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Fig. 1. Approaches to catalysis and separation by
three distinct methodsf 15, 16].
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Fig. 2. Classical sequenual processing versus simul-
taneous processing with integrated reaction

and separation{ 14].
BEA #4317} b

2. 827|2t &0 J|&

1B

2.1 BRI Zof 7)&9 A2

A A7EHT de HEH 27 Ve AETA
] KX
©
d

< Fig. 1ol debd vied Zo] F7]2 Zojnbg 7]
(Catalytic Membrane Reactor), &% % ZofjHd 2
A= (Adsorption and Catalytic Regeneration), Zvj
22w (Catalytic Distillation) & 37}#] #Tutje =2
Aesa gl F7et Zefpb2r]E ggdte §7I
o Zo)7|EE fof Ul Eof@An FElvlsel

Awgal, A5 A3 5, 1995

Table 1. Some Reactions of Potential Interest for
Inorganic Membrane Reactor Application

in the Petrochemical Industry

ADB (Undesired

bf;rl;(%rsion enhancement( equilibrium-limited reactions )
Methans steam reforming

Ethane dehydrogenation

Propane dehydrogenation

Cyclohexane dehydrogenation

Ethylbenzene dehydrogenation

Walter-gas shift reaction

Selectivity enhancement
Oxidative coupling of mathane
Partial oxidation of propane to acrolein
Partial oxidation of butane to maleic anhydride
Partial oxidation of ethene
Partial oxidation of butene to methacrolein

CO hydrogenation to hydrocarbons
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Table 2. Application of Inorganic Membrane Reactors
_ Reactor Operating ) T
Reaction Membrane . ) . Main Conclusion
Configuration Conditions
Decomposition of | Glass, Alumina | IMPBR 600-800°C Double the equilibrium yield could be
hydrogen sulfide | Composite obtained
alumina
Dehydrogenation | Composite CMR, PBCMR | 450-600°C, Conversion up to six times the equilibri.
of ethane alumina Pt catalyst um obtained
Dehydrogenation | Composite IMPBR 480-625°C, Pt/y- Conversion 1.8 times the equilibrium
of propane alumina alumina catalyst obtained
Dehydrogenation | Composite IMPBR 400-500°C, Simultaneous catalyst regeneration by
of n-Butane alumina Pt/S10; catalyst addition of oxygen on permeate side
Dehydrogenation | Glass IMPBR, 187¢C, Pd Back reaction affects the performance
of cyclohexane PBCMR catalyst of the membrane reactor, which in turn
depends on the nature of impregnation
of the catalyst
Dehydrogenation | Glass IMPBR 197-297¢C, Pt Equilibrium shift depends on space time
of cyclohexane catalyst and reaction stoichiometry
Dehydrogenation | Composite IMPBR 197°C, Pt/ Hybrid reactor performed better than
of cyclohexane alumina alumina catalyst membrane reactor
Dehydrogenation | Composite IMPBR 600-640C, iron Membrane reactor gave 15% more con-
of ethylbenzene alumina oxide catalyst version compared to PBR
Dehydrogenation | Composite ! IMPBR 555-6027, iron Inadequate permselectivity and
of ethylbenzene alumina " oxide catalyst deterioration of membrane permeability
were identified to be the main problems
Dehydrogenation | Glass - IMPBR 300-400C, Ag Lower temperature operation is possible
of methanol catalyst In membrane reactor
AkDehvdrogenann Composite - CMR, IMPBR | 300-5007C, catalysts : | Membrane reactor perform better Lhar;
of methanol alumina yalunna and y-aumna { PBR, Novel configurations are pre
modified with sitver sented
Steam reforming | Composite i IMPBR 445-~590"C,‘Nyi;/m High conversion at lower temperature
of methane alumina ‘ alumina catalyst will enhance the use of the reaction in
" nonconventional applications such as
i fuel cells

1. Inert membrane packed bed reactor(IMPBR)

2. Inert membrane fluidized bed reactor(IMFBR )

3. Packed bed catalytic membrane reactor(PBCMR )
4. Fludized bed catalytic membrane reactor(FBCMR )
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Membrane Tube

Shell
side

Membrane
Membrane

a. b. c.

Fig. 4. Possible membrane reactor configurations
(a) flat membranes packed onto one another,
(b) shell-and-tube module;
(c¢) dead-end tube system[10]}.
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Table 3. A Survey of Permeabilities of Catalytic

Membranes[17].
Membrane Temperature Permaeability
material (K} {mol/m Pa s) Gas
Dense membranes
Ag 675  5.4-107 0,
Ag 1075 20107 0,
Pd 293 12-10°¢ H,
Pd 673 57-.107" H.
Pd-Ag(23%) 673 L7-107" H;
Pd-Y(7.8%) 573  89-107" H.
Si0, 723 1.3-107"° H,
Y:0:(8% )-ZrO, 1073 5-50- 107" 0,
Y.0:(25%)-Zr0, 923  17-107" 0,
SrCo. JFey 0. 923 36-107% 0,
Lagy -Sry MnO;. 973 5-10°" 0.
La, -Sr, -MnQ, , 1133 5-10°% Q.
Porous membranes
r~AlLO{4nm) 1060 3-107¢ 0.
7-Al03nm) 283 15-107" H.
y-ALO(4nm) 295  2-10" H.
Vycor glass 293 11-10 "% H.
Vycor glass 293 31-w" 0,
Porous Si0, { < 2nm) 343 95-107¢ H;
Porous Si0, (<2nm) 473 1-10°" H,
Carbon(mol-sieve) 73 24100 H,
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Table 4. Application of Surface Modification Techniques
Membrane Technigue Deposmon Application - T
Composite alumina Impregnation delysl Dehydration and other reactions
Composite alumina lon exchange Catalyst(Pt) Hydrogenation of toluene
Composite alumina Sol-gel Catalyst(Ni) Dehydrogenation of methanol
Composite alumina Sol-gel Silica Gas separation(CO.-CH,, hydrocarbons, inerts)
Composite alumina Sol-gel Ru Gas separation, steam reforming reaction
Composite alumina Reverse micelles Zirconia Gas separation

Glass

Silica/composite alumina

Silylation

Silylation/dispersion Rh

Silanol group

Gss separation

Gas separation

Table 5. Summary of Application of Supported Membranes

Membrane Substrate Technique Application

Pd Glass Electroless plating Hydrogen spraration, water gas shim
steam reforming

Pd Silver Electroless plating Hydrogen separation

Pd, Pd-Ag Alumina Electroless plating Hydrogen separation, dehydrogenation of isobutane

Pd-Ag Stainless steel Electroless plating Hydrogen separation

Si0,, Ti0,, AlLO,, B.0, Glass CVD Hydrogen separation

Silica Glass CvD dehydrogenation of isobutlane

YSZ Alumina CVvD He permeability measurement

Pd Anodic clumina  Sputtering and permeation Hydrogen separation

Ni, Pd Alumina lon plating Hydrogen purification

Pd alloys with Mn, Polymer, metal, Sputtering Hydrogen separation, hydrogenation of carbon

Co, Sn and Pd oxide monoxide, hydrogenation of pentadiene

Pd-Ag Alumina Spray pyrolysis Hydrogen separation

YSZ Alumina BV Oxygen permealion
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Catalysis Science

New membrane catalysts : less sensitive o poisoning or cracking
Reproducibility and predictability of the catalyst performance
Catalytic activation of ceramic porous membrane catalysts

Catalytic
Membrane
Reactor
Major Challenges

Materials Science | «—

Synthesizing defect-free and homogenecus membranes(10A)
Reducing the membrane thickness{ << 10um)

Membrane resistance to temperature and thermal {atigue

Finding new materials with better properties than Pd, r-AlLO,, etc.

— LChemical Engineering

Modeling highly selective transport mechnisms
Complex modelling for large-scale
membrane reactor modules
Heat supply and temperature
control in large scale modules
Criteria for the choice of the
optimal size of membrane reactors

Fig. 9. Major challenges in the development of catalytic membrane reactor.
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Table 6. Key Issues for the High-Temperature Cat-

alytic Membranes

Palladium Membranes

® Fabrication Availability
@ Cost/Performance Durability
@ Crack Free/Pinhole Free  Poisoning

® Very Thin{<1Gum) Sufficient hydrogen {lux

Inorganic Membrane

@ Continued Development
Size, Shape, Cost, Pore size
Without cracks or macropores
Durablity
Uriform microporosity

® Reduced Costs

Composite Membranes
® Fabrication

® Adhesion

® Availability

Attachment of Membranes to Device

Sufficient Heal and Muss transfer
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