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History of Membrane Process Development
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Gibbs Adsorption Isotherm

Table 1

Some Physicochemical Data Pertinent to Sodium Chloride Solution

Molality Activicy Density (R), Surface tension
(a) coefficient (a) x 1073, kg/a?3 (y) x 103, J/m?
0.00 - - 72.80
0.2010 0.751 1.00675 73,17
0.5030 0.688 1.01876 73.71
1.0204 0.650 1.0385 74,515
2.0988 0.614 1.06984 76,27
3.1920 0.714 1.1152 78,08
4.3628 0.790 1.1507 80,02
4,9730 0.848 1.1679 81.09
5.5410 0.874 1.1947 82.17




Table II
Physicocheaical Data of Sodium Chloride Solution Based on the Data
Given in Table I

am, y x 103, ‘3%1—1 a g x 1073, m, ty x 1010,
nol/kg J/m? < 18 kg/al3 mol/kg m
0 72,80 2,742 | 1.0 1.0 0 5.62
0.5 74,16 2,70 0.669 1.024 0,747 3,78
1.0 75.50 2,52 0.624 1.056 1.603 3.35
1.5 76,68 2.15 0.616 1,081 2,435 2.87
2.0 77.65 1.82 0.640 1.103 3.125 2.57
2.5 78.50 1,67 0.685 1.122 3,650 2,54
3.0 79.32 1.62 0.745 1.139 4,027 2.68
3.5 80.12 1.58 0.795 1.152 4,403 2.82
4.0 80.90 1.49 | 0.833 1.164 4,802 2,79
4.5 81.61 1.35° | o0.861] 1.179 5.226 2,64

a, Calculated as -3 x 72,80 + & x 74,16 - 75.50 = 2,74
b, Calculated as 80,12 - 4 x 80.9 + 3 x 81,61 = 1,35
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Module Development
> Plate and Frame

> Spiral Wound

> Tubular

> Hollow Fiber
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Development of Composite Membrane

> In-situ Polymerization
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Improvement in the Separation of Organic Solutes

Cellulose acetate membrane with NaCl separation of 96.7 %

kx10%  Sepn. , kx104  Sepn.
Solute cm/s b4 Solute cm/s 2

Naf 18.3  98.0  Sr(NO3), 17.3  96.4
NaHC00 18.2  97.7  Th(N0,), 1. 99.9
NaHCO03 16.9 98.6 In{NO3), 16.5 96.3
NaH phthalate 17.9 97.3 InS0, * 13.0 >99.9
NaH,PO, 16.3 99.4 Alcohols
NaHS0y 17.8 99.4 -
Na hydroxy-benzoate 15.0 38.9 Methanol 22.6 9.4
Nal 20.0 95.2 Ethanol 18.7 18.2
NalOj 16.4 99.0 1-Propancl 16.5 29.3
Na3Fe (CN) g % 16.3  »99.9 2-Propanol 16.5 48.0
Na,Fe (CN) % 16.0  »99.9 1-Butanol 15.0 21.8
Na isobutyrate 15.4 99.3 2-Butanol 15.0 49.7
Na m-nitrobenzoate 15.0 89.2 2-Hethyl-1-propanol 15.0 k9.7
Na o-nitrobenzoate 15.0 99.6 2-Methyl-2-propanol 15.0 86.8
Na p-nitrobenzoate 15.0 99.2 I-Pentanol 13.3 18.5
NaNO, 18.5 94 4 2-Pentanol 13.9 5t.7
NaNO3 19.6 93.5 3-Pentanol 13.9 S1.7
NaOH 15.1 99.4 2-Methyl-1-butanol 13.9 St.7
Na phenylacetate 4.6 98.9 3-Hethyl-1-butanol 13.9 51.7
Na b-phenylbutyrate 13.2 99.1 2'§;2;2§;?Y1-|- 13.9 757
Napfoz?gz;’lc 135 g9 1-Hexanol 13.0 15.5
Na pivalate 4.9 99.7 2-Hexanol 13.0 29.2
Na propionate 15.5 99.3 3-Hexano! 13.0 29.2
Nay$0; 16.6 99.8 2-Methyl~1-pentanol 13.0 29.2
Na;S0y 16.7 99.8 3-Hethyl-1-pentanol 13.0 29.2
Nay$,03 17.1 >99.9 4-Methyl-i-pentanol 13.0 29.2
Na toluate 12.0 98.8 3-Kethyl-2-pentanol 13.0 53.1
Na valerate 15.2 99.3 2-Methyl-3-pentanol 13.0 63.1



Table 33. Reverse Osinosis Separation Characteristics of
PEC-1000 Membranes at 800 psig and 25 *C1291)

Solute Solute concn. pH  Solute rejection, Water flux,
in feed, wt-% % m?/m? day
Methyl alcohol 5 6.9 41 0.38
Ethyl alcohol 5 5.0 92 0.30
Isopropyl alcohol 5 6.5 99.5 0.32
n-Butyl alcohol 5 56 99 0.30
Benzyl alcohol 4 7.0 82 0.10
Ethylene glycol ) 6.8 94 0.36
Propylene glycol 3 5.8 99.7 0.40
Glycerine 3 5.8 999 0.43
Phenol 1 5.2 99.0 0.24
Formic acid 3 1.9 34 0.52
Acetic aad 5 26 91 0.37
Propionic acid 3 2.7 97 0.39
Oxalic acid 0.9 1.8 99.1 0.69
Formaldehyde 5 3.6 69 0.30
Acetaldchyde 3 36 89 0.46
Acetone 4 6.7 97 0.29
Methy] ethyl ketone 4 6.6 98 0.21
Ethy] acetate 4 6.8 99.2 0.18
n-Buty] acetate 1 6.9 99.6 0.38
Tetrahvdrofuran 5 6.7 99.8 0.28
1,4-Dioxane 9 6.6 99.9 0.40
Ethyldianine b 12.1 995 0.08
Aniline 1 § 95 0.11
Urea 1 6.9 &5 0.56
N, N-Dimethylformamide 3 6.5 98 0.32
N,N-Dimethylacctamide 5 6.5 99.6 0.30
¢-Caprolactam 3 58 99.9 0.30
Dimethylsulfoxide 5 6.4 996 0.34
Lactose 5 6.1 >99.9 0.30




Table 32. Reverse Osmosis Separation Characteristics of
PA-300 Membranes at 1000 psig and 25°CI290)

Solute Solute pH Solute

conc., ppm rejection, %
Sodium nitrate 10,000 6.0 99.0
Ammonium nitrate 9,600 5.7 98.1
Boric acid 280 4.8 65 - 70
Urea 1,250 4.9 80 - 85
Phenol 100 4.9 93
Phenol 100 12.0 > 99
Ethyl alcohol 700 4.7 90
Glycerine 1,400 5.6 99.7
DL-aspartic acid 1,500 3.2 98.3
Ethy] acetate 366 6.0 95.3
Methy] ethy] ketone 465 5.2 94
Acetic acid 190 3.8 65-70
Acctonitrile 425 6.3 > 25
Acetaldehyde 660 5.8 70-75
Dimecthy] phthalate 37 6.2 > 95
2.4-Dichlorophenoxy acetic acid 130 3.3 > 98.5
Citric acid 10,000 2.6 99.9
Alcozyme (soap) 2,000 9.3 99.3
o-Phenyl phenol 110 6.5 > 99
Tetrachloroethylene 104 5.9 > 93
Sodium silicate 42 8.0 > 96
Sodium chromate 1.200 7.8 > 99
Chromic acid 870 3.9 90-95
Cupric chloride 1.000 5.0 99.2
Zinc chlonide 1,000 5.2 99.3
Trichlorobenzene 100 6.2 > 99
Buty] benzoate 200 5.8 99.3




Improvement in Reverse Osmosis Membrane Flux
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Membrane Gas Separation
> Dry Asymmetric Membranes

Hollow Fiber, Spiral Wound
Cellulose Acetate, Polyamide, Polyimide

> Composite Membranes
PRISM Membrane, PRISM Alpha Membrane

Resistance Theory
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retentate

fuel gas
®

membrane
feed :
permeate makeup hydrogen
A B C

Compoasition (mole %)

H, 710 (550) 263 (41.7)  98.0 (98.0)

CH, 160 (189) 403 (244) 13 (1.1)

< 13.0 (261) 334 (339) 07 (09)
Flow rate (Nm%day) 1000 (1000) 377 (764) 623 (236)
Pressure (bar) 30.0 30.0 5.0

H, recovery: 86.0% (42.1%)
a (Hy/CH,) = 60

" figures in brackets illustrate the effect of lower feed purity

fuel gas
compressor membrane
membrane
feed
® ®
__@ makeup hydrogen
A B c D E
Composition (mole %)
H, 55.0 417 98.0 188 9.0
CH, 18.9 24.4 1.1 337 22
[oRe 26.1 339 0.9 475 18
Flow rate {Nm®/day) 1000 764 236 538 226
Pressure (bar) 30.0 30.0 5.0 60.0 5.0

H, recovery: 81.5%



Compasition (mole%)

A B o}
®“__(>‘ Membrane - .
Residue

Feed

93.0 98.0 634
7.0 20 366
2.89 -—-————D{:)
Permeate

17.11

Flow rate (MMgepp) 20.00
Pressure (psig) 835 10

850

Mcthane Recovery = 92%

residue

feed

cmembrane

compress
—c0
permeate
A B [ D E
Compasition (mole %)
CH, 9.0 98.0 189 63.4 93.0
co, 7.0 20 811 366 7.0
Flow Rate (MMgorp) 2000 1874 1.26 116 1.90

850 835 10 10 850

Pressure (psig)
Methane Recovery = §8.7%

bulk removal purlfication

membrane 1

l membrane 2 ______>,@

= residue

©

membrane 3

compress
A B cC D E F G
Compasition (molc%)
CH, 930 980 <52 961 61 721 93.0
[ofo) 70 20 508 39 439 279 7.0
Flow Rate (MMyap) 2000 37.95 205 1939 162 1.4 1.01
85 &5 10 B840 10 10 850

Pressure (psig)
Methane Recovery = 94.6%

=>©

permeate



Compression ,. Dchydration .. Membrane Unit
(2413 - 3103 kPa) - [bulk CO, removal to
dew point of pnatural
gas liquids (NGL)]

95-99% CO,

1

Recycle Mcmbrane e Jow pressure  2nd Stage Membrane Dcw Point Control
minimizes NGL Joss ~ ®®P™*  permeate  produces NGL product refrigerate to 16-26°C

95-99% CO, 2-3% CO,-hydrocarbon condensed
saturated product stream liquids
2068-2758 kPa
Lo . - . ‘
) reisjection Reinjection Liquids Recovery Plant

Total produced CO, ===
for recompression,
207-689 kPa
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Example permeability data for UBE’s polyimide membranes

A B-H Cc o]
Membrane Type 600egC) (600egC) (30degC) {1200egC)
(1400egfi (140degF) (86degF) (2480egF)
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Sepration factor (Hydrogen/CO)
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Development of Inorganic Membranes
> Alumina Membrane

Sol-Gel Method
> Porous Carbon Membrane

> Zeolite Membrane



{c. H_cu(cu_.)o] Al Y=AlOOll =
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Model of boehmite membrane microstructure



5. Asymmetric structure of Ceraflo =mcmbrane (a), and tube

assembly (b) (13).
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Membrane Reactor

> Shift in Equilibrium

ES (;; Pressure gauge
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Gas cylinder
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Purge gas (Ar)

Palladilum membrane
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Vapor Permeation
> VOC Removal from Air

> Dehumidification



FLUX (m3/m2h bar)
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/ Moduia housing
U Ny A2 Residue tiow

Feed flow i
Collection pipe .- ) ; Permeate flow
Feed oW mupe \R2 y R B Resigue flow
Spacer
7, Membrane
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Permeate flow
aher passing through
membrane

2
! Lt v :l’ 9
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2 1" -
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00m>/h
217m3/h 200mb
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70 ppm

430 sctm
300 ppm 233m2 Membrane
500 sctm onit
Compressor
37 hp
Vacuum
pump
49hp
To boiler
1,700 ppm
70sctm
FEED PERMEATE RESIDUE
Flow (scim) 500 70 430
Concentration (ppm) 300 1,700 70
Membrane Selectivity 30
Membrane Area 233 m?
Vacuum Pumps 48 hp
Compressors 37 hp
CAPITAL COSTS $282,000
$560/scim feed
OPERATING COSTS
Depreclation + interest $ 33,200
Miscellaneous 10,400
Module replacement
(3-year lfetime) 45,600
Energy 22,800
$113,000/yr
OPERATING COST $0.52/1000 scf {eed

0.68/1b solvent recovered
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Flux Denslity, Nm%m? h bar
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Pervaporation
> Dehydration of Ethanol
>VOC Removal from Water

> Hybrid System



Table XV Density and Osmotic Pressure Data for the System

EtOH-H20 at 20°C (70)

EtOH Density Osmotic Pressure
wt.d g/cm?3 . psi
0 0.9982 0
0.5 0.9973 . 37
1.0 0.9963 75
1.5 0.9954 111
2.0 0.9945 149
2.5 0.9936 : 188
3.0 0.9927 230
3.5 0.9918 272
4.0 0.9910 312
4.5 0.9902 356
5.0 0.,9893 400
5.5 0.9885 440
6.0 0.9878 486
6.5 0.9870 531
7.0 0.9862 573
7.5 0.9855 621
8.0 0.9847 ‘ 671
8.5 0.9840 722
9.0 0.9833 774
9.5 0.9826 829
10.0 0.9819 886
11.0 0.9805 996
12.0 : 0.9792 1103
13.0 0.9778 1218
14.0 0.,9765 1330
15.0 0.9752 1460
16.0 0.9739 1600
17.0 0.9726 1748
18.0 0.9713 1905
19.0 0.9700 2061
20.0 0.9687 2235
22.0 0.9660 2612
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Table 42. GC-MS Analytical Results!342)

Feed® Permeate® Boiling point,
Sample 1 Sample 2 °C
1 Acetic acid, Ethyl Ester 02 4.5 77.1
2 1-Propanol, 2-1fethyl- 6.8 108.0
3 1-Butanol 14.6 15.0 228.3 117.2
4  Propionic acid, Ethyl Ester 0.25 0.25 11.0 99.1
5 Ethane, 1.1-Diethoxy- . 33.3
6 1-Hexene, 4-Methyl- 1.4 0.7 34.0 87.5
7  Propionic acid 2.3 3.1 2.1 141
8  Propionic acid, 2-Methyl, Ethyl Ester 0.2 13.3 109-111
9  Hexanal 23 1.5 33.1 128
10 2-Furfural - 2.5 1.4 0.1 161.7
11 Propanoic acid, 2-Methyl- 5.0 7.2 11.2 153.2
12 2-Hexanal 9.8 9.2 224.7 146-147
13 Butanoic acid, 3-Metliyl-, Ethyl Ester 0.5 0.5 4.0
14 1-Hexanol T4 6.3 91.2 138
15 1.3-Dioxolane, 2-Ethy]- 3.9
16 1.3-Dioxoiane. 2-Propyl- 0.6
17 3-Heptanol, 3-Methyl- 0.6 0.5 5.3 163
18 Ethanone, 1-Phenyl- 100.0 100.0 100.0
19  Hexane. 1.1-Dicthoxy- 4.7
20 Hexane, 1-(1-Ethoxyvethoxy)- 1.2
21 2-Farfural. 5-(Hydroxyinethyl)- 28.4 33.2 114-116

® peak ratio () of flavor component

to the internal standard (Ethunone, 1-Phenyl- )



Table 40. Permeate Composition and Permeate Flux Data

of Pervaporation for Benzene Scparation[341)

Operating conditions: temperature, 40°C; downstream pressure, 2000 Pa;
feed flow, 6 L/mim; feed volume, 22.7 L;
total benzene content in feed, 30-32 mL

Time, Total permeate Permeate Permeate Total weiglht Permcate

benzene conc.,  benzene  agueous  of permeate flux,
phase, phase, sample,
h % mL mL g kg/m’h
MTR-100
1 17.2 26 11135 0.75
2 4.3 d 102 104 0.58
3 1.0 2 101 102 0.57
X! 0.2 -* 102 101 0.56
MTR--200
2 45.4 27 29 53 0.15
4 6.7 1.8 23 24 0.068
G 2.7 0.5 23 23 0.063

"This sample coutained only one phasc.



Table IX Future Potial in Pervaporation Processes (17)

Applications which are currently possible.

Dehydration of Binary Mixtures
Azeotropic mixtures (isopropyl alcohol/H 0,
butyl alcohol/ﬂéo, tetrahydrofuran/H 20,
ethyl alcohol/H;0)
Nonazeotropic mixtures (methyl alcohol/H.0,
acetone/H ;0)

Dehydration of small quantity of water (methylene

chloride/HZO, chloroform/H,0)

Dehydration of Mulicomponent Mixtures such as
(ethyl alcohol/toluene/isopropyl alcohol/H,0,
ethyl esters/methyl esters, H,0)

Dehydration of Other Solutions
such as (fruit julces, kerosene)

Removal of Organic Solutes from Aquecus Solutions
such as (phenol/H;0, chlorinated hydrocarbons/H;0)

Removal of Organic Solvents

from (waste water, fermentation broth)

Dealcoholization of beer and wine




Commercial Applications Possible Within 5 years

Dehydration of Acids an§ Amines

ébr exa;ple (acetic acid, hydrazine)
Cleaping of Organic Solvents

for example (removal of ;sppropyl alcohol

i
from heptane/hexane mixture)

Separation of Paraffins and Aromatic Hydrocarbon§
such as (benzene/hexane)

Separation of Chlorinated Hydrocarbons and
Hydrocarbons

Separation of Normal and Branched Hydrocarbons

such as (iso-octane/hexane)

Commercial Applications Are Possible Within 10 Years

Separation of Paraffins and Olefines
such as (butane/butenes)
Separation of Isomeric Mixtures
such as (xylene mixtures)

Removal of Toxic Substances From Blood Stream
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