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=PrL Agenda

THEORY

= What is a membrane stage?

= How to calculate transmembrane flux?
= How to model a membrane stage?

= How to design multi-stage processes?

= How to implement the model for membrane process?
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=PFL Membrane module, definitions

Feed Retentate
— > F'}JX Feed channel FIEUX — >
Permeate
v Permeate channel v —

v Driving force: gradient of pressure, concentration or chemical potential that drives the trans-
membrane flux from the feed to the permeate channel;

v Membrane permeance: measure of the flux of a component through the membrane for a given
driving force;

v Membrane selectivity: ratio between the permeance of two components;

v" Product recovery: ratio between the content of the product in the permeate stream and the content
in the feed stream;

v" Product purity: concentration of the product in the outlet permeate stream.



=PFL  Overall balances on the membrane stage

Feed Retentate
—> Fléux Feed channel Fléux —
= Total mass balance
Permeate
M Permeate channel —>
Qf = Qr + Qp
= Mass balance for component i
XirQr = XirQr + X;,0p 2Xir=2Xi,=2Xip =1

= Total mass balance on the feed channel

A
= + dA
U =G How do we

= Mass balance for component / on the feed channel calculate J?

XirQr = X; +0Qr ‘|' )i =]



=F7L Transport mechanism through the membrane

Dense solution-  Intermediate f’ore-flow
diffusion membranes membranes ?ﬁr:gg:::
Dense membranes L Porous membranes
> L
, : Microfiltration
Flux driven by the 0, O Flux driven by the total
concentration gradient efiaton pressure gradient
SN
Nanofiltration NN

Transport based on = Transport based on
solution-diffusion Reverse osmosis viscous flow and

— diffusion
SG'GCtiVity based on Microporous Knudsen diffusion membranes
solubility and diffusivity , Selectivity based on

Ceramic, carbon, PIM membranes ]
— pore size

Gas separation / pervaporation

|

l PRI | T | sanl

1 10 100 1000

Nominal pore size (Angstroms)

= Baker, R.W. , Membrane Technology and Applications, 2012



=PFL  Flux from solution-diffusion model in gas separation

Chemical
potential, k;

Pressure, p

Permeant —
activity, Yi N; \

Y

D.K: N
Ji = 151’6 (pi,feed - pi,perm) — Fl (pi,feed - pi,perm)

Permeability coefficient given by the product of diffusivity D; and sorption coefficient K g

§ NAME EVENT / NAME PRESENTATION



=P'L  Flux from solution-diffusion model in gas separation

Well-mixed system

Feed

N
Ji = Fl (pi,ret — pi,perm) 7

= N; (Pret Xiret — Pperm Xi,perm)

] = z Ji

components

Flux

Feed channel

Flux

Retentate
—

v

Permeate channel

Permeate

—

Speaker @



=P*L " Modelling a membrane module

1-dimensional model: discretization along the direction of the feed stream (x axis)

Cross-current flow arrangement

X X+dx X axis

| ; | > Assumptions
X _ :

Feed EJ(x)i ) . Retentate No variation along the width
' > L > > « Permeance independent of X
- Negligible pressure drops
' ' ' « Isothermal process
iPermeate « No mixing in permeate channel

N; (pi,feed(x) - pi,perm(x))
5 = N; (Pfeed Xi,feed(x) — Pyerm Xi,perm(x))

Ji(x) =

W= ) 5

components
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=P*L " Modelling a membrane module

1-dimensional model: discretization along the direction of the feed stream (x-axis)
Cross-current flow arrangement

| ] | > Ji(x) =
X = N; ( Pfoeq Xi x) = Poorm X; X
Feed Qf EJ i Q I | Retentate [ ( feed l,feed( ) perm l,perm( ))
B IS VIR 0 |
W= ®
: : components
iPermeate
Feed side Permeate side
Qr(x) = Qf(x) —J(x) dA Qp,out = Qfeed — Qrout
Xi,r(x) Qr(x) = Xi,f(x) Qf(x) _]i(x) dA Xi,p,out Qp,out = Xi,feed Qfeed — Xi,r,out Qr,out

Qr(x + dx) = Qr(x)

Xi r(x +dx) = X; - (x)

§ NAME EVENT / NAME PRESENTATION



=L Bi-component system: C02/N2

1 = Ncoz (Pfeed Xcoz,feea(x) — B per)

Xn2perm(X) =1 — Xco2 perm(X) Xnz2feed(X) =1 — Xcoz feea(X)

2 Ny (Pfeed (1 — Xco2, feed (X)) — Pyerm (1 — XCOZ,perm(x)))
3 Jco2(x) + Jno(x)

2 Jror (%) = Jco2(x) /XCOZ,perm(x)
a selectivity

p pressure ratio: Ppem/Preeq

1+ (a—1) (,3 + Xcoz,feed (x)) — \/ll +(@-1) (,8 + Xcoz,feed (x))]z —4af(a—1) XCOZ,feed(x)
XCOZ,perm(x) = 28(a — 1)

Speaker



=PFL - Modelling a membrane module
Equaton  |Neguaon

Ji(x) = N; (Pfeed Xi,feed(x) ~ Fperm Xi,perm(x)) Ncompone“ts X Netem Ji(x)

Ncomponents X Nelem

W= ) 5

Nelem

J(x)

Nelem

Xi,perm(x) Ncomponents X Netem
components 0 (x) N
I
]l(x) = J(x) Xi,perm(x) Ncomponents Ny Xr () Neem N
i\ X
Qr(x) — Qf(X) —](X) dA Nelem Ql’r 1 compenens —
p,out
Xi,r(x) Qr(x) — Xi,f(x) Qf(x) _]i(x) dA Ncomponents X Nejem .
Xi,p,out Ncomponents
Qp,out = Qfeed - Qr,out 1
Qf (x) Netem
Xi,p,out Qp,out — Xi,feed Qfeed _ Xi,r,out Qr,out Ncomponents % (x) N x N
Qf(x n dx) _ Qr(x) Ne|em 1 Lf components elem

X r(x + dx) = X; - (x)
Qf(o) = Qfeed
Xi,f(o) = Xi,feed

Ncomponents X (Nelem o 1)

1

Ncomponents

tOtal 4 Ncomponents

i Nelem + 3 Nelem +

Ncomponents + 1

For given Psooqy, P and A
total: 4 Ngomponents * Nejem J feed: I perm

+ + + . = .
3 Netem Ncomponents 1 Nequatlons Nvarlables
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=PFL Membrane module: flow arangements

Cross-current flow arrangement

X  X+dx X axis
Feed '. ! > Retentat No mixing in the permeate channel
ee YN etentate
s B R V(041 N6 J(x) .
E E ]l(x) = N; (Pfeed Xi,feed(x) - Pperm Xi,perm(x))
. A v v
| dx

L
Qp,out - ZJ(x)dA
x=0

l Permeate
k_oJi(x)dA
Qp,out

X i,pout —

§ NAME EVENT / NAME PRESENTATION



=PFL Membrane module: flow arangements

Co-current flow arrangement

Feed R Retentate
e B @ V/E /IS QNG O Bl
Q,(x) iEQp(x+dx) i i .
 dX . Permeate
—] >
X  x+dx X axis

Permeate side
Qp(x +dx) = Qp (x) +J(x) dA

Xip(x +dx) Qp(x +dx) = X; ,(x) Qp(x) + J;(x) dA

15

Ji(x) = N; (Pfeed Xi,feed(x) - Pperm Xi,p(x))
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=PFL Membrane module: flow arangements

Counter-current flow arrangement

Feed R Retentate
| | Ji(x) = N; (Pfeed Xi feea(x) — Pperm Xi.p(x))
Qp(x) 1 i Qpx+dx) v :
D T D
Permeate . > (Sweep)
[ [
X  X+dx X axis

Permeate side
Qp(x) = Q, (x + dx) + J(x) dA

Xi»(x) Qp(x) = X; ,(x + dx) Qp(x + dx) + J;(x) dA



=PFL  Profiles along the membrane module

Co-current flow arrangement

Feed . J (x)_, J (?() J (?() Retentate
: v i Permeate
rov — >
L dx
— >
X  x+dx X axis

Co-flow
100.0 < :

D | e

e 97.5 >

E Direction of the flow

)] 95.0" -
4@ 5.071 —— Permeate T
= - Retentate
O 2.51
N /

0.0

50 100 150 200
Length element [-]

o

Reduced driving force along the length

Counter-current flow arrangement

Ed, _ J(x) N J(?() JX) Retentate
‘ idv: ' Y -«
Permeate . x: > (Sweep)
’l( x|+dx X axis
nter-flow with sw
100.0 CO“ er-flow with sweep
E S et
e Direction of the feed
— <
9 9?'8’ Direction of the permeate ™
© T .
; —— Permeate
o 251 Retentate
L \
0.0 . . ,
0 20 40 60

Length element [-]

Almost constant driving force along the length



EPFL - Multi-stage configurations ‘

To achieve purity and recovery > 90% with one module, one would need very
high permeance and selectivity & very high driving force (high Pseeq, loW Pg)

Ji(x) = N; (Pfeed X; reed(X) — Pperm Xi perm(x)) S 0 if 2Leed -, Ziperm  Max separation limited by pressure ratio
’ ’ Pperm Xi,feed

Alternative: multi-stage configurations — >

Retentate 1

15t stage

Qfeed,z — Qperm,l

—

XCOZ,feed,Z — XCOZ,perm,l Retentate 2

2"d stage
Permeate 1
1 bar
I:’perm,2

Vacuum pump 1

: . - nd
Higher driving force in the 2"¢ stage Permeate2L® e o

()

Vacuum pump 2



=P7L  Recycle design

—>
Retentate 1
1%t stage Xcop ~ 2%
Blower
?Yd—®-> 1 bar Retentate 2
ee P
perm. Xcop ~ 40%
Xcoz = 13% co2 ’
Permeate 1 ond stage
XC02 ~ 50%
1 bar
perm2
Vacuum
pump 1 Permeate 2 1 bar

90 - 95% COZ

Recycle of retentate 2 increases the concentration of the feed 1

Vacuum
l membrane area oump 2

T driving force
energy

19
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=PrL Agenda

= How to model a membrane stage?

= How to design multi-stage processes?

= Results at variable membrane permeance and selectivity
= Results at variable feed concentration and flow rate

= Results at variable feed and permeate pressure

= Results at variable membrane areas

> next lecture

25



=PFL  Building the model for a single-stage process

§ NAME EVENT / NAME PRESENTATION

Inputs: \
- feed concentration

- feed flow rate

- feed pressure

- permeate pressure

- membrane area

Parameters:

membrane permeance
membrane selectivity
physical properties /
geometrical properties

class single stage

-

method solver:

Outputs:

- permeate concentration
- permeate flow rate

- retentate concentration
- retentate flow rate

flux definition Ji(x) = N; (P reed Xi,feea(X) = Pperm Xi,perm(x))

- total flux definition

- mass balance on the retentate

- mass balance on the permeate

- next element feed definition

J(x) = z Ji(x)

components

Qr(x) = Qf(x) —J(x) dA

QP,out = Qfeed - Qr,out

Qr(x +1) = Qr(x)



=PFL  Building the model for a double-stage process !

Inputs: N\
- feed concentration

- feed flow rate

- feed pressure (1 and 2) 4 Outputs:
- permeate pressure (1 and 2) - permeate concentration (1 and 2)
- membrane area (1 and 2) class double stage < - permeate flow rate (1 and 2)
Parameters: - retentate concentration (1 and 2)
- membrane permeance \_ - retentate flow rate (1 and 2)
- membrane selectivity
- physical properties / method solver:
- geometrical properties
— - def stage 1 as class single stage (inputs stage 1, parameters stage 1)
1st stage
Blower
—(Oh ey - _, - def feed stage 2 = permeate stage 1
Permeate 1 = - def stage 2 as class single stage (inputs stage 2, parameters stage 2)

_®_> 1 bar

Vacuum pump 1

Permeate 2 1 bar
90 - 95% CO,
m

Vacuum pump 2

Pperm,2




=P7L  Simulations - inputs

X  X+dx X axis
— >
Feed N
N S0 Sy Jw J)
oy v v
L dX
l Permeate
—>
Retentate 1
1st stage
Blower
4®—> 1 bar —
Feed Poorm.1 Retentate 2
2nd stage
Permeate 1

_®_> 1 bar

Vacuum pump 1

I:>perm,2

Permeate 2 1 bar
90 - 95% CO,

Vacuum pump 2

Precd 1 bar

P permeate 0.1 bar
Xfeed,COZ 0.1

Qfeeg 2.5 mol/s
Amembrane 10 m2

CO, Permeance 10000 GPU
CO,/N, Selectivity |30

Precg 1 bar
I:)permeate,1 0.1 bar
I:)permeate,2 0.2 bar
Xfeed,CO2 0.1

Qfeeg 2.5 mol/s
Amembrane,1 10 m2
Amembrane,Z S m2

CO, Permeance 10000 GPU
CO,/N, Selectivity |30

Speaker



=PFL  Simulations - outputs

Feed Qs
—>

Feed 2

X  X+dx X axis
— >
i i
] ]
J0; Sy J(x) Jx)
| P
! v ! v v
1 1
L dx i
l Permeate
——>
Retentate 1
1st stage
Blower
1 bar
Poerm.1 Retentate 2
2nd stage
Permeate 1
_®_> 1 bar
Pperm,Z
Vacuum pump 1

Permeate 2 1 bar
90 - 95% CO,

Vacuum pump 2

Purity = XCOZ,p,out

QP,outX CO2,p,out

Recovery =
Qfeed,inXCOZ,feed,in

Purity = XCOZ,p,out,stageZ

QP,out,stageZ X CO2,p,out,stage2

Recovery =
Qfeed,in XCOZ,feed,in

Speaker
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