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Organic Solvent Nanofiltration (OSN)

* Water processing - Desalination — Reverse Osmosis (RO) dominates the
market over multiple effect evaporation (high energy).

* Can membranes produce the same paradigm change for organic liquids
processing?

World Scale RO Plants World Scale Qil Refineries
100,000 — 300,000 m3 d+ 50,000 — 100,000 m3 d-'1



Organic Solvent Nanofiltration (OSN)

m Emerging membrane technology for separation and
purification processes involving organic solvents.

Nanofiltration | 200-2000Da ] OSN Membrane

| Applied \
Microfiltration )
Uttrafitration Conventional Pressure @ o @ g"
|::> @0 0?4
Q QQ Q
1A 1000 A 1um 10 um 100 pm
Pore dametor Retentate Permeate

Organic Solvent Reverse Osmosis OSRO — Ryan LIi\Ier — Science 335 (2016) pp 804-807
OSN membranes must preserve their separation characteristics

in contact with organic solvents.



Organic Solvent Nanofiltration (OSN)?

First Generation OSN Membranes - Polyimides

= Stable in non-polar solvents such as toluene, heptane, ethyl
acetate (Steve White and colleagues)

= Largest industrial success so far has been W.R. Grace’s lube oil
dewaxing process at ExxonMobil Beaumont Refinery using
polyimide OSN membranes (operational in 2001)

— AR

* Capacity 11,000 m? d-* solvent
* Project cost $6 million in 2000
* Net benefit S6 million per annum §

Lube Oil Dewaxing Unit at
ExxonMobil Beaumont Refinery



Organic Solvent Nanofiltration (OSN)
Challenges for Molecular Separations in Organic Systems

OSN Membranes

Achieve chemical stability in solvents, including in acidic and
basic organic solutions, and at high T

Enhance permeance to reduce required membrane area
Reduce flux decline over service lifetime (aging, fouling)
Improve separation accuracy
OSN System Engineering
Membrane transport modelling
Improve separation accuracy
Process simulation and modelling
Concentration polarisation and module design

B Lots of focus since 2000 B Little focus since 2000



OSN Membrane Fabrication
e —

Integrally skinned asymmetric Thin Film composite (TFC)
(ISA) membrane membrane
ONE step process MULTIPLE step process

same material different material
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ORGANIC SOLVENT NANOFILTRATION (OSN)

Membrane Fabricatrion
e —

Imperial College
London



ORGANIC SOLVENT NANOFILTRATION (OSN)
Membrane Fabrication

Integrally skinned asymmetric
membranes from P84 polyimide

P84 polyimide
20% |
80% Il




OSN Membrane Fabrication : Chemical Stability

Post-formation cross-linking of polyimide membranes via diamines using
established chemistry

i i o, Non-crosslinked P84
— O O | ‘C[ BEFORE AFTER IMMERSION IN DMF
0] 0 U ;

l Diamine

Crosslinked P84

b BEFORE AFTER IMMERSION IN DMF
0 o N
CH,
~ O ML
| |
o] 0) &

See-Toh et al., J. Membr. Sci. 301 (2007) 1-10 ?




Development of Crosslinked Pl OSN Membranes

Membrane Extraction Technology (MET), Imperial Spin-out company,
licensed OSN technology from Imperial College and developed the
DuraMem™ range

STEP 1: STEP 2; STEP 3:

Dope Solution - Membrane - Chemical Crosslinking

= MET acquired by Evonik AG
1 March 2010

Preparation Casting ‘
= Evonik have invested in new

STEP 6: STEP 5: STEP 4:

. facilities and space for
ualiy Control ME::::::E _ MB':,I:;M prodtlcticn of r?nembranes
Fabrication and membrane modules
= « DuraMem™ membrane cartridge = Operational since June 2012
= - y “al = ALL components are solvent stable . 7 N 7 - ;Ze:ﬁf;"::;;: drranlgdaufgs i
-— = Cartridges are leak free Evonik MET Ltd & S ami
1990-2000 w - * RSF - Regulatory Support File : il il e i
Max Dewax 0072008 TTe [ | 2010 Evonik Acquisition of MET Ltd
STARMEM™ Polyimide _ y
membranes Scaleup Crosslinked Pl Duramem

AFTER IMMERSION IN DMF

L.

2006-2007
Invention of
Crosslinked
Polyimide
Membranes
US Patent
8,894,859

2008 onwards

Duramem™
Commercial
Installations




CASE STUDY @ Evonik

S EVOnIK

INDUSTRIES

Recycling of homogeneous catalysts

Products

Processes ...

» Metathesis

» Suzuki coupling

» palladium catalyzed
cross-coupling

» Hydroformylation

» Telomerisation

Catalyst ) ST
recirculation

Reactor

,,l

4

Educts



Evonik Innovations Award 2010 ) EVONIK

INDUSTRIES

Benefit: OSN recovers homogeneous catalyst

Catalyst rejection [%)]
Aldehyde - 100

20

80

Vaporizer

70

&0

50

Reactor

40
Ha, CO
E— High boiler 30

Catalyst ejection and
recirculation minimal 20
catalyst losses
10
>

o

Olefin



OSN customer benefit:

Energy savings

Membrane process:
Membrane costs: 220 T€/a

Investment costs: 1,7 Mio. €

Thermal separation
Energy costs: 1,2 Mio. €/a

Investment costs: 2,2 Mio. €

OSN

INDUSTRIES

S EVONIK

35t/h 35t/h .
TMP 25bar

29t/h
-

TMP 25bar product

l 6t/h

high boilers

29t/h
product

35t/h

6t/h
high boilers

> 30% lower investment costs | Savings
= 75% lower operational costs _ >1 Mio. €/a

6t/h



OSN — APPLICATIONS IN REFINING AND CHEMICALS

e
KEY POINTS

= OSN is an emerging technology in the large scale refining and
chemicals sector

= |n this sector, plants may cost > £1 million, and membrane
replacement may average > £0.2 million per annum

= Since plants are high capital cost, and since membrane
replacement costs and downtime costs are signifciant,
applications in this sector have been characterised by long
pilot testing periods

= For example, development of MaxDewax™ started in 1993,
plant finally installed in 1999.

= Applications in this sector are likely to have a major long term
impact on the energy efficiency of refining and chemicals
processing



OSN — APPLICATIONS IN PHARMACEUTICALS

Concentration

(a) Concentration

Defining feature: at least one solute and one solvent

) —

I ’Q ’ZI Membrane

Pump

¥

Permeate out

v

* @
'.-'

’Q ’JZI Membrane

Pump

b

Permeate out

Imperial College
London



API Recovery/Concentration

Process Scale Example: Product Recovery

Acetone solution containing ~1 wt% of valuable,
final APl (MW=420 g/mol)

Nanofilter solution at sub-ambient temperature
so that ~¥90% of volume passes through
membrane, retain ~10% starting volume

Final retentate ~10wt% API recycled

Key issues addressed — stability of membrane
and module components; satisfy regulatory
requirements for GMP

i o i 2
- = )

@
ClaxoSmithKline

Product Concentration
Filtration

Pressure —

(. |
API (A) AL
dissolved A
in acetone AA

A

AA‘/

A

Al i
i -

Permeate (acetore)

Imperial College
London




OSN — APPLICATIONS IN PHARMACEUTICALS

Purification
(c) Purification Defining feature: at least two solutes and one solvent
|

KX y ¥

e " o *°

o :‘ 3 > |° : 3

W Membrane W Membrane
Pump —X Pump v

Permeate out

Permeate out

Imperial College
London



OSN — APPLICATIONS IN PHARMACEUTICALS
Purification

Constant Volume Diafiltration = separate model API (yellow dye, MW=274) from

model large Impurity (blue dye, MW=826) in methanol.

trrvtttvttttr
0 ..‘0 YYYYYY D W

Retentate Impurlty (blue dye) is retamed 8
FEED (green)

11111111?1717?

Permeate - API (yellow dye) permeates

A AN BN A A A R e Y ' 1 p.
. @ % W @ W 8 By ap n "' ”’1
- Y oo oo oo e e TS oy WD




OSN — APPLICATIONS

Purification by Diafiltration

T
= Separation of coloured impurity from APl at Astra Zeneca by OSN *

. . .. )
(3a) Starting material containing =

high MW coloured compound

(3b) Coloured impurity difficult to
remove via extraction

(3c) Product after OSN purification.
Nice white powder!

august 2006 tce 31

Nanofilter solution so that APl passes through membrane with

solvent and impurity is retained ,
Imperial College

*The Chemical Engineer, August 2006 London



OSN APPLICATIONS: Molecular Fractionation
Can membranes replace distillation columns?

a 12 Increasing number of A
stapes below feed

pn. in
Stagen
Fots Y Rectifying
Stage n -1 section
Pz ¥ 3 represente,?d by
Stagen-2 tlop operating
line(s)
n-2 Fir
PF-*-." i
Stage F+ 1
PF' Yr F.zir

Feed stage, stageF

Per il ¥

! F
Stage F-1 |
Pz ?f_-f? T
AT Stripping section
F 5l
* EYI ’ Ve, X4 represented by
Stage 3 i bottom
Paiiyiz N, X3 operating line(s)
Stage 2 E
P1.i§l’i.1 Woi %2
Stage 1 i
Wy, X4

Fig. 4. Schematic of a multipass membrane cascade with n stages. Cascade stages
in the rectifying section decrease solute content in the recovered solvent while
stages in the stripping section enrich solute content in the concentrate stream. In

this cascade, % progeer = X1 AN ¥ produer = Vi p-

10
(*i2: Y1) Xi1 Y1)
8
e - — Partitioning
g 6 1 (xisyi2) tage line
= 4 - % —— Bottom
(1 ¥ }SHEEE' operating line
L YL -
2 1 - (x!.l-}'fij Increasing number of ----Top operating
it . stages above feed line
D &
Qo 5 10 15 20 25

xu;"gl"
Isothermal Refining — Liquid phase
fractionation of hydrocarbon streams

at constant T
Siew et. al., Chem.Engng.Sci. 90 (2013), 299-310

Imperial College
London



Physical aging in ISA Polyimide P84 membranes

Polymers “frozen” in a non-equilibrium state relax over time, compressing and
clogging permeation pathways.

Annealing for 30 min

70

L
ME&

3 a2 E-Y o [21]
[=] L= [=] L=] (=)

Toluene Flux at 30 bar (Lm™hr™)

il
o

L ]
Mg

100 °C

150 °C

M10
]

200 °

M11

0 )
de

o

-

T
5 P

MWCO curves for PS/tquene at 30 bar

Rejection (%)

Y.H. See-Toh et. al., IMS, 299 (2007) 236-250

100

—&— M6 22 wt %
Qe M9 22wt % +100C 0.5h
—¥— M10:22wt% +150C05h

0 100 200 300 400 500 600
Melecular Weight (g mol ™)

—_— 200 Nm 200 °C, 30 min

v ¢

21



Physical Aging - Integrally Skinned Asymmetric Membranes

a) -
Polymer chains  6h|24h  120°C OO
1=~ 1 ~L peex
Sy + O +
S S=ENUE 9 I i
__‘Separating layer I P L. L
Macrovoid or
structure a __H
O
¥ ~ |Non-woven PBI
isupport material

1 - Equilibrium rubbery state

2 - Non-equilibrium glassy state

3 - Quasi-equilibrium glassy state

4 - Extrapolated theoretical glassy equilibrium
-

Volume

Temperature

PEEK



Polyether ether ketone (PEEK) membranes — high T filtration

maximum = TBP B 10 OC
g | Tintormediate |
® —
2 )
£
@
A T l I
I ‘ | Tinitial =30°C Tﬁnal =30°C
B 0 24 48 72 96
- Time (h)
High temperature cross-flow rig Temperature cycles
A: HPLC pump; B: hot stirring plate; over time

C: cross-flow cell; P: pressure gauge;
T: thermocouple;
BPR: back pressure regulator.

)2 Da Silva Burghal et al., J. Membr. Sci. 525 (2017) 48-56



Polyether ether ketone (PEEK) membranes — high T filtration

Filtering solvent: DMF; P = 30 bar
I DVF 30°C (1) [ DMF 85°C

. DMF 140°C DMF 30°C (2)
100 aul “.%;g;nmn ez
Rk e - - - —— - R
< 80- »® S
S ¥ 208
S 60- £
I | < 0.6
—
& 40- —a—30C@1) 3 %
D: 7 . 850C % 04*
201 % —e—140c £
O i I i I —'*— IBOOCI (2)I 8.', | 1
0 500 1000 1500 2000 g
MW (g.mol™) PEEK

e Membrane becomes looser with temperature but it is partially
reversible after cooling down.
e Membrane survived 140 °C in DMF ( Tg PEEK = 140°C)

24



OSN Membranes — Search for permeance
T

Integrally skinned asymmetric Thin Film composite (TFC)
(ISA) membrane membrane
ONE step process MULTIPLE step process

same material different material

[\

ra o N & ) =
e LR T
L g o

QAL ST
?“ o)

e
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Thinner makes faster!
Thin Film Composites By Interfacial Polymerisation

aqueous amine solution ] *m — phenylenediamine (MPD)

-

organic acid chloride solution

j e trimesoyl chloride (TMC) in hexane

5 ch NlH E oc r:o+
Organic phase aqueous | oc ; \Q/

...QC. 0000067 6,00 02000

polyamide network %



Higher Permeance - Sub 10nm polyamide films
Fabrication of highly cross-linked ultrathin nanofilms

Trimesoyl chloride Hexane phase

Polymerized
nanoflim at the Interfacs

Nanostrand laysr

Ultrafiitration support

Aqusous phase

MPD: m-Phenylsnediamine; PIP: Plperazins; AMP: 4-(Aminomsthyl)plperidine | | ;R 3 iy Htain
: s TR ek
‘E‘\M‘m e

Huflﬂrnﬂon lport momno



Higher Permeance - Sub 10nm polyamide films
Fabrication of highly cross-linked ultrathin nanofilms

_2nm DX 2-5microns L

3% MPD

(o)
0.0055% 11 0.15% TMC

0.005% TMC




Higher Permeance - Sub 10nm polyamide films
Properties of highly cross-linked ultrathin nanofilms
e

16.0 nm
onm r . - e 14.0

4 ’ : ‘ 12.0
Silicon , =

[ 10.0

8.0

= - 6.0

4.0

2.0

0.0

Height (nm)

2
18.4+0.5nm N
\ ‘Y\ r,
"1 AN
8 - Nanofilm
0 -
4'-Silicon — Profile 1
, v Profile 2
= o Profile 3
.V\:;‘o'v
0 L] | L] I L) | L]
0 100 200 300 400

Distance (nm)

29



Higher Permeance - Sub 10nm polyamide films
Properties of highly cross-linked ultrathin nanofilms

8 nm thick nanofilm

30



High Permeance - Sub 10nm polyamide films
Performance of highly cross-linked ultrathin nanofilms

Rejection of dye

i Solvent permeance
(ACF - 585 g mol1) P
0.6 125
- ¥y 11. Acetonitrile [C] Before activation
—‘-{ =X { - 1 10. Methanol [C] After activation [i1]
0.5- \ = 9. Acetone
—_ { ® 1004
= )™ t o 00 8. Methyl ethyl ketone
g / / ) - ‘7-: { 7. Dimethylformamide
. 0.4 - > z 6. Tetrahydrofuran
) o
= B g 755 Ethanol Slope ~ 0.576
) 7\ i | 4. Propanol R®=98.0
g 0.3 Acid fuchsin P 3. Butanol
c (ACF) o 504 2. Toluene
g 0.2. § | 1. Heptane
o Retentate £
2 Feed = 259
<{ 0.1 P & Slope ~ 0.182
. ermeate R? = 96.2
04
0-0- T ' T . T . T . L] v 1 v L] v L] v |
400 500 600 700 800 0 50 _11002 1_?" 200
Wavelength (nm) 8,M d-(x10°)

31



Higher Permeance - Sub 10nm polyamide films
Performance of highly cross-linked ultrathin nanofilms

Permeance of crumpled nanofilms 4 x higher than smooth nanofilms

Estimated from AFM

Actual Superficial

60

_ ] 1 = ST W To40um [ [ 0.40 um
- 50 -
H 0.35 | 0.35
=
‘T.C 404 0.30 0.30
"-‘E. Nanofilm on alumina ' —
o —e— Smooth 028 il
-1 301
- —&— Crumpled
o 0.20 | 0.20
g
20+
©
S 0.15 0.15
£ -
1 0.10 0.10
e 10 MPD: 0.1 wt.%
TMC: 0.005 wt.%
0 Time: 10 min 0.05 0.05
0 2 .4 0.00 0.00
Time (hr) . - . -
Estimated length / superficial length ~ 1.0 Estimated length / superficial length ~ 1.8

-> crumples are hollow and add permeable surface area



Higher Permeance - Sub 10nm polyamide films
Performance of highly cross-linked thin films
—_—==BnBnBnBn""

35- g" e 0-0-0-0-0-0-8
PHYSICAL AGING OF — 1 L
NANOFILMS K T Nanofilm on alumina T
© 25-
'Q. —@— after activation
Effect of support T
Alumina vs Polymer o - 201 Nanofilm on XP84
(polyimide) E
- after activation
~ 15-
-> Support is aging, not 3
. c
nanofilm @ 10-
S
o
(s 51
AYAAAS 0 T T T T T v T T T

S. Karan, Z. Jiang, A. Livingston 0 2 4 6 8 10
Science 348, 1347, 2015. Time (hr) 33




Polymer nanofilms with engineered microporosity by
interfacial polymerisation

 Nanofilms of highly crosslinked polymer networks can achieve high flux.

* Interfacial polymerization (IP) can provide very thin network nanofilms.
R Further increase permeance - design nanofilms
Approach )

at a molecular level to enhance porosity

 [ntroduce contorted monomers during the IP to enhance porosity in
the polymer network.

e Compare performance and properties of nanofilms and polymer
powders made via IP using contorted or planar monomers.

TTSBI

DHAQ RES




Polymer nanofilms with engineered microporosity by
interfacial poymerisation

*/O O’

HO O °N© o .0 o, ° O.
OH Cl cl O
TTSBI TMC O’




Polymer nanofilms with engineered microporosity by
interfacial polymerisation - Simulation

Visualisation model- Materials studio Red voids: disconnected

Green voids: interconnected

PAR-BHPF PAR-TTSBI PAR-DHAQ PAR-RES

() snipes aqoid

T T T T T T T 2.0 T T
1.0- F === PAR-BHPF 1 W) PAR-BHPF
i & —PARTTSBI | 1.8 SS§PAR-TTSBI
> VN - — PAR-DHAQ 1 6. EE8 PAR-DHAQ
8 08 T T PAR-RES ~'| E=PARRES
DHAQ S ~ 14
o ‘?E
g 0.6 O 12
he) 10
q) S
_ 2 04 =08
= =
£ 2 o6
o
2 o024 LY 0 o4
1 : . L 0.2
RES 00 f L T T T - l;' = T 00-
0o 1 2 3 4 5 6 7 8 PAR-IP PAR-MP Simulation

Pore radius (A)



Polymer nanofilms with engineered microporosity by

interfacial polymerisation — OSN performance

R
e Filtration experiments at 30 bar and room temperature, 4 repeats for each experiment.

Permeance and rejection Permeance and rejection
Solvent : THF Solvent : IPA
Solutes : Dyes Solutes : Rose Bengal
| (1,017 g mol?)
10.0 100 ' o e et e s e LT 100 T T
=222:?¥gg$| ] » ‘1-‘:,‘;;}:::"’ """""" o = B PAR-BHPF/PI
A 8.0 S5 PAR-DHAQ/PI | AT 7 L @ PAR-TTSBI/PI
© - == PAR-RES/PI = ’ o 804 @ pARDHAQPI ]
o > 90+ 5 A PARRES/PI ®
'7 » Dyes c;c @ ISAliterature
£ 6.0 ] - " CSG "~ 6.0] [ TFCsliterature
(‘I‘E % E DR E W TFNs literature
o 5 P R P = =
— 4.0 c @;J" H BB < 40
g g ®;" Membranes o -
5 / t B PAR-BHPF/PI | =
§ 20] B, W . @ PARTTSBIPI| O 50 = |
£ - 2 -¢-PARDHAQIPI| 8 = " -
] N N & PARRES/PI = ® e ‘ ]
0.0 LERIALE== aa— . o — 60 T T T T T T T T T T T T T E 0_0 * * ,—h T : g‘_l;l;
Methanol Acetone THF Toluene 200 300 400 500 600 700 800 900 & 88 90 92 94 96 98 100
Pure organic solvent nanofiltration Molecular weight of dyes (g mol'1) a Rejection of Rose Bengal dye (%)

Nanofilms from Spiro and Cardo 100 times higher THF permeance than non-contorted

e SETTELEE Jimenez-Solomon et al Nature
materials PUBLISHED ONLINE: 2 MAY 2016 | DOI: 10,1038/NMAT4638 Materl'als (2016) 514 pp 646_65'




OSN — APPLICATIONS to Sequential Reactions
Reaction—>Solvent Exchange—> Reaction in Flow Chemistry

Synthesis route for a COX-2 inhibitor candidate drug published by Pfizer

Multi-step synthesis that require solventexchange — DMF to Ethanol

Pd(OAc),
/@:B PPhy /@\/\\\/COzEt Fe /@\/x/cozEt
Cl NO, VcozEt NHICl ¢
1 NEt; H,O
DMF EtOH
A API
Published procedure for solvent exchange : Membrane cascade solvent exchange
1. Extraction with toluene . Waste
3. Wash with water z::t:";; 1
4. Wash with water : Heck — Tt sty
. . . . . . roauc
5. Concen_trat!on _to oil via evaporation : in DMF : reaction 1.
6. Crystallisation in hexane . : Heck
7. Dissolution in ethanol EtOH  in EtOH
~CO,Et
Cl NO, 1 Coll
Ethanol solution of cinnamate Impe”a Co ege

London



OSN — APPLICATIONS to Sequential Reactions
Reaction—>Solvent Exchange—> Reaction in Flow Chemistry

Commercial membrane DM 300 after PEEK membrane after two months use in
use in continuous Heck reaction in DMF the continuous Heck reaction in DMF at
at 80°C and 1.5 eq. (0.9 M) NEt, - the 80°C and 1.5 eq. (0.9 M) NEt; - the
membrane is completely destroyed membrane seems stable

Peeva at al, Journal of Catalysis 306 (2013) 190-201 Imperial College

London



OSN — APPLICATIONS to Sequential Reactions
Reaction—>Solvent Exchange—> Reaction in Flow Chemistry

Air
Nitrogen
__ // > ‘@L \—54—
Product 1 n
@—r 'n DMF Air stripper < ZEImeate
Pd(OAc), o - el > T
Br 3':]0’ - /@(Q,COZEt F
A g + 15 mlh?
e 200 hours
F
AN .
X_COEt Fe X_CO,Et g continuous
,@(\’c NH4CI C,,@:\,c _EtOH > .
operation
EtOH Product 1 n
Packed bed NH,CI in EtOH . ® CrUde
Ho | —=——=—-
e it - N procluct
; ' ‘—(;)J ALY i 0
v oo | O [ & purity 80%
Product 2 Relief Flow HPLC . o
Equipment alve |controller pump 1 YIEId > 95%)

Peeva at al, Angewandte Chemie Int Edn 55 (2016) pp13576-13579 Imperial College
London



OSN - Speedy membranes, fast processes?
Concentration polarisation and osmotic pressure

High permeance membranes in organic solvents

Pure Pure
100 JEtOH  MeOH e RB (1017 Da)/THF
e RB (1017 Da) / MeOH o RB (1017 Da) / THF
X
-]
2 95 e PS(236Da)/ ® CV(408Da)/MeOH
qg ACE
5 e PS (236 Da)/ ACE ® TFC membranes using high-flux materials
.?7 e PS(698 Da) / TOL e "Activation" of membranes before filtration
— 90 | ee
® Adding nanoparticles into membrane selective layers
HPB (534.7 Da) / HEP
Alkane (366.7 Da) / THF Fabrication using blended polymers
RBBR (626.5 Da) / ACE Fabrication of ultrathin membrane selective layers
85 ®
0 20 40 60 80 100 120
Membrane permeance (L m~? h'' bar?)
Bibliography

1. J. Membr. Sci., 320 (2008) 143. 2. J. Membr. Sci., 333 (2009) 88. 3. J. Membr. Sci., 401-402 (2012) 222. 4. J. Membr. Sci., 423-424 (2012) 371. 5. J. Membr. Sci., 434 (2013) 193. 6. J.
Membr. Sci., 280 (2006) 195. 7. J. Am. Chem. Soc., 135 (2013) 15201. 8. J. Membr. Sci., 358 (2010) 150. 9. Chem. Eng. J., 241 (2014) 155. 10. J. Membr. Sci., 452 (2014) 82. 11. J. Mater.

Chem., 21 (2011) 6079. 12. J. Membr. Sci., 373 (2011) 5. 13. J. Membr. Sci., 428 (2013) 63. 14. ). Membr. Sci., 447 (2013) 107. 15. Adv. Funct. Mater., 24 (2014 4729. 16. Science, 335
(2012) 444. 17. Science, 348 (2015) 1347.



OSN - Speedy membranes, fast processes?
Concentration polarisation and osmotic pressure

Performance Limitations Effects of Mass Transfer
= Most studies of OSN are either FEED PERMEATE
membrane-focussed or SIDE SIDE
application-focussed Bacl; diffusion
= Major limitations on performance | ﬁj
can come from system factors, | Bk
! el
such as: | o —_—>
* Chemical stability P2
. | Bl
* Aging and Fouling | )
» Concentration polarisation — | o —
Feed flux | bt
e Osmotic pressure a2

Hydrodynamics Boundary layer
thickness
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OSN - Speedy Membranes, Fast Processes?
Spiral Wound Modules
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Shi B et al Journal of Membrane Science (2015) 494 pp 8-24.




OSN - Speedy Membranes, Fast Processes?
Spiral Modules and Concentration Polarisation

\ .
FEED Backdiffusion PERMEATE Sucrose Octaacetate in Ethyl Acetate
SIDE 73 SIDE 30 bar / 30°C/10wt%/k =5 x 10 m s
: » (a) Effect of combined concentration
polarisation and pressure drop in OSN
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OSN - Speedy Membranes, Fast Processes?
Process time for concentration of solute

(a) Concentration

Sucrose Octaacetate in Ethyl Acetate
30 bar/30°C/k=5x10"m s

S (a) OSN batch concentration
o .. b = 100 I
Q | Membrane Increasing OSN
Pump v 80 -
} permeance beyond
about 10 L m2 h'!
80L@10wt% 60 - |

bar? will not speed
up concentration

Permeate out

Defining feature: at least one solute and one solvent

Time required for batch concentration
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Shi B et al Journal of Membrane Science 525 (2017) pp 35-47.



Concluding Remarks
Challenges for Molecular Separations in Organic Systems

QUO VARDIS?

= There is a “useful permeance” above which further permeance
increases will not lead to faster or more compact processes

= The"”useful permeance” is system specific but for OSN is around
10 Lm2 htbart

= Once useful permeance is achieved, further materials innovations
that would result in better processes are in the areas of
= More accurate separations
= Better in service lifetime performance (aging, fouling)
= Improved chemical stability

Imperial College
London
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