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1. EXECUTIVE SUMMARY

1.1. Description of the deliverable content and purpose

The present document includes the presentation of the webinar on “Process modelling, design and scale-
up for CO2 capture processes” organised by the project MEMBER on February 23, 2022. The webinar
was hosted by TUE. The agenda is shown in the figure hereafter.

Wehinar: Process modelling, design and scale-up for CO; capture processes

10:30 —10:50

10:50-11:10

11:10-11:30

11:30 -11:50

1150 -12:10

12:10-12:30

12:30 -12:40

February 237, 2022 at 10:30 {CET)

Agenda

Introduction to the MEMBER project
Joss Luisviviente [TECHALLA)

Aspects of modelling M OF-based mixed matrix membranes
Freek Kapteijn (TUDELFT)

5as separdion through post and pre-combusion membranes - mathemaicd
rnadelling in Cormsol Multip ke sics
M agdalena Malank owska (DTU, befare UNIZAR)

M etnbrane and system modelling
Hans ten Dam (HY GEAR)

Maodelling of MA-SER reactor for H production with CO; capture
Stefan Pouwy (T &)

Advances on membranetechnologies in hydrocarbon processing industry
Wittaria Cosenting (KT

Final remarks and closure
Jo== LuisWiviente

Figure 1. Agenda of the webinar organised by MEMBER
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2.1. Introduction to the MEMBER project (José Luis Viviente — TECNALIA)
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I. Project Objectives

2. Partnership

3. Overall approach and methodology
4. Expected results

5. Design and modelling in MEMBER
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w |. Project Obijectives

The key objective of the MEMBER project is the scale-up and manufacturing of advanced
materials and their demonstration at industrially relevant conditions (TRL6) in novel membrane-
based technologies that outperform current technologies for pre- and post-combustion
CO, capture in power plants as well as H, generation with integrated CO, capture and
meet the targets of the European SET plan.

Three different technological solutions involving advanced materials will be developed and demonstrated
at three different end user’s facilities:

» Advanced Mixed Matrix Membranes (MMMs) for pre- and post-combustion CO, capture in power
plants (H,/CO, & CO,/N, respect.)

» A combination of metallic hydrogen membranes and CO, sorbent integrated into an advanced
Membrane Assisted Sorption Enhanced Reforming (MA-SER) process for pure H, production with
CO, capture.

WEBINAR::
23/02/2022 Page 3 (Disclosure or reproduction without prior permission of MEMBER is prohibited). Modelling of membranes materials and systems
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w |. Project Obijectives
Targets

Prototype A Capture Cost

Pre-combustion capture in power plants
using MMMs at HYGEAR reforming
equipment.

Prototype B Capture Cost

Post-combustion capture in power plants
using MMMs at the 8.8 MW CHP facilities
of Agroger (GALP, Portugal).

Prototype C

Pure hydrogen production with integrated
CO, capture using MA-SER at the IFE- 0
HyNor (Norway) under the supervision of | | > 90% | <30 €/ton

ZEG POWER. <= = .

WEBINAR::
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2. Partnership £
(m) T .« e
Z"I:EhGPower » Multidisciplinary and complementary team.
gj » |7 partners from 9 countries.
» Industrial oriented (65%): |1 SME/IND + 6 RTO/HES
» 7 SMEs (41%) & 4 IND (24%)
SN s Mnty
! | TECNALIA, RTO, Spain |0 HYGEAR, SME, Netherlands
2 TUE, HES, Netherlands || ECOREC, SME, Italy
. 3  TUDELFT, HES, Netherlands 12 ZEG, SME, Norway
. 75 4 IFE, RTO, Norway 13 QUANTIS, SME, Switzerland
~~~~~~~~~~~~~~~~~~~ 5 UNIZAR, HES, Spain 14 KT, IND, Italy
6 CENER, RTO, Spain |5 GALP, IND, Portugal
e 7 MTEC, SME, France |6 ARKEMA, IND, France
ceveine 8 C&CS,SME , Germany 17 JM, IND, United Kingdom
ﬂm 9 POLYMEM, SME, France
7
<
9
D
tecnalka = Universidad
WEBINAR::
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2. Partnership: Consortium synergies
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MEMBER gathers the entire value chain:

» Commercial actors in Materials development, processing and supply (JM for MOFs, ARKEMA for
polymers, C&CS for catalysts and MTEC for Sorbents)

» one industrial partner focused on membrane manufacturing (POLYMEM),
» two engineering companies focused on system design and integration (HYGEAR and KT),

» 4 partners for the demonstration of the technologies (HYGEAR and GALP for MMMs for pre-and post-

combustion CO, capture respectively, and IFE-HYNOR H, Technology Center under the supervision of
ZEG POWER for MA-SER concept),

» one SME focused on sustainability and recyclability of materials produced (ECO RECYCLING)
» one SME for Life Cycle Assessment (QUANTIS).

» industrial partners supported by recognized research organizations experts in the fields of material
development (IFE, TUDELFT and UNIZAR), membrane development (TECNALIA) and process
engineering (TUe).

WEBINAR::
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3. Overall approach and methodology
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Material Production and Prototype
- Scale up R Manufacturing

Core Processing Process, Quality Module / CO, Capture W‘ "'.,’
'\,H Material &Scale Up Control & Recyclability Reactor System \

MOFs Process Control: 530

)
)

\ - * Homogeneity ;;*,m\ / Z‘
\ o : 3 * Morphology & 3 T
\ ‘Qg p} * Permeation - o \"

Product Control & Recyclabilif Pre-Combustion \

‘?,' * Polymer ) \
“‘: * MOFs O \’n
) Mixed Matrix | * Membranes g ] \ 4 ‘
Hollow Fibers L) :‘7’3 B\ ' . AR [
/ Polymers % ) 32N 8 s ’ |
[ \wey Post-Combustion
/ [
| |
/ ) [
| UMY '
f Jot Matthey |
| TR A 6 | Johnson Matthey @
/ ) ° |
| Ffedma | ECNaka ) “HYGEAR s‘
| o / galp energia [
I e ARKEeMA e [
TUDelft polymem..| o /
x‘ poly e polymem, TUDelft e ’

%5 Universidad | 877 7 @ fliuainiacimne

4“ JIL Zaragoza 4
[ T Universidad [
“‘1 AN s) TU De I ft JIL Zaragoza > O % /
JL
Raw materials
End ol e Transport of
raw materials 7
LCA Quantis
on the market Production
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3. Overall approach and methodology

MA-SER
(

Module /
Reactor

Material Production and Prototype
Scale up Manufacturing

CO, Capture
System

Demonstration

Application
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Core Material
Manufacturing & Scale up

Process, Quality
Control & Recyclability

Process Control:
* Homogeneity

Sorbents
& b * Morphology
SRR ” * Permeation
g-f"?' Product Control & Recyclability
¢ Catalyst
Membranes |, so pents Hydrf)gen .
+ Membranes production with
‘ o integrated CO,
e IS capture for
Catalyst « ’ ‘~@& industrial sectors
A '
A Tecllnalugl'ej 7;3"""5”"3'35 ﬂ ﬁ A Hynor
tecnal.a tecnal:a KT Kinetics Techno‘IEgT; RSt
TTONOOOY AN Kinetics Technology
mm"“"‘ ‘ ’ EINDHOVEN IF‘E
C&CS TU/e ste
C&CS IF2 ST TU/e it IF2 ZEG P ,
H o H ower =
L T - EC&: Recycling -
A A v A A\
\_ J J
Raw materials
et =
” Quantis @
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3. Overall approach and methodology

WP1. Business case
definition (POLYMEM, all)

WP8. Dissemination and
communication (HYGEAR, all)

WP7. Environmental LCA and economic assessment (QUANTIS, TECNALIA, TUE,
TUDELFT, MTEC, C&CS, POLYMEM, HYGEAR, ECOREC, ZEG, KT, GALP, ARKEMA, JM)

WP3. Raw materials production scaling-up (JM, TUE,
TUDELFT, IFE, UNIZAR, MTEC, C&CS, ARKEMA)

WP4. Membrane production scaling-up (TECNALIA,
TUE, TUDELFT, UNIZAR, POLYMEM, ECOREC)

WP2. System requirements, design
and modelling (TUE, TECNALIA,
TUDELFT, UNIZAR, CENER, HYGEAR,
ZEG, KT, GALP, ARKEMA, JM)

o
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4. Expected results

E Main exploitation product/ technologies/ others

n MMM based system for pre-combustion CO, capture
n MMM based system for post-combustion CO, capture

n Advanced polymers for post-combustion MMMs

u Advanced MOFs for pre- and post-combustion MMMs
n Advanced MMMs for pre- and post-combustion
Advanced sorbents for MA-SER

n Advanced catalysts for MA-SER

n Advanced Pd-based H, membranes for MA-SER

Software tool for Membrane reactor and SER design. Membrane
separation modules

m Consulting services on LCA of CO, capture

(Disclosure or reproduction without prior permission of MEMBER is prohibited).
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B MA-SER system for pure H, production with integrated CO, capture

WEBINAR::
Modelling of membranes materials and systems
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5. Design and modelling in MEMBER
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» Industrial requirements
» Membrane modelling
o Polymeric membranes (flat sheet and HF)
o MMMs membranes (flat sheet and HF)
o Pd-based membranes
» Reactor modelling (MA-SER concept)
» Pre- and Post-combustion CO, capture systems modelling (MMMs concept)

» Technical and economical assessment and comparison with benchmark technologies

WEBINAR::
23/02/2022 Page 11 (Disclosure or reproduction without prior permission of MEMBER is prohibited). Modelling of membranes materials and systems



5. Design and modelling in MEMBER

Modelling of pre-combustion gas permeation through flat sheet and HF membranes
CO, total flux (convective + diffusive) through
W COMSOL 2 ( ) throug
a PBI flat sheet membrane
2
p(u . V)u =V. —pl + ‘u(Vu + (Vu)T) — §‘u(V . u)l + F Total flux [mol/mz*s]
V-(pu) =0 A, ;
u- VC,: =D - VzCi 1 4
_________________ 1 A ' 9
| CO2 total flux (convectivetdiffusive) | ) 2
| through a PBlI HF membrane I s 7 3
________________ - L
Total flux [mol/m?*s] ° = 7 e
° Total flux CO, | Total flux H, Sel
t (mol/m2-s) (mol/m2s) H,/CO,
2 1.18-10 6.83-10 58 | Exp
. 1.20-10 6.00-10 50 | Model
4 . 7.33.10° 7.52:102 10.2 ' Exp
& 1 I ':
EY | 5.80-10° 6.30-1072 10.9 ! Model
WEBINAR::
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5. Design and modelling in MEMBER

Modelling of post-combustion gas permeation through flat sheet and HF membranes
o
CO, total flux (convective+diffusive) | CO, total flux (convective + diffusive) through :
through a Pebax 1657 flat sheet membrane | _a ESﬁPPr_']S_/PEb_aXJESZ ﬂF_m_eTb_"{‘e_ |
Total flux [mol/m?*s] )

Total flux [mol/m?2*s]

(]
Slice: tds.tflux_cx+tds.tflux_cy+tds.tflux_cz (mol/(m?*s))

T 200

Total flux CO, | Total flux N,

Total flux N,
(mol/m2:s) (mol/m2:s) (mol/m?-s)
2.68-10° 4.69-10° 323 | Exp
3.30-10° 6.10-10 30.7 |Model
23/02/2022 Page 13
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5. Design and modelling in MEMBER 2
* 4k
Modelling Modelling MMM — Mixed Matrix Membranes
» Selective layer models » Felske and modified Felske and Maxwell models
> Inclusion porous support describe MMM data best
» Contacting flow pattern » Sorption & diffusion p,T incorporation
» Knudsen transport support
CO, capture ratio (%)
(0] 10 20 30 40 50 60 70 80 a0 100
300
, (b)
250 ~—
—©— Cross-plug flow ?f
—&— Counter-current 200 ;:'
—A— Co-current E
1800 - Modified Analytical Models-ZIF-94/6FDA  F, —o&— Perfectly mixed 150 E
. 1600 100 g
2 1400 g
;51200 5 5 50 =
% I e (0]
EN 600 - . .
» Countercurrent operation optimal
N — b
@é\ = 3 éég' &\@ ‘& T
ya I@k“éﬁp \@@P \mo*’g & }\@Q <
WEBINAR::
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5. Design and modelling in MEMBER

Dense membrane module modelling

* %
* %

* 4 *

» ldentified the transport mechanisms throughout the
membrane module

» Determined the largest transfer resistance

‘HZO 1) External diffusion

2) Adsorption » Modelled the dense membrane module for H,
3) Dissociation Separation
4) Diffusion

5) Recombination

6) Desorption

Permeate side 7) External diffusion

WEBINAR::
23/02/2022 Page 15 (Disclosure or reproduction without prior permission of MEMBER is prohibited). Modelling of membranes materials and systems
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5. Design and modelling in MEMBER 5
MA-SER reactor modelling

"",’(’

* 4 Kk

» Modelled the MA-SER reactor system using
phenomenological model

. » Analyzed the reactor performance for
H, + H, . S :
(CO+CO, +CH) €O, +H,0 TFW TFW improvement based on process limitations

Cell
T Nz=Ntot|
- honrd - hond » Model can be used for full scale process
T |8 o simulations for (dual) fluidized bed design
\__// 4&. ( B B Wi~ -e
e N tac 171 solid
i I J3
Kge 1P 7 \\ Export iy Ammm
- @/ W &=
Y S (/ \ , /1\
o) r Y o &
. CaCO; + cat N b
w __8 8__ b \
U . P
CH; +H,0 H,0 , poas :5%::«;« I
* Declare Eonnfn‘tmdilwns ‘ e ) ™
l !ni[ia]izecm;:\::\im profiles % Eod e
(a) Model code construction (b) Loop 1: Reactor evaluation

WEBINAR::
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5. Design and modelling in MEMBER 5
MMM systems modelling

"’*’(’

* 4k

» Genetic Algorithm for process optimization

o For the typical two-stage membrane separation process, eight independent variables are to be optimized:

» |5t stage membrane length L,
|t stage feed pressure P4,
|st stage permeate gas pressure P Expander or comprssor

perm, I (depending on the pressure dillerence)

- ®

YV V V

| st stage membrane selectivity Scoong |

st P
1" stage membrane selectiviiy Sy,

1" stage feed pressure P, Second stage residue gas { recycle gas )

1" stage membrane length L,

M I I I bI Flue gas Condenser e - Expander
u tlva rl a e | ® i First stage membrane @ o stage membrane [eng;_h Lz

i I I Residue gas 2" stage membrane selectivity S.y .. 2
Optimization

First stage residuc gas
( £ gas) @ Second stage membrane I

First stage
feed gas

Compressor 1

T
st - O
1" stage permeate side pressure P, |

Condensed

e First stage Second stage
d water permeate gas @ Condenser feed gas '
2 Stage membrane le ngth L2 2" stage permeate side pressure P,

1 Co ssor 2
an Stage feed Pressure Pfeed2 Vacuum pump ompressor

i Vacuum pump 2
2" stage feed pressure P, Condensed water =

2"d stage permeate side pressure P Product gas {Second stage

Permsz permceate gas)

YV VYV V

2" stage membrane selectivity Scoynaa Product

compressor

(95% CO, concentration
and 90% recovery)

Genetic Algorithm is instrumental in optimizing the multivariable CO, capture processes

WEBINAR::
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5. Design and modelling in MEMBER -
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Technical and economic assessment Prototype A & B

CO, capture cost

VOM -- Variable Operating and Maintenance
CRC -- Capital Related Cost

» Based on GA system lay-outs, includes:

40
o Sensitivity analysis regarding ' I CRC
35F [_IVOM
— Permeance
. 30F
— Selectivity i B

[
wn
T

o Cost breakdown
o Reference: 300 GPU/ 70 Sel.

)
N
| |

CO, capture cost /€.ton! CO,
= S

N
T

1000 1500 2000 2500
Membrane permeance / GPU
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5. Design and modelling in MEMBER: Webinar
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Aspects of modeling MOF-based mixed matrix membranes — Freek Kapteijn (TUDELFT)

Gas separation through post and pre-combustion membranes - mathematical modelling in
Comsol Multiphysics — Magdalena Malankowska (DTU, before UNIZAR)

Membrane and system modelling — Hans ten Dam (HYGEAR)
Modeling of MA-SER reactor for H, production with CO, capture — Stefan Pouw (TU/e)

Advances on membrane technologies in hydrocarbon processing industry —Vittoria Cosentino (KT)

WEBINAR::
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Thank you for your attention

https://member-co2.com/

Contact:
joseluis.viviente(@tecnalia.com

Acknowledgement: For the CO2 molecule used in the logo:The original uploader was Frederic Marbach
at French Wikipedia [GFDL (http://www.gnu.org/copyleft/fdl.html)
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2.2. Aspects of modelling MOF-based mixed matrix membranes (Freek Kapteijn — TU Delft)
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Member workshop Eindhoven 23 February 2022 TU Delft

Aspects of modelling MOF-based mixed

matrix membranes
Mixed Matrix Membranes for CO, capture - Il

Freek Kapteijn

Catalysis Engineering
Delft University of Technology

23/02/2022

Member workshop Eindhowven 15 January 2020 ?l | Dalft

Mixed Matrix Membranes for CO, capture
Practical aspects of
membrane performance testing
and interpretation

. Freek Kapteljn
wl v Catalysis Engineering
Defft University of Technology




Workshop Member 23 February 2022 On-line

What you can expect.....

* Objective

* Basics quick wrap-up
— Definitions
— The Maxwell model analysed
— |Issues and beyond

e Recent directions
 Take home message

nnnnnnnnnnnnnnnnnnnnnnnnn



a Workshop Member 23 February 2022 On-line

Objective lecture

Focus on selective layer

* Modeling basics of mixed matrix membranes
— Predictive?
— Message

* Directions development reaching targets CCS
— MOF-type based MMMs

Prototypes A and B

]
TUDelft

oooooooooooooooooo

23/02/2022



Workshop Member 23 February 2022 On-line e
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Membrane separation = Energy efficiency

Pre-combustion CO, capture Post-combustion CO, capture
> 'é’, “‘).9,“
359 b
Dresdn ot Deride | [astt
=
N | |

Power

Combustion/ Combustion

Oxidisation

CO, / H, mixtures CO, / N, mixtures

Bio-gas, natural gas upgrading  CO, / CH, mixtures

[ H, selective membranes ] [ CO, selective membranes }

]
TUDelft

Delft University of Technology



Membrane performance

e Characterization membrane in operation

— Flux through membrane (mol st m2)

» of a specific component

Workshop Member 23 February 2022 On-line

— as single component, in a mixture Feed
—
» dependency on operational variables
. —
— (partial) pressures, temperature Sweep

Retentate

——
——

Permeate

— Separation of a mixture
— Comparison with other systems

* Normalization
— Applied partial pressure difference - Permeance
— Membrane thickness - Permeability

]
TU Delft 23/02/2022

Delft University of Technology



Workshop Member 23 February 2022 On-line e
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Definitions
A Sl units
o FIUX %100 ea—l-a__‘; x I
. mo
— molar transport rate of a component per J = ﬁ —
unit membrane area A SXm

* Permeance membrane performance property, HF membrane

— Flux normalized for partial pressure = — mol
difference of component over membrane Dpi sxm®«Pa
GPU
* Permeability materials property, slab membrane
— Permeance normalized for thickness R = PI xd molxm
separation layer of membrane sxm?«Pa
Barrer

]
TUDelft .., .0, 6

Delft University of Technology



ﬁ Workshop Member 23 February 2022 On-line

Definitions — other units

Sl units
* Flux om? ol
— molar transport expressed in mlgp =B 0.446
sxcm? sxm?
(1 mmol =22.4 cm3 @ 0°C, 1 atm)
* Permeance om? |
_ _ Mo
— Gas Permeation Unit GPU =10° >t 3.346x107" .
sxcm®xcmHg sxm”xPa
* Permeability cm? xem ol
— Barrer Barrer =107 SIP 3.346x107° ——
sxcm®xcmHg sxm®xPa

]
TUDelft .., .0, 7

Delft University of Technology



a Workshop Member 23 February 2022 On-line

Units interconversion - relation

* Relation between GPU (permeance) and Barrer
(permeability):

" — Membrane of h
thickness 1 um (10 cm) and 1 Barrer permeability
. has apermeance of 1 GPU: )
P
P =1
- d
cm? _xcm cm?
1 Bi:ll’l’el’ _ 10_10 i]-p X104 Cm-l — 10—6 : STP =1 GPU
10™ cm sxcm®xcm Hg sxcm®xcmHg

]
TUDelft

oooooooooooooooooo
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&3 (re-)MEMBER Targets

* Protoytype A — Precombustion
— Permeance H, = 100 GPU
— H,/CO, selectivity =18

* Prototype B — Post-combustion
— Permeance CO, = 300 GPU
— CO,/N, selectivity =70

Thickness variable

]
TUDelft 9

oooooooooooooooooooooo
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Comparison properties-performance

* Barrer GPU
P = % thickness 0.3 um (3.10 cm)

— 30 100

— 90 300

— 500 1667

— 800 2667

— 1200 4000

CM ¢, xCM ° cm;

LBAMer _ g0 Msp’M 19 ca-3300° Mse —336py
3x10™ cm sxcm“xcmHg 3 sxcm®xcm Hg

TU Delft . /0. 10
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Other nomenclature membranes

Feed Retentate
—p —
I AAAAAAATT
—p ——
Sweep Permeate
* Separation factor 4 = (XA/ XB)permeate
. - A I X
mixed gas selectivity ( A" 7 B/ etentate
. . P,
* |deal separation factor Ideal SF(AB):F
B

ideal selectivity, pure gases

<3 PureApplChem 68(1996)1479-1489 IUPAC-Membranes
TUDelft 23/02/2022  W.J. Koros, Y.H. Ma, and T. Shimidzu 1

Delft University of Technology
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Membrane performances - polymers s

Robeson upper bounds

Post-combustion Pre-combustion
1000

1000 e T T T S5 B SR SR RS B a i S E B

{PHSH Ui Botni i

100 |- N
100 |- -

.

Cco/n,

10 p-ri

0.0001 0.01 1 100 104 0.01 0.1 1 10 - 100 1000 104 10°
Pco,/ Barrer P, / Barrer

« Ideal separation factor — single gas permeation
* Room temperature

]
TU Delft L.M. Robeson / Journal of Membrane Science 320 (2008) 390-400

Delft University of Technology



What is a Mixed-Matrix Membrane?

FILLER

ha

* Silica, Alumina

« Carbon, CMS

« Clays

o Zeolites

« CNT

e MOFs, COFs, HOFs

]
TUDelft

eeeeeeeeee ty of Technology
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Polymeric membrane
(continuous phase)

containing an inorganic ‘Filler’

Combination is expected/desired
to exhibit an improved performance:

« Permeability
« Separation selectivity
 Stability
« Less plasticization
* No loss performance
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Mixed Matrix Membranes (MMMs)

Polymeric Membranes Inorganic Membranes

o o > y

= Mechanical stability = Thermal and - Chemical stability " Mechanical stability

. - (brittle)
. chemical stability
= Easy processing and . = Gas sieving properties = Complex processing and
low price * Low permeability TOETETE
FILLER
POLYMER - .
° Mixed Matrix Membranes
c c Filler (Molecular sieve)
& +
c c Matrix (Polymer)
c c c = Mechanical stability = Chemical stability |mprovement’?
c " Easy pfocessing and . Gas sieving properties
low price

-i-‘u D |ft Chung, T. S.; Jiang, L. Y.; Li, Y.; Kulprathipanja, S., Prog. Polym. Sci. 32 (2007) 483-507
e Zimmerman, C. M.; Singh, A.; Koros, W. 1., J. Membr. Sci. 137 (1997) 145-154.

Delft University of Technology
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hﬁ@ Transport modeling

Sorption and Diffusion

Polymeric membranes: P»D xS
DA i SA
A/B

D, xS,

Mixed matrix membranes:
Homogeneous distribution filler
Combined result filler & polymer performance

Sorption and diffusivity filler can affect
permeability and selectivity
often counter-effective

1 T. Singh et al. Journal of Membrane Science 448 (2013) 160
TU Delft M. Rezakazemi et al. Progress in Polymer Science 39 (2014) 817

D. Schneider PHYS. REV. APPLIED 12, 044034 (2019)

Delft University of Technology
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Transport modeling
Sorption and Diffusion — Maxwell model

Mixed matrix membranes:
Homogeneous distribution filler
Combined result filler & polymer performance
Individual properties preserved (no barriers)

Pr 21 —¢)+ (1 +2¢)P; /P, @ : volume fraction filler in polymer matrix
= invalid at >>0.2
P 2+¢)+ (1 - ¢)Pf /P (then Lewis-Nielsen model more correct)

Pt (1 + G)¢
Generalized: P T P [Pu+G

G geometric factor (0 - «, sphere = 2)
P [Pu—1 ¢

(‘ D. Schneider PHYS. REV. APPLIED 12, 044034 (2019)
TU Delft Vinh-Thang, & Kaliaguine, Chemical reviews 2013, 113 (7) 498

eeeeeeeeeeee ty of Technology



w Maxwell model

Maxwell

PMMM = Pc|:

a is the permeability ratio, P,/P,

300

model

1+2¢,(a -1/ (a +2)
1-¢,(a-1)/ (a+2)

Workshop Member 23 February 2022 On-line S,
- effect filler on permeability

250+
200+
150+
100

un
o
1

Permeability of CO2 (Barrer)

T
—O—a=0
—O0—a=1
—L—a=2

—v—a=4

—<—a. =100

—+—a=inf

—#&— Expermental data /
ZIF-8-Matrimid

]
TUDelft

Delft University of Technology

02 04 06 08

Volume fraction of MOF

1.0

Permeability of CO2 (Barrer)

System Permeability
(Barrer)
ZIF-8 1192
Matrimid 10
100 :
———a=0
80 I
—m— Expermental data
60_ ZIF-8-Matrimid

0.2

0.4

Volume fraction of MOF

Permeability ratios > ~100 no further improvement

H. Bux et al., J. Am.Chem. Soc., 131 (2009) 16000-16003
S. Shahid et al., J. Membr. Sci., 470 (2014) 166-177

Gain limited



Kinetic Monte Carlo approach

Single
* Cubic geometry, variations of relative permeability component
— Limiting cases (parallel and perpendicular plates)
Maxwell
model
o > 1 Number of plates || /'
% 14 E | +nf1 \//
S 3 D /
£ E 101 /
g . g ¢
— ] [§] Q_
onQ o}
% 0.1 %
) Number of plates 1, 4
-..% ——n=1 "g 14
< —e—n=5 ¢=0.33 ©
o —A—n=10 B | 0 -
oo o1 T o 001 01 1 10 100

Relative filler permeability P/ P Relative filler permeability P/ P

5
TU Delft D. Schneider PHYS. REV. APPLIED 12, 044034 (2019) 18

Delft University of Technology
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Kinetic Monte Carlo approach

* Cubic geometry, variations of relative permeability

— Distribution (random,

— Particle size

E 2. ]
1.9 4| Randomly placed )
1 8‘ Maxwell ]
‘1| g* Relative sphere /
23| diameterd_/d
154 sph’ ~ mem 1
12] —m-0133
‘.1 —@—0.200
134 —a-0267 —————
1.2 -

1.1
1]

0.9 ¢ =0.22

081 _ ___-- —-p

0.71 -- A

A T N MR | N """"I LR | M ML |
0.01 0.1 1 10 100

Relative effective permeability P__/ P

Relative filler permeability £/ P

5
TU Delft D. Schneider PHYS. REV. APPLIED 12, 044034 (2019)

Delft University of Technology

*

Single

component

Maxwell
model

19
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Kinetic Monte Carlo approach Single
component
* Cubic geometry, variation relative permeability filler/polymer
— Distribution (random ), loading
Lewis-Nielsen
model
E %'gi Randomly placed spheres , ) %g P T——— I vp— Maxwell
2.4 ----Maxyvielllmodel / 2:4: "“Maxlwelllmodel ) /,“' [ ] mOdeI
253 "o wicsmustons b 22 o TR
1.8 1.8 ”
1.6 16

Relative effective permeability P_./ P

000 01 1 10 100 000 01 1 10 100
Relative filler permeability P,/ P Relative filler permeability P,/ P_

Relative effective permeability P_./ P

Deviation at higher loading and relative filler permeability

%
TUDelft D. Schneider PHYS. REV. APPLIED 12, 044034 (2019) 20

Delft University of Technology
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* *
* *
*

* 4 *

Kinetic Monte Carlo approach Single

component

* Cubic geometry, variations of relative permeability
— Distribution (random, homogenenous),

Maxwell
model

m

2.4 Distribution
2.2
2 Maxwell

randomly placed ’
183 —m—d_/d_=0133

sph mem /]
1.6 3| regular lattice
144 -@—d_/d =0133

sph mem

——d_/d__=0.267

sph ~ mem

] _ ¢ =027
/ -= P
0.6—: ; --P
] /
0.01 0.1 1 10 100

Relative effective permeability P__/ P

Relative filler permeability P./P_

%
TUDelft D. Schneider PHYS. REV. APPLIED 12, 044034 (2019) 21

Delft University of Technology
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Kinetic Monte Carlo approach Single
component
* Cubic geometry, variations of relative permeability
— Distribution (random,
particle aspect ratio and orientation
Generalized
Maxwell model
5._
>
z 2 | 4=0.32
_Q _Q
© S {|piP =
g o ——0.01
= E —8-0.03
L = Q" —A-0.10
o o —y—0.32
g~ 2 ® _—4;1_00 b—/‘_—)—/’
S a° , O 3.16
Q & 14 A rod "’ Generalized Maxwell: % 14 1;(1)(6) < <4
o ' P B G=0.Py o 1| —e—100
> U . G=058 2 ) — —Y
'-g 35:--&:::::‘:::1:‘ e G = 2 © |
5 ® A . G=6 o 05
. e G P r O . |
001 04 1 10 100 0.35 (disks) 2.8 (rods)
Relative filler permeability P,/ P_ Filler particle aspect ratio 4 /4
]
TUDelft D. Schneider PHYS. REV. APPLIED 12, 044034 (2019) 22

Delft University of Technology
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Kinetic Monte Carlo approach

Permselectivity
e Selectivity improvement fast/slow

— relative permeability (filler/polymer) fast versus slow component ¢=0.32

8 £ 7
£ = 6
£ 102 5 & 107 5
Q ) S 4 )
& L% o
B L, = 2 -
E 10t (<D % 10 Lo (0}
8 (7)) Q wn
- ® £ L
= 5 9 o
2 2 g0 L1 8 o 10 1 2
L =2 0.50 < 2 =
& z
2 2 -1/2
8 107 £ &0 ﬁ
© Il ot N
- oy = 1B o
© slz  ® 14 =3
] g1 .2 s -7
£ 107 £ 107°9.d 1/6
& - . & - . : 177
10-2 10-1 10° 101 102 102 101 100 10! 102
Retentate relative filler permeability (P#/Pm)siow Retentate relative filler permeability (P#/Pm)siow

Slow
* Only better selectivity if fast component improves more than slow \
« Absolute selectivity = polymer selectivity X improvement
* Rod shape yields better improvement

23

D. Schneider PHYS. REV. APPLIED 12, 044034 (2019)

Delft University of Technology
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General observations

 Maxwell works well, but... practical deviations

* Voids Faster transport
— Poor adherence filler-polymer No selectivity

— Agglomeration filler, sedimentation _
Percolation danger

* Rigidification, chain orientation

* Pore blockin
5 Changing properties: + or -

« Surface modifications for interaction improvement
* Modified permeation models — non-predictive
« Control?

" T.T. Moore, W.J. Koros / Journal of Molecular Structure 739 (2005) 87
TU Delft S.A. Hashemifard et al., Chemical Engineering Journal 172 (2011) 581

Delft University of Technology
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General observations

Deviations from ideal membrane system

PR

, WY R
PN

1. S Iw E572
- 5

Polymer matrix Polymer matrix

Interface

Rigidified polymer Pore blockage
chain layer region

S.A. Hashemifard et al., Chemical Engineering Journal 172 (2011) 581

P.S. Goh et al., Separation and Purification Technology 81 (2011) 243
Vinh-Thang, & Kaliaguine, Chemical reviews 2013, 113 (7) 498

]
TUDelft

Delft University of Technology
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Robeson plot — effect of filler

104
2008 upper bound
103 [ \
< rigidification
T .
) ideal
AN
S 102 blockage
3 voIids
10 F .
agglomeration \
/
1 1 1 1 1 1 1 1 1
104 10-2 1 102 104

Pco, / Barrer

]
TUDelft

Delft University of Technology
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* *
* *
* *

* 4 K

MMMs performance vs. Robeson plot

Feed conditions: 15/85 CO,/N, at 25 C and 2 bar
1000 - &9

30
- 1-D MIL-69(Al)
N 28
= 26
o
O
2100 24 ~94(zn)
> 6FDA-DAM
(\)N 800 1000 1200
O Pebax1657
6FDA-DAM
10
10 100 1000 10000

CO, permeability | Barrer

]
TU Delft Sabetghadam et al., Chemistry—A European Journal, 24 (2018), 7949-7956.

Delft University of Technology
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What M* configuration do we want?
What properties of materials?
How to seize control?

 Models/theory

— Volume fraction filler important parameter - loading
— Control transport pathways - sorption diffusion
* Highly dispersed MOF, nanoparticles
— Large pore — polymer penetration?
— Large aspect ratio filler (3 gen.)
— Hollow spheres, core shell (37 gen.)
— Polymer chain orientation

* Molecular sieving (H,) - MOF, polymer

* Adsorption-diffusion (CO,) - high polymer permeability
selective adsorption

%
TUDelft 28

Delft University of Technology
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Flux - Selectivity improvements

Selective polymers:
* Flux improvements
- Hollow spheres

High flux polymers: - Mesoporous, good adsorption
« Selective fillers » Shorter effective path-lengths

* Increased path-lengths
- tuned aspect ratio
« Adsorption selective |

 Percolation membranes

s Rodenas et al. Nature Materials 14, 48-55 (2015)
TUDelft Sabetghadam et al. J Membrane Science 570-571 (2019) 226-235

Delft University of Technology
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&

Separation performance

100

o

> - @ @

-

E 80 - (:)___C)/ns-CUBDC(S)@Pl

O

Q i

2 60 [

c -1 s s

S -

g _ 0 @)

:Er nc-CuBDC(8)@P!I

U 204

—

S *—o

O b-CuBDC(8)@P!
0 ‘ L ] 1 I T I 1 l T

3 4 S 6 7 8

Trans-membrane AP (bar)

Rodenas et al. Nature Materials 14, 48-55 (2015)

]
TUDelft

Delft University of Technology
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Percolation membranes
‘direct-through channels’

Propene/propane separation
ZIF-8 in 6FDA-DAM

Conventional MMMs (cMMMs)

DTC-MMMs

S. Song; H. Jiang; H. Wu; M. Zhao; Z. Guo; B. Li; Y. Ren; Y. Wang; C. Ye; M.D. Guiver; G. He; Z. Jiang,
Weakly pressure-dependent molecular sieving of propylene/propane mixtures through mixed matrix membrane

with ZIF-8 direct-through channels.
J. Membr. Sci. 2022, 120366.

]
TUDelft

Delft University of Technology

C,;H/C;H; Selectivity

*
*
*

* X %

* 4 X

*
*
*

10° :

-
o
N

—
[=]
[y

10°

DeeN4

Experimental, 6FDA-DAM
Experimental, C-MMMs
Experimental, DTC-MMMs
Maxwell, ZIF-8

Maxwell, ZIF-8/6FDA-DAM

--- Maxwell, ZIF-8/6FDA-DAM
— Upper bound

10°

|
10’

T
10
C;H; Permeability (Barrer)

10°

31



Workshop Member 23 February 2022 On-line T

*
* 4 %

Improve interaction MOF-polymer

*
*
*

Y. Pu; Z. Yang; V. ) Z. ; D.

u; ang; V. Wee; Z. Wu; Z. Jiang; D. Zhao, - 10 wt% NUS-8-NH, showed CO,
Amino-functionalized NUS-8 nanosheets as fillers in bility of ~14000 B d
PIM-1 mixed matrix membranes for CO, separations. permeabiiity 0_ - arrer an
J. Membr. Sci. 2022, 641, 119912. CO,/N, selectivity of ~30

500
W. Li; Y. Li; J. Caro; A. Huang, Fabrication of a flexible 1o 100 e 94
hydrogen-bonded organic framework based mixed 400 - S s0{ EmMixture
matrix membrane for hydrogen separation. J. Membr. = g
Sci. 2022, 643, 120021 = g
S 300+ g
£

A HOF-30@PI MMM with 10 wt% HOF- 3 27

30 exhibits a high hydrogen permeability §

of 428.1 barrer and H,/CH, separation Ay 100

factor of 61.7. — g CH,

0

L) ) L ] L I L I L2 )
0.28 0.30 0.32 0.34 0.36 0.38
Kinetic diameter / nm

]
TUDelft

Delft University of Technology




Workshop Member 23 February 2022 On-line T

* *
* *
*

*
* 4 %

Improve MOF-polymer system

The optimized membrane of 6FDA-DAM:DABA
(1:1)/10 wt.% ZIF-8-90(30) has enhanced H,/CH,
and CO,/CH, ideal selectivities of 75.4 and 43.6,
respectively, with H, and CO, permeabilities of 222
Barrer and 128 Barrer

Y. Liu; W. Xie; S. Liang; X. Li; Y. Fan; S. Luo,

Polyimide/ZIFs mixed matrix membranes with tunable

interfacial interaction for efficient gas separation.
J. Membr. Sci. 2022, 646, 120240.

60
\ S Pristine 6FDA-DAM
N
N\, ® 10wt% PBP
e, ® 10wt% PBP-SOH
.Oo,,o ® 10wt% PBP-menm
R ® 10wt% PBP-DETA
e * O Other MMMs
2 4049 g ¥
2
= g
o \\
Q
[} = e
o
o i
< =
= .
[e) \ = L .
o H —>
20 pre
T
100 1000 2000 3000

CO, pemmeability (barrer)

Y. Lee; C.Y. Chuah; J. Lee; T.-H. Bae,

Effective functionalization of porous polymer fillers
to enhance CO,/N, separation performance of
mixed-matrix membranes.

J. Membr. Sci. 2022, 647, 120309

]
TUDelft

Delft University of Technology

500

~2000 |k —=— CO2 Permeance |
E L N2 Permeance | 400 @)
G 1600 S
o - >
2 1200 13005
© 0000, 00000 See’e0%e Secey 72
o ot o
E 800 B ..0.00...... ...“..“. .'/ 200 g
8 F A B | A | c |a g
" k 1100 &
o i

O N 1 " 1 " 1 2 1 2 O

0 20 40 60 80 100
Time (h)

Y. Yuan; Z. Qiao; J. Xu; J. Wang; S. Zhao; X. Cao;
Z. Wang; M.D. Guiver,

Mixed matrix membranes for CO, separations by
incorporating microporous polymer framework
fillers with amine-rich nanochannels.

J. Membr. Sci. 2021, 620, 118923
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Take home message

* Modelling

— (Generalized) Maxwell model works best for ‘behaving
systems’

* Improvement limited
e Simulations show direction

— Generally, a posteriori model description, nonpredictive

e 31 generation membranes under development

— Pathway control, percolation membranes

TU Delft . 0/0 34
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* 4 K

]
TUDelft

Delft University of Technology
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w Modeling of gas separation in thin supported membranes

» The permeability of MMMs comprising ZIF-94 & NH,-MIL-53(Al) and Pebax
1657 & 6FDA-DAM were calculated by analytical models (using calculated filler
diffusivity), which were in the range of experimental permeation values with 3-
4% deviation

» The permeation data from modified analytical models were used to predict the
permeation of supported thin mixed matrix membrane by taking the following
assumptions:

» | um thin layer on top of the support,

Y

Knudsen diffusion through the porous support
» Applying series model

M
P, =Py X MNZ =0.798xP;

/5A Thickness \

1 B Mi Molecular weight
C 5F 1 C 6’: 1 . .. .
PCOZ = —+— PN2 =| —/—*t— P.C Permeance of species i in composite

I membrane

'D_S Permeance of species i in support

4 I
TUDelft - ~

Delft University of Technology
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Modeling of gas separation in thin supported membranes

By applying Knudsen diffusion relation, the CO, permeance of the PAN support
based on its experimental N, permeance was calculated.
(Pno~ 45776 GPU at | bar and 25°C)

CO, and N, permeation of the PAN support

Pn2 (GPU) Assumptions Pco2 (GPU)
45776 Assuming Knudsen selectivity of the PAN support  36529.248

CO, and N, permeation of the thin PAN supported MMMs (MMM CO, permeation from
modified analytical models prediction).

* X %
-

*
*
* 4 %

MMMs PCO2 —selective layer Assumption Pco2 — PAN supported MMMs
ZIF-94/PEBAX 55 Thin layer thk=1 pm 55
ZIF-94/6FDA 1150 Thin layer thk=1 um 1115
NH2-MIL-53/PEBAX 40 Thin layer thk=1 pm 40
NH2-MIL-53/6FDA 1100 Thin layer thk=1 pm 1068

» The influence of PAN support resistance on the permeation performance of thin
MMMs is more significant in case of high permeable membranes.

II Ug D e I ft Sabetghadam et al., Journal of Membrane Science, 570 (2018), 226-235.

eliL

Delft University of Technology

*
*
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Webinar: Process modelling, design and scale-up for CO; capture processes

February 23", 2022 at 10:30 (CET)
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w Comsol Multiphysics

COMSOL Multiphysics is a cross-platform finite element analysis, solver and multiphysics simulation software.
It allows conventional physics-based user interfaces and coupled systems of partial differential equations (PDEs).
COMSOL provides a unified workflow for electrical, mechanical, fluid, acoustic, and chemical applications.

COMSOL
MULTIPRHYSICS®

5

Resetto  Update
Default

Mixer =1
Fire: | el
Mesh Compute  Report _ Open PDF-
- Documentation
Graphics & Results NSes

Input & Information

General | Impeller

~ Fluid Properties & Operating Conditions

Viscosity: 1e3 Pas

Density: 1e3 kgm™

Revolutions per minute: 120 min

~ Tank Type & Dimensions

Tank type: | Dished bottom ~ |

Tonk diometer: 19 m

Tank height: 25 m

Number of baffles: 4

Baffle width: 015 m
Dished-Bottom Tank

Length of bottom ellipse's minor axis: 0.3 m

~ Impeller Shaft

QAR L-ikkdonE00 @e a&

Surface: Velocity magnitude (m/s) Streamline: Velocity field (spatial frame)
Surface: Velocity magnitude (m/s)

Slice plot Miing time scales  Flow number
Rotate: || Radial: 2995 h Impeller: | C-shaped double blade1 ~ |
Axal: 5186 h Radial:  0.06372

fodal: 00292

About

Pot o=

fot:  Sound Previure Level (acpr

Flot Settings.

e | Aunomanc

ISrow NS enetes

PrOSagIte Nang 10 Iower emensicns
7 Pt caa sat edes

oo Black

ame | Matenal OLY. 2

B fgon
4 Fagons

v Coloe Legend

& Show segenas
Shom manimam and Mo el
Shom inits

Poston | RoM

Testcolor, | Black

Nurmber Format
Wiedow Settings

Data

2 s Suty 150 - |1
aereter walae (req Ok | 1000

Title

S T = S|

i v o L]
OLBLOA . . Evaluate Nong Nommal| ) Cut Line Deecton « 30 Image
First Poine for Cut Lime ') (ot Lime Surtiace Normad ] B Anmations
More
Pots . Saxcond ot for Cut Lime -, Fint Pount for Cut Pane Normal
aaa a0 A«
vea urface: Sound pressure sevel (08 e
)
80
70
@
0
“w
0
20
)

FOR INTERNATIONAL STUDENTS

M2ME | 11718



*

w Separation by membrane technology — Transport mechanisms

Types of membranes Transport Mass transfer according to
solution-diffusion mechanism

Solution-diffusion model
Nonporous dense membrane

1. Selective sorption of the gas into the
membrane at the feed-membrane interface

2. Selective diffusion of the gas through
the membrane

1000

3. Desorption from the membrane-permeate

Target interface to the permeate stream
PN Region
100 | (very fast process)
3 ®°® & o ®
2 4 e
4 P Ceg © @ e © Eremee

@
o_® o ¢
AN o @ @

™ .“Du"uuon\ ‘

'O@ Moambrane .
Q‘r \ el MR
0.1

w:  Universidad 0.01 0.1 1 10 100 1000 10000 100000
ans 3
m Zaragoza Permeability (Barrers)

Se

Robbeson upper
bound s




Transport mechanism + Modelling

W COMSOL

Flux through dense membrane

- D-S(po—p)
B [

D — diffusivity [cm?/s]

S — solubility [cm3/cm3 = cmHg]

| — membrane thickness

p — partial pressure of a component on either

side of the membrane [cmHg]

Selectivity
P;
al-j = —
Pj

a; — selectivity of a component i over |

[ J L

P. — permeability of component i
P, — permeability of component

Universidad
Zaragoza 4

Mathematical models used

o The momentum conservation for laminar flow
of incompressible fluids with the mass
conservation (Navier-Stokes equations):

2
p(u-Nu=0-|-pl+u(Vu+ (Tu)?) — §u(|7 -w)I|+F
V-(pu) =0
o The mass balance and transport equation solved

from a standard convection-diffusion mass
transfer expression under steady state conditions:

U'VCi=D'V2Ci



w Transport mechanism + Modelling

Post-combustion

sut®

A
-

v

EEEEEEEE,

O O O

O O
4530 oo
OO Oé) O
OO0

*

RYLLLLLLLLLRLE

EEEEEEEEENg
[
*

@ Thin-film composite membrane

~ Selective dense layer

Pebax 1657

-~ Porous supportive layer
PSF

O
O@CD |

.
N NS NSNS NN AN NS NN NSNS EEE SN NSNS ENEEEEESENEEEENSENEESEEEENEEEEEEEEEEEEEEEEEEEEEEEEmmenus?®

*
*
*
.

¢SS I EEEEEEEEEE NN NN NS SN NS EEE NN NN EEEEEEE NN NN NN SN EEEEEEEEEEEEEEEEENEEENENENENENEEEEEEEEEEEENg,
*

*

Selective dense
layer

Pebax 1657

K]
vy
Z

BRI
AvaTaY)

o

IUHIverSIalalalllllllIlll
Zaragoza

AR
&

1542

/K
A%A""A’n*ﬁ'»iﬁ
R

SAYA
TAYS
x
K

o
;

AV

XD
ey
A

v
D

Porous supportive
layer| PSF

Pre-combustion

guuEEEEER

*
*

EmsmEmEEgy,

“

LELLEL LY

@ Dense self-standing membrane

”’ Selective dense layer

®annnns

PBI

L]
&
4

*

.
EsssEmsmnn®

PBI (Polybenzimidazole)




hﬂ% Modelling W COMSOL

Model input Model output
> Input flow | 'i" s ' > Velocit il
> Inlet concentration %;‘!:3,9,‘;» 5 elocity protie
,;‘ VKRR b
»> Pressure ‘m“"g‘ W > Pressure
R D ‘%w ot gy > Concentration profile
» Temperature s mﬂ}gﬂv%éng ﬂg g,i B
. .o . B ‘v B .frlh
> Diffusivity of a gas Lo " "‘:#ﬂ ;".{*, » Flux
. B bris
Rl V Y YV qr
in the membrane ¥ ”%ﬁﬂ%ﬁm:ﬁa»* m ﬂ% Dl f
> G . s ym i"%*%ul*m‘\ Jﬂ e .r‘fﬁ
as mIXtU re _“l‘ﬂ“%p%ﬂ‘“‘ %‘(i“ “)ﬂ { ﬂf}ftﬁ :‘F"‘f
it -~ Xe ‘«fﬂ K m f’f :*,a#" .
composition |:> i “”'% ’ v ool %;’%_‘,f_;,«# Model assumptions
| uv §‘ gm 7 AT —
| "415:4'/ |
Gas mixture domains’(CO,+N,) Membrane » No slip conditions on the walls, u=0

» No back-flow permitted

> The flow direction defined as normal
to the inlet and outlet

izs  Universidad > Atmospheric pressure at the outlet
A8 Zaragoza
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w Pre-combustion modelling W COMSOL
Separation of H,/CO, by flat sheet dense PBI membrane
Flow velocity [m/s] _;
. i Input Value
. 5 PBI thickness (um) 30
4 Feed pressure (bar) 3
x10* m © i Temp (°C) 150
5 H, (mL/min) 50
' s 1 CO, (mL/min) 50
Total flux [“%?I/mZ*S] xS Deoy (€m?/s) 9.45-10°
x10* m AN g DH2 (sz/S) 687106
6
4
_ . Perm CO, Total fluxCO, PermH, | Total flux H,
\ L (Barrer) (mol/mZ2.s) (Barrer) | (mol/mZ.s) H,/CO,
‘ j 5.70 1.18-10* 33.30 6.83-10* Gas chromatography
B 5.79 1.20-104 28.97 6.00-104 COMSOL




w Post-combustion modelling W COMSOL
Separation of CO,/N, by thin film composite Pebax 1657 Input Value
Pebax thickness (um) 80
Total flux [mol/m2*s] o .
aotum 7 PSF thickness (um) 210
7 L Feed pressure (bar) 3
" Temp (°C) 35
CO, (mL/min) 15
0.05
H, (mL/min) 85
i Dco, (€m?/s) 9.45-10°
e D,,, (cm2/s) 6.87-10°
/YY -0.1
Perm CO, | Total flux CO, Perm N, Total flux N, Sel
(Barrer) (mol/mZ.s) (Barrer)  (mol/m2s)  CO,/N,
1.94 87.3 2.68-10° 0.06 2.7 4.69-10° 3233  Gas chromatography
TH Universidad 2.40 191.4 3.3-10% 0.10 6.2 6.110° 3066 COMSOL

A8 Zaragoza




N Post-combustion modelling W COMSOL

1,6x10°4 .. A CO ]

o] 0, — model =
1,4x10 "7 - O~ N2 B -
1,2X10'4-"'A"' CO; .

] — experimental
/(‘D\ 1,0X10-4—. NZ—’ 2
£ 8,0x10°- S
o 5 | A
é 6,0x10" - .‘2._._._.‘...;;:?‘
>< 5 T
> 4,0x10 +
T - AL RTTTR
2,0x107 - AT
E _____________________________ .====::::::
00] i@ @ ® @
'2,OX10_5 | ! | ! | ! | ! | ! | ! |
Psf Pebax Pebax Pebax Pebax  Pebax PDMS
5 wt% 3 wt% 1 wt% PDMS PDMS
Psf
iss  Universidad
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w Post-combustion modelling

W COMSOL

Separation of CO,/N, by hollow fiber composite Pebax 1657

Model input
Input Value
Length (cm) 8
PSF thickness (um) 250
Pebax 1657 i
thickness (um)
Feed pressure (bar) 3
Temp (°C) 35
-200
CO, (mL/min) 15
N, (mL/min) 85 Total flux CO,

(Barrer) (mol/m2.s)

72.5 2.5-10*

iss  Universidad
A8 Zaragoza

Total flux [mol/m?2*s]

Perm N,
(Barrer)

2.15

Total flux N,
(mol/m2.s)

4.21-10°

33.65

COMSOL

10



Conclusion

» The proposed models do not consider swelling phenomena and this might be the cause of under-prediction
(experimental CO, permeance higher than the modelled one)

» The higher the pressure the higher the flux because an increase in free volume due to the gas sorption
increases the polymer chain mobility and gas diffusion inside the membrane.

» Simulated values are in agreement with the measured ones

» These simulations can be used to predict the membrane performance and to envision the parameters of
the most effective membrane for pre- or post-combustion

» Challenges included:
e High computational time for hollow fiber simulations

* D and S change with temperature — challenging to find these values in the literature for our specific case
(time-lag experiments)

iss  Universidad
1801 Zaragoza 11




Thank you!
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Hollow fiber membranes modelling
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Hollow fiber membranes moc
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Hollow fiber membranes moc
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Hollow fiber membranes moc
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Process functional diagram

> Basis of design
* MMM in coal fired power plant with net power production 550 MWe
* 90 % CO, recovery & 95 % CO, purity

Purge

Component Composition mol %
CO; 13.5
N2 68.1 Off-gas feed CO; rich stream Liquid CO; product
0, 94 > CO; separation > CO; liquefaction >
H20 15.2
Ar 0.8

Webinar MEMBER
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Process flow diagram
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Process flow diagram

Parameter
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Casel
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Process flow diagram

Comp-4
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]
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Process flow diagram
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Process flow diagram
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Process flow diagram
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Process flow diagram
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Process flow diagram
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Process flow diagram
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Simulation results (CAPEX)

- Pressure changers
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Simulation results (CAPEX + OPEX)

120.0

* Replacement 2 5yr
* Electricity 2 €52/MWh
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Simulation results (CAPEX + OPEX)

Replacement = 5 yr
Electricity 2 €52/MWh
Operation = 8000 hr
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® Conclusions and outlook for post-combustion
carbon capture

* Cost-competitive with MEA
* Large membrane area

* Module design
* Decreasing membrane area
* Potentially interesting purge stream
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Pre-combustion process

> Basis of design
* MMM in coal fired IGCC with net power production 536 MWe
* 90 % CO, recovery & 95 % CO, purity
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Process flow diagram
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Process flow diagram
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Process flow diagram
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Process flow diagram
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Process flow diagram
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Process flow diagram
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Process flow diagram
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Process flow diagram
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Simulation results (CAPEX)
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Simulation results (CAPEX+OPEX)

* Replacement 2 2 yr

Electricity 2 €68.8/MWh
Operation = 8000 hr

“HYGEAR
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- Capital charge

- Fixed costs

19.1

Case 2

B Membrane replacement
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Simulation results (CAPEX+OPEX)

Selexol
€34/tCO,

* Replacement 2 2 yr

* Electricity 2 €68.8/MWh
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W Conclusions and outlook for pre-combustion
carbon capture

* Higher feasibility than conventional Selexol
* Relatively low energy consumption

* Module design
* High pressure membranes
* Potential for blue hydrogen production
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Overall conclusion

* The use of MMM seems a good fit for pre-combustion carbon capture
* Post-combustion MMM need further development
* Large scale module designs are necessary before further development
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Questions
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Modelling of MA-SER reactor for H, production with CO, capture
by: Stefan Pouw (TU/e)

MEMBER

https://member-co2.com/

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under grant agreement No 760944
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| Introduction -y
E duction 2[5t t Natural Human Enhanced
nergy production century Greenhouse Effect Greenhouse Effect

» Majority from fossil fuel (carbon based)

More heat escapes Less heat escapes

. . e . into space
» CO2 production through energy evolution | ‘. ’ r‘ into space

Greenhouse gasses
> Effect
» Trap IR-radiation (heat)
» Emission points CO2
» Natural
» Human activity
» Cost of CO2 emissions regulated (ETC)
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|. Introduction

Carbon Capture & Storage techniques:
» Pre-combustion
» Post-combustion

» Oxyfuel combustion

CO2 for:
» Feedstock for chemicals
» Fertilizers, polymers 2
» Solvent extraction
» Carbonation beverages

» Storage (liquid, solid fixation)

[1]: Based on Overview of CO2 capture processes and systems (IPCC,

* X %

* 4k

N2
02
Coal
"
Gas | Power & Heat o C;(riiion
[|] Biomass 5
Air co,
Ccoal n o Gead o,
Biomass ‘ / \ I
Pre combustion Gasification Reformer H, N,O \
- +COZSep._’ Power & Heat il co,
Gas, Oil === / Compression
Air & Dehydration
Coal T (o10]% f
Oxyfue o —— IR
Biomass
S,
NZ
= s
R O 1
.0 o) [Cat-1] )’\ OJLO
(A) C7 * e (o) O’) +
o R n —{
R
Polycarbonate Cyclic carbonate
0
R O
L0 0 [Cat-2] b 3
(B) O,’c + " ey OJLOHYO} < 0
N - )
. R
Polyethercarbonate Cyclic carbonate
CO, + 2NH; — . +H,0
HoN™ " “NH,
2005)

[2]: Polymers from carbon dioxide: Polycarbonates, polyurethanes; S.Lui,X Wang (2017)

EINDHOVEN
UNIVERSITY OF

TU/e sz

23/02/2022 Page 4

(Disclosure or reproduction without prior permission of MEMBER is prohibited).

WEBINAR::

Modelling of membranes materials and systems



w |. Introduction
Targets

Prototype A Capture Cost

Pre-combustion capture in power plants
using MMMs at HYGEAR reforming
equipment.

Prototype B Capture Cost

Post-combustion capture in power plants
using MMMs at the 8.8 MW CHP facilities
of Agroger (GALP, Portugal).

Prototype C

Pure hydrogen production with integrated

CO, capture using MA-SER at the IFE-
HyNor (Norway) under the supervision of | |
ZEG POWER.

<30 €/ton

EINDHOVEN
I U e UNIVERSITY OF
TECHNOLOGY WEBINAR::

23/02/2022 Page 5 (Disclosure or reproduction without prior permission of MEMBER is prohibited). Modelling of membranes materials and systems



* X %

2. Project objectives :
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Obijective: Modelling of the MA-SER system to optimize the performance of the reactor with respect to H2
production, COz2 capture and material utilization for up-scale process design

3. Model approach & methodology

» Process description
» Define performance indicators
» Material characterization
*  Catalyst
e  Sorbent
*  Membrane module
» MA-SER reactor modelling

» Conclusion and outlook
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MA-SER process description

|) Reforming of CH4 to reformate using catalyst
CH, + H,0 & CO + 3H,
CO + H,0 & CO, + H,

2) Adsorption of CO?2 using sorbent
CO, + Ca0 — CaCO;

3) Removal of Hz product using membranes

4) Saturated sorbent send to generator
CaCO; — CaO + CO,

5) Carbon lean stream combusted to supply energy
for calcination reaction regenerator
6) Excess steam recovered by condensation

EINDHOVEN
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—CH: + H20

* *
* *
* *
* 5k
+—Ai1—
\
H: + H20
(CO + CH: + CO2)
- Burner
\‘“F'/
Qth
i —H20 + CO2—
: Y
' T
CaCO3 + Ni ;
() o>
- - :
CaO + N1 : ___
— prom— P--ﬂj ------
T \:T_/
H:04 B FR— H:0
Reformer Regenerator ‘
e
400-900 °C 800-1000 °C
1.0-20 bar 1.0-20 bar

N2 (+ CO2)—m
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Key performance indicators :

Performance indicators

X —1 Fchalrout : Kpl /Q
i cHe = 1 — .
» CH4 feedstock conversion 4 Feralrin [\ O
Fcozlreg [@
» CO2 capture recovery CCR=1- Fora o
CH4 IRin 'w

> H d iald HRF = l:Hzlmem

2 product yie 4 - FepalRin

: : . 1
» Dimensionless driving force Neq = 1— - z pY

reaction °d
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Material characterization

e
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* 4 *

H: + Ha0
(CO + CH: + CO2)

/J\ > Burner

CaCO3 + N1

——CO2—»

CaO +Ni

(Disclosure or reproduction without prior permission of MEMBER is prohibited).

T
H0— |t H0
Reformer Regenerator
Te—
400-900 °C 800-1000 °C
1.0-20 bar 1.0-20 bar

N2 (+ CO2)——»
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Reforming catalyst

Nickel based catalyst

Kinetics reforming CH4 using H20 as oxidizing agent

Researchers Article Abr. H,0/CH, Tx Pr
[mol/mol] [°C] [bar]

Xu and Froment 1989 XF 3.0-5.0 300 — 575 3.0—15

Numaguchi and | 1988 NK 1.44 — 450 400 — 887 1.2 —25.5

Kikuchi

Hou and Hughes | 2001 HH 40-7.0 400 — 550 12 — 60

Reaction rate expression
fitted using micro fixed bed reactor

1 kSMR NK pE]Z Pco _leCH4-
Reaction rate SMR, NK  repqp = — =5 | PciaPrzo — R —

H20 eq,SMR LKENi * S.

I K ; 'mMolcpa

Reaction rate WGS, XF  rygs = WGS,NK PeraPH20 — Phz2Pco CH4

PHz0 Keq.WGS [ kgni - s.
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Sorbent - Carbonation kinetics

» Sorbent — CaO based

» Sorbent carbonation kinetics, described by particle model with
transition kinetic-ion diffusion limiting regimes.

» Kinetics are fitted after restructuring of CaO grains (> 5 cycles)

eq S
dX _ kso-gao(]- — X)2/3 (PCOZ _ PCOZ) 0.9 - L seecotouotOOee
dt — Neaoks o sz—s KT aa] e enusaseans
1+ 2Dpy, ScaoV1—X toad S e T anenssdSSSEE
06+ ' 2l '
Dp.(X, T) = DY}, exp(—aX®T+9)) T o5 _
K:n“ Fé & 1spoc .
o B & o .t .. 0.
Enj' | o T+50°’CE
» Only interested in kinetic limited 02 [ Model
. < ﬂ,’l-l
regime (Xc,0 < 0.3) e | ' | |
) 0 - 40 B0 120 160 ) 200

EINDHOVEN ﬁ Z .Time [s] Z
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Sorbent - Calcination kinetics

» Sorbent calcination kinetics, described by shrinking core

particle model.

» Kinetics are fitted after restructuring of CaO grains (> 5 cycles)

dX | 7]
E — kgdl(l L X)G.S 09 -
geal ::
cal _ y,cal d 7 -
E 0,5-.
04- 800 °C
. . . 0,3 4 850 °C
> In calciner performance not limited by ] " Model .
kinetics, dominated by thermodynamics i %
*0 6 2.0 4.0 6.0 8I0 1(.10 150 14;0 160

Time [s]
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Membrane — H2 recovery

» Hydrogen permeation rate e ¢ PO aE B

> Permeation rate determined by: - 0000 © 0;2 - @ ©0eog -
©
> Surface activity @ %% Yo |

Permselective membrane

» Membrane selectivity © @c‘; &)0‘76' ©
©

» External mass transfer limitations

+ Permeate

Shk = ’fZ + ngZZ/?’

Sherwood 8.92(1 + 2.82¢)
cgr’relatllon . IE = 1+ 686457 i 8 -]
E‘g?g“ ar. pite 3 2.34(1 + 24¢)
© (14 36.5¢5/%)[3.464¢p2 — m|1/3
External ~ mass Next — Pr ShDuz  (Yuz) — Yuzret mole ]
transfer flux "z RTg dy, 1+ <YH2) + YH2 ret m%lem " Sl
2
Membrane flux | \mem _ Pz n n mole |
Hz2 — T + 6 [pHZ,ret - pHZ,perm] >
Smem [l + In (7511;) == )] Mpem * S
Fsup

Steady ~ state Nmem — yext mole ]
assumption H2 H2 M2, * S,
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H: + H20
(CO+CH:+C02) —
H:20 + CO2——
Y
Refo rmer + regener’ator CaCO3 + Ni
—CO:—»
° < .
modelling Sa—
T
CH: + H20 H.0— - H0
Reformer _ Regenerator
400-900 °C 800-1000 °C
1.0-20 bar 1.0-20 bar

N2 (+ CO2)—»
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Modelling of MA-SER reactor :

Mathematical description

* 4 Kk

» Modelled the MA-SER reactor system using

Hy + H,0 | D phenomenological model
(CO+CO, + CHy) CO, + H,0
t » Kunii and Levenspiel 3-phase fluidized bed
Ca0 + cat \
N () reactor model
Uge \\// Use |
TR I o |
<y @ » Discretization of the reactor length into
% P =~z . . . . of o
Y {\5\, finite mathematical equations describing
N K, - . . . ..
EIEV species composition, phase velocities gas-gas
exchange and solid-gas reactions
J P T
CH, +H,0 H,0
_CEH.H‘,T_
Ci Ci &
FBR _ | CW | . sosTR _ |C, —_— -~ n _ A
o= e = 9T = | pr A.q) —b=20
Ch Pr T
R |-
Pr Trl; '
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Modelling program structure —

* 4 *

A >
Start model Y
v Deconstruct concentration
vector
Loopl: ™~ | Export
Itterate reactor(s) warning/error files
Select switch functions No
Calculate transport .
coefficients Solve equations
v
» No
»
Construct:
Import datafile Converged profiles * Advection matrix
s DPhase exchange Apply relax. factors
matrix Update vector
e  Sourceterm vector +
Jackobian matrix
e  Extract chemical and reaction Y I—
library data . s Export concentration
¢ Memory allocation o
e Discretize f_ield and appoint e  Exportconverged Comversed orofile
vector/matrix positions vectors ged pr
parameters
* Calculate model constants *  Plotprofiles
* Declare Boundary conditions ‘
Yes
' v
* Update gasvelocity
End model field I
Initialize concentration profiles ¢ Update solid outlet
reactor composition
EINDHOVEN ~
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Parametric study on MA-SER reactor

Effect of reformer temperature on KPI

* 4 *

Target performance 1001 T 062
CCR > 90% 0.95 T = 0.60
yH2 > 0.6 :
0.90 +- === 058 =
L O
—_ - =
e n _
e 0.85 + - 056 2
J - E
(W - —_—
g -
0.80 ¢ - 0.54 >
ﬂ.?lj ': . ECH :" {].52
" —a—yH2 |
ﬂ.?ﬂ B [ I | : [ | : [ | : [ | : [ :. [ D.E'D
T-75 T-50 T-25 T T+25 T+50 T+75
Reformer Temperature [°C]
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Parametric study on MA-SER reactor

Analysis on performance limiting process step

* %
* %

* 4 *

Target performance
CCR > 90%
yH2 > 0.6

Gas composition R1 Distance from equilibrium in R1
10 1
N2 ﬁ
0.9 CH4 09
H20
0.8 H2 08
co
0.7 i _ coz| 07}
A
061 T 06
= 0 B CIGEI00 S0 0 0 T O U U S0 0 OO0 08 S0 00 e s S M & T
L A Cmm==mT T - o ¥
2 05F Tvo T~ o-7" 5505
:EJ = ':-» Sl - g
L T T e s e e TTT————— m
e i e e o 04 ]
’ i
! I
03r ) 034
' :
!
0.2 0.2 '
} '
0.1 ¢/~ 011,
- : - 1
e e e e e o o il
0 e = S F—— e~ —_— 0 e — L ! I L i 1
0 01 02 03 04 05 06 07 08 0 61 02 03 04 05 06 07 08
Position reactor [m] position Reactor [m]
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H» + H20
(CO + CH: + CO2)
/J\ > Burner
Qth
i H:20 + CO2——
Y
H> P
Membrane |
—CO2—»
hd -
modelling Sa—
T
CH: + H20 H20— - H0
Reformer Regenerator
e—
400-900 °C 800-1000°C
1.0-20 bar 1.0-20 bar

N2 (+ CO2)—»
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Parametric study on membrane
module

» Membrane module design

> Full 3D simulation of membrane module e e 6 0le o 0 e

» Comparison with prediction |D model He o 06 0 00 o

1.0

® o o e o o
® © o/ 0o o o

0.9
0.8
0.7
0.6

E 0.5
= 04
0.3
0.2

0.1

0.0

Lmem [m]

» Hydrogen distribution through module

> Positioning of membrane important due to concentration polarization
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4. Conclusion & outlook

*
*‘,"‘

*
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Modelling of the MA-SER system to optimize the performance of the reactor with respect to H2
production, CO2 capture and material utilization for up-scale reactor design

» Dual fluidized bed reactor at bubbling fluidization conditions modelled using ID phenomenological
model

» Implemented kinetics derived for individual material characterization
» Evaluation of model results

» Process performance limited by sorbent kinetics
» Evaluation of membrane module

» | D model can predict the 3D full scale model CFD simulation

» Positioning membranes are key for optimal performance

» Model can be used for up-scale reactor design of high-purity hydrogen
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Thank you for your attention

https://member-co2.com/

Contact:
joseluis.viviente(@tecnalia.com

Acknowledgement: For the CO2 molecule used in the logo:The original uploader was Frederic Marbach
at French Wikipedia [GFDL (http://www.gnu.org/copyleft/fdl.html)
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Appendix A: model equations 3-
phase Fluidized bed reactor model

Table :equations of mass, momentum and thermal energy conservation

Molar gas flow Discretized mass balances
P, s mole Gas balance Bubble+Wake ph
= - ) +
dV kr k,ph m% S as balance Bubblet+Wake phase
Molar solid flow | (s + Ve CEAVR = Arun (s + wem)CEY + Koe(Wp + e [CF — CEY] + Vg ) REY
m
— =S, S
dVg mr = “mph m% s - @Gas balance emulsion phase
Energy balance (thermal) Bw B
dUR ] l-I-'esmfcl‘iﬂ‘VR = ARueq-'esmfck - KBe(‘l—'B + ll—'wsmf) [Cﬁ - Ck ] + AVRZ R‘la{
T Y Corfiet Y ComFu] = Sin 3
dvg mg s . .
- Gas balance in collection cell

Pressure bala.nc-e

P —~ A
dor _ Pa | T+ e+ bw)emelCelVe = HugAnéiVe ' R
dVR Mg

_ - Solid balance per particle in Wake phase
Sourceterm expressions

lI"WE}) (1 Emf)c AVR - ARUBLI—'WEp (l Emf)ClEcWV + KsEp(1 - Emf) [Cfn - CE{’]AVR + AVR Z R"sl’\lr

Nett reaction rate gas compounds g = ZN" 0. R
kr — kr . . . .
' =1 - Solid balance per particle in emulsion phase
Bubble-emulsion mass transfer S _K [ Coo WeEmr c ]
Kph T TP LR T W + Yy Wep(1 = eme) CdVr = Arupihieep (1 — Eme) i — AVrKegp (1 — eme) G — CF] + AVg ) RY
Nett reaction rate  solid Nr
compounds Smr = Zr_lem:rRl' - Solid balance in collection cell
Wake-emulsion solid exchange Y — —
& SIIl.ph = KS [Cm,W - llJ_e Cm,e] ('-IJW + 1I*[e)gp(l - Emf) CnAVg = iARulIJSp (1 - Emf)cm + AVRZ ﬁ;
w
Heat of formation reactions Nr
SH,R = IAHreferef,rRl
=
Pressure drop 150p¢ (1 — gp)? 1.75p¢1 — &g
= Upnf — Uy
’ d123 ¢'123 E13r1f " dP ¢P Elsnf "
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KT R&D experience on MEMBRANE REACTORS

ITALIAN FISR PROJECT (2005-2010)
«Pure hydrogen from natural gas to total conversion
obtained integrating chemical reaction and

Pure hydrogen production < membrane separation>
((:@ol:lETH EU FP7 COMETHY PROJECT (2011-2015)
b Y «Compact Multifuel-Energy to Hydrogen converter»
3:?—6&, Gas_To_Liquid Processes EU !:P7 NEXT-C::!TL PROJECT (2009-2013)
o® «Innovative Catalytic Technologies & Materials for

Next Gas to Liquid Processes»

_AREN v ; EU FP7 CARENA PROJECT (2011-2015)
ey Alkane’s dehydrogenatlon «CAtalytic membrane REactors based on New

mAterials for C1-C4 valorization»

Bio-hydrogen production  EU HORIZON H2020 (2017-2020, amended 2021)
«Process Intensification through the development of
innovative Membranes and Catalysts»

Industrial Application Sectors

C02 capture for pre- & post- EUHORIZON H2020 (2018-2021, under amend. 2022)

. . «Advanced Membranes and membrane assisted
combustion and H2 prOdUCtlon processes for pre- and post-combustion CO2 capture»

For each application, the industrial feasibility has

L
S
O
(%]
-
L
Q.
9
S
(%]
9
(%]
O
-
S
9
S
3]
E
| .
S
<
O
=
—
2
i)
)
%)
n
Q
%)
(%2
S
=
)
)
Q

N

Kinetics Technology £+ Palo, A. Salladini, B. Morico, V. Palma, A. Ricca, G. laquaniello, Membranes 8 (2018) 101

23/02/2022 Page 2

. : . . . . i WEBINAR:
(Disclosure or reproduction without prior permission of MEMBER is prohibited). Modelling of membranes materials and systems



KT R&D experience on MEMBRANE REACTORS

TWO INTEGRATION LEVELS CATALYST-MEMBRANE STUDIED

CLOSED
ARCHITECTURE

OPEN
ARCHITECTURE

» Membrane outside reaction » Membrane integrated into the
environment reaction environment
» Sequence of reaction stages » Membrane reactor assembled as
and separation ones shell and tube heat exchanger
catalyst
LOW TEMPERATURE LOW TEMPERATURE RETENTATE

REFORMER Reactart

Permeate

£—— Sweep gas
Reactant

PERMEATE
| Separation stage Il Separation stage

membrane

N

Kinetics Technology
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MEMBRANE REACTORS for PURE HYDROGEN
PRODUCTION

Methane steam reforming is currently the primary hydrogen production route on industrial
scale

This process is highly endothermic and equilibrium limited. To achieve a high conversion of
methane, it has to be carried out at high temperature, leading to high energy consumption.

Steam reforming reaction, strongly endothermic
+ - +
CH, + H,0 [=] €O+ 3H, AH® ,5.c= 206 kJ/mol

Water gas shift reaction, mildly esothermic
+ H - +
€O+ H,0 121 €0, + A, AH® 55 .= -41 kJ/mol

Removing hydrogen from the reaction zone allows to shift chemical equilibrium towards
products enhancing hydrogen yield at lower temperature

« USE OF LOW-GRADE HEAT REJECTED BY A BOTTOM PROCESS
« USE OF LOWER EXPENSIVE MATERIAL FOR REFORMING TUBE

N

Kinetics Technology WEBINAR:
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L

PRODUCTION
Open Architecture

MEMBRANE REACTORS for PURE HYDROGEN

stack T
_______ S % l Hot oil boiler |«
Natural gas @ %— Desulphurizer @ Y =
= | A
@
: >.c. c.c|® i
0@ i
o L M-01A/B
— = ==UTILTIES _ _ _ _ %@ .
»
Compressed dry air package
: Q)
Cooling water package ANALYSIS INSTRUMENTS v

Demi water package

Hot oil boiler

Demi water

v

water

i
Gas chromatographer | |
ABB analyser :

H, + (sweep steam)

ITALIAN FISR PROJECT (2005-2010)

«Pure hydrogen from natural gas to total conversion

obtained integrating chemical reaction and membrane

/7; \ KT M. De Falco, G. laquaniello, A. Salladini, J. Membr. Sci., 2011, 368, 264

Kinetics Technology
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MEMBRANE REACTORS for PURE HYDROGEN

PRODUCTION
Open Architecture

TECHNOLOGICAL AND SCIENTIFIC PARK OF ABRUZZO
PLANT CAPACITY = 20Nm3/h PURE HYDROGEN

—
- ey By - =
ST

N
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MEMBRANE REACTORS for PURE HYDROGEN

PRODUCTION
Open Archltecture

% Shape: TUBULAR
Substrate: ALLUMINA
¢ Surface: 0.4m?2
m Material:Pd
Thickness: 2.5um

Kinetics Technology

23/02/2022 Page 7

Shape: TUBULAR

® Substrate: ALLUMINA
Surface: 0.13m2
Material: Pd-Ag
Thickness: 2.5um

4 Shape: FLAT
Substrate: SS
Surface: 0.6m2
== Material: Pd-Ag
== Thickness: 25um

WEBINAR:
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70%

65%

60%

55%

50%

Methane conversion, %

45%

40%

MEMBRANE REACTORS for PURE HYDROGEN
PRODUCTION

Feed Pressure: 10barg
Steam to carbon ratio: 4.8
Membrane Temperature: 400-450° C

An overall feed conversion of 57.3% was
achieved at 610° C, about 26% higher
than what can be achieved in a
conventional reformer at the same
temperature.

100%

90%

Open Architecture
B RMM based on ECN membrane n
~ @ RMM based on MRT membrane
] ]
o
[ @ ot
(| .. ‘. _a”’"
) e
' ’,*
@° I
I ;,,*" without membrane
&
590 600 610 620 630 640

Reformertemperature, °C

The OPEN architecture performed a

methane conversion up to 10-12% higher
than equilibrium values

Membrane and catalyst performance
ﬂ . stable for up to 3000 hours

Kinetics Technology

23/02/2022 Page 8

650

80%

70%
—-e—Tref=600°C; A=0,4

60%

Methane conversion, %

——Tref=650°C; A=0,4
50%

O .
0% Exp. value

1 2 3 4 5 6

Number of reformer stage, -

E. Palo, A. Salladini, B. Morico, V. Palma, A. Ricca, G. laquaniello, Membranes 8 (2018) 101
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MEMBRANE REACTORS for PURE HYDROGEN
PRODUCTION

Economic analysis

Electric power
H.Product
H, Recycle
= &
> PSA CEE | —
. 2nd CSR Retentate e
1st CSRl
PSA
- c >
- b Jre)
HDS 1st
g‘;:"al Membrane ’ (:I)
c
kot D e
NG compressor T ,H; = H,compressor
' i
BExport steam Swsep steam Condensate
* i Sweep/steam
Dilution steam Heat Exchange + 4 Demin Water
Metwork
Plant capacity = 20,000Nm3/h H, | Hydrogen COP/Nm?
Exhaust to stack
Conventional 0.1194

Hybrid scheme enables for a

reduction of COP of around 24% Hybrid 0.0911"

ﬂ *Membrane replacement every three years
KT .. laquaniello, F. Giacobbe, B. Morico, S. Cosenza, A. Farace, Int.J. Hydrogen Energy 33 (2008) 6595

Kinetics Technology ) . . . o . o WEBINAR:
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MEMBRANE REACTORS for PURE HYDROGEN
PRODUCTION

Closed Architecture ENEA, Casaccia
THy Moten Molten PLANT CAPACITY = 3,5
‘ Salts out Salts in Nm3/h PURE
e 1 539°C 544 °C HYDROGEN
| syngas from
ﬁ g R-01 to R-02

e e o e e e o e -

.)ﬁ_,g_) retentate from
R-02 to flare

lar——m |

P —1
‘:l,'

- s—
——
1

N

||

|

7
)& R-01 R.02
pre-reformer
dry permeate
E-01 Hr2y p
—(J- O
Integrated
Membrane V-01, LV separator
Reactor
N,

- : : Condensate
1 u ; Steam !
] ]
77 § dll ee-n-e:a_tc:r-: ﬂ Maire ﬂ Processi
KT Tecnimont Innovativi

Kinetics Technology B. Morico, A. Salladini, E. Palo, G. laquaniello, ChemEngineering 3 (2019) 9 WEBINAR:
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MEMBRANE REACTORS for PURE HYDROGEN

PRODUCTION
Iosed Architecture

-

ECN membrane,

ﬂ Catalyst 0.3m2 ;
KT

Kinetics Technology B. Morico, A. Salladini, E. Palo, G. laquaniello, ChemEngineering 3 (2019) 9 WEBINAR:
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MEMBRANE REACTORS for PURE HYDROGEN

PRODUCTION
Closed Architecture

70%

¢ without membrane Feed Pressure: 8,5barg
60% - .
& [] Steam to carbon ratio: 4
X . M integrated membrane
g 30% reactor ]
§ 0% An overall feed conversion of 58% was
§ - achieved at 543" C, doubling the
2 30% - . conversion can be achieved in a
= o
g 20% - 4 conventional reformer at the same
4 temperature.
10% -
0% I I I
400 450 500 550 600

Molten salts inlet temperature, °C

Stable catalyst performance over more than 100 hours of testing

Purity of hydrogen permeate higher than 99.8%

No macroscopical signs of reactor performance loss have been evidenced over
the experimental operation period, despite handling of catalysts and membranes
ﬂ and the several switches of operative conditions.

KT

Kinetics Technology WEBINAR:

B. Morico, A. Salladini, E. Palo, G. laguaniello, ChemEngineering 3 (2019) 9
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MEMBRANE REACTORS for PURE HYDROGEN
PRODUCTION

Economic analysis

Co,
| @-D(S) SR reactor powered with a
Steam CO, removal molten salts flow heated
generation (3) .
5) with solar energy for 5000
o h/y, and in the remaining
T=550°C ,..- — P period, 3400 h/y, molten
H, production salts are heated through a
(1) . process heater where NG is
(7) l fired.
Solar I Natural gas
- T=491CN\e_~ <
field Process steam
Power i )
(2) == e Solar assisted steam reformer — Convential Steam Reformer
(6) l Service steam -
_nape BFW 0.14 -
T=200C | | __BFW o |
! 012 |
Plant capacity = 5,000Nm3/h H, Tonl “~<__
S 0w T
Six-step membrane reactor in an g %@ T~
. &m -
open architecture, where s |
reactions stages are followed by 0.06 |
ﬂ membrane stages a.0s PR S P e C— —
0.025 0.035 0.045 0.055 0.065 0.075 0.085 0.095
ot KT B. Morico, A. Salladini, E. Palo, G. laguaniello, ChemEngineering 3 (2019) 9 Electricity cost (€/kWh)
Kinetics Technology WEBINAR:
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MEMBRANE REACTORS for PROPYLENE

g PRODUCTION

|
CARENA EU FP7 CARENA PROJECT
= ™ «CAtalytic membrane REactors based on New mAterials for C1-C4 valorization»

uiﬁ’;}- A >,

AlM:

To develop and implement novel nano-structured materials and optimized
membrane-reactor based chemical processes to enable the efficient conversion
of light alkanes and CO2 into higher valuable chemicals

Propane dehydrogenation, strongly endothermic
AH",5.c= 125 kJ/mol

C3H8 = C3H6 + H2

High reaction temperature penalises C3H6
selectivity with coke formation on the catalyst

Removing hydrogen from the reaction zone allows to shift chemical equilibrium towards
products enhancing hydrogen yield at lower temperature

« USE OF LOW-GRADE HEAT REJECTED BY A BOTTOM PROCESS
 REDUCE/AVOID THE CATALYST REGENERATION STEP
Q  POTENTIAL REDUCTION OF CONVENTIONAL PLANT CAPACITY
KT « VALORIZATION OF SIDE STREAMS
Kinetics Technology WEBINAR:
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MEMBRANE REACTORS for PROPYLENE
PRODUCTION

P-101 -
R I G [ REN
4 A
S l—

E-01

PROCESS STEAM

WEE@TEAM S #. "R,
f & OPEN ARCHITECTURE -

g = _)T L|ccm|[)EMSA+q‘E.-

R-101.A M-101 R-101 B
NOT INTEGRATED MEMBRANE | NOT INTEGRATED
REACTOR SEPARATOR REACTOR

HYDROGEN] >

E-04
5
V-102

\—)[CUNDENSAJ'E-

P-101

Vv-101 e | [BIDISTILLED
| WATER

PROCESS STEAM

HYBRID ARCHITECTURE e =

X 4
. CsHg rich | N
- o ! v-103
G. laquaniello, E. Palo, PCT /NL2012/050201, R:!:T :{u l 1 [
| L conpensae:
March 2012 Ny N ecom ™0 MEMERANE | EowpEnsA
C. Croppi, F.S. Martorelli, E. Palo, G. laquaniello, L HYDROGEN |
A. Salladini, PCT/NL/2016/050150, March 2016 INTEGRATED REACTOR vion
HYDROGEN ; -
. FONDENSA"“I‘JE'-
E-04
/; ; \ KT v-102
Kinetics Technology CONDENSATE WERINAR:
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MEMBRANE REACTORS for PROPYLENE
PRODUCTION

-
o
-
9
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PLANT CAPACITY = 0,25kg/h PROPANE
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o

Noble metal based

catalyst

Ricca, A.; Palma, V.; laquaniello, G.; Palo, E.; Salladini, A. Chem. Eng. J. 2017, 330, 1119
Ricca, A.; Truda, L.; laquaniello, G.; Palo, E.; Palma, V. Int. J. Mem. Sci. Technol. 2018, 5, 1
. . . . .. . . WEBINAR:
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ﬂ Ricca, A.; Montella, F.; laquaniello, G.; Palo, E.; Salladini, A.; Palma, V, Catal. Today 2018, in press
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MEMBRANE REACTORS for PROPYLENE .
PRODUCTION A

30
_ e 0.007
Increasing membrane permeance

5t 540 0.006
: o 520 < 0005
£ w0} s < S 0.004
§ Reactor without membran E 500 % EU '
: | o 0 = 0.003
D a0 I = 6 0.002
g o (© J
a -

o g 460 %’ 2 E 0001 |

(]
5 = 440 e o 0.000
- =Z > 500 510 520 530 540 550

% o1 02 03 04 05 06 07 08 09 1 Tem perature [OC]

(a) Dimensionless reactor lenght, - (b) 400 (C)

(@) numerical simulation of propane conversion at T = 550 °C and different membrane permeances 40-80 Nm3/hmZ2bar?->, (b)
experimental operating temperature at fixed propane conversion (X35 = 10%, 5 barg, S/C3 = 0.25), (c) coke amount as a
function of the operating temperature

A significant reduction in coke formation can Preliminary economic evaluation in closed
be observed decreasing the operating architecture show that in the case of a
temperature, as effect of membrane scale down of capacity of a factor 8, a

installation in open architecture. reduction in COP of propylene around 4%
Lack of membrane stability, as reported in can be observed
the literature

N

Kinetics Technology
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MEMBRANE REACTORS for GASTO LIQUID

hug

PROCESSES
EU FP7 NEXT-GTL PROJECT
NEXT-GTL «Innovative Catalytic Technologies & Materials for Next Gas to Liquid Processes»
o —
““.

The GTL process has three main steps:
> feedstock preparation anc syngas production

> Fisher Tropsch synthesis

» syncrude upgrading

AIM:

Development of novel process schemes for the production of syngas at lower
temperature than the traditional ones, without affecting natural gas conversion
and saving the same time in terms of feed consumption and plant complexity,
thereby assessing the potentiality of distributed GTL plants

N
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MEMBRANE REACTORS for GAS TO LIQUID
PROCESSES

NEXT-GTL
G —
C
STEAM <
P
CH,
> —=
= 1 = 1_ """"
SR SR
Fuel gas Fuel gas
Air C.C. C.C. Air
H, M-02 RETENTATE,
________
L > CPO reactor operated in
H —— standalone configuration,
2 M-0I RETENTATE J with a dedicated CH, feed
C— stream, or integrated one

ﬂ D. Capoferri, B. Cucchiella, A. Mangiapane, S. Abate, G. Centi, ChemSusChem 2011, 4,1787.
KT G. laquaniello, A. Salladini, E. Palo, G. Centi, ChemSusChem, 2015, 8, 717.
Kinetics Technology
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MEMBRANE REACTORS for GASTO LIQUID
PROCESSES

NEXT-GTL
”-“
““0

o R

LANT CPACITY = 20Nm3/h PURE HYDROGEN

ob=4"
Reactor  Total Lenght = 1,5m
Material = INCOLOY 800HT

.

[
Catalyst OD =45mm
bed Lenght = 360-500 mm

e e T

CPO
REACTOR

/7] \KT
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23/02/2022  Page 20 (Disclosure or reproduction without prior permission of MEMBER is prohibited). ), qeliing of membranes materials and systems



MEMBRANE REACTORS for GASTO LIQUID

PROCESSES
oy —
C
R-01 out;, M-01out 'CPO out
X @ integrated 60 g —~—

()]
o

40% [ = —— A
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o

Dry molar fraction, %
w
o

0,05 0,1 0,15 0,2 0,25 0,3
Molar oxygen to carbon ratio, --

o

0 25 50 75 100 125
Time, h

Increase of methane conversion independently from the operating conditions
Overall stable performance in time on stream tests

Reduction in VOC of 10%

N

Kinetics Technology ) . . . L . . WEBINAR:
23/02/2022  Page 2| (Disclosure or reproduction without prior permission of MEMBER is prohibited). ), qeliing of membranes materials and systems



MEMBRANE REACTORS for INDUSTRIAL
APPLICATION

Membrane Recycling

ltem % of total cost Membrane module assumed as heat

Pressure vessel 20-25 exchanger shell and tube type
Selective layer 15-20 Membrane D = 44 mm

deposition MembraneL=6 m

Pd/Ag alloy 15-25 Porous stainless-steel support

Ti :
30-50 Minimum target
TOTAL 100 Recovery of the support not damaged

Identified an optimized leaching treatment for Pd and Ag recovery and undamaged metallic support

Sensible reduction in the
membrane Cost of Production

L. Toro, F. Pagnanelli, E. Moscardini, L.M: Baldassari, P. Altimari,
E. Palo, A. Salladini, G. laquaniello, F. Veglio, S. Zueva, A. Di
Renzo, Italian Patent Application, 27 July 2015

A Nk EC& Recvcling
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MEMBRANE REACTORS for BIO-HYDROGEN
PRODUCTION

In line with the latest EU roadmap for moving to a competitive low carbon economy, by 2030 to

be achieved -40% emission, +27% renewable share, +27% energy efficiency

e Use of bioethanol as feedstock to Steam

CENTRALIZED “GREEN” ,
HYDROGEN PRODUCTION EEE) Reforming Process

Flue Gas * Process intensification using palladium-based
T=400°C

membranes B4 Beir

l Ex.Steam »
IEI\/ I T 1 /ll i B\ Purge Gas

4 —| 1=320¢_]
“l
-; —>| psa
TS
/L::“z S
T=384°C | T=45°C
P=20 Bar

Trefl 0 N
O |

1 ] L LP vent
| [TOP FIRED SMR\lPGB|
T=1020°C T=870°C

P= 23 Bar

E Demi Water

BIOETHANOL ", .
VAPORIZER condensate

EINDHOVEN
M\ kr M\ TU/ e St

Kinetics Technology Kb Tedhsteny
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MEMBRANE REACTORS for BIO-HYDROGEN
PRODUCTION

H, produced at 350-400°C

H, produced at 450-500°C | FlueGas

The use of membranes to
recoverH, is considered

Purge Gas

The use of membranes to
recoverH, is considered

-

BIOETHANOL ', E Demi Water

H
VAPORIZER condensate

Open and closed architecture have been considered

The use of bioethanol in H, production by Steam Reforming can achieve similar efficiencies as the
benchmark technology with NG when membrane technology is integrated in the process

The use of bioethanol can reduce the carbon footprint up to 67%

Further studies and process optimization still in progress

EINDHOVEN
M\ kr M\ TU/ e St

ineti Kinetics Technol
Kinetics Technology inetics Technology
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MEMBRANE REACTORS for CO2 CAPTURE

MEMBER Project: Novel membrane-based technologies

Targets

Prototype A

Pre-combustion capture in power plants
using MMMs at HYGEAR reforming
equipment.

Prototype B

Post-combustion capture in power plants
using MMMs at the 8.8 MW CHP facilities
of Agroger (GALP, Portugal).

Prototype C

Pure hydrogen production with integrated o

CO, capture using MA-SER at the IFE- >90%, <30 €/ton
HyNor (Norway) under the supervision of I;_?

ZEG POWER. L€

N
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MEMBRANE REACTORS for CO2 CAPTURE

Pre-combustion capture

» Prototype A design and testing I’- mEmmmmmmm—m————— '\\
I CO2-rich stream / K [
MMM s for H./CO. separation : > Sbte'Tm I co. ]
oller
Downstreaml ; T H,0

L
1
processing i :

--------------_-_-_____--_-___-_---_-\

\

I

ml\ Wes . . Membrane > I
—\/ I { dule Ha-rich stream for power production ||
I

ProtA |

\-------------------------------------

—--\

» CO. separation from the shifted syngas after Water Gas Shift reactor
» The heating value contained in the original feedstock is re-allocated in a
"decarbonized” fuel - Hydrogen

KT +#HHYGEAR
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MEMBRANE REACTORS for CO2 CAPTURE

Post-combustion capture

> Prototype B design and testing MMMs for CO,/N, separation

1 [ 2 3 4 5 | :

» CO;is separated |
from the N,-rich
flue gases from
a combustion
process

» Two membrane \ L
Y e > s S | ‘ P gl === ot

modules in ) D | | e
series, module 1 . | | B

larger than
module 2 B

(g]

iption Document num!
MEMBER- PFD Prototype B
6 Name uncoon D agrat
3
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Crecked
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MEMBRANE REACTORS for CO2 CAPTURE
Hydrogen production integrated with CO?2 capture

hug

» Prototype C design and testing

Pd-membranes, IFE HYNOR HYDROGEN TECHNOLOGY CENTRE (NORWAY)
catalyst and sorbents PLANT CAPACITY = 10Nm3/h PURE HYDROGEN

Hydrogen

BioMethane + Steam

A combination of Hz membranes, reforming catalyst and CO:z sorbent into an
advanced Membrane Assisted Sorption Enhanced Reforming (MA-SER) process.

/ 7; \ KT IFQ
S Institutt for energiteknikk
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MEMBRANE REACTORS for CO2 CAPTURE
Hydrogen production integrated with CO?2 capture

> Increase of Carbon Capture Rate (CCR) of 90%

» The prototype will be demonstrated in an industrially relevant environment, allowing
validation of the performance and stability of the technological solutions and materials.

H, + H,0
(CO+CO, + CH,) CO; + H,0 el TFk,out TFk,out
T Nz=Ntot} V V
T Freeboard Freeboard
Q,
Nz=Ne+ ——8 T o 81—
B R1 Pp1 . ﬁ /

e solid

T 1 / Gas
=8 T Tr Pp2 =
Up Uop Fk,in T I:k,in

CH, + H,0 H,0

ﬂ KT TU/e &y
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MEMBRANE REACTORS for CO2 CAPTURE
Hydrogen production integrated with CO?2 capture

» New MEMBER materials for MA-SER line

Granulated HTSORB
S —— i S T e e |
sorbent

Pd-based membranes

Ceramic supported thin double skin Pd-based membranes

prepared for the prototype sorbent

Catalyst

An appropriate European patent application EP19201909.9 with the title “Fluidizable
steam reforming catalyst and use of a catalyst in methane steam reforming” was
»>* filed on October 8,2019.

ﬂ i tecnal:a 48 *C&CS
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CONCLUSION

» Membrane Technology application has been considered and assessed for different processes
of industrial interest

> All applications based on syngas production showed very good membrane performance with
stable removal activity and very high selectivity

» The application of membrane technology to propane dehydrogenation still needs major
improvement in terms of membrane stability

» Recycling of membrane module key elements can contribute to solve the cost issue, at
least for membranes with metallic support

» Bioethanol feedstock coupled with membrane reactor can further contribute to the
reduction of carbon footprint

» CO, capture processes in novel membrane-based technologies can outperform the current
technologies for pre- and post-combustion CO, capture in power plants as well as H,
generation with integrated CO, capture and can help to meet the targets of the European
Green Deal
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