swelling
Y large scale man- [ Low permeability
ufacture
Organic L
Tonic liquids/deep eu- On-demand - de- Large swelling
. sign 0.
tectic  solvent-based . O Low permeability
v" Easiness for fab- :
membrane S O High cost
rication
v -
Perfegt shape s O Rigid and Fragile
Crys- lectivity O High cost
Inorganic 1y Zeolite v" High mechanical . .
talline O Unstable in acid
and thermal sta- -
conditions

bility
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Metal—or- v High mi-
ganic croporosity O Interface defect
framework v/ Tunable channel DO Rigid and Fragile
(MOF) structure
Carbon v' Narrow  pore
molecular sizes O Rigid and Fragile
sieve v High separation DO High cost
(CMS) for isomers
Amor- .
phous : v" Do not swell = The formation of
Organosil- . . micropores is lim-
. v" High mechanical :
ica or ce- ited by the struc-
. and thermal sta-
ramic ture of the precur-

bility

Sor

Organic—
Inorganic  Various membranes
hybrid

Combine the ad-
vantages of organic
and inorganic mem-
branes

Difficultly combine
organic and inorganic
materials

1.2.1 Gas transport mechanism in porous materials

Porous materials including metal-organic frameworks (MOFs), covalent-organic

frameworks (COFs), zeolites, and porous polymers are becoming growingly attractive

for molecular separation, adsorption, catalysis, and energy storage, as shown in Fig. 1-

7. 3% The rise of membrane technology can not only exploit the practical application

of porous materials especially in the field of molecular separation, but also reduce its

application cost. For example, the support layer prepared using a low-cost material can

occupy the most bulk of a multilayer composite membrane and maintain favorable me-

chanical strength, therefore, only a small number of porous materials are used to fabri-

cate the separation layer. [*°) Furthermore, the mechanism of molecule permeation

through membranes has received continuous attention, such as pore-flow model and

solution-diffusion model established as early as the 1950s and 1960s.
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Fig. 1-7. Porous materials defined by type or by function. 3!

As illustrated in Fig. 1-8, according to the physicochemical properties of membrane
materials and the internal pore structure they can form, membrane materials can be
generally classified as flexible polymers, semirigid polymers, and rigid molecular sieve.
[41] Flexible polymer materials exhibit a feeble diffusion selectivity because the thermal
movement of the polymer segment within the activation region are inaccurately con-
trolled. *?! Moreover, high diffusion selectivity based on the molecular sieving mecha-
nism can be acquired from membrane prepared from rigid materials owing to uniform
size of micropores, and semirigid polymer materials with flexibility and sieving prop-
erties not only express comparable separation performance, but also are alternative to

rigid molecular sieve materials. [14]

(a) (b) (c)

Ultr'amicrores Miqfropores
(d.<5A) (5 A <d,, <20 A)

Fig. 1-8. Three major classes of membrane materials: (a) Flexible polymers with

10
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characteristic transient gaps created by segmental packing and
motion. (b) Semirigid polymers with interconnected micropores created by inefficient
segmental packing. (c) Molecular sieves with rigid
ultramicropores and micropore morphology. The yellow shaded areas in semirigid
polymers and molecular sieves represent intrinsic and
measurable porosity, which is not present in flexible polymers. The green shaded ar-
eas represent motion-enabled zones of activation required for diffusion. [4!!

Precise molecule/ion separation depends not only on the pore morphology and chem-
ical composition of the membrane but also on the properties of the target molecule/ion.
Ideally, the pore size of the membrane should be between sizes of two or more mole-
cules to be separated, so that smaller molecules can selectively and rapidly permeate
through the microporous membrane, namely molecular sieve mechanism as displayed
in Fig. 1-9. 4 As shown in Fig. 1-9 (ai-a4), the most classic molecular sieving, Knudsen
diffusion, surface diffusion, and capillary condensation, should be assigned to the dif-
fusion-selectivity separation mechanism. Based on molecular-cross-section size differ-
entiation (Fig. 1-9 (b)) and shape-based molecular sieving mechanism (Fig. 1-9 (¢)), a
gallate-based MOF with zigzag channels and pore sizes of ~3.5 A and a rigid MOF with
precise shape matching, respectively, can be used for precisely separating eth-
ylene/ethane. Interestingly, an ultrathin cyclodextrin-based POC membrane with tre-
foil-shaped aperture was used for organic solvent nanofiltration, it can achieve high
precision separation of dye molecules based on conformation-controlled molecular
sieving, as shown in Fig. 1-9 (d).

Moreover, because of the specific affinity between the target molecule/ion and the
membrane matrix, the solution-diffusion mechanism was frequently utilized to interpret

the permeation behavior of molecules/ions in ultramicropore or dense membranes. In

11



Hiroshima University Doctoral Dissertation

addition, the permeation of molecules/ions in membrane would be greatly promoted
due to the transport effect that can be ascribed to the carrier substrates contained in the
membrane, for example, diffusion of CO> through a micropore or dense membrane con-
taining functional groups of amines. ! Noteworthily, the diffusion of molecules/ions
in the membrane hardly depends on one permeation mechanism completely, and often
requires the synergistic effect of different permeation behaviors to enhance the mole-
cule/ion permeance and selectivity.

(a2)

1) (a3) e (29) .
Molecular Sieving Knudsen-diffusion Surface-diffusion Capillary Condensation

QOO

46A /' ’2}'@0?’/ c
Eclipsed-D (ED)

Staggered (S) Eclipsed-S (ES)

Staggered (S)  Eclipsed-S (ES) Eclipsed-D (ED)
Fig. 1-9. Separation mechanisms of microporous framework membranes. (a) Diffu-
sion mechanisms: molecular sieving (a1), Knudsen diffusion (a2), surface diffusion

(a3), and capillary condensation (as); (b) Molecular sieving based on molecular-cross-

section size differentiation; (c) Shape-based molecular sieving; (d) Conformation-con-
trolled molecular sieving. 4!

After extensive reviewing of the reference and thorough consideration, the
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mechanism of membrane separation can be summarized in detail in Fig. 1-10. Firstly,

the most common and diffusion-dominated selective separations can be classified as:

size-based molecular sieving, Knudsen diffusion, surface diffusion, and capillary con-

densation, which mainly rely on the pore morphology of the membrane. Considering

the synergistic effect of the pore morphology and functionalized matrix of membranes

as well as the physicochemical properties of separated molecules, the solution-diffusion

mechanism can be further subdivided into diffusion- and adsorption-selectivity separa-

tion and their synergies. [**] Additionally, some emerging separation mechanisms de-

serves to be emphasized, such as shape-based molecular sieving, [**! molecular-cross-

section size-based sieving, 71 molecular configuration sieving, 8 and so on.
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Fig. 1-10. Summary of separation mechanism of membranes.

1.2.2 Polymeric membrane for NH3

Table 1-2 summarizes the NH3 selectivity and permeance of the reported polymeric
membranes for NH3 separation at low and high temperatures. Generally, most of poly-
meric membranes showed considerable NH3 selectivity around room temperature but
inferior NH3 permeance. Among them, polymers containing sulfoacid groups were of

particular interest.

Table 1-2. Data for the selectivity and permeance of various polymeric membranes.

Name E;%n]lp' ET(;I Fr)g_l;n;ia;:i] NH3/Ho NH3/N>  Ref.
Poly(vinylammonium thiocya- 24.0 1.67E-08 6000.0  3600.0 50
nate) 50.0 6.70E-08 1390.0  2000.0

. 21.0 2.57E-07 3000.0
H -Nafion 200.0 3.47E-08 30000
Ag"-Nafion 21.0 1.54E-07 600.0

200.0 3.14E-08 300.0

Polypropylene/Nafion 25.0 3.35E-06 500.0 2000.0 52
Sulfonated block copolymers 25.0 2.01E-07 90.0 100.0 53
Cellulose acetate 25.0 9.80E-08 9.3 111 54
2D-MXene 25.0 6.20E-07 50.0 - 63
Prussian blue 25.0 3.72E-08 40.0 100.0 64

Poly(vinylammonium thiocyanate) membranes prepared from poly(vinyl alcohol)
impregnated with ammonium thiocyanate were used for selective NHs transport in 1990.
The high NH3 selectivity was primarily attributed to the chemical interaction between
NH3 and NH4"/SCN- carrier ions (solution-diffusion mechanism), but this chemical in-
teraction also possibly resulted in the plasticization of the membrane, especially at high
temperatures. 4% Subsequently, perfluorosulfonic acid (PFSA) membranes such as
Nafion were developed, showing a high NH3 permeance of ~2.1x10”7 mol m™ s! Pa’!
with a NH3/N> selectivity of >3000 at 21 °C due to the reversible reactions between

NH; and sulfonic groups, %2 superior than poly(vinylammonium thiocyanate)
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membranes. Nevertheless, both membranes showed an obvious decrease in NH3 per-
meance with the increase of temperature. Furthermore, a membrane containing 7-23
nm polystyrene sulfonate domains was designed to improve NH3 permeance and re-
sistance by variating the sulfonated phase domain size and the degree of crosslinking.
[53] Cellulose acetate membranes with good strength and low cost also expressed a fa-
vorable NH; permeance of ~9.5x10® mol m™ s! Pa! with a NH3/N; selectivity of 100
and NHs/H> selectivity of 10 at 21 °C owing to hydrogen bonds between NH3 and the
polymer. >4

Moreover, the cellulose acetate-multiwalled carbon nanotubes composite membrane
551 and Nafion-PTFE hollow fiber composite membrane °®! were also fabricated for
NH3 permeation and recovery. The fine-tuned design of porous polymer materials with
potentially strong affinity for NH3 based on chemical and structural properties are ur-
gently advocated under different NH3 concentrations and temperatures. As shown in
Fig. 1-11 (a), various fluorinated polymers with different fluorine density exhibited a
disappointing NH3 solubility within more and more fluorinated matrixes (Polydime-
thylsiloxane (PDMS): 156.7x107%; Ethylene tetrafluoroethylene copolymer (ETFE):
29.5x107%; Perfluoroethylene propylene (FEP): 3.9x107° ¢cm?(STP) cm™> cmHg ™),
which could be attributed to the repulsive dipole-dipole interactions between the lone-
pair electron of NH3 molecules and the electronic cloud of fluorine atoms. *”) Addition-
ally, Brensted acidic functional groups including -SOz;H, ®81 -NH;CI, 5% -PO;H,, P91 -

58]

CO:H, %91 a5 well as pyridine, imidazole, and Lewis acidic metal nanoclusters %! can

be elaborately decorated into the polymer in order to strengthen the adsorption capacity
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and separation potential of NH3 based on reversible base-acid interactions, hydrogen

bonding interactions, and/or proton transfer.
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Fig. 1-11. The characteristics of the different fluorinated polymers (a), *” synthetic
route of MPOP-x-SO3H Using H>SOj4 as both the initiator and sulfonated agent (b),
(58] General scheme for the syntheses of P1 and P2 polymers incorporating various
Brensted acid groups (c), **) NH3 adsorption in an NH3 molecularly imprinted poly-
mer (NH3-MIP) (d). [69]

1.2.3 Zeolite and metal-organic framework membrane for NH3

Table 1-3 lists the NH3 selectivity and permeance of the reported zeolite membranes

for NH3 separation. MFI-type membrane showed both remarkable NH3 permeance and

excellent NH3 selectivity at room temperature, while an impressive NHs selectivity was

found in Na'-grafted nanochannels membrane even at 200 °C.

Table 1-3. Data for the selectivity and permeance of various zeolite membranes.

Temp. NH3 permeance
Name [OC] [mol m_2 S'l Pa'l] NH3/H2 NH3/N2 Ref.
ZIF-21 25.0 5.79E-07 12.0 35.0 61
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MFI 25.0 2.30E-06 307.0  2236.0 62
Na'-grafted nanochannels 200.0 2.24E-08 328.0 1106 65

11 named for ZIF-21, were

LTA-type zeolitic imidazolate framework membranes, !
synthesized via secondary seeded growth for NH3 separation from H, and N>, which
represents a comparable NH3 permeance of ~5.8x10”7 mol m™ s™! Pa™! with NH3/N> and
NH3/H; selectivities of 35 and 12, respectively, at room temperature. This is due to the
polar-polar interactions between NHj3 and the linker polar channels and particularly the
favorable thermodynamic action. [¢!! Moreover, nanosheet-based MFI membranes ex-
hibited an high NH3/N selectivity of 2236 with NH3 permeance of 1.1x10°° mol m? s~
' Pa’! and high NH3/H; selectivity of 307 with NH3 permeance of 2.3x10° mol m? s°!
Pa! in their respective mixed-gas separation at room temperature, which was attributed
to the inhibitory effect of preferentially adsorbed NH3 in membrane on H> and N per-
meation at low temperatures, but not applicable to high temperatures. [*?)

Additionally, ultrathin 2D-MXene nanosheet membranes with terminal -OH surface
groups revealed different permeation mechanism for absorbed and non-adsorbed gases,
namely Knudsen diffusion for permanent gases and labyrinthine hopping transport for
condensing vapors, resulting in a favorable NH; permeance of 6.2x107 mol m™ s! Pa-
'and medium NH3/Hz selectivity of 50 that can be improved in humid atmosphere. [6]
Surprisingly, ultrathin Prussian Blue membranes with protonic carrier can be prepared
by cyclic electrodeposition and resulted in a potential NH3 permeance of 3.7x10® mol
m s Pa! and ideal NH3/Hz and NH3/N; selectivities of 40 and 100, respectively, which

can be ascribed to the proton carrier's promotion on NH3 diffusion and the Prussian

Blue channel's size-exclusion effect on H> and N, transport. [ Noticeably, NHj3
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transport in the form of ammonium in the membrane can not only hold the electroac-
tivity of the selected layer, but also can be reversibly converted in an electrochemical
framework, 4 showing a promoted NHj transport. Recently, Na-gated nanochannel
membranes were fabricated by secondary NaA seed-growth on a-Al,O3 hollow fiber
supports. After optimizing the membrane preparation process, the optimal membrane
displayed the highest NH3/H> and NH3/N; selectivities of ~328 and ~1106, respectively,
with NH;3 permeance of 3.0x10® mol m? s Pa! at 200 °C and 21 bar. [6!
Metal-organic framework (MOF) and its derived membrane can also be recognized
as a superior candidate for NH3 adsorption, removal, and permeation owing to its tun-
able structure, convenient functionalization, scalable two- and three-dimensional arrays,
and excellent sorption properties. () As manifested in Fig. 1-12, the functionalized Zr-
MOF by Cl ion [*” and -NH [®8) appeared remarkable NH; capture and reversible/irre-
versible NH3 uptake in both dry and humid conditions because of the strong and diverse
interactions between NH3 and functional groups, for instance, van der Waals forces,
proton transfer, coordination, hydrogen bonding, chemical bonding, and NH-r interac-

tions.
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Fig. 1-12. Illustration of the interactions of NH3 with amino-functionalized Zr-MOFs
xerogels under (a) dry and (b) extremely moist conditions in addition to physisorp-
tion, and (c) proposed NH3 binding configurations. [¢*]

Although the customary grafting of acid functional groups to MOF can significantly
enhance NH3 affinity and increase NH3 uptake, it seriously challenged the recyclability
of MOF. Ligand -functionalized AI-MOFs in Fig. 1-13 were reported and screened to
show a superior NH3 adsorption capacity, among them, a robust MOF-303(Al) with
AP" was fabricated using pyrazole-3,5-dicarboxylate with multiple sites and showed a
as high as NH3 adsorption capacity of 19.7 mmol g-! at 25.0 °C and 1.0 bar due to
hydrogen bonding interactions of multiple sites and also verified fully reversible after

20 cycles of NH;3 adsorption-desorption. 6]
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1.2.4 Ionic liquid or Deep eutectic solvent-based membrane for NH3

Table 1-4 lists the NH3 selectivity and permeance of two ionic liquid membranes for
NH3 separation. Although ionic liquid membranes can be flexibly designed by using
different types of anion/cations and also show good performance at room temperature,
their NH; separation performance at different temperatures and pressures remains to be

investigated.

Table 1-4. Data for the selectivity and permeance of two ionic liquid membranes.
Temperature  NH3z permeance

Name [OC] [mol m_2 S'l Pa‘l] NH3/H2 NH3/N2 Ref.
Nexar/[Eim][NTf] 25.0 9.28E-07 264.0 1407.0 71
Neat Pebax 25.0 1.99E-07 70.1 406.7 72

Nexar/[Eim][NTf,]: middle-sulfonated pentablock copolymer (Nexar™)/1-ethylimidazolium
bis(trifluoromethylsulfonyl)imide ([Eim][NTf]); Neat Pebax: poly(ether-block-amide) copolymer
(Pebax).

Functionalized ionic liquids with high NHj affinity were designed and further incor-
porated into the commercial middle-sulfonated pentablock copolymer (Nexar™) or
poly(ether-block-amide) copolymer (Pebax) to fabricate Nexar/ionic liquid or
Pebax/ionic liquid hybrid membranes, ["°7?! combining the respective advantages of

ionic liquids and polymers. Consequently, the self-assembled and interconnected
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channels can be regarded as an NHj3 transport highways, which was thankful to the
continuous ionic domains formed by the incorporation of ionic liquids into copolymers
with well-defined nanochannels. [7°-72) Usually, ionic liquid-derived hybrid membranes
exhibited a comparable NH3 permeance of 0.5-1.0x10° mol m? s™! Pa! and favorable
NH3/Hz and NH3/N> selectivities of 100-360 and 500-1800, respectively, at room tem-
perature, %72l which can be ascribed to multiple-site hydrogen bonding, proton transfer,
metallic coordination, and acid-base interactions as well as interconnected channels, as
demonstrated in Fig. 1-14. 7375

Compared to the expensive precursors, complex synthesis process, and high viscosity
of ionic liquids, the readily available deep eutectic solvents can be not only simply
synthesized but also have a strong NHj3 affinity comparable to ionic liquids. Imidaz-
ole/resorcinol, 7%! glycolic acid/xylitol, ") ethylamine chloride/resorcinol, "8 LiCl/eth-
ylene glycol [ can be prepared by simply mixing and used to selectively capture NH;3
and reversibly desorb NH3, which benefits by relatively low viscosity to reduce the
mass-transfer barrier and multiple weak-acidic groups. 8% Therefore, deep eutectic sol-

vents have the dramatical potential to be prepared into membranes for the NH3 separa-

tion.
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Fig. 1-14. Schematic NH; adsorption "®) and permeation [’ on ionic liquids or deep
eutectic solvents and their membranes, respectively.

1.3 Organosilica membrane
1.3.1 Organosilica precursor

Organotrialkoxysilanes (RSi(OR’)3) as silica-based precursors in Fig. 1-15 (above)
have been widely investigated to prepare organosilica-based membranes due to high
thermal stability, favorable chemical-stability, comparable mechanical-strength, and
tunable network structures, especially for the additional functionalities by grafting var-
ious organic groups (R). #1841 Commonly, organosilica precursors can be divided into
bridge-type (namely “spacer”) and pendant-type (namely “template”) precursors, de-
pending on where the organic group is grafted around the silicon atom. Furthermore,
the grafted organic groups can not only modify the pore morphology of the membrane

to increase the gas permeances and molecular sieving, 336! but also enhance their
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affinity to polar molecules such as CO; to improve the adsorption-diffusion, ¥7-381 which

depends on the nature of the organic groups themselves.
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Fig. 1-15. Most of the organoalkoxysilane materials along with their chemical struc-
tures. (Et: ethyl; Me: methyl) (above) and the represented bridge-type and pendant-
type precursors and their organosilica structures formed (below). 8!

For the membranes prepared by organosilica precursor containing alkyl chains such

as ethane, ethene, ethynylene, and octane bridges, as shown in Fig. 1-16, the pore size
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of membranes increased from ethane and ethene to ethynylene due to the increased
bond angles of Si-O-Si and Si-C-C groups and the construction of a looser structure.
(8990 Moreover, bis(triethoxysilyl)acetylene (BTESA) membranes showed a C3Hg sep-
aration potential from CsHg owing to the enlarged porosity as well as the improved
polarity caused to the m-m interaction between C3Hg molecules and ethynylene groups.
1921 However, bis(triethoxysilyl)octane (BTESO) membranes exhibit a dense structure
and more hydrophobicity, nearly a nonporous organosilica membrane, because of the

93.94] Amine

striking flexibility of the octylene units as a longer linking-bridge group.
functionalized organosilicas have been widely used for separating CO; based on the
“membrane affinity”. As indicated in Figs. 1-17 (a) and (b), the primary amines and
secondary amines belong to unhindered amines while tertiary amines should be steri-
cally hindered amines obviously in the three selected aminosilica precursors, according
to the definition of unhindered and sterically hindered amines. [*>! After summarizing
the performances of all membranes in Figs. 1-17 (¢) and (d), the TA-Si membrane with
sterically hindered amines can not only decrease CO; binding energy but also improved

the reaction rates between amine and CO., which greatly promotes the COz transport in

aminosilica membranes. [°°]
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amine (PA-Si) propan-1-amine (SA-Si) propan-1-amine (TA-Si)
Improved ti tential
5o LoOSE €5 Dense . < mp permeation potential
’ Unhindered -~
Unhindered .- = ) o=
© amines.-” E| (d) ampes: - E
15} g L. o g
— | O PaAsi e |2 % :
9 /A SA-SI O B 5 4| Hindered ACD 2
S i % g = amine °
35 O TA-Si A0 3 = 7 o
£ 1of Y |2 2 B 3
S £ g ooof O 7O g
Q. = b= °
b (. | ; O pasi | |8
Hindered| | Z A sAS || B
= amine | — O TA-Si
9 -20
0 5 10 15 20 5 ) 5 0 5 20
E(N,) [kd/mol] E,(CO,) [kJ/mol]

Fig. 1-17. Illustration of the chemical structures of unhindered and sterically hindered
amines (a), chemical structures of organoalkoxysilane precursors employed in the pre-
sent study (b), relationships of E,(N>) vs. E,(CO:) (¢) and E,(CO3) vs. Ey(CO2)-Ep(N2)
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(d) of amine-silica membranes. ¢!

In addition to the organic group functionalized organosilica precursors, as shown in
Fig. 1-18, metal-doped organosilica membranes, such as bis[3-(trimethoxysilyl)propyl]
amine (BTPA) membranes doped with Ni, Cu, and Ag, can also express the improved
gas permeance and selectivity due to the enlargement of pore size through the transition
metal coordination with propylamines. 7! Owing to the difference in coordination
strength between the metal and propylamine, gas permeation was increased following
the order of Ni-BTPA > Cu-BTPA > Ag-BTPA > BTPA. Furthermore, doping transition
metal into the BTPA network structure can not only control the pore size but also adjust
the open sites of the metal by controlling the doping amount to promote the specific

adsorption of the molecules to be separated. %!

e .5i-0-Si- - -Si—C,Hb-;r_;ll-C,He-Si-

Ni-BTPA
Dense Porous
Due to coordination between metal and N-H
t: p . ,: 4 "E' ! . e
BTPA 0.125 Ni-BTPA 0.25 Ni-BTPA 0.50 Ni-BTPA '

Weak Open metal sites facili

Fig. 1-18. Metal-doped aminosilica membrane with high gas permeation by enlarging

pore sizes. P78

1.3.2 Fabrication approach of organosilica membrane

Table 1-5 summaries the NHj3 selectivity and permeance of various silica-based
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membranes for NH3 separation. Compared with pure silica membrane (TEOS), per-
fluorosulfonic acid/ceramic composite membranes showed superior NH3 permeance
and selectivity at low temperatures, but NH3 selectivity decreased rapidly with the in-

crease of temperature.

Table 1-5. Data for the selectivity and permeance of various silica-based membranes.
Temperature NH3 permeance

Name [OC] [mol m2 ! Pa'l] NHs/H; NH3/N; Ref.
50.0 1.02E-07 28.7
TEOS 400.0 1.04E-07 0.1 100
Nafion/ceramic 50.0 2.85E-06 403 730.9
200.0 1.93E-06 2.6 248
A . 500 2.71E-06 118.6 20859
Aquivion-H"/ceramic 200.0 1 68E-06 6.3 73.9 108
Aduivion-Li-/ceramic 300 1.88E-06 44,7 465.6
q 200.0 9.05E-07 1.9 223

The silica-based membranes were usually fabricated by sol-gel and chemical vapor
deposition (CVD) process. Typically, the alkoxysilanes can be firstly hydrolyzed with
H>O to obtain silanol (Si-OH) and further condensed to build Si-O-Si network, namely
the most feasible and low-cost sol-gel method. As displayed in Fig. 1-19 (a), both pol-
ymeric sols and colloidal sols can be prepared by controlling the reaction conditions
and be used to construct an intermediate layer and/or a separation layer through the
subsequent gelation process on the porous supports, ! for silica-based membrane. %"

Importantly, the new-type atmospheric-pressure plasma-enhanced CVD process
(AP-PECVD), as schematically exhibited in Figs. 1-19 (b), (¢), and (d), was also used
to fabricate silica-based membranes owing to its simple and continuous operation under
atmospheric pressure rather than vacuum systems. [1°1192 Moreover, one-side and coun-
ter-diffusion CVDs were classified based on differences in feeding behavior of reac-

tants, particularly counter-diffusion CVD can help to form internal pores and lessen
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Fig. 1-19. Sol-gel processing of SiO> membranes (a); [*”! Schematic illustration of the
membrane fabrication via AP-PECVD (b), [1°!] different types of CVD (c,d). [*”]

0,0,

As demonstrated in Fig. 1-20 (a), organosilica top-separation layer was formed by

103

coating their sols on the intermediate layer. [!%] However, if the pore size of the inter-

mediate layer is larger than the particle size of the sol, the sol can penetrate into the
large pore of the intermediate layer, resulting in a dense gas permeation membrane. [1%4]
Consequently, the size and shape of the sol particle should be controlled by adjusting
the pH to affect the hydrolysis and condensation rate, since the sol-gel process is usually
pH dependent. (194

105 flow-

In addition to sol-gel and CVD process, the interfacial polymerization,
induced deposition, %! and photo-induced sol-gel %71 were also utilized to fabricate
inorganic/organosilica membranes for gas and liquid separation. Furthermore, the cal-
cination temperature of the membrane preparation is also one of the key factors for

controlling the pore size of the membrane and adjusting the affinity of organic groups

to polar molecules. 1%
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(a) Separation layer
(BTESE-derived)

- Intermediate layer 3
(SiO,-ZrO;) (BTESE-derived)
HeEy ~

Support
(o-alumina)
BTESE/i-SiO,-ZrO, membrane BTESE/i-BTESE membrane
(b)Sol size < pore size (c)Sol size > pore size

Intermediate layer

e [ S 5 s b

Fig. 1-20. Schematic images of a BTESE/i-Si02-ZrO> membrane and a BTESE/i-

BTESE membrane, 1'% schematic structure of small and large size sols-derived mem-
[104]
s.

brane

1.4 Catalytic membrane reactors (CMRs)
1.4.1 Theoretical concept of CMRs

Compared to packed bed reactor (PBR), as shown in Fig. 1-21 (left), CMRs have
attracted increasing interest as an integrated unit that combines catalytic reaction and
membrane separation, which would provide inherent advantage that can achieve a
higher reaction conversion even under mild conditions owing to the shift of the reaction

[1091 As shown in

equilibrium towards the product side through membrane extraction.
Fig. 1-21 (right), the mathematical model with one-dimensional, isothermal, and plug-
flow characters was proposed to understand the CMR mechanism and facilitate the

o [110

CMR design as well as optimize the CMR performanc I Selectively permeative

separation using membranes can undoubtedly improve the reaction yield and rate and
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increase the concentration of the product in the permeated side of membrane. ! In
addition, the reaction parameters (temperature, pressure, reactor length, flowrate, and
catalyst weight) and the membrane performances (permeance and selectivity) can be

reasonably investigated to deeply understand the mechanism and nature of CMR. [!17]

Circulating pump

"""""" Q‘ \ Catalyst A
_le P O]) Membrane)/' b, b,

Reactor Condenser
~14 MPa, ~450 °C
( a ) | F(0) | | FiL
Haber-Bosch process with PBR Feed mm | Catalyst | | 28 Retentate
Fi(z) | Fi(z+dz)
—t—@— Membrane
membrane Q(0) [ I Qi(L)
- — Qi(z)} Gas! Qz+dz) |y Permeate
—o—~0 L ! ] ] |
z=0 Iz z|+dz z=L

(<300 °C; < 1 MPa)
Catalytic membrane reactor (CMR)

Fig. 1-21. Schematic diagram of the Haber-Bosch and membrane reactor process
(left); schematic diagram of the CMR mechanism (right). [!!*]

1.4.2 Application of CMRs

Table 1-6 shows some microporous membrane reactors from the representative ex-
perimental results of H, production. Obviously, the product conversion can be improved
by using CMRs because membranes can selectively transfer the product from reaction
to permeate side that can break the reaction equilibrium. Among them, silica and hybrid
silica membranes were widely used in steam reforming of methane, methylcyclohexane

dehydrogenation, and NH3; decomposition, which much attracts attention.

Table 1-6. Experimental results of some practical applications via a CMR. 122!

Reaction tem- Feed pres- Catalysts Conver-

Reaction system Membranes

perature [°C]  sure [MPa] sion [%]
_ Carbon mo- s, 02  CuO/ZnO/ALOs 55
Steam reforming of lecular sieve
methane Silica 500 0.1 Rh 65
Hybrid silica 500 0.1 Ni 80
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Silica 500 0.2 Ni/ALOs3 80
) MFI zeolite 550 0.6 Fe/Ce 98
Water gas Shifl IS¢ MET zeolite 550 015  Fe/Ce 82
MFI zeolite 300 0.2 CuO/Zn0O/Al,03 95
Carbon mo- 01  PUALO; 62

Methylcyclohexane ~ lecular sieve
dehydrogenation Hybrid silica 220 0.1 Pt/ALLO3 80
Hybrid silica 230 0.12 Pt/ALLO3 77
NH; decomposition Hybrid silica 450 0.3 Ru/ALO3 74
Hybrid silica 450 0.1 Ru/ALLOs 95

1.4.2.1 Methane steam reforming via CMRs

A CMR consisting of silica membrane with Hz perm-selectivity and Ni catalyst was
fabricated and used for methane steam reforming. The methane conversion could be
increased from a conversion of 0.44 (equilibrium conversion) to 0.8 by transferring Ho
from the reaction side to the permeation side where 500 °C, and feed and permeate
pressures of 100 and 20 kPa, respectively. [''?! Moreover, the CMR for methane steam
reforming can be stably operated for 30 h using Ni catalyst and hexamethyldisiloxane-
derived membrane with Ho/N» selectivity of ~10° under the hydrothermal conditions.
[113]
1.4.2.2 Water gas shift reaction via CMRs

The MFI-type zeolite membrane with a Ho/CO; selectivity of 68.3 and Hz permeance
0f2.94x107" mol m? s Pa! at 550 °C was packed with a cerium-doped ferrite catalyst,
which was designed to be a CMR for high temperature water gas shift reaction. [''*] The
CO conversion of 81.7% was acquired by removing H> from catalytic reactor, which
was much higher than the conversion via PBR (62.5%) and the equilibrium conversion
(65%). "4 Furthermore, the results of the reaction conversion were further explored at

400-500 °C and 0.2-0.6 MPa. '] Besides, a CMR for low temperature water gas shift
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reaction was designed by loading commercial CuO/ZnO/Al>O3 catalysts on modified
zeolite membranes (H2/CO: selectivity: 42.6 and H, permeance: 2.82x107 mol m™ s™!
Pa! at 550 °C), showing a greatly improved CO conversion of 95.4% at relatively low
temperature such as 300 °C. 1]
1.4.2.3 Methylcyclohexane dehydrogenation via CMRs

A bimodal CMR, as indicated in Fig. 1-22, equipped with Pt/Al,Os catalyst and
bis(triethoxysilyl) ethane (BTESE) derived organosilica membrane (Hz/toluene selec-
tivity: 16000 and H> permeance: 107° mol m? s Pa™! at 200 °C) for the dehydrogena-
tion of methylcyclohexane to produce Hz, which increased the conversion over the equi-
librium conversion (0.44-0.86) at 250 °C and recovers 99% H> from the reaction stream
into the permeation stream with H, purity of 99.8%. '7! Additionally, a 2D axial sym-
metric model was utilized to simulate several parallel and small CMRs and a single
CMR with the same volume for methylcyclohexane dehydrogenation, indicating that
the parallel CMR has a high H> production rate, that is 3-5 times higher than that of a

single CMR. [18]

BTESE-derived me;ﬁbrane

\

| Intermediate layer

e Ptcatalyst

= y-Al0, Bimodal catalytic support layer

Methylcyclohexane = oo : Toluene
R — ©/+ 3He —

Hydrogen

Fig. 1-22. Schematic diagram of the bimodal CMR for methylcyclohexane
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dehydrogenation. [!!7]

1.4.2.4 SO3/H2S04 decomposition via CMRs

A CMR simulation for SO3 decomposition in Iodine-Sulfur thermochemical cycle
revealed that the SO3 decomposition temperatures can be greatly decreased from 900-
1100 °C to ~600 °C through using membrane extraction due to a shift of thermodynamic
equilibrium. "% SO5 conversion of 0.93 at ~600 °C, that vastly surpasses the equilib-
rium conversion of 0.28, could be achieved using a porous membrane with O»/SO3 se-
lectivity of > 50 and 02/SO; selectivity of < 10. 1% Afterward, microporous BTESE-
derived membranes with O2/SOj3 selectivity of 10 at 550 °C and O permeance of
2.5%x10" ¥ mol m™ s”! Pa"! was developed and highly expected for the SO3 decomposition
via a CMR. 1]
1.4.2.5 NH3 decomposition via CMRs

As shown in Fig. 1-23, Ru/y-Al,03/a-Al> O3 catalyst was supported on a homogenous
polyhedral oligomeric silsequioxane layer, that showed a high H> permeance of
2.6x1077 mol m? s™! Pa"! with Ho/NH3 and H2/N; selectivities of 120 and 180, respec-
tively, at 500 °C, to obtain a bimodal CMR for NH3 decomposition. ['**! Conventionally,
NHs conversion can rapidly decrease from 50.8 to 35.5% using PBR under the reaction
conditions (NH;3 feed flow rate of 40 ml min™!, 450 °C, and 0.1-0.3 MPa) because of the
increased H» inhibition effect, but NH3 conversion gradually increased from 68.8 to
74.4% using CMR because the H» selective permeation breaks through the reaction
equilibrium. 2 In addition, it has also been demonstrated that the CMR can stably

conduct for 120 h due to the favorable thermal-stability and NH3 resistance of
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membranes. 121!

CO,-free H,

«— Silica separation layer
I Intermediate layer

e Ru catalyst '
© ¥-AlL,Oq O 0 O - Bimodal catalytic support layer
Qe DO AN

NH, 2 1.5H,+ 05N,
NH, N,
Fig. 1-23. Schematic diagram of the bimodal CMR for NH3 decomposition. [!2!]

CMR technologies have been successfully applied to a variety of reactions to pro-
mote reaction conversion through membrane extraction of target molecules. As dis-
played in Fig. 1-24, various membranes such as zeolite and ZIF membranes, silica
membranes, carbon molecular sieve (CMS) membranes, and graphene oxide (GO)
membrane 122! would also be bound to play a pivotal role as the core of CMR, and not

just for H> production.

Sy c/,.f'
j"
P o 2
6 : p g
° - o ® Methane steam reforming

o ® Water gas shift reaction
® Hydrogen carrier systems

Zeolite and ZIF Silica CMS and GO
membranes membranes membranes

Fig. 1-24. Microporous CMR for H, production. 1?2

1.5 Scope of this thesis
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The overall objective of this dissertation research is to exploit advanced organosilica
membranes for NH3 separation and their application for NH3 synthesis catalytic mem-
brane reactors. Given the intrinsic limitations of the currently used membranes, this
study has been focusing on the development of novel organosilica membranes with
excellent molecular sieving, NH3 adsorption-diffusion, and NH3 resistance at high tem-
peratures, which can be applied to enhance the NH3 separation performance and im-
prove synthetic NH3 conversion via catalytic membrane reactors. The main work is as
follows.

(1) Development and optimization of metal-doped bis[3-(trimethoxysilyl)propyl]
amine (BTPA) membranes for NH3 separation. (Chapter 2 and 3, metal-coordinated
organosilica membranes)

(2) Development of sulfonated (3-Mercaptopropyl)trimethoxysilane and sulfonic 3-(tri-
hydroxysilyl)-1-propanesulfonic acid membranes for NH; permeation. (Chapter 4 and
5, sulfoacid-containing organosilica membranes)

(3) To investigate the performance of recycle catalytic membrane reactors for NH3 syn-
thesis using the above organosilica membranes. (Chapter 6, green NH3 production via
membrane reactors)

This dissertation consists of 6 chapters, as follows:

Chapter 1 is “General introduction”, which introduces the research background and

purpose of this study.

Chapter 2 is “Enhanced NH3 permeation of bis[3-(trimethoxysilyl)propyl] amine
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membranes via coordination with metals”. Bis[3-(trimethoxysilyl)propyl] amine
(BTPA) membranes doped with different metals, including Fe, Ni, and Ag, were applied
to evaluate the permeation properties of Ho, N>, and NH3. All metal-coordinated BTPA
gels showed superior NH3 adsorption and desorption capacity via NH3 temperature-
programmed desorption (NH3-TPD), which benefits from the coordination between
metal and NH3. The single-gas permeation and activation energy of permeance were
measured to evaluate NHj3 separation performance, which occurred in the following
order: Ni-BTPA > Fe-BTPA > Ag-BTPA > BTPA. These results are consistent with
NH;-TPD data. The Ni-BTPA membrane showed NH; permeance at ~2.8x10¢ and
~1.5%10° mol m™? s Pa! with ideal NH3/H» selectivities of 11 and 27, and NH3/N»
selectivities of 102 and 277 at 200 and 50 °C, respectively. Intermolecular interaction
energies and types between Ni-BTPA and NH3 were calculated by Density functional
theory and Independent gradient model based on Hirshfeld partition in order to uncover
the affinity mechanism for NH3. The results indicate that the interaction of Ni-BTPA
with NHs is significantly enhanced via metal-induced coordination and hydrogen bonds

and/or van der Waals interactions caused by N-H, Si-OH, and N=0O functional groups.

Chapter 3 is “Optimization of Ni-amine coordination for improving NH3 perme-
ation through nickel-doped bis[3-(trimethoxysilyl)propyl] amine membranes”.
Nickel-coordinated bis[3-(trimethoxysilyl)propyl] amine (BTPA) xerogels and mem-
branes reportedly showed excellent NH3 adsorption, permeance, and permselectivity.
To study the Hz, N, and NH3 permeation properties of Ni-BTPA membranes in detail,

the nickel doping amount in BTPA should be optimized. In this work, Ni-BTPA
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sols/gels with nickel/propylamine (Ni/N-H) mole ratios of 0, 0.125, 0.25, 0.50, and 1.00
were prepared and characterized via DLS, FT-IR, UV-vis, TG-MS, and XRD, indicating
that the sol size and the interactions between nickel and N-H/N=0 were increased with
an increase in the Ni/N-H mole ratio. The large NH3 adsorption and desorption amounts
were obtained with 0.50 and 1.00 Ni-BTPA xerogels via NH3-TPD measurement, addi-
tionally, the competitive interactions between nickel and NHs/other functional groups,
such as N-H and N=0, were found in 1.00 Ni-BTPA, which could negatively affect the
NH3 affinity. The pore sizes of membranes were gradually enlarged in Ni-BTPA with
increases in the nickel content, which improved gas permeation. Due to the enlargement
of the pore size and the sufficient NH3 affinity, the 0.50 Ni-BTPA membrane recorded
the optimal performance with a NH; permeance of ~2.8x10% mol m? s! Pa!, an ideal

NHs/Hz selectivity of 11, and NH3/N selectivity of 102 at 200 °C.

Chapter 4 is “Development of sulfonated (3-Mercaptopropyl)trimethoxysilane
membranes with thermal stability and excellent NH3 perm-selectivity at 300 °C”.
(3-Mercaptopropyl)trimethoxysilane (MPTMS) sols, xerogels, and membranes with
and without H>O; oxidation were prepared to improve NH3 affinity and selectivity and
is expected to be used in synthetic NH3 catalytic membrane reactors due to its favorable
high-temperature tolerance. Mercaptan (S-H) in MPTMS precursor can be completely
oxidized to to transform S=O originated from various sulfur oxidization groups by mix-
ing H202 to sol solution for enhancing NH3 affinity, as proven by FT-IR and XPS anal-
yses. Thermogravimetric mass spectrometer (TG-MS) and N; adsorption verified the

thermal stability and non-porous structure of unoxidized and oxidated MPTMS
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xerogels around 300 °C. Furthermore, NH3 temperature-programmed desorption (NH3-
TPD) revealed that oxidated MPTMS xerogels showed a strong NH3 affinity (NH3 ad-
sorption amount of ~1.41 mmol g), twice higher than that of unoxidized MPTMS
xerogels (0.75 mmol g ') owing to the strengthened acidity and increased acidic sites.
Finally, oxidated MPTMS membranes expressed an excellent selectivity for NH3/H» of
6 and NH3/N; of 18 with an NH3 permeance of ~1.4x107 mol m? s Pa™! at 300 °C for
single gas permeation. NH3 permeance and selectivity at 300 °C in NH3/H> and NH3/N»
mixed gas permeation were almost constant without any mixing-effects, consistent with

those in single gas permeation.

Chapter 5 is “Fabrication of 3-(trihydroxysilyl)-1-propanesulfonic acid mem-
branes with superior affinity and selectivity for NH3 permeation over H2 and N:
at 50-300 °C”. The 3-(trihydroxysilyl)-1-propanesulfonic acid (TPS) was applied, for
the first time, to fabricate sulfonic silica-based membranes and evaluated for NH3 se-
lective permeation. The amorphous siloxane network can be formed by simple conden-
sation of silanol (Si-OH) under sulfonic acid (-SO3H) self-catalysis, as confirmed by
the results of Fourier transform infrared spectroscopy and X-Ray diffractometry. More-
over, TPS xerogel powders dried from TPS sols showed excellent thermal stability and
dense structure via thermogravimetric and N> adsorption analyses. Importantly, an in-
tensive NH3 adsorption amount of ~3.0 mmol g! for TPS xerogels from NH3 adsorption
and temperature-programmed desorption was twice higher than the reported oxidized
(3-mercaptopropyl)trimethoxysilane xerogels (~1.41 mmol g!), which was ascribed to

the inherently stronger proton-acidic -SO3;H groups in TPS. Finally, TPS membranes
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prepared using TPS solutions diluted with ethanol expressed superior NH3-selective
permeation based on favorable molecular sieving and NH3 adsorption-diffusion via sin-
gle and binary gas permeation, especially remarkable NH3 permeance of ~2.6x107 mol

m? s Pa and excellent NH3/N; selectivity of 266 at 300 °C.

Chapter 6 is “Green ammonia production via recycle membrane reactor: Exper-
iment and process simulation”. With the increasing demand for ammonia (NH3) and
the environmental benefits, green and sustainable NH3 production has been urgently
developed and is expected to replace the traditional Haber-Bosch (HB) process with
high energy consumption and COx emission. In this work, a recycle membrane reactor
(RMR) process where a catalytic reactor relates to a membrane separator in series and
the retentate stream is recycled to the reactor was designed and executed to produce
NHs, in which a Ru (10 wt%)/Cs/MgO catalyst and two membranes with different per-
meation properties and NHj selectivity were used. By independently controlling the
temperature of the reactor and membrane separator, the synthesized NH3 was selec-
tively extracted from feed side to permeate side by Aquivion/ceramic composite and
sulfonated (3-mercaptopropyl)trimethoxysilane membranes. Impressively, NH; mole
fraction was greatly increased from 0.01 of equilibrium state to 0.1-0.45 in permeate
stream, which is ascribed to the permeation properties and NH3 selectivity of membrane
at different temperatures. Moreover, a one-dimensional, isothermal, and plug-flow
model was proposed to simulate RMR, which can be successfully applied to deeply
understand the mechanism of RMR. Furthermore, a green NH3 production process

based on RMR was simulated to give rationalized suggestions for the NHj3 synthesis
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under mild conditions.

Chapter 7 is “Conclusions and outlook”. Main conclusions presented in this thesis

were summarized and outlook for future work were provided.
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Chapter 2
Enhanced NH; permeation of bis[3-(trimethoxysilyl)propyl] amine

membranes via coordination with metals

2.1 Introduction

Ammonia (NH3) is synthesized industrially from N2 and H: via the Haber-Bosch
process at temperatures ranging from 400-500 °C and under pressures ranging from 20-
40 MPa, and 80% of produced NH3 is used in fertilizer production and chemicals. ' At
present, NH3 is also promising as an energy carrier that can be used to store hydrogen
(storage capacity of 17.6 wt% and storage density of 108 g L"). ] Green NH3, that is
produced by N separated from air and H» obtained from sustainable H>O electrolysis,
currently is attracting much attention, but the reversible NH3 synthesis reaction with
limited conversion (10-20%) even under harsh conditions, which increases the diffi-
culty of NHj separation and utilization. ) Therefore, the separation and purification
technologies for various mixtures of NHs; have been widely studied, particularly the
reversible adsorption-desorption and membrane separation techniques. ¢

It has been reported that adding NH; affinity sites on the matrix surface can effec-
tively increase the adsorption rate and capacity for gas molecules. ! The surfaces of
most polymer membranes have oxygen-containing and polar functional groups, either
self-contained or functionalized, and tend to exhibit moderate NH3 permeance and se-
lectivity through hydrogen bond for improving NH3 affinity and solubility. [1*12] Addi-
tionally, polar-polar interactions of the linker polar channels in zeolite on NH3 greatly

improve NH; diffusivity. [!3 Generally, operating conditions under low temperature and
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high pressure are beneficial to NH3 adsorption on the membrane surface as well as to
permeation-driving forces, resulting in increasing the NH3 separation potential of the
membrane. ¥ Aquivion-Li*/ceramic composite membrane showed high NH3 perme-
ance of 1.88x10°° mol m™ s™! Pa! with comparable NH3/H> and NH3/N> selectivity of
44.7 and 466 at 50 °C, respectively. At 200 °C, however, those values are greatly de-
creased t0 9.05%107" mol m? s! Pa! with NH3/H, and NH3/N; selectivity of 2 and 22,
respectively. ['*) Since NH3 reaction requires high temperature, achieving NH; perm-
selectivity through membranes at high temperatures (~200 °C) will undoubtedly extend
membrane applications, such as membrane reactors, which combine reaction and sep-
aration into one unit to enhance the limited equilibrium reaction.

Importantly, metal is expected to play an important role in NH3 affinity, which is
similar to that of carbon dioxide (CO,) %7, Metal oxides !'®], metal-containing ionic
liquids "%?% metal-organic framework [?!!, and metal-doped perfluorosulfonic acid
(PFSA) 22 were used to selectively separate NH3 from other gases by Lewis acid, co-
ordination, charge-transfer, and hydrogen bond. The elaborate modification strategies,
such as incorporating metal ionic liquids/metal halide into silica gels [*>?* and integrat-
ing chloride ions into Zr-MOF [#°!, have been applied to disperse the metal evenly
among the ligands to better exploit the affinity of the metal to NHs. Although to use
metal-containing compounds for reversible adsorption-desorption of NHj3 is promising,
[26.27] the separation process using metals has been focused on adsorption, that require
batch-wise operation, lacks some convenience compared to membrane separation that

can be operated continuously.
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Bis[3-(trimethoxysilyl)propyl] amine (BTPA) has been reported to anchor transition
metals by coordination between the donor pairs of electrons in the amine and the empty
d orbital in the transition metals, *®! which also reportedly improves CO, permeance in
the membrane. Similarly, the adsorption, diffusion, and permselectivity of NH3 as a
polar gas in BTPA-based membranes is expected to increase. Particularly, exploring the
interaction types and strengths between NH3; and metal-doped BTPA by density func-
tional theory (DFT) and molecular dynamics could provide a theoretical basis for sub-
sequent development in excellent metal-doped ligand membranes. (23

Herein, the undoped and metal-doped BTPA sols and xerogels are characterized via
FT-IR, TG-MS, XRD, and NH3-TPD to elucidate the role of metals in the BTPA struc-
ture. Undoped BTPA, Fe-, Ni-, and Ag-doped BTPA membranes were fabricated to
measure the gas permeance and NH3 permselectivity, indicating excellent performance
at 200 °C, superior to PSFA-based membranes. Finally, the interaction types and inten-

sities between NH3 and Ni-doped BTPA were calculated by DFT and Independent gra-

dient model based on Hirshfeld partition (IGMH).

2.2 Experimental and computational
2.2.1 Sol preparation and membrane fabrication

Details of sol preparation and membrane fabrication can be found elsewhere. %]
Briefly, the BTPA-based sols were prepared via the sol-gel method, including hydrol-
ysis, condensation, and coordination reactions, using BTPA precursors, metal nitrate,
H>0, and HNO; or HCl as the catalyst in ethanol. Firstly, the mixture of HNO; (or HCI)

and water was added to BTPA dissolved in ethanol that had been mixed in advance and
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stirred continuously. After stirring at room temperature for 12 h, the BTPA-derived sols,
that are BTPA (HNO3) and BTPA (HCl), were obtained. To prepare the metal-doped
BTPA sol (BTPA/H,O/HNOs/metal nitrate = 1/300/1/0.5), Fe(NO3)3-9H-0,
Co(NO3)2:6H20, Ni(NO3)2.6H,0, Cu(NO3)2:3H,0, or AgNO3; was added into the
BTPA sol at ambient temperature and stirred for 1 h; each sol was labelled as Fe-BTPA,
Co-BTPA, Ni-BTPA, Cu-BTPA, and Ag-BTPA, respectively. The concentration of
BTPA precursor in each of the sol solutions was maintained at 5 wt% using ethanol,
and the synthetic sols were finally diluted to 0.1 wt% with H>O for membrane fabrica-
tion.

The a-alumina particles (0.2 and 2 um) dispersed in 2 wt% Si0»-ZrO; sol were
coated on the surface of porous a-alumina tubes (length: 100 mm, average pore size: 1
um, porosity: 50%, kindly supplied by Nikkato Cor. (Japan) as the support) to decrease
the pore size, and then calcined at 550 °C for 15 min. This process was repeated 3-4
times to cover all the macropores of the porous a-alumina tube. Thereafter, 0.5 wt%
Si02-ZrO; sol was further coated on the particle layers and calcined at 550 °C for 15
min to obtain the intermediate layer with a pore size of approximately 1 nm. Finally,
the top separation layer was constructed with BTPA and metal-doped BTPA sol (di-
luted to 0.1 wt% using H20), followed by calcination at 150 °C for 30-40 min under a
N> atmosphere. Pure BTPA membranes were fabricated, in addition to 150 °C, at 200
and 250 °C that were marked as BTPA (200) and BTPA (250), respectively.

2.2.2 Characterization
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The colloidal sizes of the BTPA and metal-doped BTPA sols were analysed using a
Malvern Zetasizer (ZEN 3600) with dynamic light scattering (DLS). The obtained sols
were coated onto KBr plates and then calcined at different temperatures under a N>
atmosphere to detect the chemical structures and the thermal stability by a Fourier trans-
form infrared spectrometer (FT-IR-4100, JASCO, Japan). The BTPA-based xerogel
powders that were calcined at different temperature under a N> atmosphere were char-
acterized by an X-Ray diffractometer (XRD) D2 PHASER (Bruker, Germany) with Cu-
Ka radiation in a 26 range of from 5 to 80°. A thermogravimetric mass spectrometer
(TG-MS, TGA-DTA-PIMS 410/S, Rigaku, Japan) was used to detect the thermal prop-
erties of the BTPA-based xerogel powders. The NH3 temperature-programmed desorp-
tion (NH3-TPD) of the xerogel powders was measured using a BELCAT-AT with BEL-
MASS-HT (BELL Cor., Japan) from 50 to 150 °C, and the details of the program as
well as the time courses of the mass signals and temperatures are summarized in the
Supplementary Material (SI-1). The xerogel powders were pre-calcined at 150 °C under
a N2 atmosphere and thereafter evacuated at 130 °C under vacuum conditions for 12 h
and were then used for the N> sorption measurement (BELMAX Inc., Japan).

2.2.3 Single- and binary-gas permeation measurement

High-purity single components of He, Hz, NH3, N2, and CH4 were fed into the outside
of the membrane at upstream pressures of 50-300 kPa, whereas the permeate stream
was maintained at atmospheric pressure. The experimental apparatus is schematically
depicted in Fig. 2-S2. Before the gas permeation test, the membrane was pre-treated

under a He flow at 150 °C overnight to remove the molecules adsorbed in the membrane,
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especially H>O. The permeation test was performed at temperatures ranging from 200
to 50 °C. When the permeation reached a steady state, the film-flow meter (Horiba, Co.
Ltd., Japan) was used to measure the flow rate data of gases, except for NH3, but the
flow rate of NH3 was measured using a mass-flow meter (Horiba, Co. Ltd., Japan)
calibrated via binary measurement (NH3/H> and NH3/N;) from a gas chromatograph
(GC). Furthermore, the permeance of binary gas, equimolar NH3/N> and NHz/H»
mixtures under a constant NH3 flow rate of 600 ml min™!, was measured using a feed
side pressure of 250 kPa and an permeate pressure maintained at atmosphere. The NH3
and H> (or N2) concentrations were analyzed using Ar as the carrier gas in two gas
chromatographs, which are equipped with a Porapack N column (GC-1) and a
Molecular Sieve X column (GC-2), respectively. The film-flow meter was used to
measure the H> and N> flow rates in the permeate side after absolving NH3 in water for
the removal. The NH;3 permeate flow rate was measured using a calibrated mass flow
controller by closing the retentate valve and allowing all feed to permeate.

According to the Hz, N2, and NH3 perameance from 200 to 50 °C, the activation
energies of Hy, No, and NH3 were calculated based on the slope of the regression curve

obtained by using the following equation, which was derived from the modified gas

31,32]

ko; Ep;
Pi: 0,1 exp( P,l)

JMRT ©\ RT

P;: permeance; M;: molecular weight; R: gas constant; Ep;: activation energy of

translation (m-GT) model. !

permeation; kg ;;permeation constant.

2.2.4 DFT calculation
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The interaction between NH3 and metal-doped BTPA is discussed using DFT calcu-
lation. Although the structure of BTPA contains methoxy groups, methoxy groups are
hydrolyzed to form silanol group after hydrolysis and condensation, so hydroxyl groups
are used instead of methoxy groups (SI-3), which can also reduce the computational
burden. The structures of Ha, N2, NH3, Ni, and the redefined BTPA were drawn with

331 together with

GaussView 05 software and optimized by Gaussian 09 D.01 program
the TPSSh-D3(BJ) ¥ method and the mixed basis set that SDD and 6-311g* were
adopted to calculate nickel and other ligands, respectively. The frequency calculation
was carried out after the geometric optimization at the same theoretical level to ensure
that the obtained minimal point contains no imaginary frequency and then the def2-
TZVP B basis set was used to calculate the single point energies.

According to the above-obtained .fchk file generated from vibration analysis, [IGMH
[36]

was applied to analyze the interaction types between Ni-BTPA and NH3 via Multi-

win 7 and visualized via Visual molecular dynamics (VMD) [*8],

2.3 Results and discussions
2.3.1 Role of metal in the BTPA structure

As shown in SI-4, the size of the metal-doped BTPA sol is larger than that of the
BTPA sol, which indicates that the added metal can grow the sol structure due to the
coordination between metal and amine moiety in BTPA by the charge-transfer.

The FT-IR spectrum of metal-coordinated BTPA films pretreated with N> at different
temperatures are shown in Fig. 2-1. The intensity of the characteristic peak of Si-O-Si

increases while that of Si-OH (895 cm') decreases as raising the calcination
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temperature, which indicates that high temperature can induce Si-OH groups to trans-
form Si-O-Si framework. % Although the retained Si-OH could fill the pore structure
and impede the permeation of gas molecules, they, as a polar functional group, could
be beneficial to increase affinity for polar molecules, such as NH3. Additionally, the
characteristic peak of N=0 (1385 cm™") remained in all samples even at 250 °C, imply-
ing that N=0 can be reserved in the BTPA matrix to potentially improve the NH3 affin-
ity by acid-base interactions. The intensity of the characteristic peak of N-H (1585 cm’

1 was mildly decreased with increasing the calcination temperature.

Cu-BTPA Si-0-Si Ag-BTPA Si-0-Si
N=0; =) !
NH' - [\Si-OH N I_’;"'O‘ \Si-OH
__/—_/\\MPL/‘ “T\/V\f‘ T : I
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w
]
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&.
=
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Fig. 2-1. FT-IR spectra of undoped BTPA and various metal-doped BTPA films.

As exhibited in Fig. 2-2, as the temperature increase to 250 °C, the characteristic
peak of N-H functional group was significantly split and shifted to high wavenumber
(blue-shift), which is consistent with previous results 8], Since sol-gel synthesis is a

dynamic process, the water and acid as catalyst in the sol could be removed with higher
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temperature, which could improve the interaction type/intensity between N-H and met-
als/other functional groups, particularly the coordination between N-H and metals due
to the apparent splitting of N-H peak in metal-doped BTPA sols compared with that in

a BTPA sol.

250 °C BTPA Fe-BTPA Co-BTPA

Absorbance

Ag-BTPA

Ni-BTPA Cu-BTPA

I I I I I
1700 1660 1620 1580 1540 15001700 1660 1620 1580 1540 15001700 1660 1620 1580 1540 1500
Wavenumber (cm™) Wavenumber (cm™) Wavenumber (cm™)

PAD

D

Fig. 2-2. The narrow FT-IR spectra of the N-H deformation band ranging from 1700-
1500 cm’!.

2.3.2 TG-MS analysis

As displayed in Fig. 2-3, the weight-loss at temperatures higher than 700 °C of BTPA
prepared with HCl and HNO; as a catalyst are similar, albeit with different weight-loss
stages. The m/z=35 could be attributed to chlorine (CI) for BTPA prepared with HCL
Although it is difficult to categorically assign m/z=35 to a specific weight-loss stages,
the removal of chlorine should be mainly ascribed to stage c, suggesting BTPA prepared
by HCI has a higher initial decomposition temperature, which is probably due to the
formation of stable composites, such as -NH " CI".

Based on the m/z=30 fragment peaks in Figs. 2-3 (b) and (c), the characteristic peak

3 at high temperature could be attributed to the decomposition of the main body of
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BTPA, namely the breakage of the alkyl-amine molecules. [*°) Furthermore, peaks 1 and
2 at lower temperature could be ascribed to N=0 from HNO3, consistent with the fact
that the chlorine decomposes at a higher temperature than N=0. As indicate in Figs. 2-
3 (d) and (e), the decomposition temperature of N=0 in Ni(NOz3),-derived powders,
that was dissolved in H2O and then dried to powder, was slightly lower than that of
fresh Ni(NO3)2-6H>0 probably due to the amorphous structure. Furthermore, because
the characteristic peak of N=0 observed in Ni(NO3),-derived powders was shifted to a
higher temperature at peak 2 in BTPA (HNO:3), indicating that peak 2 could belong to
the coordinated N=0 (stage b) that have coordination and/or hydrogen bonds with met-
als/other functional groups, which could be also assigned to the hydrogen bond between
N=0 and N-H in BTPA (HNO3). Therefore, peak 1 should be attributed to the free N=0

that possible physical adsorbs to BTPA gels located in stage a.
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Fig. 2-3. TG-MS analysis of BTPA prepared using HNO3 and HCI (left); the mass sig-
nal of m/z =30 and m/z = 35 in BTPA prepared using HC1 and HNO3 as a function of
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thermal treatment (right).

As demonstrated in Fig. 2-4 (left), although adding metal to BTPA increased the sol
size (SI-4), the total weight-loss of all BTPA-based powders was similar without a
clearly negative effect. According to the TG-MS analysis of BTPA prepared with HNO3
and HCI, the characteristic peaks at lower and higher temperatures in the signal curve
of m/z=30 could be ascribed to the ion fragments of N=0 and alkyl-amine molecules,
respectively. Peak 1 that belonged to the free N=0 in BTPA disappeared in metal-doped
BTPA and shifted to high temperatures that was most clearly observed for Ni-BTPA,
indicating that the metal doping could also contribute to interactions with N=0 due to
its multiple coordination numbers. Moreover, the alkyl-amine functional groups were
more easily decomposed at around 200 °C after doping metal into BTPA, which could
be ascribed to the competitive interactions caused by the coordination between the
metal and N=0/N-H, the acid-base interaction between N=0 and N-H, and/or the cat-
alytic effect of doped metals on the decomposition. Therefore, both BTPA and metal-
doped BTPA can reserve more N=0O at lower calcination temperature to strengthen the

affinity for NH3 by acid-base interaction.
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Fig. 2-4. TG-MS analysis of undoped BTPA and BTPA doped with different metals
(left); the mass signal of m/z =30 in undoped BTPA and BTPA doped with different
metals as a function of thermal treatment (right).

2.3.3 NH3-TPD and XRD

Fig. 2-5 shows the NH3 adsorption and desorption amounts of PFSA, such as Nafion
and Aquivion, BTPA, and metal-doped BTPA xerogel powders. The details of the meas-
urements appear in SI-1. Firstly, BTPA, as an organosilica species, still has comparable
NH3 adsorption amounts compared with Nafion and Aquivion in Fig. 2-5. It should be
noted that PSFA has sulfonic groups of 1.0 meq g!, indicating approximately one sul-
fonic group adsorbed one NHs in an ion-exchanged manner. All metal-doped BTPA
powders have excellent NH3 adsorption amounts compared with pure BTPA and PFSA
due to the affinity/coordination between metal and NH3, since the coordination could
be induced by Lewis-acid/base and/or electrostatic interactions in nature. The Ni-BTPA
xerogel powder has the highest NH3 adsorption amount (1.77 mmol g™!) that is almost

2-4 times higher than BTPA and PFSA, which could be attributed to the fact that nickel
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has a six-coordination number and a greater affinity for polar NH3 than other metals,
[41:42] suggesting metal-doped BTPA has the potential to separate NHs. Although Fe and
Co also have six coordination numbers, which have a weaker affinity with NH3 that
could be ascribed their slightly less electronegativity (Fe: 1.80; Co: 1.88) than Ni (1.91)
and Cu (1.90). 3 Ag has the smallest coordination number and therefore has a low
affinity with NH3. Previous studies have shown that the binding energy (eV) between
Ni and N-H from X-ray photoelectron spectroscopy is higher than that for either Cu or
Ag. 81 Because of the similarity between NH3 and N-H, these binding energies could
also be used to confirm the affinity of metals for NHs.

Fig. 2-S1 (c) shows the N> adsorption-desorption isotherms for BTPA-based xerogel
powders at -196 °C. Although the adsorption isotherm of metal-doped BTPA is higher
than that of undoped BTPA, all BTPA-based xerogels exhibit near poreless properties
of less than 0.5 cm? (STP)g™!, which could be attributed to alkyl chains in the BTPA
monomer. Therefore, the difference in NH3 adsorption amount for metal-doped BTPA
and undoped BTPA could be mainly ascribed to the affinity of the metal and/or func-

tional groups (Si-OH, N=0, and N-H).
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Fig. 2-5. NH3-TPD of BTPA and different metal-doped BTPA at 150 °C.

Fig. 2-6 shows the XRD patterns of BTPA and metal-doped BTPA xerogel powders
at different calcination temperatures. No clear characteristic peak of metal particles was
detected in any samples at 150 °C, indicating that the coordination interaction between
metal ions and N-H is stable at low temperature. 281 When the temperature rises to
200 °C, however, the characteristic peaks of metal particles appears in Ni-, Cu-, and
Ag-BTPA powders, especially Ag-BTPA powder showed clear peak due to the weak
coordination between Ag and N-H. ?®! Nonetheless, there was no characteristic peak of
metal particles for Fe- and Co-BTPA, indicating doped metals can be distributed in
amorphous phase and fewer metal particles were formed, below the detection limit of
the instrument. Therefore, Fe-, Ni-, and Ag-BTPA sols were selected to fabricate the
membrane to explore the permeance and permselectivity for different gas molecules,

particularly for NH3.
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Fig. 2-6. Wide angle XRD patterns for BTPA and different metal-doped BTPA at dif-
ferent calcination temperatures.

Based on the abovementioned characterizations, the formation mechanism for a
metal-doped BTPA network is schematically depicted in Fig. 2-7. Uncalcined gel con-
sists of siloxane bonds as the main chain and silanol groups formed by the hydrolysis
of methoxides (Si-O-Me), showing the loose structural network. After calcination at
150 °C, the silanol groups can be partially condensed to transform siloxane bond com-
pared to fresh silica gel, resulting in the organosilica network. With increasing the cal-
cination temperature, the decomposition of N=O could leave more sub-nanometer
space and the Si-OH group would further condense to transform Si-O-Si. Meanwhile,
metal particles appear because the coordination between metal and N-H can be partially

destroyed at high temperature. Unlike the transformations at temperatures of 200 °C or
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higher, most N=0 and Si-OH functional groups are retained at lower temperatures,
which could increase the affinity and promote adsorption and diffusion of polar mole-

cules and contribute to improve NH3 adsorption as clearly shown in NH3-TPD and se-

lective permeate through membranes.
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Fig. 2-7. Schematic illustration of the establishment of a metal-doped BTPA network
at different calcination temperatures.

2.3.4 Interaction types and energies between Ni-BTPA and NH3

The metal atoms grafted to the silica by metal-O-Si bond were proposed to study
NH3 adsorption sites, such as metal-OH and Si-OH, in metal-doped silicates. [**! In the
present study, the interaction mechanism between metal-doped BTPA and NH; was ex-
plored. Because of the charge-transfer between the lone pair of electrons of the amine
group in BTPA and the empty d orbital of the transition metal, the transition metal co-

ordinated with the amine group and the metallic nanoparticles could be considered as
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the most favorable form in this case. Therefore, the following three types of interaction
scenarios between Ni-doped BTPA and NH3 as shown in SI-5 have been simulated: (a)
interaction between Ni-coordinated BTPA and NH3; (b) interaction between Ni nano-
particles and NH3; and (¢) interaction between amine in Ni-coordinated BTPA and NHs.

Fig. 2-8 shows the interaction type/intensity of intersegments (dginer) by projecting
functions (sign[A2(r)p(r)]) onto the IGMH isosurface with different colors. The more
negative region of vertical axis (blue area), the more attractive interaction with NH3,
while the green negative region corresponds to van der Waals forces. The distance of
NiN (N-H) of 1.8776 A in Fig. 2-8 (c) was stretched to 1.9146 A in Fig. 2-8 (a) since
nickel interacts with both N-H and NH3, implying a competitive coordination between
nickel and N-H/NH;. The length of Ni-*N(NH3) (1.8901 A in Fig. 2-8 (a)) was shorter
than that of Ni*N (N-H) (1.9146 A in Fig. 2-8 (a)), which indicates that compared with
the interaction of N-H, NH3 interacts more strongly with nickel. Likewise, the distance
between the Ni nanoparticle and NHj3 is shorter than that between the Ni-coordinated
BTPA and NH3 as shown in Figs. 2-8 (a) and (b). Regarding the interaction energy, both
coordinated nickels and nickel particles in Ni-doped BTPA have the large interaction
energy for NH3 (-40.06 and -50.24 kcal mol ™) 9 by the synergy between coordination
and hydrogen bond, which significantly surpasses the interaction energy between N-H
and NH3 (-7.77 kcal mol™! in Fig. 2-8 (c)). This means that compared with N-H groups,
nickel has a stronger affinity for NH3: Ni-BTPA >> BTPA.

Among the three types of interaction shown in the isosurface plots, both the nickel

coordinated with N-H and nickel particles will anchor NH3 through the coordination
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with strong affinity. In addition, nickel nanoparticles, which were confirmed to be
formed under a high Ni/N-H molar ratio and/or a high calcination temperature, has a
stronger coordination with NH3 than Ni coordinated to the amine group from the scatter
plots in Fig. 2-8 (b) due to the shorter interaction distance (1.8500 A) and hydrogen
bonds between amine and NH3. Additionally, the acid N=0O groups from HNO3 and/or
metal nitrates remained in the organosilica network even at higher temperatures as dis-

cussed in FT-IR and TG-MS, so the hydrogen bond between N=0 and NH3 caused by

acid-base interaction is also not negligible.
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Fig. 2-8. Color-filled IGM isosurface and scatter plots depicting the average interac-
tion regions for Ni-BTPA.

2.3.5 Gas permeation properties of metal-doped BTPA membranes

As demonstrated in SI-6, BTPA membranes calcined at 150, 200, and 250 °C have
different performance for H», N», and NH3 permeation due to the structural differences
obtained at different calcination temperatures. According to the gas permeance and the
activation energies of H, and N> permeation, BTPA membranes calcined at 200 and
250 °C have higher gas permeance, that is lower permeation resistance than that at
150 °C, which could be attributed to the removal of N=0 and the condensation of Si-
OH to transform Si-O-Si, leaving more sub-nanometer space for gas permeation.

Interestingly, NH3 had the highest 1.5x10°mol m™ s™! Pa™! in BTPA (250) and was
always more permeable than H> and N», which could be explained by selective adsorp-
tion and diffusion of NH3 through these membranes. However, the NHj3 selectivity grad-
ually decreases with calcination temperature, as shown in Fig. 2-S7, indicating that en-
larging pore size at high temperatures cannot be useful to NH3 selective permeation by
molecular sieving and the reduction of N=0 and Si-OH would decrease the surface
affinity for NH;. BTPA membrane calcined at 150 °C showed NHj3; permeance at
9.6x107" mol m? s Pa™! with ideal NH3/H> selectivity of 12 and NH3/N> selectivity of
129 at 150 °C due to the appropriate pore size and retaining as much polar functional
groups (Si-OH, N=0, and N-H) as possible.

Fig. 2-9 shows the time courses for Ha, N2, and NH3; permeance through Ni-BTPA
membrane calcined at 150 °C. The measurement was initiated at 150 °C, followed by

temperature dependency in the range from 50 to 200 °C. After permeating Ho, N>, and
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NH;3 at 200 °C, the Ho, N2, and NH3 permeance and H»/N» selectivity at 150 °C were
approximately the same as the initial values, indicating that BTPA-based membranes
have considerable thermal stability and adequate NH3 resistance. The BTPA-based
membranes calcined at 150 °C retained the optimum number of functional groups, such
as Si-OH, N=0, and N-H, and also demonstrated optimum stability at higher tempera-

ture.
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Fig. 2-9. Time course for single Ha, N>, and NH3 permeance at temperatures ranging
from 50 to 200 °C for Ni-BTPA membrane calcined at 150 °C.

Fig. 2-10 shows single-gas permeance (left) and dimensionless permeance normal-
ized with He permeance (right) for BTPA, Fe, Ni, and Ag-BTPA membranes. Perme-
ance of the gases followed the order of Ni-BTPA > Fe-BTPA = Ag-BTPA > undoped
BTPA, which is consistent with previous results, but the gas permeance was not signif-
icantly increased compared with membranes calcinated at 250 °C. [**] The permeance
of the gases decreased as the molecular diameter increased, showing the molecular siev-
ing effect. The dimensionless permeance of the gases indicates that the gases perm-

selectivity decreased following the doping of metal ions into BTPA, which is consistent
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with the higher permeance for He, H>, N2, and CH4 molecules due to the enlargement

of pore size by the coordination between the metals and the N-H groups.
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Fig. 2-10. Kinetic diameter dependence of single-gas permeance at 200 °C for BTPA
and different metal-doped BTPA.

Fig. 2-11 shows the temperature dependency of H», N2, and NH;3 permeances of
BTPA and metal-coordinated BTPA membranes. NH3 had the highest permeance and
increased with increasing temperature for all BTPA-based membranes, which is differ-
ent from the Nafion and Aquivion membrane that exhibited the highest NH3 permeance
but decreased NH3 permeance with temperature arise from 50 to 200 °C. 1?7 BTPA
membrane showed the lowest H> and N> permeance among all types of BTPA-based
membranes due to the dense structure formed by the flexible bridged-BTPA monomer,
but the higher NH3 permeance than H> and N further confirms that NH3 permeation
was dominated by a solution-diffusion mechanism induced by the adsorption of NH3.

The H> and N> permeance, as the non-adsorptive gases, of all metal-doped mem-
branes were higher than those of BTPA, indicating that metal doping into BTPA en-

larged the pore size and increased porosity of the organosilica network, resulting in an
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increasing gas permeance as discussed in Fig. 2-10 (left). Additionally, the efficient
affinity of the metal to NH3 also greatly improves the selective adsorption and perme-
ation of NHj3 through the membrane. Although the kinetic diameter of NH3 can be as-
sumed to be 0.326 nm [27] that is larger than that of H, and smaller than that of N2, so
that NH3 permeance is always higher than N> or even H». This can be explained by the
fact that the adsorption and diffusion of NH3 contributed to membrane permeation, and
an increase in temperature is beneficial to the permeation of NH3 within the membrane
even if it would reduce the NHj3 adsorption amount. It should be noted that the enlarged
pore size for all metal-doped membranes could increase the permeance, but an exces-

sive expansion of pores would reduce NHj selectivity. [©]
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Fig. 2-11. Temperature dependence of single-gas permeance for BTPA and different
metal-doped BTPA membranes range from 50 to 200 °C.

Metal-coordinated BTPA membranes exhibit superior NH; permselectivity compared
with undoped BTPA membrane even at high temperature due to the strong affinity be-
tween metal and NH3 as shown in Fig. 2-12. Generally, the low temperature tends to
promote NH3 adsorption in a membrane but decreases the diffusivity of NH3 within the

membrane matrix, while the high temperature accelerates the transport of NH3 through
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the membrane, irrespective of the decrease in NH3 adsorption. Therefore, the tempera-
ture dependency of permeance is determined by the balance of adsorption and diffusion.
BTPA-based membranes show activated-diffusion permeance since the activation en-
ergy of diffusion surpasses the adsorption enthalpy due to the strong affinity with metal
and to the limited vibration of organosilica networks. Among the BTPA-based mem-
branes, Ni-BTPA membrane showed the best performance, that single-component NH3
permeance of ~2.8x10°° mol m? s™! Pa”! was obtained with an ideal NH3 selectivity of
11 for NH3/H; and 102 for NH3/N> at 200 °C, while the NH3 permeance was 1.3x107,

2.2x10°%, and 1.6x10° mol m? s Pa™! for BTPA, Fe-BTPA, and Ag-BTPA, respectively.
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Fig. 2-12. NH; permeance and selectivity at 50 (left) and 200 °C (right) as a function
of metal affinity.

-
e
3

SI-7 shows the time courses for H> and N> permeance before and after NH3 permea-
tion at 50 and 200 °C, indicating that Ni-BTPA membrane has sufficient thermal stabil-

ity and NHj; resistance. Moreover, Fig. 2-13 shows the single-gas and binary-gas
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selectivities and permeance for NHs, H», and N> for Ni-BTPA membrane with a negli-
gible mixing effect at 50 °C. The permeance of H»/N2/NH3 and NH3 selectivity in binary
gas permeation were almost constant and almost consistent with that in single gas per-
meation, meaning that NH3 permeation was not almost decreased/blocked the H> and

N> permeance in Ni-BTPA membrane at 50 °C.
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Fig. 2-13. Time courses of selectivity and permeance of NH3, Ho, and N> in single gas

and binary gas for Ni-BTPA membrane at 50 °C, the binary gases were equimolar
NH3/H> and NH3/N>, respectively.

Since green NH3 has begun to attract a great deal of attention, many types of mem-
branes have been developed. SI-8 summarizes the H, N2, and NH3 permeation proper-
ties of different membranes. Recently, we developed PSFA/ceramic composite mem-
branes, and reported the high NHj3 separation performance which surpassed conven-
tional membranes that could be ascribed to the thin separation layer, and the excellent
selectivity that can be attributed to the sulfonic acid functional groups in PSFA. The
comparison of the permeation properties of PSFA/ceramic and the present BTPA-based
membranes is summarized for permeation temperatures of 200 and 50 °C in the top and

bottom of Fig. 2-14, respectively. The high Ho/N» selectivity reaching 18 for PFSA-
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based membranes exceeds the H2/N selectivity of ~10 for BTPA-based membranes at
50 °C as indicated in Fig. 2-14 (d), indicating that its pore size is much smaller than
that of BTPA-based membranes, which could be beneficial to improve the NH3/H» and
NH3/N; selectivity by molecular sieving. ¢! Secondly, the strong coordination of the
metal for NH3 (-40-50 kcal mol™! in Fig. 2-8 and ref. 45) could slow NHj; diffusion
(large activation energy of diffusion) through the membrane, irrespective of NH3 ad-

46471 have confirmed that

sorption amount, consistent with NH3-TPD. Previous studies !
the coordination between metal and NHj3 is too large to easily release NHs from the
adsorption state of NH3. Thus, at 50 °C (Figs. 2-14 (e) and (f)), PSFA-based membranes,
such as Nafion that displays an NH3 permeance of 2.9x10° mol m? s™! Pa! and NH3/N;
selectivity of 731 and NH3/Ha selectivity of 40, are superior to BTPA-based membranes,
such as Ni-BTPA with NH; permeance of 1.5%10°° mol m™ s™! Pa"! and NH3/N; selec-
tivity of 277 and NH3/Ha selectivity of 27.

On the other hand, under high operation temperature, the flexible membranes tend to
enlarge the pore size induced by thermal vibration and reduce the adsorption amounts
of polar gases. The increased N> permeance and decreased Ho/N; selectivity at 200 °C
were observed, especially for PFSA, as the polymers that have extremely flexible struc-
tures, as evidenced by Ha/N» selectivity from 18 at 50 °C down to ~10 at 200 °C as
shown in Figs. 2-14 (a) and (d). On the other hand, BTPA, as an organosilica membrane,
has a relatively rigid structure because the alkyl-amine chain can be constrained by two

silicon and/or metals. Therefore, the pore size can be only slightly affected by thermal

vibration, which has been confirmed by the approximately constant H2/N> selectivity
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of ~10. The NH3 permeance in PFSA-based membranes decreased with rising temper-
ature, for example, from 1.9x10%at 50 °C down to 9.1x107" mol m? s™! Pa’! at 200 °C
together with dramatic decrease in NH3/H; selectivity from ~40 to ~2 for Aquivion-Li*
membrane in Figs. 2-14 (b) and (e). On the contrary, the NH3 permeance in BTPA-
based membrane increased at high temperature, such as, from 1.5x 107 at 50 °C rise to
2.8%10°° mol m? s! Pa! at 200 °C with a slight decrease in NH3/Ha selectivity from
~20 to ~10 for Ni-BTPA membrane. Therefore, metal-doped BTPA membranes show
superior NH3/H» and NH3/N» selectivity and NH3z permeance at 200 °C compared with
PSFA-based membranes as shown in Fig. 2-14 (c), which could be ascribed to the fact
that the higher temperature can promote NHj3 diffusion through the membrane. In addi-
tion to controlling the pore size of the membrane, the NH3 adsorption/affinity on the

membrane surface and the solution-diffusion of NH3 within the membrane should be

reasonably controlled, which can be more beneficial to NH3 permselectivity. [*}!
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Fig. 2-14. Trade-off of the selectivity and permeance at 200 (above) and 50 °C (be-
low) for BTPA and different metal-doped BTPA membranes; Each point indicates the
permeance of the different membranes for H> and N> (a, d), and for NH3 and H> (b, e),
and the relationship between NH3/H> and NH3/N> (c, f).
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BTPA-based membranes with higher NH3 permeance and selectivity at higher tem-
peratures also provide preferable solutions for NH3 synthesis or decomposition mem-

[49:50] hecause

brane reactors that have attracted a great deal of attention in recent years,
higher synthesis or decomposition temperatures are more conducive to the efficient uti-

lization of NHs.

2.4 Conclusions

The gels obtained by doping metal into BTPA with the coordination between metal
and amine groups showed remarkable NH3 adsorption and desorption capacity. The af-
finity for NH3 was greatly enhanced by metal-induced coordination and hydrogen
bonds and/or van der Waals interactions caused by N-H, N=0, and Si-OH functional
groups by analyzing intermolecular interaction type. The Ni-BTPA membrane showed
the highest NH3 permeance of ~2.8x10°° mol m? s! Pa™! with ideal NH3/H> and NH3/N»
selectivity that reached 11 and 102 at 200 °C, respectively. Finally, the competitive co-
ordination interaction between metal and nitrogen species (NH3 and N-H) that results

from the charge-transfer tends to promote NH3 adsorption and permeation.
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Supplementary Material

The xerogel powders were pre-treated at 150 °C to remove any adsorbed molecules
under dry helium (He) at 30 ml min™' for 120 min, followed by temperature decreases
from 150 to 35 °C, and were then cooled and maintained at 28 °C for 60 min. After
pretreatment of the xerogel powders, 5% NH3/95% He mixture gas was fed into the
system at 30 ml min™! for 90 min together with Ar as non-adsorption gas at 1 ml min’!
at 30 °C, Then pure He was fed at 30 ml min™! for 120 min. After that, NH3 desorption
was performed at 40 °C for 120 min, then the temperature was raised from 40 to 150 °C
at 10 °C min™!, and held 150 °C for 60 min. The NH; adsorption and desorption amounts

were calculated using the following equations (Eq-1 and Eq-2), repectively:

INH3, in
) ) IAr,t—IAr P INH;,t
NH; adsorption amount=— [ =~ [ —=2—— dt Eqg-1

m 7t INH;, in NH3

. o 1 rtd [ INH3t
NHj; desorption amount (50—150 C)—; ft3 (INH; m) QNH3 dt Eg-2
m: weight of sample (g); I; ;,: intensity of the feed i-th component; I; .: intensity of

the feed i-th component at each moment; Qyp,: flow rate of NHs.

Each sample was measured 3 times to calculate the average amount of NHj3

adsorption and desorption.
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Fig. 2-S1. Time course of mass intensity and temperature during NH3-TPD measure-
ments for Ni-BTPA powder (a); Intensity of NH3 (m/z=16) during NH3 desorption
measurements for BTPA and metal-doped BTPA powders (b); N> adsorption-desorp-
tion isotherms for BTPA-based xerogel powders at -196 °C, where the powder was
obtained at a calcination temperature of 150 °C (c).
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Fig. 2-S6. Temperature dependence of single-gas permeance for BTPA calcined at
150, 200, and 250 °C. Gas permeance was measured at temperatures ranging from 50

to 150 °C.
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SI-7
As exhibited in Fig. 2-S8, the H> and N> permeance before and after NH3 permeation
at 50 °C were similar or slightly decreased for all membranes. At 200 °C, the H, and
N> permeance and the Ho/N» selectivity were approximately the same before and after
NH3 permeation of 3 h, meaning that the pore size and structure of the membrane could
not be clearly changed. Therefore, the BTPA-based membranes showed sufficient sta-

bility under NH3 even at 200 °C.
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Fig. 2-S8. Time courses for the gas permeance of undoped BTPA and BTPA gels
doped with different metals at 200 and 50 °C.
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SI-8

Figs. 2-S9 and S10, all data of which are summarized in Table 2-S1, show the per-
meation properties of NH3/H2 and NH3/Na, respectively, for various types of mem-
branes including polymer, inorganic, and hybrid materials in a wide range of permea-
tion temperatures. Several polymers-, such as sulfonated block copolymer membranes,
and zeolite-based membranes, such as ZIF-21 membrane, exhibited comparable NH3
permeance (>10”7 mol m? s! Pa™!') and remarkable NH3/Hx (>100) and NH3/N> (>1000)
permselectivity at approximately room temperature, which could be attributed to the
excellent NHj3 affinity by hydrogen bonds, acid-base interaction, dipole-dipole interac-
tion, and coordination. However, these membranes using at high temperatures clearly
cannot meet the growing demand for NH; separation, and only a few of these mem-
branes showed NHj3 permeance exceeding 10° mol m? s™! Pa™!. For PFSA-based mem-
branes, such as H'-Nafion, Ag'-Nafion, Nafion/ceramic, or Aquivion/ceramic mem-
branes, both NH3 permeance and permselectivity greatly decreased with increases in
the temperature. In this work, metal-doped BTPA membranes showed considerable NH3
permeance that increases with raising temperatures and acceptable permselectivity even
at 200 °C, which could be ascribed to the enlarged pore size via the coordination be-
tween metal and N-H and the improved NHj3 affinity through metal, N=0, N-H, and Si-
OH. Increasing the operating temperature of membranes in NH3 separation will un-
doubtedly broaden membrane applications, such as membrane reactors, but NH3 perm-

selectivity would always decrease under high temperatures.
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Table 2-S1. Data for the selectivity and permeance of various membranes.

Temperature ~ NHj3 permeance

Name NHi/H NH3/N Ref
[°C] [mol m? s Pa’] e e
Poly(vinylammonium thio- 24.0 1.6750E-08 6000.0 3600.0 !
cyanate) 50.0 6.7000E-08 1390.0 2000.0
ZIF-21 25.0 5.7900E-07 12.0 35.0 2
MFI 25.0 2.3000E-06 307.0 2236.0 3
Nexar/[Eim][NTf] 25.0 9.2829E-07 264.0 1407.0 4
Neat Pebax 25.0 1.9959E-07 70.1 406.7 5
Sulfonated block copoly- 6
mers 25.0 2.0100E-07 90.0 100.0
Polypropylene/Nafion 25.0 3.3500E-06 500.0 2000.0 7
50.0 1.0200E-07 28.7
TEOS 8
50.0 1.0400E-07 0.1
) 50.0 2.8544E-06 40.3 730.9
Nafion/ceramic 9
200.0 1.9355E-06 2.6 24.8
. ) 50.0 2.7100E-06 118.6 2085.9
Aquivion-H"/ceramic 9
200.0 1.6800E-06 6.3 73.9
. ) ) 50.0 1.8800E-06 447 465.6
Aquivion-Li*/ceramic 9
200.0 9.0500E-07 1.9 223
Immobilized molten salt 250.0 3.3500E-06 3000.0 1000.0 10
21.0 2.5735E-07 3000.0
H*-Nafion 11
200.0 3.4743E-08 3000.0
21.0 1.5441E-07 600.0
Ag*-Nafion
200.0 3.1434E-08 300.0
50.0 3.2208E-07 20.6 214.2 This
BTPA
200.0 1.3107E-06 7.1 78.1 work
50.0 1.1110E-06 24.6 237.6 This
Fe-BTPA
200.0 2.2437E-06 9.9 90.6 work
) 50.0 1.4614E-06 273 276.7 This
Ni-BTPA
200.0 2.7995E-06 10.8 101.7 work
50.0 6.5437E-07 15.7 142.6 This
Ag-BTPA

200.0 1.6300E-06 73 64.7 work
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Chapter 3
Optimization of Ni-amine coordination for improving NH3 permea-
tion through nickel-doped bis[3-(trimethoxysilyl)propyl] amine mem-

branes

3.1 Introduction

Ammonia (NH3), in addition to increasingly being promoted as one of the most im-
portant chemicals, is highly expected to act as the energy carrier for hydrogen storage
(theoretical H content of 17.6 wt%) and transportation due to its easy liquefication. [
Because of the limited reaction rate of reversible NH3 synthesis, the NH3 separation
would be a pre-requisite for using a technique and/or materials with sufficient separa-
tion factors to promote/move the reaction during NH3 synthesis, which would improve

[34

NH; synthesis efficiency. **! Technologies such as condensation, adsorption-desorp-

tion, biofiltration, and membrane separation have been used to separate and purify NH3
from the mixtures through physical transformation and/or chemical affinity. >-%]
Gas membrane separation technologies that couple controllable pore size, selective

adsorption, and thermal stability have received much attention for CO, [*!°! and NH3

[1L12) geparation. Polymer membranes '), zeolite/metal-organic framework membranes

[14] 15,16

, ionic liquids/deep eutectic solvent-based membranes [!>1¢], and silica-based mem-
branes ' were recently developed to increase NH3 permeance with high selectivity.
Among them, some fluorinated polymer membranes with sulfonic groups have shown

excellent NH3 selective permeation due to the adsorptive interactions between NH3 and

sulfonic groups. ['¥! Membranes fabricated by introducing ionic liquids/deep eutectic
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solvents into polymers have exhibited excellent NH3 solubility, diffusivity, and selec-
tivity via hydrogen bond. [!*?° Moreover, the remarkable NH; permeance (1.1-2.3x10
® mol m? s! Pa!) and selectivity (NH3/Hz: 307 and NH3/N2: 2236) 2! have been ob-
tained via metal affinity with NH3; when using zeolite framework membranes at room
temperature under high pressure 22!,

Besides, the NH3 permselectivity is known to be enhanced via preferentially adsorb-
ing NH3 on silica-based membrane to hinder H, permeation under low temperatures.
(23] Organosilica membranes, such as pyrimidine-bridged organosilica and bis[(trial-
koxysilyl)propyl]amine-based, ?*?*] have been used for polar gas separation and re-
verse osmosis. Introducing different functional groups and/or side-links into the silica
precursor can also effectively adjust the network pore size and the affinity with the
molecules targeted for separation. 26271 Therefore, amorphous silica-based mi-
croporous membranes, which have high thermal stability, sufficient chemical stability,
and flexibility, can be strengthened by fine-tuning the structure.

Recently, metal-doped bis[3-(trimethoxysilyl)propyl] amine (BTPA) membranes
have shown comparable NH3 permeance and high NH3 permselectivity even at 200 °C.
(28] Transition metals such as iron, nickel, and silver were anchored in the structure of
BTPA via coordination between metal and amine groups (N-H) to enlarge the pore size
(29 and improve NHj affinity. NH3 temperature-programmed desorption (NH3-TPD)
and single-gas permeation have stablished in Ni-coordinated BTPA as having the

strongest NH3 adsorption capacity and the highest NH3 permeance with excellent NH3

permselectivity among different metal ions (Fe, Ni, and Ag). The effect of doping
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amount of nickel deserves to be investigated for Ni-doped BTPA membranes in detail,
which can optimize the NHj affinity based on Lewis acid-base interaction between
nickel and NH3, and improve the selective permeation properties.

In this work, Ni-doped BTPA sols and xerogels with nickel/propylamine (Ni/N-H)
molar ratios of 0, 0.125, 0.25, 0.50, and 1.00 were prepared and characterized through
FT-IR, UV-vis, TG-MS, XRD, and NH3-TPD to account for the affinity of nickel with
NH;. Both single- and binary-gas permeation was measured using Ni-doped BTPA
membranes with varying nickel content to evaluate the NH; permselectivity. Particu-
larly, the existence form and permeation mechanism of NH3 in BTPA-based membranes
were detailedly expounded by comparing NH3 permeation in perfluorosulfonic acid
(PFSA)-based membranes. Molecular dynamics simulations were applied to visualize
and explain the action mechanism between molecules and/or the organosilica network
as well as both the interaction types and intensity between H»/N»/NH3 and Ni-doped

BTPA.

3.2 Experimental and computational
3.2.1 Sol preparation and membrane fabrication

Fig. 3-S1 displays the sol and membrane preparation processes that can be found
elsewhere. ?*?%1 Briefly, BTPA precursors, Ni(NOs3)-6H20, H>O, ethanol, and HNOs
as the catalyst were used to prepare the BTPA-based sols via the sol-gel method. The
molar compositions of the reagents were as follows: BTPA/H.O/HNO; = 1/300/1 with
Ni/N-H molar ratios of 0, 0.125, 0.25, 0.50, and 1.00. A specific amount of BTPA was

firstly dissolved in ethanol and then a pre-prepared mixture of HoO and HNO; was
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added under continuous stirring. After hydrolysis and condensation reactions for 12 h,
the undoped BTPA sol was obtained. Furthermore, Ni-doped BTPA sols with different
nickel contents were prepared by dissolving different weights of Ni(NO3)2.6H>O in wa-
ter and then placing the mixtures into the pre-reacted BTPA sol for 1 h, and these were
then labelled as 0.125, 0.25, 0.50, and 1.00 Ni-BTPA. During the preparation process,
ethanol was used to control the concentration of the BTPA precursor in the sol solution
at 5 wt%.

The macropore on the surface of porous a-alumina tubes (length: 100 mm; average
pore size: 1 um; porosity: 50%; kindly supplied by Nikkato Ltd., Japan) as the support
were coated using the a-alumina particles (0.2 and 2 pm) dispersed in a 2 wt% SiO»-
ZrO> sol, which was calcined at 550 °C for 15 min. The coating-calcination was re-
peated 3-4 times to cover all the macropores of the support to form the porous a-alu-
mina particle layers. After that, the particle layers were further coated with a 0.5 wt%
Si02-ZrO; sol to reduce the pore size to ~1 nm, which was also calcined at 550 °C for
15 min to acquire the intermediate layer. The pore size of the SiO2-ZrO: intermediate
layer was estimated under a N, flow via Nanopermporometry, % as exhibited in Fig.
3-S2. Finally, the synthesized BTPA-based sol solutions were diluted with water to 0.1
wt%, then the diluted sols were coated on the intermediate layer to construct the top
separation layer, which was calcined at 150 °C for 30-40 min under a N> atmosphere.
A more detailed account of the membrane fabrication process can be found elsewhere.

[29]

3.2.2 Characterization
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The size distribution of the above-synthesized sols was analysed using dynamic light
scattering (DLS, Malvern Zetasizer ZEN 3600). A Fourier transform infrared spectrom-
eter (FT-IR-4100, JASCO, Japan) was used to analyse the chemical structures of the
samples that was prepared by coating the sols onto KBr plates, and the samples were
calcined at different temperatures under a N> atmosphere to examine the thermal sta-
bility. All BTPA-based xerogels as well as the fresh Ni(NO3)2-6H20 and its derived
powders that were obtained after being dissolved in water and dried were analysed uti-
lizing an Ultraviolet-visible spectrometer (UV-570, JASCO, Japan). The thermal prop-
erties of xerogels were evaluated using a thermogravimetric mass spectrometer (TG-
MS, TGA-DTA-PIMS 410/S, Rigaku, Japan). The xerogel powders were pre-treated at
different temperatures under a N> atmosphere and characterized using an X-Ray dif-
fractometer (XRD, D2 PHASER Bruker, Germany) in a 26 range of from 2 to 80°. The
scanning electron microscopy (SEM, HITACHI S-4800, JEOL, Japan) was used to ex-
amine the membrane morphology. The xerogel powders were firstly calcined at 150 °C
under a N> atmosphere and further evacuated at 130 °C under vacuum conditions for
12 h, the pre-treated powders were used for N2 sorption measurement (BELL Inc., Ja-
pan).

The NH3 adsorption and desorption amounts were analyzed using a BELCAT-AT
equipped with BELMASS-HT (BELL Inc., Japan) based on the following proceduce
and calculated by the equations (Eq-1 and Eq-2), repectively. The xerogel powders
were pre-treated at 150 °C to remove any adsorbed molecules under dry He at 30 ml

min™! for 120 min, followed by decreasing the temperature from 150 to ca. 30 °C, and
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then maintained at ca. 30 °C for 60 min. Then, a 5% NH3/95% He mixture gas was fed
into the system at 30 ml min™! for 90 min together with Ar as a non-adsorption gas at 1
ml min™! at ca. 30 °C from time #; to #>. After reaching adsorption equilibrium, pure He
was continuously fed at 30 ml min™ for 120 min, and at 40 °C for 120 min. Finally, the
temperature was raised from 40 (time: #3) to 150 °C (z4) at 10 °C min’!, and held at
150 °C for 60 min.

i
) et [ ane - Ik
NH; adsorption amount=— | N

m 't INH5, in

NH; desorption amount (40—150 °C)= i ftt; (I;ﬁ?;) Qup, dt Eq-2

m: weight of sample (g); I; ;,: intensity of the feed i-th component; I; .: intensity of
the feed i-th component at each moment; Qyp,: flow rate of NHs.

The average amount of NH3 adsorption and desorption was calculated according to
the data from the measurements that were repeated 3 times. Fig. 3-S3 in the Supple-
mentary Material (SI-3) shows the temperature-program and the time course of mass
signals.

3.2.3. Single- and binary-gas permeation measurements

Fig. 3-1 schematically depicts the experimental apparatus, which was used for the
gas permeation. High-purity He, Ha, NH3, N>, CH4, CF4, and SFs were fed to the outside
of the membrane under upstream pressures at 50-300 kPa, and the permeate stream was
kept at atmospheric pressure. Prior to the measurement of the gas permeation, the mem-
brane was pre-processed under a He flow at 150 °C for least 6 h to remove the adsorbed

water molecules. Single-gas measurements, except for NHs, were performed at 50 to

200 °C using a film flow meter (Horiba, Co. Ltd., Japan) to collect the flow-rate values.
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In order to record the flow-rate values of NH3 permeation, the mass flow meter 4 (Fig.
3-1), that has been calibrated via a gas chromatograph (GC) using Ar as the carrier gas,
was used to measure the flow rate of permeated NH3 by closing the retentate valve (V-
10a in Fig. 3-1). For binary-gas permeation, GC-1 and GC-2 equipped with a Porapack
N column and a Molecular Sieve X column were used to analyze the NH3 and H: (or
N») concentrations, respectively. Generally, the flow-rate data of gases were recorded
at least 3 times and then averaged when the permeation reached a steady state. And the
errors in the flow-rates of the gases were less than 5% when the permeance was larger

than 101 mol m? s Pa’! and less than 50% for a the permeance smaller than 10° mol

mZs!Pal.

Gas cylinder
Pressure controller
Pressure gauge
Mass flow controller
Stop valve
Membrane module
Furnace

Membrane

9 Temperature controller (TC)
10 Back pressure valve
11 Bubble film meter
11 4-way valve

12 6-way valve

@ i
12
f—'—'11
000 000 ’ P
GC-1 GC-2

Fig. 3-1. Schematic diagram of the single- and binary-gas permeation measurement.

W N R WN 2

3.2.4. Molecular dynamics simulation
The Ni-BTPA sols with Ni/N-H molar ratio of 0.25, 0.5, and 1.0 were prepared, so
nickel could be assumed to coordinate with BTPA via the associations of Ni and N-H

in the form of 4 coordination numbers, 2 coordination numbers, and 1 coordination
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number, respectively. The structures of Hz, N>, NH3, and the Ni-coordinated BTPA were
drawn with GaussView 05 software and optimized using the Gaussian 09 D.01 program.
311 The TPSSh-D3(BJ) method 2 combined with the mixed basis set that SDD 3 and
6-311g* were applied to calculate nickel and other compounds, respectively. The details
of the structures are shown in Fig. 3-S6.

The Sobtop program, ** Gromacs 2018.4 package [*°! with the Amber14sb-OL15
and generalized AMBER force field, *® and the Packmol program [*”) were used for
molecular dynamics simulation. Additionally, the Visual molecular dynamics program
[38] was used to analyze the dynamic trajectories, and then the interaction types between
H»/N2/NH3 and Ni-coordinated BTPA were analyzed by Multiwfn program 1 com-

bined with the Independent gradient model (IGM) method 1. Details of the simulation

process are described in SI-5.

3.3 Results and discussions
3.3.1 Effect of Ni-doping amounts on sol size and structure

As shown in Fig. 3-2, the size distribution of all Ni-coordinated BTPA sols was larger
than that of the undoped BTPA sol because the coordination between nickel and N-H
that resulted from by the charge transfer induced the growth of sols via cross-linking
(411, The size of Ni-doped BTPA sols gradually increased with increases in Ni/N-H molar
ratio that is essentially a transformation of the theoretical coordination types between
nickel and N-H. All BTPA-based sols were transparent without any precipitation and

were coated onto the intermediate layer to produce the topmost separation layer. [
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Fig. 3-2. Size distribution of BTPA and different Ni-doped BTPA sols.

Fig. 3-3 shows the FT-IR spectra of BTPA and different Ni-BTPA films with and
without calcination at 150 and 200 °C. The intensity of Si-OH (895 cm™) characteristic
peaks obviously decreased with increases in the calcination temperature, as illustrated
in Fig. 3-3 (left), because of the dynamic transformation of Si-OH to Si-O-Si and the
condensation of the organosilica network after heating films at different temperatures.
The N=0 from either HNO3, Ni(NOs3)2, or coordinated N=0 was partially retained in
the BTPA structure, which was proven by the sharp peak of N=0 (1385 cm™!) at 200 °C
in all films.

According to the reported results 421, the characteristic peak of N-H can markedly
split in all metal-doped BTPA films fired at 250 °C since the removal of HNOj; and
water enhanced the coordination between the metal and N-H. As exhibited in Fig. 3-3
(right), the characteristic peak of N-H only in the fresh 1.00 Ni-BTPA film split and
blue-shifted to the higher wavenumber, independent of the calcination temperature, in-
dicating that the coordination between nickel and N-H was observably enhanced, con-

sistent with the reported XPS data [**]. Therefore, it can be considered that the lone-pair
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electrons of the NV atom on N-H could be intensively transferred to the empty d orbital
of nickel in 1.00 Ni-BTPA, resulting in the strengthening coordination between nickel
and propylamine. Additionally, the characteristic peak of C-H functional groups (2700-

2950 cm™) still existed clearly even at 200 °C, indicating that the propylamine chain

had not decomposed.

200 °C Si-O-Si 200 °C

OH -C:H-
OH X

1.00 Ni-BTPA |

Absorbance

T T T T T T T T T T T :
4000 3600 3200 2800 2400 2000 1600 1200 800 400 17001660 1620 1580 15410 1500
Wavenumber (cm™) Wavenumber (cm™)

Fig. 3-3. FT-IR spectra of BTPA-based films at different calcination temperatures
(left); the narrow FT-IR spectra for the N-H deformation band ranging from 1700 to
1500 cm! (right).

3.3.2 Characterization of different Ni-doped BTPA xerogel powders

Fig. 3-4 displays the UV-vis spectra of different Ni-doped BTPA xerogels (Ni/N-H=0,
0.125, 0.25, 0.50, and 1.00), and fresh Ni(NO3)2-6H20O and its derived powders which
were prepared by dissolving in a mixture of HNO3 and H>O and then dried at ~50 °C.

The transition types of n—oc*, n—n*, and d—d correspond to the electron transitions
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of N—H, N=0, and d® Ni’*, respectively. [*?! The absorption peak at 392 nm from fresh
Ni(NO3)2-6H20 can be ascribed to the d-d transition of the d° Ni(I) complex, which
was redshifted to 400 nm for its derived powder probably due to the amorphous struc-
ture, indicating that nickel can also interact with N=0 and/or O-H by a strong d-d tran-
sition from the lone-pair electrons in N=0 and/or O-H to the empty d orbitals of nickel
in Fig. 3-4 (a). Reportedly, the coordination between nickel and N=0O has also been
demonstrated from Ni(NH3)2(NOs3)> obtained from the thermal decomposition of
Ni[(NH3)6](NO3),. 3 After doping Ni(NO;)2 into BTPA, the absorption peak of the d-
d transition of d® Ni(Il) was blue-shifted to 395 nm as shown in Fig. 3-4 (b), which
could be ascribed to the coordination between N=0O/N-H and nickel. With an increase
in the Ni/N-H molar ratio, the transition of n—o* (N—H) gradually red-shifted to a
higher wavelength, which meant the free electrons from N—H could migrate further to
the empty d orbital of nickel, particularly for 1.00 Ni-BTPA, resulting in the stronger
coordination that has been proven via analyzing FT-IR spectra. Inversely, the n—7z*
(N=0) blue-shifted to a lower wavelength possibly due to the strong coordination be-
tween nickel and N-H. A comprehensive analysis of the electron transition of N=0 and

N-H indicated that nickel could be more inclined to coordinate with N-H.

——Ni(NO,), - 6H,0 _n-o" ——BTPA

395 nm~_ d® Ni(ll) complex

Ni(NO,), - 6H,0 dissolve - g';gsN'i“g?_;ZA

in the mxiture of HNO, and H,0 0:50 Ni-ETPA
9 BTPA 0.125 Ni-BTPA ——1.00 Ni-BTPA
S 0.25 Ni-BTPA
2 392 nm 0.50 Ni-BTPA
] ——1.00 Ni-BTPA d-d transition of
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<
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Fig. 3-4. UV-vis spectra of Ni(NO3)2-6H>0 and its derived powders and different Ni-
doped BTPA powders: (a): 200-1000 nm; (b): 200-500 nm.

Fig. 3-5 shows the total weight-residue of Ni-coordinated BTPA xerogel powders
increase with raising the Ni/N-H molar ratio, which could be ascribed to the decompo-
sition and/or evaporation of the nickel species. As indicated in the inset of Fig. 3-5 in
temperature ranges from 100 to 300 °C, and the initial decomposition temperature of
Ni-coordinated BTPA xerogel powders (around 200 °C) was increased when Ni/N-H
molar ratios were from 0.125 to 0.5 higher than that of BTPA xerogel powders, which
could be attributed to the increase in the decomposition temperature of the free N=0
(28] because nickel with a six-coordination number can coordinate with more N=0.
Moreover, when the Ni/N-H molar ratio was increased from 0.125 to 1.0, the powder
seemed to be easily decomposed (around 400 °C) and the total weight-residue was de-
creased gradually, which could be ascribed to a reallocation of the free electrons in
amine moieties due to the introduction of nickel and/or the oxidation/hydrogen abstrac-
tion of the propylamine with lower C-H bond dissociation enthalpies (BDE) by NOs
radicals ¥, resulting in a decrease in the thermal stability of the propylamine chain of

BTPA.
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Fig. 3-5. Thermal property analysis of BTPA-based powders by TG-MS.

Based on the previous results %], in TG-MS singles (m/z=30) exhibited in Fig. 3-6,
peaks 1, 2, and 3 in BTPA xerogel powders could be attributed to free N=0, coordinated
N=0 with N-H or metals, and alkyl-amine molecules, respectively. The peak 1 gradu-
ally shifted to a higher temperature after doping nickel into BTPA, and the peak 5 ob-
served in 0.5 Ni-BTPA xerogel powders appeared at high temperatures (ca. 210 °C). As
mentioned above, the UV-vis analysis and a published paper **! show that nickel doped
into BTPA structure can not only form the coordination with N-H, but also interact with
N=0 certainly via charge transfer. Therefore, the free N=0 (peak 1) that interacted with
nickel probably increased its decomposition temperature and the affinity of nickel to
N=0 increased with raises in the Ni/N-H molar ratio from 0.125 to 1.00, consistent with
the weight-loss trend around 200 °C (the inset of Fig. 3-5).

According to the theoretical coordination number of nickel and the coordination
structure between nickel and BTPA, as shown in Fig. 3-S6, nickel could reserve more

coordination sites to bind more N=0 with increases in the Ni/N-H molar ratio, so the
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affinity of nickel to N=0 would increase the initial decomposition temperature of N=0

in Ni-BTPA xerogel powders. Moreover, the characteristic peak 2 of N=0 coordinated

with N-H in BTPA gradually shifted to lower temperatures (peaks 6 and 7), which could

be ascribed to the weakening of acid-base interactions between N-H and N=0 due to

the enhanced coordination between nickel and N-H. Nevertheless, after doping nickel

into BTPA, peak 3 in undoped BTPA could be shifted to peak 4 in 0.125 Ni-BTPA and

peaks 6 and 7 in 0.25, 0.50, and 1.00 Ni-BTPA, meaning that the alkyl-amine molecules

were easily decomposed at temperatures below 300 °C after doping nickel into BTPA

because of the oxidation/hydrogen abstraction of the propylamine with NOs radicals.
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Fig. 3-6. The mass signal of m/z = 30 in BTPA and different Ni-doped BTPA pow-
ders as a function of thermal treatment (left) and schematic illustrations of the interac-
tions of different BTPA-based xerogel powders (right).

After calcination at 150 °C, the characteristic peak of nickel particles did not appear

in all Ni-BTPA xerogels, as shown in Fig. 3-7, manifesting that the interaction between
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nickel and N-H was sufficiently stable at 150 °C, even though more nickel (Ni/N-H=1.0)
was doped into BTPA. As the temperature rose to 200 °C, the characteristic peaks of
metallic nickel nanoparticles appeared with different intensities in all Ni-BTPA xero-
gels. In particular, the 1.00 Ni-BTPA with an excess amount of nickel possibly aggre-
gated and/or segregated to form large particles of 11.2 nm calculated by Scherrer’s for-
mula, which could also be confirmed from the peak intensity of the d-d transition of the

d® Ni(II) complex in the UV-vis spectra.
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Fig. 3-7. Wide angle XRD patterns for BTPA-based xerogel powders at different cal-
cination temperatures.

3.3.3 NH3-TPD of different Ni-doped BTPA powders and interaction between Ni-
BTPA and NH3

NH3 adsorption-desorption measurement was carried out to evaluate the NH3 affinity
for the different BTPA-based powders, as shown in Fig. 3-8, and the typical time
courses can be found in SI-3. All nickel-doped BTPA xerogel powders showed a larger

NH3 adsorption capacity than undoped BTPA and PFSA in Fig. 3-8 (a), indicating
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nickel with a six-coordination number and efficient electronegativity can greatly im-
prove the NH3 affinity. With an increase in the Ni/N-H molar ratio doped in BTPA, the
NHj3 adsorption capacity significantly increased from 0.66 (Ni/N-H = 0), 0.74 (Ni/N-H
= 0.125), and 0.95 (Ni/N-H = 0.25) to 1.77 mmol g! (Ni/N-H = 0.5), but the NH3 ad-
sorption amount decreased slightly for 1.00 Ni-BTPA (1.75 mmol g). Moreover, as
displayed in Figs. 3-8 (b) and (c), the temperature where NH3 desorption was initiated
during NH3 desorption process was lower for 1.00 Ni-BTPA than that for BTPA, 0.125,
0.25 and 0.50 Ni-BTPA, suggesting that the NH3 affinity of 1.00 Ni-BTPA was possibly
weakened. As shown in Fig. 3-S4, the NH3 adsorption and desorption amount of each
sample decreased slightly in turn during repeat testing, indicating that less NH3 could
be irreversibly adsorbed in the xerogel powders.

The N> adsorption isotherms of BTPA-based xerogel powders pre-calcined at 150 °C
under a N> atmosphere were measured, as displayed in Fig. 3-S5. The adsorbed volume
of all xerogel powders was less than 0.5 cm® (STP)g!, which corresponds to 0.022
mmol g!, indicating an approximately nonporous network. Consequently, the affinity
of the metal and/or functional groups (Si-OH, N=0, and N-H) to NH3 could be consid-
ered to dominate the NH3 adsorption amounts of both nickel-doped BTPA and pure

BTPA.
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Fig. 3-8. NH3 adsorption and desorption amounts of BTPA and Ni-doped BTPA at
150 °C (a); intensity of NH3 (m/z=16) during NH3-TPD measurements for BTPA and
Ni-doped BTPA xerogel powders (b,c).

The coordination types between transition metals and ligands in molecular adsorp-
tion have been investigated via molecular simulation, (! especially, nickel with a six-
coordination number, which forms a tetra-coordination with nitrogen ligands, can still
coordinate with oxygen ligands. [*¢) SI-6 describes the simulation results about radial
distribution function (RDF) and interaction types for Ni-BTPA with different Ni/N-H
molar ratios. Both NH3 distribution probability of different Ni-BTPA by RDF analysis
and interaction types between NH3 and different Ni-BTPA by IGM analysis follow this
order: 0.5 Ni-BTPA > 1.00 Ni-BTPA > 0.25 Ni-BTPA. This result is consistent with the

NH3-TPD results. The NHj3 affinity can be enhanced by doping nickel into BTPA.
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However, because of the binding site (coordination) of nickel being fully occupied by
N-H and the steric hindrance, the NH3 affinity did not improve significantly in 0.25 Ni-
BTPA. Furthermore, the strengthening of the coordination between nickel and N-H in
1.00 Ni-BTPA was also bound to negatively affect the NH3 affinity through the com-
petitive interactions, as shown in Fig. 3-8 (¢). Therefore, for 0.5 Ni-BTPA, nickel has
sufficient binding sites (coordination) and considerable interaction intensity to interact
with NH3, which effectively improves the NH3 affinity.

3.3.4 Gas permeation properties of BTPA-based membranes

Figs. 3-9 (a) and S11 (left) demonstrate that single-gas permeance at 200 °C as a
function of the molecular size of permeating gases. It should be noted that Ni-BTPA
membranes prepared by calcination at 150 °C were confirmed to be thermally stable at
200 °C by temperature-swing experiments from 150 to 200 °C and back to 150 °C under
Ha, N2, and NH3, respectively. (28] Permeance was decreased with the molecular size of
permeating gases due to the molecular sieving. Importantly, gas permeance generally
increased with increases in the Ni/N-H molar ratio due to the reduced gas-transport
resistance, consistent with previous reports 42/,

Dimensionless permeance based on He permeance in Fig. 3-9 (b) shows that all
membranes showed better gas permselectivity than that of Knudsen diffusion. In this
study, 1.00 Ni-BTPA still performed good gas permselectivity, which is different from
previous reports where the 1.00 Ni-BTPA membrane calcined at 250 °C showed a loose

structure and gas permselectivity similar to Knudsen diffusion due to the formation of

interparticle pores caused by the aggregation of nickel particles. This demonstrated that
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the membrane directly calcined at high temperature, such as 250 °C, enhanced aggre-
gation and/or segregation of more nickel particles, resulting in the formation of interpar-
ticle pores and in a great reduction in the gas permselectivity of the membrane. The
H>/N> and Ho/CH4 permselectivity was low, however, for 1.00 Ni-BTPA membrane as
shown in Fig. 3-S11 (right), implying that the pore size of the membrane was enlarged
by excessively increasing in the nickel content. Besides, Fig. 3-S12 shows the morphol-
ogy of BTPA and 0.50 Ni-BTPA membranes, which confirms that the membranes have
the multi-layered structures (top, Si02-ZrO; intermediate, a-Al>O3 particle, and support

layers) and shows a smooth top-layer with a thickness of ~100 nm and without any

defect.
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Fig. 3-9. Kinetic diameter dependence of single-gas permeance (a) and dimensionless
permeance (b) at 200 °C for BTPA and different Ni-doped BTPA membranes.
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Fig. 3-S13 in SI-9 displays the time courses for Hz, N2, and NH3 permeance in BTPA
and different Ni-doped BTPA membranes at 200 and 50 °C. Although increasing the
nickel molar ratio greatly enlarged the pore sizes of the membrane, the H> and N>
permeance were stable with approximately constant values for undoped BTPA and all

Ni-BTPA membranes even after NH3 permeation for 3 h at 50 and 200 °C, as previously
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reported superior NHj3 resistance 2],

Fig. 3-10 exhibits H», N>, and NH3 permeance and NHj3 selectivity at 50 and 200 °C
as a function of the Ni/N-H molar ratio. The Ho/N> permselectivity was gradually de-
creased with increases in the nickel content in BTPA together with increases in the H»
and N> permeance at both 50 and 200 °C, indicating that the pore size of the membrane
was enlarged through increasing nickel content. However, the ideal NH3/H> and NH3/N»
selectivity increased as the increase of Ni/N-H molar ratio from 0, 0.25 to 0.5, meaning
that NH3 permeance mainly depends on the affinity of nickel. Furthermore, with an
increase in Ni/N-H molar ratio from 0, 0.25 to 0.5, the NH3 permeance increased greatly
from 3.2x107,5.8x107 to 1.5x10% mol m™ s”! Pa"! at 50 °C, and then slightly increased
to 1.6x10°mol m? s Pa in 1.00 Ni-BTPA membrane that could be ascribed to the
enlarged pore size of membrane. The NH3 permeance increased almost linearly as in-
creasing Ni/N-H molar ratio from 0 to 0.5 and then increased slightly in 1.00 Ni-BTPA
membranes, which is similar to that of NH; adsorption amounts tested by NH3-TPD.
This can confirm that the NH3 affinity/adsorption properties follow this order: BTPA <
0.25 Ni-BTPA < 0.50 Ni-BTPA = 1.00 Ni-BTPA.

The NHs/H2 and NH3/N2 permeance ratios were gradually increased by raising the
Ni/N-H molar ratio from 0, 0.25 to 0.5, while decreased clearly for 1.00 Ni-BTPA mem-
brane, independent of the measurement temperature. This indicates that the molecular
sieving properties of the membrane were weakened by excessive doping with nickel,
and 0.5 Ni-BTPA has optimal NH3 affinity/adsorption. The balance between molecular

sieving (pore size) and membrane affinity plays a prominent role in the gas separation
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by microporous aminosilica membranes, especially NH3 as an adsorptive gas.
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Fig. 3-10. H>, N>, and NH3 permeance and NH3 selectivity at 50 (a) and 200 °C (b) as
a function of different nickel doping amounts.

Fig. 3-11 shows the temperature dependence of single-gas permeance and gas perm-
selectivity from 50 to 200 °C for BTPA and Ni-BTPA membranes containing different
Ni/N-H molar ratios. The permeance of H, and N», which are the non-adsorptive gases
without any special interactions with amine group and/or nickel, as displayed in Figs.
3-S9 and S10, increases for all membranes with increasing temperature, showing the
activated transport mechanism. As shown in Fig. 3-11 (d), the H2/Nz permselectivity in
all membranes is approximately constant regardless of temperature, which can be at-
tributed to a relatively rigid alkyl-amine chain that is constrained by two silicons and/or
nickels to similarly affect the effective pore sizes for H, and N> permeation by thermal
vibration. [?8] After doping nickel into BTPA, the H, and N, permeance increased sig-

nificantly with increasing nickel doping amounts, and meanwhile their temperature-

117



Hiroshima University Doctoral Dissertation

dependent slopes were decreased compared with undoped BTPA membrane due to the
enlarged pore size, particularly 1.00 Ni-BTPA with the interparticle pores formed by
the aggregation and/or segregation of nickel nanoparticles.

On the other hand, NH3 permeance showed smaller slopes (activation energy for per-
meation) for temperature dependence than H> and N> permeance, which equates to the
smaller values of activation energy for permeation (£,). The activation energy for per-
meation (E),) is expressed as Ep=AH+Eq4, where AH and Ey are the enthalpy of ad-
sorption (negative) and diffusion energy (positive), respectively. Compared with the
negative slope for NH; permeation (E,) in PFSA-based membranes ), 0.50 Ni-BTPA
membrane represented a positive and lower slope for NH3z permeation (E,) as shown in
SI-10, which was possibly caused by the adsorption of NH3 in a manner of surface
diffusion. Moreover, Fig. 3-S12 shows the morphology of thin and multi-layer for the
membranes, so that NH3 possibly permeates through the membrane by multi-layered
adsorption and rapid diffusion under 50-300 kPa. Hence both surface adsorption and
diffusion within BTPA-based membranes made a great contribution to NH3 permeation.

The NH3/N2 permselectivity increased with decreasing temperature for all mem-
branes. For 1.00 Ni-BTPA membrane, the enlarged pores also had a negative effect on
the NH3/N2 permselectivity due to their similar molecular kinetic diameters (NH3:
0.326 nm %% and N»: 0.364 nm). Moreover, NH3-TPD and computational simulation
also proved that an over-incorporation of nickel into BTPA would not improve the NH3
affinity, which could be ascribed to the competitive interaction between nickel and

NH3/N-H and the aggregation and/or segregation of particles.
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Fig. 3-11. Temperature dependence of single-gas permeance (Hz (a), N2 (b), and NH3
(¢)) and permselectivity of H2/N> and NH3/N> (d) for BTPA and different Ni-doped
BTPA membranes.

Fig. 3-12 exhibits the pressure dependence of H», N>, and NH3 permeance for 0.5 Ni-
BTPA membrane at 50 °C. The feed pressures of NH3, and Hz and N> were controlled
at around 25-200 and 100-300 kPa, respectively, and the permeance of Hz, N2, and NH3
as well as the permselectivity of NH3 remained approximately constant regardless of
the feed pressures of Hz, N2, and NHs. This result suggests that the surface diffusion

effect is negligible for not only H> and N> but also for NHs.
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Fig. 3-12. Pressure dependence of Hz, N2, and NH3 permeance for 0.50 Ni-BTPA
membrane at 50 °C.

Fig. 3-S15 demonstrates the time course for Ha, N>, and NH3 permeance during sin-
gle- and binary-gas permeation. Hy, N2, and NH3; permeance was almost constant in
both single- and binary-gas permeation at 100 °C, which means a negligible mixing
effect in Ni-BTPA membrane.

3.3.5 Trade-offs of various membranes

Fig. 3-13 summarizes various membrane performances for NH3 permeance, NH3/N>,
and NH3/Hz permselectivity at < 50 and 200 °C. Although most membranes exhibited
superior NH3/H, and NH3/N; selectivities and acceptable NH3 permeance (1077~10°
mol m™ s7! Pa'l) at 25 °C, the effect of temperature on NH3/H, and NH3/N» selectivities
is inevitable. For example, the NH3/Hz selectivity was decreased dramatically from 307
at25°C,23.8at50°Cto 3.8 at 100 °C, and NH3/N; selectivity was reduced from 2236
at 25 °C, 221 at 50 °C to 20 at 100 °C ! for MFI membranes as shown in Figs. 3-13
(a) and (b) and Table 3-S2. As the NH3 permeance increased with raising Ni/N-H molar

ratio in Fig. 3-11, and Figs. 3-13 (c) and (d) clearly shows that 0.50 Ni-BTPA are
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excellent in NH3/N> and NH3/H> permselectivity by comparison with the LTA zeolitic
imidazolate framework (ZIF-21)[!2], 2D-MXene /), and Prussian Blue membranes [**]
that displayed ideal NH3/H» selectivity of 12-50 at 25 °C and Nafion-based membranes
that showed ideal NH3/N> and NH3/H> selectivities of 24.8 and 2.6 respectively at
200 °C 1. This could be attributed mainly to the affinity of nickel to NH3 and to im-
provements in the NH3 permeation resistance caused by an increase in the nickel con-

tent. Membranes that could be used over a wide temperature range would also facilitate

the development and practical application of membrane reactors for NH3 synthesis and
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Fig. 3-13. Trade-offs for NH3 permeance, NH3/N2, and NH3/H> selectivity of BTPA-
based and other membranes at different temperatures. All data are listed in Table 3-S2.

3.4 Conclusions

With an increase in the amount of nickel doping in BTPA, the coordination between
nickel and propylamines is enhanced, particularly for 1.00 Ni-BTPA, as shown by FT-
IR and UV-vis analysis, resulting in a weakening of the coordination between N-H and

N=0 that originates with an acid-base interactions. For 1.00 Ni-BTPA, the
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strengthening coordination between nickel and N-H and the interparticle pore caused
by the aggregation and/or segregation of nickel nanoparticles not only negatively af-
fects the NHj3 affinity but also weakened the molecular sieving. The results from both
NH;3-TPD and simulation prove that 0.50 Ni-BTPA has sufficient coordination sites and
considerable interaction intensity with NH3, which can effectively improve the NH3
permselectivity by balancing molecular sieving (pore size) and membrane affinity. The
optimal performance was obtained with 0.50 Ni-BTPA membrane, showing NH3 per-
meance of ~2.8x10°° mol m? s! Pa'! with ideal NH3/H> selectivity of 11 and NH3/Na

selectivity of 102 at 200 °C.
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Supplementary Material

BTPA monomer Sol preparation Membrane fabrication
H3C(|) ‘ [BTPA/H,0/HNO;]=1/300/1 in EtOH, 5 wt% ‘ Porous a-Al,O; support
H;CO—Si—OCH, Particle | ALO 1
: ; - article layer: o- article
|.|6|4:;3 ‘ Hydrolysis & Condensation, 12 h, 25 °C ‘ [diluted to 10 wi% by S%z—ZrOZ sol; cglcirznirEraISSO °C, 15 min]
NH 4 -
| ‘ Add nickel nitrite ‘ Intermediate layer: Sl_C)Z-ZrO% sol
C.H [diluted to 0.5 wt% by water; calcining at 550 °C, 15 min]
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H,CO—Si—OCH, Top layer: Ni-doped BTPA sol
| [diluted to 0.1 wt% by water; calcining at 150 °C, N, 30 min]
OCH,
‘ 5 wt% Ni-doped BTPA sols ‘ | Ni-doped BTPA membranes

Fig. 3-S1. The fabrication procedure for sols and membranes.

Fig. 3-S2 shows the permeation properties of N> for different Si0>-ZrO, intermediate
layers as a function of the Kelvin diameter, which can be used to estimate the pore sizes
of Si0»-ZrO» intermediate layers. These results also confirm the reproducibility of fab-

ricating the SiO,-ZrO; intermediate layer.
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Fig. 3-S2. Dimensionless permeation of N> for different S102-ZrO- intermediate lay-
ers as a function of the Kelvin diameter.
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When a 5% NH3/95% He mixture gas feeding was stopped, NH3 desorption also
occurs at temperatures ranging from room temperature to 40 °C. The sum of the NH3
desorption amount at room temperature to 40 °C and at 40 to 150 °C is almost equiva-

lent to the NH3 adsorption amount.
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Fig. 3-S3. Time course of mass intensity and temperature during NH3-TPD measure-
ments for BTPA xerogel powder.
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Fig. 3-S4. NH3 adsorption and desorption results for repeating NH3-TPD measure-
ments.
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Fig. 3-S5. N> adsorption isotherms for BTPA-based xerogel powders at -196 °C, where
the powder was obtained at a calcination temperature of 150 °C.

QC USi @0 WH @ONorNi

Fig. 3-S6. Theoretical coordination structure of Ni-doped BTPA at different Ni/N-H
molar ratios: (a) Ni/N-H=0.25, (b) Ni/N-H=0.50, and (c) Ni/N-H=1.00.

The Sobtop program was applied to conveniently create a topology file for molecular

dynamics simulation based on the .fchk file generated from the abovementioned
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vibration analysis. All-atoms classic molecular dynamics simulations were performed
using Gromacs 2018.4 package with the Amber14sb-OL15 and the generalized AM-
BER force field. The simulation system was constructed by randomly distributing 600
H», 600 N2, 600 NH3, and 20 Ni-coordinated BTPA molecules in a box (10 x 10 x 10
nm?) with periodic boundary conditions using Packmol. Nevertheless, one of each type
of the Ni-BTPA molecules was placed in the center of the box (6.0 x 6.0 x 6.0 nm?),
and 600 H> or N> or NH3 were randomly placed around the Ni-BTPA molecule to de-
termine the interaction types. After energy minimization and pre-equilibrium, the dy-
namic trajectory was obtained by running the production phase process at 200 °C for
10 ns. The velocity-rescale method and the parrinello-rahman barostat method were
adopted to maintain the temperature constant and the pressure at 1 atm, respectively.
The Visual molecular dynamics (VMD) was employed to analyze the dynamic trajec-
tory and to visualize the interaction types between H»/N>/NH3 and Ni-coordinated

BTPA combined with Multiwfn by Independent gradient model (IGM) method.
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The radial distribution function (RDF) obtained by kinetic trajectory statistics pro-
vides the distribution of Hz, N2, and NH3 around different Ni-BTPA molecules. As
shown in Fig. 3-S7, polar NH3 can preferentially distribute around all Ni-BTPA mole-
cules compared with H, and N>, which means that Ni-BTPA has the potential to priori-
tize its adsorption of NHj regardless of the nickel doping amount. In particular, NH3
appears at 0.37 nm with a first g(r) peak of 36.27 for 0.5 Ni-BTPA and with a first peak
0f 20.92 for 1.0 Ni-BTPA, the affinity of NH; for 1.0 Ni-BTPA was slightly inferior to
that of 0.5 Ni-BTPA molecule. Besides, the NH; affinity greatly decreases for 0.25 Ni-
BTPA, which can be ascribed to the binding site (coordination number) of nickel being

fully occupied by coordinating with N-H in the 0.25 Ni-BTPA molecule.

X=0.77; Y=1.46 X=0.37; Y=36.27 X=0.37; Y=20.92
15 40 _ 30 25 _ 3.0
NHa 0.5 Ni-BTPA NHa 1.0 Ni-BTPA
1.2 32/ 2.4
0.9 ~241 L1.8 -
> k=) >
0.6 16 12
0.3 : 8 L0.6
i | :
oold 1 O2NWBTPAl |t T4y e —— 0.0
00 05 10 15 20 25 30 00 05 10 15 20 25 30 00 05 10 15 20 25 30
Distance [nm] Distance [nm] Distance [nm]
Fig. 3-S7. Radial distribution function of H», N>, and NH3 around different Ni-BTPA

molecules.

Fig. 3-S8 shows the interaction types/intensities (dginer) between different Ni-BTPA
molecules and NHj3 that can be obtained through projecting functions (sign[A2(r)p(r)])
onto the IGM isosurface with different colors. All Ni-BTPA molecules can interact with
NHj3 by the coordination between nickel and NH3 and the hydrogen bond and van der
Waals force between Si-OH and NH3, between N-H and NH3, and even between alkyl
and NHs. The 0.5 Ni-BTPA has the strongest interaction for NH3, as shown by the scat-
ter plot in Fig. 3-S8 (b) and the tetra-coordination structure of nickel and N-H that ad-
equately occupied the coordination sites of nickel in 0.25 Ni-BTPA, resulting in a de-
cline in the NH3 affinity. Inversely, although a sufficient number of coordination sites
of nickel were exposed in 1.0 Ni-BTPA, its interaction with NH3 was weaker than that

in 0.5 Ni-BTPA. As described by FT-IR, TG-MS, and XPS ! nickel in 1.0 Ni-BTPA
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not only has a stronger coordination with N-H, but also can interact with a large amount
of N=0, which could cause a competitive interaction with NH3 that certainly would
reduce the intensity of the NHj affinity/coordination. The experimental and computa-
tional results are consistent, which prove that doping excessive nickel into BTPA has a
negative effect that improves the NHj affinity/adsorption. Hz and N2, as non-adsorptive

gases, have only weak van der Waals forces with different Ni-BTPA molecules as dis-

played in Figs. 3-S9 and S10.
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Fig. 3-S8. Color-filled IGM isosurface and scatter plots depicting average noncova-
lent interaction regions for (a) 0.25 Ni-BTPA, (b) 0.5 Ni-BTPA, and (c) 1.0 Ni-BTPA

with NHs3.
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Fig. 3-S9. Color-filled IGM isosurface and scatter plots depicting average noncova-
lent interaction regions for different Ni-BTPA with N».
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Fig. 3-S10. Color-filled IGM isosurface and scatter plots depicting average noncova-
lent interaction regions for different Ni-BTPA with H».
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Fig. 3-S11. Kinetic diameter dependence of Hz, N>, and NH3 permeance (left), and
H2/N2 and H2/CHg4 permselectivity at 200 °C as a function of different nickel doping
amounts (right).

L
1 pm

(b) 0.50 Ni-BTPA

)\

g ~Top
Top ARG aver
layer R it SN ,

(c) BTPA 100nm (d) 0.50 Ni-BTPA

(e) |

L 10, et
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Fig. 3-S13. Time courses for H, N2, and NH3 permeance of BTPA and different Ni-

doped BTPA membranes at 200 and 50 °C.
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branes ----------

Gas permeance of i-th component can expressed by Eq. (1) and (2) based on the
modified gas translation (m-GT) model.[>*! The activation energies (Ep;) and permea-
tion constant (ko,;) of H2, N2, and NH;3 permeation can be determined using Eq. (1) by

the regression of permeance, P;, and temperature, 7.

P. — kO,i exp (_ @) (1)
" JMRT RT

ko = leo(dp — i)’ 2)
P;: permeance of the i-th component; M;: molecular weight of the i-th component; R:
gas constant; Ep;: activation energy of permeation of the i-th component; k: structural
constant; d,: pore diameter; d;: diameter of the i-th component.

Based on the m-GT model, gas selectivity can be expressed as follows.
P;

ko,i/
P ko,j Ep; —Ep;
j i

P M exp(_ RT
/Mj

It should be noted that ky,; is the configurational factor, which is derived by cosidering

a= ) (i: NHj;j: Hy orNy;)  (3)

the effective diffusivity of the i-th component (molecular size: d;) though the pores
(pore szie: dp). So this term reflects the effect of diffusion. Based on Eq. (3), the
selectivity of NH3 over H> or N is determined by the the ratio of configurational factor
(= ko,i'ko ), which can be interpretted as the contribution of difusion to selectivity, and
the difference of activation enery (Ep;i - Ep).

The difference of activation energy (Ep,i - Epj) can be further discussed as follows.
Fig. 3-S14 shows the temperature dependence of single-gas permeance (H», N2, and
NH3) for 0.50 Ni-BTPA in Fig. 3-11 and Nafion membranes from Ref. 14. Since H>
and N> are non-adsorptive gases (AH = 0), the activation energy of permeation (Ep =
AH + Eg) of Hy or N» is approximately equal to their diffusion energy (£4), as shown
in Table 3-S1. As an adsorbtive gas, NH3 possesses both the enthalpy of adsorption

(AH ) and diffusion energy (Ez). By assuming Eq of NH3 is the average of those of H»
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and N> due to the simlar moleular sizes, AH of NHj3 is larger for Nafion-based

membrane than for 0.50 Ni-BTPA membrane (AHnyufion > AHprpa).

As explained in Eq. (3) for NHj3 selectivity (a), although Nafion-based membrane

performed the superior NH3 permeance and selectivity at low temperature, the superior

NH3 permeance and selectivity of 0.50 Ni-BTPA membrane at 200 °C can be attributed

to the additional effect of diffusion (= koi/ko,). Hence, the NH; permeation in BTPA-

based membranes could be ascribed to the synergistic effect of adsorption (AH) and

diffusion (Ea, ko./ko, ).
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Fig. 3-S14. Permeance of NH3, Ha, and N, for Nafion ['* (a) and 0.50 Ni-BTPA (b)
membranes as a function of temperatures.

Table 3-S1. Activation energy (Ep, k] mol™') of NH3, H, and N, for Nafion !4 and 0.50
Ni-BTPA membranes.

Type o= AHY Ea Eq=~AVG (Eq 1 + Eq x2) AH=E, - E
NH; H» Na ’ ’ NH;
Nafion 247 215 255 235 25.97
0.50 Ni-BTPA 697 150 155 15.3 8.4
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Fig. 3-15. Time courses of selectivity and permeance of NH3, Hz, and N> in single-
and binary-gas for 0.50 Ni-BTPA membrane at 100 °C, the binary gases were equimo-
lar NH3/Hz and NH3/N2, respectively.
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Table 3-S2. Data for the selectivity and permeance of various membranes.

Temperature NH;3 permeance

N NH3/H NH3/N Ref
ame [°C] mol m?2s'Pal] = = 7 e e
Poly(vinylammonium thio-
50.0 6.7000E-08 1390.0 2000.0 4
cyanate)
ZIF-21 25.0 5.7900E-07 12.0 35.0 5
25.0 2.3000E-06 307.0
25.0 1.1000E-06 2236
50.0 3.5000E-06 23.8 6
MFI
50.0 1.6600E-06 221
100.0 2.7000E-06 3.8
100.0 2.5000E-06 20
Nexar/[Eim][NTf;] 25.0 9.2829E-07 264.0 1407.0 7
Neat Pebax 25.0 1.9959E-07 70.1 406.7 8
Sulfonated block copolymers 25.0 2.0100E-07 90.0 100.0 9
Polypropylene/Nafion 25.0 3.3500E-06 500.0 2000.0 10
TEOS 50.0 1.0200E-07 28.7 11
2D-MXene 25.0 6.2004E-07 50 12
Prussian Blue 25.0 3.7202E-08 40 100 13
) 50.0 2.8544E-06 40.3 730.9
Nafion/ceramic
200.0 1.9355E-06 2.6 24.8
. ) 50.0 2.7100E-06 118.6 2085.9
Aquivion-H*/ceramic 14
200.0 1.6800E-06 6.3 73.9
. i i 50.0 1.8800E-06 44.7 465.6
Aquivion-Li*/ceramic
200.0 9.0500E-07 1.9 22.3
50.0 3.2208E-07 20.6 214.2
BTPA
200.0 1.3107E-06 7.1 78.1
50.0 1.1110E-06 24.6 237.6
0.50 Fe-BTPA 15
200.0 2.2437E-06 9.9 90.6
50.0 6.5437E-07 15.7 142.6
0.50 Ag-BTPA
200.0 1.6300E-06 7.3 64.7
i 50.0 5.8244E-07 22.6 223.8 This
0.25 Ni-BTPA
200.0 1.5923E-06 8.1 78.1 work
) 50.0 1.4614E-06 27.3 276.7 This
0.50 Ni-BTPA
200.0 2.7995E-06 10.8 101.7 work
) 50.0 1.5960E-06 12.9 88.7 This
1.00 Ni-BTPA
200.0 3.2910E-06 5.5 35.6 work
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Chapter 4
Development of sulfonated (3-Mercaptopropyl)trimethoxysilane

membranes with thermal stability and excellent NH; perm-selectivity

at 300 °C

4.1 Introduction

Ammonia (NH3) synthesized by the Haber-Bosch process has made unparalleled
contributions to fertilizer and crop production worldwide, 1?1 and can also be regarded
as an increasingly important carbon-free hydrogen energy-carrier because of its high
hydrogen-storage capacity (17.6 wt%) and volumetric density (107.7 kgHzm'3). [3.4]
The production of green NH3 using N> and H» from air separation and water electrolysis,
respectively, has attracted increasing attention. Since low temperatures are dynamically
favorable for NH3 conversion, NH3 synthesis at low temperatures, such as 50 °C, have
been groundbreakingly reported using various types of catalysts including Ru/CaFH [,
However, the NH;3 production rate and the limited conversion are still not ideal below
250 °C similar to that of conventional Fe- and Ru-based catalysts. [®7) Fig. 4-1 shows
catalytic membrane reactors (CMRs) consisting of reaction and concurrently selective
membrane separation are proposed to enhance both thermodynamics and kinetics, [

but membranes with NH3 perm-selectivity and thermal stability are the key to realize

CMRs for NH3 synthesis.
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Fig. 4-1. Schematic diagram of the Haber-Bosch and membrane reactor process.

Currently, high temperatures still are required to obtain a practical reaction rate in
NHj3 synthesis with high yield, which also propounds a demanding requirement on the
use of membrane separation techniques with thermal stability and NH3 perm-selectivity.

9,10]

Various membranes, such as polymer membranes >!%, ionic liquid/deep eutectic sol-

vent-based membranes ['"'?] zeolite framework membranes [13-14]

, and silica-based
membranes [, have been developed to improve NHj affinity, permeance, and perm-
selectivity from the mixture of Hz, N>, and NH3. According to the NH3 yields reported

at different temperatures, (8]

it would be feasible to perform NH3 synthesis with a high
yield obtained using a Ru-based catalyst above 250 °C. However, most polymer mem-
branes such as Nafion !!”) and polyvinylammonium thiocyanate ['*! could be partly cor-
roded/destroyed at high temperatures and/or NH3 concentrations. Besides, most zeolite
and metal framework membranes would exhibit high NH3 perm-selectivity only at low
temperatures !4, Tetraethoxysilane (TEOS) derived membranes performed a favora-
ble NH3/H: selectivity of 28.7 from isometric NH3/Hz at 50 °C in binary gas permeation

but NH3/H; selectivity of 0.083 at 400 °C. [1]

Recently, perfluorosulfonic acid (PFSA)/ceramic composite membranes ['*) and
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nickel-doped bis[3-(trimethoxysilyl)propyl] amine (Ni-BTPA) membranes **! showed
a superior NH3 permeance and selectivity based on Lewis and/or Breonsted acid-base
interactions, coordination as well as hydrogen bonds. Although PFSA-based mem-
branes exceeded high NH3 permeance of 10° mol m? s Pa! with comparable NH3
selectivity based on acid-base interactions at 50 °C, both NH3 permeance and selectivity
were obviously decreased with rising temperatures, especially NH3/H, and NH3/N» se-
lectivity of 2 and 22, respectively, at 200 °C. Even if Ni-BTPA membranes showed a
favorable NH3 permeance and perm-selectivity at 200 °C, the propylamine chains in
BTPA would be decomposed greatly at > 200 °C with the increase of Ni(NO3)2 doping
amount, 2! which is hard to accurately control pore sizes and improve NHj affinity.

(3-Mercaptopropyl)trimethoxysilane (MPTMS)-modified silica xerogels have been
reported to selectively adsorb trace gaseous NH3z from air by chemical interactions
through sulfonated groups and showed a sufficient thermal stability around 300 °C. [??!
Furthermore, MPTMS-based silica xerogels exhibited a high NH3 adsorption capacity
of 4.02 mmol g at 0.1 bar and 7.00 mmol g at 1.0 bar, and can efficiently capture
trace NH3 from the gas mixture with an initial concentration below 2 ppm, indicating a
promising and strong NH3 affinity for MPTMS. Nevertheless, MPTMS derived mem-
branes, which are expected to enable the continuous separation and can be integrated
with catalysts to CMRs, have never been reported for NH3 separation.

In this study, MPTMS sols were prepared via hydrolysis and condensation of
MPTMS precursors and mixed with H>O> to oxidize mercaptan (S-H) to S=O groups

in oxidized MPTMS sols as confirmed by X-ray photoelectron spectroscopy (XPS)
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analysis, then both sols were dried to obtain xerogels. The thermal stability of propyl
chains and sulfonated groups in as-prepared sols and xerogels around 300 °C were ver-
ified via Fourier transform infrared spectrometer (FT-IR), thermogravimetric mass
spectrometer (TG-MS), and N> adsorption measurements. Additionally, NH3 tempera-
ture-programmed desorption (NH3-TPD) was used to probe the NH3 affinity and eval-
uate the NH3 adsorption amount for MPTMS xerogels with and without H>O> oxidation.
The MPTMS membranes were fabricated from unoxidized and oxidized MPTMS sols
and used for single and binary gas permeation, showing an excellent NH3 permeance

and selectivity at 50-300 °C.

4.2 Experiments
4.2.1 Sols, xerogels, and membranes preparation
(3-Mercaptopropyl)trimethoxysilane (85%, MPTMS) was purchased from Thermo
Fisher Scientific Inc., Japan and used without further purification. MPTMS sols were
prepared via the hydrolysis and condensation of MPTMS precursors in ethanol with the
hydrochloric acid (HCI) as a catalyst to promote reaction. Briefly, a mixture of HCI and
water was added to MPTMS precursors dissolved in ethanol under continuous stirring
and reacted for 12 h at room temperature. The concentration of MPTMS precursors in
the sol solution is maintained at 5 wt%, whereas the molar ratio of components in the
sol was at MPTMS/H,O/HCl1 = 1/50/(0.0, 0.1, 0.2, 0.5, and 1.0). Furthermore, hydrogen
peroxide (H202, 30 wt%) was dropped into fresh MPTMS sols with a sol/H202 mass
ratio of 1/0.05, 1/0.1, and 1/0.2 to obtain the oxidized sols under constant stirring for

some time. All sols were dried to xerogels at room temperature.
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A porous a-alumina tube (length: 100 mm, average pore size: 1 um, porosity: 50%,
kindly supplied by Nikkato Cor. Japan) as the support was coated with two types of a-
alumina particles (0.2 and 2 um) dispersed in 2 wt% Si02-ZrO> sols and calcined at
550 °C for 15 min to cover all the macropores. This process was repeated 3-4 times.
Then, the particle layers were further coated via utilizing 0.5 wt% Si0»-ZrO: sols, fol-
lowed by calcination at 550 °C for 15 min, resulting in the intermediate layer with pore
sizes close to 1 nm. [>* Finally, the top separation layers were fabricated via coating the
unoxidized or oxidized MPTMS sols that were diluted to 1.0 wt% with ethanol on the
Si02-ZrO; intermediate layer, and calcining at 300 °C for 20-30 min under a N> atmos-
phere (sol-gel method). More details of the membrane fabrication process can be found
elsewhere. 12423
4.2.2 Characterization

The size distribution of all sols was analysed via a Malvern Zetasizer (ZEN 3600)
equipped with dynamic light scattering (DLS). The chemical structure and thermal sta-
bility of each film prepared by coating sols onto KBr plates and then calcined at differ-
ent temperatures under a N2 atmosphere were examined via FT-IR-4100, JASCO, Japan.
XPS (JEOL RE series JES-RE1X ESR) was used to analyse the chemical states and
examine the bonding energy. All samples were prepared by spin-coating (1500 rpm)
the unoxidized and oxidized MPTMS sols onto the surface of a silicon wafer. Then, the
samples were calcined at 300 °C under a N> atmosphere and dried in a vacuum oven
overnight before a XPS measurement. The thermal stability of all xerogels were de-

tected via TG-MS, TGA-DTA-PIMS 410/S, Rigaku, Japan. The xerogel powders
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calcined at 300 °C under a N> atmosphere were evaluated for the pore size via a N»
adsorption measurement (BELL Inc., Japan) after evacuating at 200 °C under vacuum
conditions for 12 h. The membrane morphology was observed via a scanning electron
microscope (SEM, HITACHI S-4800, JEOL, Japan). NH3-TPD (BELCAT-AT
equipped with BELMASS-HT, BELL Inc., Japan) was carried out to evaluate NH3 ad-
sorption and desorption amount of each xerogel powder calcined at 300 °C under a N>
atmosphere. The details of the measurement program are presented in the Supplemen-
tary Material (SI-1).
4.2.3 Single and binary gas permeation measurement

As depicted in Fig. 4-S1, the experimental apparatus was applied to the single and
binary gas permeation, including high-purity He, H>, NH3, N2, CHa, CF4, and SFs. After
removing the adsorbed water molecules under a He flow at 200 °C at least for 6 h, each
gas was fed into the outside of the membrane under upstream pressures at 200-300 kPa
and at 50-300 °C, and the permeate stream was kept at atmospheric pressure. The
permeate flow-rate of each gas, except for NH3, was measured by utilizing a film flow
meter (Horiba, Co. Ltd., Japan) at a range from 50-300 °C. The NH3 permeance cannot
be measured with a film flow meter because NH3 is inherently toxic and water-soluble,
so the mass flow meter 4 (Fig. 4-S1), that has been calibrated via a gas chromatograph
(GC), was used to measure the flow rate of the permeated NH3 by closing the retentate
valve (V-10a in Fig. 4-S1). The errors of the gas flowrates were less than 5% when the
permeance exceeds 1071 mol m? s Pa! and less than 50% while a the permeance is

below 10 mol m? s Pa!. GC-1 equipped with a Porapack N column was used to
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detect the concentration of NH3/H> and NH3/N> mixture, and GC-2 equipped with a
Molecular Sieve X column was utilized to analyze the concentration of H/N> mixture.
Gas permeance P; (mol m?s' Pa') for component i in single and binary gas

permeation was calculated using equation (Eq-1).

Fi
P, =—

 Ap; Ea-l

The pressure drop, Ap{ and Ap?, in single and binary gas permeations were
calculated according to the following equations (Eq-2) and (Eq-3), respeatively.

Ap; = P}Sf,i - P;,i Eq-2

b __b
Dfi~Dr,i
@} Pp)
(pf,i_pg,i)

Ap? = Eq-3

The selectivity of component i over component j, a;;, was calculated via equation

(Eq-4):

P;

o ;== Eqg-4
LT p; q

Fi: permeate flow-rate of component i; p]f‘i and pf,,l-: pressure of pure component i

in feed and permeate side, respectively, in single gas permeation. pfc"i, pf, ;» and pf)"l-:

partial pressure of component i in feed, retentate, and permeate side, respectively, in

binary gas permeation.

4.3 Results and discussions
4.3.1 Structure of unoxidized MPTMS sols with different HCI molar ratios

Fig. 4-2 (a) shows that the DLS size distribution of fresh MPTMS sols with different
HCI molar ratios is almost similar, regardless of the HCI amount. The size distribution

of the sol was not clearly increased after storing the sols at 50 °C for several days under

151



Hiroshima University Doctoral Dissertation

an air atmosphere (Fig. 4-2 (b)), which indicates that MPTMS sols have sufficient sta-

bility.
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Fig. 4-2. Size distribution of MPTMS sols with different HCI ratios (a); that of
MPTMS sols stored at 50 °C (b).

Figs. 4-3 and S2 demonstrate FT-IR spectra for MPTMS films that were prepared
from MPTMS sols with different HCI molar ratios (MPTMS/HCI=1/0, 1/0.1, 1/0.2,
1/0.5, and 1/1.0) and calcined at different temperatures (uncalcined, 200, 250, 300, and
350 °C). For the prepared MPTMS sol without using HCl as a catalyst, as shown in Fig.
4-S2 (left), no obvious Si-O-Si characteristic peaks were observed around 1000 cm’
compared with the sols using HCl as a catalyst, similar to MPTMS monomers. These
results illustrate that HCI as a catalyst was necessary to promote hydrolysis and con-
densation. Besides, the characteristic peak of adsorbed water (~1630 cm™ ) can be
clearly observed for MPTMS films prepared from the molar ratio of MPTMS/HCI >
1/0.2, which could be attributed to the C/™ stabilization of Si-OH by ionic interactions
[26-28] to increase hydrophilicity *%. As reported *!-*¥ and displayed in Fig. 4-3 (right),
the deformation band around 2550 cm™ can be assigned to the S-H groups.

As for MPTMS monomers and the sol without using HCI, since there is no acidic
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catalyst to promote hydrolysis and condensation, the network structure had completely
disappeared possibly due to the evaporation of monomers even at 200 °C in Fig. 4-S2.
Furthermore, the characteristic peaks of Si-OH and adsorbed water gradually decreased
with an increase in calcination temperatures, which could be ascribed to the transfor-
mation of Si-OH groups to Si-O-Si groups through condensation at high temperatures
owing to the dynamic sol-gel process. [**l As exhibited in Fig. 4-3 (right), the charac-
teristic peaks of S-H almost disappeared at 350 °C. However, the characteristic peaks
of C-H in all MPTMS prepared with HCI were still clear even calcined at 350 °C, which

indicates that the propanethiol chains have the excellent stability at 300 °C at least.

MPTMS/H,O/HCI=1/50/0.1 __Si-0-Si MPTMS/H,0/HCI=1/50/0.1
Si-C| si.oH C-H
C-H
-OH&SI-OH || ¢ 4 \f, |C-S N
3 350 ° \ S-H
5 B ] \[\sme ]
2 - 300 °C y .
I e N a00ce |
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2 QMA/ \ N zs0e L]
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Fig. 4-3. FT-IR spectra for MPTMS films with molar ratio of MPTMS/HCI1 = 1/0.1 at
different calcination temperatures (left); the narrow FT-IR spectra of C-H and S-H de-
formation bands ranging from 3000 to 2400 cm™!(right).

Fig. 4-4 shows TG and N> adsorption analyses of all MPTMS xerogels with different
HCI molar ratios. Clearly, when HCI was not used, the xerogel showed a dramatic de-
crease in TG, indicating MPTMS was decomposed and/or evaporated about 200 °C. On
the other hand, the thermal properties of MPTMS xerogels prepared using HCI were
almost the same, irrespectively of acid ratios, which confirms the thermal stability

around 300 °C due to no weight-loss. Furthermore, the weight-loss at the first stage was
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~21.2 wt% that is consistent with the proportion of S-H/total molecular weight
(33/154=21.4%). The weight-loss observed from 300-400 °C can be attributed to the
decomposition of S-H, which was also proven by the signal peaks of m/z = 33 mainly
detected at 300-400 °C in Fig. 4-S3. Moreover, as indicated in Fig. 4-4 (b), MPTMS
xerogels with different HCI molar ratios always showed a dense structure, inde-
pendently of the HCI amount, probably because the propyl chains which retain at

300 °C formed non-porous networks due to its flexibility.
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Fig. 4-4. TG measurement (a) and N> adsorption (b) of MPTMS xerogel powders
with different HCI mole ratios.

4.3.2 Structure of oxidized MPTMS sols with different sol/H202 mass ratios

Fig. 4-5 exhibits the size distribution of the oxidized MPTMS sols with different
mass ratios of sol/H»0; (1/0.05, 1/0.1, and 1/0.2 g/g). When the MPTMS sols with
MPTMS/HCI molar ratio=1/1.0 was added with H203, the sol size was increased rap-
idly with the increase of oxidation time and H>O: dosage, indicating that H>O> en-
hanced the condensation of MPTMS sols. This can be attributed to the hydrogen bonds
between H>O; and Si-OH/ Si-O-Si to form a seven-member ring cluster with less ten-
sion, 33361 probably further improving the condensation of most residual Si-OH. On the

other hand, the size of MPTMS sols with an MPTMS/HCI molar ratio=1/0.1 was only
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increased slightly with an increase in the oxidation time and H>O» dosage. These results
indicated that numerous Si-OH groups could be further condensed by oxidating with
H>0; and transformed to Si-O-Si groups to increase the size of MPTMS sols. For

MPTMS sols with an MPTMS/HCI molar ratio=1/0.1, the sol size was basically stable

around 10 nm even after 15 days, which can be used to fabricate membranes. [2%2!]
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Fig. 4-5. Size distributions of MPTMS sols containing MPTMS/HCI molar ra-
tio=1/1.0 (a, b, and c¢) and 1/0.1 (d, e, and f) with oxidation using sol/H>O» mass ra-
ti0=1/0.05 (a, d), 1/0.1 (b, e), and 1/0.2 (c, f).

Fig. 4-6 demonstrates FT-IR spectra for uncalcined MPTMS films with different
MPTMS/HCI molar ratios and sol/H>O, mass ratios. Because the MPTMS sol with
MPTMS/HCI molar ratio=1/0.1 has undergone sufficient hydrolysis and condensation
without more ionic interactions between C/~ and Si-OH, H>O; oxidation had mildly
affected the characteristic peaks of Si-OH and Si-O-Si. Because the Si-C, C-H, and C-

S peaks in both unoxidized and oxidized MPTMS films are similar, regardless of H2O»
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and HCI amount, H>O» oxidation did not negatively affect the MPTMS network struc-
ture obtained after hydrolysis and condensation. According to the published papers
[22.37.381 " the sulfonated groups are possibly located at 1200-1400 cm™. As exhibited in
Fig. 4-6 (right), the new peaks appeared around 1310 cm™ in the narrow FT-IR spectra
of MPTMS films before and after oxidation, which can belong to the sulfonated groups

such as S=0 and SO;™’.
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Fig. 4-6. FT-IR spectra for uncalcined MPTMS films with different HC] molar ratios
and sol/H>O» mass ratios (left); the narrow FT-IR spectra of sulfonated groups defor-
mation band at different sol/H20, mass ratios ranging from 1500 to 1150 cm™!(right).

As shown in Fig. 4-S4, the structural changes of MPTMS films coated the sol with
different sol/H>O; mass ratios (1/0.05 and 1/0.2 g/g) with oxidation times were charac-
terized by FT-IR. The C-H and Si-C peaks of these two types of MPTMS films were
still clearly observed, regardless of H>O2 dosage, even oxidation for 12 h, which indi-
cates that H>O» oxidation did not clearly affect propyl chains. Fig. 4-S5 displays the
narrow FT-IR spectra of C-H and S-H groups as well as sulfonated groups with oxida-
tion time. When less H2O» (sol/H20,=1/0.05) was used, the S-H peaks gradually de-

creased with the extension of oxidation time, and completely disappeared for 12 h.
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However, the S-H groups have completely disappeared after oxidation for only 0.5 h
while using more H>O» (sol/H2O>= 1/0.2). As indicated in Fig. 4-S5 (right), the new
sulfonated groups (S=0 and SO5™!) were obtained within 0.5 h from the beginning of
oxidation whether less or more H>O> (sol/H20,=1/0.05 or 1/0.2) was used. To com-
pletely oxidize S-H into sulfonated groups, it is better to use more H>O> (sol/H,0>=
1/0.2) and oxidate for 12 h.

Fig. 4-7 illustrates the XPS analysis of unoxidized and oxidized MPTMS films. Wide
scan spectra and atomic ratios show that all elements were observed, and their relative
intensities did not change obviously in either oxidized or unoxidized MPTMS films.
Additionally, after analyzing a high-resolution spectrum of S>,, the binding energy of
S5, in the unoxidized MPTMS films has blue-shifted from 164.4 to 168.8 eV, ?2 which
further confirms that S-H groups were completely oxidized by H>O> to transform sul-
fonated groups such as §=O that were possibly derived from sulfite, sulfone, sulfate,
and sulfonic groups, meaning that sulfur oxidization groups may coexist in a variety of

forms, as the deconvoluted spectrum of oxidized S>, shows.
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Fig. 4-7. XPS analysis of unoxidized and oxidized MPTMS films (molar ratio of

MPTMS/HCI=1/0.1; mass ratio of sol/H20,=1/0.2) calcined at 300 °C: wide scan

spectra (left) and high-resolution S>, spectra (right).

Fig. 4-8 displays FT-IR spectra for unoxidized and oxidized MPTMS films at differ-
ent calcination temperatures. As the calcination temperature rises from 200 to 350 °C,
the Si-OH peaks gradually disappear in Fig. 4-8 (a) owing to their condensation to Si-
O-Si in the dynamic sol-gel process. In addition, the peak ratio of Si-C/Si-O-Si was
slightly decreased at 350 °C because either more Si-O-Si groups can be obtained from
the condensation of Si-OH groups, or a part of propyl chains decomposes up to 350 °C.
As demonstrated in Figs. 4-8 (b) and (c), the characteristic peaks of C-H were deformed
and its intensity was reduced after calcination at 350 °C, and the characteristic peaks of

the sulfonated groups obtained by oxidizing S-H also greatly decreased.
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Fig. 4-8. FT-IR spectra for unoxidized and oxidized MPTMS films at different calci-

nation temperatures (a); the narrow FT-IR spectra of C-H and S-H groups (b) as well

as sulfonated groups (c) ranging from 3000 to 2400 and from 1500 to 1150 cm™!, re-
spectively, at different calcination temperatures.

Figs. 4-9 (a) and (b) illustrate TG and N> adsorption analyses of unoxidized and ox-
idized MPTMS xerogels, respectively. Compared to the thermal property of unoxidized
MPTMS xerogels, the oxidized MPTMS xerogels underwent the first stage of weight-
loss from 100 to 300 °C (~4.77 wt%), which could be ascribed to the desorption of H.O
as explained in detail in SI-6, consistent with the FT-IR results. A further increase in

temperature showed a dramatic weight-loss, possibly caused by a serious
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decomposition of sulfonated groups. From analyzing the pore structures of unoxidized
and oxidized MPTMS xerogels calcined at 300 °C by N» adsorption, even the oxidized
MPTMS xerogel by H>O» also showed a dense structure in Fig. 4-9 (b) similar to that
of unoxidized MPTMS xerogel. Therefore, although the oxidized MPTMS xerogel
showed slight weight-loss at 100-300 °C probably due to the desorption of adsorbed
H>0 or H>O derived from the condensation of Si-OH, N> adsorption also suggested that
the main structure containing the propyl chains did barely change, which is consistent

with the thermal stability of the propyl chains confirmed via FT-IR and TG analysis.
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Fig. 4-9. TG measurement (a) and N> adsorption (b) of unoxidized and oxidized
MPTMS (mass ratio of sol/H202=1/0.2) xerogel powders.

NH;-TPD was measured to evaluate the NHj affinity and adsorption amounts for
unoxidized and oxidized MPTMS xerogels calcined at 300 °C as summarized in Figs.
4-10 and S7. Clearly, the unoxidized MPTMS xerogel has two desorption stage in Fig.
4-S7 (a), indicating that NH3 partially desorbed around 40 °C before the temperature-
programmed started, then completely desorbed as increasing to 300 °C. A medium NH3
affinity at ~175 °C was attributed to the interactions between S-H and NH3 in Fig. 4-10

(a). 1 However, two NH3 desorption peaks for oxidized MPTMS xerogels were
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displayed around 125 and 230 °C, respectively, which could be assigned to weak and
strong NH3 affinity sites “**!) caused by Si-OH/CI" and sulfonated groups, respectively.
As exhibited in Fig. 4-10 (b), the NH3 adsorption amount for the oxidized MPTMS
xerogel is ~1.41 mmol g, approximately two times higher than that of unoxidized
MPTMS xerogel (~0.75 mmol g!). It could be attributed to the enhanced acid-base
interaction because the sulfonated groups derived from the oxidation of S-H have strong
acidity and more acidic sites, as a schematic diagram (Fig. 4-10 right) shows. Notably,
NH3 adsorption amount of the oxidized MPTMS was greatly higher than that of per-
fluorosulfonic acid, such as Nafion. [?Y! Besides, the NH; desorption amounts at 40 °C
for the unoxidized xerogel were almost twice that at 40-300 °C, however, the oxidized

xerogel showed a similar NH3 desorption amounts at both 40 °C and 40-300 °C.
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Fig. 4-10. Intensity of NH3 (m/z=16) during NH3-TPD measurements for unoxidized
and oxidized MPTMS xerogel powders (a); NH3 adsorption and desorption amounts
of unoxidized and oxidized MPTMS xerogels calcined at 300 °C (b).

4.3.3 Performance of unoxidized and oxidized MPTMS membranes
Fig. 4-11 shows the morphology of unoxidized and oxidized MPTMS membranes.
The MPTMS membrane prepared with the sol oxidized by H>O» showed a thicker top-

separation layer (~900 nm) than the MPTMS membrane without H>O> oxidation, which
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could be attributed to the increased size of the oxidized sols and its benign accumulation
on the Si0»-ZrO; intermediate layer.
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Fig. 4-11. Morphology of unoxidized (a) and oxidized (b) MPTMS membranes.

Fig. 4-12 shows single gas permeance at 200 °C for MPTMS membranes prepared
from MPTMS sols with and without oxidation as a function of molecular diameter. As
reported in previous paper, [ because of the molecular sieving effect, the permeance
obviously decreased as the molecular diameter of all non-adsorptive gases. Especially,
the unoxidized MPTMS membrane showed high gas perm-selectivity such as H2/N»
and H2/SFs selectivities of 9 and 1200, respectively, which were considerably higher
than Knudsen selectivity. On the other hand, the oxidized MPTMS membrane showed
that the gas perm-selectivity of non-adsorptive gases (He, Ha, N2, CH4, CF4, and SFe)
follows Knudsen diffusion, which could be ascribed to the formation of large pores
such as pinholes. ¥ Although the molecular diameter of NH3 has been reported to be
0.326 nm [ similar to that of Ny, its permeance was greatly promoted to be even higher
than that of H> and He. This enhanced NH3 permeance can be ascribed to the adsorptive
nature through adsorption-diffusion for both unoxidized and oxidized MPTMS mem-

branes. Surprisingly, the oxidized MPTMS membrane showed a high NHs/H:
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selectivity of > 20 with an NH3 permeance of ~1.3 x 107 mol m™ s Pa™' at 200 °C.
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Fig. 4-12. Kinetic diameter dependence of single gas permeance at 200 °C for unox-
idized and oxidized MPTMS membranes.

Fig. 4-13 exhibits the temperature dependence of single gas permeance and perm-
selectivity from 50 to 300 °C for MPTMS membranes with and without oxidation. Im-
portantly, NH; permeance increased with increasing temperature for oxidized MPTMS
membranes at 50-300 °C. Inversely, PFSA-based membranes such as Nafion- and
Aquivion-based membranes also contains sulfonic acid functional groups similar to ox-
idized MPTMS membrane, which showed a decrease in NH3; permeance with a temper-
ature arise from 50 to 200 °C. [1%! However, unoxidized MPTMS membranes showed
that NH3 permeance first slightly increased with an increasing temperature at 50-200 °C,
and then decreased with further raising to 250 and 300 °C, which can be attributed to
its medium NH3 affinity only around 175 °C. The permeance of H> and N> as the non-
adsorptive gases always increased with an increase in temperatures, regardless of the

membrane type.
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Fig. 4-13. Hz, N», and NH3 permeance and selectivity ranging from 50 to 300 °C for
unoxidized (left) and oxidized (right) MPTMS membranes.

Compared to unoxidized MPTMS membranes, the oxidized MPTMS membranes
showed that the permeance of both adsorptive NH3 and non-adsorptive Hz and N» de-
creased by almost an order of magnitude, which could be attributed to the dense net-
work structure resulting from the facilitated condensation by H>O: oxidation, the filling
of the network pores by bulky sulfonated groups such as S=0 and SO5™ 22! obtained
by S-H oxidation, and/or a thicker top-separation layer observed by SEM. As mentioned
earlier, although the molecular size of NH3 is between H, and N2, NH3; permeance is
still higher than N> or even H; permeance because of the selective adsorption and dif-

fusion through the top-separation layer. At 300 °C, the oxidized MPTMS membranes
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showed an excellent NH3 selectivity of 6 for NH3/H> and 18 for NH3/N> with a NHj3
permeance of ~1.4 x 107 mol m™ s™! Pa’!, whereas an NH; permeance of ~4.8 x 1077
mol m? s™! Pa! and NH3/Hz selectivity of 0.6 and NH3/N: selectivity of 6 for unoxidized
MPTMS membranes. Moreover, Fig. 4-14 and Table 4-S1 summarize the trade-off of
the NH3 permeance and NH3/H; selectivity at 200 °C for various membranes. NH3 per-
meation at temperatures higher than 100 °C was reported in only several papers and
those even 200 °C are quite rare. [!°-21:46-48] Although Na'-gated nanochannel mem-
branes exhibited excellent NH3 selectivity (NH3/Hz: > 300; NH3/N»: >1000) at 200 °C,

its NH3 permeance was less than satisfactory (2-5 x 10® mol m? s’! Pa!) [47:48]

com-
pared to oxidized MPTMS membrane (1.3x107" mol m?s! Pa™!). Noteworthily, in order
to achieve NH3 production using CMRs, it has been reported that the membrane per-
formance is at least NH3/H> selectivity > 4 and NH3/N> selectivity > 10 with a NH3
permeance > 3.4x10"® mol m? s™! Pa"! and a CMR at 300 °C is favorable compared to
packed bed reactor at 400 °C for NH3 production. [*” To realize the great benefits using
CMRs for NH3 synthesis, NH3 permeance and selectivity of membranes should be bal-
anced or simultaneously promoted, so we believe oxidized MPTMS membranes has the

superior NHj3 separation potential and further enhanced the feasibility of membrane re-

actor for NH3 synthesis. 5!
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Fig. 4-14. Trade-off of the NH3 permeance and NH3/Hz selectivity at 200 °C for vari-
ous membranes. Each point indicates the permeance of the different membranes.

Fig. 4-15 indicates the sequence of permeation for Hz, N2, and NH3 with a tempera-
ture-swing from 50 to 300 °C for MPTMS membranes with and without oxidation. Af-
ter several temperature-swings, Ha, No, and NH3 permeances were almost the same as
those in the initial state whether MPTMS membrane was oxidized or unoxidized. Par-
ticularly, the performance of an oxidized MPTMS membrane, even after multiple tem-
perature changes at 50, 200, and 300 °C, did not change significantly, as shown in Fig.
4-15 (c), showing a sufficient thermal stability and NH3 resistance. Moreover, the sim-
ilar Ho, N2, and NH3 permeances for the three different the oxidized MPTMS mem-
branes are shown in Fig. 4-S8, which has further confirmed the favorable reproducibil-

ity for oxidized MPTMS membranes.
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Fig. 4-15. Time course for single H>, N2, and NH3 permeance at temperatures ranging
from 50 to 300 °C for unoxidized (a) and oxidized (b) MPTMS membranes, and the
measurement again for oxidized (c¢) MPTMS membranes.

Fig. 4-16 displays the time course of NH3, Hz, and N> permeances as well as NH3
selectivity during single and binary gas permeation at 300 °C using an oxidized
MPTMS membrane. Impressively, TEOS-derived membranes showed that the prefer-
entially adsorbed NH3 could inhibit H» and N> permeation at low temperatures to
achieve high NHj selectivity, ['®) meanwhile, the thermodynamically favored sorption
for NH3 in ultra-thin Prussian Blue membranes also resulted in an improved NH3/H>

selectivity. ! This property was limited to low temperatures, and a higher H»
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selectivity than NH3; was obtained at high temperatures such as 400 °C for TEOS-de-
rived membranes. %! This trend was explained by surface diffusion of NH3 induced by
selective adsorption. As for oxidized MPTMS membrane, neither NH3, H, and N per-
meances nor NH3 selectivity showed any obvious variation in both single and binary
gas permeation at 300 °C, which indicates that the inhibition effect of NH3 permeation
on H> and N> permeances was also eliminated at high temperatures, even though the

oxidized MPTMS showed strong NH3 affinity.
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Fig. 4-16. Time courses of selectivity and permeance of NH3, H>, and N in single and
binary gas permeation for oxidized MPTMS membrane at 300 °C. Feed ratios of
NH3/Hz and NH3/N> = 1/1.

Combined with the above discussion, therefore, as shown in the schematic diagram
in Fig. 4-17, the MPTMS membrane fabricated by the oxidized sols not only exhibits a
dense top-separation layer that could inhibit H> and N2 permeance, but also display the
Knudsen diffusion properties for non-adsorptive gas molecules, possibly due to the for-
mation of large pores such as pinholes. Nevertheless, as an adsorptive gas, NH3 can still

permeate rapidly even in the dense top layer because of the enhanced acidity and
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increased acidic sites, showing an obvious surface adsorption and diffusion mechanism.

Dense structure « "

Thick separation layer £ S
Pinholes NH; adsorption-diffusion

Fig. 4-17. Schematic diagram of MPTMS membrane with H>O» oxidation.

4.4. Conclusions

The unoxidized (3-mercaptopropyl)trimethoxysilane (MPTMS) sols were prepared,
and further oxidized by H2O> to improve NH3 affinity. FT-IR and XPS analyses showed
that S-H groups can be completely oxidized to sulfonated groups via oxidizing sol so-
lution with H20». The thermal stability of MPTMS xerogels with and without oxidation
was proven around 300 °C via TG-MS analysis. Furthermore, the xerogel powders were
always maintained a dense structure using N> adsorption due to the flexible and stable
propyl chains, independently of H>O; oxidation. Compared with unoxidized MPTMS
xerogels, the oxidized xerogels expressed an intense NHj3 affinity and a large NH3 ad-
sorption amounts because of the improved acidity and increased acidic sites to enhance
acid-base interactions from NH3-TPD results. For single and binary gas permeation, the
oxidized MPTMS membranes showed an excellent NH3/H> selectivity of 6 and NH3/N»
selectivity of 18 with an NH3 permeance of ~1.4x107 mol m™ s Pa! at 300 °C. This
can be ascribed to the efficiently selective adsorption on the top-separation layers and

the effectual diffusion through membranes.
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Supplementary Material

The NH3 affinity and amount of the xerogel powders was probed using NH3 temper-
ature-programmed desorption (NH3-TPD). All xerogel powders were pre-calcined un-
der a N> atmosphere at 300 °C. The measurement program is detailed below. Firstly,
the pre-treated xerogel powders were further degassed to remove adsorbed water via
utilizing dry helium at 30 mL min™ for 120 min at 150 °C. After cooling and held at
28 °C for 60 min, 5% NH3/95% He mixture gases at 30 mL min™ and Ar gas at 1 mL
min! were put into the sample cell for 90 min to reach adsorption saturation. When the
NH3 adsorption was finished, the dry helium at 30 mL min™' continued to flow into the
system at room temperature for 120 min. Finally, the NH3 desorption program was im-
plemented as the temperature increased from 40 to 300 °C at 10 °C min™! and maintained
at 300 °C for 15 min. The followed Eq-1 and Eq-2 were used to calculate the NHj3
adsorption and desortion amount, respectively. Each sample was measured 3 times to
obtain the average amount of NH3 adsorption and desorption.

INH3 ,in

I —_
At IAr,in

- INH; ¢

' 1 t2
NH; adsorption amountza Jt- 1 QNH3 dt Eqg-1

INH;, in

INH, ¢

1 t4
NH; desorption amount (40—300 °C)=— j (

) QNH3 dt Eq-2
3

INH;, in
m: weight of sample; I; ;,,: intensity of the feed i-th component; I; ;: intensity of the

feed i-th component at each moment; Qyp,: flow rate of NHs.
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Fig. 4-S1. Schematic diagram of the single-gas permeation measurement.
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Fig. 4-S2. FT-IR spectra for MPTMS films with different HCI molar ratios at different
calcination temperatures (left); the narrow FT-IR spectra of C-H and S-H deformation
bands ranging from 3000 to 2400 cm!(right).
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Fig. 4-S3. Mass signal of m/z =33 of MPTMS xerogel powders with molar ratio of
MPTMS/HCI = 1/0.1 by TG-MS.
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Fig. 4-S4. Time course of FT-IR spectra of MPTMS films prepared from sol/H20>
mass ratios of 1/0.05 (left) and 1/0.2 (right).
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tom).
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Although it is difficult to categorically assign m/z to a specific functional group, the
m/z = 18, 33, 44, and 48 possibly be attributed to the ion fragment of H>O, S-H, CO,,
and S=0, respectively, according to their atomic mass. The mass signal of m/z = 18
only displays a peak around 350 °C possibly due to the desorption of H>O originated
from the condensation of Si-OH, but its intensity increased with temperature. Therefore,
the weight-loss within 100-300 °C for MPTMS xerogels with oxidation in Fig. 9 in the
main text could be attributed to the decomposition and/or evaporation of adsorbed water
and free sulfate as shown in Figs. 4-S6 (a) and (c). Fig. 4-S6 (b) shows that the elemental
C from the propyl chains probably be decomposed in the form of CO, over 400 °C,
consistent with the second weight-loss stage in Fig. 9. Moreover, the signal peaks of
m/z = 48 (§=0) and m/z = 33 (S-H) are mainly and approximatively distributed in the
300-400 °C in Figs. 4-S6 (c) and (d), which can confirm the thermal stability of S-H

and sulfonated groups.
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Fig. 4-S6. The mass signal of m/z = 18, 33, 44, and 48 in unoxidized and oxidized
MPTMS as a function of thermal treatment from TG-MS.
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Fig. 4-S7. Time course of mass intensity and temperature during NH3-TPD measure-
ments for unoxidized (a) and oxidized MPTMS xerogel powders (b).

Table 4-S1. Data for the selectivity and permeance of various membranes at 200 °C.

Membrane NH; permeance [mol m? s! Pa!] NH;/Ha Ref
Nafion/ceramic 1.9355E-06 2.6
Aquivion-H"/ceramic 1.6800E-06 6.3 1
Aquivion-Li*/ceramic 9.0500E-07 1.9
BTPA 1.3107E-06 7.1
0.50 Fe-BTPA 2.2437E-06 9.9 2
0.50 Ag-BTPA 1.6300E-06 7.3
0.25 Ni-BTPA 1.5923E-06 8.1
0.50 Ni-BTPA 2.7995E-06 10.8 3
1.00 Ni-BTPA 3.2910E-06 5.5
Unoxidized MPTMS 9.4379E-07 2.6 .

.y This work
Oxidized MPTMS 1.3488E-07 27.1
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Fig. 4-S8. Reproducibility of membrane fabrication for oxidized MPTMS membranes
by comparing H>, N>, and NH3 permeance ranging from 50 to 300 °C.

References

[1] K. Wakimoto, W.W. Yan, N. Moriyama, H. Nagasawa, M. Kanezashi, T. Tsuru,
Ammonia permeation of fluorinated sulfonic acid polymer/ceramic composite
membranes, J. Membr. Sci., 658 (2022) 120718

[2] W.W. Yan, U. Anggarini, H.C. Bai, H. Nagasawa, M. Kanezashi, T. Tsuru, En-
hanced NH3 permeation of bis[3-(trimethoxysilyl)propyl] amine membranes via
coordination with metals, J. Membr. Sci., 678 (2023) 121665.

[3] W.W. Yan, U. Anggarini, K. Wakimoto, H.C. Bai, H. Nagasawa, M. Kanezashi, T.
Tsuru, Optimization of Ni-amine coordination for improving NH; permeation
through nickel-doped bis[3-(trimethoxysilyl)propyl] amine membranes, Sep. Purif-
Technol. 326 (2023) 124809.

183



Hiroshima University Doctoral Dissertation

Chapter 5
Fabrication of 3-(trihydroxysilyl)-1-propanesulfonic acid membranes

with superior affinity and selectivity for NH3; permeation over Hz and

Nz at 50-300 °C

5.1 Introduction

Since the advent of the Haber-Bosch process for ammonia (NH3) synthesis at 400-
500 °C and 30-50 MPa using Fe-based catalysts, [!*l NH3 has been not only devoted to
fertilizer and crop production but is increasingly regarded as an important carbon-free
hydrogen energy-carrier and value-added chemical due to its high hydrogen density
(107.7 kgHzm'3) and capacity (17.6 wt%). 34l However, the harsh conditions not only
caused excessive energy consumption but also failed to acquire a high NH3 conversion
due to the limitation of thermodynamic equilibrium. Catalytic membrane reactor (CMR)
technology, that consists of reaction and concurrent membrane separation to improve

[5-7) would be highly expected for producing green NH3

thermodynamics and kinetics,
81 that can be synthesized utilizing N> and H» from air separation and water electrolysis,
respectively. Particularly, NH3 conversion can be increased or exceed the equilibrium
conversion even under mild conditions (250-350 °C and 1-10 bar) via selective removal
of NH3 from the reaction side to the permeate side through a CMR. Although low tem-
perature can thermodynamically promote the synthetic NH3 conversion because of the
exothermic NHj3 synthesis reaction and the activity of low-temperature catalysts have

been reported to be developed, high temperatures such as > 250 °C would be still

needed at present owing to the low efficiency of the catalyst and the low NH3 yield.
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Therefore, membranes with highly tolerable temperature and excellent NH3 perm-se-
lectivity, as the core of CMRs, are urgently desired because high temperature promotes
the NHj3 production rate of the existing catalyst but easily cause membrane decomposi-
tion and/or decreased separation factor. [*1%]

Recently, the theoretical design of a CMR model for NH3 synthesis was reported by
mathematical simulation. Special attention was paid to the performance of the mem-
brane, which should at least be required NH3z/H> selectivity of > 4, NH3/N» selectivity
of > 10, and high NH3 permeance of ~3.4x107 mol m? s Pa! (1000 GPU) can further
increase gains. ''! However, because of the limited performance of existing catalysts

12-141 " especially for re-

including Ru- and Fe-based as well as heterogeneous catalysts |
action rate, reaction temperatures above 250 °C still seem essential for NH3 synthesis,
[15.16] which can also extend the advantages of a CMR. Consequently, this further in-
creases the demand for membrane properties, especially temperature tolerance of the
membrane.

Retrospectively, polymer membranes, such as poly(vinylammonium thiocyanate) 17,

(20211 "have long been reported an

perfluorosulfonic acid (PFSA) 13191 cellulose acetate
NH; permeance of ~10® mol m? s! Pa! with NH3 selectivity of 100-1000 around room
temperature based on diffusion-solubility mechanism. After contacting with NH3 at
high temperatures, the plasticization and/or corrosion of the membrane ! would inev-
itably reduce the separation factors. Moreover, ionic liquid (IL)/deep eutectic solvent

(DES)-based membranes can be flexibly designed by selecting various cations and an-

ions, which expressed a favorable NH; permeance (~107 mol m? s' Pa') and
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selectivity (~100) on account of high NHj affinity. *?*! Nevertheless, the performance
of IL/DES-based membranes and zeolite/metal framework membranes 242®) at high
temperatures was rarely reported, which undoubtedly limits the application of the mem-
brane such as CMR, because the temperature needed to synthesize NH3 is at least 50 °C
(271, Although tetraethoxysilane (TEOS) derived membranes exhibited a comparable
NH3/H; selectivity of 28.7 from isometric NH3/H» mixture at 50 °C due to the blocked
H> permeation by the preferentially adsorbed NH3, NH3/H> selectivity was inversely
0.083 at 400 °C. [?8

Recent advances in NH3 separation membranes are PFSA/ceramic composite mem-
branes %), metal-doped bis[3-(trimethoxysilyl)propyl] amine (BTPA) membranes ],
and Na'-gated nanochannel membranes !1, which showed an outstanding NH3 perme-
ance and selectivity as well as stability from 50 to 200 °C. Although the membrane
performance was evaluated over a wide temperature range, the key factors for NH3
separation, including NH3; permeance and selectivity, were less satisfactory. The NH3
permeance and selectivity with raising temperatures were decreased dramatically for
PFSA-derived membranes such as Nafion/ceramic composite membrane. For example,
NH; permeance slightly decreased from ~2.8x10° to ~1.9x10° mol m? s™! Pa’! as the
temperature rose from 50 to 200 °C, while the selectivity of NH3/H> > 40 and
NH3/N2 >730 greatly decreased to ~2 and ~25, respectively. Additionally, the propyla-
mine chains in metal-doped BTPA membrane could tend to decompose around 200 °C
as the amount of metal doping increases, *2! which makes it difficult to control the pore

size and weaken the coordination between propylamine and metal (for example, nickel).
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Compared to PFSA- and BTPA-derived membranes, Na'-gated nanochannel membrane
expressed a surprising NH3/H; selectivity of > 300 and NH3/N; selectivity of >1000
even at 200 °C, but NH; permeance (2-5%10® mol m™ s Pa') needs to be further
improved. B!l Generally, high temperature is unfavorable to NHj selective permeation.
This could be attributed to the high temperature promoting the degradation of these
materials as well as weakening their NH3 aftinity. Another reason is possibly due to the
activated diffusion of the H, and N2 permeation, resulting in H> and N> permeance pro-
moting at high temperatures more than NH3 permeance.

For further improvement in NH3 permselectivity at high temperatures, we reported
(3-mercaptopropyl)trimethoxysilane (MPTMS) derived membranes. The mercaptan
groups (-SH) can be oxidized to sulfonated groups by H>O: as shown in Fig. 5-1, which
significantly improved the NHj affinity based on acid-base interactions between NH3
and sulfonated groups. This was originally proven by selectively capturing trace NH3
from air with an initial NH3 concentration < 2 ppm. [**! Afterwards, oxidized MPTMS
membranes was successfully fabricated for separating NH3 from H, and N> at 50-
300 °C in our research group, which showed a moderate NHj selectivity (NHz/H> = 6
and NH3/N, = 18) with an NH;3 permeance of ~1.4x107 mol m? s! Pa’! at 300 °C. 34
However, because the MPTMS sol size was difficult to control after H>O» oxidation,
oxidized MPTMS membranes showed a poor molecular sieving, which can be verified
by non-adsorptive gas permeation (He, Hz, N2, CH4, CF4, and SF¢) similar to Knudsen
diffusion. Additionally, mercaptan groups (S-H) were also difficult to be completely

oxidized to -SOsH by XPS analysis.® Therefore, 3-(trihydroxysilyl)-1-
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propanesulfonic acid (TPS) which contains -SO3H groups in the chemical structure
without any oxidation are greatly attractive to prepare TPS derived membranes with

high NH3 permeance and selectivity.
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Fig. 5-1. Structure of MPTMS and TPS precursors and their derived siloxane struc-
ture.

Herein, we propose the use of TPS, the molecular structure of which can be found in
Fig. 5-1, for fabricating NH3-selective membranes. Since TPS consists of sulfonic acid
groups (-SO3H), direct coating of TPS solutions enables the formation of -SO3H groups,
which requires no oxidation process such as MPTMS and would offer a simple fabri-
cation process. TPS was diluted to 0.1 wt% with ethanol (EtOH), and its solutions were
directly coated on intermediate layer for fabricating TPS membranes with superior mo-
lecular sieving and NH3 affinity. The properties of TPS solution and its derived films
and xerogels were examined by various characterizations. Importantly, NH3 adsorption
and temperature-programmed desorption (NH3-TPD) uncovered an intensive NH3 af-
finity for TPS (an NH3 adsorption amount of ~3.0 mmol g!) due to the inherently pro-

ton-acidic -SO3H groups in TPS. The NHz permeance and selectivity of TPS
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membranes were evaluated by single and binary gas permeation over a wide range of
temperatures from 50 to 300 °C, which have confirmed the superior NH3 permselectiv-

ity at high temperatures.

5.2 Experiments
5.2.1 TPS solution and membrane preparation
3-(trihydroxysilyl)-1-propanesulfonic acid in water (35%) was purchased from
Oakwood Chemical, Inc., Japan and used without further purification. Fig. 5-2 shows
the membrane preparation procedure. Firstly, two types of a-alumina particles of 0.2
and 2 um were dispersed at the concentration of 10 wt% in 2 wt% Si0-ZrO; sols. They
were coated on the surface of porous a-alumina tube (length: 100 mm, average pore
size: 1 pum, porosity: 50%, kindly supplied by Nikkato Cor. Japan) and calcined at
550 °C for 15 min to cover all macropores. This process was repeated 3-4 times to
obtain the particle layers. Secondly, 0.5 wt% SiO>-ZrO; sols obtained by diluting 2 wt%
Si02-ZrO; sols with water was coated on the particle layer, followed by calcination at
550 °C for 15 min, which can form the intermediate layer with pore size close to 1 nm.
351 Finally, 0.1 wt% TPS solution diluted with EtOH and water, name for TPS-EtOH
and TPS-H:O0, respectively, was directly coated on the SiO2-ZrO: intermediate layer,

followed by calcination at 300 °C for 20-30 min under a N2 atmosphere.
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1 Coating a-Al,O, particles (0.2 and 2 um)
dispersed in 2 wt% SiO,-ZrO, sols

(2) Coating 0.5 wt% SiO,-ZrO, sols

(@ Coating 0.1 wt% TPS-
o\ EtOH or TPS-H,0 solution
o2

*No need to prepare sol by
sol-gel method and
oxidation by H,0,

Particle layer
a-Al, O, substrate

Fig. 5-2. Procedure of membrane preparation and schematic the layered structures of
membrane.

5.2.2 Characterization and gas permeation measurement

Malvern Zetasizer (ZEN 3600) equipped with dynamic light scattering (DLS) was
used to analyse the size distribution of 5 wt% TPS-EtOH and TPS-H>O solutions. Fou-
rier transform infrared spectrometer (FT-IR-4100, JASCO, Japan) was utilized to ex-
amine the chemical structure and stability of TPS films that were prepared by drip-
coating 5 wt% TPS-EtOH or TPS-H>O solution onto KBr plates and calcined at differ-
ent temperatures under a N> atmosphere. Besides, 5 wt% TPS-EtOH and TPS-H>O so-
lutions were spin-coated onto silicon wafer and calcined at 300 °C under a N2 atmos-
phere, followed by drying in a vacuum oven overnight and analysis via an X-ray pho-
toelectron spectrometer (XPS, JEOL RE series JES-RE1X ESR spectrometer). TPS
xerogel powders were prepared by drying both TPS solutions at 50 °C and their thermal
stability were detected via a thermogravimetric mass spectrometer (TG-MS, TGA-
DTA-PIMS 410/S, Rigaku, Japan). TPS-EtOH and TPS-H>O xerogel powders uncal-

cined and calcined at 300 °C under a N> atmosphere were characterized by an X-Ray

190



Hiroshima University Doctoral Dissertation

diffractometer (XRD) D2 PHASER (Bruker, Germany) equipped with Cu-K « radiation
in a 26 range of from 5 to 80°. The pore structure of calcined TPS-EtOH and TPS-H>O
xerogel powders that were further evacuated at 200 °C under vacuum conditions for 12
h, was evaluated via a N> adsorption-desorption apparatus (BELL Inc., Japan). NH3
adsorption and desorption amounts of calcined TPS-EtOH and TPS-H»O xerogel pow-
ders were measured via an NH3-TPD (BELCAT-AT and BELMASS-HT, BELL Inc.,
Japan). The details of NH3-TPD measurement program are shown in the Supplementary
Material (SI-1). Scanning electron microscope (SEM, HITACHI S-4800, JEOL, Japan)
was used to observe the morphology of TPS membrane.

The permeances of high purity He, H», NH3, N2, CH4, CF4, and SFs were measured
at 50-300 °C by pressuring the outside of the membrane at 200-300 kPa while the per-
meate stream was maintained at atmospheric pressure via the single gas permeation. In
addition, the binary gas permeation at 300 °C was performed to verify the permeation
properties of the NHz mixtures (NH3z/H> and NH3/N2). Upstream and permeate
pressures were kept at 300 kPa and atmospheric pressure, respectively. The detailed
measurement procedure of single and binary gas permeation and experimental appa-

ratus can be found in SI-2.

5.3 Results and discussions

5.3.1 Chemical structure and thermal properties of TPS sol, film, and xerogel
Fig. 5-3 shows the DLS size distribution of TPS-EtOH and TPS-H>O solutions. Ob-

viously, the DLS size of TPS-EtOH and TPS-H>O solutions was mainly distributed in

2-3 and 1-2 nm, respectively. Large size in EtOH could be attributed to the promoting
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effect of EtOH as a cosolvent on condensation, which could be supported by the fact
that increasing the EtOH concentration decreases the hydrolysis reaction and promotes
the condensation of hydrophilic silanol, resulting in the growth of particles and obtain-
ing larger silica nanoparticles. *® Since the pore size of the intermediate layer was
around 1 nm, the size of the TPS-H>O solution may not be sufficient to cover all mi-
cropores of intermediate layers so that a membrane with benign molecular sieving was
difficult to be fabricated. Moreover, TPS-EtOH and TPS-H»O solutions showed a stable
size distribution after stirring the sols at 50 °C for several to 22 h under an air atmos-

phere, indicating the sufficient stability.

30 30
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24 24
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Fig. 5-3. Size distribution of TPS-EtOH (a) and TPS-H>O (b) solutions and then
stirred at 50 °C for several to 22 h.

Figs. 5-4 and 5-S3 exhibit FT-IR spectra of a narrow and wide range, respectively,
for TPS films coated on KBr plate with TPS-EtOH and TPS-H>O solutions and calcined
at different temperatures (uncalcined and 100-350 °C). Both of fresh TPS films dis-
played the approximately similar spectra, indicating a similar chemical structure, inde-
pendently of solvent type. Moreover, the characteristic peaks of -OH groups around

3100-3600 cm™! and Si-O-Si groups around 1040-1100 cm™ 781 were always clear and
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showed approximately the same absorption intensity for both uncalcined and calcined
at 350 °C. This can be explained as TPS monomers were possibly condensed to form a
siloxane network structure owing to sulfonic acid (-SO3H) as a self-catalyst for the pro-
motion of condensation, ***1 and the condensed TPS polymers still contain quite a few
silanol groups even at 350 °C. Furthermore, as shown in Fig. 5-4 (left), the characteris-
tic peak of Si-OH groups around 900 cm™' was mildly shifted to high wavenumber
(blue-shift) as the temperature goes from 150 to 200 °C, which could be attributed to
the enhanced interactions between Si-OH groups and/or between Si-OH and -SO3H
groups due to the promotion of high temperature on the dynamic condensation. %3]

As shown in Figs. 5-4 and 5-S3 (right), both TPS films showed particularly promi-

1391 and common S=0 groups

nent deformation band of -SO3H groups around 1195 cm”
around 1300-1410 cm! 333437381 However, oxidized MPTMS film only indicated S=0O
and -SO3 groups that originated from the oxidization of -SH of MPTMS by H>O,. [3334]
No -SO;3H groups were observed possibly because -SH is difficult to completely oxidize
to proton-acidic -SO3H groups, but instead coexists in a variety of oxidized sulfur
groups, such as such as sulfite, sulfone, sulfate, and/or sulfonic groups. [** Furthermore,
as the calcination temperature rises from 200 to 250 °C, the peaks of Si-O-Si groups
around 1100 cm™! increases significantly compared with that of -SO3H groups and were
almost unchanged from 250 to 350 °C, meaning that an increase in calcination temper-
ature to 250 °C was sufficient to induce the condensation of Si-OH to form a dense

siloxane network structure. Additionally, the thermal stability of propyl chains and sul-

fonic acid groups at 300 or 350 °C was also confirmed by the characteristic peaks of C-
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H and -SO;3H groups in Figs. 5-4 and 5-S3.

Absorbance

4000 3600 3200 2300 2400 2000 1600 1200 800 400 1500 1400 1300 1200 1100 1000 900
Wavenumber (cm™) Wavenumber (cm™)

Fig. 5-4. Wide FT-IR spectra (left) and narrow FT-IR spectra ranging from 1500 to
900 cm’! (right) of TPS-EtOH films at different calcination temperatures.

Fig. 5-5 shows the XRD patterns of uncalcined and calcined TPS xerogel powders
dried from TPS-EtOH and TPS-H;O solutions. Both TPS-EtOH and TPS-H>O xerogel
powders showed an amorphous phase with a broad peak around 21°, which can be as-
cribed to amorphous Si-O-Si networks, even for uncalcined xerogel powders. This fur-
ther proves that TPS can rapidly condense or has already condensed during the prepa-
ration of the xerogel to form an amorphous siloxane-derived network structure because

of -SO;3H groups inherently active as a self-catalyst, consistent with FTIR results.
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Fig. 5-5. Wide angle XRD patterns for uncalcined and calcined TPS-EtOH and TPS-
H>O xerogel powders.

Fig. 5-6 shows TG-MS measurement of TPS-EtOH and TPS-H>O xerogel powders.
Firstly, the xerogel powders underwent a weight-loss of ~21 wt% at 100-300 °C. To
explain this phenomenon in more detail, the mass signal of m/z = 18, 44, and 48 was
analyzed and assigned to H>O, CO2, and S=0, respectively, during TG-MS measure-
ment in Fig. 5-S4. The minor signal peaks of CO2 and S=0 were detected at ~240 °C
and the major signal peaks caused by the decomposition of propane chains and sulfonic
acid groups were observed over 400 °C, implying that the propyl chains and sulfonic
acid groups have only partially decomposed up to 300 °C, which is consistent with that
no significant changes in -CH- and -SO;H functional groups were observed from FTIR
spectra from 100 to 250 °C, even to 350 °C. These can possibly be explained by the
desorption of a large amount of the adsorbed H2O on sulfonic groups, which was orig-
inally contained in TPS monomers and/or adsorbed during the sample handling, and/or

the formed H>O from Si-OH condensation as well as the decomposition of some poorly
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condensed TPS polymers at 100-300 °C. Because the main structure only slightly de-
composed even when the temperature rose above 350 °C by combining the analysis
results of FT-IR and mass signals as a function of temperature. Although the xerogel
powder has been maintained at 100 °C for 2 h to remove the adsorbed H>O as much as
possible, the signal peak of H>O molecules (m/z = 18) still appears as the temperature
continues to rise above 400 °C. This could be ascribed to the desorption of strongly
adsorbed H>O on sulfonic groups and/or the formed H>O molecules when Si-OH groups
were dynamically condensed to transform to siloxane structures at high temperatures.
This can further improve the thermal stability of TPS xerogel powders, irrespectively

of the solvent type.

100-
——TPS-H,0

21.0% —— TPS-EtOH

Weight [%]
-\I
e

40 T I T T T T T
100 200 300 400 500 600 700 800 900
Temperature [°C]

Fig. 5-6. TG-MS measurement of TPS-EtOH and TPS-H>O xerogel powders.

5.3.2 Elemental analysis, N2 adsorption, and NH3 affinity of TPS samples
Fig. 5-7 demonstrates the results of XPS analysis for TPS-EtOH and TPS-H>O films
calcined at 300 °C. Nearly identical wide scan spectra was collected in both TPS-EtOH

and TPS-H>O samples, and the binding energy of S, in both TPS samples was almost
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the same at 168.7 eV, as shown in Fig. 5-7 (b), consistent with the results in oxidized
MPTMS samples 234, The protonic sulfonic acid groups inherent in TPS can be de-
termined exactly by XPS analysis, while the oxidized sulfur groups obtained by oxidiz-
ing S-H of MPTMS with H>O» probably existed simultaneously in various chemical
states from the deconvoluted spectrum of oxidized S, region, ** which could partly

weaken NHj affinity with oxidized MPTMS.
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Fig. 5-7. XPS analysis of TPS-EtOH and TPS-H,O films calcined at 300 °C: wide
scan spectra (a) and high-resolution S2, spectra (b).

Fig. 5-8 displays N2 adsorption for TPS-EtOH and TPS-H>O xerogel powders cal-
cined at 300 °C. Although both TPS xerogel powders exhibit dense structure due to the
flexibility of propyl chains and/or the filling of pores by bulky -SO3;H groups, specific
surface area (Sger) of TPS-EtOH xerogel powders slightly higher than that of TPS-H>O
xerogel powders, which can be supported by the fact that specific surface area of syn-
thetic silica nanoparticles increased by increasing the ethanol content to obtain high
quality and uniform spherical particles [*°!. The dense structure in TPS xerogel powders
calcined at 300 °C also further confirmed the thermal stability of the TPS-derived si-

loxane network.
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Fig. 5-8. N2 adsorption of TPS-EtOH and TPS-H>O xerogel powders calcined at
300 °C.

Fig. 5-9 (a) shows the summary of NH3 adsorption and desorption amounts, while
Fig. 5-9 (b) shows the intensity of NH3 (m/z=16) as a function of temperatures for TPS-
EtOH, TPS-H,0, and oxidized MPTMS B4l xerogel powders, all of which were calcined
at 300 °C. Adsorption amount of NH3 at 40 °C for all samples are well matched to their
sum of desorption amounts at 40 °C, which corresponds to NH3 adsorbed weakly, and
the following desorption at 40-300 °C, which corresponds to NH3 strongly adsorbed.
In addition, a clear peak of NH3 desorption was observed at 142-145 °C, which again
indicates strong adsorption of NHs. Obviously, NH3 adsorption amounts of both TPS
xerogel powders prepared from EtOH (3.08 mmol g!') and H>O (2.86 mmol g'') were
twice as that of oxidized MPTMS xerogel powders (1.41 mmol g™'). Especially NH3
desorption amounts of TPS from 40-300 °C were four times as much as that of oxidized
MPTMS. Comparison of FT-IR spectra reveals, the characteristic peaks of -SO3H

groups (1195 cm™) were significant in TPS films (Fig. 5-4) compared with that in

198



Hiroshima University Doctoral Dissertation

MPTMS after oxidation by H20». ** Through a comprehensive analysis of FT-IR, XPS,
and NH3-TPD, high NH3 adsorption amounts of TPS can be attributed to the fact that
NH3 affinity of the inherently proton-acidic -SO3H groups in TPS was stronger than
that of oxidized sulfur group consisting of various forms of §=0O in oxidized MPTMS
as explained in XPS analyses. 4! Moreover, TPS-EtOH xerogel powders showed a
slightly improved NH3 aftinity compared to that in TPS-H>O xerogel powders, which
can be confirmed from NH3 adsorption amounts (Fig. 5-9 (a)) and from the distribution
of signal peaks of m/z=16 with temperature (Fig. 5-9 (b)). It is possibly because TPS-
EtOH xerogel powders have a more uniform pore distribution and a larger specific sur-

face area from N adsorption results. [4*]
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Fig. 5-9. NH3 adsorption and desorption amounts of oxidized MPTMS B4 and TPS-
EtOH and TPS-H>O xerogel powders calcined at 300 °C (a); their intensity of NH3
(m/z=16) during NH3-TPD measurements (b).

5.3.3 Performance of TPS membranes

Fig. 5-10 shows single gas permeance and dimensionless permeance normalized with
He permeance at 200 °C, that can minimize the effect of adsorption, as a function of
the molecular size of permeating gases for TPS and oxidized MPTMS [**! membranes.
It should be noted that Fig. 5-10 (a) shows single gas permeance including NH3, while

Fig. 5-10 (b) shows dimensionless permeance normalized with He permeance, which
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excludes NHj3 to clarify the effect of molecular sieving. Since the DLS size of TPS
solutions diluted with HoO was mainly distributed in the range of 1-2 nm, which was
probably difficult to effectively cover micropores (~1 nm) on the intermediate layer,
the membranes prepared by H>O-diluted TPS solutions showed high gas permeance
similar to that of only intermediate layer in Fig. 5-10 (a), [*!*?! and the permeation prop-
erties of non-adsorptive gases were almost identical to Knudsen diffusion in Fig. 5-10
(b). Therefore, TPS-H>O solutions are not recommended for membrane fabrication.
According to the reported permeation properties of oxidized MPTMS membrane, 34l
oxidized MPTMS membranes exhibited higher NH3 permeance and selectivity than
non-adsorptive gases, especially He and Ha, due to a superior NH3 adsorption and dif-
fusion. Nonetheless, oxidized MPTMS membranes contained large pores such as pin-
holes and expressed the selectivity of Knudsen diffusion for non-adsorptive gases, be-
cause it was difficult to control the size of MPTMS sol after H>O; oxidation and the
effect of H,O2 on the top-separation layer. *¥ Inversely, TPS solution diluted with
EtOH not only has a suitable size but also avoids the use of H202, so the fabricated
membrane presented not only an excellent NH3 permeance but also high selectivity,
which was beyond the selectivity of Knudsen diffusion for non-adsorptive gases, indi-

cating an outstanding molecular sieving and adsorption-diffusion.
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Fig. 5-10. Kinetic diameter dependence of single gas permeance (a) and dimension-
less permeance (b) at 200 °C for TPS-derived membranes and oxidized MPTMS-de-
rived membranes.

Fig. 5-11 shows the morphology of TPS-EtOH membranes. The fabricated TPS-
EtOH membrane has the multilayer structures, and the boundary of each layer, includ-
ing support, a-Al,0Os particle, intermediate Si0,2-ZrO», and top-separation layers, is not
clearly observed as shown in Fig. 5-11 (a). Nevertheless, the interlocked structure
showed no cracks and would increase the mechanical strength. Based on the cross-sec-
tional SEM of high-resolution shown in Fig. 5-11 (b), the thickness of top-separation

layer is about 150 nm and without any defect.
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Fig. 5-11. Morphology of TPS-EtOH membranes: (a) low magnification (x20k) and
(b) high magnification (x100k).

Fig. 5-12 demonstrates temperature dependence of single gas permeance and perm-
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selectivity at temperatures from 50 to 300 °C for TPS-EtOH membranes. Although the
kinetic diameter of NH3 was reported 0.326 nm 28] that is between the kinetic diameters
of H> (0.289 nm) and N> (0.364 nm), NH3 permeance was much higher than H; and N>
because NH3 as an adsorptive gas can permeate through the membrane in adsorption-
diffusion mechanism. Compared to oxidized MPTMS membranes, N> permeance of
TPS-EtOH membrane significantly decreased due to a sufficient molecular sieving,
which can be proven by high Ho/N» selectivity of 113 at 50 °C, 71 at 200 °C, and 39 at
300 °C. Furthermore, NH; permeance slightly increased from 1.8x1077 to 2.6x10”" mol
m> s Pa! with increasing temperature from 50 to 300 °C in Fig. 5-12 (b), which is
similar to oxidized MPTMS membrane but opposite to PESA-derived membranes 121,

The activation energy (Ep;) of Hz, N2, and NH3 permeation was calculated using Eq-

1 and Eqg-2 by the regression of permeance (P;) as a function of temperature (7) based

on the modified gas translation (m-GT) model 434,

Ko Ep;
p=— exp (-ﬁ) Eqg-1

" /MRT

Ko, =ko(d,-d;)’ Eq-2

P;: permeance of the i-th component; M;: molecular weight of the i-th component; R:
gas constant; Ep;: activation energy of permeation of the i-th component, k: structural
constant; dy,: pore diameter; d;: diameter of the i-th component.

Ep; can be defined as the sum of the adsorption enthalpy (AH; < 0) that can be
ascribed to the affinity between membrane and the permeated gas, and the activation

energy for diffusion (E4; > 0) that can be dominated by molecular sieving, i.e., Ep; =
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AH;+ Eq;. Since Hz and N> are non-adsorptive gases, i.e., AH = 0, so Ep= Eq, as listed
in Table 5-1 and Fig. 5-S5. Therefore, E4 of NH3, contributed by the molecular sieving
effect, can be assumed the average of those of H> and N> due to its kinetic diameter
between H> and N». Consequently, TPS-EtOH membrane has higher £y than oxidized
MPTMS membrane owing to its tighter structure and favorable molecular sieving.
Additionally, -AH of NHj3 is larger for TPS-EtOH membrane than for oxidized
MPTMS membrane (-AHuprus (14 kJ/mol)< - AHzps (22 kJ/mol) =~ - AHnafion (26.5
kJ/mol)) because of its intensive NH3 affinity and multifold NH3 adsorption amounts
caused by the strongly protonically acidic -SO3H groups inherent in TPS or Nafion, as
explained in the XPS analyses in Fig. 5-7. Epwy, - Eqnu, = AHyy, is also
summarized in Table 5-1, showing a strong NH3 affinity from higher AHy;;, for TPS-
EtOH membranes than oxidized MPTMS membranes.

As shown in Fig. 5-13 that summarizes the properties of recently studied membranes,
we have found that NH3 diffusion based on pore size and NHj affinity based on acidic
-SO;3H groups generally show an inverse relationship, i.e., low permeation potential vs.
high separation potential. Although Nafion/ceramic membranes showed better potential
than TPS-EtOH membranes, NH3 permeation in Nafion/ceramic membranes always
decreases with the increase of temperature, which is not beneficial to the use of CMRs
for NH3 synthesis at high temperatures. Furthermore, the permeation properties of CO2
through the membranes with different types of aimine (different basicity) including
primary amine (-VH>) and pyrimidines reasonably showed that high CO, affinity (-NH>)

might have possibly hindered CO, permeation. [** This conclusion can also be probably

203



Hiroshima University Doctoral Dissertation

applied to explain the NH3 permeation properties of TPS membranes. In addition to
high NHj affinity, TPS membranes also exhibit high diffusion barriers, which can be
ascribed to small size pores. Therefore, the artistic strategy of balancing NH3 affinity
and diffusion is worthy of further study.

Importantly, TPS-EtOH membranes showed an superior NH3 permeance of ~2.6x10"
"mol m? s Pa! with an excellent NH3/H; selectivity of 7 and NH3/N; selectivity of
266 at 300 °C, and NH3 permeance of ~1.8x1077 mol m? s Pa! with an NH3/H»
selectivity of 165 and NH3/N; selectivity of 18700 at 50 °C. These performances nearly
reach the ideal requirements for a catalytic membrane reactor of NH3 synthesis from
mathematical simulation, including NH3 permeance of 3.4x10%-107 mol m? s! Pa’!
(100-1000 GPU) with NH3/N selectivity of > 10. '] Although NH3/Hz selectivity did

not achieve the ideal requirement, i.e. >10, it meets the minimum requirement, i.e. >4.
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Fig. 5-12. H», No, and NH3 permeance (a) and selectivity (b) ranging from 50 to
300 °C for TPS-EtOH membranes.

Table 5-1. Activation energy (E,, kJ/mol) of NH3, Ho, and N, and estimated NH3 dif-

fusion energy (Eg4 vp,) and adsorption enthalpy ( AHyy,) for various membranes.

E,= AH+ Ea AH=Ep-Eq
T E ~AVG (E, g +E —— Ref
ype NH3 H> N2 NHs (Fpr, *Epx,) NH3 ¢
Nafion/ceramic ¥ -2.47 22.5 25.5 24.0 -26.5 29
Na'-gated nanochannel *  ~10.5  ~14.5 14.5 -3.0 31
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Unoxidized MPTMS § 5.84 17.0 17.4 17.2 -11.4 34
Oxidized MPTMS § 6.57 21.1 20.0 20.6 -14.0
TPS-EtOH § 4.01 23.2 29.2 26.2 -22.2

%: single gas permeation; *: binary gas permeation.
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Fig. 5-13. Relationships between the activation energy of NHs diffusion (Eg yz,) and

NH3 adsorption enthalpy (AH)yy,) of different membranes.

Fig. 5-14 shows pressure dependence of single Hz, N, and NH3 permeance at 300 °C
for TPS-EtOH membranes. Although the feed pressure of NH3; and H» as well as N»
changed in the range of ~50-200 and ~150-300 kPa, respectively, their permeance and
selectivity were almost constant, independently of their respective feed pressure, indi-

cating a negligible surface diffusion effect.
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Fig. 5-14. Feed pressure dependence of single Hz, N2, and NH;3 permeance at 300 °C
for a TPS-EtOH membrane (permeate side: atmosphere pressure).

Fig. 5-S6 indicates the sequence of Hz, N2, and NH3 permeation measurement with a
temperature-swing from 50 to 300 °C for a TPS-EtOH membrane. Obviously, all Ha,
N>, and NH3 permeances of the second measurement at 200 and 50 °C were approxi-
mate to their-respective initial permeance, meaning that TPS-EtOH membrane has a
sufficient thermal stability and NH3 resistance even at 300 °C. Moreover, three TPS-
EtOH membranes fabricated in this study showed approximately similar H,, N>, and
NH3 permeances ranging from 50 to 300 °C, as summarized in Fig. 5-S7, implying a
favorable reproducibility for TPS-EtOH membranes. Additionally, Fig. 5-15 shows
NHs, Hz, and N> permeances as well as their selectivities during single and binary gas
permeation at 300 °C using a TPS-EtOH membrane. Each permeance in single gas per-
meation was approximately the same as in binary gas permeation. Because of the weak-
ened adsorption between NH3 molecules and membrane surface and the strengthened
NHj; diffusion at high temperature such as 300 °C, the inhibition effect that was found

in TEOS-derived membranes 81 at low temperatures because the preferentially
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adsorbed NHj3 blocks H» and N> permeances. In addition, the thermodynamically-fa-
vored sorption that was found Prussian Blue-derived membranes owing to the promoted
NH; transport in the form of ammonium. 7! These mixing-effects were not observed
for TPS-EtOH membranes. NH3, H», and N> permeances as well as their selectivities
still exhibited a superior performance in binary gas permeation, consistent with single
gas permeation. Additionally, single gas permeances measured before and after binary
gas permeation confirmed the stability of the TPS membrane and the reproducibility of
the measurement. Based on the above conclusion. it is further speculated that even the
permeance of a ternary gas with more complex probably be similar to that of a single

gas.

«——— Single gas ——— « Binary gas —+«—— Single gas ——

10°5
= e cooo | NN,
210 el N, | N7 deal WM,
% _ e B s ideal HZ[NZ .......................
g | ideal RELM, Ideal NH,H,
0 iLines are calculated based | ©9CC | T
10° on gas permeances. NH,H,
— 0 20 40 60 80 100 120 140 160 180 200
"w 10°
s AAAA |AAAA AAAA AAAA
o 107 NH,
£ ee®e 0000 os00
© ; H Feed ratio:
£ 107 2 H,/NH,=2/1
8 N, N,/NH =2/1
510°; mmmn oooo (NEEE
L]
£
8107 . . .

0 20 40 60 80 100 120 140 160 4180 200
Time [min]

Fig. 5-15. Time courses of selectivity and permeance of NH3, H>, and N in single and
binary gas permeation at 300 °C for a TPS-EtOH membrane. Feed ratios of H2/NHj3
and N2/NH3 = 2/1.

5.3.4 Trade-off of various membranes

Fig. 5-16 summarizes and compares the performance of various membranes at 50
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and 200 °C including NH3 permeance and NH3/H> and NH3/N; selectivities. At temper-
atures below 50 °C in Fig. 5-16 (above), TPS-EtOH membranes with a dense structure
due to the flexibility of propyl chains and the filling of -SO3H groups expressed a lower
NHj3 permeance than PFSA-derived membranes with flexible structures *°! and BTPA-
based membranes with enlarged pore size and improved NHj3 affinity through metal
coordination %81, But TPS-EtOH membranes showed a remarkable NHj selectivity,
especially NH3/N; selectivity, because of a comparable NH3 adsorption-diffusion and
molecular sieving. According to the results of FT-IR and NH3-TPD, TPS-EtOH mem-
branes have intrinsic protonic -SO3H groups that showed the increased NHj3 affinity and
permeance, while H>O2-oxidized MPTMS membranes showed the lower NH3 selectiv-
ity for oxidized MPTMS membrane because of large pore such as pinholes probably
induced by the effects of H,Oo.

Until now, NH3 permeation at temperatures higher than 200 °C were rarely reported.
Fig. 5-16 (below) summarizes the membranes that were used for NH3 separation at
200 °C. Generally, NH3 permeance and selectivity always show a negative correlation,
so-called trade-off, especially NH3 permeance vs. NH3/H» selectivity in Fig. 5-16 (be-
low). NH; permeance in both PFSA- and BTPA-derived membranes was close to ~10
®mol m? s! Pa’!, but NHjs selectivity in PFSA-derived membrane was lower than that
in BTPA-derived membrane due to the weakening of acid-base interaction at high tem-
perature, which can further be confirmed by the decreasing NH3 permeance with in-
creasing temperature. **) Furthermore, TPS-EtOH and oxidized MPTMS membranes

showed the separation performance approximately on the upper bound with an order of
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magnitude higher NH3 permeance of ~10”7 mol m™ s™! Pa™! than Na*-grafted nanochan-
nel membrane ). The surprising NH3/Na selectivity of ~1700 was also achieved in
TPS-EtOH membrane at 200 °C, similar to Na'-grafted nanochannel membrane, which
can be ascribed to the synergistic effects of superior molecular sieving and adsorption-
diffusion. Compared to oxidized MPTMS membranes, the approximate NHz/H> and
remarkable NH3/Nj; selectivities were obtained in TPS-EtOH membranes, which means
that the pore size of TPS-EtOH membrane should be between the kinetic diameters of
H> and N>, i.e., 0.30-0.35 nm. This is consistent with the reported effective pore size of
~0.35 nm for NH3 separation membranes 1**!, confirming that TPS-EtOH membranes
are promising for NHs-selective membranes at high temperatures.

Moreover, a ZnCl, immobilized molten salt (IMS) membrane was reported in 1992
at 250-300 °C 3% and quite recently for NH3 separation at 290-325 °C and 1 atm, !
showing excellent NH3 permeance of 6.1x107" mol m s! Pa! with NH3/N, and NH3/H»
ideal selectivities of 11375 and > 107, respectively, at 300 °C. Since the stability of
liquid membrane is concerned due to the possible evaporation of the liquid and/or leak-
out via pressure-drop, the performance of the liquid membranes including molten salt
will have to be examined under wide temperature range (25-350 °C) and different pres-
sure-swing. Furthermore, a two-dimensional mathematical model of a micro-structured
membrane reactor with ZnCl, IMS membrane was used to simulate catalysis membrane

reactors. 2!
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Fig. 5-16. Trade-off of NH3 permeance, NH3/H> and NH3/N: selectivity at 50 (above)
and 200 °C (below) for various membranes. Each point indicates the permeance of the
different membranes. All plotted data are summarized in Table 5-S1.

5.4 Conclusions

3-(trihydroxysilyl)-1-propanesulfonic acid (TPS) was diluted to 0.1 wt% with etha-
nol to fabricate sulfonic silica-based membranes. The thermal stability of -SO3H groups
and propyl chains was proven by FT-IR analysis of TPS films calcined from 100 to
350 °C, and the siloxane network structure was formed by the self-catalyzed condensa-
tion of silanol (Si-OH) with the intrinsically acidic -SO3H groups, as the amorphous
structure shown by XRD patterns. Because of the flexibility of propyl chains and/or the
filling of pores by bulky sulfonic acid groups, TPS xerogel powders calcined at 300 °C
still showed a dense structure via N2 adsorption, which further confirmed the thermal
properties combined with XPS measurement. Owing to the inherently stronger proton-
acidic -SO3H groups in TPS, an intensive NHj3 affinity for TPS (an NH3 adsorption

amount of ~3.0 mmol g™') was observed twice higher than oxidized MPTMS by NH3-
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TPD. For single and binary gas permeation, TPS-EtOH membranes showed a superior
NH;3 permeance of ~2.6 and ~1.8x10”7 mol m™ s™! Pa™! with an excellent NH3/H; selec-

tivity of 7 and 165, and NH3/N> selectivity of 266 and 18700 at 300 and 50 °C, respec-

tively.
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Supplementary Material

The NH3 affinity and amount of the xerogel powders was probed using NH3 temper-
ature-programmed desorption (NH3-TPD). All xerogel powders were pre-calcined un-
der a N> atmosphere at 300 °C. The measurement program is detailed below. Firstly,
the pre-treated xerogel powders were further degassed to remove adsorbed water via
utilizing dry helium at 30 mL min™!' for 120 min at 150 °C. After cooling and holding
at 28 °C for 60 min, 5% NH3/95% He mixture gases at 30 mL min™ and Ar gas at I mL
min™! were introduced into the sample cell for 90 min to reach adsorption saturation.
When the NH3 adsorption was finished, the dry helium at 30 mL min™' continued to
flow into the system at room temperature for 120 min. Finally, the NH3 desorption pro-
gram was implemented as the temperature increased from 40 to 300 °C at 10 °C min’!
and maintained at 300 °C for 15 min. The following Eq-1 and Eq-2 were used to
calculate the NH3 adsorption and desorption amount, respectively. Each sample was

measured 3 times to obtain the average amount of NH3 adsorption and desorption.

INH3, in
102 lAr,t—IAr o - INHs e
NH; adsorption amount=— —_— dt Eqg-1
3 adsorp —Ju — NS q

I
NHj; desorption amount (40—300 °C)= i ftt;' ( At ) Qu,dt  Eq-2

INH3, in

m: weight of sample; I; ;,,: intensity of the feed i-th component; I;;: intensity of the

feed i-th component at each moment; Qyp,: flow rate of NHs.

(a) TPS-EtOH (b) TPS-H,0
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Fig. 5-S1. Time course of mass intensity and temperature during NH3-TPD measure-
ments for TPS-EtOH (a) and TPS-H>O (b) xerogel powders calcined at 300 °C.
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As depicted in Fig. 5-S2, the experimental apparatus was applied to the single and
binary gas permeation, including high-purity He, H>, NH3, N2, CHa4, CF4, and SFs. After
removing the adsorbed water molecules under a He flow at 200 °C at least for 6 h, each
gas was fed into the outside of the membrane under upstream pressures at 200-300 kPa
and at 50-300 °C, and the permeate stream was kept at atmospheric pressure. The
permeate flow-rate of each gas, except for NH3, was measured by utilizing a film flow
meter (Horiba, Co. Ltd., Japan) at a range from 50-300 °C. The NH3 permeance cannot
be measured with a film flow meter because NH3 is inherently toxic and water-soluble,
so the mass flow meter 4 (Fig. 5-S2), that has been calibrated via a gas chromatograph
(GC), was used to measure the flow rate of the permeated NH3 by closing the retentate
valve (V-10 (left) in Fig. 5-S2). The errors of the gas flowrates were less than 5% when
the permeance exceeds 1071 mol m? s Pa! and less than 50% while a the permeance
is below 1071 mol m? s Pa™l. GC-1 equipped with a Porapack N column was used to
detect the concentration of NH3, and GC-2 equipped with a Molecular Sieve X column
was utilized to analyze the concentration of H, and N>. Argon (Ar) gas was used as a
carrier gas.

Gas permeance P; (mol m?s' Pa') for component i in single and binary gas

permeation was calculated using equation (Eg-1).

Fi
Pi :A_pi Eq-l

The pressure drop, Ap; and Ap?, in single and binary gas permeations were

calculated according to the following equations (Eq-2) and (Eq-3), respeatively.

Ap; = P;Sf,i - P;,i Eqg-2

b b
Dfi~Dri
(p?,i_pg,i)

)

Ap? = Eg-3

The selectivity of component i over component j, a;;, was calculated via equation
(Eq-4):

Eq-4
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F: permeate flow-rate of component i; p7; and p, ;: pressure of pure component i

in feed and permeate side, respectively, in single gas permeation. p]l?,i, p,lfrl-, and pé’_i:

partial pressure of component i in feed, retentate, and permeate side, respectively, in

binary gas permeation.
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Fig. 5-S3. Wide FT-IR spectra (left) and narrow FT-IR spectra ranging from 1500 to
900 cm™! (right) of TPS-H,O films at different calcination temperatures.
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Fig. 5-S4. The mass signal of m/z = 18, 44, and 48 in TPS-EtOH and TPS-H>O xero-
gel powders as a function of temperatures by TG-MS.

Because the unoxidized MPTMS showed a weak NH3 affinity, NH; permeance in
unoxidized MPTMS membrane first increased with the increase of the temperature (50-
200 °C), and then decreased with the temperature above 200 °C. Therefore, the perme-

ances at 50-200 °C are used to calculate the permeation activation energy of each gas.
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Fig. 5-S5. Ho, N>, and NH3 permeance and selectivity ranging from 50 to 300 °C for
unoxidized (left) and oxidized MPTMS (right) membranes. [
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---- SI-6: Time course for single H», N2, and NH3 permeance at temperature-swing ----

10° 200 50 100 150 200 250 300 50 °C

—T;' 107 NWH v ww fowwy; vy v y e
o
s ’ A

")
o 10 MM - - - oot - - —AbMA A

£ H, AdA

g 10° F T e R - ---- R

) L

g 100 - e L

s N, -»

£ on
510 4 Y e e e EEEE PR PEEEEE R PP e

10.12 T T T T T T T T T T T T
0 50 100 150 200 250 300 350 400 450 500 550 600

Time [min]
Fig. 5-S6. Time course for single Hz, N2, and NH3 permeance at temperatures ranging
from 50 to 300 °C for a TPS-EtOH membrane.
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Fig. 5-S7. H>, N>, and NH3 permeances of three different TPS-EtOH membranes at
temperatures ranging from 50 to 300 °C.
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Table 5-S1. Data for the selectivity and permeance of various membranes.

Temperature  NHs permeance

Name [OC] [mol m_2 S'l Pa‘l] NH3/H2 NH3/N2 Ref
Poly(vinylammonium thiocyanate) 2+ 1.6750E-08 6000.0  3600.0 5
yiviny u Y 50.0 6.7000E-08 1390.0  2000.0
ZIF-21 25.0 5.7900E-07 12.0 35.0 3
MEFI 25.0 2.3000E-06 307.0 22360 4
Nexar/[Eim][NT£] 25.0 9.2829E-07 2640  1407.0 5
Neat Pebax 25.0 1.9959E-07 70.1 406.7 6
Sulfonated block copolymers 25.0 2.0100E-07 90.0 100.0 7
Polypropylene/Nafion 25.0 3.3500E-06 500.0 2000.0 8
Prussian Blue 25.0 3.7202E-08 40.0 100.0 9
2D-MXene 25.0 6.2004E-07 50.0 10
50.0 1.0200E-07 28.7
TEOS 50.0 1.0400E-07 0.1 1
Nafion/ceramic 50.0 2.8544E-06 40.3 730.9
200.0 1.9355E-06 2.6 24.8
R . 50.0 2.7100E-06 1186 20859
Aquivion-H'/ceramic 200.0 1.6800E-06 6.3 73.9 12
AauivionLifeeramic 50.0 1.8800E-06 44.7 465.6
q 200.0 9.0500E-07 1.9 223
Immobilized molten salt 250.0 3.3500E-06 3000.0 1000.0 13
HNafion 21.0 2.5735E-07 3000.0
200.0 3.4743E-08 30000 |,
Ao Nafion 21.0 1.5441E-07 600.0
& 200.0 3.1434E-08 300.0
50.0 3.2208E-07 20.6 2142
BTPA 200.0 1.3107E-06 7.1 78.1
50.0 1.1110E-06 24.6 237.6
0.50 Fe-BTPA 200.0 2.2437E-06 9.9 90.6 15
50.0 6.5437E-07 15.7 142.6
0.50 Ag-BTPA 200.0 1.6300E-06 73 64.7
. 50.0 5.8244E-07 22.6 2238
0.25 Ni-BTPA 200.0 1.5923E-06 8.1 78.1
. 50.0 1.4614E-06 27.3 276.7
0.50 Ni-BTPA 200.0 2.7995E-06 108 1017 1©
. 50.0 1.5960E-06 13.0 88.7
1.00 Ni-BTPA 200.0 3.2910E-06 55 35.6
o 50.0 5.7928E-07 10.0 103.3
Unoxidized MPTMS 200.0 9.4378E-07 2.6 26.2 |
. 50.0 6.3506E-08 79.1 188.0
Oxidated MPTMS 200.0 8.7382E-08 22 689
Na'-grafted nanochannels 200.0 2.2411E-08 328.0 1106 17
50.0 1.6079E-07 3062 207077
200.0 2.0861E-07 275 23775
50.0 2.1562E-07 282.0  15274.9 This
TPS-EtOH 200.0 2.5434E-07 255 1618.9  work
50.0 1.8221E-07 1653  18711.4
200.0 2.2811E-07 25.0 1795.5
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Chapter 6
Green ammonia production via recycle membrane reactor: Experi-
ment and process simulation
6.1 Introduction

Synthetic ammonia (NH3), as a world-renowned achievement, has promoted agricul-
tural development and population growth for more one century, thanks to artificial ni-
trogen fixation processes, i.e. Haber-Bosch (HB) process. !-*! Moreover, NH3 can also
be regarded as the global second-most produced chemical and has already produced
over 230 million metric tons annually, ! because of its massive demand from fertilizer
production as well as the production of pharmaceutical intermediates, plastics, nitric
acid, and so on. ¥ Recently, NH3 has greatly attracted much attention as a carbon-free
hydrogen-carrier owing to its high hydrogen density (107.7 kgﬁzm'3) and capacity
(17.6 wt%) 67 as well as superior energy density (12.8 GJ m™) B and can be further
considered as a potential fuel-carrier due to its easy liquefaction and comparatively in-
expensive storage. [17]

Until now, NH3 has been produced on a large scale through the HB process under
extremely harsh conditions including high temperature (425-600 °C) for fast kinetics
and intense pressure (20-30 MPa) for high NH3 conversion. The energy consumption
required to produce one ton of NHj3 is about 9-15 MWh. "'l However, only ~15% of
NH3; conversion was obtained by using iron-based catalysts, which could be attributed
to the kinetic and thermodynamic limitations. This is ascribed to the fact that the acti-

vation of N=N bonds '?! or the formation of N-H bonds '*! would require a large
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amount of energy. Some efficient catalysts such as Ru-based catalysts have been devel-
oped to achieve high NH3 conversion even under relatively low temperature (~350 °C).
(14151 Among them, Ru/Cs/MgO catalyst 1%l has been well-recognized and expressed
the excellent activity and stability for NH3 synthesis. !7!® Reportedly, the super-basic
MgO support and the more electronegative Cs promoter synergistically increased the
electron donation ability of the Ru catalyst, which can weaken N=N bonds and accel-
erate their dissociation. [12"]

For further eco-friendly NH3 production, renewable technology was highly expected
for green NH3 production ?!! via utilizing Ha from H,O electrolysis and N from pres-

[22.23] With the expectation of high NH3 conversion, catalytic

sure-swing air adsorption.
membrane reactor (CMR) technology where catalysts are packed/dipped with a mem-
brane in one unit **! has the immeasurably potential to be used to improve the HB
process through the shift of the reaction equilibrium towards the product side. CMR has
been applied to various reactions including methane steam reforming 1%, water gas
shift reaction (2%, and methylcyclohexane dehydrogenation 1as well as the production
of methanol and dimethyl ether (DME) via CO» hydrogenation membrane reactors 2521,
Importantly, DME yield of 11% and CO- conversion of 12% were obtained even at low
temperature, i.e. 275 °C, by removing H>O to promote the reaction, which is quite at-
tractive. 12

Importantly, NH3 separation membranes with a superior NH3; permselectivity over
H> and N> have been rapidly developed, such as perfluorosulfonic acid (PFSA)/ceramic

[30

composite membranes ) and sulfonated mercaptopropyl)trimethoxysilane (MPTMS)-
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derived membranes [*! that we have reported. As for PFSA/ceramic composite mem-
branes, Aquivion/ceramic composite membrane showed a high NH3 permeance of
2.7x10°° mol m? s”! Pa’! with excellent NH3/Hz selectivity of 120 and NH3/N selectiv-
ity of 2090 at low temperature, i.e., 50 °C and a thermal stability even at 200 °C. [
Additionally, sulfonated MPTMS membrane can be successfully fabricated for selec-
tive NH3 permeation via the sol-gel method and H>O, oxidization, *!! that can oxidize
mercaptan groups (-SH) of MPTMS to S=O groups, showing an comparable NH3 per-
meance of ~1.4x10”7 mol m? s Pa! with a moderate NH3 selectivity (NH3/H2= 6 and
NH3/N> = 18) at 300 °C. As for the reported conclusions, %!l sulfonated MPTMS
membrane can withstand at 300 °C for about 200 min at least in binary gas permeation.
Both membranes benefit from the molecular sieving (kinetic diameter: 0.364 nm (N2) >
0.326 nm (NH3) *?1>0.289 nm (Hz)) and the NH; adsorption-diffusion on the mem-
brane surface. In addition to the above-mentioned PFSA- and MPTMS-derived mem-
branes, metal-doped aminosilica **** and zeolite-based membranes °! also showed
superior NH3 permselectivity, but NH3-permselectivity decreased dramatically with in-
creasing temperatures due to the reduced adsorptive selectivity.

It is significantly difficult for membranes to be used directly to develop CMR for
NH;3 production. Because high temperatures (=350 °C) are necessary to synthesize NH3
but NH3 selective membranes reported so far decomposed partly and/or NHj selectivity
decreased greatly with increasing temperatures. Hence, as shown in Fig. 6-1, compared
with traditional HB process using condenser to recover the synthesized NH3, it is logi-

cally reasonable to propose the use of membrane separators instead of condensers for
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separating and recovering NH3 would lower energy consumption and production cost.
CMR process can be used to produce NH3 on a small scale and efficiently with the low
capacities (~< 2-4 t-NHs/day), *®) which will reduce the intensive capital and high pro-
duction costs of the HB method. Nevertheless, no paper has reported such recycle mem-
brane reactors (RMRs) probably due to the lack in the availability of NH3-selective

membranes even at moderate temperatures.

(a) Recycle compressor (b) Recycle compressor

o 1O . O membrane
v v @

Reactor Condenser Reactor Membrane separator

High heat-loss Minimal heat-loss

Fig. 6-1. Schematic diagrams of traditional HB process (a) and its improved process
using membrane, i.e. RMR (b).

In this study, we proposed a green NH3 production system, namely RMR where a
reactor is combined with membrane separator with recycle flow, as shown in Fig. 6-1
(b). In this system, temperatures of a reactor packed with a Ru (10 wt%)/Cs/MgO cat-
alyst and a membrane separator can be controlled independently. Aquivion/ceramic
composite membrane and sulfonated MPTMS membrane were used to selectively ex-
tract NH3 from feed side to permeate side of membranes. NH3; composition in the reac-
tor outlet and permeate side was analyzed, confirming that the efficient increase in NH3
mole fraction exceeded that of equilibrium reaction at 350 °C. Moreover, a one-dimen-
sional, isothermal, and plug-flow model was proposed for a mathematical simulation
of a RMR to understand the RMR system. Finally, a green NH3 production system

without any H> and N> loss was designed and simulated via the mathematical model,
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which give rationalized suggestions for the NH3 synthesis under mild conditions via an

RMR.

6.2 Theory
6.2.1 Mathematical model of plug flow reactor

A mathematical model with the assumption of steady state operation, plug flow, iso-
thermal reaction, and negligible pressure drop along axial direction was applied to sim-
ulate recycle membrane reactor, and the office software, Excel, was used to realize and
calculate the mathematical model.

Fig. 6-2 shows a schematic theoretical diagram of recycle membrane reactor that can
simulate NH3 production combined with a packed bed reactor and a membrane separa-
tor. In addition, as an ideal model, we assume NH3 recovery unit which only recovers
NHs, and unreacted H> and N> are recycled to the reactor. The typical NH3 synthesis
reaction equation (N>+3H222NH3) was used in this study. Moreover, the kinetic equa-
tions of NH3 synthesis reaction were referred to those proposed by Zhang et al. 37!, The
number of active-sate for reaction has been corrected based on the measured reaction
performance of Ru(10 wt%)/Cs/MgO catalysts used in this study by considering heat
balance under different temperatures, pressures, and feed flow rates via a packed bed
reactor, that are summarized in Supporting Information (SI). The reaction rate equation,
Eq. (1), is shown below.

Pins

B K,

27 €eq

Tnu, =2N:K 1k, <PN2- ) Eq. (1)
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Fig. 6-2. Schematic diagrams of recycle membrane reactor.

The designed reactor model was a tube-type reactor, namely plug flow reactor (PFR),
for continuous operation. Assuming steady state conditions including the plug flow and
negligible pressure drop and reaction-heat along axial and radial direction, therefore,
the i-th component flow rate along the length of the reactor can be expressed from the

material balance in the following Eq. (2).

dFR,l'
dZR

=Villl vy, Eq. (2)

In the system, the reaction starts from the inlet of the reactor, and the concentration
and temperature are uniform in the radial direction in reactor. Fy; is the flow rate in
reactor of i-th component, zy is the axial position for the length of the reactor, m,,;,
is the catalyst weight per reactor unit length, v; is the stoichiometric number, and
I'vy, 1s the reaction rate.

For membrane permeation, the i-th component flow rate along the membrane is ex-
pressed by the following equation (Eq. (3)) based on the mass balance equation:

dFy;
dZM’ =-Bs(Pmui-Pmdi) Eq. (3)
M

Fy ;i 1s the feed flow rate in membrane for i-th component, z, is the axial position
in the membrane, s is the membrane area per membrane unit length, py,; and

Pma,; are the partial pressure of the i-th component on the feed and permeate streams,
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respectively.

The retentate stream was recycled to the reactor by a recycle compressor, while the
permeate stream is assumed to be recompressed to remove 100% NHj3 (assumed) by
compressing and liquefying NH3 around room temperature and the unreacted H> and
Nz are recycled to the inlet of reactor. Because the mole fraction of NH3 can be greatly
improved by using membrane, high NH3 concentration can be easily liquified based on
the saturated vapor pressure of NH3 (~10 bar at 25 °C; ~4 bar at 0 °C). As shown in Fig,
2, only NH3 can be removed from the total system, fresh feed ratio of Hz and N2 (Fy,
and Fy,) should be maintained at 3/1. On the other hand, the inlet flow rate of H> and
N> to the reactor, Fg;o, can be controlled at the arbitrary H2/N> composition in the
system. Therefore, considering that the same amount of H> and N> which permeate
through the membrane is supplied to the recycle flow rate (Egs. (4) and (5)), all fresh
feed is converted to Qyp,and therefore Fy, = Fy, /3 = Qup,/2 is valid.

Frecyeylen, =Ry, TQy,  Eq. (4)
Frecyeyte =Ry, Oy Eq. (5)
6.2.2 Dimensionless equation
The basic equations for reaction and membrane separation can be expressed in di-
mensionless forms in order to be generalized. The normalized equations (in SI-1) can
be obtained using the dimensionless numbers listed Table 6-1.

Table 6-1. Dimensionless numbers used in this study.

Dimensionless number Symbol Definition
. mcatLR
Damkéhler number Da Da= £ INH30
N3
Pyy.sLyp
Permeation number 6 o= ME
Fy,
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. Fyu
Permeance ratio a; ;= 7 -
i
) Pma
Pressure ratio B B= »
Mu
z
Axial position ¢ f:z
Flow ratio in reactor and - -_14
f f=rt
membrane module Fy,
) ) . * I'NH,
Reaction ratio Ryn, Ryy, = -
NHs,0
. — — >R;
Recycle ratio R R=——"""—
Fy, + Fy,
_ — X Fuia
Recovery Q Q:Z FM'l'
M,i,0

Eq. 2 can be normalized to a dimensionless form and expressed in Eq. (6), the
Damkohler number (Da), that can be expressed as reaction rate, M, Lrtyp, 0 (150 18

the reaction rate at the inlet), that can be normalized with fresh feed flow (Fy,).

! ~v,DaRyy, Eq. (6)

E(=FRJ/FN2) is the flow rate of i-th component normalized with Fy,, &g is the
position normalized with the reactor length.

Eq. 3 is expressed as in Eq. (7) in dimensionless using Permeation number, 6,.

dhy; _ 0 Eq. (7
T =g () Ea.(7)

fu,. is the flow rate of i-th component in the membrane module normalized with
the fresh N> flow rate, Fy,, &y is the ratio position to the membrane length. ; is NH3
selectivity (NH3/H2 and NH3/Ny), [ is the ratio of the total pressure in permeate
streams to that of feed stream. x; and y; are the mole fractions of the i-th component
in the feed and permeate streams, respectively.

From the simulations, the flow rates and compositions before and after the reactor as

well as those of the retentate and permeate streams of the membrane are calculated. The
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flow rates at each location were made dimensionless and summarized as R (the recycle
flow rate to the fresh feed flow rate) and Q (the permeate flow rate to the membrane
feed rate) to clarify the effect of the reactor and membrane conditions. The NH3 perme-
ance and selectivity of each membrane including Aquivion and sulfonated MPTMS
membranes were obtained from the single-component permeation data.

The simulations were carried out under a wide range of variables including the mem-
brane performance (permeance and permeance ratio), membrane area, pressure in
feed/permeate sides, and H»/N ratio in recycling flow. Finally, we evaluated the mem-
brane performance which enables green ammonia production under low pressure (<10

bar-a) and compared it with the actual Haber-Bosch process.

6.3 Experimental
6.3.1 Sols preparation and membranes fabrication
6.3.1.1 Aquivion sol and membrane

Aquivion, as one of perfluorosulfonic acid (PFSA) as shown in Fig. 6-3 (a), was used
to prepare sol by mixing the original Aquivion (24 wt%, Aldrich) solution with alcohol
aqueous solution, the mass ratio of which was controlled at Aquivion/1-propanol/wa-
ter/ethanol = 3/56.5/40/0.5 and stirring at room temperature for 1 h.

A o-alumina tube (outer diameter: 10 mm, inner diameter: 8 mm, average pore size:
~1 um, porosity: 50 %, kindly supplied by Nikkato Inc. Japan.) was used as the mem-
brane support. The a-Al>O; particle layer containing 0.2 um a-AlOs particle was firstly
formed on the a-alumina tube by firing at 300°C under air atmosphere. A 1,2-bis(trieth-

oxysilyl)ethane (BTESE) colloid sol was then coated and calcined at 300 °C under N>
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atmosphere to form a BTESE intermediate layer with a pore size of about 1 nm. [**

Aquivion/ceramic composite membrane was fabricated by coating the prepared Aquiv-
ion sol on the BTESE intermediate layer at room temperature, drying it for 1 h under
N> atmosphere, and then annealing it at 200 °C. This was repeated three times. More

details of fabrication process of PFSA/ceramic composite membrane can be found else-

where. B
5” %‘ R dse
o AT omeadet
CSHE o] -I“LOI i
_ECZF"HCZF:&_ H,CO— S‘i—ClH.;—SH HClI as catalyst | [ ) SDal‘-I",
| | __bro—s|—o—s|—c,Hﬁ«t§ ______
0—C,F,—SO,H 9 Hydrolysis & c‘) c|>
T condensation
= /\/ /\/
(a) Aquivion-H* (b) MPTMS precursor and its derived structure

Fig. 6-3. Chemical structure of Aquivion (a) and MPTMS (b).

6.3.1.2 Sulfonated MPTMS sol and membrane

As shown in Fig. 6-3 (b), (3-Mercaptopropyl)trimethoxysilane (MPTMS, 85 wt%,
Thermo Fisher Scientific Inc.) sol with the molar ratio of MPTMS/H,O/HCI = 1/50/0.1
were prepared via the hydrolysis and condensation. Firstly, a mixture of HCI and water
was added to MPTMS precursors dissolved in ethanol under continuous stirring and
reacted for 12 h at room temperature. Furthermore, hydrogen peroxide (H>O2, 30 wt%),
by which mercaptan groups can be converted to sulfonic groups, was dropped into fresh
MPTMS sols with a sol/H2O2 mass ratio of 1/0.2 to obtain the oxidized sols under con-
stant stirring for overnight. All chemicals were used without further purification.

According to the reported fabrication process of sulfonated MPTMS membrane, !
two types of a-alumina particles (0.2 and 2 um) dispersed in 2 wt% Si02-ZrO: sols

were coated on the above-mentioned a-alumina tube, which was calcined at 550 °C for
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15 min under air atmosphere to form the particle layer. Then, the particle layer was
coated with 0.5 wt% Si02-ZrO; sols, followed by calcination at 550 °C for 15 min under
air atmosphere, resulting in the intermediate layer with pore sizes close to 1 nm. Finally,
the top separation layers were fabricated via coating oxidized MPTMS sols that were
diluted to 1.0 wt% with ethanol on the Si0>-ZrO» intermediate layer, and calcining at
300 °C for 20-30 min under a N> atmosphere.
6.3.2 Catalyst preparation

High-purity ultrafine magnesium powder (Ube materials), triruthenium dodecacar-
bonyl (Aldrich, 99%), tetrahydrofuran (anhydrous, >99.9%, Aldrich), cesium carbonate
(Aldrich), and ethanol were used to prepare the catalyst. Fig. 6-S1 shows the catalyst
preparation process. Briefly, magnesium powders were heated at 500 °C for 6 h under
vacuum, then mixed with triruthenium dodecacarbonyl and tetrahydrofuran, followed
by stirring at room temperature for 4 h. After that, the solvent was evaporated at 40 °C
to obtain the powder. Then, the mixture was further heated to 450 °C for 2 h to decom-
pose the carbonyl precursor and held for 3 h. Afterwards, cesium carbonate and the
prepared powder were mixed and dissolved with ethanol, and the mixture was stirred
at room temperature for 3 h. The solution was evaporated at 50 °C and dried under
vacuum for 1 h to obtain Ru(10 wt%)/Cs/MgO catalyst. The prepared catalyst was H»-
reduced at operating temperature before use. More details of catalyst preparation can
be found elsewhere. 3]

6.3.3 Gas permeation and recycle reaction experiment apparatus

Fig. 6-4 shows the experimental apparatus for evaluating membrane permeation and
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NHj3 synthetic reaction combined with membrane separator. Industrial gases (He, Ho,
NHs, N2, SFs) were used as the feed gas. Ru (10 wt%)/Cs/MgO catalyst (total weight
10.0~11.7 g) was packed with quartz wool inside a SUS tube (inner diameter: 21.6 mm,
thickness: 2 mm, length: 500 mm, 350 mm), which can be regard as a packed bed re-
actor with relatively large surface area (heat-transfer) compared to catalytic volume and
a small conversion (~1%) reasonably make heat effect negligible. This implies a negli-
gible thermal effect for exothermic NH3 synthesis reactions in laboratory-scale. In the
recycle experiment, the reactor was connected to the membrane module, and the gases
in the retentate stream of the membrane were recycled to the inlet of the reactor using
a recycle compressor (type: N828ANE, KNF Japan). The maximum pressure for the
recycling reaction was set at 0.2 MPa-a due to the limitation of pressure resistance of

the recycle compressor.

2 3 ! Reaction system
2g 2 |0
- Reactor
1. Gas cylinder 5. Membrane 9. Gas chromatography
2. Pressure regulating valve 6. Heater 10. Ammonia absorber
3. Mass Flow controller 7. Pressure gauge 11. Soap film meter
4. Reactor 8. Vacuum pump 12. Recycle compressor

Fig. 6-4. Schematic diagram of the experimental apparatus.

6.3.3.1 Evaluation of gas permeation

For gas permeation experiments, the gas was supplied at 200 kPa-a from the outside
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(upstream) of the membrane in a cylindrical module, while the inside (downstream) of
the membrane was kept at atmospheric pressure. The cell temperature in the membrane
was controlled at 5 to 200 °C, and a chiller for open circuit (COOLNIT CL-80R,
TAITEC, Japan) is used when the desired temperature is below room temperature. The
permeate flow rate of single component except NH3 was measured using a soap film
meter, while NH3; permeate flow rate was measured using a calibrated mass flow con-
troller by closing the retentate valve and allowing all feed to permeate.
6.3.3.2 Evaluation of plug flow reactor

For the evaluation of reaction characteristics, the temperature of the reactor was con-
trolled at 300-400 °C and the flow rates of Hz and N> were adjusted by the mass flow
controller. The composition at the reactor-out was analyzed by two gas chromatographs
(GC-1: Porapack N, temp. 100 °C; GC-2: Molecular Seive X, temp. 100 °C) using Ar
as a carrier gas. NH3 concentration was analyzed by GC-1, while H> and N> concentra-
tions were analyzed by GC-2. Based on the obtained compositions and the flow rate of
the reactor-in and the reactor-out, the conversion (X) was obtained using the following
equation, Eq. (8).

- Ern,0-FRN, L Eq. (®)
Frn,o .

For the characterization of the reaction, the operating variables were pressure
(0.2~0.6 MPa-a), feed flow rate (20~100 ml/min), and ratio of feed flow rate
(H2/N2=1/3, 1/1, 3/1). The conversion was measured for each operating variable.
6.3.3.3 Evaluation of membrane reactor with recycle flow

For the recycle membrane reactor, the reactor was controlled at 350 °C and 0.2 MPa-
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a. The temperature of the membrane module was controlled at 25~100 °C, and the feed
pressure was set at 200 kPa-a while the permeate stream was evacuated to an absolute
pressure of 5~10 kPa-a using a vacuum pump (mini diaphragm vacuum pump, type:
N810, KNF Japan). The composition at the reactor-out (membrane-in) and at the per-
meate stream of the membrane were analyzed by a GC, and the permeate flow rate was
measured with a soap film meter after NH3 removal by a water trap. NH3 yield was
calculated based on the following equations (Egs. (9) and (10)), which is based on
atomic balance of H, and N». Material balance of total system, based on fresh feed and

membrane permeate flow, was within the maximum error of less than 10%.

0
N based: Yy=——  Eq.(9)
20N, Onu;
) _ 3QwnH;
H based: Yy= 20,430, Eq. (10)

6.4 Results and discussion
6.4.1 Single gas permeation of membranes and performance of catalyst

Fig. 6-5 shows the temperature dependence of NH3, Hz, and N> permeance for re-
cently reported Aquivion and sulfonated MPTMS membranes. Although both Aquivion
and sulfonated MPTMS contain sulfonic acid groups (-SO3;H) with acid-base interac-
tion for NHs, NH3 permeance in Aquivion membrane decreased with increasing tem-
perature while the opposite for sulfonated MPTMS membrane. *%3!! NH3 permeance of
both membranes was higher than H> and N2 permeances at 5-200 °C, which can be
ascribed to the fact that the acid functional group (-SO3H) can act as an adsorption site
for basic NH3, namely adsorption-diffusion mechanism.

Moreover, NH3 permeance was about 1.2-0.8x10® mol/(m? s Pa) at 5-150 °C for
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Aquivion membrane, which is almost an order of magnitude higher than sulfonated
MPTMS membrane. This could be due to the thicker separation layer (~900 nm) of
sulfonated MPTMS membrane and a dense structure caused by the flexible propyl
chains. B! At low temperature, both membranes showed excellent NHj selectivity be-
cause H> and N> permeances follow an activation-diffusion and greatly decreased with
decreasing temperature. Especially at 5 °C, NH3 permeance of Aquivion membrane is
2.74x10°° mol/(m” s Pa) with NH3/N> selectivity of 2240, indicating superior NH; per-
meation performance. The performance of the two membranes approximate to those
reported previously, %! which can further confirm the reproducibility of the two
membranes. For the simulation of the recycle reaction, the permeance obtained by re-
gressing with the experimental results as a reference was used at each membrane tem-

perature.
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Fig. 6-5. Temperature dependence of gas permeance for Aquivion membrane (a) and
sulfonated MPTMS membrane (b). Curves in the figure are calculated as shown in SI-
2. The errors of the gas flowrates were less than 5% when the permeance exceeds 10~

1"mol m2 s ! Pa! and less than 50% while a the permeance is below 10™ '® mol m™>

sPal.

Fig. 6-6 shows the conversion as a variable of reaction temperature using Ru(10
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wt%)/Cs/MgO catalyst by considering heat balance at 300-400 °C. Ru-based catalysts,
which are active at low temperature, were able to synthesize ammonia at temperatures
below Haber-Bosch temperature (450-600 °C). Due to the limited activity of the cata-
lyst, it exhibited very low ammonia conversion at 300 °C. As the temperature rises from
300 to 360 °C, the ammonia conversion gradually increased, reaching an equilibrium
conversion at 360 °C. Above 360 °C, the reaction conversion decreased owing to the
thermodynamics equilibrium limitation. Consequently, considering the reaction con-

version and the applicable temperature of the catalyst in this study, the temperature of

the reactor was set to 350 °C.
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Fig. 6-6. Conversion as a function of reaction temperature. (Pz= 0.5 and 0.2 MPa-a,

F.=100 ml/min, H2/N>=3/1, and m,;= 10 g)

Fig. 6-7 shows Nz conversion as a function of reaction pressure, feed flow rate, and
feed flow ratio of Hy/N>. The higher the reaction pressure, the higher N> conversion,
due to the mole number reduction toward to synthesis ammonia side, following Le Cha-

telier's principle. As the feed flow rate increased, N> conversion gradually decreased
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because the residence time of the gas in the reactor decreased. N> conversion based on
N> flow rate (Eq. (8)) obviously increased as the feed flow ratio of H2/N». Based on
experimental measurement values, the reaction rate equation of Eq. (1) can be fitted as
in SI-3 in detail. Additionally, in order to explore the effect of Ho/N» ratio on reaction
in detail, as the reaction rate (NH3z production) and N> conversion as a function of H»
mole ratio via simulation in a packed bed reactor shown in Fig. 6-7 (d). When H> mole
ratio is around 0 (no H>), the reaction rate is almost 0, that is, no reaction. The reaction
rate and N2 conversion increased with increasing H> mole ratio, the optimal H> mole
ratio is around 0.85-0.95 although it's higher than 0.75 (3/1) of stoichiometric H2/N>
ratio. Further increasing H> mole ratio will decrease the reaction rate for the synthetic
NH;3 reaction, which could be attributed to the increase in the partial pressure of H»

promotes H> bonding but reduces the number of sites available for N» activation.
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Fig. 6-7. Experimental N> conversion (a, b, and c) as a function of pressure, total feed

flow rate, and ratio of feed flow rate (Tg=350 °C and m,= 10 g); theoretical reaction

rate and N> conversion (d) as a function of H> mole ratio (Tg=350 °C, Pg=0.3 MPa-
a, Frp=1000 ml/min and m.,= 10 g).

(a) Pressure dependence: Pr=0.2~0.6 MPa-a, Fzr=100 ml/min, Ho/N>=3/1;

(b) Feed flow rate dependence: Pr= 0.2 and 0.3 MPa-a, Fz=20~100 ml/min,

H2/No>=3/1;

(c) Ratio of feed flow rate dependence: Pzr=0.2 and 0.3 MPa-a, Fr=60 and 100

ml/min, Ho/N>=3/1, 1/1, and 1/3.

Fig. 6-8 shows the NH3 composition at the reactor-out as a function of Da at 0.2
MPa-a that is the pressure evaluated in the membrane and reactor. Da corresponds to
the reaction rate in relation to the feed flow rate. When Da is large, meaning that the
feed flow rate decreases or the amount of catalyst increases, the NH3 composition at
the reactor outlet increases because the residence time in the reactor increases and the
amount of NH; produced increases. The NH3 composition increases rapidly for
Da=1~3, and the NH3 composition is close to the equilibrium composition (mole frac-
tion 0.016) for Da>5. The experimental data are in reasonable agreement with the cal-

culated value.
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Fig. 6-8. Effect of Da on NH3 mole fraction of reactor-in and reactor-out.
(Tr=350 °C and P=0.2 MPa-a).

Notably, the errors in the experimental data shown above should be reasonable,
which could be mainly ascribed to the errors from the GC analysis, the temperature
profile along the reactor furnace (the temperature of the center was measured/con-
trolled), and slight fluctuations in the reaction stream. According to the results, there-
fore, a steady reaction system and effective NH3 conversion can be achieved, which are
beneficial for further developing the recycle membrane reactor.

6.4.2 Reactor and membrane without recycle

Fig. 6-9 show the time course for a reactor combined with membrane (without recy-
cle) at different feed flow rate (400-1200 ml/min) and the reactor temperature kept at
350 °C using Aquivion membranes. NH3 generated in the reactor is preferentially re-
covered in the permeate stream of the NHj3 selective membrane. The component recov-

ery (permeate flow rate with respect to the feed flow rate to the membrane of NH3, Ho,
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and N») was the highest for NH3, reaching up to about 40%, while they were in the low
single digits for H> and N». Additionally, an increase in the feed flow rate resulted in a
decrease in the NH3 composition. This decrease can be attributed to the reduction in
NHj3 production caused by the decrease in gas residence time in the reactor as the feed
flow rate increases. Furthermore, the increase in unreacted H» and N» feed flow rates
led to an increase in the composition of H> and N». The NH3 recovery also decreased
based on the same reasons. NH3 mole fraction and recovery at the total flow rate of 400
ml/min before and after the feed flow-swing were almost consistent, which indicates

that the membrane performance is stable and reproducible.
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Fig. 6-9. Time course for a reactor and membrane without recycle under different feed

total flow rate (£;). (Aquivion membrane).
H2/No=1/1, F=400~1200 ml/min, 7z=350 °C, P=0.3 MPa-a, 7,~25°C, L;~0.1 m,

Pagu/Pyi= 300/30 kPa-a.

Based on the time course shown in Fig. 6-9, Fig. 6-10 summaries the recovery, NH3
flow rate in membrane-in, and NH3; mole fraction (feed and permeate) as a function of
total feed flow rate for Aquivion membrane. The experimental NH3 production rates
and component recovery are in good agreement with simulation using Eqgs. (1)-(3),

which indicates that basic equations are effective for predicting the reactor/membrane-
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combined system.
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Fig. 6-10. Effect of total feed flow rate on Recovery, flow rate in membrane-in, and

mole fraction of reactor-out and permeate for Aquivion membrane without recycle.

Time course of the experiment is showed in Fig. 6-9 and each point is the calculated
average of the data for each feed flow rate in Fig. 6-9.

6.4.3 Recycle membrane reactor

Figs. 6-11 (a) and (b) show the time course of recycle membrane reactor process with
different membrane temperatures (25-100 °C) and the fixed reactor temperature of
350 °C for Aquivion and oxidized MPTMS membranes. This experiment was started
by feeding only N> and recycling, and then it was confirmed that N> flow rate in per-
meate was stabilized. Subsequently, H2/N2> mixed gas with feed flow ratio of H2/N2 =
3/1 was supplied and the flow rate was controlled so that the feed-side pressure would

reach the target pressure (0.2 MPa-a). Since H> preferentially permeates through the
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membrane, it was difficult to control the concentration of reactor inlet due to the tran-
sient state after changing the feed gas from pure N> to Ho/N> mixture, so that different
compositions were reached as a pseudo-steady-state in the initial state of membrane
temperature change.

The NH3 composition at the reactor-out was about 0.017, which is close to the equi-
librium composition at 0.2 MPa-a and a reactor temperature of 350 °C. According to
single H», N>, and NH3 permeation properties (Fig. 6-5), their permeate flow rates de-
creased with decreasing membrane temperature but NH3 selectivity increased, resulting
in NH3 mole fraction in the permeate increased using both Aquivion and sulfonated
MPTMS membranes. In addition, NH3 mole fraction in the permeate is about 0.2-0.4
in the system of sulfonated MPTMS membrane surpass than that of Aquivion mem-
brane (0.1-0.2). This could be ascribed to the low permeate flow rate of sulfonated
MPTMS membrane, which leads to low recovery and high NH3 concentration along
the membrane from the inlet to outlet. Due to the increase in permeate NH3 composition,
NH3 yields also increased relative to H> and N> on a permeation flow basis (Eq. (10)).
Since H, permeates more preferentially than N, the yield defined by the membrane
permeate composition is lower for Hz than for N». Permeate flow rate in feeding only
N> was similar before and after the long-term reaction using H> and N> mixed gases.
The stability of the membrane performance was confirmed by checking N> flow rate

before and after NH3 production.
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Fig. 6-11. Time course of recycle reaction under different membrane temperatures
(7y). (Aquivion membrane (a) and sulfonated MPTMS membrane (b)).

Tz=350 °C, Pr=0.2 MPa-a, R=250 ml/min, Tj=25~100°C, Ly=0.05m, p, /p, =
200/5 kPa-a.

A mathematical model was used to simulate recycle membrane reactor for NH3 pro-
duction, which focuses on understanding the effect of membrane temperature on per-
meate flow rate and mole fraction of each gas in reactor-out and permeate side. Com-
paring experimental and simulation results, Fig. 6-12 (a) shows the permeate flow rate
and the composition of the reactor-out (membrane-in) and permeate as a function of
membrane temperature for Aquivion membrane. With increasing membrane tempera-
ture, the Hz permeate flow rate and composition increased. On the other hand, the NH3
flow rate in permeate showed a little change because the composition of NH3 produced
was approximately 0.017 in relation to the total flow rate fed to the membrane. After

an unsteady period during the transient operation, the measured H> compositions of the
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reactor-out were 0.64 at 25 °C, 0.57 at 50 °C, and 0.42 at 100 °C, corresponding to
H2/N>=1.42, 1.37, and 1.01, respectively. Simulations were performed based on the ac-
tual measured compositions in the reactor-out, and the simulated flow rate in permeate
and compositions of each gas are shown with the solid curves in Fig. 6-12, which are
in good agreement with the measured values. Fig. 6-12 (b) shows the case of oxidized
MPTMS membrane. NH3; mole fraction in permeate side was very much concentrated
up to ~0.4 from low feed concentration of approximately 0.01 due to low permeance
and low recovery. Although NHj; permeance for oxidized MPTMS membrane increased
with increasing membrane temperature, as opposed to that of Aquivion membrane, the
permeate NH3z molar fraction decreased using both membranes because NH3 selectivity
decreased with increasing membrane temperature. The simulated curves showed a rea-
sonable agreement with experimental results, confirming a successful mathematical

model.
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Fig. 6-12. Effect of membrane temperature on permeate flow and mole fraction of re-

actor-out and permeate in recycle membrane reactor: ((a) Aquivion membrane (top)
and (b) sulfonated MPTMS membrane (bottom)), and each point is the calculated av-
erage of the data at each membrane temperature in Fig. 6-11.

Although the simulation results based on a mathematical model approximate the ex-

perimental results of recycle membrane reactor, several suggestions are provided for a

deeper understanding of the error between simulation and experiment. First, because

the activity of the catalyst currently used was still low, that is, the NH3 conversion was

only ~1%, so low NH3 content is easy to cause large analysis errors even using GC;

second, the fluctuation of membrane permeability with temperature and time; third, the

assumptions in mathematical models can also cause errors between the experimental
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and simulated results. Simulation results that are as close as possible to experimental
results are also more conducive to using mathematical models to deeply understand the
nature of the recycle membrane reactor.

6.4.4 Simulation for Green ammonia process

(491 proposed an electrosynthetic ammonia with a BCY 15 membrane at

Wang et al.
530 °C and atmospheric pressure. Recently, Zhang et al. *”used a mathematical model
to simulate and analyze the performance of catalytic membrane reactor with an inor-
ganic membrane and reported that the membrane performance having NH3/H> selectiv-
ity of > 4 and NH3/Nz selectivity of > 10 with high NH; permeance of ~3.4x107 mol
m> s Pa! (1000 GPU) was required to improve NH3 production using membrane re-
actor. Padinjarekutt et al. reported a Na™-gated nanochannel membrane ! with superior
NH3/H: selectivity as high as 4280 and NH3/N» selectivity > 10000 at 250 °C and 35
bar. The conclusion suggested that the membrane separation by replacing condensation
process in HB process shows a decrease > 80% energy consumption and ~20% NH3
production cost. ¢

As far as the authors ascertain, there is no experimental report on the recovery and
recycle of ammonia produced in the reactor combined with the membrane. The recycle
membrane reactor, where the catalytic reaction and the membrane separation occur in
a separated equipment, cannot shift the equilibrium in the in-situ reaction system as in
the catalytic membrane reactor where reaction and separation occur in one unit. How-

ever, recycle reaction can improve the overall reaction conversion and is an effective

means when the reaction and separation conditions are limited. In order to reduce the
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pressure of the recycle reaction from the conventional Haber-Bosch process (450 °C,
20-40 MPa) to lower pressure (1 MPa), our initial strategy is to perform lab-scale sim-
ulation and evaluate the composition and flow rate of membrane permeation.

As schematically shown in Fig. 6-2, the simulation was carried out for green ammo-
nia production using all parameters of reactor and membrane listed in Table 6-2. The
produced NHj3 is concentrated in membrane permeate, after compressing the permeate
stream, NH3 can be recovered and liquefied with a compressor and heat-exchanger.
Unreacted H> and N are recycled to the reactor together with the retentate stream (Fig.
6-2), meaning that all the inlet H> and N as fresh feed can be converted to NHs, that is,
the whole recovery of H> and N; as NH3 is 100%.

Table 6-2. Membrane and reactor parameters for a simulation of the theoretical sys-
tem.

Membrane Temperature: Ty, Ty=50 °C
Pressure: ppu/Puya Pmu/Pu=200/5 kPa-a
Permeance: P; Pyp,=9.69% 107 mol/(m? s Pa)

Py,=1.13x10"* mol/(m” s Pa)
Py,=1.51x 10 mol/(m? s Pa)

Reactor Temperature: Ty TR=350 °C
Pressure: Pp Pr=0.2 MPa-a
Reaction: Da Equilibrium (Da=x)

Fig. 6-13 shows the simulated flow rate (feed, permeate) and composition with mem-
brane length (i.e. membrane area) as a variable. Notably, the flow rate to the membrane
module, which corresponds to the reactor-out (membrane-in) in Fig. 6-2, is constant at
250 ml/min in the simulations. The permeate flow rates of H> and N>, which occupy
most composition of the reactor-out, gradually increased as the membrane length in-
creases. On the other hand, the produced NH3 composition at the reactor-out is set at

1%, that is the equilibrium NHj3; composition in the reactor (350 °C, 0.2 MPa-a,
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H>/N»>=3/1), and the permeate NHj3 flow rate is limited by the produced NH3 flow rate,
that is, the feed NH;3 flow rate to the membrane module.

Moreover, the mole fraction of H> and N> in permeate increased as the membrane
length increases, while NH3 rapidly decreases because NH3 flow rate and amount to the
membrane is limited (due to the low NH3 composition of 0.017 in equilibrium conver-
sion). As the membrane length (i.e. membrane area) increases, the membrane recovery
(Q, permeate flow rate to membrane feed flow rate) increases because the permeate
flow rate increases, but the recycle ratio (R, recycle flow rate to fresh feed flow rate)
decreases because the retentate flow rate decreases. Comparing the different recycle
flow ratios of H2/N2 in Figs. 6-13 (a) and (b), when H2/N>=1, N> feed and permeate flow
rate as well as its mole fraction in the permeate are all increased, but the decrease in

NH3 mole fraction in the permeate is due to the decrease in NH3 conversion.
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Fig. 6-13. Simulation of mole fraction, recovery, and recycle parameters as a function
of membrane length. H2/N>=3/1 (a) and Ho/N>=1/1 (b).

Tr=350 °C, Pr=0.2 MPa-a, Fy totq;=250 ml/min, T),=50 °C, L;;=0.01~0.5 m,

Pmu/Pua=200/5 kPa-a.

As one of the most important properties of membranes, the effect of NH3 selectivity
on molar fraction, recovery, and recycle parameters is explained in SI-5. High NH3
selectivity can increase NH3 composition in the permeate and promote the recycle ratio
while decrease the recovery ratio.

Fig. 6-14 shows the simulations of flow rate (feed, permeate) and composition with
feed pressure as a variable. When the feed pressure (the reactor pressure and the feed
pressure of the membrane) increase from 0.1 to 1.0 MPa, the NH3 mole fraction in

permeate increases from 0.1 to 0.5 due to the increase in NH3 equilibrium concentration
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from the reactor. Furthermore, as the reaction pressure increases, the flow rate in per-
meate increases because the driving pressure required for permeation also increases. In
addition, the membrane recovery gradually increased and the recycle ratio become

smaller due to the increased permeate flow rate and decreased retentate flow rate.
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Fig. 6-14. Simulation of mole fraction, recovery, and recycle parameters as a function
of feed pressure dependence. H2/N>=3/1 (a) and H2/N>=1/1 (b).

Tr=350 °C, Pr=0.1~1.0 MPa-a, Fy ¢o¢q;=250 ml/min, T}=50°C, Ly=0.05,

Pumu/Pua=100~1000/5 kPa-a.

The flow ratio of H2/N> in the recycle (Fy, recycle/Fn, recycle) €an be regarded as a
variable as shown in Figs. 6-13 (a) and (b) as well as Figs. 6-14 (a) and (b). As the feed

flow ratio of Hz/N in the system changes, the H> and N> compositions at the reactor-

256



Hiroshima University Doctoral Dissertation

out are seriously affected, resulting in the different H> (or N2) partial pressure difference
and the H» (or N2) permeate flow rates. Although the simulations of feed rate, flow rate
in permeate, permeate composition, and dimensionless number showed a similar trend
despite a change in the recycle flow ratio of H2/N», NH3 flow rate and mole fraction in
permeate decrease mildly.

Fig. 6-15 shows the simulation of flow rate (feed, permeate), recovery, and compo-
sition as a function of the feed flow rate to the membrane. Increasing the feed flow rate
to the membrane increases the retentate flow rate, while the permeate flow rate is ap-
proximately unchanged, which is determined by the membrane performance and oper-
ating condition, such as pressure. As the feed flow rate gradually increases from 100 to
400 ml/min, the NH3 permeate flow rate increases when the equilibrium composition
from the reactor outlet is assumed to be constant. However, the NH3 permeate flow rate
increases a little with further the increase in feed flow rate, while the permeate flow
rates of H2 and N2 remain constant. The NH3 permeate flow rate increases gradually as
the feed flow rate increases from 100 to 400 ml/min, and then all gas flow rates are
basically close to constant with further increasing the feed flow rate to 1000 ml/min.
Therefore, the recycle ratio increases because the recycle flow rate (retentate flow rate)

increases.
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Fig. 6-15. Simulation of flow rate (feed, permeate), recovery, and composition as a
function of the feed flow rate to membrane.
Ho/N2=3/1, Tp=350 °C, Pgr=0.2 MPa-a, Fy otq =50~1000 ml/min, T =50 °C,
Ly=0.05m, ppy/Pm,qa=200/5 kPa-a.

To generalize recycle membrane reactor for green NH3 production, we have at-
tempted to summarize reactor performance in dimensionless expression. Fig. 6-16
shows simulated requirement energy, recycle ratio, and compositions with 6 as a var-

iable. @ is a dimensionless number that serves as a measure of membrane performance,
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and a large 6 is achieved by a large membrane area or length, a high permeance, or a
low feed flow rate. The NH3 composition at the reactor outlet is again assumed to be in
equilibrium at 0.017 at 0.2 MPa-a in Fig. 6-16 (a) and 0.078 at 1.0 MPa-a in Fig. 6-16
(b). As the 0 increases, the H> mole fraction in permeate increases and the NH3 mole
fraction decreases because the H> permeate flow rate through membrane increases a lot.
Since the most permeable NH3 preferentially permeate at low 8, that is, the low recov-
ery via membrane, then H> as the second permeable component gradually permeate
through the membrane at high recovery.

The NH3 composition on the permeate side increases to 0.87 at 1.0 MPa-a in Fig. 6-
16 (b), indicating that NH3 enrichment at high concentrations is possible even at 1.0
MPa-a, which is quite low pressure compared with the conventional Haber-Bosch pro-
cess. The recycle ratio becomes smaller as the 6 increases because the retentate flow
rate decreases as the permeate flow rate increases. As the feed pressure increases, the
recycle ratio becomes smaller because the permeate flow rate increases as shown in
Figs. 6-14 (a) and (b). Importantly, the permeate NH3 can be concentrated up to 0.5 in
mole fraction. When the permeate stream is pressurized to 1.0 MPa, NH3 partial pres-
sure is 0.5 MPa, which means that NH3 can be liquified at 0 °C because the saturated
vapor pressure of NH3 at 0 °C is ~0.4 MPa. For NH3 mole fraction of 0.8, NH3 con-
denses at 20 °C. This is a great advantage of recycling reaction with membranes, im-
plying that liquid NH; can be obtained even at 1 MPa for reaction system and 25 °C for
NH3 liquefaction.

Under the present assumption (equilibrium composition in reactor-out), low 6

259



Hiroshima University Doctoral Dissertation

which accompanies large recycle flow is preferable for achieve the high concentration
of NHs. Therefore, energy requirement is also calculated by considering the circulating
energy of retentate stream (from retentate to reactor-in) and the compressing energy of
permeate stream (from permeate to reactor-in). The details can be found in SI-6. Nota-
bly, when the stream from the retentate side of the membrane is circulated to the reactor
without any energy-loss (R (0%)), the requirement energy of the system increases with
the 6 increases, regardless of pressure. However, the assumption of energy-loss for
recycling should be more realistic, and 10% and 20% pressure drop along reactor and
membrane module are assumed and indicated as Ri (10%) and R1 (20%), respectively.
The energy consumption for NH3 production shows the minimum values around 50-80
kJ/mol-NH3, which is around 10% of the energy consumption for conventional Haber-

Bosch process (9-15 MWh/t-NH3, that is 550-920 kJ/mole-NH3).
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Fig. 6-16. Simulation of permeation number dependence.
(a) Pr=0.2 MPa-a, pu,,/Dma=200/5 kPa-a
(b) Pr=1.0 MPa-a, pp/Pm qa=1000/5 kPa-a
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Figs. 6-17 (a) and (b) show the effect of NH;3 selectivity (a=NH3/H>) on the recycle

ratio and NH3 compositions with 6 as a variable on permeation number for feed-side

pressure of 1 MPa and permeate-side pressure of 100 kPa and 5 kPa, respectively. Gen-

erally, NH3 molar fraction increases with NH;3 selectivity of the membrane, and the

increase in NHj3 selectivity of the membrane also results in less H> and N> permeate
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flow rate and an increase in the recycle ratio. However, both recycle ratio and NH3

compositions gently decrease with the 6 increases due to the increase in permeate

flow rate especially for H> and N». Importantly, when using a high-selective membrane,

1 MPa and 100 kPa for feed and permeate sides, respectively, are feasible to produce

high concentration of NH3 under low energy consumption.
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Fig. 6-17. Simulation of permeation number dependence.
(@) Pyw/Pma=1000/100 kPa-a, (b) pu v/Pm.a=1000/5 kPa-a;

Ha/N2=3/1, Tg=350 °C, Pg=1.0 MPa-a, Py, =1.0x10° mol/(m’ s Pa), Py, /Py,=10,

Fu totar=250 ml/min, Lp=0.05 m.

262



Hiroshima University Doctoral Dissertation

6.5 Conclusions

Herein, a green NH3 production system using a recycle membrane reactor was pro-
posed and carried out, namely reactor combined with membrane separator with recycle
flow, which enables the temperature of reactor and membrane separator controlled in-
dependently. The Ru (10 wt%)/Cs/MgO catalyst and two membranes with different per-
meation properties and NH3 selectivity (Aquivion/ceramic composite and sulfonated
MPTMS membranes) were used to produce NH3 and selectively extract the synthesized
NH; from feed side to permeate side. Importantly, NH3 mole fraction was greatly in-
creased from 0.01 of equilibrium state to 0.1-0.45 of permeate side, which is ascribed
to the gas permeance and NHj3 selectivity of membrane at different temperatures. Fur-
thermore, a one-dimensional, isothermal, and plug-flow model was proposed to simu-
late this system and compared with experiments. Ultimately, a mathematical model was
successfully developed and applied to green NH3 production under mild conditions,
and NHj3 mole fraction, recovery, and recycle parameters as a function of membrane

length, feed pressure, and feed flow rate, respectively, were systematically studied.

Notation
(1) Reaction rate:
Tnh,: Reaction rate [umol/(g-cat s)]

P;: Pressure [bar]

-1
. NHy Py
8: Surface coverage for free sites, 6= 1+ st
H, Da b

(2) Reaction rate constant:
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NgK;k,: [umol/(g-cat s bar)]

Keq: [bar']

K,: [bar?]

K, [bar®]

(3) Flow rate:

Fr ;i o: Feed flow rate (in) [mol/s]

Fr ;: Feed flow rate in reactor [mol/s]

Fy ;i: Feed flow rate in membrane [mol/s]
R;: Recycle flow rate from retentate stream [mol/s]
R,: Recycle flow rate from cooler [mol/s]
Q;: Permeate flow rate [mol/s]

Frecyte,i: Recycle flow rate [mol/s]

(4) Reactor:

Tg: Reactor temperature [°C]

Pr: Reactor pressure [MPa]

Tnh,: Reaction rate [mol/(g s)]

v;: Stoichiometric coefficient [-]

m..,.: Catalyst weight per unit reactor axial length [g/m]
Lg: Reactor length [m]

Zx: Reactor axial coordinate [m]

(5) Membrane:

Ty : Membrane temperature [°C]

264



Hiroshima University Doctoral Dissertation

Pum: Membrane upside pressure [kPa]

Pum,qa: Membrane downside pressure [kPa]

P;: Permeance [mol/(m” s Pa)]

Ly Membrane length [m]

Zp: Membrane axial coordinate [m]

s: Membrane area per unit membrane axial length [m?/m]
a;: NHj3 selectivity (NHz/Hz, NH3/N2) [-]

[: Pressure ratio [-]

x: Mole fraction in feed side [-]

y: Mole fraction in permeate side [-]
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Supplementary Material
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The activation energy (Ep;) of H2, N2, and NH; permeation was calculated as follow-
ing equations by the regression of permeance (P;) as a function of temperature (7) based

on the modified gas translation (m-GT) model -],

" /MRT RT
3
k(),izk() (dp-di)
P;: permeance of the i-th component, M;: molecular weight of the i-th component, R:
gas constant; Ep;: activation energy of permeation of the i-th component, k: structural

constant; dy,: pore diameter; d;: diameter of the i-th component.

Reaction rate constant after corrections (Fitting parameters):

6.6O><103>

_ 3(
2N.K  k,=1.56x10 ( o7
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Ru(10 wt%)/Cs/MgO catalyst ‘

Fig. 6-S1. Catalyst preparation process.

Fig. 6-S2 shows the simulation of flow rate (feed, permeate) and composition with

NH3; selectivity as a variable. The higher the NH3 selectivity, the larger the NHj

273



Hiroshima University Doctoral Dissertation

composition in the permeate, while the H, and N2 compositions decrease due to the
decrease in their flow rates in permeate. The membrane recovery ratio also decreases
due to the decrease in the H> and N flow rates in permeate, and the recycle ratio in-

creases due to the decrease in the feed flow rate of the raw material.
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Fig. 6-S2. Simulation of NHj3 selectivity dependence.
Ho/N2=3/1, Tr=350 °C, Pr=0.2 MPa-a, Fyj =250 ml/min, Ty=50 °C, Ly=0.05 m,

Pm,u/Pm,a=200/5 kPa-a, Pyy,=1.0x 10 mol/(m? s Pa), Py, /Py, =10
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_ QrWg + R Wy + R, W

E
QNH3
Pp
WR == RTR ln_ (PR = 10, PF = 01)
Pr
PM,u,t
Wy = RTy In————— (PMut = 0.2, 1.0; Py 4, = 0.005; y = 0.8, 0.9, 1.0)
Yy X PM,u,t "
)2)
We = RTy In——
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E: Energy per mol of NH3 production (kJ/mol-NH3), Wr: Compressed energy of fresh

feed, Wwm: Circulating energy of retentate stream (from retentate to reactor-in), Wc:

Compressing energy of permeate stream (from permeate to reactor-in), y: Pressure loss.

R; = Y R; 1: Retentate flow rate; R, = ) R; ,: Permeate flow rate.
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Chapter 7
Conclusions and outlook

This dissertation focused on the development of novel organosilica membranes for
NHj3 separation and their application for synthetic NH3 catalytic membrane reactors.
The microporous structure and surface chemistry caused by metal coordination and
functional group transformation were scientifically evaluated through a series of char-
acterizations. The NH3 affinity and diffusion of the metal-doped aminosilica mem-
branes and the sulfonated organosilica membranes were elaborately improved for en-
hancing the NH3 separation performance from H> and N> at high temperatures. Conse-
quently,

The present research highlights the fabrication of novel metal-doped and sulfonated
organosilica membranes and their application of catalytic membrane reactors, which

may pave the way for advanced NHj separation and NHj synthesis.

7.1 Conclusions

The main conclusions of each chapter in this thesis were summarized as follows:

[1] Bis[3-(trimethoxysilyl)propyl] amine (BTPA) membranes doped with different
metals, including Fe, Ni, and Ag, were applied to evaluate the permeation properties of
Hz, N, and NH;3. All metal-coordinated BTPA gels showed superior NH3 adsorption
and desorption capacity via NHj temperature-programmed desorption (NH3-TPD),
which benefits from the coordination between metal and NHs. The single-gas permea-

tion and activation energy of permeance were measured to evaluate NH3 separation
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performance, which occurred in the following rank: Ni-BTPA > Fe-BTPA > Ag-BTPA >
BTPA. These results are consistent with NH3-TPD data. The Ni-BTPA membrane
showed NH3 permeance at ~2.8x107 and ~1.5%10° mol m? s Pa’! with ideal NH3/H:
selectivities of 11 and 27, and NH3/N2 selectivities of 102 and 277 at 200 and 50 °C,

respectively. Intermolecular interaction e

[2] With an increase in the amount of nickel doping in BTPA, the coordination be-
tween nickel and propylamines is enhanced, particularly for 1.00 Ni-BTPA, as shown
by FT-IR and UV-vis analysis, resulting in a weakening of the coordination between N-
H and N=O0O that originates with an acid-base interactions. For 1.00 Ni-BTPA, the
strengthening coordination between nickel and N-H and the interparticle pore caused
by the aggregation and/or segregation of nickel nanoparticles not only negatively af-
fects the NH3 affinity but also weakened the molecular sieving. The results from both
NH;-TPD and simulation prove that 0.50 Ni-BTPA has sufficient coordination sites and
considerable interaction intensity with NHs, which can effectively improve the NH3
permselectivity by balancing molecular sieving (pore size) and membrane affinity. The
optimal performance was obtained with 0.50 Ni-BTPA membrane, showing NH; per-
meance of ~2.8%10° mol m? s! Pa! with ideal NH3/H> selectivity of 11 and NH3/N,
selectivity of 102 at 200 °C.

[3] The unoxidized (3-mercaptopropyl)trimethoxysilane (MPTMS) sols were pre-
pared, and further oxidated by H>O» to improve NH3 affinity. FT-IR and XPS analyses
showed that S-H groups can be completely oxidized to sulfonated groups via oxidizing

sol solution with H>O,. The thermal stability of MPTMS xerogels with and without
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oxidation was proven around 300 °C via TG-MS analysis. Furthermore, the xerogel
powders were always maintained a dense structure using N> adsorption due to the flex-
ible and stable propyl chains, independently of H,O, oxidation. Compared with unox-
idized MPTMS xerogels, the oxidated xerogels expressed an intense NH3 affinity and
a large NH; adsorption amounts because of the improved acidity and increased acidic
sites to enhance acid-base interactions from NH3-TPD results. For single and binary
gas permeation, the oxidated MPTMS membranes showed an excellent NH3/H> selec-
tivity of 6 and NH3/N> selectivity of 18 with an NH3 permeance of ~1.4 x 10”7 mol m™
s Pa! at 300 °C. This can be ascribed to the efficiently selective adsorption on the top-

separation layers and the effectual diffusion through membranes.

[4] 3-(trihydroxysilyl)-1-propanesulfonic acid (TPS) was diluted to 0.1 wt% with
ethanol to fabricate sulfonic silica-based membranes. The thermal stability of -SO3H
groups and propyl chains was proven by FT-IR analysis of TPS films calcined from 100
to 350 °C, and the siloxane network structure was formed by the self-catalyzed conden-
sation of silanol (Si-OH) with the intrinsically acidic -SO3H groups, as the amorphous
structure shown by XRD patterns. Because of the flexibility of propyl chains and/or the
filling of pores by bulky sulfonic acid groups, TPS xerogel powders calcined at 300 °C
still showed a dense structure via N2 adsorption, which further confirmed the thermal
properties combined with XPS measurement. Owing to the inherently stronger proton-
acidic -SO3H groups in TPS, an intensive NHj3 affinity for TPS (an NH3 adsorption
amount of ~3.0 mmol g') was observed twice higher than oxidized MPTMS by NH3-

TPD. For single and binary gas permeation, TPS-EtOH membranes showed a superior

278



Hiroshima University Doctoral Dissertation

NH;3 permeance of ~2.6 and ~1.8x107 mol m™ s™! Pa™! with an excellent NH3/H; selec-
tivity of 7 and 165, and NH3/N> selectivity of 266 and 18700 at 300 and 50 °C, respec-

tively.

[5] A green NH3 production system using a recycle membrane reactor was proposed
and carried out, namely reactor combined with membrane separator with recycle flow,
which enables the temperature of reactor and membrane separator controlled inde-
pendently. The Ru (10 wt%)/Cs/MgO catalyst and two membranes with different per-
meation properties and NH3 selectivity (Aquivion/ceramic composite and sulfonated
MPTMS membranes) were used to produce NH3 and selectively extract the synthesized
NH;3 from feed side to permeate side. Importantly, NH3 mole fraction was greatly in-
creased from 0.01 of equilibrium state to 0.1-0.45 of permeate side, which is ascribed
to the gas permeance and NHj selectivity of membrane at different temperatures. Fur-
thermore, a one-dimensional, isothermal, and plug-flow model was proposed to simu-
late this system and compared with experiments. Ultimately, a mathematical model was
successfully developed and applied to green NH3 production under mild conditions,
and NH;3 mole fraction, recovery, and recycle parameters as a function of membrane

length, feed pressure, and feed flow rate, respectively, were systematically studied.

7.2 Outlook
This dissertation has focused on selective NHj3 separation using metal-doped and sul-
fonic-containing organosilica membranes and green NH3 production utilizing a recycle

membrane reactor. Firstly, although the NHj affinity and diffusivity were greatly
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enhanced by transition metal-doping and sulfonic group-introducing, the prepared NH3
separation membranes were only used up to 300 °C due to the limited thermal properties
of the propylamine chains and propyl mercaptan chains in organosilanes. The synergis-
tic mechanism of molecular sieving and adsorption-diffusion of NH3 was confirmed for
organosilica membranes, however, high temperature is unfavorable to NH3 selective
permeation, especially NHz/H> separation. The reason why we pay attention to NHj
membrane separation at high temperatures is mainly because of the low activity of syn-
thetic NH3 catalyst at low temperature, which will limit the development of catalytic
membrane reactors for NH3 synthesis.
Based on the conclusions derived from this dissertation, the referential recommen-
dations for future work are given as follows:
(1) Enhance the thermal stability of organosilica with high NHj3 affinity at 350 °C at
least.
(2) Reasonable control of network aperture derived from organosilica with thermal
stability. Organosilica membranes with denser structures can be tried.
(3) Improve NHj3 affinity strength and site, including the grafting of phosphate

groups, carboxylic groups, and/or the doping of bimetal.
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