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=F7L Intended learning outcome

= Understand how separation via membranes works
» Describe mass transfer mechanisms inside the membrane module

= | earn how to simulate and design membrane processes



=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?

EXERCISE
v'Building the model for a single stage

v'Building the model for a double stage
v



=P7L Group projects presentations on 12.11

= Groups of 3 students (11-12 groups) = ~ 12 minutes per group
(presentation + questions)

= Group work:

* build your model for the single stage and the double stage process (without
recycle)

« Validate the model by comparing some exemplary results.
« Assess the impact of given inputs and parameters on the outputs

Speaker &



=PFL  Membrane module

Feed Retentate

—> Fléux Feed channel Fliux —
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M Permeate channel v —>




=PFL - Membrane module, definitions

Feed Retentate
— F|§UX Feed channel F[UX >
Permeate
v Permeate channel v —

mol

Transmembrane flux [ ] = k x driving force =

m2s

= Mass transfer coefficient X chemical potential gradient



=PFL - Membrane module, definitions

Feed Retentate
— Fliux Feed channel Fliux —
Permeate
v Permeate channel v —

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

Permeance A

v Membrane selectivity: ratio between the permeance of two components =
Permeance B



=PFL - Membrane module, definitions

Feed Retentate
— Fliux Feed channel Fliux —
Permeate
v Permeate channel v —

Outputs
v Product recovery: ratio between the content of the product in the permeate stream and
the content in the feed stream = 22 = X%
Qif  XifQr

v Product purity: concentration of the product in the outlet permeate stream = X; ,,



=PFL  Qverall balances on the membrane stage

Feed Retentate
—> FI,}JX Feed channel FIE__UX —
= Total mass balance
Permeate
¥ Permeate channel —
Qf = Qr+ Qp
= Mass balance for component i
Xi,fo — Xi,rQr + Xi,pr ZXi,f — ZXi,r — ZXi,p =1

= Total mass balance on the feed channel

A
= Q, + dA
o = Or How do we

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

XifQr = XirQr + )i =]



=P7L Transport mechanism through the membrane

= Generic definition of the flux as function of chemical potential gradient

du;
Ji = —Lid—zl

d,Lli = RT dln()/le) + V; dp

A

Chemical
potential, ;

- Z axis



=P7L Transport mechanism through the membrane

. . Pore-flow

Dense solution- Intermediate micoroe o?ous
diffusion membranes membranes P

membranes

i
-

Microfiltration

Ultrafiltration
[

Y o
) o

Nanofiltration
I

Reverse osmosis
]

Microporous Knudsen diffusion membranes
I

Ceramic, carbon, PIM membranes
I

Gas separation / pervaporation
I

I ) | L LA L LJL ll L L L L L ALL ll LAl II
1 10 100 1000
Nominal pore size (Angstroms)
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=P7L Transport mechanism through the membrane

Dense membranes

W

Flux driven by the concentration gradient
Transport based on solution-diffusion

Selectivity based on solubility and diffusivity

12

Porous membranes
. O O
§§§

/

Flux driven by the total pressure gradient
Transport based on viscous flow and diffusion

Selectivity based on pore size



=P7L Transport mechanism through the membrane

Porous membranes

= Pore-flow model assumes that concentration is uniform within the
membrane -> only pressure gradient

A

Chemical
potential, u;

Pressure, p —

Permeant
aCtiVity, Yi N;

Z axis



=P7L Transport mechanism through the membrane

Dense membranes

= Solution-diffusion model assumes that pressure is uniform within the
membrane -> only concentration gradient

A

Chemical
potential, u;

Pressure, p

Permeant —
aCtiVity, Yi N; \

Z axis
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=PrL  Solution-diffusion model for dense membranes

du; d In(y; X; RT dX;
]i=—Liﬁ=—LiRT (Vl l)=_Li__L
dz dz X; dz
uniform pressure
When we refer to the concentration C; [kg/m3]
RT dC; dC; D;

]i — _Li TLE - DiE ‘ F (Ci,feed—membr — Ci,perm—membr)

T

Ci,feed—membr l\'
We need a function of the concentrations in the gaseous phase: Ci perm—membr
Ci,feed - Ci,perm

same form as the Fick’s law
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=P*L " Fux from solution-diffusion model in gas separation

A

Cifeed Ciperm Equation of the chemical potentials at the gas-membrane interface

Ci,feed—membr .\‘Ci,perm—membr Hi gas — Hi membrane

Preea compressible incompressible

Feed-membrane interface

p
ﬂ? + RT ln(inXi,feed) + RT In <M> = .ulo + RT ln(yimembrXi,feed—membr) + v (pfeed o pi,sat)

Pisat
pi,feed
X . VW Vi (pfeed - pi,sat)
i,feed—membr - y{nembr pi’sat eXp - RT

C; = mipyX;

Ci,feed—membr —

RT

exp (_ (%1 (pfeed — pi,sat))
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=P*L " Fux from solution-diffusion model in gas separation

Feed-membrane interface Permeate-membrane interface

(%1 (pfeed - pi,sat) Ui (pfeed - pi,sat)
Ci,feed—membr = B¢ Difeed €XP <_ RT ) Ci,perm—membr = B¢ Piperm€XP <_ RT

olume in the membrane material

| dC; _ DiK; ¢ (pi,feed - pi,perm) y
bdz l

Poynting
correction ~ 1

Ji=—=D

Partial pressure difference  Total pressure on the feed side
across the membrane

_ DiKi g (pi,feed - pi,perm) _ Pig (pi,feed - pi,perm)

Ji l l

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



=PL Modelling a membrane module

18

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

Co-current flow arrangement

Feed N Retentate A ti
T M, () o | 2 SSUmpHons |

i * No variation along the width

. Permeance independent of X

Y . : Permeate P

' dy | - - Negligible pressure drops

| | > * |sothermal process

X X+dx X axis « Well mixed feed and permeate channels

P ¢ (pi,feed (x) — pi,perm(x))

]i(x) = I = Pi (Pfeed Xi,feed(x) _ Pperm Xi,perm(x))

W= > J

components
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=PL Modelling a membrane module

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

Co-current flow arrangement

| | Pi i,fee — VMiperm
Feed ., J (x)_, J (?() J (?() Retentate 1 (x) = G (p f d(x)l Dip (x))
‘ = P\ Preeq Xi fee — Boerm Xiperm
Lo : : Permeate ( peea Xieealr) =By g (x))
- —
x| jW=" )
i i ’ components
X  X+dX X axis
Feed side Permeate side
Qr(x) = Qp(x) —J(x) dA Qp(x) = Qfeeq — Qr(x)
Xir () Qr(x) =X, r(x) Qp(x) — Ji(x) dA Xip(x) Qp(X) = X; feea Qreea — Xiyr (%) Qr(X)

Qr(x +1) = Qr(x)
Xe(x+1) = X, (x)



=PFL . Modelling a membrane module ’
Equaton  [Neguaion

Ji(x) = P, (Pf eed Xi,feea(X) = Fperm Xi,perm(x)) Ncomponents X Netem Ji(x) Ncomponents X Nelem
N J(x) Netem
J(x) = Z Ji (%) elem Py
Q,(x) :z:lé?:;ilt]s(x) dA Nejorm Xir (x) Ncomponents * Netem
Xir(x) Qr(x) = X; p(x) Qp(x) — Ji(x) dA Ncomponents % Netem )?P ((3;)) Eelem o
Qp(x) = Qfeea — Qr(x) Neiom Ql»P(x) Nchponents elem
Xip (x) Cp (x) = Xifeed Qreed — Xir (x) Qr(x) Neomponents ¥ Nelem X-f ) Neem N
Qr(x +1) = Q,(x) Nejor - 1 Lf toi:_pj]el::s elem
268 2 1) = 285(C) Necomponents * (Nelem — 1) x Ne;em + ?nﬁz;?ts
Q7(0) = Qfeea 1
Xi (0) = X; feeq N components For given Preug, Poor and A

total: 4 Ncomponents R N _ N
Neiem + 4 Negjem equations ~ Nvariables



=FrL " Modelling approaches

Simulation

Design variable (A) and
operating conditions

(Pfeeda Pperm)

Design

Recovery and
purity targets

Body of equations

Body of equations

T Pfeed

.

e

L

R

Recovery and purity

Design variable (A) and Pperm

N
[y

Speaker
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=PFL  Membrane module: flow arrangements

Cross-current flow arrangement

X X+dx X axis

No mixing in the permeate channel
Retentate

Feed o (?() J (?() netent

; ; P; i feed(X) — Di perm (X)
L 1) = o (Piree l Pipern ()

| dx E = P; (Pfeed Xi,feed (X) - Pperm X,i,perm(x))

L
Cpoue = ) J()dA
x=0

l Permeate

_ Yx=0Ji(x)dA
Xi,p,out —

Qp,out



=PFL  Membrane module: flow arrangements

Counter-current flow arrangement

Feed IR Retentate
. —’EJSX)E—’ J(;_X) J(?<) .,
— x| D —

1 XI

Permeate — , (Sweep)
[ [
X x+dx X axis

Permeate side

Qp(x) = Qp (x +dx) +](x) dA

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

Pi, Pi fee (x) — Di, erm(x)
Ji(x) = G( — l p )

= P; (Pfeed Xi,feed(x) - Pperm Xi,perm(x))

23



=PFL  Profiles along the membrane module

Co-current flow arrangement

el i e s | Reteriare
' v ; Permeate
b NG
L dx
— >
X  X+dx X axis
-flow
100.0 +— Co-flo
@ e
S 97.5 >
é Direction of the flow
v 95.0-+ 4
4@ 5.071 —— Permeate T
= |\ == Retentate
o 2.5;
L /
0.0 - - -
0 50 100 150 200

Length element [-]

" Reduced driving force along the length

Counter-current flow arrangement

el Ll s | Beteriate
— M T e—
Permeate , X', . (Sweep)
)l( x|+dx X axis
100.0 \E?Nuntler-flow with sweep
E N
g ' Direction of the feed
e 4
o 92-8” Direction of the permeate”
2 5.0+ _
; —— Permeate
o 25+ - Retentate
L \
0.0 - - '
0 20 40 60

Length element [-]

Almost constant driving force along the length



=PFL - 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 Peeq, lOW Ppery)

. Pfeed Xiperm . .. .
J.(x) = P, (Pfeed Xi feea(X) = Pyerm Xi,perm(x)) > 0 if P;gﬁ > ﬁ Max separation limited by pressure ratio

Alternative: multi-stage configurations —

Retentate 1

Qfeed,z — Qperm,l

Blower

—>
Retentate 2

XCOZ,feed,Z — XCOZ,perm,l

29 stage
Permeate 1
1 bar
I:)perm,z

Vacuum pump 7

Higher driving force in the 2"d stage Permeatez‘

W

1 bar
90 - 95% CO,
>

Vacuum pump 2
|



=PrL

Recycle design

Permeate 1

XC02 ~ 50%

Retentate 1

Xcoz2 ~ 2%

Retentate 2

XC02 ~ 40%
27 stage
4< >_> 1 bar
I:,perm,2
Vacuum
pump 1 Permeate 2 1 bar

Recycle of retentate 2 increases the concentration of the feed 1

T driving force

l

membrane area

energy

90 - 95% CO,

Vacuum
pump 2

>

26



=FrL " Modelling approaches

Simulation
Design variable (A1, A2)and ————
operating conditions -
(Pfeed,1a Pfeed,2, Pperm,1, Pperm,2) - 5
Design

-

Recovery and
purity targets —

—

Body of equations

L

Body of equations

T Pfeed,1a Pfeed,2, Pperm,1, Pperm,2

Global recovery and purity

Design variables (A1, A2)

27



=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?

EXERCISE
v'Building the model to simulate a single stage

v'Building the model to simulate a double stage (without recycle)
v

28



=L Building the model to simulate a single-stage

Inputs:

- feed concentration (CO,,N,)
- feed flow rate [mol/s]

- feed pressure [bar]

- permeate pressure [bar]

- membrane area [m?]

Parameters:
- membrane permeance
[GPU to convert in mol/(m2sPa)]
- membrane CO,/N, selectivity
- geometrical properties

(width B: 1 m,
discretization element dx: 0.1 m) J

class single stage

l

method solver:

- flux definition
- total flux definition

Outputs:

- permeate concentration
- permeate flow rate

- retentate concentration
- retentate flow rate

- recovery

- purity

- mass balance on the retentate
- mass balance on the permeate
- next element feed definition

29
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=PFL - Model for the single-stage process
SOIVer Binary mixture (CO2-N2)

Negligible pressure drops and concentration polarization
Cross-current flow arrangement

for i in range (N_elem):

, , 1+(a—1)(.3+XC02,f[i])_\/[1+(a—1)(ﬁ+XC02,f[iD]2_4aﬁ(a—1)XC02,f[i]
XCOZ,p L] = 2[))(“—1)

. . / . selectivit
Jcozli]l = Pco2 (Pfeed XCOZ,f[l] — Pperm X CO2,p [l]) “ y .
f pressure ratio:

Inzli] = P (Pfeed Xnz,rlil = Fperm (1 - X,COZ,p[i])) Preed
Qrlil = Qrlil = Ucozlil + In2li]) dA
Xcozrli] Qrlil = Xcoz rli] Qfli] — Ucozlil) dA

Qrli + 1] = Q,[i]
Xeli + 1] = X,[i]

Pperm

J ifi#N _elem -1

Qperm,outXCOZ,perm out
Xf,co210]1Qf[0]

Output: Qrer0ur = @r[—1] Xcozret out = Xcozr[—11 Recovery =

Xf,COz [O]Qf[o] _XCOZ,ret othret,out

Qperm,out - Qf [O] - Qret,out XCOZ,perm out = Purity =

Qpermout



=L Building the model to simulate a double-stage

Inputs: \
- feed concentration

- feed flow rate

- feed pressure (1 and 2)

- permeate pressure (1 and 2)

- membrane area (1 and 2)

Parameters:

- membrane permeance

- membrane selectivity

- geometrical properties /

class double stage

l

method solver:

31

Outputs:

- permeate concentration (1 and 2)
- permeate flow rate (1 and 2)

- retentate concentration (1 and 2)
- retentate flow rate (1 and 2)

- global recovery

- global purity

def stage 1 as class single stage (inputs stage 1, parameters stage 1)
def feed stage 2 = permeate stage 1
def stage 2 as class single stage (inputs stage 2, parameters stage 2)



=PrL

Validity range Single stage

Permeance = 10000 GPU, Sel = 30
Standard set: Pf = 1 bar, Pp = 0.1 bar, Xf = 0.1, Qf=2.5 mol/s, A= 10 m?
-> recovery = 0.41, purity = 0.51 [exemplary result for validation]

= Amembrane: 1-100 m2

= P permeate: 0.01 — 0.5 bar

= Pfeed: 1 — 5 bar

= Qfeed: 1 — 100 mol/s

= Xf: 0.01 -0.5

= Permeance: 1000 — 10000 GPU
= Selectivity: 20-100

32



=PrL

Validity range Double stage

Permeance = 10000 GPU, Sel = 30

Standard set: Pf1 = 1 bar, Pp1 = 0.1 bar, Pf2 = 1 bar, Pp2 = 0.2 bar,
Xf=0.1,Qf =2.5mol/s, A1 =10 m?2, A2 =5 m?

-> recovery = 0.4, purity = 0.71 [exemplary result for validation]

= Amembranel1: 5-50m2 , Amembrane 2: 1 - 10 m2
= P permeate 1, P permeate 2: 0.01 — 0.5 bar

= Pfeed1, Pfeed2: 1-5 bar

= Qfeed: 1 — 100 mol/s

= Xf: 0.01-0.5

= Permeance: 1000 — 10000 GPU

= Selectivity: 20-100

33



=PrL

34

Group projects

= Group 1: influence of feed flow rate on single and double stage

= Group 2: influence of feed concentration on single and double stage

= Group 3: influence of feed pressure on single stage and feed pressure 1 on double stage

= Group 4: influence of feed pressure on single stage and feed pressure 2 on double stage

= Group 5: influence of permeate pressure on single stage and permeate pressure 1 on double stage
= Group 6: influence of permeate pressure on single stage and permeate pressure 2 on double stage
= Group 7: influence of membrane area on single stage and membrane area 1 on double stage

= Group 8: influence of membrane area on single stage and membrane area 2 on double stage

= Group 9: influence of permeance on single and double stage (same permeance for both stages)

= Group 10: influence of selectivity on single and double stage (same selectivity for both stages)

= Group 11: influence of permeance of stage 1 and stage 2 of the double stage (varied independently)

= Group 12: influence of selectivity of stage 1 and stage 2 of the double stage (varied independently)



=P7L Group projects presentations on 12.11

Expected results for the single and the double stage process:

 global recovery and purity variation with the given parameter (e.g.,
permeance)

« profiles of CO, concentration in the feed and permeate channel with 2-3
values of the given parameter in the investigated range

« profiles of CO, and N, flux with 2-3 values of the given parameter in the
investigated range

« profiles of flow rate in the feed channel with 2-3 values of the given parameter
In the investigated range

Speaker



=FL " Non-ideal phenomena

Feed

— —

:ng)'

—

J(x)

d

X

v

Jilx) =

X

x+dx

P ¢ (pi,feed (x) — pi,perm(x))

[

X axis

y axis

l

36

Pressure drops > decrease of Pseq along the x axis

Concentration polarization > decrease of X; teeq
along the y axis

= P; (Pfeed Xi,feed (x) — Byerm Xi,perm(x))



=PrL

Non-ideal phenomena
Pressure drops in the feed channel

Pressure drops depend on the velocity v and on the friction factor f

dp}eed p

=—f
dx 2dpyay

2
v

f = o4 friction factor for laminar flow (Re < 2300)

Re

Common limit on pressure drops for channel design: 1.5 psi/m (0.1 bar/m)

37
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=FL " Non-ideal phenomena
Concentration polarization

More permeable component ]i,bulk—>interface = Jitransmembrane
Xiperm > Xi f puik Xiperm For a binary mixture and cross-current flow arrangement:
Xifbulk = P1(PrecaXi rm — Poerm Xiperm)
I | \ ]1 1\!feed1,fm perm 1,perm
I Xi,f,m ]2 = PZ (Pfeed(]- _ Xl,f,m) _ Pperm (1 _ X{,perm:)) mass transfer
- coefficient k
Less permeable component ’ Preea AX;; o] h p
J1 = XipermUs +J2) = =D BT p +X; (1 +/2) k[ —
Xiperm < Xif buik X rm feed AY m?s]l 6 RT
| 7 \ ) \ )
Xi £ buik | _/ ¥ Y Y
| 5 Lperm ]i,bulk—>interface ]i,bulk—>interface
?—Bo diffusive convective

t f

Bulk of Bounda Memb Permeate ! _
feed °|:;er v SeeT;Ctrl?I';e Xl;perm Xl’f’m _ ex ]1 + ]2
layer X’ X —_— p k
> 1,perm 1,f,bulk

m y axis



=PrL  Concentration polarization
Mass transfer coefficient

Sherwood number Diffusion coefficient Sh = 0.664 ReOS 5033 Boundary layer over a flat
\ ' plate
~ (ShD\ Preeq Sh = 0.2 Re®57 §p04 Channels with spacers in
k = q RT spiral-wound modules
hydr feed
o ! d /3 Flow in round tubes
Hydraulic diameter of the channel Sh = 1.86 <Re Sc hyd’”) (Sieder-Tate)
L
= 1.0
§ | J |l """"""""""""""" Impact of non ideal effects on the flux
gO.S- /// | A o040 First stage
>éJ '/ | —— Permeance=1000 GPU 0.035 r ?:::::;eatlon polarization
E\ 067/ e Permeance=10000 GPU —oaod N\~ Frossure drope
q; | — Flat plate correlation ':.; . \ Conc. polarization and pressure drops
N g4 | —-- Spiral-wound channel with spacer § 0.025
8 | — Sijeder-Tate correlation Eo.ozo
> I 0.2 | %0.015
o : T permeance l Xy rm Of the 8 010
O
~ 00} : Z - z o permeable 0.005 e
k [mol/(m?s)] component 00087 02 0.4 06 08 1.0

Fractional length [-]
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B NAME EVENT / NAME PRESENTATION

Dimensionless numbers

Reynolds number

Schmidt number

Sherwood number

vd
Re = P hydr
U

_ "
Sc—pD

k

D
/dhydr

Sh =

Sh = A Re® ScP

Speaker



