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Membrane separation offers the advantage of low energy cost relative to the more
established gas separation processes (e.g. adsorption and cryogenic distillation).
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Membrane separation offers the advantage of low energy cost
relative to the more established gas and liquid separation processes

Membrane Materials
- Polymer RO, NF, UF, MF, GAS
Lack of resistance to solvent and heat

Trade-off relation between P and a

- Ceramic UF, MF
Complex and slow processing

Difficult module formation



Selectivity m—p.

Separation by
Microporous Membrane

High
Performan

A\

Trade-off relationship of
polymeric membrane

Permeability
(Permeance)

—

Zeolite Membrane
Sol-gel Membrane
CVD Membrane (Silica)
Carbon Membrane
Porous Glass, MOF ==-

L

Mixed Matrics Membrane

L

Polymer Membrane
TR polymer, PIM
Polyimide, SIR,
Plasma polymerization e«




Carbon Membrane

Unsupported Carbon Membrane
Flat-sheet film
Hollow fiber or Fiber
Capillary tube

Supported Carbon Membrane
Flat or Tube

Carbon layer

Support
H.Kita, Gas and vapor separation membranes Porous alumina tube
based on carbon membranes, in Materials
Science of Membranes for Gas and Vapor Separation
Ed. by Y.Yampolskii, I.Pinnau, B.Freeman, Wiley, 337-354(2006)




Key steps for high performance carbon membranes

Supported or Unsupported
membranes

Mechanical strength T—>

Precursor selection

High permeance Optimization of
and I:> Carbonization process
High selectivity Pyro_lysis Temp., Time,
Heating rate, Atmosphere =-
(Tuning membrane Regeneration
structure) Pre-treatment

Post-treatment
Activation, oxidation, ===

Challenges to ':D Module desigh ,
Up-scaling Continuous process
Production cost =-



Thermal Rearrangement and Solid Phase Carbonization

FsC. CF3
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O Poly(amino-imide)

¢ 300°C

6FDA-mPD polyimide

- \/ 0O
- C oA A
W Uee-ox
500°C - 800°C ; NS NS
Ind. Eng. Chem. Res., 38, 4424-443X (1999) Polypyrrolone

Chem. Lett., 534-535(2002)
J. Membr. Sci., 261(1-2), 17-26(2005)

500°C - 800°C
Chem. Comm., 1051(1997)

Carbon membranes



Polyimide — Carbon membrane
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Milestones in the development of pervaporation (R.W.Baker 2012)

Binning and Lee
at American Oil
publish the first

Separex operates a
1-2 gpm methanol/MTBE

pilot plant - 1988

systematic studies Neel and Aptel
at Toulouse
continue laboratory First commercial VOC-from-water
pervaporation studies pervaporation plant installed - 1996
BAS1 MR
i | ;1
| | ~ L ! | |
1950 1960 1970 1980 1990 2000 2010
GFT constructs the GFT constructs the

first commercial

pervaporation plant for
dehydration of ethanol - 1982

Bethenville 5000 kg/h
ethanol dehydration
plant - 1988
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i KIBE | BE | JZRMK | 2BEREK
[wt %] | ['[C] | [kg/(m2h)]

<2 U A VBBEBRY =T N a—VES 5 80 0.24 9500
£ (GFT)
RIVTI7INBRIAFT aryTry T R 5 60 1.63 3500
£ A% R (S0,2) 10 | 60 0.1 6000
™Y A X F(PMDA-ODA) 10 75 0.012 850
TI2INTIVR/TVH 10 50 0.3 3200
AR ZZ 4 b 10 75 2.2 >10000




Membrane Separation Catalysis

M olecular 1990’ Membrane
Sieving

Zeolite Membrane

LTA, FAU(EMT), MFI, T, MOR, FER,
BEA, SAPO, TS-1, ETS-10, MCM ...

e More than 200 plants of dehydration
Zeolite film by PV and VP are operating

Substrate l

Membrane Reactor(ex.Membrane-aided Esterification)
\ J
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Application of Membrane Separation to Chemical Reaction
R-COOH + R'-OH > RCOOR’ + H;0
Carboxylic Acid Alcohol Ester Water

Removing Water

_)|\Membrane —>
| H20 Increasing of conversion

Short reaction time
Cutting materials

Vapor

Vapor permeation

High temperature of reaction
No contact with mixture

| e—

~_~

Increasing reaction rate
Improvement membrane durability

Reactor




Titanium or zirconium silicalite-1 membranes

OH OH
HO ArOH

. U RR'CH,

TS-1 powder > H
ArOH e 'XOH

300/0 202

HON
/ RR’CHOH

R -
M Taramasso, et al, U.S. Patent, 4410501
» /~0 ,
R 1983.
A. C. Esposito,et al, U.S. Patent, 4480135, 19

OH
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R.D.Noble et al.,

Acc. Chem. Res. 2011, 449, 1196
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FIGURE 3. Comparison of CO2/CH4 separation selectivity versus COz
permeability for polymeric and SAPO-34 membranes M3 and 51 at
295 K and feed and permeate pressures of 222 and 84 kPa, respedively.
Thicknesses of membranes M3 and 51 were 5 and 2.5 um, respectively
(estimated from SEM images of the cross section of broken membranes).
Reproduced with permission from 8. Copyright 2006 John Wiley and Sons.

Table 2. Comparison of COy/N; Separations through Zeolite Membranes

pore diameter permeance

membrane/support {nm) temp ("C) (mol/m*+s- Pa) selectivity ref
FAU/alumina tube 0.74 30 043 x 1077 20— 100 Kusakabe et al. ™"
FAUfalumina disk 0.74 50 39 « 1078 20 Gu et al.”’
silicalite-1/stainless steel net 0.55 20 7.0 % 1077 68 Guo et al 2!
MNa-ZSM-5/alumina tube 0.55 35 1.0 % 1077 40 Shin et al **
NaA/carbon 042 22 34 x 1077 6.0¢ Zhou et al.**
T-type/mullite tube 0.41 35 46 x 1078 107 Cui et al**
DDR/alumina tube 0.36 = 0.44 29 60 x 10°# 20% van den Bergh et al >
SAPO-34/alumina tube 0.38 22 1.2-1.5 = 10°® 21-32 this study

“ Ideal selectivity based on single-gas permeations. ©

COy/air separation.

S.Li, C. Q. Fan, Ind. Eng. Chem. Res. 2010, 49, 4399-4404



,05/CH, COZ/NZ COZ/HZ H2/CH4
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10+ o TO
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Permeance (107 molm?s”'Pa™)

Reported examples of mixturegas separation by various supported zeolite
membranes. In each case the measurements were performed in the temperature
range of 20-35 °C, pressure range of 100-600 kPa with(nearly) equimolar mixtures.
Ref., N.Kosinov, et al., J. Memb. Sci., 499(2016)65-79
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Module desigh ,
|:> Continuous production process
Production cost =-

Challenges to
Up-scaling

[ Thermal stability 1

There are a huge number of
potential separation applications
for microporous inorganic membranes

Relative comparison between polymeric and
Inorganic membrane




