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Abstract of dissertation

Membrane processes and technology are considered energy efficient for the
separation of gas and liquid systems. Over the past decades, organosilica membranes have
attracted high attention due to high thermal and chemical stability with no swelling, high
flux, high separation performance, and adjustable pore sizes. The primary goal of this
dissertation was to fabricate and optimize a hybrid thin film of metal-coordinated
aminosilica membranes based on sol-gel processing followed by coordination reaction
and investigate their performance in the separation of gas and liquid mixtures via
pervaporation. The best performance of metal coordinated-organosilica based membranes
was achieved by optimizing four parameters including the affinity of transition metal as
Lewis-acid molecules, the affinity of the ligand as Lewis-base molecules, the mole ratio
of metal/amine groups, and the existence of metal in a different phase to facilitate the
transport of permeating molecules. At each step of optimization, the fixed variable was
selected and applied, and the investigation proceeded to the next step.

In the first stage of modification of metal coordinated-organosilica membranes,
the effect of metal doping was evaluated using a single gas permeation system. Values
for surface area and pore volume of the metal-doped bis[3-(trimethoxysilyl) propyl]
amine (BTPA) at metal/amine mole ratio of 0.25 mol mol! were both expanded by
increasing metal coordination affinity on the order of Ni-BTPA (214 m? g'') > Cu-BTPA
(75.7 m?> g') > Ag-BTPA (20.1 m? g'!) > BTPA (2.36 m? g'!). In line with material
characterization, gas permeation was also increased in the same order, which corresponds
to a higher affinity for metal coordination. Ni-BTPA membrane with the highest affinity
for coordination achieved high levels of both permeance of N> and N2/SF¢ at 3.75 x 1077
mol m? s Pa’!l and 1,900, respectively.

In the second stage, the optimization of coordination was examined by employing
the incorporation of different amounts of nickel dopant (mole ratio of nickel/amine) into
BTPA structure that ranged from 0.125 to 0.50 mol mol!. Higher nickel content
increased the rigidity and resulted in a porous membrane structure with a high specific
surface area that beneficially showed high performance for the pervaporation organic
mixture of methanol/toluene on the order of Ni-BTPA 0.50 > Ni-BTPA 0.25 > Ni-BTPA
0.125 > BTPA. Ni-BTPA 0.50 has been found to exhibit superior performance with a
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high level of flux at 2.8 kg m™ h™! and a separation factor higher than 900 in a 10 wt%
methanol feed solution at 50 °C. In that work, Ni-BTPA 0.50 shows an attractive
performance due to the balance between the formation of microporosity that was induced
by nickel-amine coordination and the excessive amount of nickel ions that facilitated the
fast transport of methanol while restraining the transport of toluene.

To prove the concept of metal-coordinated aminosilica membranes, in the third
investigation, the affinity of amine-functionalized organosilica as a ligand was evaluated
via different types of precursors. Nickel doping restructured the aminosilica network via
a coordination bond, which then increased both the rigidity of the organic chain and the
surface area or resultant material on the order of nickel doped bis [3-(trimethoxysilyl)
propyl] amine (Ni-BTPA) > nickel-doped 3-aminopropyl triethoxy silane (Ni-APTES) >
nickel-doped trimethoxy[3-(methyl amino) propyl silane (Ni-MAPTS). The prepared
hybrid nickel-composite membranes were used for the pervaporation of various types of
organic mixtures with methanol 10 wt% at 50 °C in the feed solution. Ni-BTPA with the
strongest affinity for coordination recorded the highest separation performance for the
flux that reached as high as 1.42 kg m? h! with an optimum separation factor for
methanol/toluene of 5,000. The enhancement for both membrane flux and the separation
factor verifies the balance between higher levels of interconnected micropores from
nickel-amine coordination and the existence of uncoordinated nickel acting as active sites
for the diffusion of methanol.

Based on the previous investigation, two phases of metal can facilitate a specific
transport of components while the coordinated network generates a high flux of
membrane. In the fourth evaluation, we examine the fabrication of silver-doped BTPA
for facilitating the transport of Hz. The evolution of silver in two phases as silver ions and
nanoparticles successfully modify the membrane structure from dense into microporous,
and silver-modified aminosilica membranes showed hydrogen permeance of 1.46 10
mol m? s™! Pa’! with excellent Ho/C3Hs selectivity of 1,500. Based on this result, it is
evident that the proposed modification via the two-phase structural evolution of silver
reorganized the organosilica framework and improve the separation performance of the

membranes.
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Chapter 1

General introduction

1.1 Membrane separation technology

Membranes were defined as the semipermeable barriers that allow the separation of
one or more components with a higher permeation for one compound but hinder the
transport of the other as illustrated in Fig. 1-1(a). The membrane separation barrier
divided the feed stream into the retentate stream and permeate stream. The retentate
stream is the stream that has been retained by the membrane containing both the materials
that have been rejected by the membrane barrier and the material that has not been
rejected by the semipermeable barrier but has not been allowed to pass through the
membrane. On contrary, permeate stream was defined as a stream that contains smaller

molecules than membrane pores that allow the compound to pass through.

(a) ‘& (b) Commercial Transportation
& 19% 28%
% = b ‘r&
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Fig. 1-1. The schematic image of membrane separation process (a), and the schematic
representative of membrane technology reduce the energy cost in separation (b)

Starting at the end of the 1960s, membrane separation technology is considered to be
a proficient competitive technique for industrial applications compared with conventional
separation processes such as filtration, evaporation, crystallization, solvent extraction, or
distillation, albeit with the consequence of high operational demand on energy [1].
Membrane separation processes have been proven to be clean, faster, more efficient, and

more economical than conventional separation techniques (Fig. 1-1(b)) [2, 3]. In addition,
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the separation processes could be performed at ambient temperatures, thus offering
temperature-sensitive compounds to be treated without being chemically modified. The
separation processes of components can be classified into several types, based on the
phase species of components in both feed and permeate sides. In the case of liquid-phase
separation, pressure-driven membrane processes were classified into four major
categories based on the pore size of the membranes and the required transmembrane
pressure as described in Fig. 1-2: microfiltration (MF), ultrafiltration (UF), nanofiltration

(NF), and reverse osmosis (RO).

MF (0.1-5 uM, 1-10 bar)

= Suspended particles
b W R J-"'J-':-"'J-"J-':-"fffffffffffffffffﬁfffffff-)"'ffffffﬁ
UF (500-100,000 Da, 1-1,000 nm, 1-10 bar)
= Macromolecules
A N N A,
NF (100-500 Da, 0.5-10 nm, 10-30 bar)

= Divalent ions, organic molecules

RO (<0.5 nm, 35-100 bar)

=  Monovalentions
A R A A A

Water

Fig. 1-2. Schematic images of different separation processes based on sizes

In addition, the pervaporation process (PV) is the membrane separation process with
a typical pore size < 0.5 nm in which compounds are selectively transported from the
liquid phase in the upper stream to the vapor phase in the lower stream, which enables
better separation performance and lower levels of energy consumption [4]. The driving
force for pervaporation is the vapor pressure difference between the feed and permeate
sides; the pressure of the feed side is maintained at atmospheric levels while that of the
permeate side is evacuated. On the other hand, the gas separation process (GS)
corresponds to the separation where both feed and permeate streams are in the gaseous
phase through the microporous or dense membrane network.

Pressure-driven membrane process could be operated in two different modes of dead-
end and cross-flow operations as shown in Fig. 1-3 [5]. In the case of a dead-end module,

the feed streams enter one side of the module and flow vertically towards the membrane
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surface with the other streams for the permeate components leaving the module.

* Dead-end mode = Cross-flow mode
Feed
\/\_/—\A/_/\/\/\
® o
@e°@e e
Feed
] . { Py . ® Retentate
.".'o. K )
® . Y .. ® ..“... ..
® 0002000 O
Membrane barcier Membrane barrier
Permeate Permeate

Fig. 1-3. Schematic diagrams of dead-end and cross-flow mode in pressure-driven
membrane processes

However, the accumulation of the rejected particles is severe which results in impractical
issues for this type of module. The other type of module was a cross-flow mode where
the tangential flow could minimize the effect of accumulation of rejected species, limit

the height of separated layered particles, and maintain the permeate flux.

1.2 Membrane gas separation

Membrane engineering has been growing during the last decades with several
membrane operations that are dominant technologies in various areas such as in
desalination of seawater, wastewater treatment, the concentration of vegetable and fruit
juice, artificial organs, and gas separation. Membrane technology demonstrated lower
energy consumption about 10 times lower compared with the thermal process. The use of
a membrane in gas separation technology competes with the traditional thermal-based
separation technologies, thus this method is recognized as the best available technology.
However, several factors need to be considered to get the high performance of membranes
for the real industrial application to be realized, which includes but is not limited to the
design and development of new membrane materials with tailored structures for improved
mass transport properties, the membrane's robustness in aggressive environments and

ability of membrane materials to be operated in a wide range of operating condition. In
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this section, an overview of the transport mechanism through different membrane
structures and the interaction between permeating gases with the pore wall of the
membrane, together with possible application in gas separation membrane technology is
provided. Therefore, the important information from this discussion can be used to

analyze and facilitate further optimization of materials design.

1.2.1 Transport mechanism: general introduction

Recently, an increased interest has been focused on the gas separation process, where
the membrane performance can be tailor-made via the construction of the microstructure
of the materials and the selection of membrane materials. Gas permeation (GP) is a
separation process where membranes were used to separate gas mixtures without a phase
change [6]. The separation performance of membrane-based gas separation is commonly
correlated with permeability and selectivity. The permeation rate or flux of gas
transported through the membrane was defined as the number of molecules that pass
through in a unit area per unit time and it's proportional to the concentration gradient

through the membrane as expressed in equation (1-1).
dc
J=-D% (1-1)
J=D== (1-2)
Where D is diffusivity, c is the concentration, and x is the position across the membrane.
C; and C: are the downstream and upstream concentrations, respectively, and L is

membrane thickness. Therefore, the permeability (P) of the membrane which represents

the thickness-independent property that is related to flux (J) can be expressed in equation

(1-3).

JL C2—Cy
P = = D 1-
P2—DP1 (Pz —p1) ( 3)

When the upstream pressure is much larger than the downstream pressure, the

permeability can be expressed as follows.

P=(2)D (1-4)

D2

The ratio of concentration over the pressure can be defined as the solubility coefficient
(S) so that the permeability can be expressed.
P=SD (1-5)
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Permeance (P) is the product of the diffusivity (D) and solubility (S) of permeated
molecules across the membrane barrier, where the diffusivity value is affected by the pore
dimensions, and the solubility is affected by the dynamic parameter which describes the
mobility of the compound and the interaction between membrane surface and permeated
molecules [7-9]. The ideal separation factor of the mixture that contains A and B
molecules can be expressed as the ratio of permeability of molecules A over molecule B,
or express the separation factor as the ratio of diffusivity or solubility selectivity as

follows.
_ P _ DA _ SA)
®4/B = p@) " D@ 5®) (1-6)
This equation is known as a solution-diffusion mechanism. Since the limiting stage of the

mass transfer is overcoming the diffusion energy, the mechanism implies the activated
diffusion and the temperature dependency of the diffusion coefficient and permeability

coefficient can be expressed by the Arrhenius equation as follows.
. AE,
Dy = Dyexp (——- (1-7)
\ AHg
Sa = Saexp (=) (1-8)
Where AH, <0 is the enthalpy of sorption, the equation (1-5) can be expressed as follows.
. AE
Py = Piexp (—-25) (1-9)
Where AEp, = AE,+AH,. The transport mechanism of gases that diffuse within dense or
porous membranes was different, depending on the pore size distribution of the

membranes as shown in Fig. 1-4.

Upstream Downstream

e
® Non-porous membrane
[ I

° ¢ ¢ SQ 8% 5
®

. Activated diffusion
Qe

e Py Microporous membrane

¢ o Wesem o ¢

..

. e Surface diffusion

Large-sized pore membrane
o %,
[ ] . ® . ¢ ..... ¢
0% Q@e, 0 o
Qe

Knudsen diffusion

Fig. 1-4. The transport mechanism for the permeation of gases through membrane pore wall
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In the case of dense membrane structure with narrow pore size, the molecular sieving
mechanism was considered as the activated diffusion process, while the larger pore size
of the membrane facilitates the surface diffusion and Knudsen diffusion mechanism. The
pore size modification of the membrane should be chosen based on the pore aperture size
of molecules that need to be separated, as shown in equation (1-10) [10].

d; < d, < d; (1-10)
Where d; and d; are the molecular size of the i and j gases, and d,, is the pore aperture

size of the membrane. Table 1-1 summarized the Lennard-Jones constant, molecular

weight, and the average velocities of several compounds.

Table 1-1 Molecular size, molecular weight, and the average velocities of permeated gases

at room temperature [11]

Gas o (R) Mw (g mol™) V(msh)
He 2.60 4.00 1277
H» 2.89 2.02 1800
CO2 3.30 44.01 385
(0)} 3.46 32.00 452
N2 3.64 28.01 483
CO 3.69 25.01 476
Ar 3.54 39.95 399
CHg4 3.87 16.04 638
n-CsHiz 5.78 72.15 297
C2Hs 4.44 30.07 455
SFe 5.13 146.06 209

1.2.2 Membrane transport mechanism through different structures

Solid membranes were classified into 2 main categories based on morphology or
structure: isotropic (symmetric) and anisotropic (asymmetric) membranes. Symmetric

membranes are further divided into two subclasses dense (non-porous) and porous
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membranes, while the asymmetric membranes can be divided into anisotropic asymmetric
and composites membranes [12]. The schematic images of membrane structure

morphology as shown in Fig. 1-5.

Symmetric membranes

Dense membrane Porous membrane

D;,G’S? C:b d;l >

SEOK Qb@i%%?

Asymmetric membranes

Composite membrane

5 4-- -..1-4"
LT _4; I.'r;,?‘li I ;

v 20D
W2 %5 2T
g%@@g @%ﬁ%oa

Fig. 1-5. Schematic representative of different membrane structures [13]

1.2.2.1 Dense membrane

A dense or non-porous membrane consists of a dense thin film layer through which
permeated gases are transported via the solution-diffusion mechanism under the driving
force of pressure, electrical, and concentration potential gradient. The solution-diffusion
model assumes the pressure within the membrane is uniform and the chemical potential
gradient across the membrane is only expressed as a concentration gradient [14]. As
consequence, when pressure is applied to the system, the pressure everywhere within the
membrane is constant at a high-pressure value. In this membrane structure, the
penetrating molecules dissolve in the membrane matrix from the feed side, then diffuse
through the membrane down a concentration gradient. The gas transport through a dense
membrane involves three processes: the adsorption at the upstream boundaries, activated
diffusion through the membrane, and desorption on the permeate stream. The separation
of the different components in a mixture was directly related to the relative transport rate
within the membrane, which was determined by the diffusivity (D) and the solubility (S)

in the membrane material.
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P=SxD (1-11)

The permeability coefficient (PF) can be expressed as follows [14].

pi =D 1-12
L Yi(m)Pisat ( )

Where D; is diffusion coefficient, y; is permeating gas activity coefficient, y;qy) is the

affinity of membrane material, and P; ¢4, is the saturation vapor pressure. The value of
permeant’s saturation vapor pressure and diffusion coefficient decreased with increasing
molecular weight, competing effects on permeability coefficient. This means the
permeability of the component decreased significantly as the molecular weight of the
component increased.

Dense membranes structure such as those found in perovskite, metal, polymeric,
glassy, and organosilica ceramic materials were used in membrane reactors for different
applications such as methane conversion, hydrogen production, toxic gas treatment, and
CO> separations [15]. However, the commercialization of dense membranes is seriously
hindered by several challenges, which show a low permeating flux with high selectivity
due to the thickness and small pore sizes of the membranes. Yu, et al [9] developed amine-
silica membranes that were synthesized from different organosilica precursors of 3-
(triethoxysilyl) propylamine (PA-Si), 3-(triethoxysilyl)-N-methyl propane-1-amine (SA-
Si), and 3-(triethoxysilyl)-N, N-dimethyl propane-1-amine (TA-Si). Based on N2 sorption
characterization as shown in Fig. 1-6(a), all amine-silica membranes show low surface
area ( < 1 m? g'!) with negligible pore volume, which suggested the formation of dense
or non-porous structure. Moreover, all amine-silica membrane shows low permeance for
big-sized gases such as N> and exhibit high separation performance for CO2/N> as high
as 22 at 35 °C (Fig. 1-6(b)). Better membrane structure will continue to be a focus research

area for improving the separation performance of targeted compounds in a mixture.
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Fig. 1-6. N> sorption isotherms at -196 °C (a), and the permeance of permeating
gases as a function of temperature dependence (b) for PA-Si, SA-Si, and Ta-Si
xerogel powder calcined at 250 °C [9].

Plisko et al. [16] reported the surface morphology modification of polysulfone (PSF)
based membranes modified with different content of poly(ethylene glycol)-b-poly
(propylene glycol)-b- poly(ethylene glycol) (Pluronic F127) as shown in Fig. 1-7. The
SEM images of PSF-Pluronic F127 hybrid membranes show the transformation from a
dense membrane structure to a porous sponge-like (the pore size, pore quantity, and the
polydispersity were increased) by increasing the Pluronic F127 content. At zero loading
of Pluronic F127, the selective membrane barrier shows no pores that were detected (Fig.
1-7(a)). Higher porosity on PSF-Pluronic membranes was expected to improve the flux

and the separation ability of the ethyl acetate-water mixture.
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200 nm

c

Fig. 1-7. The SEM images of the membrane surface for hybrid PSF-Pluronic F127 flat
sheet membrane at different Pluronic content (wt.%) of 0 (a), 5 (b), 7 (c), and 10 (d) [16]

1.2.2.2 Porous membrane

Porous membranes consist of a solid matrix with defined pores diameters
ranging from less than 10 nm to more than 50 nm [3]. Generally, these membranes have
a rigid structure with highly pores that were randomly distributed and interconnected
pores. The gas transport mechanism through porous membranes was achieved via a
molecular sieving mechanism with the pores and molecular size of penetrating molecules
being the determination parameter. Based on IUPAC classification, the pore size of the
membranes could be classified based on the diameter size and the gas transport that
dominated that structure, as shown in Table 1-2 [17].

Table 1-2. Membrane classification is based on pore size and gas transport mechanism
inside pores

Type of Pore size .
yP Transport mechanism
membrane [nm]
[ [ [ 1]
[#) (&)

. Q,,,0 © >
Viscous flow Oo\ 0205 o >
Macroporous ' ' L
b = 50 nm [ | 1

membrancs ) ] g/,o o 000
Molecular diffusion o %0° 3'5 OT o 0°
[ 1

10
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Knudsen diffusion o o\\/ o
Mesoporous 250 nm | I )
membranes

Surface diffusion

Capillary condensation
: and pore fillin

Microporous <2 m p g
membranes

Micropore diffusion

Viscous flow is predominant occurs for the porous membrane with a pore size
larger compared to the mean free path of molecules or on the pore size larger than 50 nm
[18]. The overall gas transport is mainly decided by the collisions of the gas species in
the bulk phase and non-selective among different types of components. The permeance
(P) of gases through a macroporous membrane can be calculated using equation (1-13).

P =Py + P, (1-13)
Where Py represent the contribution of Knudsen flow and the second term related to the
viscous flow contribution. The constant S is related to the area of porosity (&), tortuosity
factor (7), thickness (L), the average pore sizes of the membranes (), the viscosity of

permeating molecule (u), and temperature (7).

1

=) () it

The Knudsen permeance related to the gas diffusivity in the membrane pores can be

= ()0 ) (19

In this membrane structure, the gas diffusion (D) is governed by the Knudsen mechanism,

estimated as follows.

so that Dg can be obtained from the data of pore structure with an average radius of and

the molecular weight of permeating molecule (M) as follows.

= ()0 (10

™
By combining equation (1-15) and (1-16), gives:
P = 1.06 (3) GOr(RTM)™V/2 (1-17)

Mi et al. [19] investigated the permeation mechanism of helium (He), hydrogen (H»), and

11
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nitrogen (N2) through a multi-walled carbon nanotube (CNT) membrane with porous o-

alumina support as shown in Fig. 1-8.
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Fig. 1-8. Gas permeance of He, H», and N> through alumina support and CNT separation
layer at 30 °C [19]

Gas permeance through the porous support suggested an inversely proportional value to
the squared root of the molecular weight of permeating molecule. Moreover, the
permeance of gases increases with the mean transmembrane pressure (Fig. 1-8) which
indicated a significant contribution to the viscous flow with a large pore size of
approximately around 0.3 pm.

Knudsen diffusion occurs depending on the gas pressure system and the mean
free path in the gas phase (A) applies to the intermediate pore size (r) between 10 A and

500 A, specifically, r/ 2 < 1. In this region, the collision was dominated between gas

species and the pore wall, rather than between gas molecules in the bulk phase [18].1t's

common to use the Knudsen number (K, ) to characterize the regime of permeation

12
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through membrane pore structure (d) as follows.
K, == (1-18)
When K,, < 1, the viscous flow mechanism is operated, K,, > 1 the Knudsen diffusion

was operative, and an intermediate regime is realized when K,, = 1.

The Knudsen diffusion coefficient (D;,) can be expressed as follows.

Dy =+ (1-19)
Where t is pore tortuosity and u is the average velocity of permeating molecules which
depends on the molecular mass of the component (m). The average velocity of the
component can be calculated using the Maxwell speed distribution, as follows.

= [EL (1-20)

mwm
Hence the Knudsen diffusion coefficient (D)) and the flux (J) of the membranes in the

Knudsen regimes can be calculated as follows.

1/2
D= (45O (-2
] = nmd?ApD,, /4RTL (1-22)
Where 7 is the surface concentration of the pores with the diameter d, Ap is the pressure

drop across the membrane and L is the membrane thickness. By substituting equation (1-

21) to (1-22), the flux and the permeability coefficient can be expressed as follows [20].
1/2
J = (nm/2d*Ap/6tL)(%/, o) ! (1-23)

P = (nn'2d3/67)(%/, pr) " (1-24)
The gas transport via Knudsen diffusion occurs in the gaseous phase where the adsorption
of components and the interaction between permeating molecules and membrane pore
wall is negligible, thus the Knudsen permeance (Py) equation can be simplified as follows

[18].

Py = (2 )1/2 (1-25)

7L \9mTmRT

Where € is the porosity of the membrane, R is the gas constant, and T is the absolute
temperature. The ideal selectivity of two components in the Knudsen regime is expressed

in the square root of molecular weight as shown in the following equation.

a; = (MJ/Mi)l/Z (1-26)

13
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The separation factor between two components of Knudsen diffusion is small due to the
back diffusion, concentration polarization on the feed or permeate side, the occurrence of

viscous flow on larger pores, and non-separative diffusion [21] as shown in Table 1-3.

Table 1-3. The calculated value for Knudsen selectivity

Gas mixture system Knudsen selectivity [-]
H2/N; 3.74
H»/CO, 4.70
H>/HoS 4.11
H2/SO» 5.64
CO2/N2 0.80
N2/O» 1.07
CO»/CH4 0.60
0,/CO, 1.17
H2/SFs 8.50

Ren et al. [22] reported the gas permeation mechanism for bis(triethoxysilyl)ethane
(BTESE) and bis(triethoxysilyl)octane (BTESO) membranes coated on silica zirconia
(S102-Zr0O») and methyltrimethoxysilane-tetracthoxysilane (Me-SiO») intermediate layer
at 200 °C under dry conditions as shown in Fig. 1-9. Both SiO»-ZrO and Me-SiO; layers
show high gas permeability, but low selectivity. The large pore size from the intermediate
layers failed to separate specific gas pairs, and the gas transport mechanism was
dominated by Knudsen diffusion. After the deposition of the selective membrane layer of
BTESE and BTESO, the permeance of the membrane decrease with an improvement in

membrane selectivity.

, HeH, CO,N, CF, SF, , HeH,CO,N, CF, SF,
10 1 T T T T T 10 LI I T T
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Fig. 1-9. The permeance of several gases as a function of the kinetic diameter of
permeating molecules through SiO2-ZrO; and Me-SiO> intermediate layer together with
BTESE and BTESO membrane top layer [22].
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Surface diffusion is the diffusion mechanism that occurs when the membrane pore size
in the region between activated diffusion and Knudsen diffusion [20]. The surface
diffusion mechanism occurred especially at low temperatures when the permeating
molecules failed to escape from the surface potential field due to the interaction between
the inner membrane pore wall and the gas species becoming strong compared to their
kinetic energy [18]. Gas molecules adsorb on the surface of the membrane at the pore
entrance, diffuse through the membrane, and desorp at the pore exit. This process
generally takes place below monolayer adsorption, which is related to the Langmuir
adsorption model. Since surface diffusion is also a form of activated diffusion, the energy
barrier of AEj is required for the penetrating molecules to jump from one adsorption site
to another across the surface of pores. The energy barrier is proportional to the enthalpy
of adsorption so the equation for the surface diffusion coefficient was expressed in (1-27).
Ds = Dj exp (—=2) (1-27)
Where Dg is a pre-exponential factor and q (q > 0) is the heat of adsorption and a is a
proportionally constant (0< a <7 ). It should be noted that more strongly adsorbed
components are less mobile than weakly adsorbed ones. In this transport, the
concentration of gas was described by Henry’s law.
c=Kp (1-28)
Where K is a temperature-dependent Henry law coefficient of K = K, exp (q/RT).
Since solubility is the ratio of the equilibrium concentration over the pressure, the

solubility can be expressed as follows.

Ss = K, exp (%q) (1-29)

The permeance is the product of diffusivity and the solubility as shown in equation (1-
30).

Ps = P exp (‘%T") (1-30)
Ps is a constant and since the value of a is in the range of 0 < a < 1, the total permeability
will decrease with increased temperature which means that the increase of diffusivity is

correlated with a decrease in surface concentration. The permeance in the surface

diffusion model can also be expressed as follows.

—AHg,—AE
Ps = Pyexp (“2E) (1-31)
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Where the value of —AH, — AEg being the energy barrier for diffusing molecules to
permeate through the membrane, which shows a simple Arrhenius equation. Since the
heat of adsorption is a positive quantity, and if this value is larger than the activation
energy, the overall component becomes positive. Thus, the permeance of component
decrease with increasing temperature.

Wei et al. prepared Pd-doped organosilica (POS) membranes by controlling the
calcination atmosphere (Air, N2, Hz, and H»/Ny) to tailor and improve membrane
separation performance. Fig. 1-10 shows the Arrhenius plot of H> and CO; permeance as
a function of temperature dependency, where the slopes of each graph were equal to —AE
(kJ mol™). Based on the result, H, molecules show positive activation energy, which
means the transport of activated diffusion. On contrary to that, CO> permeance shows a
decreased value at higher temperatures and exhibits negative apparent activation energies,
which suggested the transport of CO> is dominated by the surface diffusion mechanism

and exhibited strong adsorption capacity for COs.
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Fig. 1-10. Temperature dependence on Hz (a) and CO; (b) permeance for POS-Air, POS-
N>, Pos-H», and POS-H>/N> membranes.

The molecular sieving mechanism occurs when the pore apertures of the
membranes approach the molecular dimension of the diffusing gas molecules. In this
mechanism, the interaction energy between the molecules and membrane materials was
comprised of both dispersive and repulsive interaction. When the pore opening was
sufficiently small relative to the size of permeating molecules, the repulsive force was
dominated, and the molecules require activation energy to pass through this constriction.

In this region of activated diffusion, molecules with a slight kinetic diameter size can be
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effectively separated through a molecular sieving mechanism [23]. The pore size of the
membrane in the range of 0.7-2.0 nm provides the adsorption sites that would responsible
for the surface diffusion, while the narrow ultra micropores (pores smaller than 0.7 nm)
are enabled for molecular sieving mechanism, which makes the membrane show high
permeance and selectivity for small-sized gases and restricts the diffusion of larger
molecules [24]. Rungta et al. [25] reported the pore structure and bimodal distribution of
carbon molecular sieve (CMS) which consist of micropores and ultra micropores as
shown in Fig. 1-11. The critical ultra micropores window restricts diffusion, allowing
effective discrimination between similar-sized gases via a molecular sieving effect. The

existence of ultra micropores provides the separation ability under different conditions.
Ultramicropares (d <7 &)
"Hits between consecutive carbon strands”

dyy

Micropores (7 A<d < 20 4]
* gaps between plales”

# paresfcm?
Micropore Ultramicropore

d. : Ultramicropore dimension
d,, : Adsorptive pore dimension
d, : Jumplength (1)

Pore size [A]

Fig. 1-11. The pore structure of CMS with a bimodal distribution of micropores and ultra
micropores [25]

1.2.2.3 Gas Translation model (GT)

The gas translational (GT) model or best known as activated Knudsen diffusion
was proposed based on the combination of the Knudsen diffusion model and the surface
diffusion when the diffusing gas species have enough kinetic energy to escape the surface
potential but cannot readily do because of the presence of membrane pore wall on the

other side. The permeance can be expressed as follows [26].

Pgr = =222 (L)l/2 (1-32)

TTMRT

Where ¢ is the porosity of the membrane, dp is the pore size of the membrane, 7 is
tortuosity, L is membrane thickness, M is the molecular weight of permeating molecules,
R is a gas constant, T is the absolute temperature and p is the probability that consists of

pre-exponential factor, pg, and the kinetic energy to overcome the diffusion barrier.
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AE
p = pg exp (_E) (1-33)
By substituting equation (1-33) into (1-32), the permeance of single gases can be

expressed as follows.

) () o
Por == Gurr) P\~ &r (1-34)
The permeation equation on the GT model assumes the diameter of permeating molecules
was smaller compared to the membrane pore diameter, and there is no physical pore

blockage effect [18].

1.2.2.4 Modified-Gas Translation model (m-GT)

The Gas translation (GT) model was originally proposed by Shelekhin et al in
1995 [26]. In 2011, the Tsuru research group proposed the modified GT (m-GT) models
to predict the gas permeation behavior through microporous membranes [8, 27, 28]. In
the m-GT model, micropore permeation of a molecule with molecular size di through a
cylindrical pore (pore size: dp, length: L, tortuosity: z; ) was formulated as follows. Using
probability, p, which indicates the probability of diffusion through the micropore, and
further expressed with the pre-exponential, p,, and the kinetic energy, E,, to overcome

the diffusion barrier.

8RT 1
Py = €dyip; fn—,\,,iRTTiLi (1-35)

8RT 1 Epi
Py =¢&dpipgi |- exp (— %) (1-36)

TL'Mi RT‘L'iLi

By considering the molecular size of a permeating gas (dii) and the effective area for

permeation, the modified GT model was obtained as shown in Equation (1-37).

_leg _ gyl [T _Epi
Prn—gr,i = 37L (dp di) a2 Rt €XP ( RT) (1-37)

1 Ep;
= ko, /W exp (— #) (1-38)

where ko is the pre-exponential factor expressed by the configuration factors of a
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membrane (porosity, tortuosity, membrane thickness, mean pore diameter) and

permeating molecule (molecular size).

_i(dp_di)s 8
koi =5 Z \/; (1-39)

The activation energy of permeating molecules Ep ; and the pre-exponential factor of
ko can be calculated via regression using equation (1-38) from the experimental
measurement of temperature dependency of the single gas permeance result. The
activation energy (Ep ;) can be expressed as the sum of the activation energy of
diffusion (Ep, ;) for the permeated molecules to surpass the potential energy barrier,
and the energy of interaction or enthalpy of sorption (—AH;). In the case of small-
sized micropores, the diffusion barrier act as the dominant factor for the
permeation, the value of activation energy of permeating molecules is Ep; > 0 and
referred to as the activated diffusion (permeation of compounds increases with
increasing temperature). For the permeation of molecules through large-sized
micropores where the interactions between membrane matrix and permeated
molecules are more dominant than the geometrical barrier, the apparent activation
energy i1s Ep; < 0 and referred to as surface diffusion (permeation of gases
decreases with increasing temperature). On the other hand, when the permeation
occurs through much larger micropores in which the Knudsen diffusion mechanism
is more dominant, the value of activation energy is Ep; = 0 (permeation of

components constant with increasing temperatures).

The ideal selectivity for ith and jth components that need to be separated
could be estimated from the ratio of permeances as follows.
3
Pi _ M (dp—di) ( EP,i—EP.j)
agi=—= |[——=exp|(——= 1-40
i/j P M, (dp—dj)3 p BT ( )
To simplify the equation (1-40), several assumptions were made such as all gases
permeated through an identical size of pores, the micropores size of the membrane
were justified in the range from several angstroms to 1 nm so that the difference in

activation energy for permeation is negligible and independent from each gas

species.
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P [ (ap-di)’
a;,; =L~ |2 1-41
l/] Pj M; (dp_dj)3 ( )
Based on equation (1-41), an ideal selectivity can be approximately calculated as a

function of the mean pore diameter of the membrane (d,) and the size of permeating

molecules (d; and d}).
Pore size determination: normalized Knudsen permeance (NKP) and k( ; method

The normalized Knudsen-based permeance (NKP) method was
calculated the ratio of an experimentally observed permeance of ith component to
the ideal Knudsen permeance for each permeated gas (ith component) from the
permeance of a standard gas (s component) such as Helium (He). NKP suggested
the degree of permeance decrement from the ideal Knudsen permeance. The mean
effective pore size of the membrane (dp) less than 1 nm was qualitatively estimated
based on the molecular size that caused the permeation mechanism to deviate from
Knudsen to molecular sieving. The plot of NKP obtained from experimental
research against the molecular size together with the NKP equation derived from

the modified-gas translation (m-GT) model is as follows.

_ P /ﬂ _ (ap-dap)? __Epi—Epgs
Tcr = Ps\|Ms  (dp—ds)? exp( RT ) (1-42)

In the case of gas permeation by the ideal Knudsen diffusion, ds = d; = 0; Ep s =
Ep; =0, and fygp is equal to unity. The equation in (1-42) can be simplified as

follows.

p; [M; (1_%)3
e = 22 [1~ iy (1-43)

The experimentally obtained fygp at a certain permeation temperature of 7
(generally at the highest temperature is preferred) as a function of the kinetic

diameter is fitted by equation (1-43), with dp as a fitting parameter [8, 27, 28].

The pore sizes of the membranes can also be determined via the correlation

between the cubic root of kg ; and the kinetic diameter of the ith component (d;).
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Meng et al. [29] reported the mixing of bis(triethoxysilyl) ethane-
tetracthoxysilane (BTESE-TEOS) precursors to control the pore sizes of
organosilica networks in hybrid membrane structure. The single-gas permeation
results and the normalized Knudsen-based permeance (NKP) show the average
pore size of the membrane (calculated based on equation (1-43)) was reduce in the
order of BTESE (dp=0.51 nm) > BTESE-TEOS (dp=0.43 nm) > TEOS (dp=0.34
nm) as shown in Fig. 1-12. The modified BTESE-TEOS structure exhibited high
Oz permeance of 2.87 x 10 mol m2 s! Pa’!, with a high level of O2/SO, permeance

ratio of 7.3.
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Fig. 1-12. NKP plot as a function of the kinetic diameter of permeating molecules
at 200 °C for BTESE-, BTESE-TEOS-, and TEOS-derived membranes [29]

ko; method was used for the determination of membrane pore size

according to the equation (1-39). If a is defined as a constant that depends only on
the structure of the membrane pores and is independent of the permeation

molecules, as given by the following equation.

£ 8
@=3az \/; (1-44)

Thus, the following equation can be obtained.

koi = a (d, —d;)’ (1-45)
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The cubic root of kq; gives the linear correlation with d;, with a slope of —al/3

and an intercept of —a'/3d,, as shown below.

Vkoi = ad, — Y ad; (1-46)

Based on that equation, from the plot of k(l)’/f against d;, the value of the mean
effective pore size of the membrane can be estimated [28].

Nagasawa et al. [8] have shown that the cubic root of kg ; could be used for
the pore sizes determination of BTESE-derived membranes synthesized with
different water molar ratios as shown in Fig. 1-13. The plot between the cubic root
of ky ; and kinetic diameter of permeated molecules giving a linear correlation, so
that the pore size of the membrane (d,) precisely estimated from the intercept of
the x-axis based on equation (1-46). The pore size of the membrane was reduced
as the water molar ratio increased in the order of BTESE-WR6 (d,= 0.47 nm) >
BTESE-WR120 (d,= 0.44 nm) > BTESE-WR240 (d,= 0.45 nm). The change in

water molar ratio was sucessfully control the pore size of BTESE-derived

membranes.
0.04 T T
H20/BTESE
(e} 6
0.03 \v 120 _
& 240
@ 0.02 -
.
0.01 .
0 | 1

0.2 0.3 0.4 0.5 0.6 0.7
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Fig. 1-13. The plot of ko,il/ ® as a function of kinetic diameter permeated gases for
BTESE-derived membranes at different water molar ratios [8]

In another strategy to estimate the membrane pore size, the equation of (1-

38) can be converted as follows.
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Wr)"” = (fzexp (- 224)) © (dy - dy) (1-47)

If the Ep ;assumed to be constant to simplify the equation, the pore size of the
. 1/3
membrane (d,) of the membrane can be calculated by regressing (W/MiPi) to

. 1/3 :
equation (1-47). The value of (,/Ml-Pl-) for each permeated gas is plotted as a

function of the kinetic diameter of permeating molecules (d;), and the intercept of

1/3
molecular size at (,/ Ml-Pl-) /3 0 reflects the pore size of the membrane.

Moriyama et al. [30] reported the pore size of BTESE-derived membranes

that synthesized with different water and acid molar ratio could be determined via

(\/ﬁl-Pi)l/3 as a function of molecular size permeating gases as shown in Fig. 1-
14. Two membranes refer to as M1 (WR=120, AR=1) and M2 (WR=240, AR=0.1)
show different pore sizes of 0.58 and 0.42 nm, respectively. By changing the water
and acid molar ratio, the H>/N> permeance ratio was increased from 13 to 59, which

then confirm the structure of the membranes was successfully controlled.

@

w 0.015 — 1 1 -
o Q 1
d o

w He

©) B Ky 1
S 001 F "\ N, i
S — \ .
e \

Qm \\\ M-1

— Y -

_E 0.005 | N i}
— M-2 \

Q \ SFB
= I \

o 0 | L L

= 02 03 04 05 06

Molecular size [nm]

: . 1/3 . .
Fig. 1-14. The correlation between (W/Ml-Pl-) and molecular size of permeating
gas for BTESE-derived membranes [30].
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1.2.3 A recent application and development in gas separation by

membrane technology

Nowadays, Gas permeation membrane technology gaining large attention
in the chemical and petrochemical industry such as hydrogen recovery, air
separation, CO2 separation, recovery of organic from gas streams, natural gas
dehydration, etc [31]. Table 1-4 presents the summary of industrial application for

membrane gas separation-based process.

Table 1-4. Main industrial application of membrane gas separation

Separation Process Ref.
H2/N> Ammonia purge gas [31]
H2/CO» Syngas ratio adjustment [31]
Hz/hydrocarbon Hydrogen recovery in refineries [31],[1]
CO2/N2 Post-combustion carbon dioxide capture [32]
Nitrogen generation, oxygen-enriched air [31]
02/N2 )
production
CO./CH; Natural‘ gas sweetening, landfill gas [31],[1]
upgrading
COz/Hydrocarbon Natural gas liquid removal [20]
N>/ CHas Nitrogen removal [20]
N2/SFs Gas-insulated equipment [33]
H>O/CHg4 Natural gas dehydration [1]
He/Hydrocarbon Helium separation [31]
He/N2 Helium recovery [31]
Hydrocarbon/air Hydrocarbon recovery, pollution control [31]

Volatile organic
species (e.g. ethylene,
propylene)/ light gases
(e.g. N2)

Polyolefin purge gas purification,
adsorption, refigeration and [20], [31]
turboexpander plants

The increased use of membrane technology is expected to reduce the
environmental impact with a small footprint and costs of industrial processes. Gas
separation properties largely depend on the membrane materials, membrane
structure, thickness, membrane configuration, and membrane system design.
Therefore, much research work is being addressed to evaluate and investigate new

material that can develop a membrane with high performance including high
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selectivity and permeability to specific gases.

Most membranes perform a trade-off between permeance (the ability to
permeate molecules passing through the membrane barrier) and selectivity (the
desired molecules are separated from the rest). Key design criteria for membranes
have emerged with properly sized free-volume elements (pores), narrow free-
volume or pore size distribution, a thin active layer, and highly tuned interaction
between permeants of interest and the membrane [34]. Robeson in the 1990s
reported the permeability data on several common gases such as He, Ha, Oz, No,
CO2, and CH4 on polymeric membranes, and the trade-off relationship between
permeability and selectivity was analyzed [35].

Several polymeric membranes show the highest selectivity at a certain
permeability lay near a line, which is called the upper bound. More permeable
polymers tend to have lower selectivity and vice versa. The result of the upper
bound in 1991 was revisited in 2008 with a much larger database and notable
advance in the search for more permeable and selective membranes [36]. Fig. 1-15
shows the trade-off for the different gas systems based on Robeson upper bound

[36].
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Fig. 1-15. Upper bound correlation for Hy/N> (a), H2/CO:> (b), CO2/N2 (c), and
CO>/CHa4 (d)
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In general trend, most membranes show modest shifts in the upper bound that were
studied between 1991 and 2008.

Various approaches have been explored to develop membrane materials that
can exceed the upper bound, including surface modification, facilitated transport,
hybrid membrane structure, and mix-matrix membrane. In principle, designing
membrane structure to overcome the trade-off curve always encounter three

common trends, as shown in Fig. 1-16.

~Upper bound

(1]

(v)

Selectivity

Permeability

Fig. 1-16. Modification of membrane structure to overcome the upper bound line
encountered with three common trends [34].

In the first case, the modification of the membrane with molecular sieving fillers
such as carbon molecular sieving (CMS) and zeolites lead to enhances the
selectivity of the membrane but decreases the permeability. The modification of
pore structure for increasing the permeation rate often enhances the permeability
of large-sized gases more than small-sized gases, resulting in increased permeance
but decreased selectivity. In the second trend, the modification of molecular sieving
filler with nano size or nanosheet shape can improve both permeability and
selectivity. Membranes with very narrow pore size distribution or uniform pore
sizes known as isoporous membranes could show both high permeability and
selectivity due to the contribution of isoporous geometry with no tortuosity,
precise, and uniform pore size. However, in the practical development of the

membrane, isoporous structure was difficult to achieve and there is always a pore
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size distribution in membrane structure. On the contrary, in the third case, the
modification of the membrane with interfacial voids resulted in high permeability
and lower selectivity.

Many studies focus on the development of membrane materials that show
better permeability and/or better selectivity. Generally, high flux membranes can
be obtained by using high-permeability materials and modifying the thickness of
the membranes. Therefore, most of the current separating layers of the membranes
are often less than 100 nm thick. Nagasawa et al. [37]reported the synthesis of
microporous silica membrane with hexamethyldisiloxane (HMDSO) precursor via
atmospheric-pressure, low-temperature plasma deposition. In that work, the
thickness of the topmost layer was uniformly formed on the porous substrate with
a thickness of 13 nm (Fig. 1-17). Plasma deposited layer simultaneously improves
the membrane permeance for small-sized gas of >10° mol m™ s’! Pa! with high

selectivity for H2/SFs of 6,300 which surpasses the trade-off line (Fig. 1-17(b)).
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Fig. 1-17. The TEM cross-sectional images of the AP-PECVD membrane prepared
at 200 °C (a), and the trade-off curve between H permeance with H2/SFs
permeance ratio for different types of membranes.
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In addition, the excellent transport properties must meet the criteria of
mechanically robust, chemically, and thermally tolerant to operation conditions so

that the membrane can survive manufacturing, installation, and long-term use.

1.3 Liquid phase separation processes

At present, membrane technology has been widely used for liquid phase
separation including water treatment such as water production from seawater and surface
water, and wastewater treatment. The common industrial application of membrane
technology has shown an impressive growth in the wastewater treatment, biotechnology,
pharmaceutics, chemical, and food industry which are categorized for the separation of
liquid mixture. The use of membrane technology for the separation of liquid phase
mixture has been recognized for the following advantages simplicity for the operational,
low energy, high stability, easy control, large flexibility, and scale-up. In this section, the
authors focus on the separation of liquid mixtures with microporous and dense membrane
structures with a pore size smaller than 2 nm. Thus, the main feature of this section is an
elaborate discussion of important and promising liquid phase separation techniques such
as organic solvent nanofiltration (OSN), organic solvent reverse osmosis (OSRO), and
pervaporation (PV). The general background of membrane separation for the liquid
mixture containing organic solvents is provided and integrated with the application via
different types of membrane materials for a comprehensive study. The interaction
between solvent and membrane materials is then explained and related to process

performance, i.e. permeability, flux, and separation factor.

1.3.1 Organic solvent nanofiltration (OSN)

Organic solvent nanofiltration (OSN) is a molecular separation technology based
on membranes that allow the discrimination of dissolved species in an organic solvent on
basis of size, shape, and the charge of molecules [38]. Based on the pressure required for
the separation process, Mulder [39] classified the OSN as a process in which pressure
from 5 to 20 or extended to 40 bar is applied. Most OSN membranes have a big pore size

in the range of 0.7-2 nm. Stable OSN membranes with molecular weight cut-offs
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(MWCOs) ranging from 200-1,000 g mol! have emerged for the separation of peptides,
dyes, catalysts, and chemical intermediates [40]. However, the separation capability can
not only be described by the MWCO only but the steric and electrostatic separation
mechanism, typical environment of the solvent, structure, and properties of the solvent
can be significantly affected. To predict the fluxes and the rejection through the porous
and/or non-porous membranes, the transport mechanism between solutes and solvents has
to be understood. Two main assumptions for the nanofiltration transport model were the
pore-flow models and the solution-diffusion approach.

In the pore-flow model, stable porosity (€) is assumed to be present inside the
membrane with the tortuosity of 7. The driving force for the transport is the pressure
gradient across the membrane (Vp), and the system was assumed at a constant temperature

(Fig. (1-18)), so the equation can be written from the Stefan-Maxwell model as follows.

XkmNi—Xiom)Nk | N; 1 SikeXicm)Po 1-4
Ceem)(€/T) Sim Ce(m)(e/T) t Ve ( 8)

—Xim)Vr,pti = Xim)ViVp= ik Gk
Where Xy 1s the molar fraction of ith component, Vrp is the gradient at constant
temperature and pressure, 4; is the chemical potential, V; is partial molar volume, {;  is
friction coefficient, c(,,) is the molar concentration of component i, Ny, is molar flux, a;
is viscous flow parameter, 7 is viscosity, and S, is specific permeability and depends on

the membrane structure. Since the contribution of the pressure gradient is much more

significant than the activity gradient, equation (1-48) can be simplified as follows.

Feed/retentate Membrane Permeate

M, \\
e

¥ig

=

0 |
Fig. 1-18. The profile of chemical potential, pressure, and solvent activity characteristics
of an organic component through a membrane barrier according to pore-flow transport

' CimXi(m)Bo

= Xpm)Ni—Xim)Nk N;
i) ViVp — o AR g = 3 ¢ O, g N (1-49)

Ce(m) (€/T) M ciimy (/7)
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Considering the friction of chemical species with the membrane is much higher than the

friction between species, the equation can be written as follows.
Ny

7 r (i,mxi(m).go _
xl(m)VlvP + al n VP_ _{l,m Ct(m)(g/‘f)

(1-50)

The first term on the left side is much lower compared to the second term, due to the small

value of the species' partial molar volume, so the equation can be expressed as follows.

N; = —q Hemboig (1-51)
n T
For small-sized permeating molecules concerning the pore size, the viscous selectivity is

one, and the total volume flux (N,) is expressed by.

N, = —%fvp (1-52)

If the structure of the membranes contains more or less cylindrical pores, the Hagen-

Poiseulle equation can be used.

dZOTe
N, = —;’Z—nfvp (1-53)

If the membrane consists of packed particles, the Carman-Kozeny can be used as follows.

a2 ..
_ __ _“particle € _
N, = 180(1—8)2711'VP (1-54)

In the solution-diffusion model, it is assumed that each permeating molecule
dissolved in the membrane matrix and diffuse through the membrane concentration
gradient. In this model, there is no pressure gradient inside the membrane as shown in
Fig. 1-19. The equation of Stefan-Maxwell can be expressed as follows.

Feediretentate Membrane Permeats

] \—
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Fig. 1-19. The profile of chemical potential, pressure, and solvent activity characteristics
of one component through a membrane via a solution-diffusion model
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_ Xkm)Ni—Xim)Nk XmN;
X Vet = L= o —  + Gm (1-55)
m m

Considering the friction between components is smaller than the friction of species with

the membrane matrix, the equation can be expressed as follows.

XmN;

—Xim)Vrpli = Cim (1-56)

Ct(m)
Kinetic coupling and the gradient of chemical potential with a molar fraction gradient

were assumed to be negligible, the equation (1-56) can be written as follows.

Ni = — Ci(m) in(m) (1—57)

xm$ im
By assuming a constant value of x,,, and the activity coefficient for each penetrant inside

the membrane remains constant, the equation (1-57) can be expressed as follows.

Vi, V,AP
N; = pmotar <xi,f - ﬁxi,pexp (— ;T )) (1-58)

The OSN process is much more complex compared to the aqueous filtration due
to the contribution of all relevant component interactions such as solvent, solute, and
membranes. Table 1-5 shows the viscosity (1), Hansen solubility parameter (&), and the
kinetic diameter (din) of each type of solvent to analyze the effect of the physical
properties of the component on the OSN performance. The viscosity of components was
measured at 25 °C, and the total Hansen solubility parameter was used to reflect the
polarity and the interaction strength between the solvent and membrane materials. The
Hansen solubility parameter consists of dispersion, polarity, and hydrogen bonding
parameter, which has been used to explain the membrane performance. The kinetic
diameter of permeating molecules describes the size of molecules when passing through

a membrane pore and reflects the smallest effective dimension of the molecules.

Table 1-5. The physical properties summary of selected solvents [41-43]

Solvent 7 [mPa s] 5 [Mpa'’?] dyin [nm]
Water (H20) 0.916 47.8 0.265
Methanol (MeOH) 0.539 29.6 0.38
Ethanol (EtOH) 1.081 26.5 0.44
Isopropanol (IPA) 2.058 23.5 0.47
Acetone (Ace) 0.316 19.94 0.47
Tetrahydrofuran 0.457 19.4 0.48

(THF)
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Dichloromethane

(DMC) 0.414 20.3 0.49
Dimethylformamide

(DMF) 0.816 24.8 0.5

Acetonitrile (AcN) 0.342 244 0.55
Toluene (Tol) 0.555 18.2 0.55
Methyl acetate

(MA) 0.385 18.7 0.478
Methyl ethyl ketone

(MEK) 0.410 19.05 0.504
Ethyl acetate (EtAc) 0.440 18.1 0.52
Isopropyl acetate (i-

PAC) 0.490 17.6 0.57
Butyl acetate (BA) 17.41 0.585
Heptane (n-Hep) 0.400 15.3 N.a.
Hexane (n-Hex) 0.294 14.9 0.51
Butanol (BuOH) 2.60 23.2 0.505
Tertiary butanol

(Tert-BuOH) 2.57 14.3 0.51

The industrial application of OSN can be found in the oil- and petrochemical, food,
bioproduct industry, bulk chemistry, and the pharmaceutical industry. Table 1-6 gives an
overview of OSN membrane application together with membrane materials. Higher OSN
separation performance requires a membrane structure with high interconnected
micropores and a thin membrane layer that shows higher permeance and permeating flux.

Table 1-6. OSN membrane application [38]

Solvent Application Membrane
Acetone Vegetable oil deacidification Polyamide (PA)
Chloroform/ toluene  Removing metals and carbon residue Poly (vinylidene

from heavy oil fluoride) (PVDF)
Cyclopentane Fractionation of hydrocarbon oils Polycarbonate
Dimethylformamide  Pharmaceuticals,  purification  of Polydimethylsiloxane
(DMF) polymers (PDMS)
Ethanol Nutraceuticals, flavors, pigments, Polysulfone (PSf),
vegetable oil, protein, amino acids polyimide (PI)
n-heptane Aromatics from heavy oil Polypropylene
Hexane Vegetable oil refining, regeneration of PDMS, PI, polyvinyl
used lube oils alcohol (PVA),
ceramic membranes
Methanol Refining vegetable oil, Composites, ceramic
pharmaceuticals membranes
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Methyl esters Biodiesel, vitamins Composites
membranes

Methyl ethyl ketone Removal of dewaxing solvents Cellulose acetate

(MEK) (CA), PI

n-paraffins Lube oil dewaxing Polycarbonate

Propane Oils from organic solvents PI

Toluene/DMF/xylene Removal of low molecular weight PI
compounds in polymer manufacture

1.3.2 Organic solvent reverse osmosis (OSRQO)

Organic solvent reverse osmosis (OSRO) was developed for the separation of the
smaller size of solute molecules in the different kinetic diameter range of 0.1-0.3 nm in
liquid mixtures with the gradient of chemical potential across the membrane [44]. The
membrane pore size that could be used for the OSRO process primarily provides a small
size below 0.7 nm, and pressurizes the membrane feed to levels that exceed the
transmembrane osmotic pressure is required before the permeation can occur [45].
Furthermore, OSRO membranes were responsive to the existence of defects that could
induce pressure-driven diffusion and reduce the separation ability of the membranes.
Properly high pressure for membrane operation was required to overcome the high
osmotic pressure (generally higher than 30 bar) and enhance productivity, hence high
stability of the membrane in organic media, high-pressure resistance, and favorable
separation characteristics must be performed.

The transport mechanism of the permeated component through OSRO membranes
generally follows the solution-diffusion mechanism where the molecules dissolved inside
the membrane matrix and then diffuse through it as a permeate [46]. The separation of
organic mixtures strongly depends on the sorption and diffusion behaviors of each
component inside the membrane. The permeating molar flux (J) of one species is equal

to its chemical potential gradient.
] =

Where v is the molar volume of one species, D is the diffusion coefficient, C,, is the total

dxm

= (1-59)

DCmxm du DCm (RT dxm dpm)
—mIm - _Zm(RprEm oy oy v ) = —DC
RT dz RT dz t Xm dz m

molar concentration, R is the gas constant, and T is the absolute temperature. The

integration equation (1-59) is based on the membrane thickness from 0 to L, the flux of
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the membrane can be expressed as follows.

J =220 — X (1-60)
The chemical potential equilibrium between the membrane surface and the solution was
assumed to get the equation (1-61) and (1-62). On the feed side, it was assumed that u3 =
uk,, while on the permeate side 5 = ul*.
Feed side: Uo(p1, T) + RTInr{x; = uy(py, T) + RTInr™x" (1-61)
Permeate side: py(p,, T) + RTInrs x5 = uo(p2, T) + RTInr™x* + v(p, — p2) (1-62)

By substituting x{"* and x3* into equation (1-60), and change the LL)TL,’Z = K, so that the flux

(J) of the membrane can be expressed as follows.

J=K [rfxf - rzsxfexp% (1-63)

The osmotic pressure can be defined as follows.
m=—"Cln (rx) (1-64)
By substituting equation (1-64), the flux of the membrane can be transformed into

equation (1-64).

] = Krix; [1 ~ exp (% (2 - p1)> x exp (;—T (s ~ nl))]

J =Kr{x} [1 —exp (ﬁ (Ap — An))] (1-65)

If we assumed ;—: (Ap — Am) = 0, the flux can be stated in equation (1-66)

Krixijv
RT

J= (Ap — Am) (1-66)

The flux in the RO condition can be equally expressed to the molar fraction ratio in the

permeate of components M and N, as shown below.

5.5_..5..5 v(p2-pr1)
Im _ M _ K [rixi-rixgexp™ P2 ]M (1-67)
N DN Kk [Tsxs—rsxsex v(p2-p1)
N[T1X1—TX2eXp— o N

Thus, the permeation flux and the molar fraction of each component in the permeate can
be calculated based on equations (1-63) and (1-67), respectively. The total flux (Jr) and

the rejection (R) can be expressed below.

Jr =Ju +JIn (1-68)
_ [+ _ G
R=|1 (xi)N] x 100% (1-69)

Where (x3)y and (x3)y is the molar fraction of component N in the feed and on the
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permeate side, respectively [47].

Presently, the industrial OSRO development is in the beginning stage, so the
development of materials and the separation mechanism need to be further examined.
Table 1-7 shows common separation systems of various binary mixtures and the
appropriate membrane materials for each application.

Table 1-7. Organic mixtures separation performance via OSRO process
Pressure  Flux [kg Separation

M 1 i Ref.
embrane System [molar ratio] [Mpal m? h] factor [-] e
SWC5 MeOH/Tol (96.3/3.7) 3.0 7.60 4.8 [48]
PK-PA MeOH/Tol (90/10) 3.0 2.40 45 [46]
BTESA MeOH/Tol (95/5) 218 (;294;— 19.7-240 [49]
BTESA MeOH/MA (95/5) 12 2.20 8 [49]
BTESA MeOH/DMC (95/5) 12 1.85 10 [49]
BTESA MeOH/MTBE (95/5) 12 1.70 1,100 [49]
CAB MeOH/Pentane (15/85) 3 N.a. 5.7 [50]
CA MeOH/Pentane (15/85) 3 N.a. 15 [50]
Cellulose MeOH/iso-BuOH
15. 2 1. 1
(60/40) 5.5 3.20 7 [51]
PE EtOH/Xyl 48.5/51. 15-
Of/Xylene (48.551.5) ¢ g %253 36.7-61.8  [52]
CA EtOH/Xylene (49/51) 6.9 0.54 2.7 [52]
PA EtOH/P-Xylene (40/60) 1.7 N.a. 2.3 [53]
CA EtOH/N-Heptane (67/33) 6.9 0.65 7.7 [52]
CAB EtOH/N-Heptane (40/60) 52 0.42 23 [53]
PA EtOH/N-Heptane (40/60) 52 0.10 8.5 [53]
AF2400/polyketone  EtOH/N-Hexane (40/60) 4 1.60 9.5 [54]
Glass EtOH/Cyclohexane
1. .04 1.
(45/55) 3 0 3 [55]
PE N-heptane/Xylene
6. 0.5 1.1 52
(49.5/50.5) ? ? [52]
CA N-heptane/Xylene
. 2 2 2
(49.5/50.5) 69 0.23 > [52]

1.3.3 Pervaporation (PV)

1.3.3.1 Introduction: membrane transport properties of pervaporation

Pervaporation (PV) is a membrane-based separation process where the transport
of components occurs through a dense membrane [56]. Membrane performance was

determined by the chemical properties and the structure of the membrane matrix so that
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the mass transport in pervaporation is based on permeated component-membrane
interaction. Compounds are selectively transported from the liquid phase in the upper
stream to the vapor phase in the lower stream, which enables better separation
performance and lower levels of energy consumption [4, 57, 58]. These downstream
operating conditions ensure the efficient removal of the component from the membrane
downstream surface when maintaining the partial pressure of permeating component
close to zero. The higher partial pressure of the feed stream can be achieved via a
preheated process of the mixtures on the feed side (generally at a temperature close to
that of its saturation temperature) [59]. In the pervaporation process, there is a mass
transport and heat transfer across the membrane, including the change of physical state
from the liquid in the feed stream to a vapor solution on permeate side with the enthalpy
of vaporization. In most cases, the permeating compounds are recovered via the
condensation process and the composition of permeate was evaluated with gas

chromatography characterization as schematically shown in Fig. 1-20.

Feed Retentate
—
—eei-
Membrane
Permeate
j ‘: Vacuum
Condenser

Fig. 1-20. Schematic diagram of vacuum pervaporation process [60]

The solution-diffusion model is frequently used for explaining mass transport
through dense or non-porous membrane processes, particularly pervaporation (PV). The
transport of components through a membrane consists of three main processes, including
the sorption of the permeating component from the feed liquid into the membrane matrix,
the diffusion of permeating component through the membrane, and the desorption of
permeating component to the vapor phase on the downstream of the membrane as
schematically describe in Fig. 1-21. In solution diffusion mode, several assumptions were
made such as the membrane matrix is a homogeneous medium, an isothermal system,

steady-state, no convection where the flux of the membrane is only diffusive, the first law
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of Fick is valid, no coupling mass transport effect, interfacial equilibria where the
chemical potential of separated compounds at the feed are the same and at the same
pressure, and the chemical potentials of the component at the membrane or downstream
interface are equal [56].

The driving force for the pervaporation was evaluated from the difference between
the partial pressure in the feed and permeate streams so that the permeance of the i-th (P;)

component can be expressed as follows.

i i
Fi /(P1,i - Pz,i) (1-70)

(ii) Diffusion

Ll

(iii) Desorption

Fig. 1-21. Schematic image of the solution-diffusion process [60].

Where J; is the molar flux of the i-#4 component, p; ; and p, ; are the feed partial pressure

and the permeate partial pressure, respectively. The feed streams partial pressure of
component i can be calculated as follows.

P1i = YiXiDio (1-71)

logpio = A — B/(t[°C] + [C]) (1-72)

Where p; ¢ 1s partial vapor pressure that is calculated based on the Antoine equation (Eq.

1-72), t is the temperature of the pervaporation system, x; is the mole fraction of

component i, and y; is activity coefficient that was determined by the Wilson equation. In

this system, the permeate pressure (p, ;) was assumed to be zero. The activity coefficient

of each component can be calculated with Wilson parameters (A4, and A,;) based on

equations (1-73) and (1-74) [4].

Iny; = —InCey + Agpy) +x, [ 22— — 22| (1-73)

X1+A12XZ A12x1+x2
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ln y2 - - ln(xZ + A21x1) + x1 [ A1 - A1 ]

X1+A12XZ A21X1+XZ

(1-74)
The Wilson parameters for several methanol organic mixtures were summarized in Table
1-8.

In addition, a facilitated transport mechanism is possibly applied for the separation

of liquid mixtures through a dense membrane structure where the accelerated transfer of

targeted molecules occurs in addition to the normal Fickian diffusion.

Table 1-8. Kinetic diameter, Antoine coefficient, and Wilson parameter several organic
compounds with methanol (MeOH) as compound 2 [61-63]

Molecul Antoine coefficient Antoine coefficient Wilson barameters
Compound 1 Sioee[c;lma]r (Compound 1) (Compound 2) P
Z
A B C A B C Ay Ay
Ethanol (EtOH) 043 8.04494 15543  222.65 7.87863 1473.11 230 020397 230756
Egir)(’pyl aleohol = 15 6.6604 813.055 132.93 7.87863 1473.11 230 124972 0.56621
Tertiary butanol

(Tert-BuOH)

Methyl acetate

(MA)

Ethyl acetate

(EA)

Butyl acetate

(BA)

0.585 7.02845  1368.5 204 7.87863 1473.11 230 287.87 4182.56

Dimethyl

carbonate 0.53 6.4338 1413 -44.25  7.19736 157499 -343 0.7743  0.2836

(DMC)

Isopr

opyl acetate

0.57 7.20211  1232.83 228 7.87863 1473.11 230  0.48274 0.50375

(i-PAc)

Toluene (Tol) 0.59 6.95464 13448  219.482 7.87863 1473.11 230  0.28838  0.121

The mobility of permeated components through facilitated transport can be classified into
three classes, including a mobile carrier membrane, semi-mobile carrier membrane, and
fixed-site carrier membrane as shown in Fig. 1-22 [64]. In mobile carrier membranes, the
carriers can diffuse freely, while in semi-mobile carrier membranes the carrier can migrate
otherwise it gains high energy to reach the state of activation. In the case of a fixed-site
carrier membrane, the carrier can only oscillate within a nanoconfined space. The
facilitated transport phenomena in pervaporation is dominated by the fixed-site carrier
membrane, where a reversible reaction of A + B & AB can take place between the carrier

B and the permeating molecule A and lead to a preferential diffusion of component A

38
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through the membrane matrix.

.r I ri
— g - y & [ v
< ¥ r ] -
? ; 5 -
[ L. 4
[}
- - )
(a) Mobile carrier membrane (b) Semi-mobile carrier membrane (c) Fixed-site carrier membrane
e Target permeant « Carrier ——— Polymer chain Liquid matrix Polymer matrix

Fig. 1-22. Schematic image of the facilitated transport through mobile carrier membrane
(a), semi-mobile carrier membrane (b), and fixed-site carrier membrane (c) [64].

Facilitated transport based on n-complexation has gained great attention in hybrid
membranes for pervaporation. Some transition metal ions such as Ni**, Co?", Cu?**, Ag",
and Pd*" can interact with specific components including pyrroles, thiophenes, pyridine,
and aromatic species via m-complexation. Zhang et al. [65] reported the modification of
Co(HCOO),-based hybrid membranes as schematically shown in Fig. 1-23 for the
separation of benzene (aromatic) over cyclohexane and n-heptane (nonaromatic and
aliphatic) via pervaporation. In that work, Cobalt formate has demonstrated a stable
performance for facilitating the transport of aromatic compounds, resulting high

permeating flux of 0.771 kg m? h™! with a separation factor of 5.1.

*  Co(HCOO):2

PEBA

Dynamic
pressure-driven

2 J 3-Aminopropyl- o
trimethoxysliane

Bare porous Pretreated- Co(HCOO)/PEBA
Ceramic tube ceramic tube membrane

Fig. 1-23. Schematic synthesis concept of Co(HCOO),-PEBA membrane for facilitated
transport of aromatic compound [65].

The separation factor on pervaporation performance was affected by the operating
condition such as temperature, feed flow rate, and the feed concentration. Ma et al. [66]
reported with an increase in temperature, the flux of permeated components such as water
and ethanol was increased due to the increase of the vapor pressure that acts as the driving
force of the permeation. Fig. 1-24 shows the correlation between the membrane
permeance and the temperature dependence of water and ethanol. Permeation of the
component was assumed to occur only by the diffusion following three consecutive steps:

(1) the sorption onto the membrane, (2) diffusion of the adsorbed molecules through the
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membrane, and (3) the desorption from the permeated side of the membrane.

10+
—~ == = SR ) e
b .o« — M4 » water
g -g & 10 [
= = % =
T g = 8 100 M1 = : ;:
2 gre B s E ethanol
2 $ w3 O\_. R
] 3 ] _——o
8 .. & g
§ 10° g 10 H
o Srmmmo. on 10
£ O --mo\ - /. M2 & (C)
& —=— M1 —e—M2

—— M3 —+— M4 )
104 ; -
28 29 3 3.1 32 33 28 29 3 3.1 32 33 70 75 80 85 % 85 100
1000/T [K-] 1000/T [K-1] Ethanal concentration [wi%]

Fig. 1-24. Temperature dependence for permeance (a), the separation factor (b), and

correlation between ethanol feed concentration with permeance for silica membranes (c)
[66].

If it was assumed that the rate of adsorption and desorption are similar, adsorption is § =
Soexp(—AHg/RT), and the diffusivity is D = Dyexp(—Ep/RT), the permeance can be
calculated as follows.

Pi _ Ji _ SD _ SoDg X [_Ep]
1 AP 11 RT

(1-75)
The value of AP is equal to the feed partial vapor pressure for each component, Sy Dy are
pre-exponential factors, E}, is the activation energy for diffusion, and AHs is the heat of
adsorption. Therefore, E,, is the total activation energy of the permeating molecule.
E, = Ep — AHg (1-76)
A straight line in Fig. 1-24 was fitted based on the Arrhenius equation (1-75). The total
activation energy of permeating component can be positive or negative, depending on the
activation energy of diffusion exceeding the heat of adsorption. If E}, > 0, the energy of
activated diffusion is greater than the heat of adsorption, hence, permeance increase with
temperature, while the value of E, < 0, the heat of adsorption is greater than the
activation energy for diffusion, resulting in permeance that decreases as the temperature
increases. Fig. 1-24(c) shows concentration dependence of the membrane, where water
permeance remained nearly constant, while the ethanol permeance shows a different trend
depending on the pore size of the membrane. Based on these results, the difference in
partial vapor pressure as the main driving force and the interaction between membrane
surface and permeating molecules could be taken into consideration.
The history of pervaporation was started in the 1910s by Kober who defined
pervaporation as the permeation and evaporation after he evaluated water selective

permeation through the membrane [67]. The first industrial pervaporation membrane was
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launched by Gesellschaft fur Trenntechnik (GFT) using a composite membrane of
crosslinked polyvinyl alcohol (PVA) on a porous poly(acrylonitrile) on non-woven
support [68], followed by the installation of pervaporation plant for the dehydration of
ethanol in Brazil [69]. Thereafter, the development of membrane material for the
pervaporation process grew fast over the decades. Today, membrane research
significantly increased from the aspect of the search for competitive membrane materials,
the process, and its application in dehydration of organics and recovery of organic-organic

separation.

1.3.3.2 Application of the pervaporation

a) Dehydration of alcohol

The separation of low molecular weight components such as alcohol and
water has been one of the most challenging tasks due to the formation of azeotropic
mixtures. The conventional separation process such as distillation requires high costs and
energy consumption with low separation ability. In the case of solvent dehydration, where
a small concentration of water content needs to be removed, hydrophilic membranes are
generally used. The hydrophilic membrane can preferentially allow water to penetrate,
resulting in high water content on permeate side and dehydrating the solvent in the
retentate streams [70]. On contrary to that, hydrophobic membranes can be used to
remove a small amount of the organic solvent from the systems that are dominated by
water, leaving the water on the retentate side while admitting the solvent to penetrate.

Three main classes of membranes have recently been used for the dehydration
of alcohol mixtures, including polymeric, inorganic membranes such as ceramic, zeolite,
and organosilica, and composite membranes. Polymeric membranes are widely used in
the solvent dehydration process due to their high-selective sorption and high-selective
diffusion, which is capable to promote ion-dipole interaction, hydrogen bonding with
water molecules, and preferential sorb water molecules. However, most polymeric
membrane faces swelling problem during the operation process. At that time, the polymer
chain is stretched and the pore size of the membranes was enlarged, resulting in higher
membrane flux while decreasing selectivity as the large-sized molecules find it easier to

pass through [59]. Ceramic membranes demonstrated high thermal and chemical stability
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which could be able to operate in a wide range of pH conditions in any type of solvent.
Ceramic class membranes such as silica-based membranes and zeolite were commonly
used for this application. Zeolite materials with highly ordered well-defined structures
exhibit micropores structure that can be varied ranging from 3 to 8 A depending on the
ratio of aluminum, oxygen, and silicon. The pervaporation of water and alcohol mixtures
through zeolite membranes occurs by the capillary condensation of water molecules
through the zeolitic and non-zeolitic pores, which reflect the formation of defect from the
highly ordered crystalline structure was unavoidable [71]. The existence of defects gives
rise to enhancing the greater flux while reducing the separation factor of the membranes.

To date, the development of mixed matrix membranes has been reported by
several researchers for the application of pervaporation. The structure of mixed matrix
membranes consists of inorganic materials that were dispersed into a polymeric base
membrane as a matrix. Generally, the presence of inorganic filler could effectively
strengthen the mechanical stability of the membrane and reduce the free volume in which
large-sized molecules can diffuse. However, the combination of two different materials
often generates interfacial voids that lead to reduced separation performance. Uragami et
al. [72] reported the mixing of chitosan membrane with tetracthoxysilane (TEOS) up to
45 wt% eftectively improved the selectivity of the chitosan membrane for the separation
of water over ethanol. Despite that, a higher concentration of TEOS was found to further
increase the swelling degree of the membrane during operation. The pervaporation
performance of different types of membranes for the dehydration of alcohols is
summarized in Table 1-9.

Table 1-9. Dehydration alcohol mixture via pervaporation through different types of
membranes

H>O
T feed Total Sep.
Membrane System OPV flux [kg  factor Ref.
[°C] conc 5 h] -]
[Wt%]
ﬁﬁ" PSStSA-co- 1 o/EtoH 30 4 0.43 190 [73]
PVA H>O/EtOH 60 4 0.12 10 [74]
Sericin H>O/EtOH 60 10 0.07 90
PVA H>O/EtOH 60 10 0.12 115
Sericin/PVA / [75]
(50/50) H>O/EtOH 60 10 0.07 130
Chitosan/HEC H>O/EtOH 60 10 0.424 5,469 [76]
Alginate H>O/EtOH 50 4 0.095 202 [77]
PVA/Na-Alg H>O/EtOH 45 10 0.384 384 [78]
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(80/20)

Na-Alg/PVP (3/1)

PSF/PEG
PSF

Sodium sulfonate

PSF
TGN/PSF
(12.5/87.5)

Poly(amic methyl

ester)

PSF hollow fiber
BAPP-Polyimide

PVA/SSA-Na*
PVA/SSA-Li*
PVA/SSA-K*
PAA

PAA-Li*
PAA-Na*
PAA-K*
PAA-Ca**
PAA-AI**
PEI/PAA
PEI/PAA
PVA
PVA/Pani
(0.78/0.22)
PVA/Pani
(0.73/0.27)
PVA/Pani
(0.52/0.48)
PMDA-ODA
PMDA-MDA
BTDA-PDA
BTDA-ODA
BTDA-MDA
PAN/SstSA,
HEMA
Zeolite A
Zeolite T
Zeolite A
Zeolite A
Zeolite X
Zeolite Y
Zeolite T
ECN silica
membrane
PAN
PAN-Zeolite X
(25 wt%)
PAN-Zeolite X
(32 wt%)
PAN-Zeolite X

H,O/EtOH
H,O/EtOH
H,O/EtOH

H,O/EtOH
H,O/EtOH

H>O/EtOH

H,O/EtOH
H,O/EtOH
H,O/EtOH
H,O/EtOH
H,O/EtOH
H,O/EtOH
H,O/EtOH
H,O/EtOH
H,O/EtOH
H,O/EtOH
H,O/EtOH
H,O/EtOH
H,O/EtOH
H,O/EtOH

H,O/EtOH
H,O/EtOH

H>O/EtOH

H>O/EtOH
H>O/EtOH
H,O/EtOH
H,O/EtOH
H,O/EtOH

H,O/EtOH

H,O/EtOH
H,O/EtOH
H,O/EtOH
H,O/EtOH
H,O/EtOH
H,O/EtOH
H,O/EtOH

H>O/EtOH
H>O/EtOH
H>O/EtOH

H,O/EtOH
H,O/EtOH

30
25
25

25

25

40

25
25
50
50
50
24
24
24
24
24
24
70
40
30

30

30

30

45
45
75
45
45

30

70
70
45
75
75
75
75

70
50
50

50
50

4.6
10
10

10

10

10

10
10
10
10
10
10
10
10
10
10
10

10
10

10

10

11.1
11.1
11.1
11.1
11.1

50
10.3
10.1

10
10
10
10

3.6

8.7

0.09
0.6
0.7-0.9

0.75

0.44

1.7

0.173
0.27
0.06
0.07
0.06

0.175

0.160

0.215

0.380

0.220
1.010

0.314

0.140

0.095

0.035

0.061

0.069

0.014
0.023
0.005
0.022
0.035

0.65

1.12
0.91
0.86
2.15
0.89
1.59
0.81

1.6
0.007
0.054

0.088
0.369

364
325
600

1,900
680

240

23.9
22
44
39
42
4.9

6.3
5.6
5.5

604
1,207
77.3

18.6
514.3

564.2

346
47
1594
562
478

212

18,000
1,000
54,000
10,000
360
130
830

350
281
359

51.9
3.2

[87]

[88]
[89]

[90]

[91]

[92]

[93]
[94]

[95]

[96]

[97]
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(40 wt%)

PAN-Zeolite X

(50 wi%) H,O/EtOH 50 85 0277 7.1

Chitosan H,O/EtOH 50 10 0.201 127
Chitosan/Carboxyl H,O/EtOH 60 10 0.300 634 [98]
Chitosan/Carboxyl H,O/IPA 50 10 0.178 491
PVA/Chitosan

(80/20) H,O/TPA 60 10 0.644 900,000  [99]
PSSA-g-

PIPE Chitosan  H2O/TPA 25 10 0409 1,490 [100]
Na-Alginate H,O/TPA 30 10 0012 356

PVA H,O/TPA 30 10 0.041 21
Na-Alg/PVA H,O/TPA 30 10 0024 1955

(25/75) [101]
Na-Alg/PVA

(50/50, H,O/TPA 30 10 0034 1196
Na-Alg/PVA

7525, H,O/TPA 30 10 0.039 91

PVA/Na-Alg

(80/20) H,O/IPA 45 10 0414 1,727 [78]
P84-Polyimide H,O/IPA 60 15 2.578 5 [102]
P84-copolyimide  H,O/IPA 60 15 0432 3,508 [103]
Zeolite A H,O/IPA 75 104 158 30,000 (93]
Zeolite T H,O/IPA 75 102 2,10 9,000

ECN silica H,O/IPA 80 45 19 1,150 [96]
membrane

Silica H,O/TPA 70 5 1.0 100 [104]
Silica H,O/IPA 80 10 0.65 73

Silica-Zr 10 mol%  H,O/IPA 80 10 0.86 300

Silica-Zr 30 mol%  H,O/IPA 80 10 0.67 27

Silica-Ti 10 mol%  H,O/IPA 80 10 0.78 400 [105]
Silica-Al 10 mol% H,O/IPA 80 10 0.08 210

Silica-AL Mg 10 1 151pp 80 10 0.31 90

mol%

Pervap SMS H,O/TPA 70 8.2 1.9 53 [106]
PVA-ZSM-5(2 1 0/1pA 30 10 0005 911

mass%)

PVA-ZSM-5 (4 H,O/IPA 30 10 0.003 141.1 [107]
mass%)

PVA-ZSM-5(6 1 0/1pA 30 10 0003 2162

mass%)

Silica H,0/n-BuOH 75 5 3.0 250 [104]
Silica H,O/n-BuOH 80 5 2.9 1,200 [108]
SMART NaA H,O/Tert-BuOH 60 10 1.5 1,600 [109]
Pervap SMS H,O/Tert-BuOH 60 10 3.5 144

b) Isomer separation

The separation of isomer molecules offers several difficulties and is still very
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challenging due to the similarity in size [110], similarity in physical and chemical
properties, and similar volatility of the mixture pairs [111]. Compared to the conventional
separation techniques such as distillation, low-temperature crystallization,
chromatography, and extraction, the membrane-based process via pervaporation
demonstrated numerous advantages including clean technology, environmentally friendly,
and attractive energy efficiency. The Pervaporation process has become a necessary
technology for the separation of azeotropic mixture with a close boiling point, where the
separation performance of the membranes depends on the differences in solubility and the
diffusivity of the permeated component [112]. However, the separation of organic mixture
isomers based on the diffusivity through pervaporation is remain a challenging task.
Therefore, the development of membrane materials that could determine the slight
difference in the physical and chemical properties of the mixture must be considered.
Table 1-10 shows the pervaporation performance of different types of membranes for the
isomers separation.

Table 1-10. Pervaporation separation of organic liquid isomer via different types of
membranes

Total

Feed T flux Sep.
Membrane System composition OPV . factor  Ref.
i) DOl Bem
2 h 1 ]

Polyamide-imide
(PAI)
Polyamide-imide
(PAI)/ a- n-BuOH/tert-BuOH 50/50 60 0.003 1.34
cyclodextrin (a-CD)

Polyamide-imide [113]
(PAI)/ B- n-BuOH/tert-BuOH 50/50 60 0.010 1.30
cyclodextrin (B-CD)

Polyamide-imide

n-BuOH/tert-BuOH 50/50 60  0.008 1.11

(PAI)/ B- n-BuOH/tert-BuOH 50/50 60 0.022 1.13
cyclodextrin (§-CD)
CD-grafted PAI n-BuOH/tert-BuOH 50/50 60 0.0027 230 [114]
26- 0.94-
MFI ZSM-5 p-xylene/o-xylene 50/50 75 0.16 0.96 [115]
6FDA-
6FpDA/4MPD p-xylene/o-xylene 50/50 65 249 1.29  [110]
Polyurethane p-xylene/o-xylene 50/50 25 0.30 1.37 [111]
Polyurethane/zeolite  p-xylene/o-xylene 50/50 25 0.31 1.89
o p-xylene/o-xylene 50/50 50  0.271 21
Silicalite (SST) p-xylene/m-xylene 050500212 24 o
e p-xylene/o-xylene 50/50 50  0.253 16
Silicalite (SS2) p-xylene/m-xylene 50/50 50 0258 19
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MFI zeolite p-dichlorobenzene

(templated) (DCB)/o-DCB S0/50 60 040 2.3 .
MFI zeolite p-dichlorobenzene

(template-free) (DCB)/o-DCB S0/50 60 0.106 167

Toluene/iso-octane 10/90 40  0.826 7.2
Benzene/cyclohexane 10/90 40 0.760 4.6

Co(HCOO)/PEBA Toluene/cyclohexane 10/90 40  0.685 4 [65]
Toluene/n-heptane 10/90 40  0.771 5.1

ggi/ SMPD- Toluene/n-heptane 40060 80 0036 5.1  [118]

MOP-SO;Na,Hp Benzene/cyclohexane 50/50 40  0.540 8.4 [119]

PU(0)-650 Benzene/cyclohexane 54/46 25 2284 2.7 [120]

¢) Polar/non-polar organic mixtures separation

The pervaporation of organic mixtures has been focused on polar/non-polar
mixtures such as methanol/ methyl tert-butyl ethers (MeOH/ MTBE — azeotropic mixture
with a ratio of 14/ 86 wt%), methanol/ dimethyl carbonate (MeOH/ DMC) — 70/30 wt%,
and methanol/ toluene (MeOH/ Tol) — 73/27 wt% [121-123]. MeOH forms azeotropic
mixtures during the separation process, which necessitates further methanol removal in
order to acquire a highly pure solvent. The pervaporation for the separation of organic
from organic mixtures performs a challenging task since most organic mixtures show
similar physicochemical properties which enhance the difficulties to break them apart
[45] and a strong interaction between molecules which leads to generating a high swelling
degree for the membranes and rapidly reducing the pervaporation performance [124]. One
approach to reducing the membrane swelling degree when the pervaporation of organic
mixtures is to use a rigid backbone polymer or to use a copolymer consisting of the rigid
segment that provides a strong network and softer segments to facilitate the transport of
permeant [125]. Two main criteria for identifying the suitable membrane materials for
pervaporation separation of given mixtures were affinity and the size sieving properties.
The affinity is generally related to the interaction that is created between the membrane
matrix and the penetrating solvent, while the size sieving effect could promote the
diffusion selectivity of the small-sized component over a large-sized component. Table
1-11 shows the pervaporation performance of different types of membranes for the

separation of the organic mixture.
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Table 1-11. Pervaporation performance for different types of membranes in organic
mixture separations

Total
Feed flux Sep.
Membrane System composition [081] [kg factor  Ref.
[wt%] m?h [-]
1
]

Ppy-PF MeOH/IPA 10/90 57.5 0.50 2 [126]
LPS/pDMAEMA/PAT  MeOH/IPA 15/85 50  3.39 9 [127]
HEMA MeOH/cyclohexane 3.2/96.8 50 3.5 121
PEGMA306 MeOH/cyclohexane 3.2/96.8 50 0.8 1,482 [128]
g/ggs/géoé) 6M A MeOH/cyclohexane 3.2/96.8 50 2.2 1,986
Polyelectrolyte MeOH/cyclohexane  12.1/87.9 50 1.08 2415 [129]
surfactant complex EtOH/cyclohexane 12.8/87.2 50 0.87 106
NaY MeOH/benzene 10/90 50 1.02 7,000
NaY EtOH/benzene 10/90 60  0.22 930
NaY EtOH/cyclohexane 10/90 60 0.27 1,000 [130]
NaY MeOH/MTBE 10/90 50  1.70 5,300
NaX MeOH/MTBE 10/90 50 046 10,000
ZIF-67 MeOH/MTBE 15/85 40  1.84 3,186 [131]
BTESA MeOH/MTBE 6/94 40 1.54 8,050 [132]
PA-6/ALL,0; MeOH/MTBE 50/50 30 0476 20
PA-6/TiO; MeOH/MTBE 50/50 30 0.327 11 [133]
PA-6/7Z10O; MeOH/MTBE 50/50 30 0.400 46
GA-STA-CS MeOH/DMC 50/50 10 1.03 91 [134]
PAA/PVA MeOH/DMC 60/40 10 0.61 0.8 [135]
STA/CS MeOH/DMC 50/50 10 1.16 67 [136]
Nafion MeOH/DMC 40/60 10 0.93 11 [137]
BTESA MeOH/DMC 50/50 10  3.13 118 [132]
BTESE MeOH/DMC 50/50 10 045 235 [132]
Ppy-PF MeOH/Tol 10/90 50  0.28 441 [126]
TiPCS MeOH/Tol 10/90 50  0.64 410  [138]
Chitosan MeOH/Tol 10/90 35  0.80 162 [139]
Cellulose acetate MeOH/Tol 10/90 30 1.80 80 [140]
E%f&?cgﬁji”' MeOH/Tol 72/28 22 1.55 5 [141]
SPI MeOH/Tol 10/90 50  0.79 49 [142]
TEOS-CS MeOH/Tol 10/90 30 0.18 396  [143]

1.4 Membrane fabrication and materials

1.4.1 Membrane fabrication: introduction

The selection technique for membrane fabrication depends on the choice of
materials, desired structure of membranes, and the final membrane application. The

membrane fabrication technique can greatly affect the performance of the membranes.
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Membranes can be classified into two classes based on material synthesis, including
organic and inorganic membranes. Organic membranes generally include polymer
materials such as polysulfone (PS), cellulose acetate (CA), polyethersulfone (PES), and
polyvinylidene fluoride (PVDF), while the inorganic membrane includes ceramic
materials such as zeolite, carbon molecular sieves (CMS), amorphous silica, etc. Table 1-
12 presents the summary of the membrane fabrication method for different types of
materials.

Table 1-12. Summary of commonly used membrane materials and the fabrication
methods
Membrane Membrane

. Fabrication method Application  Ref.
type material
Phase inversion MF, UF,
NF, RO [144]
Organic Organic polymer Sintering MF [144]
membranes Stretching MF [144]
Track etching MF [144]
Electrospinning MD [145]
Vacuum sputtering GS [146]
Pyrolysis GS [147]
Metal membrane Electroless plating GS [148]
Bi-mqtgl multi-layer GS [149]
deposition
Carbon Pyrolysis of  polymer
molecular sieve precursors (500 — 1000 °C) GS [145]
(CMS) under vacuum or inert gas
M§tal oxide iltlcr))nsi'cz:sunﬁlyer deposition o el
(TiO») (ALD) MF, UF, NF [145]
Inorganic Hydrothermal GS [145]
. Hydrothermal PV [150]
membranes  Zeolite
Hydrothermal-seeded
NF [151]
growth
In situ growth GS
Metal-organic Seeded-assisted (secondary) GS
framework growth [145]
(MOF) Rapid thermal deposition GS
Contra-diffusion GS
Silica, Sol-gel GS, PV [145]
organosilica, Thermal chemical vapor GS [145]
templated silica, deposition (CVD)
metal oxide silica Plasma-enhanced chemical GS. PV [145]

vapor deposition (PECVD)
*MF = microfiltration, UF = ultrafiltration, NF = nanofiltration, RO = reverse osmosis, PV =
pervaporation, MD = membrane distillation
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1.4.2 Permeation and physicochemical properties of the membranes

The separation performance of the membrane was determined by the selectivity and
permeability of the membrane materials. The available range of membrane materials
includes polymeric, carbon, organosilica, zeolite, MOF, and other ceramic materials. The
porosity of the membrane is an important characteristic for determining separation
efficiency. Based on permeating flux and selectivity, membranes can be classified into
three categories porous, non-porous, and asymmetric [21]. A porous membrane was
characterized by rigid, highly voided with randomly distributed interconnected pore
structures. Porous membranes generally show very high levels of flux but low separation
performance. Each type of membrane material has a different structure of pores as shown
in Fig. 1-25. A membrane with permanent porosity has an immovable network of pores
in which permeating molecules can travel, while most polymeric membranes with flexible
porosity demonstrated a dynamic fluctuating pore that can move, shrink, expand and
disappear. Non-porous membranes exhibited high separation performance but commonly
show low permeability, where most permeated components are transported by the
solution-diffusion mechanism. On the other hand, asymmetric membranes consist of two
structurally distinct layers, one is a thin, dense selective layer, and the other is a porous

substructure layer that provides support for the thin-topmost separation layer.

Microporous glass Silica Zeolite

Carbon nanotubes Carbon layers Polymer

Fig. 1-25. Pore structure from different types of membranes [20]
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The selection of membrane materials was expected to enhance the transport of molecules

on the membrane surface, thus a microporous membrane material with a high surface area

and interconnected pore structure or free volumes is more desirable. However, the

adjustment of pore sizes must be made to improve the gas selectivity. Besides that, the

chemical properties, the ease of fabrication, and the real-life performance can be used in

the consideration for selecting membrane materials. For this reason, it is important to

characterize the physicochemical properties of the material before evaluating the

membrane performance. To be properly analyzed, Table 1-13 provides a summary of the

experimental technique that can be used for membrane material characterization.

Table 1-13 Membrane physicochemical properties and corresponding characterization

technique

Membrane property Characterization technique Ref.
Physical properties
Hydrophilicity and hydrophobicity =~ Contact angle [42]
Size distribution Dynamic light scattering (DLS) [152]
Porosity, surface area N> sorption isotherms [42]
Chemical properties
Surface chemistry, ligand binding Fourier transform infrared [42,
(surface-sensitive), electronic spectroscopy (FT-IR), X-ray 152]
structure photoelectron spectroscopy (XPS)
Optical  properties,  electronic Ultraviolet-visible spectroscopy [152]
transition, (UV-Vis)
Mass, composition, and thermal [152]
stabilitios Thermogravimetric analysis (TGA)
Order-disorder transformation, [152]
crystal structure, crystalline grain X-ray diffraction (XRD)
size
Structural properties
Cross-section, surface roughness, Scanning electron microscope [42]

the thickness of the topmost layer

(SEM), transmission electron

microscope (TEM)
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1.4.3 Membrane Materials

1.4.3.1 Metal membranes

Dense metal-based membranes made of palladium, and its alloys such as silver,
nickel, tantalum, vanadium, niobium, and zirconium show primary high selective
separation for gas mixtures. Pd and its alloys membrane show specific characteristic to
allow only hydrogen molecules to permeate, thus making these membranes possible to
produce a pure stream up to 99.99% [153]. The development of metallic membrane was
started in 1866 by Thomas Graham who observe unusually high adsorption capacity from
the palladium-based membrane. The industrial commercialization of metallic membranes
was started in the early 1960s by Johnson Matthey via palladium-silver alloy membrane
for hydrogen purification [154].

The transport of metallic membranes occurs via charged particles or either
surface-limited or diffusion-limited. Besides that, alloy-based membranes gained an
increase of interest due to their improved performance including higher resistance,
stability, decrease embrittlement tendency, and enhance hydrogen permeability. The
abundance for each metal was plotted in Fig. 1-26 as a function of cost for the fabrication
of metallic-based membranes.
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Fig. 1-26. The abundance and the cost of most commonly used metals for the preparation
of Pd-based membranes (each price is referred to 2019) [155].

Pd77%Ag23% membrane shows 1.5-2 times higher permeability compared to pure Pd
membrane and higher resistance against hydrogen embrittlement [156]. Pd-Cu and Pd-Pt
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alloys have been found to have higher resistance against sulfur poisoning, thus to achieve
higher permeability and resistance Pd alloy membranes were developed with more than
two elements such as Pd-Ag-Au, Pd-Ag-Cu, and Pd-Au-Pt [157-159]. Other metals such
as V, Nb, Ta, Zr, and Ni have been studied for highly permeable H» membranes as an
alternative way to reduce the use of precious metals. Zr-Ni alloys have a reactive surface
which can allow hydrogen dissociation and increase hydrogen solubility [160]. However,
the high solubility of hydrogen led to generating hydrogen embrittlement and resulted in
the precipitation of metal hydride. However, metal membranes have limitations on the
very dense structure which led to low permeability. In addition, dense metallic-based
membranes relatively show a high cost to be one to three orders of magnitude more
expensive per unit surface area. The Pd-based membrane was reported to be incapable to
produce high flow rates of hydrogen as high as 10,000-100,000 m*® h! on an industrial
large scale [161].

1.4.3.2 Polymeric membranes

Polymeric membranes are increasingly deal with interest for industrial
applications due to their low-cost investment material, good processability, economic
competitiveness, scalability, tuneability, and the easiness of large-scale manufacture. To
achieve highly separation performance of the membrane, attention has been focused on
modifications to the solution-diffusion properties in polymers. The modification of
polymer structure could be conducted via crosslinking, grafting, blending, and
copolymerization processes as presented in Fig. 1-27 [122]. The crosslinking method was
generally performed to reduce the swelling degree and enhance the resistance of the
polymeric membrane matrix in the feed mixture in order to derive higher stability and
selectivity of the membranes. The crosslinking of polymer membranes was carried out by
a chemical reaction, irradiation, and physical crosslinking [162]. On contrary to that, the
optimize crosslinking process must be considered to avoid the formation of a brittle
polymer with a loss in the dimensional stability. The grafting technique on polymer
modification uses the oligomer chains that were attached as side chain branches
irregularly to the polymer main chain by chemical reaction or irradiation. The molecules

that are desired to be grafted must contain reactive functional groups which be able to
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react with the functional groups of the polymer. The blending process of two polymers
that are not covalently bonded can be done for creating hydrophilicity in the hydrophobic
membranes. Two classes of polymer blends including homogeneous and heterogeneous
blends, in which two polymers are miscible for all compositions and the other one is not
totally miscible, respectively. However, the heterogeneous blends of polymers will not
give enough mechanical strength to the thin membrane structure. Copolymerization can
be implemented for two different polymers structure which is covalently bonded to

increase the mechanical strength of the membrane.
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Fig. 1-27. Schematic concept of polymer membrane modification via crosslinking [163]
(a), grafting [164] (b), blending [165] (c), and copolymerization [166] (d).

The gas separation process using polymeric membranes was first commercially
applied in 1979 with prism separators from Monsanto with a modular design for the
separation of hydrogen from the product stream of ammonia synthesis [167]. Polymeric
materials are commonly used because it has film-forming ability, processability, and good
mechanical properties. Most polymeric membranes show a trade-off effect, i.e. highly
permeable membranes generate lower selectivity and vice versa [36]. Moreover,
membrane plasticization and aging effects are commonly present which led to unstable
and deteriorated separation performance in industrial applications. Plasticization refers to

membrane dilating in the presence of condensable gas such as CO»>, which enhances

53



Hiroshima University Doctoral Dissertation

polymer chain mobility, and gives rise to higher permeability and lower separation factor.
The dilation polymer matrix by CO; results in higher permeability for other gases and
reduces overall separation performance. Consequently, concerted efforts have been
devoted to modifying the properties of polymer membrane which can exhibit both high
permeability and selectivity such as creating a hybrid polymer-inorganic structure,
fabricating an active thin separation layer, and facilitating transport mechanism through
the incorporation of appropriate carrier fillers with specific functional groups into the
polymer matrix [168].

The utilization of polymeric membranes for pervaporation application is
particularly based on the preferential absorption of polymer towards the components and
the diffusion through the free volumes or pore structure of the polymers. The affinity
between membrane materials and the permeating component becomes the most important
parameter to select the appropriate membrane materials for pervaporation. The size
determination effect from the free volume cavities provides an additional contribution to
the permeation of the small-sized component over the large-sized ones [169]. In
accordance with affinity, hydrophilic polymers were used to develop membranes for
water or polar selective permeation, while hydrophobic (organophilic) polymers were
operated for organic or non-polar selective permeation. Examples of hydrophilic
membranes include a large number of polymers such as poly (vinyl alcohol) (PVA),
polyamide (PA), Polyimide (PI), and polyelectrolyte complex (PEC). By contrast, a
limited number of hydrophobic polymer membrane 1is available such as
polydimethylsiloxane (PDMS) and poly (ether-block-amide) (PEBA). PEBA is an
organophilic polymer consisting of polyamide (PA) and polyether (PE). The rigid
properties of PA provide mechanical strength whereas the PE provides affinity for organic
compounds. PEBA membranes generally show higher hydrophobicity compared to
PDMS membranes which are favorable for the phenol/water separation or selective
permeation of organics with large molecular size [170].

The other challenge to using polymeric membranes in organic/organic mixtures is
the much larger swelling of the polymer matrix in the pure organic solvent which could
reduce the size determination ability and stability of the membrane. Thus membrane
surface modifications were used to solve this problem such as by introducing bulky

fluorine groups into the PI structure to increase the free volume of PI membranes and
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crosslinking is proposed to enhance the swelling resistance of PI membrane towards the
organic solvents [171]. Copolymerization modification such as using PEBA and
polyurethane (PU) to tune the soft/hard segments for achieving comprehensive separation

performance and reducing the swelling degree of the membranes [120, 172].

1.4.3.3 Carbon molecular sieving membranes

Carbon membranes were fabricated via thermal conversion of polymer layers with
pyrolysis or carbonization at high temperatures (generally 400-900 °C) in an inert
atmosphere (Fig. 1-28(a)) [173]. At high temperatures, many polymer structures will
thermally rearrange, crosslinked, and begin to carbonize. The predominant transport
mechanism for most carbon membranes is the molecular sieving mechanism. Fig. 1-28(b)
shows the comparison of surface morphology for carbon hollow fiber membrane with
polymeric hollow fiber membrane. CMS membranes are considered porous materials
where the permeates could penetrate through the pore system, while polymeric
membranes consist of a dense active layer where the permeation is dominated by the
solution-diffusion process [173].

1000

(a)

900 °C

800

=)
=
=

Polymeric membrane 550 °C

=
=
=

350 °C CMS membrane

Temperature / °C

200

0 100 200 300 400 500 600 T00
Time / min

Porous active layer

Dense active layer

Fiber Bore

Porous support layer

Fig. 1-28. Pyrolysis protocol of polymeric precursor for the development of CMS
membranes [174] (a), and membrane surface comparison for CMS and polymeric hollow
fiber membranes (b) [173].
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Carbon membranes contain constrictions in the matrix that approach the size of permeated
molecules, thus these materials can effectively determine the gas species of similar size.
The separation occurred via size discrimination, where small-sized molecules can pass
through the membrane pore structure while larger-sized molecules are obstructed.
Permeation through the carbon matrix is related to the pore structure of the membrane.
The pore structure of the carbon membrane consists of a relatively wide opening with
narrow constrictions, where the opening pore contributed to the free volume and is
responsible for the adsorption capacity. On the other hand, the constrictions are
responsible for the discrimination of penetrated molecules, hence the diffusivity of a
component depends on the size and shape of the molecule because the carbon molecular
sieving membrane has a pore size that is close to the dimension of penetrated molecules.
In these constrictions, the interaction energy between molecules and carbon matrix is
involved both in dispersive and repulsive interaction. If the pore opening of the
membranes becomes small relative to the size of penetrating molecules, the repulsive
interaction was predominant and the molecules require higher activation energy to pass
through the constriction. Therefore, molecules with slight differences in size can be
effectively separated through molecular sieving. The permeation mechanism on carbon
molecular sieve membranes is determined by the internal surface area, the dimension of
pores, and the surface properties of the membrane matrix [23].

The permeation characteristics of CMS membranes can be varied by changing
several synthesis parameters such as organic precursors, carbonization temperatures, and
the chemistry of pyrolysis. CMS membranes can be obtained from the pyrolysis of
different types of thermosetting polymers such as poly (vinylidene chloride) (PVDC),
poly (furfuryl alcohol) (PFA), cellulose, polyacrylonitrile (PAN), phenol-formaldehyde
and various coal. Xu et al. [175] reported the fabrication of CMS membrane from
phenolphthalein-based cardo poly(arylene ether ketone) (PEK-C) that were carbonized at
different temperatures with ultrahigh permeability for hydrogen purification. The result
of that work shows that the H> permeability was decreased as the pyrolysis temperature
increased due to the formation of dense and ordered carbon structure and the separation
performance of Ho/CH4 reach 1,1152 for CMS membrane calcined at 900 °C. In addition,
CMS membrane could be applied for liquid-phase separation via reverse osmosis. Koh et

al. [176] reported the fabrication of CMS membrane (Fig. 1-29) for the separation of
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xylene isomers via organic solvent reverse osmosis (OSRO). CMS hollow fiber
membranes calcined at 450 C exhibited the highest p-xylene permeance of 1.6 x 10" mol
m? s Pa’! with the selectivity of p-xylene/o-xylene of 7, while at higher calcination
temperature (550 °C) the membrane shows the highest separation of 30 but with low

permeance of 3.8 x 101" mol m? s! Pa’.
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Fig. 1-29. The schematic image for the fabrication of CMS hollow fiber membranes at
the pyrolysis temperature of 450-550 °C [176].

In contrast to the high separation performance of CMS membranes, most carbon
membrane is brittle and fragile, and thus requires careful handling. In addition, the
fabrication process of CMS membranes requires high thermal energy which led to
generating difficulty and high-cost production. Pre-purifier step was required before
membrane fabrication for removing traces of strongly adsorbing vapors which can clog

up the pore system.

1.4.3.4 Zeolite membranes

Zeolite membranes are microporous aluminosilicate crystals with a pore size that
was constructed by the TO4 (T = Si, Al) tetrahedral unit framework with an oxygen atom
that is shared between two adjacent atoms. Zeolites with 8- (e.g. LTA, CHA, DDR), 10-
(MFI, FAU), and 12- (MOR) framework rings have different sizes of pore structure in the
range of 0.38 to 0.74 nm as shown in Fig. 1-30.
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Fig. 1-30. Different zeolite structures are derived from oligomeric silicate and
aluminosilicate species [177].

Zeolite membranes are commonly prepared by hydrothermal method via in-situ and
secondary growth methods. In the case of in-situ growth, the surface of the substrate can
be functionalized to enhance its interaction with zeolite crystals to generate a continuous
membrane layer, while in the secondary growth method zeolite crystals were introduced
as seeds on the substrate prior to hydrothermal synthesis. The secondary growth method
shows a better process for controlling membrane integrity and thickness [178]. In
addition, the properties of the seed layer including crystal size, thickness, and particle
distribution are important to determine the properties of zeolite membranes. The
membrane properties of zeolites are dependent on the ratio of Si/Al (Fig. 1-31), where a
low Si/Al ratio exhibits high hydrophilicity but low acid resistance, while a higher Si/Al
ratio generates a membrane with high acid stability but the pore size of the membranes
were ranged from 0.56 to 0.74 nm which was too large for the separation of small-sized

molecules [179].
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Fig. 1-31. The pore size, hydrophilicity, and the acid resistance properties of zeolite
membranes as a function of the Si/Al ratio [180]

Several zeolite membranes are widely used in pervaporation applications,
including water dehydration, organic/organic, and isomers separation. LTA (NaA) zeolite
that was synthesized from a Si/Al ratio of 1 has an 8-membered oxygen ring that shows
the pore diameter in the range of 0.23 and 0.42 nm [179]. The low Si/Al ratio of this
membrane shows an extremely hydrophilic property, and the pore size of the membrane
is close to the size of water molecules (kinetic diameter-KD = 0.29 nm), thus making
LTA membranes appropriate for the application of dehydration of alcohol or other
solvents. CHA zeolite membrane with a pore size of 0.38 nm shows a high flux of 13.3
kg m™ h! with excellent separation of 6,000 for dehydration of ethanol/water mixture
[181]. MFI membrane that was synthesized with a high Si/Al ratio showed defect-free
quality with a high flux of 2.9 kg m™ h'! and achieved a separation factor of 160 for
ethanol/water mixture at 25 °C [182]. Despite that, it was found that the performance of
the MFI membrane declined after 177 hours of pervaporation at 100 C due to the loss of
Silicon atoms from the zeolite framework and the further formation of silanol groups in
the aqueous mixture [183, 184]. Moreover, the formation of a continuous and defect-free
zeolite layer on porous support is quite challenging due to weak adhesion between

microporous zeolite particles and macroporous support.
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1.4.3.5 Porous coordination polymer or metal-organic frameworks

(MOFs) membranes

Metal-organic frameworks (MOFs) have become an interest over the past decades
due to their high crystallinity, porosity, modularity, and diverse functionality. MOFs are
defined as hybrid materials where metal ions or small inorganic nanoclusters are linked
into one-, two-, or three-dimensional networks via multifunctional organic linkers [185].
The crystallization of MOF structure in solution is based on the nucleation of secondary
building units (SBUs) which are then joined together to form the final crystal structure as
schematically depicted in Fig. 1-32. MOF as microporous crystalline materials shows an
impressive performance for molecular sieving membranes with high permeability and
selectivity compared to polymeric membranes due to their high microporosity and tunable
channel structure. MOFs membrane was recently used for hydrogen purification,

hydrocarbon separation, and CO> capture [186].
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Fig. 1-32. Schematic images of inorganic secondary building units (SBUs) (é), organic
linkers (b), and different structures of MOFs materials (c-e) [186]
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Continuous MOF membrane is generally synthesized via precursors
crystallization through hydrothermal, solvothermal, interfacial, and contra-diffusion
synthesis. However, the different solubility between solvent and MOF precursors
becomes the limitation for membrane synthesis. Li et al. [187] reported the sol-gel
technique to synthesize ZIF-8 membranes with controllable thickness resulting in the
precise synthesis of molecular sieves membrane. The sol-gel process was executed by gel
coating for the dispersion of the precursor, then followed by thermal treatment for the
crystallization process. The prepared ZIF-8 membrane shows impressive performance for
C3He/C3Hs separation with C3He permeance of 0.8 x 10 mol m2 s™! Pa™! and selectivity
of 200.

The other advantage of MOF structure after exceptional porosity is open metal
sites (OMS) which could represent a major step forward in functional materials with
special properties. HKUST-1 is one of the OMS structures which shows a high surface
area of 1,800 m? g after fully desolvated and is suggested used for new methane gas
storage materials [188]. MOF-505 also demonstrated an extremely high surface area of
1830 m? g'! and high hydrogen uptake of 2.47 wt% due to the existence of Cu metals as
OMS in that structure [ 189]. The combination of high surface area that reflects permanent
porosity and the occurrence of OMS contribute to the superior performance with respect
to hydrogen, methane, and carbon dioxide sorption. Liu et al. [190] reported the effective
enhancement of the structure of Cu-BTC via nitrogen-doping and lithium-doping as the
open metal site (OMS). In that reported work, 3N-CuBTC shows higher methanol
capacity due to the increased dispersive interaction caused by the lone pair electron of
nitrogen atoms, while 3Li-3N-CuBTC exhibited higher methanol capacity due to the
synergy effect from the lone pair electron of nitrogen atoms and the existence of metal in
the cage structure of MOF that can significantly affect to the polarity and the preferential

adsorption sites of the framework.

1.4.3.6 Mixed matrix membranes

The ceramic membrane such as CMS and zeolite are good in selectivity but are
far too expensive for use on an industrial scale. To address this problem, membranes could

be prepared from a material consisting of inorganic particles (e.g. zeolites, carbon
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molecular sieves, silica) dispersed in a continuous polymer matrix, referred to as a mixed-
matrix membrane as schematically shown in Fig. 1-33(a). Mixed-matrix membranes are
supposed to combine the desired selectivity of inorganic membranes with low cost and

the easiness of fabrication of polymer membranes.
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Fig. 1-33. The schematic representation of an ideal mixed-matrix membrane (a), and
nonideal mixed matrix membrane morphology including interfacial voids, rigidified
polymer chain layer, and pore blockage (b) [191]

The membrane properties of mixed-matrix structure depend on the particle size, particle
pore size, dispersed load, polymer type, and polymer characteristics. The fabrication of
ideal mixed-matrix membranes is very difficult because of the difference between the
polymer and inorganic phase properties and weak polymer-particle adhesion, which
results in the formation of organic-inorganic interface defects. Interface defects of mixed-
matrix membranes are classified into three categories, including interface voids, rigidified
polymer layer around particles filler, and particle pore blockage (Fig. 1-33(b)) [191]. The
formation of interface voids is attributed to stresses after solvent evaporation and could
occur from the nucleation of non-solvent or polymer lean phase around the inorganic
phase during the phase separation process. Rigidified polymer layer related to uniform
stress around particles filler after the removal of solvent, while pore blockage occurs for

porous filler where particles clogged with the sorbent, solvent, contaminant, or minor
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component in the feed gas or polymer chain in the fabrication step of the mixed-matrix
membrane.

The inorganic materials used for the filler in mixed-matrix membranes could be
classified into porous and non-porous types. Porous filler acts as a molecular sieving
agent in the polymer matrix and discriminates permeated molecules based on their shape
and sizes [192]. On the other hand, non-porous filler could improve the separation
properties of the resultant membrane via increasing matrix tortuous pattern and limiting
the diffusion of the large-sized component [193]. Vu et al. [194] reported the effect of
carbon molecular sieves (CMS) as porous filler that was added into Matrimide 5218 as
the polymer matrix. The addition of CMS 800-2 into Matrimide 5218 increased the
permeability of the membrane from 10 to 44 barrier and the CO2/CH4 selectivity was
increased from 35.3 to 200. In other work, Ahn et al. [195] reported the addition of 20
vol% nonporous silica particles into the polysulfone matrix led to an increase in the
solubility and diffusivity coefficient, increasing the free volume of polymer membrane
and enhancing CO; permeability from 6.3 to 19.7 Barrer. However, low permeances
become one problem due to the difficulty of preparing a thin layer of the mixed-matrix
membrane. In addition, the fabrication of mixed-matrix membranes usually involves a
weak contact from the polymer particles matrix and poor distribution from the dispersed

inorganic phase in the continuous polymer matrix.

1.4.3.7 Silica and organosilica-based membranes

1.4.3.7.1 Preparation technique for silica and organosilica membranes

Amorphous silica and organosilica-based membranes have been studied
extensively for gas and liquid separation due to their chemical and physical stabilities.
Tetraethylorthosilicate (TEOS) was generally used as silica precursors for the fabrication
of silica membranes. On the other hand, organosilica membranes are derived from organic
ligand silicon alkoxides which convert to organic/inorganic components after being fired
in a N atmosphere. In general, silica and organosilica-based membranes are prepared via

CVD and sol-gel processes as discussed in this chapter.
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a) Chemical Vapor Deposition (CVD)

Chemical vapor deposition (CVD) was commonly used to precisely control the
pore size of inorganic membranes via thermal decomposition of a silicon-based precursor
and the chemical reaction with an oxidant gas, resulting in the growth of the thin film
layer [17]. The silica precursors that are mainly used for CVD reaction are
tetracthylorthosilicate (TEOS) [196], tetramethoxysilane (TMOS) [197], silicon
tetrachloride (SiCls) [198], and silane (SiH4) [199] with oxidant gases such as air, Oz, O3,
N20O, and water vapor. To fabricate a membrane on the porous substrate via the CVD
method, two types of configurations can be used: counter-diffusion CVD where two
reactants were supplied from the opposite side of substrates, and co-current CVD where
precursors are supplied from one side of the substrate, while vacuumed on the other side
of the system to obtain a defect-free membrane quality.

On the other hand, low-temperature CVD methods have been developed to
minimize the cost of the high-temperature CVD process. Nagasawa et al. [200] reported
a highly efficient gas separation membrane of hexamethyldisiloxane (HMDSO) was
successfully synthesized via atmospheric-pressure plasma-enhanced chemical vapor
deposition (AP-PECVD) with CO, permeance of 1.9 x 10”7 mol m? s Pa! and a high
level of CO2/CHys selectivity of 166 at 50 °C. Plasma-enhanced CVD technique was
capable to control the decomposition of converted gaseous precursors as a deposit hybrid

thin films which have high thermal and chemical stability [17].

b) Sol-gel processes

Sol is a stable colloid suspension particle in a liquid, and a gel consists of a three-
dimensionally continuous solid network surrounding a continuous liquid phase (wet gel).
The formation of gels (gelation) is due to the formation of covalent bonds between the
sol particles [201]. Gelation could induce by rapid evaporation of the solvent giving rise
to capillary forces that cause shrinkage of the gel network producing an aerogel. The sol-
gel processing of silica-based materials is to transform Si-OR and Si-OH species to
siloxane (Si-O-Si) via a condensation reaction. A stable gel could be produced by

maximizing the number of siloxane bonds and consequently minimizing the number of
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silanol (Si-OH) and alkoxy (Si-OR) groups. The chemical reaction of silica-based

materials during the sol-gel process can be described in the following equation.

Hydrolysis: =Si—OR+ H,0 - =Si—OH + ROH (1-75)
Condensation: =Si—OH+ Si—OR -»=Si—0-Si=+ROH (1-76)
Condensation: =Si—OH+ Si—OH - =Si—-0-Si=+H,0 (1-77)

Hydrolysis reaction initiated in alkoxide precursors dissolved in alcohol system via the
addition of water (hydrolysis agent) to generate Si-OH. Generally, the hydrolysis rate of
precursors in water and alcohol is slow, therefore acid or base catalyst is necessary to
improve the hydrolysis and condensation reaction rate. The most important parameter for
the sol-gel reaction is the types of precursor, the pH condition that depends on acid or
base catalyst, the ratio of alkoxy group to water content, the kind of solvent, temperature
for synthesis, and the concentration of precursor. The reaction rate for hydrolysis and

condensation has a pH dependence as shown in Fig. 1-34(a).
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Fig. 1-34. The dependence of relative rates of Si(OR)s hydrolysis and condensation
towards pH condition [201] (a), Polymerization behavior of silica under different pH
conditions [202]

The minimum reaction rate for hydrolysis is pH 7, while for condensation at pH 4.5. the
hydrolysis of silicon alkoxide is faster than condensation in acid conditions. Most species

are hydrolyzed at the beginning of the reaction and condensed to form a small oligomer.
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On contrary to that, in basic conditions, the condensation rate is faster compared to the
hydrolysis and the rate of hydrolytic cleavage of Si-O-Si bonds is higher than in acid
conditions. Therefore, resulting in a network with a particulate character with big particle
size and large pores. The schematic images for the structural development of silica gels

under different pH as shown in Fig. 1-36(b).

1.4.3.7.2 Silica and types of organosilica membranes

Silica and organosilica membranes have been categorized as a class of inorganic
membranes. Most pure silica membranes were fabricated from tetracthoxysilane (TEOS)
showing a narrow pore size distribution in the range of 0.3-0.4 nm, which generally
performed high selectivity for hydrogen separation. However, silica-based membranes
presented low hydrothermal stability, small pore size distribution, and high transport
resistance [203, 204]. On contrary to that, a different type of material derived from
organoalkoxysilanes contains various organic functional groups in the inorganic Si-O-Si
frameworks, which are known as organosilica material. Organosilica-based materials
were characterized via covalent bonding between oxygen and hydrocarbons to silicon
[205]. Hybrid organosilica membranes were getting great interest by using pendant-type
precursors, then the appearance of bridged silica with stable and reliable performance
become available for large-scale industrial application. The difference between both the

pendant and bridge structure of organosilica precursors is shown in Fig. 1-35.
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Fig. 1-35. The schematic images of the bridge- and pendant-type precursor of organosilica
and their structure after hydrolysis and condensation reaction [204].
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The bridge-type precursor contains organic groups that are located between two silicon
atoms (as the linking unit O-Si-R-Si-O), and the pendant structure consists of organic
groups that are connected with one silicon atom (Si-O-Si-R) [204]. A variety of organic
groups can be used such as an alkane, alkene, alkyne, aromatic, and other functional
moieties. Organosilica membranes are typically fabricated via sol-gel reaction which is
finalized with a thermal treatment to consolidate the materials. A lower degree of
calcination temperatures for the preparation of organosilica membranes results in
functional membranes with lower performance including the separation factor and
permeability.

These membranes exhibit high thermal and chemical stability with no swelling,
high flux, high separation performance, and controllable pore size [206-208]. The
separation ability of organosilica membranes depends mostly on the pore size and on the
interaction between permeating molecules and the pore walls of membranes. Therefore,
material modification is required to produce a highly porous material that can facilitate
high permeability without sacrificing selectivity. However, the hydrothermal stability of
organosilica membranes can be varied or even change at a high temperature and in a water
vapor environment. Extreme operation conditions dramatically affect the microporous
structure of silica membranes, where hydrophobic silicon-oxygen bonds from the
siloxane network (Si-O-Si) tend to break and transform into hydrophilic silanol groups
(Si-OH) [209].

Hydrolysis
=Si—-0-Si= +H,0 —— 2=Si—O0H (1-78)

The existence of water molecules in hydrothermal conditions assists the breakage of the
siloxane framework and the rehydration occurs on the silica surface via physisorption of
H>0O molecules to a hydroxyl group, followed by the reaction with a nearby siloxane. In
this condition, as more silanol groups were created, more sites for H>O adsorption and
the chain reaction of siloxane breakage occurs across the surface resulting in the
localization of silanol groups and subsequently cross-pore condensation leading to

smaller pore size as shown in Fig. 1-36(a).
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Fig. 1-36. The schematic mechanism of densification of the organosilica-based membrane

at the hydrothermal condition [210] (a), and densification under different calcination
conditions [211].

Song et al. [211] reported that BTESE-derived membrane calcined at 400 °C shows a high
surface area of 338 m? g’!, while decreased at a higher calcination temperature of 600 °C
(Seer = 122 m? g!). This result indicated that the organosilica membranes show a denser
structure after calcination at higher temperatures as schematically depicted in Fig. 1-36(b).
At low calcination temperature, a low crosslinking degree, and a high amount of organic

linking unit can be retained. Slow calcination at high temperature resulting in a high cross-

linking with the destruction of organic groups leads to the formation of a denser structure.

On contrary to that, expeditious calcination results in a high crosslinking degree and less

decomposition of organic groups.

To solve this problem, several modifications to the organosilica structure can be
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made, especially for controlling the movement or regeneration of silanol groups including
modification of silica matrix with methyl (-CH3) groups [212], use of organically bridged
bi-silyl precursors [213], doping transition metals or metal oxides [210], and co-

polymerization of precursors [214].

1.4.3.7.3 Tailoring pore structure of organosilica membranes for
improved performance

a) Organic template method

One approach for the development of a membrane that shows both high
permeability and separation performance is to introduce the organic ligand embedded in
a dense inorganic matrix that serves as a template for the creation of porosity. Raman and
Brinker [215] reported the organic template approach which shows the densification of
the inorganic matrix in the first stage and the establishment of micropores after the
removal of the organic template via pyrolysis. The schematic image of the synthesis
method of the inorganic membrane through the organic template method is presented in

Fig. 1-37.

Microporous
Inorganic
Matrix

After
150°C Organic
Drying Template

400V®

Dense
Inorganic
Matyix

Micropore

Fig. 1-37. The schematic image of the organic template method for the fabrication of
porous inorganic membrane [215].

In general, the successful transcriptive synthesis of the inorganic membrane must be
followed the criteria of the use of organic ligand that can homogeneously be incorporated

into the inorganic matrix without the formation of phase separation, the synthesis
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conditions give rise to the arrangement of the dense matrix so that pores will only be
created via organic template removal process, and high durability of the matrix must be
maintained without the collapse of the original network after the template removal
process [216]. Li et al. [217] prepared an organic-inorganic hybrid silica membrane by
using two different precursors of methyltriethoxysilane (MTES) and
phenyltriethoxysilane (PhTES). In that work, both types of precursors show dense
structure at the calcination temperature of 400 °C, but the N> adsorption capacity shows
a significant increase after 550 °C which suggested the creation of pores after the
pyrolysis of terminal organic groups in MTES-, and PhTES-derived xerogel powders (Fig.
1-38). At higher firing temperature, the H> permeance increased from 4.1 x 107 to 5.8 x
107 mol Pa™! m? s! with a decrease in selectivity from 1300 to 77 due to the formation

more loose structure.
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Fig. 1-38 N adsorption isothermal of MTES (a) and PhTES (b) -derived gel powders
calcined at different temperatures [217]

b) Spacer method

A spacer method is frequently prescribed for tailoring the microporosity by
choosing bi-silyl precursors with different structures that produce organosilica-based
materials with an optimum membrane pore size [218]. The utilization of a short and rigid
linking chain between silicon atoms generates a porous structure, whereas the increase in
the carbon number and flexibility of the linking units tends to produce a denser structure
that is inappropriate for the construction of a high-flux membrane. Kanezashi et al. [219]
reported the development of organosilica membranes via different types of spacer units

as shown in Fig. 1-39(a). A short and rigid structure of the spacer unit shows the formation
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of porous structure (BTESM Si-CH-Si, BTESE Si-C>H4-Si, and BTESB Si-Ph-Si), while
a long and flexible linking unit shows the formation of non-porous structure (BTESP Si-
C3Hs-Si, BTMSH Si-CgH12-S1, and BTESO Si-CgHi6-Si) as confirmed via N> sorption
isotherms characterization (Fig. 1-39(b)). In line with material characterization,
membrane evaluation (Fig. 1- 39(c)) shows that short and rigid precursors such as
BTESM and BTESE exhibited higher permeance for small-sized gases such as He and H»
compared with flexible-types precursor. However, the BTESB membrane with a rigid
linking unit shows smaller H> permeance which is probably related to the free movement

of the organic chain at the permeation temperature of 200 °C.
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Fig. 1-39 Chemical structures of different types organosilica precursor (a), N2 sorption
isotherms for resulting xerogel powders calcined at 350 °C (b), and single-gas permeation
for different types of membranes at the measurement temperature of 200 °C (c) [219]

Table 1-14 compares the effect of organic chain flexibility to the formation of

porosity of the xerogel powder together with membrane performance. Organosilica

71



Hiroshima University Doctoral Dissertation

membrane with a long organic linking unit (carbon number higher than 3) shows the non-

porous structure (negligible N> capacity) with low gas permeance and high selectivity.

Table 1-14 Organosilica-based membranes with different types of linking unit and their
gas performance

T S Permeance g 1 it
Precursor Chemical structure [oé] [ngTl] [107 mol -] Y Ref.
g m? s Pa’']
BTESM OEt  OFt
EtO-Si—C—Si-OFEt 350 ~600 H;=10 H2/N, =70
OEt 2 OFt
BTESP QEt QEt
S Et0-Si—C,H;—Si-OFt 350 0 H,=38 Ho/Np =38
OEt OEt [219]
BTMSH QEt QEt
EtO-Si—CgH,,—Si-OEt 350 0 H,=3 Ho/N, =15
OEt OEt
BTE OE - om
SO EtO-Si—CgH,—Si-OEt 350 0 H.=6 H2/N, =10
OEt OEt
BTESE QEt OFt
EtO-Si—C,H,—Si-OEt 300 552 H»=95 Hy/N, =22
OEt OEt
BTESEth QE OEt
g Eto—gi—Fé:c—§i—oEt 300 763 Hp=16.1  Hy/N,=40  [220]
OEt OEt
BTESA OFt OFt
EtO-Si-C——C-Si-OEt 300 661 H>=126.8 H/N> =10
OEt OEt
BTESE OEt OFEt Hz/Nz =55
EO-Si—cH,—Si0Et 300 476 H,=18 C3He/C3Hs =
OEt OEt 5
BTESEthy O, OEt Ho/N; = 68
Et0-Si-C——C-Si-0Et 300 556 H,=10 C3H¢/CsHg =  [221]
OEt OEt 1.4
BTESA OFt OFt Ho/Ny = 12
EtO-Si-C——C-Si-OEt 300 594 Hy=32 CsHe¢/CsHg =
OEt OEt 13
BTESE (REt 9Et _ Hz/Nz =16
EtO 36|E—tczH4—i,lE:)Et 200 120 H,=12.9 COy/H = 1
BTESBP QFt QFt Ho/N> =16 218
o< )4 )-sroe 200 77 Hy=193 [218]
w03l ) )geom 2 COL/H, =2
BTESO OFt OEt B /N> =5
EtO ?)IEt CgH1s (SSIE?Et 200 0 H, =232 COy/H, =2
TTESPT- EtO*SO‘E‘OEt
WR60 _
5 300 =Ty =9
Exof;:)iE’t\/\o/’\i,\,\/J‘\O/\ﬁ;i‘)Et
[222]
TTESPT-
WR240 Ho/N, =13
H,=14.6 B
) i\ 300 80 CsHe= 0.59 g3H6/C3H8 =
Et N° N OEt

|
EtO*S:i/\/\o/k N/)\O/\ﬁs:roa

OEt OEt
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BTESA OEt OEt COZ/NZ = 13
EtO-8i-C——C~Si-OFt 300 594 CO,=25 CO,/CH4 =
OEt OEt 23
BTESA/ OEt  QEt
BTESB B e CO,/N, =25

300 565 CO.=20 COy/CH4 =

OEt Ot 223
co-9{ )—drom 33 22
OEt OEt
BTESA/ QEt _  OEt
BTESBP e e CO/N, =9
- o 300 783 CO=30 O oh
EO*S‘i S‘i*OE
S AYAYS i
BTES-ED & omt
o. dEt =
ofﬁfj 300 373 T8I gN,-n [224]
EtO*S:i
OEt
BTES-MOU ot | Okt
Eto—ﬁiAHAsji—OEt 300 155 H,=222  Hy/N,=12
OEtO . OEt [225]
BTES-POU o 1 om
E0-si~~N N si-okt 300 0 H,=6 Ho/N, =19
OEt g o OEt
BTMSN OMe (?Me
meo-$i—/|_/~siome 300 336 H,=86  H/N,=12  [226]
OMe OMe
STPPoselt 30 0 TSZ N, -198
BTPP-HCI- o N om

40 fo g A S 300 0 H,=3.02 H/N,=328 [227]

BTPP-HCI- 300 0 H>=3.89 Ho/N2 =20.4
240 C0,=034 COyN,=25
¢) Metal doping

Silica and organosilica membranes could be doped with transition metals such as
Ag [228], Al [229], Co [230], Zr [231], Fe [232], Nb [233], and Ni [234] to increase the
stability characteristics of the membranes. Doping metal into silica structure presents
functionalities that are not available for pure silica membranes. One of the specific
functionalities that were developed via metal doping has been reported by Battersby et al.
[235]. In that reported work, the structure of cobalt-doped tetraethylorthosilicate (Co-
TEOS) was maintained microporous as H» selectivity was not affected by steam exposure
for 200h of operation, while pure silica membrane shows the opening of larger pores
resulting in mesoporous structure. Another specific functionality after the incorporation

of metal-doping was reported by Kanezashi et al. [229]. Al doped bis (triethoxysilyl)
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ethane (AI-BTESM) shows the densification structure with a lower surface area (Sger =

507 m? g!) compared to pure BTESM xerogel powder (Sper = 597 m? g'!), but higher

performance for C3He/C3Hg separation was achieved for AI-BTESM with the highest

permeance ratio of 40. Table 1-15 provides the summary metal-doped organosilica

membranes for the separation in gas and liquid system.

Table 1-15. Performance comparison of the pristine and metal-doped silica and
organosilica membranes

Metal-doped .. Tc Sger Permeance [107 . Ref.
organosilica Condition [°C] [m’g!'] molm?s!Pa'] Selectivity [-]
TEOS Si/Ni=0 550 na  H.=0.89 Ho/H,0 = 13
Ni-TEOS Si/Ni = 4/1 550 na. H,=223 Hy/H,O =19 [234]
Ni-TEOS Si/Ni = 2/1 550 na.  H.=10.26 Ho/H.0 = 25
BTESM Si/Al=0 200 597 C3;He=0.5 C3He/C3Hg =9
ALBTESM  Si/AI=9.505 200 531 CsHe=0.1 ICSHﬁ/ CsHs = 2201
ALBTESM  Si/Al=9/1 200 507  CsHe=0.08 §3H6/ CaHg =
AI-BTESM  Si/Al=8/2 200 387 CsHe=0.01 C3He/C3Hs = 6
Thydrotherma_l = - 400 n.a. H2 = 1.8 HZ/COZ = 12
T rothermal —
| gyg oté : 400 na.  H,=09 H,/CO, =17
Z-BTESE  Thydrothermal = [231]
Zgyg otg : 400 na.  H,=1.0 H,/CO, =31
T rothermal =
3 gyg oté : 400 na  H,=0.38 H,/CO, =35
BTESE Si/Nb=0 400 120 H,=2 H,/CO, =28
300 119 H,=225 H./CO, = 10.2 2331
o 350 126 H.=1.85 H,/CO, = 10.9
Nb-BTESE  §i/Nb=3/1 400 884 H>=1.07 H,/CO, = 56.3
450 268 H>,=097 H./CO, = 220
Metal/Si = B H>O/IPA =
BTESE /10 150 694 H,0=13.4 3757
ALBTESE  AUSi=1/9 150 514 H,0=108 1;29(321% = [236]
Zr-BTESE  Zr/Si=1/9 150 395 H,0=17.0 Ifj%? -
Pd-Nb- Pd/Nb/Si = B B
BTESE-0.05 0.05/0.33/1 400 233 H=1 H/CO, =50
Pd-Nb- Pd/Nb/Si = - B
BTESEOL  0.1/033/1 400 223 H,=05 Hy/CO, = 62.5 23]
Pd-Nb- Pd/Nb/Si = B B
BIESE02 020331 400 214 H,=0.4 H,/CO, = 57.4
Pd-Nb- Pd/Nb/Si = B B
BIESE-04  0.4/033/1 400 177 H,=15 H,/CO, = 150
Pd-BTESE o _ H,/CO, =891 [238]
(Pd/Si = Calc. atm.= air 400 410 H,=3 H,/CH, = 8.4
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0.11/1) - - H,/CO, =8.6
Calc. atm.=N; 400 547 H,=1 H,/CH, = 10.7
~ _ H,/CO, =8.0
Calc. atm=H, 400 507 Hx=4 Hy/CH, = 31.3
Calc. atm.= . H»/CO,=15.0
H/N, 400 540 Hy=2 Hy/CH, = 173
TEOS Co=0mol% 500 390 H,=20 Hy/N, = 80
Co =10 mol% 500 420 H, = 50 H2/N2 =200 [239]
Co-TEOS Co=30mol% 500 200 H,=60 H/N> = 300
Co=50mol% 500 195 H,=30 Hy/N; = 50
TEOS Mg = 0 mol% 600 na. H>=526 H,/CO, =9
Mg =10 mol% 600 n.a. H,=2.10 H,/CO, =19 [240]
Mg-TEOS Mg=15mol% 600 na. H»=2.20 H,/CO, =24
Mg=20mol% 600 na. H,=0.70 H,/CO, = 350
BTESE Metal =0 300 na  Hy=3.12 Hy/CH, = 19.5
mol%
BRTESE ~ DBSU=20 550 4 Hy-4098 Hy/CH, = 12.7
mol% [241]
TaBTESE  V(ISH=" 50 0 H,=565 Ho/CH, = 12.3
20 mol%
Nb-BTESE  NONOSD= 550 4 Ha=5.03 Ha/CH, = 12
20 mol%

Based on Table 1-15, most metal-doped organosilica membranes exhibit higher
separation performance with lower permeance of components. Song et al. [242] reported
that a pristine organosilica (1,2-bis(triethoxysilyl)ethane/BTESE) membrane has
relatively large intra-particle pores and a loose network, while a metal-doped organosilica

membrane shows a less porous structure as shown in Fig. 1-40.
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Fig. 1-40. The comparison of pore structure from pristine and metal-doped organosilica
membranes [242].
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1.5Scope of this thesis

1.5.1 Proposal of organosilica-based coordination polymer

A coordination polymer composes of metal ions linked by the coordinated ligands
in an infinite direction. The interconnected structural units have the potential to house
nanometer-sized space. The infinite net structure is defined by the coordination bonds and
molecular species linked by hydrogen bonding. Hence, a coordination polymer structure
consists of metal and ligands or often includes guest and counterions [243]. The metal
ions that act as connectors are commonly transition metals and/or lanthanoids with 2-6
coordination numbers. The coordination number of coordinated polymer structures can
be varied depending on the metal and the oxidation state, which resulting different
geometries and porosity. A transition metal easily forms complex due to the existence of
empty d-orbitals, while alkali metal and rare earth ions tend to lose valence electrons and
form cations with the positive charge which results in the ionic interaction. Ag(I) ions
tend to form a linear chain with several linear linkers as a result of their preference for a
coordination number of two [244]. The other metals such as Co(II) and Zn(II) show higher
coordination numbers with higher dimensional network connectivity generated with
ligands binding sites. The schematic presentation for the construction of coordinated

polymers via different building blocks is shown in Fig. 1-41 [245].
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Fig. 1-41. Schematic images for the construction of coordination polymers with different
building blocks [245].
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A typical ligand or linker might have two or more coordination sites such as
pyridyl, imidazole, nitrile, or carboxylate. Yang et al. [246] reported the formation of
coordinated Cu®* ions with the hydroxyl groups of cellulose polymer chain that could
open the spacing between the molecule chain and create channels in cellulose nanofiber

(CNF) that serve for ions conducting pathways as shown in Fig. 1-42.
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Fig. 1-42. The SEM image of cellulose nanofiber and the schematlc structure of Cu®"
create coordination with hydroxyl groups opening channel structure for the transport of

Li" ions [246].

In another work, Jia et al. [247] reported the formation of ZIF-8@cellulose nanofiber
(ZIF-8@CNF) composite membranes that were prepared via electrostatic forces between
Zn*" and -COO" from the CNF. After the formation of coordinated species (Zn?"-COO"),
the 2-methylimidazole solution was poured into CNF-Zn?" to facilitate the in situ growth
of the ZIF-8@CNF composite membrane. The schematic concept of coordinated metal-
polymer structure is shown in Fig. 1-42. Pristine CNF membrane shows a very dense

structure where most permeating molecules are transported based on the solution-

diffusion mechanism. After the in-situ growing of porous ZIF-8, connected-MOF
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channels were constructed, increasing both CO;, permeability and the selectivity for

CO2/N; of 566 Barrer and 45.6, respectively.

Composite membrane

I TY Y Y Y VNYY YV Y

ZIF-8@CNF

Fig. 1-43. Schematic image of the synthesis procedure for ZIF-8@CNF composite
membranes [247].

Tanaka et al. [248] reported the hybridization of organosilica membranes connected with
ZIF-8 networks for enhanced separation performance of C3H¢/C3Hg. The preparation of
pristine ZIF-8 membrane shows a poor membrane adhesion with a-alumina support due
to ZIF-8 cannot form a covalent bond with the surface OH from the support. In that work,
they use 3-(2-imidazolin-1-yl) propyltriethoxysilane (IPTES) grafted on the surface of a-
alumina support and promote the nucleation of ZIF-8 via coordination between IPTES-
Zn-2 methylimidazole as schematically shown in Fig. 1-44. After the grafting of IPTES
on the a-alumina support, the selectivity of C3He¢/C3Hg increased to 36 with C3Hs

permeance of 8.5 x 10 mol m? s™! Pa’l.

pseudo-surface of ZIF-8
phase-pure ZIF-8 network formed by IPTES

porous a-alumina avg. pore size; 0.15 um
LT TETETTT W@ porosity; 35%

Fig. 1-44. Schematic image of IPTES grafted on a-alumina support followed by the
nucleation of ZIF-8 structure [248]
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Based on the reported works, it was possible to construct the coordination between
transition metal (can act as Lewis-acid molecules) with polymer structure with specific
functional groups such as amine moieties (can act as Lewis-base molecules or ligand). By
following this concept, we firstly proposed the development of organosilica-based
coordination polymers by adding a transition metal to change the flexibility of organic
linking units of the precursors and improve the microporosity of the membrane while
maintaining the amorphous nature of the silica networks. The concept of functionalized

organosilica-based coordination polymer is shown in Fig. 1-45.

O,Sl*o (i:{(‘*lo’s':(é:
o, cr\,,/
(@) | Hydrolysis i %’%}ﬂr“&‘% Metal (M) doping T\ \"“’L EKOA};%

-~

7s:i7R7NH7Rfsi7 > ’Sr/// // %@ /Q¢0/S'-— Fa ‘}

\ Condensation // coordination d

0-—3. ,—-\
Amine functionalized % /'{_OH

organosilica o
precursors Network with flexible Network with rigid
linking unit (dense) linking unit (porous)

(b)

—» Nickel-amine coordination

™ Excess amount of Ni for
facilitated transport

—» Amorphous phase from silica network

Fig. 1-45. Schematic image for the development of metal-coordinated amine-
functionalized organosilica framework via hydrolysis and condensation followed by
coordination (a), and the proposed membrane structure of hybrid organosilica-based
coordination polymer

The varied structure of ligands from rigid to completely flexible was important to
produce a definite structure of coordination polymer. When functional or non-functional
organic groups are covalently linked to oxide networks, sol-gel coordinated materials are
obtained. The strong interaction between metal and ligand produces a robust porosity,
while weak coordination generates lining porosity. Based on the isothermal studies, the
coordination-based polymer could provide permanent porosity through the linking of

flexible moieties with a strong bond (between organic and inorganic components)
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together with weaker bonds that show physical interaction such as van der walls or
hydrogen bonding. When a weak bond increases the dimensionality of the framework into
2D or 3D, a higher dimensional structure shows a more robust nature. A new strategy of
using metal-coordinated amine-functionalized organosilica precursors could control the
microporosity of silica-based amorphous network. The addition of metal-generated
subnanopores via the coordinated covalent bonds increased the crosslinking between
network layers, which converted the texture of the membrane from a non-porous to a
microporous entity. Fig. 1-46 shows the chemical structure of different types of N-
functionalized organosilica precursors for the preparation of coordinated polymers as
ligand connectors with a metal center. A hybrid network consisting of an ordered structure
from coordinated polymers and an amorphous structure

from the organosilica could be generating a membrane with both combinations of high

permeating flux and selectivity.

OEt OMe . OMe
EtO-Si~C3Hs—NH, MeO-Si~C3Hg —N—CHj MeO'SI"CsHe—ITI—
(I)Et OMe OMe
3-Aminopropyltriethoxysilane  Trimethoxy[3- (MethylAmino) Propyl] Silane 3, N,N-Dimethylamino propyl trimethoxy
APTES MAPTS silane S
o (?Me H (?Me
OMe H OMe L MeO-8i-C3H; —N-CsHs —Si-OMe
_Qi— — T
MeO-3"CaHe N N1, MeO-Si-CiHs —N™ NH, OMe OMe
OMe OMe Bis [3-(trimethoxysilyl) propyl] amine
N-[3-(Trimethoxysilyl)propyl]ethylenediamine 1- [3- (Trimethoxysilyl) propyl] urea BTPA
TMSPED TMSPU

Fig. 1-46. The chemical structure of possible functionalized-organosilica precursors as
the connector ligand for the formation of coordination polymer with metal center

Table 1-16 compares different types of membrane materials together with organosilica-
based coordination polymer as one novel class of materials which provides a promising
chance to approach high membrane performance. Organosilica-based coordination
polymers can be constructed from coordination bonds (binding energy-BE = 20-50 kcal
mol ™), hydrogen and metal-metal bonds (BE = 1-30 kcal mol™!), n-rt stacking (BE = 0-12
kcal mol!), CH-m, electrostatic, and van der Waals interaction (BE = 0.1.5 kcal mol™'),

thus network with robust and rigid properties can be produced [244, 249].
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Table 1-16. Comparison between the present proposed organosilica-based coordination

polymer and conventional materials
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In addition, the sol-gel process for the synthesis of organosilica materials has the main
advantages of its allowing an easy-preparation method, lower energy consumption, and
applicability to a wide variety of materials with the different functional components in

the structure of organosilica precursors.

1.5.2 Objectives and organization of this study

The overall objective of this dissertation research is to develop metal-coordinated
amine-functionalized organosilica-induced microporosity for highly permeable
membranes for both gas and liquid separation. By following the concept of metal-organic
framework (MOF) where metal-linker interactions form nano spaces, in this dissertation,
we attempted a novel synthesis strategy to control the pore size of amorphous amine-
functionalized organosilica via sol-gel followed by coordination. Metal-doped
aminosilica membranes are expected to generate subnanopores via the coordination of
covalent bonds between aminosilica precursors as Lewis-base molecules (ligand) and the
transition metal acted as Lewis-acid molecules. The crosslinking between metal and
ligand was proposed to convert membrane texture from the non-porous entity into
microporous ones via the development of more rigid linking units. The concept of metal-
coordinated aminosilica membranes is schematically shown in Fig. 1-47. However, the
research about organosilica-based coordination polymer was very limited, especially in
the viewpoint of optimized conditions for the affinity of metal types, metal concentration,

and the affinity of ligand.

sQ / f‘&/SHo'S'“OH
SL/ }1 §. S
] e Metal-doped 6 i
’ z K7 % w65 \'_M iro’s'{:g

/%/,% \

Sl - Si d : /s
0--/3,/ ////&/-m HO--s.’ ,-—r-.\s' {}‘;

Flexible linking units — non-porous Rigid linking units - microporous

Fig. 1-47. The schematic image for the coordination mechanism between metal acceptors
and amine donor electrons results in a rigid linking unit with a microporous structure

Therefore, this research has focused on the development of metal-coordinated aminosilica

for highly permeable membranes, and the evaluation of their gas permeation properties
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for the separation of specific gas mixtures and/or liquid systems via pervaporation. The

main work of this study is as follows:

(1) Synthesis, characterization, and membrane evaluation of different types of transition
metals including silver (Ag), copper (Cu), and nickel (Ni) coordinated with bridge-
type aminosilica precursor of bis [3-trimethoxysilyl) propyl] amine (BTPA);

(i) Optimization of the formation microporosity of nickel-doped bis [3-trimethoxysilyl)
propyl] amine (Ni-BTPA) at different nickel/amine (Ni/NH) mole ratios and the
evaluation of membrane performance for the separation of azeotrope mixture via
pervaporation;

(ii1)) Comparative studies on the formation of the coordinated network via different types
of aminosilica ligand precursors including bis [3-(trimethoxysilyl) propyl] amine
(BTPA), trimethoxy [3-(methylamino) propyl] silane (MAPTS) and 3-amino propyl
triethoxysilane (APTES) and the separation performance of organic/organic mixtures
via pervaporation;

(iv) The evaluation of the evolution of silver in two phases for facilitated transport on
silver-doped BTPA membranes at different silver/amine mole ratios.

This thesis consists of 6 chapters, as follows:

Chapter 1 is the “General introduction”, which involves the research
background and the purpose of this study.

Chapter 2 is “Metal-induced microporous aminosilica creates a highly
permeable gas-separation membrane”. Hybrid microporous aminosilica membranes
have been successfully synthesized via doping with Ag-, Cu- and Ni- into dense bis [3-
(trimethoxysilyl) propyl] amine (BTPA) membranes, which creates micropores via the
crosslinking between donor pairs of electrons in the amine moiety and electron acceptors
in the empty “d” orbital of a transition metal. The formation of micropores within the
coordinated covalently bonded compound was investigated via Ultraviolet-Visible
spectroscopy (UV-Vis), Fourier Transform Infrared spectroscopy (FT-IR), X-ray
Photoelectron Spectroscopy (XPS), X-ray Diffraction (XRD), Transmission Electron
Microscopy (TEM), and the isotherms of N> and COz sorption. Values for the surface
area and pore volume of the metal-doped BTPA were both expanded by increasing the
metal coordination affinity to 214 m? g! and 0.185 cm® g’!, respectively. The effect of

metal doping on the membrane separation performance was evaluated using a single-gas
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permeation system and the activation energy of permeance was measured. Gas
permeation was increased following the doping process due to the formation of a
microporous structure on the order of Ni-BTPA > Cu-BTPA > Ag-BTPA > BTPA, which
corresponds to a higher affinity for metal coordination. Permeation behavior was
dominated by the molecular sieving effect that showed a high level of H> permeance at
4.45 x 10° mol m? s™! Pa"! with an Hy/SFs permeance ratio that reached 15,500, which
is indicative of a defect-free membrane. By comparison with Cu-BTPA (14.8 kJ mol™),
Ag-BTPA (19.5 kJ mol!), and BTPA (31.1 kJ mol') membranes, the Ni-BTPA
membrane showed the lowest value for CO; activation energy (8.9 kJ mol™"), which can
be ascribed to the microporosity that was formed by a higher coordination interaction.
The nickel-doped BTPA achieved high levels of both permeance of N> and selectivity for
N2/SFgat 3.75 x 107 mol m? s! Pa! and 1,900, respectively.

Chapter 3 is “Microporous nickel-coordinated aminosilica membranes for
improved pervaporation performance of methanol/toluene separation”. The nickel-
doped bis [3-(trimethoxysilyl) propyl] amine (BTPA) derived membrane has a
microporous coordinated network that offers high potential to be an ideal separation
barrier for methanol-toluene azeotropic mixtures via the pervaporation process. Ni-BTPA
membranes were modified by employing a nickel dopant over amine groups in mole ratios
(mol mol™!) that ranged from 0.125 to 0.50. The incorporation of different amounts of
nickel dopant into flexible amine-rich organosilica precursors of BTPA increased the
rigidity and resulted in a porous structure with a large specific surface area (increased
from 2.36 up to 282 m? g!) and a high pore volume (from 0.024 up to 0.184 cm? g).
Methanol-toluene separation performance by the nickel-doped BTPA (Ni-BTPA)
membranes was increased with increases in the nickel concentration. Ni-BTPA 0.50
showed separation performance that was superior to other types of membranes, along
with a high level of flux at 2.8 kg m? h™! and a separation factor higher than 900 in a 10
wt% methanol feed solution at 50 °C. These results suggest that the balance between the
microporosity induced by amine-nickel coordination and an excessive amount of nickel-
ion facilitates high levels of flux and separation of methanol.

Chapter 4 is “Structural transformation of the nickel-coordination-induced
subnanoporosity of aminosilica membranes for methanol-selective, high-flux

pervaporation”. A novel strategy to modify the dense framework of different types of
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amine-functionalized organosilica membranes has been successfully applied via nickel
coordination to induce the formation of microporous membranes. Prior to the nickel-
coordination reaction, aminosilica sols were prepared via hydrolysis of several types of
amine precursors: bis [3-(trimethoxysilyl) propyl] amine (BTPA), trimethoxy [3-(methyl
amino) propyl] silane (MAPTS), and 3-aminopropyl triethoxy silane (APTES). The
optimal nickel/amine mole ratio was established within a range from 0-0.50 mol mol™,
and calcinations of the membranes were performed at 250, 300, and 350 °C. We found
that nickel doping restructured the aminosilica network via a coordination bond, which
then increased both the rigidity of the organic chain and the surface area of the resultant
materials on the order of nickel-doped bis [3-(trimethoxysilyl) propyl] amine (Ni-BTPA)
> nickel-doped 3-aminopropyl triethoxy silane (Ni-APTES) > nickel-doped trimethoxy
[3-(methyl amino) propyl] silane (Ni-MAPTS). Spectroscopy characterization studies
such as Ultraviolet-visible (UV-vis), Fourier Transform Infrared (FT-IR), and X-ray
Diffraction (XRD) along with micropore analysis of N2 sorption isotherms revealed that
the formation of a coordinated network could be sterically hindered by the existence of
non-hydrolyzable methyl groups on the pendant chain. The prepared composite
membranes were utilized for the pervaporation of various types of organic mixtures for a
composition ratio of methanol/solvents of 10/90 wt% at 50 °C. All nickel-composite
membranes showed high flux and outstanding performance for the pervaporation of
methanol/ dimethyl carbonate (MeOH/DMC) and methanol/ toluene (MeOH/Tol)
mixtures. Ni-BTPA membranes with bridge-structured secondary-amine ligands recorded
values for the flux that reached as high as 1.42 kg m? h™! with an optimum separation
factor for MeOH/Tol of 5,000.

Chapter 5 is “Structural two-phase evolution of aminosilica-based silver-
coordinated membranes for increased hydrogen separation”. Hybrid organosilica
membranes of silver-doped bis [3-(trimethoxysilyl) propyl] amine (BTPA) were prepared
via sol-gel processing followed by coordination reactions to improve the permeability and
separation performance. The evolution of silver in two phases as silver ions and as
nanoparticles was observed during the modification of the aminosilica networks; the
silver ions coordinated with amine moieties while the silver nanoparticles developed
following reduction on the aminosilica surface. The silver/amine mole ratio was evaluated

against the formation of coordinated and particulate species during modification in the
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range of 0.1 to 0.5 mol mol™!. The formation of microporosity was successfully developed
from 2.36 to 115 m? g'! by increasing the silver mole ratio. Furthermore, silver-modified
aminosilica membranes showed hydrogen (H») permeance of 1.46X10° mol m? s Pa’!,
which was 65-fold higher than pure BTPA with excellent selectivity for Ha/propane
(C3Hg) separation of 1,500. It is evident that the proposed modification method via the
two-phase structural evolution of silver coordination and nanoparticles reorganized the
organosilica framework and improved the separation in the dehydrogenation of propane.

Chapter 6 is “Conclusions and recommendations”. In this chapter, the main
conclusions of this thesis are summarized and the recommendations are provided for

further study.
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Chapter 2
Metal-induced microporous aminosilica creates a highly

permeable gas-separation membrane

2.1 Introduction

Microporous inorganic membrane technology has shown great potential for
producing molecular separation barriers that will be more economically
competitive than conventional techniques such as filtration, evaporation,
crystallization, solvent extraction, or distillation [1-3]. Over the past few years, gas
separation has become one of the most widely used industrial applications of
microporous membranes that offer high levels of permeability and separation. The
transport system for gas separation in microporous inorganic membranes is
dominated by molecular sieving via affinity, which places a premium on the control
of pore size in order to create accessibility for guest molecules through the pores
and determine the adsorptive properties of the membrane matrix that accomplishes
separation [4]. Microporous silica membranes are a type of inorganic membrane
with advantages that include controllable pore size, excellent mechanical strength,
and high hydrothermal and chemical stability [5, 6].

Several methods such as the organic template and spacer method in the case
of Si0;-based polymers were developed to design as well as control the formation
of micropores that would be suitable for gas separation [6-9]. The organic template
method is generally used to create changes in pore size through the removal of the
template during the calcination of organic functional groups [10]. Another method
for porosity control has been developed using bi-silyl precursors (with a linking
unit as a spacer) for the fabrication of microporous organosilica membranes, where
the formation of the membrane network is strongly influenced by the introduction
of spacers into an ordinary silica network [11-13]. A notable example of pore size
control when using the spacer method was explained using several organosilica
precursors with different numbers of carbon elements between bi-silyl bridges.

Studies have shown that bis-(triethoxysilyl)-methane (BTESM), bis-
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(triethoxysilyl)-ethane (BTESE), and bis-(triethoxysilyl)-benzene (BTESB) have a
rigid linking chain (Si-CH2-Si, Si-C2Hs-Si, and Si-Ph-Si). By contrast, bis-
(triethoxysilyl)-propane (BTESP), bis-(trimethoxysilyl)-hexane (BTMSH), and
bis-(triethoxysilyl)-octane (BTESO) with carbon linking units of C3, Cs, and Cs,
respectively, form a dense structure related to network flexibility [14]. Spacer units
serve as the minimum unit in the construction of a loose organosilica framework,
and the increased flexibility of the linking unit chain tends to generate a denser
structure that is not suitable for the creation of a highly permeable membrane.

Porous coordination polymers such as a metal organic framework (MOF)
have recently been developed and can be characterized by the repeating
coordination interactions that occur between metal receptors and ligands that form
1D, 2D, and 3D networks [7, 15, 16]. During the synthesis of coordination
polymers, metal ions create interactions with ligands as crosslinkers, and form
polymers with structures that feature a high-dimensional framework, a tailorable
pore structure, and a large specific surface area. On the other hand, the higher
dimensional structure of a porous coordinated polymer exhibits a more rigid
framework that tends to form interfacial defects between the crystal structures,
which results in a risk of reducing the selectivity of gas separation and makes it
difficult to produce uniform film [17]. By following the concept of a MOF (metal—
linker interactions form nanospaces), we attempted a novel process to control the
pore size of amorphous amine-enriched silica via sol-gel processing followed by
coordination.

Several studies on metal-doped organosilica have been carried out to
increase membrane selectivity [18-21]. The mechanism for increasing selectivity
involves the formation of covalent bonding with a siloxane network, which results
in a denser membrane structure so that the separation factor between the different
sizes of gases becomes higher. This was exemplified in experimental work
undertaken by doping a porous BTESE precursor with zirconium, and the
conclusion was that the addition of zirconium caused densification due to structural
relaxation via limited diffusion [20]. The same result was reported in a study where
the presence of doped cobalt caused decreased flux in a membrane when the metal

content had been increased [21]. Even though the selectivity was increased due to
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the small pore size, side effects included a decrease in the permeating flux and an
increase in the activation energy. Apart from that, the amorphous nature of
organosilica membranes confers great advantages in flexibility and produces fewer
of the defects that are inevitable in membranes composed of crystalline materials
such as zeolite and MOF. Therefore, organosilica membranes enable specific gas
molecules to pass through while maintaining selectivity for gas separation.

Based on these observations, a hybrid framework consisting of an ordered
structure from coordinated polymers and an amorphous structure from the
organosilica network could be an alternative way to obtain both a higher
permeating flux and selectivity for molecules with similar radii and properties [22].
In this study, we propose a new strategy of using metal-amine coordination to
control the microporosity of silica-based amorphous networks. To the best of our
knowledge, silica-based coordination polymers have not been reported. The amine
groups in the linking units of bis [3-(trimethoxysilyl) propyl] amine (BTPA) were
used as Lewis-base molecules (ligand) and transition metals acted as electron-pair
acceptors, or Lewis acids. The addition of metal generated subnanopores via the
coordination of covalent bonds increased the crosslinking between network layers,
which converted the texture of the membrane from non-porous to a microporous
aminosilica via the formation of more rigid linking units. In this research, silver,
copper, and nickel were used as metal receptors with different coordination
affinities that could form interactions with the secondary amine groups on BTPA

molecules.

2.2 Experimental
2.2.1 Synthesis of bis [3-(trimethoxysilyl) propyl] amine (BTPA) and bis-

(trimethoxysilyl)-hexane (BTMSH)

Aminosilica sol was prepared via the hydrolysis and condensation of
aminosilica (BTPA) precursors in ethanol, and the reaction was catalyzed by
exposure to nitric acid for 12 hours at room temperature. A mixture of water and

nitric acid as a catalyst, was added into BTPA and ethanol under vigorous stirring.
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The final molar ratio of BTPA/H>O/HNOs3 was 1/300/1 and pure ethanol was used
to adjust the BTPA concentration to 5 wt%. In this experiment, bis-
(trimethoxysilyl)hexane (BTMSH) was used as a control group to confirm the
formation of uncoordinated metal doping. As shown in Fig. 2-1, BTPA and
BTMSH are similar in structure, and the only difference is the existence of the
amine moieties in BTPA. BTMSH was synthezised in the manner of the

preparation of BTPA sol, in order to achieve a clear comparison for both types of

precursors.
Non-functionalized organosilica Amine functionalized organosilica
C=6 C=6, N=1

2 ol 0w
_O_Sli_CBHm—Sli—O— —O—Sli—C3H6—N—C3H6—SI—O—

o o] (|) o

BTMSH | BTPA |
Bis (trimethoxysilyl) hexane Bis [3-trimethoxysilyl) propyl] amine

Fig. 2-1. The chemical structure of non-functionalized and amine-functionalized
organoalkoxysilane precursors

2.2.2 Synthesis of metal-doped BTPA and BTMSH

AgNOs3, Cu(NOs3)2+3H20, and Ni(NO3)2+6H20 were used as metal dopant
to create different degrees of coordination with secondary aminosilica precursor.
Metal-doped colloidal sols were prepared by adding dissolved metal salts into a
BTPA sol with a stoichiometric metal/amine mole ratio of 0.25 (mol/mol) under
vigorous stirring. The concentration of metal-doped BTPA sols was maintained at
5 wt% during preparation and was diluted at 0.1 wt% using pure water for
membrane fabrication. Ni-BTMSH was also synthesized using the same
parameters as metal-doped BTPA in order to obtain a comparative analysis of the

coordinated components.

2.2.3 Characterization of metal-doped BTPA
The electronic interaction between metal receptors and amine donor

electrons was examined using an Ultraviolet-visible spectrometer (UV-570,
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JASCO, Japan). Functional groups of BTPA and metal-doped BTPA were
identified using an FT-IR Spectrometer (FT/IR-4100, JASCO, Japan) with a
wavenumber that ranged from 4000 — 500 cm™!. Metal-doped aminosilica sols were
coated onto KBr plates and then calcined at various temperatures under a N>
atmosphere to evaluate the thermal stability of amines in coordination with metal
prior to the decomposition of these moieties. X-ray photoelectron spectroscopy
(JEOL RE series JES-RE1X ESR spectrometer) was used to investigate the
different environments of amine sites after the addition of a transition metal, and
to examine their bonding energy. All samples were prepared by coating the sols
onto the surface of a silicon wafer via spin-coating (2,500 rpm), followed by
calcination at 250 °C under a N> atmosphere. The samples were kept in a dry
vacuum oven overnight before the measurement.

Metal-doped aminosilica gel powder was prepared by drying at 50 °C before
thermal calcination at a different temperature under an inert atmosphere. The
microstructure of the xerogel powder was characterized using an X-Ray diffraction
D2 PHASER, (Bruker, Germany) with Cu-Ka radiation at a scanning range of 5°
to 80°. Morphology and different microstructure formations between coordinated
and uncoordinated metal ions with amino moieties were characterized using a
Transmission Electron Microscope (TEM JEOL2010 Ltd., Japan). A small amount
of the sample powder was pulverized and transferred into a Cu microgrid. BTPA
and metal-BTPA powder were calcined at 250 °C under a N> atmosphere and
thereafter evacuated at 150 °C under vacuum conditions for 12 hours before the N>
and CO; sorption measurement (BELMAX JAPAN Inc., Japan). Membranes
cross-section morphology were characterized using Field Emission Scanning

Electron Microscope (FE-SEM, JSM-7800F, JEOL).

2.2.4 Fabrication of metal-doped BTPA membranes and gas permeation

measurement

Metal-doped aminosilica membranes were fabricated in a manner similar to
that of organosilica membranes using porous a-alumina tubes as a membrane

support with 50% porosity and an average pore size of 1 pum (length, 100 mm; inner
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diameter, 8 mm; outer diameter, 10 mm), as supplied by Nikkato Corporation
(Japan) [23, 24]. First, porous a-Al,O3 particle layers were developed from a-
alumina particles mixed with 2 wt% Si02-ZrO> sol as a binder and subsequently
calcined at 550 °C under an air atmosphere for 15 minutes. The second porous layer
had an average pore size of about 0.6 nm made by coating a 0.5 wt% Si02-ZrO>
sol onto the surface of the particle layer and firing under an air atmosphere at 550
°C as an intermediate layer. The topmost separation layer of metal-doped BTPA
was formed with a wipe-coating of 0.1 wt% sol followed by calcination at 250 °C
under a N2 atmosphere for 30-60 minutes.

Single-gas permeation measurement was conducted using the experimental
setup schematically depicted in Fig. S2-1. High-purity gas such as He (kinetic
diameter: 0.26 nm), H> (0.29 nm), CO> (0.33 nm), N2 (0.36 nm), CH4 (0.38 nm),
CF4 (0.48 nm), and SF¢ (0.55 nm) were fed to the outside of the membrane using
an upstream pressure at 200- 400 kPa, while the permeate stream inside the system
was maintained at atmospheric pressure (the pressure drop across the membrane
was approximately 1 bar). The fresh membrane was pretreated at 200 °C under a
He flow of 50 cm® min! for at least 6 hours to remove any adsorbed molecules
such as water from the surface of the membrane. The permeation test was
conducted at temperatures ranging from 200 — 50 °C and the permeation rate data

were recorded when the membrane reached a steady state.

2.3 Results and Discussion
2.3.1 Metal addition and the effect on the physical and microstructure
properties of aminosilica

In the present study, spectrometric data were collected and compiled to
confirm the formation of coordinated interactions between transition metals and
free electrons originating from the amine functionality of BTPA molecules. Fig. 2-
2(a) shows that doping with metal ions shifted the highest absorption peak of
approximately 212 nm to a higher wavelength, which corresponded to the different

free-electron transitions of the amine groups (n — o) in the UV light range.
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Fig. 2-2. UV-Vis absorption spectra of BTPA, metal salt and metal-doped BTPA (a). Infrared

spectra in the range of 600 — 4000 cm’ for BTPA, Ag-BTPA, Cu-BTPA, Ni-BTPA at two stages
of the calcination (b), higher magnification for NH deformation band in the range 1700 — 1500

cm’' (¢c). XPS spectra originating from BTPA and metal-doped BTPA wafer calcined at 250 °C
under inert atmosphere, survey spectra (d), and N (1s) high-resolution spectra (e).

Transition peaks that reflect coordination interactions between metals and
ligands were observed in the range of visible light for Cu (d”) and Ni (d®)
complexes through the presence of new peaks at a higher wavelength, but the Ag-
(d'° = fully filled d orbital) complex showed no absorption peak at this range,
because the resultant solution is colorless. NH (amine) groups are strong field
ligands due to strong ¢ bond electron donor properties, and, therefore, it is easy to
generate electrostatic interaction with metal-ion d orbitals [25, 26]. Cu and Ni
generate coordinated covalent bonding to NH via a lone pair of electrons in the &t
electron system, and this type of electron delocalization weakens the donor

properties of the ligand, which results in an appearance of the new absorption peak
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at a higher wavelength (420 nm), which can be attributed to the d-d transition of
metal (II)-BTPA complexes [27, 28]. UV-Vis characterization has provided
evidence that the metal-doping process forms crosslinks between metal and amine
moieties that can be described as Lewis acid-base interactions.

Fig. 2-2(b) shows the FT-IR spectra of BTPA and metal-doped BTPA films
that were coated onto the surface of KBr plates and calcined at different
temperatures. All BTPA sols doped with different metals exhibited the vibration
that is typical of functional groups that are similar to a pure BTPA sol. A higher
calcination temperature increased the formation of siloxane bands (1,025-1,110
cm™) and decreased the silanol bands (909 cm™!), which resulted in a higher level
of siloxane connectivity [29]. In addition, the NH deformation band (1,591 cm™)
of metal-doped BTPA was shifted to a higher wavenumber ( ~1,617 — 1,623 cm™)
and the peak shape was broadened after calcination at a higher temperature of 250
°C (Fig. 2-2(c)). The shifting of the N-H band after calcination at 250 °C could be
an indication of the coordination interaction between amine nitrogen atoms and
metal ions, whereas the intensity of the N-H deformation band was changed after
the formation of a metal complex [26, 30]. The coordination between a doped metal
and the amine groups of BTPA molecules was observed more clearly after
calcination temperature was raised to 250 °C probably due to reactions including
hydrolysis, condensation, and coordination, which involved dynamic processes.
Without calcination, reactions such as hydrolysis and condensation of the
alkoxysilanes predominated because of the involvement of water and a nitric acid
catalyst. Nevertheless, following calcination 250 °C, the coordination reaction
became more dominant due to evaporation of the water and catalyst.

XPS characterization was conducted to examine the covalence bonding to
the metal center in an aminosilica ligand binding environment [31]. Fig. 2-2(d)
features the survey spectra for the sample before and after the metal doping process
under a calcination temperature of 250 °C. The existence of metal peaks can be
detected in certain orbitals, whereas the interaction of BTPA molecules with metals
are apparent via the N (1s) orbital peak that reflects the contribution interaction of
the amine moiety against metal receptors (Fig. 2-2(e)). A higher metal affinity

generated an increase in the covalence bonding characteristics that led to an
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increase in the density of the electrons on metal atoms but a decrease in the donor
atoms of the ligand. Consequently, as the covalence interactions of donor-acceptor
components increased, the peak of N (1s) that was attributed to an increase in the
shift of donor atoms (ligand) to a higher binding energy (eV) [32, 33]. The
electronic transition (UV-Vis), the upshifted frequency of NH deformation mode
(FT-IR), and nitrogen N(1s) line analysis (XPS) all were consistent, which suggests
coordination between organosilica-based NH (amino functional groups) and metal,

as summarized in Table 2-1.

Table 2-1. UV-Vis electronic charge-transfer, FT-IR frequency of N-H deformation band,
and N (1s) photoemission data that verified the formation of metal-amine interactions

UV-Visible XPS N (Is)
FTIR VNH . .
Compound  Wavelength of . .. fem-'] Binding Energy
absorption [nm] ransition [eV]
BTPA 212 n—o (N-H) 1591 399.8
234 n— o (N-H)
Ag-BTPA . 1617 400.1
303 n — 1* (N=0)
235 n— o (N-H)
Cu-BTPA 297 n—m (NZQO) 1618 400.3
d—d(d
420 Cu(ID))
229 n— o°(N-H)
Ni-BTPA 309 n — 1* (N=0) 1623 400.5
421 d — d (d® Ni(IT))

In general, microporous silica membranes prepared using colloidal sols
consist of a bimodal pore size distribution of both intraparticle and interparticle
pores [9]. Intraparticle pores are formed as siloxane networks via interactions
between atoms such as those in the Si-O-Si skeleton, whereas interparticle pores
are the product of void spaces among the packed particles [34]. Therefore, it is
necessary to optimize the formation of stable metal-amine coordination that is
suitable for gas separation by avoiding the establishment of metallic nanoparticles
that form gaps between BTPA-derived silica as interparticle spaces. Fig. 2-3(a)
features X-Ray diffractograms of BTPA and metal-doped BTPA at a calcination

109



Hiroshima University Doctoral Dissertation

temperature of 250 °C under a N> atmosphere. Silver, copper, and nickel were used
as metal dopants with low, moderate, and high affinities, respectively. Following
the metal-doping process, calcination at higher temperatures can produce metal
nanoparticles, which generally determines the formation of large pores (i.e.,
interparticle pores). At 250 °C, the silver (II) nitrate began to decompose, which
resulted in the formation of silver nanoparticles and was confirmed by 20 values

of 38.5,44.4, 64.6, and 77.6°.
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Fig. 2-3. XRD pattern of aminosilica xerogel powder calcined at 250 °C in N, atmosphere (a), and

TEM photographs of BTPA and metal composite (b) (upper: low magnification at a scale of 50 nm,
lower: higher magnification at a scale of 5 nm, insert: electron diffraction pattern).

The same result could be observed in Cu-BTPA, but the intensity of the copper
nanoparticles was very small. On the other hand, Ni-BTPA showed different
results—no nanoparticle peaks were observed, even though the calcination
temperature was increased, as shown in Fig. 2-6(b). That figure shows only a broad
peak that is similar to, or even broader than, that of a pure BTPA, which indicates
the formation of a randomly oriented amorphous structure, suggesting that nickel
was fully incorporated into the BTPA network and did not segregate into a
crystalline structure that could be detected using X-ray Diffraction [35]. As the
affinity of a metal dopant increases, a higher degree of coordination interaction
develops and induces the formation of a stable compound in the metal-ion state.
This result was observed in the amorphous Ni-BTPA structure when there is a high

affinity for the metal-dopant, whereas a silver dopant with low affinity showed a
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straightforward formation of nanoparticles, as characterized by a sharp crystalline
peak.

TEM photographs describe the microstructure, dispersity, and aggregation
characteristics [36]. As shown in Fig. 2-3(b), the TEM image of BTPA was
transparent with a uniform surface and a halo electron diffraction pattern that
reflected the formation of an amorphous phase in good agreement with the XRD
results. By contrast, the addition of silver with a weak affinity to the amine group
generated metal particles that were clearly visible as dark patches with a size of
approximately 5 nm. The existence of uncoordinated silver tends to agglomerate
and then generate a phase separation to form a crystalline structure following
calcination at 250 °C, which was also confirmed by a bright spot pattern with an
additional white ring electron diffraction image. Cu-BTPA showed a homogenous
distribution with a small number of dark spots, whereas Ni-BTPA showed no dark
spots. In that case, a higher stabilization degree of Ni-doped BTPA sol was
produced via electrostatic interaction between the metal ion with a higher affinity
to the secondary amine group, which prohibited the formation of metal segregation.
The evidence presented thus far supports the suggestion that an amorphous silica
network had coordinated with metal via the amine moiety. Metals with a higher
coordination affinity tend to generate a greater number of interactions that induce
the reorganization of bridge amine chains so that the siloxane framework
structurally rearranges to allow maximum coordination. Copper and nickel
possibly form small clusters that give rise to a more rigid structure and higher levels

of drying stress.

2.3.2 Pore textures induced by metal ion coordinated with amine sites

To confirm the formation of the permanent porosity that is generated by
metal and amine coordination, gas sorption isotherms were performed. The
microstructure properties of BTPA and metal-doped gel powder were evaluated via
N3 sorption isothermal testing at -196 °C, as illustrated in Fig. 2-4(a). According to
the IUPAC, BTPA powders are classified as an adsorption isotherm type II for non-

porous material with a negligible amount of adsorbed N> (< 1 cc) [37]. These
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results further suggest that BTPA is one of the organoalkoxysilane precursors that
feature extremely flexible organic segments that fill the voids in a rigid Si-O-Si
network following the sol-gel process, which consequently generates dense
structure [14]. Following calcination at 250 °C, the BTPA and metal-doped BTPA
showed different types of adsorption curves. Following the addition of transition
metal salts, the adsorption curves demonstrated types I- and IV microporous and
mesoporous structures, respectively [37]. At very low relative pressure, the
microporous structure exhibited a large capacity for nitrogen adsorption, while the
mesoporous structure can be evaluated by the existence of a hysteresis loop at a

higher relative pressure.
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Fig. 2-4. N, adsorption-desorption isotherms for BTPA and metal-doped BTPA at -196 °C, the

xerogel powder was obtained at a calcination temperature of 250 °C (a), and schematic image
of the crosslink formation between metal receptor with a different coordination number and
amine site as donor electron (b).

The Brunauer-Emmett-Teller (BET) surface area and total pore volume were
determined from the N> sorption isothermal data, and t-plot analysis was used to
determine the micropore volume of metal-doped BTPA. Based on the data shown

in Table 2-2, the higher level of coordination by the transition metal generated a
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greater amount of surface area and total pore volume. Based on XRD confirmation,
at calcination temperatures of 250 °C silver nanoparticles began to form, which
suggested that an increase in surface area is also associated with the formation of
interparticle pores. As expected, the percentage of micropores was increased with
metal affinity, which confirmed an increase in the number of crosslinks and a
microporous network. Ni-BTPA showed the greatest levels of surface area and total

pore volume at 214 m? g'! and 0.185 cm?® g’!, respectively.

Table 2-2 BET surface area and pore volume for BTPA and metal-doped BTPA

Pore volume

Sger® 5 . %

Metal doped-BTPA (m? o) (CYI;(;Z \ (C\rfrrlngcg_]) Microporosity
BTPA 2.36 0.024 1.1 x10* 0
Ag-BTPA 20.1 0.038 8.7 x 10 2
Cu-BTPA 75.7 0.112 6.31 x 10 56
Ni-BTPA 214 0.185 0.12 83

2 The BET surface area; ° the total pore volume; © the micropore volume

Porosity is believed to be created by the coordination between metal
receptors and the donor electron pairs that originate from the amine groups inside
BTPA molecules. As illustrated in Fig. 2-4(b), the higher metal affinity enables
crosslinking via either the amine bridges or coordination of the neutral Lewis bases,
which increases the number of interactions and generates arrangements that can be
one-, two- or three-dimensional (Fig. 2-4(b)). Increased rigidity in the BTPA
structure gives rise to a porous structure and a high surface area, which switches
the gas transport mechanism from solution diffusion to molecular sieving, as will

be discussed in 2.3.5 [38].

2.3.3 CO: adsorption of metal-doped BTPA

Fig. 2-5(a) compares the CO2 sorption isotherms of pure BTPA and metal-
doped BTPA dried gel powders measured at 25 °C. In this measurement, dried gel
powder was obtained at a calcination temperature of 250 °C under an inert

atmosphere. BTPA as a secondary aminosilica material exhibited a clear hysteresis
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loop that correlated with the irreversible adsorption and desorption mechanisms of
CO2 gases inside free amine sites [39]. With a free amine as an adsorption site, the
BTPA gel showed a higher level of CO» adsorption, that facilitated adsorption via

a chemisorption mechanism by producing carbamate ions, as follows [40].
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Fig. 2-5. CO; adsorption-desorption isotherms curve at 25 °C for BTPA and metal-doped BTPA
xerogel powder fired at 250 °C under N, atmosphere (a), and schematic evolution of CO; transport
inside BTPA and metal modified BTPA precursors with possible crosslink formation and their
action of capturing CO; (b).

The stoichiometric mechanism of CO> transport by sterically hindered secondary
amine groups is double that of the primary amine site, where one molecule of CO2
can interact with two moles of an amine [41]. The isotherm curves for metal-doped
BTPA show no saturation plateaus under high pressure and smaller loops or even
no hysteresis for the order of Ag-BTPA > Cu-BTPA > Ni-BTPA, which indicates
the complete removal of CO; as an adsorbed gas during the desorption process and
tuning of the CO; adsorption mechanism to produce physical adsorption such as
that seen in Henry sorption models [42, 43].

The CO; adsorption capacity was not only decided by an affinity for the
material, but also by the existence of microporosity (pore volume and specific
surface area) and the number of active adsorption sites (amine surface density).
Even though Ag-BTPA shows the existence of a free amine site, the CO2 adsorption

exhibited the lowest level of capacity, and was associated with a weak coordination
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interaction leading to the partial formation of coordination and nanoparticles as the
temperature was increased to 250 °C. As described, the CO2 adsorption curve for
Ni-BTPA and Cu-BTPA shows reversible and linear sorption isotherms, while a
hysteresis loop could be observed for Ag-BTPA, indicating an irreversible
adsorption-desorption mechanism on uncoordinated amines. So, it was reasonably
suggested that Ag" partially existed in two different phases.

As schematically shown in Fig. 2-5(b), CO2 gas transport inside the amine-
modified silica matrix networks shows a chemical interaction whereas metal-doped
BTPA exhibits physical adsorption. The coordination framework that was
generated between the metal and amine groups induces transformation from a
dense BTPA into a porous structure, which results in a CO2 adsorption mechanism
that is a reversible process. A large amount of energy is required for pure BTPA
since the nucleophilic CO; gas attack via the free amine group leads to the
formation of carbamate, which gives rise to a significant amount of additional
operating costs [44]. However, the regeneration process for removing CO; at the

surface of metal-doped aminosilica materials requires less consumption of energy.

2.3.4 Metal modification of amine- and non-functionalized organosilica

precursors

Two types of organoalkoxysilane precursors were used to compare and
analyze the different forms of coordination between amine and metal centers.
BTMSH is a simple alkoxysilane that consists of a flexible organic bridge
precursor without an amine functional group; like BTPA it has a very small N;
adsorption capacity due to its flexible structure, as shown in Fig. 2-1 [14]. Both
BTMSH and BTPA are type 11, which indicates a non-porous structure (Fig.2-6(a)).
Following the addition of metal, however, the surface area of a metal composite is
increased, particularly for Ni-BTPA, while Ni-BTMSH displays only a small
increase in the surface area, which likely is due to the formation of nickel
nanoparticles. This argument was confirmed by the XRD pattern of Ni-BTMSH
(Fig. 2-6(b)), which showed peaks for the formation of Ni(OH)., NiO, and Ni

particles under higher calcination temperatures.
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Fig. 2-6 N, sorption isotherms at -196 °C for non-functionalized organosilica (BTMSH), amine-

functionalized organosilica precursors (BTPA) and Ni-doped silica gel fired at 250 °C (a), and
XRD pattern of BTMSH, BTPA, and Nickel composite gel powder prepared at various calcination
temperature (b).

The decomposition reaction of a nickel-metal salt is described by the following
equations [45].

Ni(NO3), - 6H,0 - Ni(NO3),3H,0 + 3H,0 (2-2)

Ni(NO3),-3H,0 - Ni(NO3),-2H,0 + H,0 (2-3)

3Ni(NO3), - 2H,0 —» Ni(OH), - Ni(NO3), - 2H,0 + 2H,0 + 2HNO; (200°C)  (2-4)
Ni(OH), - Ni(NO3), - 2H,0 = 3NiO + 3H,0 + 30, + NO, (250°C) (2-5)
2Ni0O - 2Ni+ 0, (500°C) (2-6)

Ni-BTMSH is more likely to produce nickel nanoparticles, while the formation of

nanoparticles has yet to be observed for Ni-BTPA at the same, or even higher

temperature, which is further evidence of the coordination between BTPA and

metal ions.

2.3.5 Gas permeation properties of metal-doped BTPA membranes

Fig. 2-7 shows the SEM cross-sectional images of thin-layer BTPA and Ni-
BTPA membranes. Both membranes present a typical asymmetric structure
consisting of an ultrathin top-most layer as a separation barrier conjoined with a
Si0;-ZrO; intermediate layer prepared on a-Al,Os particles layer. Based on this
SEM image, the thickness of the top-layer and intermediate layer were estimated

to be approximately 235 — 275 nm without clear boundaries between the layers.
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These results are similar to those reported by our research group, where the
thickness of the combined layers was approximately 200 — 300 nm, and the
separation layer was estimated to have a thickness that ranged from 13 to 50 nm

[46, 47].

|
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Ni-BTPA

Top-most layer + SiOZ—ZrOZ¢
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\

Fig. 2-7 The cross-sectional images for BTPA and Ni-BTPA consisting of a top-most layer as a
separation barrier conjoined with a SiO,-ZrO» intermediate layer with a-Al,Os particles as a
support layer.

Fig. 2-8 illustrates (a) single-gas permeance and (b) dimensionless
permeance based on helium gas permeance at200 °C as a function of the molecular
kinetic diameter. Fig. 2-8(c) illustrates the dependence of doped metals on gas
permeance. All aminosilica membranes were fabricated at 250 °C under a N»
atmosphere to avoid oxidation of the metal phase [48]. Single-gas permeance
decreased as the molecular kinetic diameter increased, indicating a molecular
sieving effect. Fig. 2-8(b) confirms that selectivity was much higher than that of
Knudsen diffusion. As summarized in Fig. 2-8(c), following metal doping, the
permeation of Hx was increased from 7.13 x 10”7 mol m?s™! Pa’! (pure BTPA) to
4.45 x 10°° mol m? s Pa' (Ni-BTPA). Similar results were found for the
permeance of gases such as He, CO2, CH4, and N». The increase in gas permeance
can be ascribed to the formation of micropore structures on the order of Ni-BTPA
> Cu-BTPA > Ag-BTPA > BTPA, which corresponds to the increased metal
coordination affinity. The increase in metal affinity resulted in a greater degree of
crosslinking with amine groups, a higher surface area of the metal-doped BTPA
powders, and an enlarged network pore size that induce a higher rate of gas

permeation in metal-doped BTPA membranes.
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Fig. 2-8 Single gas permeance as a function of molecular size dependency (a), dimensionless
permeance based on He permeance for BTPA and metal-doped BTPA measured at 200 °C (b),

and Gas permeance at 200 °C as a function of metal affinity (c).

These findings indicate, and spectroscopy studies consistently show, a correlation
between the structural properties of the materials and membrane performance. In
contrast to the permeance of small gases, the permeance of SF¢ was sharply
decreased after the addition of nickel-metal ions. This result suggests that the pore
size distribution of nickel-doped BTPA is narrowly defined to within the range of
the molecular sizes of N2 (0.36 nm) and SFes (0.55 nm), and likely approximates
that of SF¢ due to the high level of N2 permeance. Ni-BTPA showed the most
promising performance of H> and N> permeance at 4.45 x 10 and 3.75 x 107 mol
m~2s! Pa’! with higher selectivity for both H2/SFs and N2/SFs at 15,500 and 1,900,
respectively. Ultrafine micropores are known to be induced by the crosslinking
reactions among dense polyimide, which has resulted in gas separation
performance that surpasses the trade-off lines [49]. The same concept was observed
in this study as microporosity was created from a dense structure via crosslinking
induced by the coordination of metals and electron-donor amines, resulting in

higher porosity from the increase in membrane permeation.
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Fig. 2-9 shows the correlation between the permeance ratio of He/SFe as a
function of He/N> together with different types of microporous organosilica
membranes such as BTESE, BTESA, and BTESB [4, 50, 51]. It should be noted
that each plotted point corresponds to a different membrane indicating a reasonable
reproducibility of permeation properties for metal-doped membranes. The solid
curve illustrates the theoretical value that was calculated based on the modified gas
translation (modified-GT model) equation for uniformly sized pores, as shown in

Eq. 2-7) [4].
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Fig. 2-9. The permeance ratio of He/SF as a function of He/N, permeance ratio for different type

of porous organosilica membranes (solid line : calculated curve that obtained based on modified
gas translation model)

Microporous organosilica membranes generally show a comparatively scattered
experimental relationship between the permeance ratio of He/N2 and that of He/SFs
due to the existence of micropores formed as network pores and larger pores that
include defects from the grain boundaries. Ag-BTPA and Cu-BTPA both showed
a lower permeance ratio of He/SF¢ and the corresponding He/N> ratio compared
with the theoretical values. This can be ascribed to the possibility that after doping
with low-affinity metals (Ag-, and Cu-), several larger pores were generated, which
allowed SF¢ to permeate and resulted in a low permeance ratio for He/SF¢ and a

broad pore-size distribution. Different results were observed for Ni-BTPA
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membranes, which agreed well with the theoretical prediction curve at a high
He/SFs ratio (He/SFe¢ > 10,000). This result suggests that the formation of an
ordered micropore framework from a fully coordinated amine-nickel interaction
and the amorphous natural properties of organosilica generate a more uniform pore
with a defect-free quality, which was also confirmed via both the m-GT model and
the NLDFT analysis obtained by Nz sorption calculation (Fig. S2-7 and S2-6 in the
Supporting Information).

=B [ Gt -7)

]

1e (d —di)z 8 Epj
Pm-gri = 37 (dp — i) pdf, wRT P (_ R_PT) (2-8)

_ Ko i
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Fig. 2-10 shows the temperature dependence of single-gas permeance for

oxp (~2) @)

metal-doped BTPA-derived membranes calcined at 250 °C. The permeance of each
gas is affected by the pore size distribution of the amorphous metal-doped
aminosilica network [52]. The interaction between permeating molecules and the
cylindrical microporous wall of the membranes was used to determine the
activation energy based on the permeance equation of the modified gas translation
model expressed in Eqgs. (2-8) and (2-9) [53]. In that model, d,,, €, T, and L are
membrane structural factors of the pore diameter, porosity, tortuosity, and
thickness, respectively, while d; is the kinetic diameter of permeating
molecules, M; is the molecular weight of the 1 component, R is the gas constant,
and 7 is the absolute temperature. The activation energy for the permeating
molecules (Ep ;) was obtained from the slope of the regression using Eq. 2-9 with
the results of single-gas permeance measured at different temperatures [52, 54].
Most gas permeance values were increased when the temperature was elevated to
a higher degree via the activated permeation mechanism. If there are defects in the
structure of the membrane, the permeance of all gases larger than the defect sizes
becomes high and follows Knudsen selectivity. The largest-sized permeating
molecule of SFs was generally used to assess the existence of defects in the

structure of the membrane. However, all metal-doped BTPA showed good
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separation performance, particularly the Ni-BTPA version with H2/SFs and N2/SFg

selectivities of 15,500 and 1,900, respectively, as an appropriate indicator of a

defect-free membrane.
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Fig. 2-10. Temperature dependence

membranes calcined at 250 °C

of gas permeance for BTPA and metal-doped BTPA

What is interesting about the data in this experimental work is that a uniform and

the defect-free thin layer was successfully deposited onto a porous substrate via a

simple sol-gel process without sacrificing either high permeation or selectivity.
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Compared with the results of most reported MOF membranes, where the formation
of interfacial defects between intergrown MOF facilitates the rapid diffusion of
most permeating gases resulting a significant decrease in selectivity [55-57].

The activation energy of each gas in the metal-doped aminosilica membrane
is summarized in Table 2-3. The value of activation energy was obtained using the
modified gas-translation approach to analyze the interaction between permeating
molecules and the pore wall of the aminosilica membrane [14]. After the metal
doping process, the permeance value for He, H>, CO», N>, and CH4 were increased
but the activation energy was decreased, which is associated with the increased
pore sizes of metal-doped aminosilica membranes (estimated via NKP method, as
shown in the supporting information Fig. S2-2). This translates to a smaller
repulsive force being generated between gas molecules and the pore wall of the
membrane. Moreover, when a metal has a higher coordination affinity, the
connectivity formed via the amine-metal crosslinking is higher and pore space is
enlarged by a coordinated metal so that the activation energy of small-to-medium
sized gases becomes smaller and gas flux increases. The activation energies of He,
H>, N> and CH4 were decreased with increases in the membrane pore size and in
membrane network connectivity on the order of Ni-BTPA < Cu-BTPA < Ag-
BTPA <BTPA.

Table 2-3. The estimated value of activation energy for BTPA and metal-doped
BTPA derived aminosilica membrane

Gases Ep [kJ mol™']
BTPA Ag-BTPA Cu-BTPA Ni-BTPA

He 15.7 10.9 11.4 12.2

H» 16.1 10.6 10.4 13.6
CO; (200°-120°C)  20.2 11.3 - -
CO, (120°-50°C)  41.9 27.5 - -
CO2 (200°-50°C) 31.1 19.5 14.8 8.9

N2 21.8 13.3 13.2 10.0

CH4 21.3 12.9 12.6 8.7

Interestingly, the CO; activation energy of BTPA and Ag-BTPA showed a very
large value, particularly at low temperatures compared with other metal-doped

forms of BTPA. Ag-BTPA showed a lower CO> activation energy than pure BTPA
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but higher than Cu- and Ni-BTPA. This is because silver metals only established a
low coordination affinity to the amine moiety. Free amine groups in pure BTPA
and Ag-BTPA tend to form interactions with CO; resulting in the formation of
carbamate, and the release of these species becomes more difficult, particularly at
lower temperatures [58]. This trend is similar to a report by Yu et al., where the
basicity of the secondary amine group in the organosilica precursor is higher than
the sterically hindered amine group, and a greater level of energy is generated for
the binding of CO> with the surface of the material, but the transport of CO> gas
across membranes is then limited [14, 59]. In the work undertaken by Kim et al.
and Wang et al., permeation behavior also showed that a strong interaction between
COz and amine moieties causes a decrease in the mobility and diffusivity of CO2
that 1s associated with the formation of CO2z-induced amine crosslinking, leading

to an enhancement of activation energy [60, 61].

2.3.6 H2/N> and N2/SFs separation through metal-doped aminosilica

membranes compared with other types of membranes

Fig. 2-11(a) shows the trade-off between H> permeance and the selectivity
of Hz over Nz. Each point in the trade-off figures represents a different membrane,
which again validates the reproducibility of BTPA metal-doped membranes with
different metal variations. Membranes that are more gas-permeable show lower
selectivity, and vice versa. Therefore, trade-off analysis is important in order to
secure the best combination between permeability and selectivity. For comparison,
the permeability data for mixed-matrix and polymeric membranes were compiled
with an upper boundary that would reflect the highest selectivity of a polymer
membrane for a given level of permeance. The upper boundary created by Robeson
(membrane thickness around 1 pum) could be used as a comparison against
permeance and selectivity for new and improved membrane materials [62, 63]. Ni-
BTPA at 200 °C exhibited H, permeance of 1.14x10~4.45x10° mol m™? s! Pa’!
with a Ho/N> permeance ratio of 10~28. Cu-BTPA also showed high permeance of
4.36 x 10°° mol m? s™! Pa™! while demonstrating a moderate permeance ratio of 27.

The Hz permeance and Hz/N> permeance ratio for Ag-BTPA with a low metal
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affinity are similar to those of BTPA. When compared with silica-based
microporous membranes such as BTESE and TEOS, metal-doped BTPA
membranes show a trend similar to that of porous membranes with high permeance

and moderate selectivity for Ho/N> separation.
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Fig. 2-11 H,/N, permeance ratio as a function of H, permeance for a different type of hydrogen
separation membranes (a), and correlation of N, /SF, gas separation from various type of membranes
as a function of N, permeance (b). Lines in (a) are calculated via Robeson upper bound 2008 and 1991

Fig. 2-11(b) compares the separation performance between N> and SFe,
which potentially is a larger contributor to global warming than CO2 [64].
According to commercial applications in Nj-enriched discharge streams, the
concentration of SFs should be reduced to less than 800 ppm, but high N>
permeation must be maintained so that it can reach industrial separation levels
with a large-scale project capacity of as much as 50 N m> h'! [65, 66]. Several
types of membranes have shown N»/SFs selectivity up to 476, such as polymeric
membranes, but with a low permeation rate for N» of approximately 1.61 x 10°®
mol m? s7! Pa! [67]. Ni-BTPA has shown a promising separation factor of N2/SF
at 1,900 with high N> permeance of 3.75 x 10" mol m?s™! Pa'! at 200 °C. In order
to focus on the durability and stability of Ni-BTPA as prime criteria for industrial
applications, the time course of the single-gas permeation experiment was
performed under different operation temperatures (Fig. S2-5 in the Supporting
Information). The results showed stable performance where the permeance of

gases was completely recovered to the initial measurement level at 200 °C even
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after the temperature of the operation was changed from 200 °C to 50 °C and then
returned to 200 °C. By comparison with other types of membranes, the modified
dense BTPA structure produces a microporous metal-doped aminosilica
membrane with both higher flux and selectivity, which represents a significant

improvement in performance and is suitable for industrial separation applications.

2.4 Conclusions

The present research was focused on examining the affinity of different metals for
the formation of coordinated compounds with the amine moiety of an amorphous silica
matrix. The characterization of metal-doped BTPA has shown evidence of a metal-amine
interaction that is induced by the reorganization of bridges in the amine-silsesquioxane
network that allow maximum coordination to generate a more rigid structure. In this
investigation, we found that the surface area and pore volume of a metal-doped BTPA
composite was increased by increasing the metal coordination affinity on the order of Ni-
BTPA > Cu-BTPA > Ag-BTPA > BTPA. An evaluation of single-gas permeance showed
higher values for gas permeation, which corresponded to transformations in the
membrane structure following the metal-doping process and simultaneously generated a
defect-free membrane. The activation energy of permeated gas was decreased by
increases in membrane pore size and in the network connectivity on the order of Ni-BTPA
< Cu-BTPA <Ag-BTPA < BTPA. The Ni-BTPA membrane revealed excellent separation
performance with permeance and selectivity of N that reached 3.75 x 10”7 mol m™ s

Pa! and 1,900, respectively.
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Fig. S2-4. reveals that there has been a gradual decrease in the Hy/N> permeance

ratio by increasing the number of carbon molecules between the bi-silyl bridges

that give rise to higher flexibility in the linking unit. BTPA has a structure that is

similar to that of BTMSH (six carbon atoms in a linking unit) and shows an H2/N>

permeance ratio of 15, which corresponds to the small pore size of the membranes.

By contrast, after the addition of metal doping into the BTPA structure, a higher

permeance ratio was achieved, which equates to an increase in membrane
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connectivity and in the rigidity of the linking unit via amine-metal interactions.
The linking unit structure transforms from flexible into rigid with increases in the
metal affinity.
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Fig. S2-6 NLDFT pore size distribution of amorphous aminosilica and metal-doped powder

According to the pore size distribution data in Fig. S2-6, as affinity for the metal-dopant
increased, the pore size distribution narrowed as evident by a decrease in the full width at
half maximum (FWHM) value in the NLDFT curve when fitted with a Gaussian function.
In this case, the Ni-BTPA showed the most uniform pore size distribution while the BTPA
and Ag-BTPA with highly maintained flexible amorphous material showed typically

negligible and broad pore size distributions, respectively.
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The pore size of metal-doped BTPA-derived membranes was estimated by using

modified-GT models, as shown in Eq. S.2-1, where the functions of (\/ﬁiP,-)l/3
for different permeating gases were plotted as the sizes of the permeating gases (d;). As
shown in Fig. S2-7(a), experimental permeation reveals that the membrane pore size was
enlarged on the order of Ni-BTPA (6.10 nm) > Cu-BTPA (5.51 nm) > Ag-BTPA (5.06
nm) > BTPA (4.89 nm). Fig. S2-7(b) presents a schematic illustration of gas transport
within cylindrically shaped pores of Ni-BTPA. H> and N> were accepted within the Ni-
BTPA pores, whereas a large gas such as SFs was rejected by the repulsive forces between
neighboring membrane pore walls. H> as a smaller molecule tends to perform at a higher
level of potential energy compared with that N». On this occasion, the micropore diffusion
rate was determined by the slower passage rate of N through the membrane pore wall.
As reported for most microporous organosilica membranes, the gas separation factor is

typically at a moderate level for Ho/N> separation with a relatively high rate of permeation

1
that relates to a thin topmost layer. More importantly, the (JML-PL-) /s of most gases has

been the best fit for Ni-BTPA membranes, which indicate that Ni-BTPA consist of
uniform pores. On the other hand, other metal-doped BTPA showed points that deviated

from the calculated lines, which indicated that the pore sizes were not uniform.

1
(ip) " = (S exp (- 22)) * (o - dp (S:2-1)
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Chapter 3
Microporous nickel-coordinated aminosilica membranes for
improved pervaporation performance of methanol/toluene

separation

3.1 Introduction

Methanol is one of the most commonly used solvents in industrial applications such as
petroleum, pharmaceutical, electrochemical, petrochemical, fertilizer, textile, paint, cosmetics,
etc [1-4]. One of the most challenging tasks in these industries is the separation of the organic
mixture of methanol from toluene, which is associated with the formation of an azeotropic
mixture with a composition of 27 wt% toluene under atmospheric pressure [5]. Extractive
distillation and azeotropic distillation are frequently applied to separate mixtures with close
boiling points [6-9]. In thermal-based separations such as distillation, the heat of evaporation
is provided from the reboiler at the bottom stream and the heat of condensation is removed
from the condenser at the upper stream and results in energy consumption estimated to be
around 45 — 50% of the separation process [10]. Overcoming this expense, in a sustainable
manner requires new technology.

Pervaporation has shown promise as a membrane-based separation technology for the
separation of organic compounds with close boiling points, and azeotropic mixtures [1, 11].
With this technique liquid mixtures are separated via partial vaporization throughout the
selective barrier of membranes. Compounds are selectively transported from the liquid phase
in the upper stream to the vapor phase in the lower stream, which enables better separation
performance and lower levels of energy consumption [12-14]. The driving force for
pervaporation is the vapor pressure difference between the feed and permeate sides; the
pressure of the feed side is maintained at atmospheric levels while that of the permeate side is
evacuated. Polymeric and inorganic membranes are used for a wide variety of pervaporation
applications [14, 15]. A considerable number of industrial pervaporation applications use
polymeric membrane materials due to their relatively high flux and economical investment [16,
17]. Crosslinked poly(vinyl alcohol), poly(acrylic acid), highly hydrophilic chitosan, and

polyacrylonitrile are frequently used in the preparation of highly permeable membranes that
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are suitable for alcohol dehydration [ 18-23]. Nevertheless, a major problem of polymeric-based
membranes is swelling that leads to instability and lower levels of selectivity.

Inorganic membranes, which are better known as ceramic membranes, are synthesized
from organosilica-based materials. These membranes exhibit high thermal and chemical
stability with no swelling, high flux, high separation performance, and controllable pore size
[24-26]. The separation ability of organosilica membranes depends mostly on the pore size and
on the interaction between permeating molecules and the pore walls of membranes. Therefore,
material modification is required to produce a highly porous material that can facilitate high
permeability without sacrificing selectivity. A spacer method is frequently prescribed for
tailoring the microporosity by choosing bi-silyl precursors with different structures that
produce organosilica-based materials with an optimum membrane pore size [27]. The
utilization of a short and rigid linking chain between silicon atoms generates a porous structure,
whereas the increase in the carbon number and flexibility of the linking units tends to produce
a denser structure that is inappropriate for the construction of a high-flux membrane.

In the present study, we propose a new method to control the microporosity induced by
crosslinking of the amine moieties in the linking units of bis [3-trimethoxysilyl) propyl] amine
(BTPA) as a strong field ligand with electron donor properties (Lewis base) and nickel from
transition metal groups as electron-pair acceptors (Lewis acid). The intercalation of metal-
developed subnanopores through the coordination of covalent bonds expanded the amine
crosslinking between network layers, which transformed the texture of the membrane from that
of a flexible non-porous entity into a porous structure by means of the formation of more rigid
linking units. We reported that hybrid microporous aminosilica membranes can be successfully
synthesized via metal-amine coordination-induced microporosity with high-level
improvements in both permeance and selectivity [28]. Nickel has a high coordination affinity
to amine and was found to be fully incorporated into the amorphous BTPA framework. The
nickel also induced the rearrangement of bridged amine chains into a more rigid structure with
a high surface area and an increase in total pore volume. Therefore, it is necessary to investigate
the effect that concentrations of nickel-doped BTPA (Ni-BTPA) exert on the formation of the
microporosity of aminosilica-based coordination polymers.

The construction of silica-based amorphous microporous frameworks in Ni-BTPA
could facilitate the diffusion selectivity of a smaller molecule such as methanol (kinetic
diameter: 0.38 nm) rather than toluene (0.59 nm) [13, 29], while the nickel-amine coordination
sites tend to generate a rigid segment via crosslinking among network layers that gives rise to

a porous structure and may create an affinity with methanol. A high degree of metal doping
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ensures the development of a high-flux membrane and a sorption selectivity that favors
methanol (polarity index: 12.3 MPa’?) as a hydrophilic polar smaller-sized component, while
the sorption of toluene (1.4 MPa’?) as a hydrophobic larger-sized compound would be limited
[30]. In this study, an optimization experiment was performed via different mole ratios of
nickel-metal against amine groups between bi-silyl precursors, and the textural properties of
the resultant materials were characterized. The methanol/toluene pervaporation performance
of each Ni-BTPA membrane was evaluated and discussed with respect to any effects of

different nickel phases in the form of amorphous and nanoparticulated nickel.

3.2 Experimental
3.2.1 Preparation of a nickel-doped bis [3-(trimethoxysilyl) propyl] amine
(Ni-BTPA) sol

Ni-BTPA coordinated sols were prepared via the hydrolysis and condensation of bis [3-
(trimethoxysilyl) propyl] amine (BTPA) precursors with different mole ratios of
Ni(NO3)2-6H20 as metal dopants [28]. First, BTPA was dissolved into ethanol and a mixture
of water and nitric acid as catalysts was added to the solutions under vigorous stirring. The
mole ratio of BTPA/H>O/HNOs was 1/300/1, and ethanol was used to adjust the concentration
of BTPA to 5 wt%. The hydrolysis and condensation reactions were established at room
temperature for 12 hours prior to the addition of a nickel-metal salt. Ni(NO3),-6H>O was added
into the aminosilica sol in mole ratios (nickel/amine = mol/mol) of 0 (denoted as BTPA), 0.125
(Ni-BTPA 0.125), 0.25 (Ni-BTPA 0.25), and 0.50 (Ni-BTPA 0.50) to examine the effect that
metal-doping exerts on the transformation of a dense BTPA structure. After the addition of
dissolved nickel-metal salt, the mixtures were further stirred (550 rpm) at room temperature
for 1 hour. In this study, Ni-BTPA with a ratio of 1.00 was also synthesized as a control group

to facilitate analysis.

3.2.2 Characterization of nickel-doped aminosilica films and xerogels

Fourier transform infrared spectroscopy (FT/IR-4100, JASCO, Japan) was used to
observe the evolution of the amine deformation band during the formation of coordinated
interactions with a nickel-metal center. BTPA sols with different metal ratios were coated onto

KBr plates and then calcined at 250 °C under a N, atmosphere. The binding energy and
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environment of the amine sites were investigated via X-ray photoelectron spectroscopy (JEOL
RE series JES-RE1X ESR spectrometer). Each nickel-doped BTPA film was coated onto a
silicon wafer followed by calcination at 250 °C.

The Ni-BTPA sols were dried at 50 °C and then ground to obtain a fine powder, which
was then calcined at 250 °C for 30 minutes under a nitrogen flow. The microstructures of the
composites after the doping process were examined using X-ray diffraction (XRD D2
PHASER, Bruker, Germany) at a scanning range of 5° - 80° A transmission electron
microscope (TEM JEOL2010 Ltd., Japan) was used to confirm the microscopic morphology
of coordinated nickel ions and nanoparticles. Textural properties of BTPA and Ni-BTPA were
determined using a nitrogen sorption isotherm (BELMAX JAPAN Inc., Japan) at -196 °C.
Methanol and toluene vapor sorption isotherms were measured to determine adsorption
capacity, and the heats of adsorption for each of the organic solvents were evaluated at three
different temperatures (25, 30, and 35 °C). Ni-BTPA powder with different mole ratios was

pretreated at 200 °C under vacuum conditions for 12 hours before each measurement.

3.2.3 Fabrication of Ni-BTPA membranes and single-gas permeation
measurements

Porous a-alumina tubes were used as membrane supports with 50% porosity and an
average pore size of 1 um (length 100 mm; inner diameter 8§ mm; outer diameter 10 mm), as
supplied by Nikkato Corporation (Japan) [31]. A Ni-BTPA membrane consists of a porous
support layer (a-alumina particle and intermediate layer) with an ultrathin topmost layer acting
as a specific separation barrier. First, porous particle layers were developed by coating a-
alumina particles (average particle sizes 2 pm and 0.2 um) that were dispersed into 2 wt%
Si0,-ZrO; sol as a binder and subsequently calcined at 550 °C under an air atmosphere for 15
minutes. The intermediate layer was constructed from 0.5 wt% SiO»-ZrO> sol that was coated
onto the surface of the particle layer and fired under an air atmosphere at 550 °C. These
procedures were repeated several times until the average pore size of the support reached
approximately 1 nm. Finally, the topmost layer was obtained by twice coating nickel-doped
BTPA sols diluted to 0.1 wt% onto the intermediate layer followed by calcination at 250 °C

under a flow of nitrogen for 30-60 minutes.
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Before the measurements of single-gas permeation, a fresh membrane was pretreated
at 200 °C for 6 hours under a He flow to remove any adsorbed molecules. A single-gas
permeation experiment was performed using high-purity He, Hz, CO2, N2, CH4, CF4, and SFé.
Each permeation gas was fed to the outside of the membrane with upstream pressures of 200 —
400 kPa, and the pressure inside the system was maintained at atmospheric levels. The gas
permeation test was established at temperatures ranging from 200 — 50 °C, and the flow rate of

the permeate side was measured using a film flow meter (Horiba, Co. Ltd., Japan).

3.2.4 Pervaporation experiment

The separation of an organic-azeotropic mixture of methanol and toluene (Table 3-1)
was performed using the pervaporation process. A schematic diagram of the pervaporation
(PV) apparatus is shown in Fig. S3-2. The mixtures of methanol and toluene were circularized
using a stirrer at 3,000 rpm to prevent a concentration polarization on the surface of the
membrane. The pressure of the feed side was maintained at atmospheric levels, while the
permeate side was evacuated to 0 — 2 kPa via the use of a vacuum pump. The temperatures of
the feed solutions were maintained within a range of 30 — 50 °C via the use of a thermocouple
and a heating coil controller, while the concentrations of methanol in the feed solutions were

varied from 10 to 50 wt%.

Table 3-1. Physical properties of organic solvents as azeotropic mixture

Penctrant MW1 Stokes diameter”’  Boiling point Polarit® IMPa">
[gmol ] [nm] [°C] olarity™ [MPa "]

MeOH 32.04 0.38 64.7 12.3

Toluene 92.14 0.59 110.6 1.40

The permeate vapor was collected using a glass trap cooled in a dewar vessel with liquid
nitrogen for each time interval. The concentration of the feed solution was maintained constant
during the measurement via the periodical addition of an appropriate amount of pure methanol.
Each composition of the feed and permeate streams was determined via gas chromatography
(GC-14B Shimadzu Cor., Japan).

Membrane flux (J) and the flux of each component (J;) on the permeate side are

described by equations (3-1) and (3-2), respectively.
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J=—= (3-1)
Ji=] X Yip (3-2)

] is the total permeated flux (kg m? h'), w is the permeate weight (kg), A is the membrane
surface area (m?), t is the permeating time (h), and Yip s the weight fraction of component i
in the permeate. The permeance of component i could be calculated from the molar flux ()
of the i component divided by the difference in the partial pressures of the feed (p; ) and

permeate streams (p; ,), as determined by the following equation.

_Jwmi B}
Pi= M/(Pi,f — Dip) (3-3)

The feed partial pressure of the ith component was calculated as p; = vix;p, where y; is the
activity coefficient according to the Wilson parameters, x; is the mole fraction of the ith
component, and p; is the vapor pressure according to the Antoine equation. On the other hand,
the pressure in the permeate stream was presumed to be zero. The separation factor is defined
as the ratios of the mole fractions in the permeate ( Yyeon and yr,) and feed
(Xpeon and xr,;) streams, as follows.

YMeoH
a= ( YTol )/(M) (3_4)

XTol

3.3 Results and discussions

3.3.1 Optimization of the coordination driven by the nickel-metal mole ratio

The introduction of nickel into amine-containing organosilica precursor (BTPA)
molecules was expected to increase the network dimensionality and convert the textural
properties of the BTPA membrane from dense to porous. In order to clarify this idea, the
spectroscopy characterization was collected for BTPA and Ni-BTPA sols and powders with
different nickel ratios obtained via thermal treatment at 250 °C.

Fig. 3-1(a) compares the UV-Vis spectral results for three Ni-BTPA sol solutions of
different nickel content together with pure aminosilica precursors of BTPA and nickel nitrate.
The absorption spectra of BTPA as an amine organosilica ligand (solid black line) presented

one peak at 212 nm due to the amine electron intraligand transition (n = ¢").
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Fig. 3-1. UV-Vis spectra (200 — 800 nm) of BTPA, Ni(NO,),*6H,0, and nickel-doped BTPA
with different nickel content (a), N(1s) high-resolution spectra (b), infrared spectra in the range
0f 4,000 — 650 em’ (c), and higher magnification for NH deformation band in the range 1,700 —
1,500 em’ (d) originating from BTPA and Ni-BTPA wafer calcined at 250 °C

The emitted absorbance for nickel-doped BTPA samples displayed three peaks at 227 - 241,
282 - 313, and 420 — 422 nm, which were related to the transitions of n - ¢ (N-H), n —» 7"
(N=0), and d—d (d® Ni*"), respectively [28]. After the addition of a different amount of nickel,
the ~212 nm peak gradually shifted to a higher wavelength, which was associated with a new
environment of the free-electron transition of amine moieties [28]. Moreover, as an equivalent
mole ratio (0.125 — 0.50) of nickel was added into the BTPA solution, peaks indicating
coordination (300 nm and 420 nm) increased almost linearly to the nickel/amine mole ratio
(Fig. S3-4). On the other hand, the new absorbance peak at 395 nm, which was originally
observed for Ni(NOs)2:6H20, was gradually shifted to a higher wavenumber that was
accompanied by a higher intensity due to a stronger d—d transition from lone pairs of electrons
in the amine groups to the empty d orbitals of nickel [32, 33]. The high-resolution spectra of
Nl1s of the XPS spectra confirmed the environment of nitrogen and its covalence binding
interaction to nickel (Fig. 3-1(b)). The N1s binding energy for BTPA was centered at 399.8
eV, whereas Ni-BTPA containing nitrogen coordinated with nickel and showed a gradual
shifting to a higher level of binding energy (400.5 to 401.3eV) that was ascribed to the highly

coordinated donor atoms of nitrogen [34, 35].
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Fig. 3-1(c) shows a wide range of FT-IR spectra, whereas Fig. 3-1(d) shows a narrow
range of FT-IR spectra and exhibits a characteristic band at 1,550 — 1,650 cm™, which was
assigned to N-H deformation from amine groups in the linking units of BTPA molecules, as
summarized in Table 3-2. The formation of a coordination compound between amine groups
and metal could be analyzed from this type of vibration. At low temperature, the N-H
deformation band was shifted to a lower wavenumber due to the formation of a covalent
coordination bond between the amine groups and nickel, which led to a stabilization of the Ni-
BTPA structure [36]. Also, a broad N-H deformation band centered at 1,620 cm™ was observed
for a high nickel ratio of 0.50, which suggested the appearance of unreacted nickel after
reaching the approximate saturation point, and led to the formation of a nickel agglomerate. In
addition, the N-H deformation band become broader (1,610 — 1,620 cm™) and the intensity
gradually increased when the calcination temperature was elevated to 250 °C, suggesting the
involvement of a dynamic process that include three different reactions: hydrolysis,
condensation, and coordination [28]. The hydrolysis and condensation were controlled as the
major reactions at low temperature due to the existence of water and nitric acid, while the
coordination reaction was more predominant at higher temperatures after the removal of the
water and the catalyst.

Table 3-2. FT-IR frequency of N-H deformation band

Compound 50 °C 250 °C
v N-H [em™] v N-H [cm™']
BTPA 1588 1588
Ni-BTPA 0.125 1576 1579
Ni-BTPA 0.25 1580 1582 & 1620
Ni-BTPA 0.50 1583 & 1617 1587 & 1620

Fig. 3-2(a) compares the X-Ray diffractograms (XRD) of BTPA and Ni-BTPA powders
at different amounts of nickel, which were fired under different calcination temperatures. All
of the samples showed the main characteristics of amorphous properties, indicating that nickel
ions were incorporated and dispersed well into the BTPA matrix. The formation of coordinated
nickel and amine moieties generated coordination covalent bonds with lower energy levels,
thereby increasing the stability of nickel to remain in an ionic phase. The ordered structure of
the intermolecular periodic structure [37] at 20 of 8° could be maintained at a lower
concentration of nickel, but became more disordered and shifted to a lower degree of 26 by

increasing the metal ratio. Moreover, a wide diffraction peak of siloxane of near 26 at 20°
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showed that the intensity was both decreased and broadened by increasing the nickel/amine
mole ratio, indicating the formation of a more amorphous structure [37, 38]. The excesses of
nickel uncoordinated with amino groups easily formed metallic nickel and resulted in phase
separation that was detected by the formation of crystalline nickel nanoparticles. High-
temperature phase separation or metal segregation could be occurring from inhomogeneously
distributed nickel. An optimized amount of nickel content generates a higher stabilization
degree of coordinated Ni-BTPA sol and prohibits metal segregation. As a comparison, Fig. 3-
2(b) presents the XRD patterns of Ni-BTPA xerogel powders with metal ratios ranging from 0
to 1.0 obtained at a calcination temperature of 250 °C. The slight conformation of metallic
nickel nanoparticles at a 20 of 45° was observed when the metal ratio was 0.50, which
obviously was higher than 0.25. The intensity of nickel nanoparticles became stronger with
increases in the metal concentrations. It should be noted that nickel is known to be theoretically
coordinated with four amines in free solutions [39, 40], which seems appropriate for
organosilica-based sol and gels.

In Fig. 3-2(c), the low-resolution TEM photographs (upper figures) and representative
high resolution (lower figures) examples show a transparent surface for BTPA and Ni-BTPA
with a low concentration of nickel (Ni/NH = 0.125, and 0.25), which means a uniform
dispersion of nickel nanoparticles. Nickel nanoparticles could be observed at a metal ratio of
0.50, indicating that a nickel mole ratio higher than 0.25 tends to inhomogeneously distribute
nickel [41], resulting in non-coordinating nickel that leads to the formation of phase separation.
Similarly, diffraction pattern images also show diffusing halo patterns for pure materials and
nickel-composites at low concentrations. The crystallization of nickel particles was observed

from a clear ring pattern.

3.3.2 Metal-induced microporosity via nickel-amino interaction

The nitrogen sorption isotherms of BTPA and various Ni-BTPA xerogel powders at -
196 °C are presented in Fig. 3-3(a), and the textural properties of each material are presented
in Fig. 3-3(b) as a function of the nickel/amine mole ratio. BTPA showed a negligible amount
of adsorbed N> indicating a non-porous structure. The addition of nickel-ion created a crosslink
between the metal electron receptors and the amine electron donors, which produced

intraparticle pores as a permanent porosity.
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As summarized in Fig. 3-3(b), higher metal ratios produced higher surface areas on the order
of Ni-BTPA 0.50 > Ni-BTPA 0.25 > Ni-BTPA 0.125 > BTPA. Although the theoretical
coordination in free solutions is 0.25, nickel/amine mole ratios higher than 0.25 are also
effective at forming a microstructure, as shown in Fig. 3-3(b). At an overly high nickel mole
ratio of 1.00, the excess of nickel ions that were uncoordinated with the amine groups reduced
the stability of coordination and led to the formation of nanoparticles resulting in a lowering of
the surface area due to phase separation, as confirmed by XRD and TEM characterization (Fig.
3-3(a)).

Vapor-phase sorption isotherms were used to predict the separation performance and
possible separation mechanism of Ni-BTPA. As shown in Fig. 3-4(a) and (b), the organic-
vapor adsorption isotherm curves of microporous Ni-BTPA powders are preferable for the
polar and smaller-sized methanol rather than the non-polar larger-sized toluene. The methanol
adsorption capacity for Ni-BTPA was increased by small hysteresis loops following increases
in the concentration of the nickel dopant, whereas BTPA showed a lower capacity and a large
hysteresis loop. This finding implies that the nitrogen in the BTPA structure and the nickel-
dopant both participate to enhance the methanol sorption capacity. The adsorbed organic vapor
per the Ni-BTPA repeating unit appears in Fig. 3-4(c), and the undoped-BTPA showed a 0.24
mol mol™! adsorption of methanol that confirmed the preferential adsorption of methanol into

polar functional groups such as the amines in the BTPA structure.
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Thereafter, a significant enhancement of methanol sorption was observed approximately linear
to the nickel content, and a Ni-BTPA of 0.50 showed the highest adsorption capacity of 0.57
mol mol!. In contrast, the low adsorption capacity of toluene as a less polar molecule provided
plausible evidence of no specific interaction between toluene and the surface of materials.
Toluene adsorption was slightly increased after the addition of nickel, which could be related

to the higher microporosity of Ni-BTPA.

The specific active site of nitrogen was facilitated due to strong polarization for methanol
[42], and the addition of nickel into the BTPA framework created a porous structure that
contributed to higher methanol adsorption with a rapid diffusion rate. According to the work
of Liu et al., the preferential adsorption of methanol onto a metal organic framework (MOF)
structure was simulated via the grand canonical Monte Carlo method (GCMC) combined with
density functional theory [43]. That observation shows a lone pair of electrons from the outer
orbital of nitrogen molecules induced higher polarization onto methanol molecules, while the

existence of a metal dopant firmly increased the specific interaction with methanol that led to
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an enhancement of network polarity and multiplied the adsorption affinity [43, 44]. The
favorable adsorption of methanol over toluene in Ni-BTPA and BTPA can be ascribed to an
affinity with polar amine groups as well as to doped nickel and indicated the enhanced affinity
associated to nickel filling pores. In this study, the modified framework was developed from a
metal ion-amine crosslink to bring out the hydrophilic surface tendency, resulting in high

separation for methanol as a polar component [45].

3.3.3 Tuning a membrane pore-structure via alterations in the nickel content

Single-gas permeance and dimensionless permeance based on He permeance are
presented as a function of molecular sizes of the permeating gases in Fig. 3-5. An increase in
the nickel mole ratio led to lower gas-transport resistance, and thus improved the permeance
of gases on the order of Ni-BTPA 0.50 > Ni-BTPA 0.25 > Ni-BTPA 0.125 > BTPA. Ni-BTPA
1.00, which showed a loose structure with a Knudsen diffusion mechanism. This result could
be explained as the generation of interparticle pores by nickel nanoparticles, which were
unsuitable for gas separation [25, 46]. In this experiment, single-gas permeation of SiO2-ZrO>
as the intermediate layer was measured to compare Knudsen diffusion with Ni-BTPA 1.00 and
to analyze the contribution of nickel nanoparticles to the pervaporation performance, as will be

discussed in section 3.3.4.
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Fig. 3-5. Single-gas permeance as a function of gas molecule sizes (a), and dimensionless
permeance based on He permeance (b) for BTPA and Ni-BTPA measured at 200 °C

Fig. 3-6 shows the permeance and permeance ratios of Hz, N2, and SFs as a function of
the nickel/amine mole ratio of Ni-BTPA-derived membranes. The reproducibility of

permeation properties has been confirmed since each point in Fig. 3-6 corresponds to a different
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membrane. The permeance of Hz and N> (Fig. 3-6a-lower figure) became higher with an
increase in the nickel mole ratio, while their activation energy (Fig. 3-6b-upper figure)
decreased with an increase in the concentration of nickel. The activation energy reflects the
interaction between the pore wall of the membrane and permeating molecules [47, 48]; a lower
magnitude of activation energy was equated with the generation of larger the pore sizes in the
membranes. A general framework structure of organosilica networks originated from the
hydrolysis and condensation of pure aminosilica precursors (BTPA), which allowed the
formation of a broad pore size distribution and/or defects from grain boundaries. The Ni-BTPA
0.125 and 0.25 membranes showed smaller SF¢ permeance than pure BTPA (Fig. 3-6a-lower
figure), which can be explained by the formation of more uniform micro-sized network pores

and a defect-free thin layer through the involvement of metal-amine coordination.
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Fig. 3-6. Gas permeance (lower figure) with permeance ratio (upper figure) as a function of nickel
mol ratio at 200 °C (a), and membrane pore size (lower figure) with the activation energy (upper
figure) of permeating gases as a function of nickel content (b)

Ni-doped BTPA-derived membranes showed moderate H»/N; selectivity along with a
decreasing trend (20 to 10) in the nickel/amine mole ratio, whereas the permeance ratios for
N2/SFs (Fig. 3-6a-upper figure) were higher than 100 and 1,000 for nickel/amine mole ratios

0f 0.50 and 0.25, respectively, which means the membrane pore size was controlled to less than
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0.55 nm [49]. This finding indicates that a higher level of microporosity could be produced by
increasing the nickel concentration, which would lead to an enlargement of the membrane pore
size. The cross symbol (red color) in the lower portion of Fig. 3-6(b) shows the pore sizes of
membranes that were calculated via a modified-gas translation (m-GT) model [50-52], which
also confirms this idea (detailed calculation results are summarized in Fig. S3-10) in the
Supporting Information). The pore sizes of the Ni-BTPA membrane gradually increased along
with an increase in the nickel/amine mole ratio, which indicated that a higher nickel content
tended to generate more crosslinking in the framework. As shown in Fig. 3-6(b), Ni-BTPA
0.25 showed the highest selectivity, which revealed the formation of uniform pores (Fig. S3-
10). In contrast, BTPA, Ni-BTPA 0.125, and Ni-BTPA 0.50 showed lower selectivity for SFs,
which indicated the pore sizes were not uniform. This result is reasonably explained by a low
concentration of nickel, which began the formation of a partially microporous structure that
reached a saturation point at 0.25. At a metal ratio of 0.50, the excess amount of nickel tended
to produce interparticle pores and gave rise to a wide distribution of pore sizes. Thus, it is clear
that the pore size of Ni-BTPA membranes could be controlled by the concentration of nickel

as an active site for coordination.

104 T T T T T T T T T
Black symbol =100 °C < T [°C] < 200 °C
Red symbol = 100 °C > T [°C]

10°4 @Ni-BTPA 0.25

° N| BTPA 0.125
102 NI BTPA 0.50
e A|:| ﬁ TPA § Dﬁ&'
n-Z
101 4
@
* @ *h 0
0 O Polymeric membrane * o

10°9 0 Zeolite membrane

% Silica Membrane (BTESE)
A Amlnosmca membrane (BTPA)

LA B |
1011 1010 10g 108 107 10'6 10°  10* 10°
N, Permeance [mol m? s Pa™|

Fig. 3-7. Permeance ratio of N,/SF, as a function of N, permeance for various type of
membranes. Data plotted in this figure can be found in SI-18.

Fig. 3-7 summarizes the separation performance of N> over SF¢ for various types of
membranes, including BTPA and Ni-BTPA membranes. As shown in the figure, microporous
Ni-BTPA exhibited competitive performance with an excellent permeance ratio for N2/SFe of
higher than 100 — 1,000 and superior N, permeance of larger than 1.0x107 mol m? s Pa™

Thus, Ni-BTPA membranes could be used for the prospective separation of molecules with a
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critical kinetic diameter that ranges from 0.364 nm (N») < d < 0.55 nm (SF¢). In a

PNi-BTPA

previous study, Moriyama et al. evaluate and observed a consistent correlation between single-
gas permeation performance at 200 °C and pervaporation (PV) at 50 °C [53]. Therefore, by
following a similar systematic approach, the tuning of membrane pore size in this study was
focused on the separation of the methanol (0.38 nm)/toluene (0.59 nm) azeotropic mixture
because both molecules have similar molecular sizes of N> (0.36 nm)/SFs (0.55 nm). Nickel
doping was used to tailor the microporosity with an optimized pore size, which would allow
methanol (0.38 nm) to pass through the membrane separation barrier, but would reject toluene
molecules (0.59 nm) [29]. Based on single-gas permeance data, it was reasonable to expect the

possible separation of methanol/toluene by Ni-BTPA membranes.

3.3.4 Ni-BTPA hybrid membranes for azeotropic organic separation by

pervaporation

Fig. 3-8 shows the time courses for methanol/toluene pervaporation (PV) of BTPA and
various Ni-BTPA membranes coated onto a Si0,-ZrO» intermediate layer under a constant
methanol feed concentration and temperature of 10 wt% and 50 °C, respectively. For
comparison, the PV performance of a SiO,-ZrO> intermediate layer with an average pore size
of 1 nm was also added to Fig. 3-8 [54]. Steady-state performance of membranes was observed
after the first 200 minutes, which corresponds to the stabilization step reported by Yu et al.,
and this rate of performance continued for more than 10 hours [55]. The SiO>-ZrO> membrane
showed high flux and permeance of toluene as a major component in the feed solution, but,
due to the large pore size, this membrane failed to separate methanol from a rich toluene
mixture (separation factor = 1.9). After the deposition process of amino silica sol as a top-
separation layer, the separation performance of the BTPA membrane improved (442), but the
membrane flux declined to 0.04 kg m? h'. Nickel doping considerably enhanced both
methanol flux and permeance, while maintaining a small flux of toluene. A higher flux of
methanol could be obtained by increasing the concentration of the nickel dopant. BTPA, Ni-
BTPA 0.125, and Ni-BTPA 0.25 showed low values for flux of 0.04 kg m2h, 0.07 kg m> h-
!, and 0.14 kg m™h™!, respectively. By contrast, Ni-BTPA 0.50 exhibited excellent performance
in a stable manner for as long as 7 hours while maintaining a high-flux of 2.8 kg m™? h'! and

the highest level of separation factor for methanol (larger than several hundred).
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Fig. 3-8 Effective time courses for SiO,-ZrO, layer, BTPA, and Ni-BTPA pervaporation

performance in methanol/toluene (10 wt%/ 90 wt%) mixture

The enhancement of both methanol flux and permeance ratio could be ascribed to the specific
interaction between uncoordinated nickel as a Lewis acid with a hydroxyl group from methanol
as a Lewis-base and increased diffusivity of methanol via larger pore sizes. When the nickel
mole ratio exceeds 1.00 (Fig. S3-13) the formation of phase separation tends to reduce the

separation factor of the membrane, thus confirming the optimum mole ratio of nickel dopant
at 0.50.
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Pervaporation performances are summarized as a function of the nickel/amine mole
ratio in Fig. 3-9(a), while Fig. 3-9(b) shows the trade-off relationship between total flux and
methanol separation performance for comparison with other types of membranes. Ni-BTPA
0.125 and Ni-BTPA 0.25 showed higher total flux than pure BTPA membranes but with lower
selectivity. This result revealed a trade-off where a more permeable membrane tends to show
a lower level of selectivity [56]. Contrary to expectations, Ni-BTPA 0.50 showed a significant
improvement in performance and reached methanol flux higher than 1 kg m h'!, which is
about 70-fold higher than that of BTPA, while selectivity increased from 442 to 907. It should
be noted that each point in Fig. 3-9(a) corresponds to one membrane, which confirmed the
reproducibility of membrane fabrication. The Ni-BTPA 0.50 derived membrane showed
attractive performance with a much-enhanced flux and separation factor by comparison with
the other types of membranes (Fig. 3-9(b)), due to the balance between the formation of
microporosity that was induced by amine-nickel coordination and the excessive amount of

nickel ions that facilitated the fast transport of methanol while restraining the transport of

toluene.
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Fig. 3-9. The pervaporation performance of SiO,-ZrO, as intermediate layer, BTPA, and Ni-

BTPA membranes for methanol/toluene separation (10 wt%/ 90 wt%) at 50 °C (a), and the trade
off between methanol/toluene separation factor as a function of total flux for a different type of
membranes (b).

The effect of the methanol feed concentration on Ni-BTPA 0.50 pervaporation
performance was studied for compositions ranging from 10 wt% to 50 wt% of methanol in feed
solutions at a constant temperature of 50 °C, as presented in Fig. 3-10. The flux of methanol
was gradually increased, while the flux of toluene remained constant when the concentration
of methanol in the feed solution was increased. Methanol and toluene permeance were

approximately constant from 10 — 50 wt%, indicating an almost constant permeance ratio. It
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should be noted that toluene permeance in the pure system was lower than that in the mixture,
which could be ascribed to the preferential adsorption of methanol. The methanol permeance
in a single component was higher than in the mixture, suggesting that toluene hindered the
methanol permeation. This finding is consistent with that of Moriyama et al. who also found
that, as a major component, an organic mixture blocks the permeation of minor compounds,
resulting in lower permeance in a binary system [53]. In addition, methanol preferentially
adsorbs at the surface of the membrane due to hydrophilic surface properties via crosslinked
amine-nickel coordination, which leads to high performance in breaking the azeotropic

balance.
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Fig. 3-10. The effect of methanol feed concentration (wt%) through Ni-BTPA 0.50
membrane pervaporation performance at 50 °C

A competitive level of adsorption was also observed even at low concentrations of methanol
where the diffusion selectivity favors the smaller molecules (0.38 nm) of methanol compared
with the larger size of toluene molecules (0.59 nm), which results in pore blockage for toluene.

Pervaporation performance for the Ni-BTPA 0.50 membrane was examined at
temperatures ranging from 30 °C to 50 °C with a constant methanol concentration of 10 wt%,
as shown in Fig. 3-11. Methanol flux was increased by increasing the temperature of
measurement (0.76 to 1.52 kg m?2 h™'"), while the flux of toluene remained constant or slightly

increased (0.04 to 0.05 kg m™ h!), resulting in a higher separation factor at high temperature.
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A higher operating temperature of pervaporation enhances the feed-side vapor pressure and as
a driving force for the smaller molecules of methanol, which results in the enrichment of

methanol in the micropores and prevents the entrance of toluene.
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Fig. 3-11. Temperature dependency of Ni-BTPA 0.50 membrane on: flux, permeance, permeance
ratio and separation factor for methanol/toluene (10/90 wt%)

Moreover, the higher operating temperature of the pervaporation process may lead to an
enhancement of the framework structural mobility, which would create more free volume to
be occupied by permeating molecules and would facilitate fast transport within the membrane
network.

To deepen the understanding of molecular transport in the pervaporation process, the
activation energy of permeance for each component was calculated using the Arrhenius

equation, as shown in Eqns. (3-5) and (3-6), and summarized in Table 3-3.
AE
P = Pyexp (— R—;’)
AE, = AE; — AH;

(3-5)
(3-6)
In that equation, P, Py, AE,, R, and T are the permeance, the pre-exponential factor, the

activation energy of permeation, the gas constant, and the absolute temperature, respectively,

while AH; is the heat of adsorption and AE; is the activation energy for the diffusion process.
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Table 3-3. The activation energy for methanol and toluene according to the Arrhenius equation

-1
Compound Ep [kJ mol ]
MeOH -3.73
Toluene -18.6

As with the previously described effect of the methanol feed-solution concentration, the
adsorption-diffusion mechanism dominates the molecular transport behavior of the Ni-BTPA
0.50 membrane. The permeation of methanol and toluene proceeded from the adsorption
process with the heat of AH, (positive), followed by diffusion of Ej, (positive), giving an
activation energy for the permeating molecules of AE,, = AE; — AH,. Larger AH; and AE; are
achieved for more preferential adsorption and stronger steric hindrance, respectively. It is
apparent from this table that both methanol and toluene have a negative activation energy (E,
< 0), which means the heat of adsorption is higher than the activation energy for diffusion [57].
The Ni-BTPA 0.50 membrane shows a negative value of E}, for both methanol and toluene,
which means that the permeance of both molecules was decreased as the temperature of
measurement increased. Interestingly, methanol showed a large E}, compared with toluene,
which revealed that methanol permeance increased faster as the temperature increased. As
discussed in Figure 3-4(c), AH; for methanol would be larger than that for toluene due to a
larger affinity to Ni-BTPA. Therefore, the AE; for methanol should be larger than that for
toluene. Although the AE,; of toluene should have been larger than that of methanol under
molecular sieving, a lower AE,; for toluene than that for methanol suggests the permeation of
methanol occurs primarily through small pores via activated diffusion while toluene could

permeate only through a large pore via the surface diffusion process.

3.4 Conclusions

Ordered microporous nickel-doped BTPA membranes were fabricated via different nickel
loadings to create coordination with nitrogen-enriched BTPA precursors. Spectroscopic
characterization consistently showed a linear correlation between material properties and
membrane performance, where a higher nickel content generated a higher surface area of Ni-
BTPA powders on the order of Ni-BTPA 0.50 > Ni-BTPA 0.25 > Ni-BTPA 0.125 > BTPA.
The pore size of the Ni-BTPA membranes also increased with Ni-doping with a higher gas flux

of the membrane. Afterward, a higher nickel content (1.00) tended to generate phase separation
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that reduced the separation factor of the membrane, thus further confirming that the optimal
point for a nickel mole ratio is 0.50. Ni-BTPA exhibited superior performance for gas
separation (N2/SFs > 100 — 1,000, N2 permeance > 10”7 mol m? s Pa™') and methanol/toluene
separation with high flux and separation factors of 2.8 kg m h'! and 907, respectively, for a

10 wt% methanol concentration in the feed solution.
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Fig. S3-3. A schematic illustration for the formation of pore structure in Ni-BTPA-derived
membrane via hydrolysis and condensation of BTPA precursors, then coordination with nickel ion

Fig. S3-3. shows a possible mechanism for the formation of a coordinated network on Ni-
BTPA-derived gels. Metal-doped amine-functionalized organosilica was synthesized via a
two-step process that includes (1) hydrolysis and condensation of BTPA precursors in ethanol
with nitric acid as an acid catalyst, followed by (2) the incorporation of metal ion (Ni*") to
produce coordination that then induces the formation of a microporous framework. In this
study, we assumed that all the methyl groups in the alkoxy chain were fully hydrolyzed and
condensed, which was then followed by the conversion of the silanol groups into a siloxane
network with calcination under a temperature of 250 °C (confirmed with FTIR
characterization). The incorporation of transition metals such as nickel produced coordination
with the amine groups on the linking unit of the BTPA chain so that it could control the rigidity
of the BTPA chain to generate a three-dimensional porous network (marked with a colored

area in the schematic Fig. S3-3.
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Fig. S3-6. Infrared spectra in the range of 4000-650 cm’ for BTPA (a), Ni-BTPA 0.125 (b),
Ni-BTPA 0.25 (c), and Ni-BTPA 0.50 (d) at different calcination temperatures
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Fig. S3-7. The cross-sectional SEM images for BTPA and Ni-BTPA at different nickel content
(upper: low magnification, lower: higher magnification)
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Fig. S3-8. TEM microphotograph of Ni-BTPA 1.00 (insert figure : Ni-BTPA selected-area
diffraction pattern with additional white crystalline ring)
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Fig. S3-9. NLDFT pore size distribution of BTPA and different Ni-BTPA powder calcined at 250 °C

Fig. S3-9 reveals a gradual increase in the pore size of Ni-BTPA powder with increases in the metal
ratio on the order of Ni-BTPA 0.50 > Ni-BTPA 0.25 > Ni-BTPA 0.125 > BTPA. At a high metal

concentration of 0.50, an increasing number of BTPA molecules that act as amine ligands could be

coordinated with nickel and result in higher porosity.
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The membrane pore size of BTPA and nickel-doped BTPA were estimated by the modified-gas

translation (m-GT) model, as defined by the following equation.

1 W\ Y/
(JMip) " = (\/’%exp (= ) * (do — dy) (S.3-1)

P; is the permeance of i-th gas, M; is the molecular weight of permeating gas, k; is a constant
that depends on the structure of the membrane and is independent of any permeating gases, Ej ;

is a constant for the sake of simplicity, (dy — d;) is the diffusion distance instead of dO for the

i-th component, R and T correspond to gas constant and temperature, respectively. The value of
1
(JMiPi) /3 of different gases was plotted as a function of the molecular size of permeating

1
gases (d;), as presented in Fig. S3-10. The intercept of molecular size at (JML-PL-) /3 =0

corresponds to the pore size of the membrane (d,).
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Fig. S3-10. Relationship between molecular size of permeating gases and (\/ﬁ,-PL-)l/3 for Ni-
BTPA derived membranes (solid curves: theoritical value based on Eq (1), symbols:
experimental result)
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Table S3-1. Textural properties for BTPA and various Ni-BTPA xerogel powder obtained at the
thermal treatment of 250 °C

Metal doped-BTPA Surface area Pore volume

(Ni/NH=mol/mol) m'g) (em’ g)
BTPA 2.36 0.024
Ni-BTPA 0.125 74.6 0.086
Ni-BTPA 0.25 162 0.124
Ni-BTPA 0.50 282 0.184
Ni-BTPA 1.00 38.7 0.064
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Chapter 4
Structural transformation of the nickel coordination-induced
subnanoporosity of aminosilica membranes for methanol-

selective, high-flux pervaporation

4.1 Introduction

Interest continues to grow for the use of pervaporation as an efficient membrane-
based separation technology for the separation of azeotropic compounds, mixtures with
close boiling points, mixtures with similar sizes of components, and heat-sensitive
organic mixtures [1-4]. Pervaporation is considered a proficient competitive technique
compared with conventional separation processes such as extractive distillation,
azeotropic distillation, and pressure-swing distillation, albeit with the consequence of
high operational demand on energy [5-9]. With pervaporation, feed liquid mixtures are
selectively transported into the vapor phase at the permeate side after vaporization
through a semi-permeable membrane via preferential sorption and diffusion processing
[10]. This technique shows great performance and cost-effectiveness for the removal of
trace volatile organic components from aqueous solutions, dehydration of aqueous-
organic solvents, and the separation of organic-organic mixtures [11-16].

The pervaporation of organic mixtures has been focused on polar/non-polar mixtures
such as methanol/ methyl tert-butyl ethers (MeOH/ MTBE — azeotropic mixture with a
ratio of 14/ 86 wt%), methanol/ dimethyl carbonate (MeOH/ DMC) — 70/30 wt%, and
methanol/ toluene (MeOH/ Tol) — 73/27 wt% [2, 17, 18]. Ethyl acetate (EA) mixed with
MeOH is commonly used in the pharmaceutical industry to produce aminothioxime acid,
gastrodin, etc. However, the separation of EA and MeOH is required in order to recycle
and reduce pollution [19]. MTBE as a lead-free octane enhancer in gasoline fuel has been
industrially produced from MeOH and isobutylene, but this additive faces a challenge in
purification due to the formation of an azeotropic mixture [20]. DMC is an important
chemical that is widely used as a gasoline additive due to an oxygen content that is higher

than that of MTBE [21]. DMC is also used as a non-aqueous solvent for lithium batteries,
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as a constituent in dimethyl sulfate, and as a phosphate substituent in methylation and
carbonylation reactions [22, 23]. Toluene is another important solvent that is used
extensively for many applications — particularly in the pharmaceutical, petrochemical,
and textile industries. In the manufacturing industry, toluene is usually produced through
the alkylation of benzene with methanol. However, the product streams contain a mixture
of methanol and toluene that must be separated [24]. In addition, MeOH forms azeotropic
mixtures during the separation process, which necessitates further methanol removal in

order to acquire a highly pure solvent.

For industrial purposes, the development of pervaporation remains a challenging task
— membrane materials with high permeance and flux that nonetheless are able to
maintain adequate selectivity. The main polymeric membrane materials being considered
include cellulose polymers, polyvinyl alcohol, chitosan, polyimide, and polyacrylonitrile
[25-31]. These materials are considered to be versatile with simple fabrication methods
that translate to a reasonably low-cost investment [32]. On the other hand, polymeric
membranes additionally have issues with selective layer swelling, which significantly
reduces the stability of membranes under harsh environments [2, 10]. Several studies have
used zeolite and metal-organic frameworks (MOFs), which have exhibited chemical,
thermal, and mechanical stability for the pervaporation of alcohol/organic solvents [33].
Chen et al. [34] prepared NaY zeolite membranes via fluoride-containing precursors,
which provided high flux with a good separation factor for MeOH/DMC that reached
1.02 kg m? h! and 100, respectively. Msahel et al. investigated the pervaporation
performance of Fe-MOF-MW with a total flux of 0.63 kg m™ h™! and a separation factor
of 11 for the separation of MeOH/MTBE [35]. In contrast to such high-flux performance,
zeolite and MOF membranes have shown stiff and brittle properties that can lead to the
formation of intercrystalline defects during membrane fabrication, which reduces

selectivity during operation [36].

An alternative to this has been the emergence of membranes that are robust,
microporous, inorganic, and silica-based membranes. These membranes have relatively
narrow pore sizes that are adjustable and tremendous levels of performance in terms of
both permeance and selectivity; they do not swell in organic solvents; they are able to

maintain chemical and thermal stability; and, they have an amorphous structure that gives
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them flexibility [37-40]. Moriyama et al. [41] have reported promising pervaporation
performance for microporous 1,2-bis(triethoxysilyl)ethane (BTESE —CH>—CH>—)-
derived membranes in dehydration systems with flux as high as 1.1 kg m? h™!. Dong et
al. [14] also reported the utilization of microporous bis(triethoxysilyl)acetylene (BTESA
—C=C-) membranes with a separation factor as high as 120 and flux as high as 4 kg m™
h! in the pervaporation of MeOH/DMC (10/90 wt%) mixtures at 50 °C. Currently,
microporous organosilica membranes are commonly custom-tailored via the use of
organic templates and spacers [42-44]. Ordered microporous silica is easily formed after
the removal of the organic compounds that were introduced as a template into an
inorganic matrix via thermal processing. Unfortunately, capillary stress and shrinkage are
often involved during condensation reactions, which could result in network collapse and
reduction in the pore volume of affected membranes [45]. The spacer method uses a
bridged bis-silyl structure and is frequently used to modify the textural properties of
organosilica precursors. Kanezashi et al. [46] have successfully developed loose
amorphous networks by using high-permeance, defect-free BTESE. Nevertheless, the
formation of microporosity has been limited to the use of short and rigid precursors,
because an increase in the carbon number between silicon atoms creates high flexibility

and has failed to develop a highly permeable network [43, 47].

More recently, we proposed a novel concept for sol formation and the following
coordination reaction via the addition of metal ions to create crosslinking units with
amine-functionalized organosilica precursors. In our previous studies, we examined the
effect that metal affinity and metal mole ratios can exert on the formation of a
microporous coordinated network [11, 48]. Nickel ion is known to generate outstanding
properties of high microporosity compared with other transition metals such as silver and
copper due to the high affinity of nickel ions, which theoretically creates four
coordination numbers with amine moieties. In other experimental work, we also found
that the microporosity was increased with increases in the nickel/amine mole ratio, which
improved the surface area of materials from 2.36 to 282 m? g™!' [49]. The metamorphosis
of dense to tailorable versions of microporous aminosilica has successfully improved the
permeability of membranes, and the amorphous phase of the organosilica structure is
responsible for maintaining the high selectivity of the membranes due to flexibility.

Anggarini et al. [50] report that another attractive feature of this method is the evolution
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of the use of metals in two different phases — as ions coordinated with amine moieties
and as nanoparticles that confer both high microporosity and facilitate the transport of
specific components. A membrane structure that could selectively separate methanol from
organic solvents would be desirable for industrial applications, particularly one that
preserves the high flux of methanol. A previous investigation by our group showed that
the balance between the microporosity induced by amine-nickel coordination and the
uniform distribution of an excessive amount of nickel ions in nickel-doped bis [3-
(trimethoxysilyl) propyl] amine (Ni-BTPA) facilitates flux that reaches as high as of 2.8
kg m™ h! with a MeOH/Tol separation factor as high as 900 at 50 °C [49].

In accordance with previous findings based on one type of aminosilica (BTPA), the
present study provides new insights for predicting the construction of microporous nickel
coordinated aminosilica membranes via different types of amine precursors. Herein, we
discuss three types of nickel-doped aminosilica precursors that were synthesized from
bis[3-(trimethoxysilyl) propyl] amine (BTPA-bridge-type/secondary amine), trimethoxy
[3-(methylamino) propyl] silane (MAPTS-pendant-type/ secondary amine), and 3-amino
propyl triethoxy silane (APTES-pendant-type/ primary amine). The resultant materials
were systematically studied for their effect on the formation of microporosity, and the
structural phases of nickel were studied for their effect on the specific transport of

methanol and on selective pervaporation under different types of solvents.

4.2Experimental
4.2.1 Material synthesis: aminosilica and nickel-modified aminosilica

sols

The set of pristine aminosilica precursors used in this experimental work consisted
of bridge and pendant amines: bis [3-(trimethoxysilyl) propyl] amine (BTPA), trimethoxy
[3-(methylamino) propyl] silane (MAPTS), and 3-amino propyl triethoxy silane
(APTES). The chemical structures of these three types of aminosilica precursors appear
in Fig. 4-1. Briefly, the sols of aminosilica precursors were synthesized via hydrolysis

and condensation to achieve molar ratios of precursor/H>O/HNOs of 1/300/1 and 1/150/1
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for bridge and pendant types of precursors, respectively. Ethanol (CoHsOH) was used as
the solvent to adjust the concentration of precursors to 5 wt%, and then the hydrolysis
and condensation reactions were performed under vigorous stirring (550 rpm) at room
temperature for 12 h.

Another set of nickel-doped samples was obtained via the addition of nickel nitrate
(Ni(NO3)2- 6H20) as the metal dopant into aminosilica sols followed by a coordination
reaction. The coordination reaction was facilitated via the addition of a stoichiometric
amount of nickel-metal salts dissolved into the aminosilica precursors in nickel/amine
(Ni/NH) mole ratios of 0, 0.25, and 0.5 mol mol™!, followed by stirring for 1 h at ambient
temperature. The obtained nickel-doped aminosilica samples are referenced according to
the different amounts of nickel ions: Ni-BTPA 0.25, Ni-BTPA 0.50, Ni-MAPTS 0.25,
Ni-MAPTS 0.50, Ni-APTES 0.25, and Ni-APTES 0.50. For the membrane preparation,

the resultant nickel-doped aminosilica composite materials were diluted by 0.1 wt% using

pure water.
BTPA APTES
(a) o 20 (b) MAPTS 20 (C) oet 10
s e OMe i
MeO-8i~C3H; —N—CsHe —Si-OMe MeO-8i-CaHg —N—CHs EtO-8i-CsHs—NH,
OMe OMe OMe OEt
bis [3-(trimethoxysilyl) propyl] amine Trimethoxy[3- (MethylAmino) Propyl] Silane 3-Aminopropyltriethoxysilane
Secondary amine-Bridge type Secondary amine-Pendant type Primary amine-Pendant type

Fig. 4-1. The chemical structure of amine-functionalized alkoxysilanes utilized in this work:
BTPA (a), MAPTS (b), and APTES (c).

4.2.2 Characterization of nickel-doped aminosilica films and xerogels

Both pristine and nickel-doped aminosilica gel powders were prepared via a slow
solvent evaporation process at 50 °C under an air atmosphere [47]. The chemical structure
of nickel-modified aminosilica was examined using Fourier Transform Infrared
Spectroscopy (FT/IR-4100, JASCO, Japan) over a wavenumber range of from 500-4,000
cm’'. The nickel-doped aminosilica-derived films were coated onto a potassium bromide
(KBr) plate and then calcined at 250, 300, and 350 °C under a N> flow for 30 min to assess
the thermal stability of amine moieties as the active site for coordination. The formation
of the coordinated compound was verified using a UV-Vis diffuse reflectance
spectrophotometer (Shimadzu UV-3600 plus) in a range of 200-1,000 nm. The thermal
properties of the nickel-modified aminosilica powder were determined using a

thermogravimetric mass spectrometer (TG-MS, TGA-DTA-PIMS 410/S, Rigaku, Japan).
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A wide-angle powder D2 PHASER X-ray diffractometer (Bruker, Germany) that used Cu
Ka radiation in a 20 range of from 5-80° was used to evaluate the structural
transformations of all composites, which included amorphous and crystalline structures
ascribed to organosilica and uncoordinated nickel particles, respectively. The formation
of nickel nanoparticles was confirmed using a transmission electron microscope (TEM
JEOL 2010 Ltd., Japan). Textural characterization was performed using N> sorption
isotherms at -196 °C and CO> adsorption-desorption isotherms at 25 °C in a BELMAX
(BELJAPAN Inc.). The specific surface area was calculated based on the Brunauer-
Emmett-Teller (BET) technique in a P/Po range of from 0.05-0.20. All samples were
pretreated with heating at 200 °C under vacuum conditions for 12 hours prior to the

adsorption-desorption measurement.

4.2.3 Fabrication of nickel-doped aminosilica membranes and single-gas

permeation measurement

Porous a-alumina tubes with 50% porosity and average pore size of 1 pum (length,
100 mm; inner diameter, 8 mm; outer diameter, 10 mm) were used as membrane supports,
as supplied by the Nikkato Corporation (Japan) [51]. The a-alumina tubes were connected
to non-porous alumina (Al,O3) tubes before membrane preparation with glass joints via
a heat treatment process at 950 °C under an air atmosphere [52]. The connection process
was repeated two or three times to prevent gas leakage. a-Al2O3 particles with average
particle sizes of 2 and 0.2 pum were dispersed into a silica-zirconia (Si02-ZrO;) sol as a
binder with a solid concentration of 10 wt% and were subsequently coated onto the outer
surface of a porous a- Al>Os3 support followed by calcination at 550 °C under an air
atmosphere for 15 min. These procedures were repeated three times for each type of
particle to smooth the surface of the membrane. The intermediate layer consisted of a 0.5
wt% Si10,-ZrO; sol coated onto the surface of the particle layer with firing under an air
atmosphere at 550 °C. These procedures were repeated several times until the average
pore size of the support reached approximately 1 nm. Finally, the topmost layer was
obtained by double coating 0.1 wt% nickel-doped aminosilica sols (Ni-BTPA, Ni-
MAPTS, and Ni-APTES) onto the intermediate layer followed by calcination at 250-350
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°C under a flow of N for 30-60 min. The nickel-doped aminosilica-derived membranes
are referenced by their calcination temperatures (250, 300, and 350 °C under a nitrogen
(N2) atmosphere): Ni-BTPA250, Ni-BTPA300, Ni-BTPA350, Ni-MAPTS250, Ni-
MAPTS300, Ni-MAPTS350, Ni-APTES250, Ni-APTES300, and Ni-APTES350.

Single-gas permeation experiments were conducted using high-purity
components (He, Hz, CO2, N2, CHa4, CF4, and SF¢) under conventional constant pressure
at 50-200 °C. Each permeation gas was fed to the outside of the membrane with an
upstream pressure of 200 — 400 kPa. The pressure in the permeate was maintained at
atmospheric levels, and the flow rate of the permeate was measured using a film flow
meter (Horiba, Co. Ltd., Japan). The permeation measurement was recorded after the
membrane reached a steady-state with respect to the pressure difference between the shell
and the inner side of the membrane and flux. The permeate flow rate was evaluated with
errors of less than 5 and 20% for permeance values larger than 10”7 and smaller than 107
mol m™ s! Pa’!, respectively. The permeance of each gas (P;) and the ideal selectivity for

the i — th and j — th components («;,;) were calculated using the following equations.

_F
P = l/AApi (4-1)
pi
ai/j- = P_J (4-2)

where P; is the permeance of the i — th component (mol m? s™! Pa™!), F; is the permeate
molar flow rate of the i*"* component (mol s™), 4 is the effective cross-sectional area of
the membrane (m?), and Ap; is the partial pressure difference of component i between the

feed and the permeate of the membrane (Pa).

4.2.4 Pervaporation (PV) measurement

The separations of 7 types of binary organic mixtures containing methanol
(MeOH) (10 wt%) in the feed solution were conducted via the pervaporation process at
50 °C. A schematic diagram of the pervaporation (PV) apparatus appears in the
Supporting Information, Fig. S4-2. The physical properties of methanol and the 7 types
of organic solvents are summarized in Table 4-1. The mixtures of methanol and organic
solvents were circulated using a stirrer at 3,000 rpm to prevent concentration polarization

on the surface of the membrane. The pressure of the feed side was maintained at
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atmospheric levels, while the permeate side was evacuated to 0 — 2 kPa (absolute) via the
use of a vacuum pump. The permeate vapor was collected using a glass trap cooled in a
dewar vessel with liquid nitrogen for each time interval. The concentration of the feed
solution was maintained at a constant level during the measurement via the periodical

addition of appropriate amounts of pure methanol.

Table 4-1. Physical properties of the selected organic solvents

MW . ) o Hansen

( 1tI:benet'ratr.lt : B Mole[cula]r size Fens1_t3§i Bplglfg(g: ] solubility
abbreviation nm cm oin

[g mol ] g p [MPam]
Methanol
(MeOH) 32.04 0.38 [53] 0.791 64.7 29.6
Ethanol
(EtOH) 46.07 0.43 [53] 0.789 78.37 26.5
Isopropyl
alcohol (IPA) 60.11 0.47 [53] 0.786 82.6 23.6
Tertiary
butanol (Tert- 74.12 0.51 [53] 0.788 82.0 14.3
BuOH)
Ethyl acetate
(EA) 88.12 0.52 [53] 0.895 77.2 18.2
Dimethyl
carbonate 90.07 0.53 [54] 1.069 90.0 18.7
(DMC)
Isopropyl
acetate 102.1 0.57 [55] 0.872 89.0 17.6
(i-Pac)
Toluene (Tol) 92.14 0.59 [53] 0.867 110.6 18.0

The compositions of the feed and permeate streams were determined via gas
chromatography (GC-14B Shimadzu Cor., Japan). Membrane flux (J) and the flux of each
component (J;) on the permeate side are described by equations (4-3) and (4-4),

respectively.
] == (4-3)
Ji =] X Ywi (4-4)
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In equations (4-3) and (4-4), J is the total permeate flux (kg m2 h™'), w is the permeate
weight (kg), A is the membrane surface area (m?), t is the permeating time (h), and Yw,i
is the weight fraction of component i in the permeate. The permeance of component i
could be calculated from the molar flux (J,;) of the i component divided by the difference
in the partial pressures of the feed (p; r) and permeate streams (p; ,,), as determined using

equation (4-5).

_Jwmi B}
Pi= M/(Pi,f — Dip) (4-5)

The feed partial pressure of the ith component was calculated as p; = vixip?, where y;
is the activity coefficient according to the Wilson parameters, x; is the mole fraction of
the ith component, and p{ is the vapor pressure according to the Antoine equation. On
the other hand, the pressure in the permeate stream was presumed to be zero. The
separation factor is defined as the ratios of the mole fractions in the permeate

(yi and y;) and feed (x; and x;) streams, as shown by equation (4-6).

«= (5_)/ (4-6)

4.3 Results and discussion
4.3.1 The three-dimensional micropore network assembly of nickel-

aminosilica via coordinated sol-gel reaction

The reactivity of different types of aminosilica precursors that developed via the
nickel-amine coordination was examined using the nickel dopant as the corresponding
metal connector at a nickel/amine (Ni/NH) mole ratio of 0.25 mol mol™! with calcination
at 250 °C. The UV-vis diffuse reflectance spectra of pristine materials and nickel-doped
aminosilica xerogel powders prepared with different types of amine precursors appears

in Fig. 4-2(a) along with the FT-IR of both materials.
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Fig. 4-2. UV-Vis diffuse reflectance absorption spectra (a), and wide range FT-IR spectra (b) for
pristine aminosilica (BTPA, MAPTS, APTES) and the resultant nickel-doped aminosilica (Ni-
BTPA, Ni-MAPTS, Ni-APTES) xerogel powders obtained at calcination temperature of 250 °C.

We observed the appearance of two absorption peaks that were detected at wavelengths
of approximately 200 (n —» ¢*) and 300 nm (n — ") for all three aminosilica xerogel
powders, which corresponds to the intraligand free-electron transition of amine groups
(N-H) and the electron transfer between nitrate ions (N=0), respectively [48]. With the
addition of nickel ions at a Ni/NH mole ratio of 0.25 mol mol!, the color of the mixture
turned to yellow, bright green, and dark green for Ni-BTPA, Ni-MAPTS, and Ni-APTES,
respectively. The n— o* electronic transition was shifted to a higher wavelength,
confirming the ligand-to-metal charge transfer (LMCT) transition, which further
indicated the formation of a stable coordination of amine groups as a ligand to the nickel-
metal ions with lower energy levels [56]. In addition, significant changes in the spectrum
of nickel-doped aminosilica composites were discovered in the visible range with the
appearance of two new bands, which are summarized in Table 4-2. Similar to those

previous reports, the formation of nickel-amine coordination was confirmed via the d-d
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transition and further demonstrated characteristics of the tetrahedral environment nearby
nickel ions [56, 57]. These results are consistent with our previous findings that nickel
ions can be coordinated with four amines in an organosilica solution [49].

The characteristics of the FT-IR peaks were examined in terms of the chemical
bonding environment, and the shift of peaks was an indication of the establishment of
coordination, as shown in Fig. 4-2(b). All samples showed intense absorption peaks at
1,000-1,100 cm™!, which is attributed to the vibration of the siloxane network (Si-O-Si),

accompanied by an amine (N-H) deformation band at approximately 1,600 cm™.

Table 4-2. The spectroscopy characterization results of UV-vis diffuse reflectance, FT-
IR, and powder XRD spectra

Peak transition- Periodic chain distance

“17b
Membrane 0. range [nmpr Y NH LT Gition [26/degrec]*
BTPA : 1588 9.0
Ni-BTPA 391, 704 1583 and 1623 6.5
MAPTS i 1626 7.1
Ni-MAPTS 4006, 735 1622 6.8

APTES - 1649 7.1
Ni-APTES 554,925 1503 5’8

Values in parentheses are collected from UV-vis ¢, FT-IR °, XRD ¢ characterization.

A comparison of each nickel-doped amino composite shows that the relative intensity of
their Si-O-Si bonds is similar, while the intensity and wavenumber position of the amine-
deformation band showed an increased absorbance that featured a red-shift, which is
listed in Table 4-2. Wang et al. [58] reported a strong shift for the secondary amine bond
after the adsorption of metal ions, which indicated a robust coordination interaction
between both components. Behaviors such as intensification and red-shifting verify the
incorporation of nickel ions that act as lewis-acids that are capable of inducing the
formation of coordination bonds with amine groups as lewis-base molecules [48, 49].
Fig. 4-3(a) shows the X-ray diffraction patterns of pristine aminosilica xerogel
powder and nickel-composite materials calcined at 250 °C. The details of the peak
positions are tabulated in Table 2. All three aminosilica compounds show two amorphous
diffractions patterns centered at 26 of 7-9° (peak A) and 20-22° (peak B), which reflects
the distance of intermolecular periodic linking unit chains in polysisesquioxane and the
average spacing in the siloxane framework, respectively (schematic images as shown in

Fig. S4-3) [59]. After doping with nickel ions, a distortion into a lower degree of 20 was
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generated around the intermolecular periodic chain consisting of an amine moiety. Instead
of that, Ni-MAPTS showed only small structural changes at 20 of 7°. This finding
suggests that the formation of partial nickel-amine coordination on Ni-MAPTS was due
to the existence of non-hydrolyzable methyl groups subsequent to the amine functional
groups at the calcination temperature of 250 °C. The methyl substituent in the pendant
structure of the secondary amine structure of MAPTS increased the steric hindrance for
the coordination between nickel ions and amine groups, which consequently prevented
the construction of a coordinated framework. In accordance with the present results,
previous studies demonstrated that the methylated-pendant chain of organosilica
precursors was able to aggregate within the silica network and produced a relatively large
volume of steric hindrance, which thereby enforced the nickel-metal center to move away

from amine ligands, and resulted in a weakened affinity for coordination [42, 60, 61].

(a)
T, =250°C T,=250°C T, =250 °C
El
S A
>
B \/\ B 1L 11 o Ni |
S , ’ 4. Ni-APTES
g Ni-BTPA Ni-MAPTS
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
26° [degree] 26° [degree] 26° [degree]
(b)

Fig. 4-3. The XRD petterns for aminosilica (BTPA, MAPTS, APTES) and nickel-doped
aminosilica (Ni-BTPA, Ni-MAPTS, Ni-APTES) xerogel powders (a), and representative TEM
images for nickel-composites material (Ni-BTPA, Ni-MAPTS, Ni-APTES) calcined at 250 °C
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The coordination of APTES with nickel exclusively resulted in a moderate affinity
because hydrogen substitution on the primary alkyl-amines structure reduced the steric
hindrance of the metal center for the approach of ligand precursors, while the basicity of
APTES was lower than that of the secondary amines in both bridge and pendant
structures. Yu et al. [62] also reported a higher level of basicity secondary aminosilica
precursors compared with the primary amine structure due to the balance between the
electronic donating effect of alkyl groups, steric hindrance, and a solvation effect in the
aqueous phase. Hence, the moderate affinity of APTES is likely to induce a shifting of
the X-ray diffraction peak at 26 from 7.1° to 5.8° while simultaneously generating the

formation of nickel nanoparticles.

Moreover, the second diffraction peak at 26 of 20-22° showed a slight shift to a
higher degree for Ni-BTPA and Ni-APTES, while the opposite trend was observed for
Ni-TMAPS. The shifting of correlated peak positions corresponds to a change in d-
spacing values that reflect the estimated network distance of materials [63-65]. The peak
shifts to a higher degree of 20 for Ni-BTPA and Ni-APTES are likely to be related to a
decrease in the interplane distance of the siloxane network (Si-O-Si), which was
confirmed by the peak broadening after doping with nickel ions. In contrast with Ni-
BTPA and Ni-APTES, however, Ni-MAPTS showed a slight shift to a lower degree of
26, which meant that a larger level of steric hindrance from the non-hydrolyzable methyl
groups had slightly enlarged the Si-O-Si network and restricted the nickel ion to modify

the framework via coordination.

In order to confirm the role of nickel-dopant in different types of aminosilica
precursors, a TEM microphotograph was examined for three different samples of nickel-
composites, as presented in Fig. 4-3(b). As the TEM images show, the nickel-dopant was
fully incorporated within the bridge structure of the BTPA matrix, which resulted in a
finer dispersion of the dopant. Conversely, the incorporation of nickel into the pendant
structures of MAPTS and APTES shows an increased amount of metal dispersion (darker
colors and round shapes), which supports the evidence in the XRD results that nickel
nanoparticle reflection peaks increase with lower basicity and from an affinity for amine
precursors. The amine surface of different types of precursors represents an important

role in controlling the growth and dispersion of metal via catalyzing partially coordinated
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networks and in the reduction of metal nitrate into well-dispersed nanoparticles, as

reported by Anggarini et al. [66].

Fig. 4-4 shows the N; and CO:> adsorption-desorption isotherms of bare
aminosilica and nickel-doped aminosilica samples, and the corresponding textural
properties are summarized in Table 3. All aminosilica samples (Fig. 4-4(a))-left side Fig.)
exhibited low surface area and pore volume, which suggests extremely dense materials.
The high flexibility of the organic chain incontrovertibly occupies the siloxane network,
thus reducing porosity [39, 47]. The doping of nickel ions into different types of
aminosilica precursors clearly shows the significant enhancement of both the surface area

and the pore volume (Fig. 4-4(b)-right side Fig.), with the exception of the Ni-MAPTS

composite.
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Fig. 4-4. N, sorption isotherms at -196 °C (a) and CO, uptake isotherms at 25 °C (b) of pristine

aminosilica powders (left-side Fig.: BTPA, MAPTS, APTES) and Nickel-doped aminosilica
materials (right-side Fig.: Ni-BTPA, Ni-MAPTS, Ni-APTES) calcined at 250 °C.
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Anggarini et al. [48] discovered that microporosity could be controlled via the
coordination affinity between a metal-dopant and an amine ligand, where a higher level
of affinity enables an increased number of cross-linking interactions and an arrangement

into a three-dimensional framework.

Table 4-3. Textural properties of pristine aminosilica and modified nickel-doped samples
obtained in this study

Membrane Sger [m? g1 P([)zfngogl_lll?e Calg&;‘fgf;?gl]b
BTPA 2.36 0.024 16.7
MAPTS 0.49 0.007 13.8
APTES 0.18 0.006 3.23
Ni-BTPA 0.25 162 0.124 8.14
Ni-MAPTS 0.25 1.18 0.026 3.91
Ni-APTES 0.25 173 0.271 7.53

?Values in parentheses are calculated based on the results of N, sorption isotherms
® Values in parentheses are CO, sorption capacities at 25 °C and 100 kPa.

Moreover, to examine the Lewis basicity strength of the relevant aminosilica
precursors, CO> sorption isotherms were measured, as shown in Fig. 4-4(b). Based on
sorption behavior, the CO» capacity followed the order of BTPA > MAPTS > APTES,
which suggested the order of affinity for aminosilica materials. BTPA as a secondary
amine precursor with a bridge structure conferred the highest Lewis-base nature (the
highest CO: capacity with pronounced hysteresis loop), which allowed strong
coordination with nickel ions, and resulted in a high surface area of 162 m? g”! with a pore
volume of 0.124 cm® g'!. The development of the microporosity of Ni-MAPTS was
influenced by the steric hindrance of non-hydrolyzable methyl groups and by the higher
flexibility of the pendant-organic chain compared with that of the bridge type. Instead,
Ni-APTES exhibited a high surface area (173 m? g'') and pore volume (0.271 cm® g)
that compared favorably with that of Ni-BTPA due to the unhindered pendant structure
of the primary amine that allowed easy coordination with nickel ions. However, the
lowest basicity properties of APTES (the lowest level of CO; sorption, as shown in Fig.
4(b)) indicates that the increases in pore volume and surface area following the
introduction of nickel-dopant were due to the partially coordinated network and to the

establishment of nanoparticles.
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Compared with pristine materials, Ni-BTPA and Ni-APTES (Fig. 4-4(b)-right
side Fig.) show a lower capacity for CO» with a reversible sorption trend and no saturation
plateaus, which reflects the amine saturation level as an active site for the adsorption of
COa. These results prove that most nickel ions are covalently coordinated with the amine
ligands of BTPA and APTES precursors. On the other hand, Ni-MAPTS showed the
lowest CO; sorption capacity with a small hysteresis loop, confirming that the pendant
structure of the secondary amine precursor provided only partial coordination due to the
steric hindrance of non-hydrolyzable methyl groups, which markedly reduced the
reactivity. Pitteri et al. [67] found that steric hindrance by alkyl-amines promotes a
retardation effect that limits the free-rotation movement around metal-amine bonds.
Taken together, these findings suggest the roles of basicity, flexibility, and the steric
hindrance of aminosilica precursors in promoting the formation of coordinated

compounds in the following order: Ni-BTPA > Ni-APTES > Ni-MAPTS.

4.3.2 Structural transformation, textural properties, and porosity
induced via nickel-amine coordination: The effect of calcination

temperature and nickel mole ratio

Microporous networks were formed via the coordination between nickel ions and
the amines of the organosilica precursors. In previous studies, we established the critical
temperature required for the metamorphosis of dense structures into microporous
versions. This temperature is also restricted to the decomposition temperature of amines
as organic linkers [50]. To investigate the transformation together with the thermal
stabilities of nickel-doped aminosilica membranes, FT-IR characterization was
performed, and the results are summarized in Fig. 4-5. The absorbance of the amine
deformation band for pristine materials (Fig. 4-5(a)) was observed at calcination
temperatures as high as 300 °C, but the band almost disappeared after calcination at 350
°C. This result indicates the decomposition of amine groups could be minimized at a
lower calcination temperature of 300 °C, while higher temperatures accelerated the

complete degradation.
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Fig. 4-5. The narrow FT-IR spectra for pristine aminosilica films of BTPA, MAPTS, APTES
(a) and Ni-BTPA 0.25, Ni-MAPTS 0.25, and Ni-APTES 0.25 (b) at different calcination
temperature

According to the narrow FT-IR spectra (Fig. 4-5(b)) for Ni-BTPA, Ni-MAPTS, and Ni-
APTES, moderate absorption peaks from the NH deformation band of amine moieties
were observed at a pyrolysis temperature of 250 °C, while at higher calcination
temperatures the peak intensity was gradually decreased until complete thermal

degradation of amine groups was observed at 350 °C.

In line with FT-IR characterizations, diffractograms of Ni-BTPA (Fig. 4-6.-left
side Fig.) and Ni-MAPTS (Fig. 4-6.-middle side Fig.) showed amorphous phases at 250
°C, and the formation of nickel nanoparticles was observed when the calcination
temperature was increased to 300 °C. By contrast, the diffractogram of Ni-APTES (Fig.
4-6-right side Fig.) shows the formation of nickel nanoparticles at 250 °C, which indicates
lower stability of the metal-dopant to withstand the ion phase, which resulted in the
formation of phase separation. Anggarini et al. [48] reported that a high degree of
coordination affinity induced the formation of a stable compound in the metal-ion state,
while weak coordination led to the partial incorporation of metal into the aminosilica
network. Calcination at 350 °C caused a complete decomposition of the amine groups,
which resulted in a reduction of nickel-amine coordination stability followed by the

formation of nanoparticles.
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Fig. 4-6. Wide angle XRD patterns for Ni-BTPA 0.25, Ni-MAPTS 0.25, and Ni-APTES 0.25
at different calcination temperature

N2 adsorption isotherms for nickel composites were performed to analyze their
transformation and to determine the appropriate temperature for the conversion of the
microporous network. As shown in Fig. 4-7, the nickel loading at higher calcination
temperatures has an influence on increasing the N» sorption capacity for Ni-BTPA and
Ni-MAPTS, while a slight decrease was observed for Ni-APTES (the pore size
distribution for related materials, as shown in SI-(4-4), Fig. S4-4). During thermal
treatment above 250 °C, the Ni-BTPA composite showed an increase in N> adsorption at
low relative pressure due to enhanced coordination, and at high relative pressure due to
an increased number of mesopores that likely were formed via nanoparticles. That result
further indicates higher calcination temperatures encourage the formation of bimodal pore
structures of intraparticle and interparticle pores that originated from the coordinated
organosilica network and the void spaces between packed nickel particles, respectively,
as was confirmed by XRD. Further examination of Ni-MAPTS suggested that

microporosity formed at the calcination temperature of 300 °C, rather than at 250 °C.

According to the thermogravimetric analysis curve and the differential
thermogravimetric profile of Ni-MAPTS (Fig. 4-7(b)), the sample showed weight loss
between 300 and 350 °C due to the partial decomposition of the propylamine chain (based
on the mass signal at m/z of 30 — Fig. 4-7(c)), and the non-hydrolyzable methyl groups
(m/z =15 — Fig. 4-7(¢)).
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Fig. 4-7. The nitrogen adsorption-desorption isotherms (at -196 °C) of Ni-BTPA 0.25 (left-side
figure), Ni-MAPTS 0.25 (middle-side figure), and Ni-APTES 0.25 (right-side figure) calcined
at different temperature (a), TGA-DTA curve of Ni-MAPTS composite in helium with a heating

rate 10 °C min (b), and the mass signal of methyl groups (m/z = 15) together with propyl amine
(m/z = 30) as a function of thermal treatment (c).

Therefore, after the progressive removal of methyl groups (at 300 °C) from the MAPTS
structure, the reduction in steric hindrance allowed nickel ions to freely coordinate with
amine, which yielded a higher level of network connectivity and surface area. In contrast
to secondary amine precursors, however, Ni-APTES with primary amine fragments
display a decrease in N> adsorption capacity at higher calcination temperatures. The
viability of primary amines promoted a rapid degradation of organic linkers due to their
weaker basicity and lack of steric hindrance. This finding corroborates the FT-IR (Fig. 4-
5) and XRD (Fig. 4-6) characterization that showed complete degradation of amine
groups and the formation of nickel particles at 300 °C. Zelenak et al. [68] found that the
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basicity of secondary amines is relatively higher than that of primary amines. This
difference was influenced by the steric constraints, number of amine centers, and amine
surface density. In general, therefore, the optimized calcination temperature for nickel-

doped aminosilica membranes was determined to be 250 °C for Ni-BTPA and Ni-APTES,

whereas a higher calcination temperature of 300 °C was required for Ni-MAPTS.

According to our previous study evaluating the effect of the mole ratio of nickel,
the incorporation of different amounts of metal ions increased the specific surface area
with high pore volume [49]. Interestingly, the existence of metal in two-phase structures
as ions coordinated with amines and nanoparticles promoted a high level of flux with a
superior separation factor. Therefore, in this section, the effect of the metal ratio on the
different types of aminosilica precursors was discussed. The powder XRD patterns of
nickel-doped aminosilica composites prepared at various Ni/NH mole ratios are depicted
in Fig. 4-8(a) along with the diffractions of pristine materials. The diffractograms of
coordinated compounds were characterized by a shifting in the first peak around 26 of 7°
into a lower degree on the order of Ni-BTPA > Ni-APTES >>Ni-MAPTS, which
corresponds to the change in the periodic linking unit distance [48, 49, 66]. As expected,
the first peak shifted significantly with an increase in the nickel concentration due to a
strong coordination level for all nickel composites. However, at a higher nickel mole ratio
of 0.50, an observable amount of Ni nanoparticles was generated, particularly for Ni-
APTES, which clearly showed the high intensity of metal segregation. In addition,
another part of diffraction at a 20 of 20° showed a broader peak compared with that of
pure materials, which suggested that the randomly oriented amorphous structure of the

organosilica network could be maintained.
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Fig. 4-8. XRD diffraction patterns (a), and N, sorption isotherms at -196 °C (b) for nickel-

doped aminosilica (Ni/NH mole ratio = 0-0.50 mol mol!; calcination temperature = 250 °C)
prepared from BTPA (left-side Fig.), MAPTS (middle-side Fig.), and APTES (right-side Fig.)
precursors.

In order to deepen our understanding of the previous observation, porosity
analysis of the nickel-doped aminosilica composites was performed. Fig. 4-8(b)
summarizes the nitrogen sorption properties for tunable feeding mole ratios of Ni/NH at
a calcination temperature of 250 °C. Ni-BTPA and Ni-APTES displayed type I isotherms
after the addition of nickel in a ratio of 0.25 mol mol™!, which showed the microporous
structural ordering. Moreover, Ni-APTES also shows adsorption above P/Po = 0.8 due to
the condensation of adsorbed gas into interparticle voids, which were possibly generated
from nickel nanoparticles, as observed via XRD characterization [69]. The preparation of
nickel-doped aminosilica composites with a higher mole ratio of Ni/NH shows an
increase in the N> adsorption capacity, which suggested a higher metal content was also
effective in developing the microstructure, as reported by Anggarini et al. [49]. A

representative No sorption isotherm of Ni-MAPTS showed the smallest formation of a

189



Hiroshima University Doctoral Dissertation

micropore structure under similar conditions, which could be attributed to the existence
of non-hydrolyzable methyl groups that inhibited the coordination of the nickel metal-
center with amines. Nobakht et al. [70] reported the formation of a coordinated compound
with a methyl substituent, which resulted in a lower-dimension structure (1D), whereas a
ligand without steric hindrance showed the formation of a 3D network. Li et al. [71]
observed pendant groups of methyltriethoxysilane (MTES) occupying the free space of
an organosilica network and becoming a barrier among silica pores. In that study, after
the removal of the pendant chain via pyrolysis at high temperatures, more pore space was
available for N> sorption. As a consequence, the occupation of methyl groups in the
pendant structure of the MAPTS ligand resulted in a lack of coordination ability, which
sterically reduced the free-volume surface area. It is plausible that modification of the
aminosilica network via nickel-coordination exhibited a blended structure of partial
crystallization that surrounded with the amorphous phase of polysilsesquioxane
framework, which would be expected to display comparable properties as well as a metal-

organic framework (MOF) structure.

4.3.3 Evaluating the establishment of microporosity in modified nickel-

aminosilica membranes via single-gas permeation

Fig. 4-9(a) shows the molecular-diameter dependence on single-gas permeance
for pristine aminosilica membranes and nickel composites with a Ni/NH mole ratio of
0.25 mol mol™! prepared at 250 °C. The decreasing order for the permeation of gases
through pristine aminosilica membranes was BTPA (dp= 0.46 nm) > MAPTS (dp= 0.44
nm) > APTES (dp= 0.41 nm), which indicated that greater free volume was created by
increasing the organic chain in the dual flexible-rigid structure, as confirmed by N> and
CO> adsorption [62]. More importantly, the membranes fabricated with a nickel dopant
possess higher permeance compared with that of pristine versions, and nickel doping
produced molecular sieving properties on the order of Ni-BTPA (dp = 0.57 nm) > Ni-
APTES (dp= 0.54 nm) > Ni-MAPTS (dp = 0.48 nm). It should be noted that membrane
pore size, dp, was determined via the normalized Knudsen-based permeance (NKP)

method [72-74], as shown in SI-7. It should be noted that there is no clear and constant
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relationship between N sorption isotherms at -196 °C of the membrane materials and gas

permeation properties at 200 °C for membrane films. Even though pristine aminosilica

materials with high flexible organic chains may result in a nonporous structure (Fig. 4-

4(a)), the gas permeation mechanism of the membrane thin layer at 200 °C (Fig. 4-9(a))

was influenced by the existence of free-volume pores (dual flexible-rigid network) instead

of rigid pores. Ni-BTPA showed increased H> permeance that was approximately 5-fold

greater, from 8.6 x 107 to 4.5 x 10° mol m? s™! Pa’!, while maintaining selectivity for

Ha/SFs of > 10,000 (Fig. 4-9(a)).
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Fig. 4-9. Kinetic diameter dependence of single-gas permeance at 200 °C for pristine aminosilica
membrane along with nickel composites prepared from BTPA (left-side Fig.), MAPTS (middle-side
Fig.), and APTES (right-side Fig.) (a), H»/N, permeance ratio as a function of H, permeation for
different types of membranes (b), and schematic images of the formation of a nickel-amine
coordinated network affected by different structure of aminosilica precursors (c).
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The observed higher permeance of gases could be ascribed to the formation of the
microporous network that was induced via nickel-amine coordination, which resulted in
higher levels of surface area and pore volume (Fig. 4-4(a)). A higher H2/SF¢ permeance
ratio also was observed for Ni-composites membranes, which suggested that the
contribution of nickel-amine coordination resulted in the formation of pore sizes that were
more uniform and narrower with defect-free quality. By contrast, the change in Ni-
MAPTS was insignificant by comparison with that of Ni-BTPA and Ni-APTES, which
could be ascribed to the existence of non-hydrolyzable methyl groups as an ‘arm’ that
prevented coordination. The features of the methyl pendant arm on the amine moiety

occupied the free volume sites and further prohibited the formation of coordination [75].

In addition, we compared the corresponding network pore sizes of the membranes
following the coordination process, and the Ho/N> permeance ratio as a function of Ha
permeance for different types of membranes is summarized in Fig. 4-9(b). Pristine
aminosilica membranes exhibited low H> permeance with moderate to high selectivity,
while nickel-doped aminosilica membranes showed higher permeance with moderate to
low selectivity of H2/N2. For example, in the case of nickel-doping into the BTPA
structure, the permeance of H, was significantly increased from 8.6x1077 to 4.5x10° mol
m2 s! Pa, and the Ho/N> permeance ratio was decreased from 30 to 10 while maintaining
a high H/SFs selectivity of more than 10,000. This result agreed well with the
characterization results showing that flexible amine precursors tend to generate a dense
structure in membranes, whereas the incorporation of nickel ions tunes the rigidity of the
amine segment and increases network connectivity, which results in membranes with
greater permeability. These results could be rationally interpreted from the viewpoint of
membrane performances, as represented in Fig. 4-9(c). The presence of a bridged-
secondary amine structure on BTPA with high basicity and low steric hindrance generated
a strong level of coordination. Likewise, a small hindrance from the primary amine
structure of APTES led to the facile development of a microporous network, while the
non-hydrolyzable methyl groups on MAPTS lowered the probability of coordination and

prevented the nickel ions from migrating closer to the amine coordination sites.

In order to further elucidate the transport mechanism through the undoped and

nickel-doped aminosilica membranes, the temperature dependence of each permeating

192



Hiroshima University Doctoral Dissertation

gas for different types of membranes was compared, and the results appear in Fig. 4-10.

Also, the quantitatively calculated activation energy values are tabulated in Table 4-4.

Table 4-4. The calculated values of activation energy, Ep (kJ mol™'), for pristine

aminosilica- and nickel-doped aminosilica-derived membranes

Membrane H»> N>

BTPA 16.1 21.8
Ni-BTPA 0.25 13.6 10.0
MAPTS 8.87 9.39
Ni-MAPTS 0.25 10.5 12.7
APTES 11.6 20.7
Ni-APTES 0.25 10.3 11.4

Generally, the permeance of H» and N> was increased at the higher permeation
temperature, which suggests an activated transport mechanism [76]. After coordination
with nickel ions, the activation energy was significantly decreased as an indication of the
enlargement of the pore sizes and higher levels of membrane connectivity via nickel-
amine crosslinking that built a highly permeable sub-nanoporous framework [66].
Specifically, the activation energy of N> followed the sequence of Ni-MAPTS >> Ni-
APTES > Ni-BTPA, which further confirms the higher ability of each amine for the
development of a coordinated framework. Ni-MAPTS and MAPTS exhibited comparable
H; permeance of 6.3 x 1077 and 3.8 x 107 mol m? s! Pa’!, respectively. Moreover, Ni-
MAPTS showed no significant change in the activation energy compared with that of the
pure MAPTS membrane. The steric hindrance of methyl groups effectively weakens the
ability of secondary amine groups to interact with nickel ions. The consistent connection
between membrane performance and the microstructure of materials (Fig. 4-4(a))
suggests that the steric hindrance of non-hydrolyzable methyl groups has a substantial
effect to prevent further coordination of amine ligands with a metal center. In this case,
Ni-MAPTS failed to construct a microporous framework at the calcination temperature

of 250 °C.
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Fig. 4-10. Temperature dependence of single-gas permeance for pristine aminosilica
membranes compared with nickel-doped aminosilica membranes calcined at 250 °C: BTPA
and Ni-BTPA (a), MAPTS and Ni-MAPTS (b), APTES and Ni-APTES (c).

A coordination bond was formed by reacting amine-functionalized organosilica
precursors as organic linkers with nickel ions in the liquid phase, and this was explicitly
confirmed via the microstructure characterization of gelled powders. A previous study
revealed that the thermal degradation of amine linkers could generate a network collapse
of the coordinated framework [66]. Herein, the fabrication of different types of nickel-
coordinated, amine-functionalized, organosilica precursors was also evaluated at
calcination temperatures of 250, 300, and 350 °C. Fig. 4-11 shows the gas permeance at
200 °C for all types of membranes as a function of the molecular diameters of permeated
gases. The gas permeance of pristine membranes was slightly increased at higher
calcination temperatures with maintained selectivity for pristine membranes (Fig. 4-
11(a)). H2 permeance was slightly increased from 0.86x107 to 1.3x10°® mol m? s Pa’!
for BTPA, while the permeance ratio of H2/N> was slightly decreased from 21 to 17 as
the temperature was increased from 250 °C to 350 °C. Generally, the permeance of non-
functionalized silica membranes was decreased as the calcination temperature increased
because higher temperatures facilitated the further condensation of silanol groups (Si-
OH) and the hydrolyzable groups of Si-OR to form a siloxane (Si-O-Si) network.

However, the enhanced gas permeance on aminosilica membranes could be attributed to
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the partial degradation of amine groups, the liberation effect of organic groups, and a

lower reaction rate for the condensation process [77, 78].
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Fig. 4-11. Molecular diemeter dependency of permeance (measured at 200 °C) for pristine

aminosilica membrane of BTPA, MAPTS, and APTES (a), and nickel-doped aminosilica

membranes at Ni/NH mole ratio of 0.25 for Ni-BTPA, Ni-MAPTS, and Ni-APTES prepared

at various calcination temperature

Nickel-composite membranes showed that gas permeances increased
considerably as the preparation temperature was increased from 250 to 300 °C (Fig. 4-
11(b)). As the temperature of calcination was increased from 250 °C to 300 °C, the H»
permeance for Ni-APTES was increased from 2.4x10° to 4.9x10° mol m?s™! Pa! with
the Ho/N> permeance ratio maintaining values that ranged from 17 to 13 and with a
significant decrease in the H2/SFs permeance ratio ranging from 700 to 100, which
indicated the presence of defects. APTES is the simplest primary amine precursor with
basicity that is lower than that of the secondary amine precursors [79, 80]. Due to weak

coordination with Ni, higher calcination temperatures led to the formation of interparticle
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pores that were associated with the formation of nickel particles (Fig. 4-6). Moreover, the

calcination of membranes at 350 °C resulted in the formation of a loose network with a

dominant Knudsen diffusion transport, which is not feasible for the separation of both

gases and liquid mixtures. Anggarini et al. [66] reported that the hybrid structure of metal-

coordinated aminosilica membranes demonstrated a partially crystallized structure that

was consistent with that of MOF structures that are surrounded by an amorphous siloxane

network phase that derives from alkoxysilane precursors. The thermal degradation of

amine linkers causes the fragmentation of nickel-amine coordination, which results in the

collapse of the microporous framework [81]. On the other hand, Ni-MAPTS-300 showed

increased H, permeance compared with that of Ni-MAPTS-250 from 0.63 x 10° to

1.7x10 mol m? s™! Pa’!, respectively, while maintaining H2/SFs selectivity of as high as

1,000. This finding confirms the textural properties of Ni-MAPTS that were explained in

Fig. 4-7(a) where a higher calcination temperature was required to get a microporous

network and remove non-hydrolyzable methyl groups (as confirmed by TG-DTA results

—Fig. 4-7(b) and (c)). Based on membrane performances in line with the characterization

of the materials, we proposed a possible mechanism for microporous framework

transformations under different calcination temperatures, as shown in Fig. 4-12. A

coordinated network was established at 250 °C, while nickel-amine cleavage was detected

at an amine decomposition temperature of 350 °C. Therefore, the optimized calcination

temperature for Ni-BTPA and Ni-APTES is 250 °C, while for the Ni-MAPTS structure
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Fig. 4-12. Schematic image of the effect of different stage of calcination temperature on
nickel-doped aminosilica framework structure
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The synthesis strategy of a microporous coordinated nickel-amine framework can
be rationally controlled by modifying the stoichiometric nickel/amine mole ratios to
maximize the formation of the microporous network coupled with the formation of open
metal sites for preferential transport properties. Fig. 4-13(a) shows the gas permeance for
Ni-BTPA-, Ni-MAPTS-, and Ni-APTES-derived membranes at varying nickel ratios
prepared at a calcination temperature of 250 °C. As the higher nickel content generated
higher microporosity and greater surface area of the materials (Fig. 4-8), enhanced gas
permeation with lower resistance from the enlarged membrane pore size was obtained.
The improvement in gas permeance followed the order of Ni-BTPA 0.5 > Ni-BTPA 0.25
> BTPA; Ni-MAPTS 0.5 > Ni-MAPTS 0.25 > MAPTS; and Ni-APTES 0.5 > Ni-APTES
0.25 > APTES.
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Fig. 4-13. Single-gas permeance at 200 °C as a function of the permeated gas sizes for nickel-
doped aminosilica membranes (Ni-BTPA, Ni-MAPTS, Ni-APTES) with different
nickel/amine mole ratio (a), and schematic image of nickel coordinated aminosilica network
jointly with an excess of nickel nanoparticles (b).

In the case of Ni-APTES 0.5, the permeation of most gases was high due to the

contribution of the Knudsen diffusion mechanism through non-selective large pore sizes
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or defect voids that originated from large-sized nickel particles (Fig. 4-8(a)). In addition,
the pendant structure of Ni-MAPTS 0.5 showed higher gas permeance with a reduced
H»/SF¢ permeance ratio of from > 1,000 to 600. Schematic illustrations of the network
structure for different types of membranes appear in Fig. 4-13(b). The stability of the
coordinated network derived from the bridge-structured precursor (BTPA) was higher
compared with the pendant-structured versions (MAPTS, APTES) since lower basicity
and larger steric hindrance of the pendant chain significantly perturbed the coordination
bond. Accordingly, the higher metal content of the dopants in the pendant types of
precursors allowed a larger phase separation for metal particles; thus, the optimal nickel
mole ratios for the bridge (Ni-BTPA) and pendant precursors (Ni-MAPTS and Ni-
APTES) were 0.5 and 0.25, respectively.

4.3.4 Selective methanol removal from organic solvents via

pervaporation using nickel-doped aminosilica membranes

Our past work showed that combining the microporosity with an excess of nickel
ions creates high-flux membranes and facilitates the transport of methanol [49]. Our
strategy for the development of hybrid metal-coordinated amine-functionalized
organosilica membranes is to assemble their structures as organic linkers in ways that will
facilitate the removal of methanol from different types of solvents. In Fig.4-14, we
compare the pervaporation time course for different types of hybrid nickel-doped
aminosilica membranes under different types of mixtures at 50 °C (permeance values,
permeance ratio, flux, and separation factors are shown in Table 4-5). Ni-BTPA
composite membranes boost the transport of MeOH with a permeate concentration higher
than 99 wt% with respect to Toluene (Tol), which results in a high flux of 1.42 kg m™ h"
! with the highest separation factor of 5,000. Based on the pore size distribution, the
permeance of Ni-MAPTS membranes is largely affected by calcination temperatures and
by the concentration of nickel ions due to the existence of non-hydrolyzable methyl

groups (The gas permeance and pervaporation performances for Ni-MAPTS 0.25-300
and Ni-MAPTS 0.50-250, as shown in Figs. S(4-10) and S(4-11), respectively).
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Fig. 4-14. The time courses for pervaporation performance of MeOH-solvents mixtures at 50
°C for Ni-BTPA 0.5 — 250 °C (a), Ni-MAPTS 0.25 — 300 °C (b), and Ni-APTES 0.25 — 250 °C
(c) (methanol/solvents = 10 wt%/ 90 wt%; solvents used were IPA, EA, DMC, i-Pac, and Tol;
pure MeOH was examined to confirm th stable PV performance before each PV separation of
MeOH-solvent mixture.)

Ni-MAPTS 0.50-250 shows a lower flux and separation factor compared with that of Ni-
BTPA 0.50 due to smaller pore size and the contribution of methyl groups that
dramatically reduced the transport of MeOH. Moreover, the calcination of Ni-MAPTS
0.5-300 at a higher temperature (300 °C) generated a greater amount of nickel
nanoparticles instead of removing the non-hydrolyzable methyl groups, which degraded
the performance (Figs. S(4-10) and S(4-11)). A higher level of performance was attained
by the pervaporation of Ni-MAPTS 0.25-300 with a high flux of 1.24 kg m? h'! and a
separation factor for MeOH/Tol of 258. This improvement happened because the
appropriate calcination temperature removed the non-hydrolyzable methyl groups, and

the low concentration of nickel tended to control the formation of interparticle pores.
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The low level of steric hindrance generated by the amine precursors of Ni-APTES
0.25 composite membranes showed an attractive performance with a high flux of 1 kg m
2 h! and a separation factor of 1,000. A comparison with the pervaporation results for the
undoped-APTES membrane (Fig. S4-12(a)) shows a small flux of 0.35 kg m? h™! with
moderate selectivity for MeOH/Tol of 360, which indicates preferential sorption for
MeOH into polar amine functional groups, as reported by Anggarini et al. [49]. With a
higher nickel mole ratio, Ni-APTES 0.5 (Fig. S4-12(c)) failed to separate MeOH from
different types of solvents due to the generation of large interparticle pores by nickel
nanoparticles. The pore structure of the membrane exhibited the presence of a significant
number of defects between the nanoparticles, which enhanced the contribution by
Knudsen diffusion (Fig. S4-7). The separation performance for MeOH/solvents was in
the following order: Ni-BTPA 0.5-250 > Ni-APTES 0.25-250 > Ni-MAPTS 0.25-300. In
each case, the permeance of MeOH was comparable to the pure system and approximately
constant for different types of mixtures, with the exception of the mixture of the
MeOH/IPA (separation mechanism for alcohol mixture as explained in SI-(4-12)). These
results indicated the preferential sorption of methanol and a high level of rejection for
solvents even at high concentrations. The pervaporation of MeOH/IPA shows the
historical effect proven by the gradual increase of MeOH flux in the pure system after the
separation of IPA. Partial pore blockages by adsorbed IPA molecules result in the
inability of pure MeOH to quickly transport through the membrane pore wall. The
observed results can be explained by the fact that the hydrophilic surface of nickel-
crosslinked amine membranes facilitates the sorption of polar alcohol components. In
addition, the separation performance of nickel-doped aminosilica membranes showed an
increase behavior when a non-polar solvent was applied to the mixture. The permeance
of MeOH in different types of solvents was decreased as follows: in Tol = i-Pac > DMC
> EA >>> [PA. The extremely low flux of non-polar solvents such as i-Pac and Tol
through nickel-coordinated aminosilica membranes was experimentally explained via the
reluctance of nonpolar molecules to pass through the hydrophilic surface region, which
is responsible for the enhanced separation between MeOH over non-polar solvents such

as DMC, i-Pac, and Tol [27, 82].
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Table 4-5. Comparison of methanol separation performance via pervaporation between
nickel-doped aminosilica membranes and different types of membranes

Tpv MeOH Total flux MeOH ;_>7erm. Sep. Perm.

Membrane System [°C] feed conc (kg m? h'] x10 factor [-] ratio [-]" Ref.
[wt%] [mol m?s'! Pa’']”

Ppy-PF MeOH/IPA 57.5 10 0.50 0.51 2 0.7 [83]
/Llffl/pDMAEMAMeOH/IPA 5015 3.39 114 9 3 [84]
Ni-BTPA 0.50 MeOH/IPA 50 10 0.15 0.92 300 100
Ni-MAPTS 0.50 MeOH/IPA 50 10 0.25 0.87 32 10
Ni-APTES 0.25 MeOH/IPA 50 10 0.28 1.47 35 12
Ni-APTES 0.50 MeOH/IPA 50 10 5.00 0.64 2 1 This
Ni-BTPA 0.50 MeOH/EA 50 10 1.22 4.32 415 300 work
Ni-MAPTS 0.50 MeOH/EA 50 10 0.61 1.60 45 36
APTES MeOH/EA 50 10 0.17 0.49 38 28
Ni-APTES 0.25 MeOH/EA 50 10 0.86 2.63 51 40
Ni-APTES 0.50 MeOH/EA 50 10 253 1.69 2 2
BTESA MeOH/DMC 50 10 3.13 11.3 118 26 [14]
BTESE MeOH/DMC 50 10 0.45 1.40 235 59  [14]
GA-STA-CS MeOH/DMC 50 10 1.03 3.23 91 21 [85]
PAA/PVA MeOH/DMC 60 10 0.61 0.12 0.8 02 [86]
STA/CS MeOH/DMC 50 10 1.16 3.53 67 16  [87]
Nafion MeOH/DMC 40 10 0.93 2.67 11 2 [88]
Ni-BTPA 0.50 MeOH/DMC 50 10 0.75 2.36 280 66
Ni-MAPTS 0.25 MeOH/DMC 50 10 1.75 3.6 13 3
Ni-MAPTS 0.50 MeOH/DMC 50 10 0.57 0.99 11 3
Ni-APTES 0.25 MeOH/DMC 50 10 0.98 2.82 39 9 This
Ni-APTES 0.50 MeOH/DMC 50 10 24.1 1.88 2.57 0.6 work
Ni-BTPA 0.50 MeOH/i-PAc 50 10 1.00 3.28 1700 1350
Ni-MAPTS 0.50 MeOH/i-Pac 50 10 0.55 1.67 110 82
Ni-APTES 0.25 MeOH/i-Pac 50 10 0.81 2.55 373 300
Ni-APTES 0.50 MeOH/i-Pac 50 10 15.5 1.31 4 3
Ppy-PF MeOH/Tol 50 10 0.28 0.59 441 39 [83]
TiPCS MeOH/Tol 50 10 0.64 1.35 410 36 [89]
Chitosan MeOH/Tol 35 10 0.80 3.22 162 14 [26]
Cellulose acetate MeOH/Tol 30 10 1.80 8.79 80 7 [25]
PA/UIO-
66(NH,)- MeOH/Tol 22 72 1.55 9.51 5 5 [90]
EDTA/cellulose
SPI MeOH/Tol 50 10 0.79 1.43 49 4 [91]
TEOS-CS MeOH/Tol 30 10 0.18 0.93 396 35 [28]
BTPA MeOH/Tol 50 10 0.07 0.14 382 34 [49]
Ni-BTPA 0.50 MeOH/Tol 50 10 2.81 5.95 907 80  [49]
Ni-BTPA 0.50 MeOH/Tol 50 10 1.42 3.03 5000 410
Ni-MAPTS 0.25 MeOH/Tol 50 10 2.63 5.34 420 37
Ni-MAPTS 0.50 MeOH/Tol 50 10 0.81 1.51 70 6 This
APTES MeOH/Tol 50 10 0.36 0.75 368 30 work
Ni-APTES 0.25 MeOH/Tol 50 10 0.90 2.16 919 73
Ni-APTES 0.50 MeOH/Tol 50 10 11.2 0.64 5 0.3

*MeOH permeance and the permeance ratios were calculated based on Egs. (3) and (4)
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4.3.5 Permeation and separation mechanism through nickel-doped
aminosilica membranes

Fig. 4-15(a) gives an overview of the molecular sieving properties of nickel-doped
aminosilica membranes and the polarity of the organic mixtures that affected the
separation performance. Permeance (P) is the product of the diffusivity (D) and solubility
(S) of permeated molecules across the membrane barrier, where the diffusivity value is
affected by the pore dimensions, and the solubility is affected by the critical temperature
of the solvent and the interaction between membrane surface (organic phase) and

permeated solvent [62, 73, 92].
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Fig. 4-15. The correlation between Hansen solubility parameter and permeance for Ni-BTPA,
Ni-MAPTS, and Ni-APTES (a), comparison pervaporation performance for the separation of
methanol/dimetil carbonate (MeOH/DMC) (b) and methanol/toluene (MeOH/Tol) mixture (c)
between nickel-doped aminosilica membranes and different types of membranes.
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Sridhar et al. [93] reported that the performance of pervaporation-based membranes for a
specified mixture would depend on the solubility parameters and the free volume, which
reflects the interactions between the permeated molecules, the membrane materials, and
the pore structure that is available for adsorption. In this study, the Hansen solubility
parameter including the partial parameters of dispersion, dipole, and hydrogen bonding
was used to describe the relationship between the structure and the interaction strength of
solvents [93, 94]. Fig. 4-15(a) shows a clear correlation between the Hansen solubility
parameter and the permeance (P) values. MeOH as a polar solvent showed the highest
solubility parameter with the highest value of permeance, while DMC, Tol, and i-Pac are
less-polar solvents that showed the lowest solubility parameters, as well as permeance,
which resulted in high separation performance for both mixtures. The results reported
here support the assumption that MeOH freely interacts with a large quantity of metal-
crosslinked groups that makes the surface properties of these membranes very

hydrophilic.

The solubility parameters for DMC, Tol, and i-Pac through hydrophilic
membranes show much lower values compared with MeOH due to their relatively
hydrophobic nature. Permselectivity is determined by the combination of molecular
sieving properties (diffusivity) and the affinity for separation (solubility) since the
separation performance of nickel-doped aminosilica membranes in organic mixtures
followed the order of Ni-BTPA > Ni-APTES > Ni-MAPTS, and the bridge amine
structure (BTPA) generated a stable and highly coordinated network. The pendant
structure (MAPTS and APTES), on the other hand, showed moderate-to-low coordination
levels due to steric hindrance that worsened the coordination ability and affected the

membrane performance.

Fig. 4-15(b) shows the trade-off curve between total flux and the separation factor
of MeOH/DMC mixtures for different types of membranes at 50 °C. Each plotted point
represents the experimental data of a different membrane, as tabulated in Table Sl.
Commercial polymeric membranes are simply indicative of a trade-off trend where a
more permeable membrane shows a high flux of 8 kg m? h™! with a low separation ability
for MeOH/DMC of 2, while another membrane could show an extremely small flux of

0.03 kg m? h! with a moderate selectivity of 100. The hybrid structure from nickel-
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coordinated amine-functionalized organosilica precursors breaks through the original
trade-off where the flux of the membranes was increased to approximately 1 kg m™ h!
with a separation factor higher than 200. Each plotted point for several nickel-doped
aminosilica membranes prepared under similar conditions showed a comparable
performance, which confirmed the reproducibility of membrane fabrication and the

measurement accuracy with standard deviations of less than 20%.

Fig. 4-15(c) summarizes the pervaporation performance for MeOH/Tol separation
by the hybrid nickel-doped aminosilica membranes fabricated in this study, along with
different types of membranes. Compared with membranes such as polymeric, MOFs, and
TiPCS, the Ni-BTPA showed the highest separation performance with a high flux of 1.42
kg m? h? and the highest separation factor of 5,000. Other nickel-composites of Ni-
APTES and Ni-MAPTS also exhibited high potential for the separation of MeOH/Tol,
with a high flux that was approximately > 1 kg m2h™! and a separation factor higher than
300. The enhancement of membrane flux and the separation factor can be ascribed to the
balance between higher levels of interconnected micropores generated from nickel-amine
coordination, and the existence of uncoordinated nickel ions that acted as active sites for
the diffusion of methanol [11, 50]. The pervaporation findings are consistent with
materials characterization obtained from instrumental interpretations and the pore
structure estimation from single-gas permeation results, which suggested beneficial
modification through the precise control of the pore structure and the hydrophilic surface.
As far as we could ascertain, this study introduces the first high-flux membrane that has
demonstrated a methanol-selective performance that could be applied to industrial-scale

purifications.

4.4 Conclusions

Microporous nickel-doped aminosilica membranes were successfully synthesized via
a sol-gel process that was followed by a coordination reaction. The nickel-composite
membranes show attractive separation performance with methanol-selective properties

and high flux.
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(1) The optimal nickel/amine mole ratio and appropriate calcination temperature for
the development of high porosity, facilitated the high diffusion of methanol as
follows.

a. Bridge-structure amine precursor (Ni-BTPA) = 0.50 — 250 °C
b. Pendant-structure amine precursors = Ni-APTES =0.25 — 250 °C; Ni-MAPTS
=0.25-300 °C

(2) The permeation mechanism for nickel-doped aminosilica membranes was
influenced by the pore size distribution of the membranes and by the affinity
between the hydrophilic surface of the membranes and the permeating molecules.

(3) Competitive adsorption was observed for alcohol mixtures (MeOH/EtOH,
MeOH/IPA, and MeOH/tert-BuOH), which then resulted in pore blockage via
hydrogen bonding interactions.

(4) The nickel-doped aminosilica membranes show high levels of flux and separation
factors on the order of Ni-BTPA > Ni-APTES > Ni-MAPTS. The Ni-BTPA
membrane recorded the most outstanding performance with a high flux of 1.42 kg

m h™! and a superior separation factor for MeOH/Tol of 5,000.
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Table S4-1. The calculated values of activation energy, Ep (kJ mol™), for pristine

aminosilica- and nickel-doped aminosilica-derived membranes

Membrane He H»> CO2 N2 CH4
BTPA 15.7 16.1 31.1 21.8 21.3
Ni-BTPA 0.25 12.2 13.6 8.92 10.0 8.73
MAPTS 10.2 8.87 4.47 9.39 8.67
Ni-MAPTS 0.25 11.4 10.5 9.50 12.7 13.2
APTES 12.6 11.6 14.7 20.7 17.8
Ni-APTES 0.25 9.70 10.3 0.47 114 10.7
‘TN 10% . . . . . "o 10 T T T T & 10° T T T T T
?‘ . 122k mor? ‘_0' 9 —o 1737:7677“’"0"1 A B2k oy
AT ’%“" — ;f"” —o ] o 3 o 10% 23\ S
' - 0 -0- »ok S . -
E 0 E 0. 887kJm011 B ° 107#7{3»,/9&0“"‘0" 8 e
o 10 Y [e) B O SRS B .-
£ {2.6kJmO,»1 £ ”6“”‘0" o ~-0 %’ 44”{"‘0'1 O 311kJmc|1 :
8 o8l 8 108 o 10%] O o -
c £ 5 1471 kI mol o
0]
OE) 109 O BTPA @ Ni-BTPA g 10% O BTPA @ Ni-BTPA E 10% © BTPA @ Ni-BTPA
5 O TMAPS @ Ni-TMAPS 5 O MAPTS @ Ni-MAPTS o O MAPTS @ Ni-MAPTS
o O APTES @ Ni-APTES o 0O APTES @ NI-APTES o o O APTES @ NI-APTES
1071 T T T T T -10. . . . . ' 10 T T T : :
:?:) 20 22 24 26 28 30 32 f 10 20 22 24 26 28 30 32 8 20 22 24 26 28 30 32
1000/T 1K™ 1000/T [K™] 1000/T [K]
" A0S Lt e— o
o O BTPA 9 Ni-BTPA 0 BTPA @ Ni-BTPA
- O MAPTS @ Ni-MAPTS A O MAPTS @ Ni-MAPTS
NV’ 10%] O APTES @ NI-APTES o 109 O APTES @ Ni-APTES J
£ T ——9o g 100K mol‘ € e féik’J%df"”"""""'*f o
= 407 MNakymot 0] ° 107] I
g 10 T< &@" S .g. 10 % 132kJmol1 \10 e
= \9\ “““ 7/127kJm0;1 o ° - — ~ 7kJmol1
§ 108 0939 kd moj-1 = — o1 (LC; 108 867'<J mol" o —
B o 18 o e o o
g 10° 20'7‘“ moy-1 kJ mou % 0% "8kimgr o 7
o © K o
o -10. < 10-10
N 10 T T T T T I T T T T T
Z 20 22 24 26 28 30 32 o 20 22 24 26 28 30 32
-1
1000/T [K™] 1000/T [K]

Fig. S4-8. Temperature dependence of single-gas permeance for pristine aminosilica
membranes (BTPA, MAPTS, APTES) compared with nickel-doped aminosilica membranes
(Ni-BTPA, Ni-MAPTS, Ni-APTES) calcined at 250 °C.
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Fig. S4-9. The XRD diffractogram for Ni-MAPTS 0.25 and 0.50 calcined at 300 °C (a), and
kinetic diameter dependence of single-gas permeance at 200 °C for Ni-MAPTS 0.25 and Ni-
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Fig. S4-10. Effective practical time courses of pervaporation performance through Ni-
MAPTS0.25-300 and Ni-MAPTS0.50-250 for the methanol removal systems at 50 °C
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Fig. S4-11. Effective practical time courses of pervaporation performance through APTES, Ni-
APTES 0.25, and Ni-APTES 0.50 for the methanol removal systems at 50 °C (methanol/solvents =
10 wt%/ 90 wt%)

Separation of alcohol mixtures through nickel-doped aminosilica membranes

In the previous section of 3.3 (main article), the pervaporation performance for
MeOH/IPA in all types of membranes showed a lower permeance and separation factor
compared with other types of solvents (Figure 14). This result might be explained by the
fact that IPA (polarity index = 3.9) is a polar solvent with a polarity index comparable to
that of MeOH (polarity index = 5.1). To further ascertain the permeation mechanism of
alcohol mixtures through the hybrid membranes, the separation systems of MeOH/EtOH
and MeOH/tert-BuOH (10 wt%/90 wt%) were also performed at 50 °C. Before measuring
the pervaporation of the alcohol mixtures, the membrane was soaked in pure methanol
overnight to remove the component that was adsorbed on the membrane pore wall and
reduce the history effect. Separation of MeOH with different types of alcohol mixtures
had low performance, especially when the polarity indexes of the component were
similar. The other reason for poor selectivity is related to the small difference in the
molecular sizes between the separating molecules. As summarized in Figure S4-12, the
polarity of solvents directly affected the separation ability of crosslinked nickel-

aminosilica membranes.
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Fig. S4-12. Time courses for the pervaporation performance of methanol/ alcohol mixture

(ethanol and tert-butanol) at 50 °C through the Ni-BTPA 0.50-250 (a), Ni-MAPTS 0.25-300
(b), Ni-APTES 0.25-250 (c¢) membranes, and schematic representation of an alcohol
competitive sorption on coordinated nickel-amine based silica membrane

The optimized nickel-doped aminosilica membranes such as Ni-BTPA 0.50 showed high
flux and high separation factors for MeOH/Tol , but were found to be unselective for the
MeOH/alcohol mixture. The Ni-BTPA (Figure S4-12(a)) membrane exhibited a low flux
of 0.13 kg m™ h! with a separation factor of less than 50 for MeOH/tert-BuOH. Similarly,
Ni-MAPTS (Figure S12(b)) and Ni-APTES(Figure S12(c)) exhibited low performance
for the separation of alcohol mixtures. The permeance of methanol always became lower
compared with the pure systems, and the flux of both components was largely decreased

as an indication of high competitive adsorption between alcohol mixtures.
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A higher concentration of alcohol compounds with a larger size than MeOH could
have entered the pores of nickel-doped aminosilica membranes and interrupted the
diffusion of MeOH inside the pores structure as schematically shown in Figure S12(d).
Anggarini et al. reported the uncoordinated nickel nanoparticles acted as Lewis-acid and
could interact with hydroxyl groups from alcohol Lewis-base molecules which then
increased the diffusivity of higher concentrations of alcohol components via larger pores.
In addition, most alcohol mixtures could interact with hydrophilic functional groups
presented in nickel-doped aminosilica composites via the physical interaction of

hydrogen bonding, which then blocks the available free volumes.
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Chapter 5
Structural two-phase evolution of aminosilica-based silver-

coordinated membranes for increased hydrogen separation

5.1 Introduction

Gas separation membrane technology has grown significantly throughout the years
due to lowered costs, simpler operations, improvements in compactness, and
improvements in performance that include higher levels of permeability and selectivity
[1]. Microporous organosilica is one of the inorganic membranes that has shown a high
potential for gas separation processes under chemically harsh environments. Other
advantages of microporous organosilica membranes include excellent mechanical and
thermal stability and highly tunable pore sizes for specific gas-separation applications [2-
4]. Adequately prepared organosilica membranes show high permeability for smaller
gases such as helium (He, kinetic diameter-KD = 0.26 nm), H> (KD = 0.29 nm), and
carbon dioxide (CO2, KD = 0.33 nm) with significant selectivity of larger gases such as
carbon tetrafluoride (CF4, KD = 0.48 nm) and sulfur hexafluoride (SF¢, KD = 0.55 nm),
and of hydrocarbons such as propene (C3Hs, KD = 0.45 nm) and C3Hg (KD = 0.48 nm).
Kanezashi et al. [5] evaluated the performance of silica membranes with tetracthoxysilane
(TEOS) as the precursor at different calcination temperatures. A TEOS membrane
calcined at 550 °C showed high H> permeance of 1.3 x 107 mol m? s™! Pa! with high
H2/N» selectivity of 80. Labropoulos et al. [6] also reported high performance of
organosilica membranes fabricated via chemical vapor deposition (CVD) with the highest
permeance for He of 5.2 x 107 mol m™ s Pa™! and a selectivity for He over N that
reached 164.1. Moreover, Nagasawa et al. [7] developed a high-performance organosilica
membrane via plasma-enhanced chemical vapor deposition (PECVD) of
hexamethyldisiloxane (HMDSO)-derived membranes, and with it they reported He
permeance of 1 x 107 mol m? s Pa"! with a permeance ratio for He/N, that reached
7,800. The molecular sieving properties of organosilica membranes with high

permeability and high selectivity represent the most valued qualities for applications in

221



Hiroshima University Doctoral Dissertation

the industrial, scientific, and medical sectors [§].

The concept of tailoring the micropore structure was developed to enhance the
separation ability in order to produce higher levels of gas permeance. The highest
separation ability of organosilica membranes has been achieved when the characteristic
pore dimensions of the membrane are capable of separating penetrants that differ in
kinetic diameter via molecular sieving [9, 10]. Hence, the critical pore size of the
membrane must be determined to achieve a high level of molecular sieving performance.
The microporous structure of organosilica membranes can be tailor-made via various
techniques that include burning out the organic compounds during the post-synthesis
process and adjusting the structure of the linking units between bi-silyl precursors (spacer
method) [11, 12]. Raman and Brinker [12] introduced an organic template method to
create a pore structure by using the organic component as a template that can be
incorporated into an inorganic matrix, which then can be removed via thermal treatment
without collapsing the original matrix. Another process, the spacer method, refers to the
modification of silsesquioxane with different lengths of linking units between two silicon
atoms [11, 13]. The pore size and structure of the resultant material were strongly
influenced by the organic functional groups. Most organosilica precursors with higher
carbon numbers between a bi-silyl structure, however, tend to produce a flexible structure

that fails to generate the microporosity of a highly permeable membrane.

The industrial application of H> purification technology has developed rapidly over
the decades in the forms of water-gas shift processing, coal gasification, steam reforming,
and the dehydrogenation of hydrocarbons [14-17]. Most H» separation membranes
encounter obstacles to gas permeation accompanied by a desirable level of separation,
and vice versa. Because it is the smallest molecule, H> can be separated by solution-
diffusion in non-porous membranes or by molecular sieving in porous membranes [4].
Well-known examples of hydrogen-selective membranes originated from metal-organic
frameworks (MOFs) [18], two-dimensional lamellar nanomaterials [ 19], zeolites [20, 21],
covalent organic frameworks (COFs) [22], Pd and its composite alloys [23, 24], and
carbon molecular sieving membranes [25]. Ma et al. [26] reported that nano-sheets seeds
for the secondary growth of a Zeolite imidazolate framework-95 (ZIF-95) could control

the thickness of the membrane and improve the H, permeance of 1.96 x 10”7 mol m™ s™!
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Pa! with the highest selectivity of Ho/COz of 49.4 via a narrow pore size of 0.37 nm and
huge cavities of 2.4 nm. Wen et al. [27] showed that graphene oxide (GO)-based
membranes make up a class that is derived from graphene with a laminar network and
adjustable nanochannels that exhibit excellent molecular sieving features for the
separation of Hz isotopic water with high selectivity. However, the large oxygen content
in the GO structure degrades the selective diffusion properties of the membrane via
specific interactions with water (H20) molecules, and this results in large pore sizes and
swelling of the GO lamella. Carbon molecular sieving (CMS) membranes show a bimodal
pore size distribution of ultramicropores and micropores that provides high levels of gas
separation performance and permeability [28]. The pore structure of the membrane was
developed via carbonization of polymeric precursors at high temperatures, which resulted
in a tightening of the micropores and a resultant higher level of selectivity. Moreover,
energy consumption during the carbonization process continued to present an economical

problem for large-scale industrial applications.

High purity of Hz gases (99%) is attainable by separation via the dense structure of
metallic membranes, in particular, this applies to composite palladium (Pd)-alloy types.
Several varieties of metals such as pure types (Pd, niobium-Nb, and titanium-T1i), binary
alloys (Pd-silver/Ag, Pd-copper/Cu, Pd-yttrium/Y), and complex alloys (Pd with more
than 3 types of metal alloys) have been investigated for their use in H» separation [29-
32]. Most metallic alloy membranes, however, form thicknesses larger than 0.1 mm,
which makes them unattractive due to low permeance, low stability, and high cost. Porous
membranes, on the other hand, have generally demonstrated the promise of high flux with
thermal stability at temperatures ranging from 200 to 600 °C. The synthesis of MOF
materials has been widely elaborated due to their attractive properties for the separation
and purification of gases [22, 29]. MOF membranes have shown high flux performance
due to ultra-high porosity with highly dimensional interconnected structures. A rigid
framework of porous coordinated materials, however, tends to generate interfacial defects
in their crystal structures, which results in a reduction in the separation performance of

the membranes [33, 34].

Based on these findings, we first proposed a new concept for controlling the

microporosity of organosilica ceramic membranes via a sol-gel process that follows a
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coordination reaction to obtain significantly higher levels of permeance and selectivity.
Coordination is facilitated via cross-linking reactions between the amine groups in the
linking units of bis[3-trimethoxysilyl) propyl] amine (BTPA) as a Lewis base molecule
with a silver ion act as a Lewis acid. A pair of nonbonding electrons from an amine moiety
donated to the empty d orbitals of a silver ion induces the formation of a more rigid linking
unit structure of BTPA, which gives rise to a higher surface area and high permeating
flux of small molecules. In addition, the flexible amorphous phase of pristine BTPA

ensures a high level of separation ability.

Previous study by our group has shown that silver dopants with a weak affinity for
coordination easily generate metal segregation as a product of uncoordinated silver
nanoparticles following calcination at 250 °C [35]. Ag is commonly used as metal alloyed
with Pd to increase the permeability of H» and reduce the brittle effect of the membranes
[36, 37]. We expected the existence of metallic Ag nanoparticles to facilitate the transport
of H» through an inorganic silica membrane and result in a higher permeance of Hz. Yang
and Chen [38] showed that the introduction of metallic silver into TEOS and
methyltriethoxysilane (MTES) increased the flux of H» by increasing the pressure
difference. This result was explained as Ag enhancing the surface diffusion of hydrogen
through a silica network. The experimental work presented in this study is one of the first
investigations into how a two-phase structure that includes silver-amine coordination and
silver nanoparticles could facilitate the diffusion of H» as a smaller-sized gas and how the
amorphous properties of a silica-based framework tends to reject larger-sized gases such
as hydrocarbons. Therefore, the present research offers the first explanation of the effect
that a silver-dopant concentration exerts on the formation of microporous aminosilica

membranes for the separation of Ha.
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5.2Experimental
5.2.1 Preparation of bis[3-(trimethoxysilyl)propyl] amine (BTPA) and
silver-modified bis[3-(trimethoxysilyl)propyl] amine (Ag-BTPA)

BTPA was used as a precursor and hydrolyzed under a mole composition of
BTPA/H>O/HNO;3 at 1/300/1. The weight percent of the precursor was maintained to 5%
by the addition of ethanol (C2HsOH) as a solvent agent. The hydrolysis and condensation
reactions were conducted at room temperature for 12 hours under vigorous stirring. After
synthesis of the BTPA sol, a certain amount of silver nitrate (AgNO3) was added into the
solution as a dopant with different mole ratios of silver/amine ranging from 0.1 to 0.5
mol/mol. Finally, the mixtures were further stirred continuously at room temperature for
1 hour. The resultant sols without and with silver content will herein be referred to as
BTPA, Ag-BTPA 0.1, Ag-BTPA 0.2, Ag-BTPA 0.3, and Ag-BTPA 0.5. The silver-
doping process was also conducted using bis-(trimethoxysilyl)-hexane (BTMSH)
precursor with the same mole ratio for comparison between coordinated and

uncoordinated species.

5.2.2 Structural characterization of Ag-BTPA films and xerogels

Silver-doped organosilica gel powders were prepared via a slow solvent
evaporation process at 50 °C under an air atmosphere [39]. The coordinated (Ag-BTPA)
and non-coordinated (Ag-BTMSH) compounds were confirmed using a UV-Vis diffuse
reflectance spectrophotometer (Shimadzu UV-3600 plus). The thermal properties of
silver-doped BTPA powder were determined using a thermogravimetric mass
spectrometer (TG-MS, TGA-DTA-PIMS 410/S, Rigaku, Japan). The formation of a two-
phase structure to produce silver-amine coordination and silver nanoparticles was studied
using powder X-ray diffraction (XRD D2 PHASER, Bruker, Germany) in the 20 range
of 5-80°. All the xerogel samples of Ag-BTPA with different contents of silver were
calcined at 250 °C under a nitrogen (N2) atmosphere. The morphologies and the formation
of the nanoparticle structure were confirmed using a transmission electron microscope

(TEM JEOL2010 Ltd., Japan). The samples for TEM evaluation were prepared by
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suspending the silver-doped organosilica gel powder in a volatile solvent, which then was
deposited onto a copper mesh grid. Such pretreated samples were then submitted to

vacuum conditions for 12 hours.

The chemical structure of Ag-doped aminosilica was examined using Fourier
Transform Infrared Spectroscopy (FT/IR-4100, JASCO, Japan) over a wavenumber range
of 500-4000 cm™'. The Ag-BTPA-derived films were coated onto a potassium bromide
(KBr) plate and then calcined at 250 °C under a N» flow for 30 minutes. The chemical
environment of pristine BTPA and Ag-BTPA was also studied using XPS elemental
analysis (Shimadzu ESCA-3400HSE spectrometer).

The textural characteristics of each powder were evaluated via N2 sorption
isotherms at -196 °C and CO> adsorption-desorption isotherms at 25 °C in a BELMAX
(BELJAPAN Inc.). The specific surface area was calculated based on the Brunauer-
Emmett-Teller (BET) technique in a P/Po range of 0.05-0.20. All samples were pretreated

by heating at 200 °C under vacuum conditions for 12 hours prior to measurement.

5.2.3 Preparation of Ag-BTPA membranes and the evaluation of

membrane performance

Porous a-alumina tubes were used as a membrane support with 50% porosity and
an average pore size of 1 um (length 100 mm; inner diameter 8 mm; outer diameter 10
mm), as supplied by the Nikkato Corporation (Japan) [40]. The a-alumina tubes were
connected with non-porous alumina (Al,Os) tubes via a highly thermal sintering process
before membrane preparation. a-Al,Os particles with average particle sizes of 2 um and
0.2 um were dispersed into a silica-zirconia (SiO2-ZrO7) sol as a binder with a solid
concentration of 10 wt% and subsequently coated onto the outer surface of a porous a-
Al>O3 support followed by calcination at 550 °C under an air atmosphere for 15 minutes.
These procedures were repeated three times for each of the types of particles to smooth
the surface of the membrane. The intermediate layer was made from a 0.5 wt% Si0»2-ZrO;
sol that was coated onto the surface of the particle layer and fired under an air atmosphere

at 550 °C. These procedures were repeated several times until the average pore size of the
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support reached approximately 1 nm. Finally, the topmost layer was obtained by two
coatings of 0.1 wt% Ag-BTPA sols onto the intermediate layer followed by calcination

at 250 °C under a flow of N, for 30-60 minutes.

Single-gas permeation experiments were conducted using high-purity
components of He, Hz, CO2, N2, CH4, CF4, and SF¢ under conventional constant pressure
at temperatures ranging from 50-200 °C. Each permeation gas was fed to the outside of
the membrane with an upstream pressure of 200 — 400 kPa. The pressure inside the system
was maintained at atmospheric levels, and the flow rate of the permeate was measured
using a film flow meter (Horiba, Co. Ltd., Japan). The permeation measurement was
recorded after the membrane reached a steady state with respect to the pressure difference
between the shell and the inner side of the membrane and flux. The permeance of each

gas (P;) and the ideal selectivity for the i —th and j — th components (;/;) were

calculated using the following equations.

F;
Pi=""ppp, (5-1)

P;
ayj = 5 (5-2)

j
where P; is the permeance of the i — th component (mol m? s Pa™!), F; is the molar flow
rate of the i®" component (mol s'), A is the effective cross-sectional area of the
membrane (m?), and Ap; is the partial pressure difference of component i between the
feed and the permeate of the membrane (Pa). The permeate flow rate was evaluated with
errors of less than 5 and 20% for the permeance value larger than 107 and smaller than

107 mol m? s™! Pa’!, respectively.

5.3Results and discussion
5.3.1 Structural analysis of silver-modified amine- and non-

functionalized organosilica

The amine groups in the linking units of BTPA molecules have the ability to

covalently bind to the transition metal of Ag(I) [35]. To compare the difference between
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coordinated and uncoordinated compounds, Ag(I) was added into two types of
organoalkoxysilane: bis [3-(trimethoxysilyl) propyl] amine (BTPA) and bis
(trimethoxysilyl) hexane (BTMSH). In our previous study, we discovered that the
coordinated compound of Ag-BTPA showed no absorption peak in the range of visible
light since the resultant solution was colorless. However, the UV-Vis diffuse reflectance
spectra of powdered materials for pristine organosilica precursors, Ag-BTPA and Ag-
BTMSH, were collected, as shown in Fig. 5-1. BTPA (Fig. 5-1(a)) showed the
characteristic absorption peak at approximately 193 nm, which represents the free-
electron transition (n — ¢*) from the amine groups. After the coordination with Ag (Fig.
5-1(a)), the absorption peak shifted to a higher wavelength of 236 nm, which revealed a
shifting into a lower energy level that was defined by a spectral red shift [41, 42]. The red
shift is thought to be due to the coordination that led to stabilization into a lower energy
level for the Ag-BTPA network. As a non-coordinated compound, however, Ag-BTMSH
(Fig. 5-1(b)) displays an absorption peak that is similar to that of BTMSH.
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Fig. 5-1. UV-vis diffuse reflectance absorption spectra of BTPA and Ag-BTPA (a) compared
with non-functionalized BTMSH and Ag-BTMSH (b)

Based on the UV-Vis spectra of the powders, a coordinated level of high density was later
confirmed in silver-doped aminosilica powder via XRD, FT-IR, and N> sorption
isotherms. Manna et al. have explained how AgNO;3 reacts with N-hexadecyl
ethylenediamine to generate a coordinated compound of Ag(hexadecyl
ethylenediamine),NO3 that protects the metal cores of silver nanoparticles from

aggregation into floc particles [43].
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In order to deepen understanding of the effect of the silver-amine modification,
the microstructural and adsorption isotherms properties were compared between amine-
functionalized (BTPA) and non-functionalized (BTMSH) alkoxysilane structures. Both
types of precursors have an extremely flexible chain with six carbons between the linking
units that definitely exhibit a textural structure of non-porosity (Fig. 5-2(a)). Yu et al. [44]
reported that the intrinsic flexible properties of organic-rich alkoxysilane allow free
movement that creates free volume, but occupies the rigid siloxane skeleton, and reduces
the number of porosity. After the incorporation of silver metal, however, the amount of
adsorbed N> gradually increased for Ag-BTPA, while a small capacity for adsorption was
observed with Ag-BTMSH. This is due to the porosity created by the coordination
between the electron receptors of silver and the electron donors of the amine moieties,
which results in a higher level of rigidity for the linking units of the BTPA structure as

well as a greater amount of surface area [35].
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Fig. 5-2. Comparison of N, adsorption/desorption isotherms for both type of silver doped
organosilica precursors (a), powder XRD pattern of silver doped amino-silica precursors/Ag-BTPA
(b) and amine-free silica precursor/Ag-BTMSH (c) xerogel powder at different calcination
temperature, and representatives TEM image of Ag-BTMSH at calcination of 250 °C (d)
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As Fig. 5-2(b) illustrates, the XRD pattern of Ag-BTPA showed an amorphous
phase at lower calcination temperatures, which confirmed a full incorporation of silver
ions into the BTPA matrix. When the calcination temperature was raised to 200 °C, the
formation of a face-centered cubic (fcc) silver phase was detected. By contrast, the
impregnation of silver into non-functionalized alkoxysilane resulted in unreacted AgNO3,
Ag>0, and a heterogeneous distribution of metallic silver (Ag®) with crystal sizes larger
than 30 nm that were possibly deposited on the surface of BTMSH as confirmed by XRD
measurement (Fig. 5-2(c)) and TEM (Fig. 5-2(d)).

AgNOs; as a metal dopant was stable under acid conditions and promoted thermal
decomposition to produce Ag,O at 170 °C followed by Ag’ at 440 °C [45]. The
appearance of a silver metallic phase after the calcination temperature of 200 °C on Ag-
BTPA further confirmed that amine groups on the surface play an important role in
catalyzing partially coordinated compounds and in the reduction of AgNO3 to produce

well-dispersed silver nanoparticles.

5.3.2 The effect of preparation temperature on the Ag-BTPA structure

Optimization of the calcination temperature is an essential parameter in the
fabrication of silver-modified aminosilica membranes. The thermal treatment of
organosilica-derived membranes generally enhances the condensation of silanol (Si-OH)
groups leading to the formation of a siloxane network via crosslinking of the Si-O-Si
backbone, which results in higher connectivity and the establishment of molecular sieving
[46, 47]. Nevertheless, the calcination of aminosilica membranes at high temperatures
could be restricted to the degradation of amine moieties [48]. Fig. 5-3(a) shows the FT-
IR analysis for Ag-BTPA 0.5 films coated onto KBr plates at different calcination
temperatures: 150, 250, and 350 °C. Ag-BTPA 0.5 samples displayed the characteristic
vibrational peaks of Si-O-Si at 1,025 — 1,110 cm’!, which was increased in intensity
according to increases in the calcination temperature. On the other hand, the existence of
Si-OH at a wavenumber of 909 cm™! was observed at a calcination temperature of 150 °C,

which was gradually decreased by increasing the temperature of heat treatment.
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Fig 5-3. FT-IR spectra for Ag-BTPA 0.5 in wavenumber range of 2000-700 cm™' (a), and the
deformation NH mode range of 1800-1500 cm™ (b)
These findings suggested that higher thermal treatment induces the condensation of Si-
OH groups to establish the Si-O-Si framework [49]. The NH deformation band of
secondary amine groups in the linking units of BTPA (1600 cm™) was shifted to a higher
wavenumber (1,616 cm!) at 250 °C as an indication of coordination (Fig. 5-3(b)).
Simultaneously, at a high calcination temperature of 350 °C, Ag-BTPA 0.5 showed

reductions in the NH deformation band, indicating a complete decomposition of amine

moieties.

This result was validated by the TG-MS measurement shown in Fig. 5-4. Ag-
BTPA 0.5 showed two stages of weight loss. The first weight loss of 14% occurred at
temperatures ranging from 110-300 °C, and was related to the condensation of -OH
groups (m/z = 18). The second weight loss was observed at approximately 350 °C (20%),
and was ascribed to a significant removal of amine groups and organic chains. These
losses were based on the mass signals (Fig. 5-4-upper figure) at m/z = 30 (alkyl-amine

molecules) and m/z = 44 (CO2 molecules), respectively.
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5.3.3 The silver doping ratio and its effect on the construction of the Ag-

BTPA network

The microstructural properties of silver-doped BTPA xerogel powders were
analyzed, and the results are presented in Fig. 5-5(a). Both pristine BTPA and Ag-BTPA
exhibited an XRD pattern with two amorphous peaks. The first sharp peak below 10°
reflected the distance from the intermolecular periodic chain to a chain in the
polysisesquioxane structure, and the second diffraction peak at around 20° demonstrated
the average distance in the siloxane backbone [50]. The XRD patterns of Ag-BTPA
powders show broader peaks at 26 of 8° and 20° with higher concentrations of silver,
which represent the more disordered network structure that is induced by doping with
silver. The formation of face-centered cubic (fcc) planes of silver nanoparticles were
observed at higher 26 degrees of 38° (1 1 1),44°(200),64°(220),and 78° (3 1 1) [35,
51, 52]. The intensity of the silver nanoparticles was gradually increased by increases in
the silver content in the matrix. This can be explained by silver acting as a metal dopant

with a weak affinity to the amine groups that are theoretically known to be coordinated
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with two amines creating a one-dimensional arrangement [53]. At a low concentration of
Ag/NH = 0.1, silver existed as an ion in an amorphous metallic phase. With a higher silver
ratio, however, the weak coordination between the silver and amine interaction tended to
produce an unstable complex, and phase separation was confirmed by the formation of

high-intensity fcc silver nanoparticles.
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Fig. 5-5. XRD patterns (a) and TEM images (b) of BTPA and Ag-BTPA xerogel powders with
different silver content calcined at 250 °C
In order to confirm the formation of a coordinated compound and the dispersion
of ordered silver nanoparticles on the surface of the BTPA matrix, TEM imaging was
conducted for the xerogel powders obtained at a calcination temperature of 250 °C (Fig.
5-5(b)). The amorphous nature of the aminosilica precursor was observed as a uniform
morphology with a diffuse electron-diffraction pattern (the insert shows the lower layer).
With greater amounts of metal doping the dispersion of the metallic silver phase (darker
color with a spherical shape) tended to uniformly increase. Anggarini et al. [54] found
that amounts of metal doping that exceeded saturation conditions tended to generate
uncoordinated species that easily formed metallic nanoparticles. At low silver mole ratios

of 0.1 and 0.2, coordinated compounds were dominant, which resulted in the formation
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of silver in the amorphous phase. The mean particle sizes of the silver nanoparticles in
the Ag-BTPA 0.3 and 0.5 samples agreed well with the Scherrer equation from the XRD

spectra, at 6.22, and 13.3 nm, respectively.

The transformation of the chemical environment of the silver element for Ag-
BTPA films during the coordination was investigated using XPS, as shown in Fig. 5-6(a).
The Ag 3ds» and Ag 3dsp peaks for Ag-BTPA heat treatment at 250 °C appeared at
approximately 375 and 369 eV, respectively. The first peak for a higher level of binding
energy indicates the photoelectron excitation probability in the inner orbital shell, and is

known to be influenced by the silver particle size.
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Fig. 5-6. XPS high-resolution spectra of Ag (3d) binding energy (a), FTIR wide-range spectra
(b) and FT-IR narrow-range spectra (c) for BTPA and Ag-BTPA films heat treated at 250 °C
under an inert atmosphere

The slight shift in the Ag 3ds» core level towards higher binding energy upon the
incorporation of silver could be attributed to the formation of silver nanoparticles smaller
than 20 nm [52, 55]. Salido et al. [55] also found that the core levels of the energy for

Ag3ds shifts to a higher level of binding energy for silver with a small particle crystal

size of 10 nm. Therefore, the establishment of the small-sized and well-dispersed silver
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nanoparticles in Ag-BTPA is consistent with the XRD and TEM characterizations.
Another core level spectrum of Ag 3ds/» was attributed to excitation of the photoelectrons
in the outer orbital shell, and indicated the existence of different oxidation states for silver
[56]. We noted that at a low silver concentration of 0.2 (mol mol!), the main characteristic
peak was centered at a lower binding energy of 369 nm, which meant that most of the
silver had remained in an ion phase (Ag") rather than being reduced as in the silver
metallic phase (Ag’). As the covalence coordination interaction between the silver and
amine groups increased, the binding energy of the core levels of the electrons were
decreased for the silver ions [57]. However, when the mole ratio of silver was increased
to higher than 0.3, this peak was shifted to a higher binding energy, which confirmed the
formation of a high portion of silver nanoparticles (Ag’) as verified via XRD and TEM

characterization.

The establishment of coordinated silver-amine was also confirmed via FT-IR
measurement with high magnification in the range of 1,800-1,500 cm™, which is related
to the N-H deformation vibrational mode (Fig. 5-6(c)). By comparing the FT-IR spectra,
it is clear that the monodentate amines coordinated to silver (I) ions could be observed
via a gradual shifting of the N-H deformation band into a higher wavenumber, which
suggests the involvement of a dynamic process that includes three types of reactions:

hydrolysis, condensation, and coordination [35, 58].

To assess the modification of silver into an aminosilica structure via coordination
leading to an increase in the surface area, textural analysis of Ag-BTPA xerogel powders
was performed via N> adsorption/desorption isotherms at -196 °C, as summarized in Fig.
5-7(a). As already discussed in Fig. 5-2(a), pristine BTPA with organic-rich properties
displayed a negligible amount of N2 adsorption, which indicates a nonporous structure
that 1s due to the high flexibility of the linking units that consequently occupy the siloxane
network. Kanezashi et al. [39] reported that the nonporous structure of organosilica
membranes could be ascribed to the increased flexibility of the linking units between the
bi-silyl structure. Ag-BTPA 0.1 shows the comparable adsorption capacity of pristine
BTPA, which indicates that a low metal ratio of silver exhibits a weak effect to generate
a transformation in the coordinated network of Ag-BTPA. During the silver modification,

a gradual increase in N> uptake was observed. This result suggested that the formation of

235



Hiroshima University Doctoral Dissertation

microporosity could be achieved with a higher mole ratio of silver (Fig. 5-7(c)), where a
two-phase structural evolution from silver-amine coordination to silver nanoparticles was

developed.

CO> adsorption was measured to confirm the formation of coordinated
compounds between silver-amine sites under different mole ratios of silver, because the
chemisorption activity of CO2 on amine-functionalized organosilica materials has been

established [48, 59, 60].
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Fig 5-7. N, sorption isotherms curve (a), CO, adsorption/desorption isotherms (b), and the

gas sorption capacity (N, at P/Py = 0.5, and CO;, at P = 100 kPa) as a function of
silver/amine mole ratio (c) originated from BTPA and Ag-BTPA xerogel powders at
calcination temperature of 250 °C

Although BTPA shows a low surface area according to the Brunauer-Emmett-Teller
(BET) calculation based on N> sorption isotherms, its secondary amine structure showed
a greater CO; uptake capacity than that of Ag-BTPA samples (Fig. 7(b)). A broad
hysteresis loop was also observed in BTPA as an indication that the adsorbed molecules
of CO> were trapped within the abundant active sites of amine moieties [61]. After the

addition of silver ions, the CO> adsorption capacity was decreased with the increased

236



Hiroshima University Doctoral Dissertation

silver content (Fig. 7(c)), and the hysteresis loops were narrowed to Ag/NH = 0.1-0.3 and
even linear sorption isotherms were achieved at Ag/NH = 0.5 in Ag-BTPA samples.
These results indicated that the saturation level of -NH groups for CO> adsorption was
achieved after the formation of a coordinated compound from the silver-amine interaction

where fewer amine active sites were accessible for CO; sorption.

5.3.4 The effect of membrane preparation temperature

To further explore the effect of calcination temperature on the pore structure
evolution of Ag-BTPA, three membranes were prepared by firing at 150, 250, and 350
°C, as presented in Fig. 5-8. The permeance of Ag-BTPA 0.5 was increased when
calcination temperature was increased from 150 to 250 °C. Interestingly, the membrane
calcined at a higher temperature of 250 °C showed higher H, permeance of 1.46 x 107
mol m? s Pa! with high Ho/CO» selectivity of 12, while the membrane calcined at 150

°C showed lower H, permeance and selectivity.

Ag-BTPA 0.5

(a) 10° 37—

—~~
=3

~—~
-
A

Ag-BTPA 0.5

_‘
o
=
h
\

104 c/ﬁx

=)
€

107+ o
Nog

108+

-
<
[

T, [°C]=
SEs 8 s —
o — o

—x— 350 % —x—350

T, [°Cl=

QO A

Permeance [mol m? s Pa™]
o
Dimensionless permeance [-]
3
%

1070

N
<
S

025 030 035 040 045 050 0.55 025 030 035 040 0.45 050 0.55
Molecular diameter (nm) Molecular diameter (nm)

Fig 5-8. Molecular size dependence of single-gas permeance at the measurement test of 200 °C
(a), and dimensionless permeance based on He permeance for Ag-BTPA 0.5 calcined at a
temperature range of 150 - 350 °C

This result indicated that calcination at 250 °C was required to produce coordination. As
reported by Anggarini et al., [35] a lower temperature for hydrolysis and condensation
was predominated by the existence of HoO and HNOs. After the evaporation of those
components at a higher temperature, the formation of coordination was more dominant.

This finding is also supported by the FTIR characterization shown in Fig. 5-3(a). Si-OH
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groups are known to reduce gas permeation properties due to low levels of
dehydroxylation of the silica network and to occupy the pore spaces in aminosilica
membranes [49, 62].

Furthermore, thermal treatment at 350 °C of Ag-BTPA membranes promoted the
formation of a loose framework similar to that of corresponding Knudsen-like permeation
properties (Fig. 5-8), which can be ascribed to a complete degradation of the amine groups
of Ag-BTPA 0.5 following calcination at 350 °C (Fig. 5-3(a) and 5-3(b)). After the
decomposition of amine groups, the fragmentation of silver-amine coordination could
result in a collapse of the microporous network structure. Hussain et al. [63] have reported
thermal decomposition in a MOF following the decomposition of organic linkers, which
then resulted in cleavage of the coordination between metal and organic linkers. In the
coordinated phase, Ag-BTPA exhibited a hybrid structure that could have been partially
crystallized and would have surrounded the amorphous phase of the alkoxysilane network
where it would have been expected to show characteristics similar to that of a MOF.
Hence, the optimized calcination temperature for the development of Ag-BTPA was 250
°C, which allowed the development of a well-coordinated silver-amine network by

avoiding the thermal degradation of amine groups.

5.3.5 The effect of the silver doping ratio

The gas-permeation performance of hybrid Ag-BTPA membranes with different
mole ratios of silver are shown in Fig. 5-9(a). All Ag-BTPA membranes were developed
at 250 °C under a N atmosphere. Single-gas permeation results revealed that increases
in the silver content resulted in slightly higher levels of gas permeance. Ag-BTPA 0.5
showed the highest H> permeance, which was 65-fold higher than that of BTPA, with a
high H2/SFs permeance ratio of 1,700. The enhanced performance of metal-doped silica
membranes was also reported by Uhlmann et al. [64] via the existence of a cobalt (Co)
phase that promoted a higher level of stability for the TEOS membrane and enabled the
higher permeation of smaller gases such as He while maintaining low permeance for
larger gases such as N>, which favors high selectivity for the membranes. In that work,

the Co dopant strongly inhibited the rate of the condensation process by creating a less-
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rigid and weakly branched silica matrix. In the same way, the condensation reaction rate
for Ag-BTPA membranes was controlled via coordination between the metal- and
organosilica-based amino functional groups. Fig. 5-9(b) shows that the permeance of
smaller-sized gases such as He and H» was slightly increased by increasing the silver
content, whereas the permeation of larger-sized gases was constant or even decreased
after the doping process. Based on the membrane performance and the results of
spectroscopy characterization, the formation of silver nanoparticles very possibly
generated interparticle pores as the product of voids among packed particles [65], which
then affected the diffusion of larger-sized gases. On the other hand, the formation of a
coordinated compound was also confirmed for all Ag-BTPA samples. Therefore, the two
phases of the structural evolution of silver ions contributed to a transformation of the gas-

permeation behavior of the membranes.
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Fig 5-9. Single gas permeance as a function of permeating molecule-sizes at 200 °C(a), the
permeance of gases as a function of silver/amine mole ratio (b)

In accordance with the spectroscopy characterization results and membrane pore
structure evaluation, we proposed schematic illustrations for the silver-modified
aminosilica network structure as a result of changes in calcination temperature and in the
silver/amine mole ratio, and these appear in Figs. 5-10(a) and 5-10(b), respectively. Silver
facilitates a porosity transformation of the amine-functionalized alkoxysilane network via
sol-gel followed by coordination at different calcination temperatures (Fig. 5-10(a)). At a
low temperature of 150 °C, low levels of gas permeance and selectivity of the membrane

were attributed to the existence of Si-OH groups and to the remaining nitrate ions(NO3"),
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which was confirmed by FT-IR and TG-MS results (Figs. 5-3 and 5-4). An optimized
balance between the coordinated network and the silver nanoparticles of Ag-BTPA was
successfully obtained at 250 °C with higher gas permeation, while a disjointed network
was present after the decomposition (at 350 °C) of amine groups, which facilitated a

linkage to the silver ions.
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Fig. 5-10. Schematic illustration of the establishment of Ag-BTPA 0.5 network at different
calcination temperatures (a), and proposed mechanism for the formation of silver-amine
coordination and silver growth on the surface of aminosilica membranes (b)

The effect that various silver/amine mole ratios exert on the formation of the Ag-
BTPA network is shown in Fig. 5-10(b). The addition of silver dopant into the amino-
silica precursor (BTPA) tended to generate the formation of silver nanoparticles, even at
the lowest concentration. The amine groups in the linking units of BTPA acted as colloidal
suspension stabilizers that modified the surface properties of AgNO3 by avoiding the
agglomeration of metal particles [66]. Moreover, the amine groups possibly reduced the
Ag" ions into Ag® via the electronic transfer of lone pairs of electrons from the nitrogen
atoms into the partially empty d orbitals of the silver ions. This process led to a decrease

in the potential of Ag'/Ag which then promoted the reduction of Ag" [66]. In addition,
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the reduction of Ag® into Ag® was accelerated via heat treatment at 250 °C [45], which

then simultaneously resulted in silver growth to produce smaller-sized nanoparticles.

5.3.6 H: transport through Ag-BTPA membranes: the temperature

dependence of gas permeance

H> permeation enhancement of Ag-BTPA was achieved since the two-phase
structure of silver facilitated the molecular sieving and surface diffusion processes. To
further analyze the effect of silver on H> permeation, the permeance of a particular gas
was compared with inert gases such as He and N2 in terms of temperature dependence, as
shown in Fig. 5-11. The activation energy value of each gas was calculated based on the
slope of the regression curve obtained by using the modified gas translation (m-GT)

model as expressed in Eq. 5-3.

Progri = [ exp (=) (5-3)

The estimated activation energy values of He, H», and N> for BTPA and Ag-BTPA 0.5
are summarized in Table 5-1. BTPA with a flexible structure of organic linking units
between Si atoms showed a large value of activation energy for permeation that ranged
from 10 — 20 kJ mol™', which can be ascribed to the dense structure of the membrane.
Meanwhile, the activation energies of He and N> in Ag-BTPA were decreased with a
slight increase in the gas permeance. This suggests that the formation of silver-amine
coordination improved the membrane connectivity and porosity as evidenced in Fig. 5-6
via the crosslinking between network layers that formed highly permeable sub-
nanoporous networks. The permeance of all gases was decreased with decreasing
temperatures, indicating an activated permeation mechanism. The slopes of temperature
dependency for He and H: in the pristine BTPA membrane showed identical trends,
suggesting similar transport for both types of gases. Conversely, the permeance of the
smaller-sized H> in Ag-BTPA 0.5 was greatly decreased with decreasing temperature,
which is similar to the larger-sized N> (Fig. 5-11(c)), which resulted in a high level of

activation energy. The larger level of activation energy indicated that higher energy was
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required for H to travel through the Ag-BTPA membranes, particularly at a lower

temperature of 50 °C.
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Fig. 5-11. Effect of the temperature measurement in the range of 50 — 200 °C on He (a) and H»
(b), N2 (¢), and the effect of silver addition on the permeance ratio (lower figure) and the
activation energy (upper figure) of He, H> and N for BTPA and Ag-BTPA membranes (d)

Table 5-1. The estimated values of activation energy, Ep (kJ mol ™), for BTPA- and Ag-

BTPA-derived membranes

Membrane He H» N2
BTPA 15.7 15.1 23.8
Ag-BTPA 0.2 14.4 15.4 22.6
Ag-BTPA 0.3 13.7 16.6 21.3
Ag-BTPA 0.5 10.9 17.1 19.9
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For organosilica membranes, permeation occurs through the adsorption process
(AHs), which then accompanies the diffusion of permeating molecules (AEp) that

generates the activation energy of permeation (AE,, ), as shown by Equation (5-4).

AEp = AHS + AED (5'4)

The heat of adsorption (AHg) is related to the interaction between the permeating
molecules that pass through the membrane pore wall. In this analysis, He and H> were
compared since both gases have similar smaller-sized kinetic diameters of 0.26 and 0.28
nm, respectively. Fig. 5-11(a) shows the temperature dependence of He for pristine BTPA
and Ag-BTPA membranes calcined at 250 °C under an inert atmosphere. The activation
energy of He was decreased with increases in the silver content, which suggested larger
pore sizes in the membrane network layers. The activation energy of H: for different
amounts of silver-doped BTPA membranes is compared in Fig. 5-11(b). The H»
permeation rate was increased with a silver mole ratio between 0.1 and 0.5. In line with
this finding, the activation energies were gradually increased with an increase in the silver
content. Ag-BTPA 0.5 exhibited the lowest He activation energy of 10.9 kJ mol™! but
showed the highest H» activation energy at 17.1 kJ mol™!. The existing silver nanoparticles
on the Ag-BTPA network facilitate intermolecular attractive interaction between H» and
the membrane pore wall. For this reason, the heat of adsorption for Hz was increased with
a higher silver mole ratio, which resulted in a higher level of activation energy for
diffusion. He showed a different trend, however, where the estimated heat of adsorption
equaled zero due to non-specific interactions that resulted in a smaller level of activation
energy for diffusion (AEp). The permeation of He occurs mostly through the pores of the
membrane network layers that are obtained at higher levels of the silver mole ratio. At an
elevated temperature of 200 °C, silver nanoparticles possess a specific surface interaction
that enhances the diffusion of H» by substantially reducing its permeance at a lower
temperature. Zhao et al. [67] reported that silver modification through Pd-type
membranes changes the surface transport, which impacts the H> permeation rate, the
temperature dependency, and increases the activation energy at low temperatures. The
higher diffusion rate of H, at 200 °C through the Ag-BTPA membranes could possibly
be correlated with the higher connectivity of a coordinated network and with the free

movement of molecules inside the crystalline face-centered (fcc) cubic silver lattice.
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Fig. 5-11(d) shows the permeance ratio for different pairs of gases as a function
of the silver/amine mole ratio. With an increase in the Ag/NH mole ratio, Ag-BTPA
membranes exhibit almost a constant, or at least a slightly decreased, permeance ratio of
30 — 20 for He/N»>, which suggests that the average pore size of the membranes was
unchanged, or possibly only slightly increased, following modification with silver. On
the other hand, the permeance ratios of Ho/He and H2/N» showed a clear increase with
increases in silver doping. In addition, the activation energies of He and N as inert gases
were decreased with increases in the silver content while H» activation energy showed an
opposite trend. These findings suggest that a higher silver content promotes specific
diffusion for H> while maintaining the same level of rejection for other gases, which is
induced by specific interactions between the silver nanoparticles and Hz. Yang and Chen
[45] also reported that metallic silver accelerated the transport of H» through silica

membranes, which resulted in high separation performance.

5.3.7 H: separation for Ag-BTPA membranes

The commercialization of membranes for industrial application has gained much
attention during the past few decades in efforts to explore the opportunity for obtaining
more permeable and selective membranes [68]. The correlation between the selectivity
and permeability of polymer membranes is referred to as the upper boundary, as reported
by Roberson [69, 70]. Based on this correlation, more-permeable polymers have shown
lower levels of selectivity, and vice versa. Since doping a BTPA network with silver
enhanced the permeance of H> (Fig. 5-9(a) and (b)) in this study, silver doping was
examined for its potential to improve the separation of H» via specific interactions through
the two-phase structural evolution of silver-amine coordination and silver nanoparticles.
Fig. 5-12 compares the trade-off between Hz permeance and the permeance ratio for H2/X
(X = CO2, and C3Hg) in an effort to analyze the separation performance of Ag-BTPA-
derived membranes. In Fig. 5-12, the permeance ratio is plotted as a function of
permeance rather than permeability that was used for the Robeson plot, because levels of
permeance are primarily obtained from experiments, which makes them more practical

for real applications.
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Fig. 5-12(a) provides the experimental data on the separations of H2/CO; for
different types of membranes. Fig. 5-12 confirms the reproducibility of Ag-BTPA
membranes since each plotted point represents a different membrane (details of the
reproducibility of Ag-BTPA appear in SI-(5-2), Fig. S5-2. Fig. S5-2 demonstrates the
results of the permeation measurements and the standard deviations for three different
Ag-BTPA 0.5 membranes prepared under identical conditions was less than 20%. Ag-
BTPA membranes showed an improvement in both permeance and selectivity that
surpasses the trade-off lines. The permeance of H, was increased by 1.46 X 10 mol m™
s Pa! for Ag-BTPA 0.5, which is larger than the corresponding pristine BTPA (5.76 X
107" mol m? s Pa!'). Ag-BTPA showed separation performance that was higher than that

of polymer membranes such as polyimide, polyaniline, etc.
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Fig 5-12. Gas permeation plots of H»/CO; (a), and H./CsHs (b) for hybrid silver-doped
aminosilica membranes (Ag-BTPA) containing different metal in coordinated and metallic

crystals compared with various type of membranes

Yang and Chen [38] provided an in-depth analysis of the contribution of the methyl
ligands of methyltriethoxysilane (MTES), and doping with silver was investigated for its
effect on the enlargement of average pore size and total pore volume of the membranes
for H2/CO; separation. As discussed in section 5.3.6, silver crystalline structures with an
estimated average size of 28 nm promoted the surface diffusion of H»> through a silica

network, which resulted in a high permeance of Hz at 5.5 X 10° mol m? s Pa™! with an
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elevated value in the permeance ratio to 6 at an operating temperature of 200 °C with a
pressure difference of 0.35 MPa. The increase in H, permeance with increases in the silver
content was due to the formation of a rigid segment caused by the silver-amine
coordination, which led to an increase in microporosity, whereas a higher permeance ratio
of Ho/CO» was generated by the dual-network structure of Ag-BTPA that reduced the free
volume for the diffusion of larger-sized gases. In addition, an increase in the silver content
tended to enhance the surface diffusion of Hz, which is similar to reports by Xiao et al.
[71]. The results of that study indicated an enhancement of gas-pair selectivity as an
outcome of higher levels of interconnecting micropores that were formed by the migration
of the smaller-sized disintegrated silver particles and by growth from the larger-sized
carbon particles during the pyrolysis process. This finding supports evidence that the
coordination following the sol-gel process possessed a tunable pore size of the membrane
with increases in network connectivity, which is promising for hydrogen separation via

molecular sieving properties.

Moreover, the dual flexible-rigid network of Ag-BTPA demonstrated impressive
separation of H, over C3Hg, as shown in Fig. 5-12(b). The performance of the membrane
was remarkably enhanced with high H, permeance at 1.46 X 10°® mol m? s™! Pa™! and
H»/C3Hg selectivity of 1,500. The conversion yield of CsHg from propane
dehydrogenation is strongly restricted by the equilibrium reaction, as demonstrated by
Eq. 5-5 [17]. The removal of coexistent H as a product of the reaction could purify C3Hs.
The pore sizes of Ag-BTPA membranes averaged 0.45 nm, whereas the kinetic diameter
of C3Hs (0.506 nm) was much larger than the membrane pore size. Hence, the design of
Ag-BTPA pore size allows H> to pass through the network while rejecting CsHg

molecules.
CsHg = C3Hg + H, (5-5)

Fig. 5-13(a) shows the temperature dependencies of H> and C3Hg permeance and
the permeance ratio of H»/C3Hsg at temperatures ranging from 50-200 °C for an Ag-BTPA
0.5 membrane calcined at 250 °C under a N> atmosphere. The activation energies of H»

and CsHs through an Ag-BTPA 0.5-derived membrane were 17.1 and 0.35 kJ mol !,
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respectively. The permeance of H> was increased with increases in temperature, which

suggests an activated diffusion mechanism.
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Fig 5-13. Temperature dependence of H, and C3Hg permeation for Ag-BTPA 0.5 membrane
calcined at 250 °C (a), and permeation performance as a function of silver/NH mole ratio of Ag-
BTPA membranes for the separation of H, and C3Hjs at 200 °C (b)

Contrary to this, the permeation of C3Hg was increased at a lower temperature, which
indicated a surface diffusion mechanism. It should be noted that the surface diffusion
transport of CsHg was different from the facilitated diffusion of H» via silver
nanoparticles. Most of the H> molecules permeated through the network of Ag-BTPA
membranes, while the larger-sized molecules of C3Hg could only permeate via surface
diffusion through an affinity with the membrane pore wall. This finding confirms the
contribution of silver ions and nanoparticles in facilitating the transport of H> while
retaining C3Hg molecules through an affinity with the membrane pore wall, which has

resulted in a higher permeance ratio for H»/C3Hg at a higher temperature of 200 °C.

To develop a better understanding of the permeation mechanism of C3Hg through
the membrane pore structure of Ag-BTPA, the C3Hg permeance through the network is
defined by Eq. (5-6).

MW sr
P =P — | P 2
C3Hgpetwork ~  C3Hs SFe | MW, prg

(3-6)

A bulky molecule of SFs was used as an indication of the permeation through cracks and

the extra crystalline pores or defects [72]. The practical development of organosilica
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membranes has always favored the development of a distribution of pore sizes rather than
a single-sized pore structure. Consequently, the permeation of C3Hg could be classified
into two different mechanisms: molecular sieving through network pores, and Knudsen
diffusion through the defects in a membrane. As Fig. 5-13(b) shows, the permeance of H»
was increased with an increase in the silver content, while the permeance of C3Hg through
network pores revealed a sharp decrease in the higher content of silver. These findings
suggest that the increase in silver content resulted in a greater degree of crosslinking with
the amine moiety and a higher rate of smaller-sized silver nanoparticle development. The
formation of defects in Ag-BTPA 0.5 was minimized through the coordination of the
linking unit chain that led to the formation of more uniform network pores, thereby
reducing the permeance of C3Hg and increasing the selectivity of the Ho/CsHsg that could

diffuse through the network pores of Ag-BTPA.

5.4 Conclusions

The present study was designed to determine the effect of a two-phase structural
evolution of silver: the Ag" ion state with amine coordination and Ag” nanoparticles that
developed from reduction when exposed to the aminosilica surface. This investigation
shows that a gradual increase in the formation of microporosity could be achieved with a
high silver/amine mole ratio of 0.5 that produced a high surface area of 115 m? g! and a
pore volume of 0.149 cm? g!. Spectroscopy study revealed that the dynamic processes of
hydrolysis and condensation were followed by coordination that generated silver
covalently bonded with monodentate-amine moieties. In addition, amine groups
promoted the reduction of Ag" into Ag® which then simultaneously became a smaller-
sized nanoparticle. The two-phase structural evolution of silver was confirmed to
contribute to the transformation of gas permeation behavior. Ag-BTPA 0.5 showed high
H; permeance of 1.46 x 10 mol m?s! Pa! and a high selectivity for H»/C3Hg separation
of 1,500. The partial structure of the silver-amine coordination with respect to the silver
nanoparticles facilitated the diffusion of a smaller-sized gas such as H» and the amorphous
nature of a silica-based framework that rejected a larger-sized gas such as C3Hg, resulting

in high selectivity by the membrane.
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Chapter 6

Conclusions

This dissertation is dedicated to the development of metal-induced microporous
aminosilica via the crosslinking between donor pairs of electrons in the amine moiety and
electron acceptors in the empty “d” orbital of the transition metal for highly permeable
membranes and selective transport of specified components. The structural
transformation of the coordinated network and surface chemistry have been clearly
confirmed and illustrated via a series of characterizations. To further improve the
membrane performance, the microstructure of metal-doped aminosilica membranes was
tailored via the optimization of metal with different affinity, the effect of metal mole ratio,
and the evaluation of coordination affinity via different types of amine-functionalized
organosilica precursors. The present research highlights the novel strategy to modify the
dense framework of aminosilica network into microporous membranes, which favorable
for the development high flux and selective membranes for gas and liquid mixtures

separations. The main conclusions and outlook of this thesis were summarized as follows:

6.1Conclusions

The main conclusions in this thesis were summarized according to each chapter as
follows:

[1]. The present research was focused on examining the aftinity of different metals for
the formation of coordinated compounds with the amine moiety of an amorphous
silica matrix. The characterization of metal-doped BTPA has shown evidence of a
metal-amine interaction that is induced by the reorganization of bridges in the amine-
silsesquioxane network that allow maximum coordination to generate a more rigid
structure. In this investigation, we found that the surface area and pore volume of a
metal-doped BTPA composite was increased by increasing the metal coordination
affinity on the order of Ni-BTPA > Cu-BTPA > Ag-BTPA > BTPA. An evaluation of
single-gas permeance showed higher values for gas permeation, which corresponded

to transformations in the membrane structure following the metal-doping process and
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[2].

[3].

simultaneously generated a defect-free membrane. The activation energy of
permeated gas was decreased by increases in membrane pore size and in the network
connectivity on the order of Ni-BTPA < Cu-BTPA < Ag-BTPA < BTPA. The Ni-
BTPA membrane revealed excellent separation performance with permeance and
selectivity of N, that reached 3.75 x 107 mol m?s! Pa! and 1,900, respectively.
Ordered microporous nickel-doped BTPA membranes were fabricated via different
nickel loadings to create coordination with nitrogen-enriched BTPA precursors.
Spectroscopic characterization consistently showed a linear correlation between
material properties and membrane performance, where a higher nickel content
generated a higher surface area of Ni-BTPA powders on the order of Ni-BTPA 0.50 >
Ni-BTPA 0.25 > Ni-BTPA 0.125 > BTPA. The pore size of the Ni-BTPA membranes
also increased with Ni-doping with a higher gas flux of the membrane. Afterward, a
higher nickel content (1.00) tended to generate phase separation that reduced the
separation factor of the membrane, thus further confirming that the optimal point for
a nickel mole ratio is 0.50. Ni-BTPA exhibited superior performance for gas
separation (N2/SF¢ > 100 — 1,000, N> permeance > 107 mol m? s' Pa') and
methanol/toluene separation with high flux and separation factors of 2.8 kg m™ h'!
and 907, respectively, for a 10 wt% methanol concentration in the feed solution.

Microporous nickel-doped aminosilica membranes were successfully synthesized via
a sol-gel process that was followed by a coordination reaction. The nickel-composite
membranes show attractive separation performance with methanol-selective
properties and high flux. The optimal nickel/amine mole ratio and appropriate
calcination temperature for the development of high porosity, facilitated the high
diffusion of methanol as follows: Bridge-structure amine precursor (Ni-BTPA) =
0.50 — 250 °C; and Pendant-structure amine precursors = Ni-APTES = 0.25 — 250 °C;
Ni-MAPTS = 0.25 — 300 °C. The permeation mechanism for nickel-doped
aminosilica membranes was influenced by the pore size distribution of the
membranes and by the affinity between the hydrophilic surface of the membranes
and the permeating molecules. Competitive adsorption was observed for alcohol
mixtures (MeOH/EtOH, MeOH/IPA, and MeOH/tert-BuOH), which then resulted in
pore blockage via hydrogen bonding interactions. The nickel-doped aminosilica

membranes show high levels of flux and separation factors on the order of Ni-BTPA >
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[4].

Ni-APTES > Ni-MAPTS. The Ni-BTPA membrane recorded the most outstanding
performance with a high flux of 1.42 kg m? h™!' and a superior separation factor for
MeOH/Tol of 5,000.

The present study was designed to determine the effect of a two-phase structural
evolution of silver: the Ag"* ion state with amine coordination and Ag® nanoparticles
that developed from reduction when exposed to the aminosilica surface. This
investigation shows that a gradual increase in the formation of microporosity could
be achieved with a high silver/amine mole ratio of 0.5 that produced a high surface
area of 115 m? g'! and a pore volume of 0.149 cm? g'!. Spectroscopy study revealed
that the dynamic processes of hydrolysis and condensation were followed by
coordination that generated silver covalently bonded with monodentate-amine
moieties. In addition, amine groups promoted the reduction of Ag" into Ag’ which
then simultaneously became a smaller-sized nanoparticle. The two-phase structural
evolution of silver was confirmed to contribute to the transformation of gas
permeation behavior. Ag-BTPA 0.5 showed high H, permeance of 1.46 X 10 mol
m? s Pa! and a high selectivity for Ho/C3Hs separation of 1,500. The partial
structure of the silver-amine coordination with respect to the silver nanoparticles
facilitated the diffusion of a smaller-sized gas such as H, and the amorphous nature
of a silica-based framework that rejected a larger-sized gas such as C3Hsg, resulting in

high selectivity by the membrane.

6.2Recommendations

This thesis has contributed to an interesting topic about the formation of metal-

coordinated amine-functionalized organosilica membranes through the coordination of

covalent bonding between the transition metal and amine moieties. The formation of

coordinated networks with more rigid frameworks features a high-dimensional

framework, a tailorable pore structure, and a large specific surface area. Based on the

studies in Chapters 2 and 4, both ligand and metal affinity largely affected the formation

of microporosity, thus resulting in membrane material with different properties compared

to the pristine aminosilica membranes. Pristine aminosilica membrane with a highly

flexible linking unit is commonly known to generate a dense structure with high activation
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energy for permeating molecules, while metal-coordinated aminosilica membranes show

an interesting property of high permeating flux and high selectivity. This finding

suggested the existence of the partially crystalline structure from metal-amine
coordination and the amorphous nature of the silica networks could beneficially improve
membrane performance that surpasses the trade-off trend. In the other discussion in

Chapters 3 and 5, we found that the existence of metal in two different phases as ions

and nanoparticles can facilitate the formation of coordinated networks and act as open

metal sites for facilitated transport, respectively. However, some more in-depth studies
should also be done to further evaluate the role of the formation of coordinated networks
as well as its synergistic effect on the material structure and membrane performance in
the development of highly permeable membranes.

Based on the results and the conclusions derived from this thesis, the particular
recommendations were suggested for future works are given as follows:

[1]. More studies should be devoted to the reaction rate estimation and the order of
reactions since the development of a coordinated network involves three steps
reaction of hydrolysis, condensation, and coordination. The optimized condition can
be used to predict the formation of a microporous structure in relation to the
membrane separation performance.

[2]. Metal-coordinated aminosilica membranes contain a certain amount of metal ions
that are connected to the amine moieties. The crosslinking degree of these
membranes was high, thus increasing the hydrophilic properties of the membranes.
The existence of weak coordination bonding between metal and amine groups results
in a material that is stable in an organic system but unstable in an aqueous solution.
Therefore, an investigation for improving the stability of coordinated membranes in
an aqueous system can be considered.

[3]. Based on the discussion in chapter 3, the saturation point for the development of the
coordinated network was at a metal/amine mole ratio of 0.25 mol mol™!, which means
one metal ion can be coordinated with a maximum of four amine ligand molecules.
Studies on the utilization of extended linkers for increasing the coordinated network
as well as the microporosity on amorphous aminosilica membranes are also

significant to direct the preparation of highly permeable membranes.
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