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+ Well defined pore structures
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Table 2. Requirements for commercial applica-
tion of membrane systems(4]

1. Low cost production of

(modules and/or installations)

- easy scaling up from laboratory to production
installations

- reproducible fabrication processes

- not too expensive high quality supports

separation  units

2. Reliability of components in
- ambient conditions
- high temperature applications (T=200T)
¢ relability of ceramic components availability
of reliable sealing technologies

3. Long-term stabhility of pore (material) structure
- thermal or chemical propertics
- separation and/or permeation properties
- mechanical stability of support and separation
layer under cyclic temperature and/or pres-
sure regime

4. High surface area to volume ratio
- module architecture

5. Specific conditions of high separation and

permeation

- intrinsic membrane properties and limitations

- process conditions and membrane architecture

- fabrication technology of thin separation lay-
ers on large surface areas of asymmetric
graded support systems

- knowledge of permeation limiting surface
processes
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Fig. 1. Qualitative scheme of expected market
penetration as a function of time for
different groups of membrane applica-
tions{4].
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Fig. 2. Approximate operative pore size ranges
for various mechanisms. Assuming a
typical penetrant diameter of 4A for
placing the range for surface diffusion
and molecular sieving.
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J = permeate flux, Q = permeability,

L = membrane thickness,

Pi = gas pressure on the membrane surface
(1= upstream, 2 = downstream)
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Fig. 3. Transportation of gasesous species
through dense palladium and amor-
phous silica membranes.
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2.2.1. Knudsen &t

Knudsen diffusion® Knudsen number, Kn = A
/r > 100 (r = pore radius, A = mean free path
of a species) &1 ¥¢ &, 7]¢ A7 1~10 nm
AellA ks vhebube, A (Dol A7 7)o Fat
Sy 2o BAEe] AF2e] wldgh

3 _
Ta 87 r ( P, Pl) )

~ 3V 2aMRT I
Ja/ Jn = ( My / My )¥* (3)

Ja, Ma = flux and molecular weight of a
species A, respectively.
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(B) Surface diffusion
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(D) Molecular sieving

Fig. 4. Transport mechanisms for gaseous mix-
tures through porous membranes.

A = U/ 20)KT/P) (4)

= the collision cross-section of the gas
molecules, rd
k = 138x10% J/K
001 < Kn < 100 ¢ HYHE laminar flow$}
Knudsen flow7} §Alel JeEldT) ¢ #AXES o
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Table 3. Mean free path and kinetic diameter
data of various gases

Molecule Molecular | Mean free | Kinetic diameter
weight |path (nm) (A)
He 4 180 26
Ho 2 112 2.89
O 32 64.7 3.46
Ar 40 63.5 34
N> 28 60.0 3.64
CO 28 584 3.76
NHs 17 441 26
CO: 44 39.7 33
C.Hy 28 345 39
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2.2.2. M &4 (Surface diffusion)
®9¥ B4 (surface diffusion)
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Fick's lawZ ol-&&} 22914 mHeitel] dish A&
»w g3t Zriis, 17]
Ca— Cq
J= Ds(—” ‘1) ()
Js = surface diffusion flux, Ds = surface
diffusivity
Ca. Cg = surface concentrations of high

pressure side and low pressure

sides, respect.
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2.2.3. ZHE Sx0 298 HMSE (Capillary
condensatlon with liguid flow)
NAAEAED Rt Faeo]l an 2els
31 ¥ olatel *LL 5ol dojuA Hi=dl, o
b A ZAF &% (capillary condensation)©] &t
Hr%q of wel wolzl &AL thEl Kelvin
o2XE T8 £ vk
—pzln%:ﬁwr( P,— P, 8
o . density of capillary condensate
J ! mean curvature,
y ¢ surface tension
P, P, : capillary and saturated condensation
pressure, respectively. P, < P,

ZAE & A sEd o3t &g wWIE
(separation by capillary condensation with liquid
flow) & 714 EJZ F ol & A¥ol mAl# &
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Fig. 5. Morphologies of the surfaces of (A) porous support, (B) intermediate layer, and (C) top layer, and
(D) crossection of a composite ceramic membrane
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(B) Monolithic module

Fig. 6. Ceramic membrane modules with (A)
tubular and (B) monolithic membranes
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Table 4. Methods for the deposition of thin
solid films on porous inorganic mem-
branes.

Method Film Deposit Ref.

SiOs, AlOs, BoOs,
TiO», Pd
Si0s, AlQOs, TiOs,
ZrQy

CVD 32, 36, 39

Sol-gel 40, 41, 78

Electroless

plating Pd, Pd-Ag 47, 50

Sputtering Pd, Pd-Ag 52, 65

Hydrothermal

Zeolite 84, 85, 86
treatment

Pyrolysis Carbon 88, 90
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Table 5. Typical CVD reactions for the synthesis of membranes

Carrier gas | Film deposit Deposition temp. (C) CVD reaction Ref.
H> SO 200~ 500 SiHiy + O — SiO2 + 2Hy 31
N2 Si02 400~ 800 SiCly + 2H:0— 510, + 2He 32
O Si02/C 600~ 800 (CsH73SiH + O — Si02 + C + .. 34
Air SiO2 400~700 Si(OC.Hs)4 + 120 — SiOz +8COz + 10H0 | 36
No Pd 270 [CH;COCH=C(O-)CHsl.Pd — Pd + volatile | 9
Ar Pd 300~300 (CH:COO0):Pd — Pd + volatile 51
H/Ny Pd 450~ 480 PdCl: + HCI — Pd + 2HCI 125
v e | m
* | yttria-stabilized zirconia
Gasphase nuceaton WA Alxe] AgRE PHE WINZ AEA,
TEOS Gavalas 5{29-321e] s Az A=HJUT °lF
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Fig. 8. Schematics of the CVD reactor systems
for (A) opposing reactant and (B) one-
sided reactant deposition.
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Fig.10. Experimental sctups for (a) conventional

electroless plating and (b) electroless
plating with osmosis: (1) ceramic mem-
brane: (2) plating solution: (3) pump;
(4) heater: (5) shell-side solution.
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Table 6. Composition of the sensitization and
activation solution[61]

Sensitization solution:

SnCl 2H20 5 g/l
HCI (37%) 1 m/L
Activation solution:

Pd(NH3).Cl 50%10™%,
HCI (37%) 1 ml/L

Table 7. Electroless—plating solution{61]
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Fig. 13. Acid catalysed hydrolysis and conden-
sation reactions of a silicon alkoxide.
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Table 8. Comparison of hydrogen fluxes for inorganic membranes formed by various techniques _
Film deposition ) . . Film S, H flux Hy/Ne
method Support Film material | .0 e | T (110 Tmol/m? s Pa) | selectivity | Fer
Electroless | /s alumina Pd 114 550 25 60 | 12
plating
Electroless | ous glass Pd 13 500 708 o0 47
plating
CVD porous alumina Pd 3.2 160 185 240 9
CVD porous glass ' Si0- <1 450 0.19 1000-5000| 32
MOCVD porous glass Si0:-ALO3 0.13 400 0.2 >40 56
MOCVD porous alumina Si0: 2 500 21.6 12.6 57
Sputtering porous alumina Pd-Ag 0.35 250 15 5.7 65
Sol-gel porous alumina Si00 ? 135 1.0 1030 78
Pyrolysis porous alumina Carbon ? 100 05 38 33
Pyrolysis Carbon 250 0.18 150 39
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Table 9. General advantages of membrane reac-
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. Controlled pore size and distribution
. Controlled pore direction

. Controlled contact time

. More effective fluid/catalyst contact
. High surface/volume ratio

. Less mass transfer resistance

. Reaction stagnant zones - less catalyst

fouling

. Easier to reactivate catalyst

9. High rate of heat transfer
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Table 10. Catalytic reactions with Pd-based membrane reactors

Catalytic Reaction Membrane Catalyst Results Ref.
Dehydrogenation of ethanol to _ . Conversion 1
acetaldehyde Pd tube Pt=Sn/Si0; Selectivity 1 8B

. FexO3
Dehydrogenation of ethylbenzene to Pd tube KOs Conversion 1 | 99
styrene
- Cro04
Hydrogenation of 1,3-butadiene Pd tube - Conversion 1 124
Methane decomposition Pd-Ag tube Ni/SiO: Conversion T | 104
Dehydrogenation of cyclohexane B ‘ .
coupled with oxidation of Hy Pd-Ag tube Pt/ALOs Conversion T | 97
Dehydrogenation of ~ Pt/ )
methylcyclohexane to toluene Pd-Ag tube alumina Conversion T | 100
Methane steam reforming Pd-Ag on Ni/alumina Conversion T | 96
porous alumina
Aromatization of propane .Pd on Ga-Silicate Conversion 1 60
alumina porous catalyst
Dehydrogenation of isobutane Pd on . PHn/ Conversion 1 10
porous alumina silicalite

. . Pd on . . .

Decomposition of ammonia . Ni/alumina Conversion 1 | 101
alumina porous
Pd-Ag on 7-8 fold
Dehydrogenation of ethane g Pd/alumina conversion 102
porous glass
enhancement
. 6 fold
Dehydrogenatm?n of butane Pd-Ag on Pd/alumina conversion 103
(reaction coupling) porous glass
enhancement
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Table 11. Catalytic reactions with microporous ceramic membranes
Catalytic Reaction Membrane Catalyst Results Ref.
. . Pt-Sn .
Dehydrogenation of ethane y —alumina . Conversion 1 115
: /v —alumina

Oxidative dehydrogenation of Jirconia V-Mg-0 C\onve'rs_lon 1 116

butane Selectivity 1
Oxidative coupling of methane porous ceramic Sm-MgO Conversion 1 116
Methanation of CO» Si02 / ceramic Ru/alumina Conversion 1 118
Combustion of VOC's porous ceramic Pt/ y —alumina Complete 114

combustion
Oxidative coupling of methane porous Vycor glass Smz03 Selectivity 1 113
Combustion of propane Ptflmpregpated Conversion 1 112
y —alumina

Dehydrogenation of  normal polymer-ceramic supported Conversion 1
h L 119

butane composite membrane noble metal Selectivity 1

Oxidative dehydrogenation of . . . .
ethane to ethylene Si0y/alumina Li/MgO catalyst | Selectivity 1 120
Ethane dehydrogenation Pt~1mpregnated Selectivity 1T 121
alumina
Selective oxidation of 1-butane V205 ~coated on - Selectivity 1 122
porous glass
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