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Membrane Engineering

in H, & CO, activities @
CNR-ITM

Catalytic
dehydrogenations ,
and hydrogenations  /

/ H, for '«"/ CO, capture &
Fuel Cells ; \ valorization
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SOME OF MOST RELEVANTS PROJECTS ON HYDROGEN&GAS @ CNR-ITM
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H, production: definitions

Unofficial H, production methods classification Official H, production methods classification
—~ A ] ROV - <
Terminology Technology Feedstock/ GHG CLEAN HYDROGEN, Exam p|e"
Electricity source footprint*
= Wind | Solar | Hydro *  (Clean Hydrogen encompasses clean hydrogen generated from both
35 e Geothermal | Tidal renewables and fossil fuels through the use of carbon capture and storage
ce Minimal (CCS) technology.
29 Purple/Pink Hydrogen Electrolysis Nuclear . -
az OW-CARBON HYDROGEN, Examples UN & - @
EE Mixed-origin grid energy Medium environment copenhagen
programme climate centre

*  low-carbon hydrogen encompasses:

Natural gas reforming + CCUS * Fossil-based hydrogen with carbon capture and

Blue Hydrogen Gasificafion + CCUS Natural gos | coal Low o ; A .
sl * [lectricity-based hydrogen, with significantly reduced full life-cycle
Turquoise Hydrogen A ?bo},]ri-i:::nﬁ;? greenhouse gas emissions compared to existing hydrogen production.
Natural gas RENEWABLE HYDROGEN DEFINITION, Example
Natural gas reforming Medium

* Renewable hydrogen is hydrogen produced through the
Brownitydrogen BichaicodlliSalic) electrolysis of water (in an electrolysers, powered by electricity),
Gosfication High and with the electricity stemming from renewable sources;

* The full life-cycle greenhouse gas emissions of the production of

*GHG footprint given as a general guide but it is accepted that each category can be higher in some cases. renewable h\/d rogen are close to ZEro,

* Renewable hydrogen may also be produced through the
reforming of biogas (instead of natural gas) or biochemical
conversion of biomass, if in compliance with sustainability
requirements;

PRODUCTION VIA
FOSSIL FUELS

Black Hydrogen Black coal

Renewable Hydrogen is defined by reference to the definition of the Proposed
Directive to Amend RED II, e., as hydrogen that (i) derives its energy content from

renewable sources other than biomass; and (ii) achieves a 70% GHG emission
* K %
*

X reduction compared to fossil fuels.
* *
* e K
Eifopean Low-Impact Hydrogen Emissions is defined as hydrogen with an energy content that is

Commission derived from non-renewable sources, and that meets a GHG emission reduction
threshold of 70% compared to fossil-based hydrogen.
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Hydrogen strategy in Italy

The National Recovery and Resilience Plan
Dedicated budget NextGenerationEU
REPowerEU Plan'’s

> 3.5B EUR of investment on H,-chain and R&D

> 200B EUR investments and infrastructures

PNRR — Mission 2, Componen 2.3 — Renewable

Energy, Hydrogen, Networks and Mobility System P'ANO e

Investments 3.1-3.5: Promotion of the Production, NAZIONALE

Distribution, and Final Uses of Hydrogen ,D : mleESA
=) Budget: 3,19 B€ mﬂu

PNRR — Missione 2, Component 2.5 — International
Industrial and R&D Leadership Development in the
key Transition Networks
Investment 5.2: Hydrogen

{Budget: 0,45 B€

* Italia
* x *domani
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Process intensification by membrane engineering
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H, separation/purification by membrane technology — Inorganic membranes

Low Pressure
Feed

Shell Retentate H2

H
o %
)8 % H2
g~
" H2 Hy
o %

Pd/PSS
Membrane

Permeate

A membrane reactor is not limited by the thermodynamic equilibrium

\ Ihermocouple conversion because it does not represent a closed system

Pd/Ag Membrane
Conversionina

/_ membrane reactor

MRconvr """"" @
f e —— e i e
c R 4 Thermodynamic equilibrium conversion
° 4
5 /i
g / ; __ Conversionina
o / /,/ traditional reformer

TReony A traditional reactor operates under

the thermodynamicequilibrium
conversion restrictions becauseit

represents a closed system
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Membrane technologies in Hydrogen production,

separation/purification and chemical storage

HYDROGEN PRODUCTION & UTILIZATION

Conventional Storage

(% Wi}

Power
Generation

Muclear

Hz0 Hydrogen
Generation

Electric Grid

Infrastructure
Fossil

with CCUS

Infrastructure

Source: U.S. Department of Energy, Hydrogen Program Plan,
Note: CCUS=carbon, capture, utilization, and storage

HYDROGEN STORAGE

Separation Separation

Transportation Hydrogen storage methods
Synthetic
Upgrading Physical-based | | Material-based e Hdergramnd Adyanced
Qil / L PR hydrogen and large-scale storage
Biomass storage storage methods
i
:
Compressed :
gaseous
LOHCs
Ammonia/ hyd?xc" SR -+ Metal hydrides +  Ammonia Saltcaverns [+ "I)‘ﬂ‘;logm
i~ 3 -state clathrate [+
Fertilizer I+ hydrogen I Evdieies —
Cryogenic storage H sorwctared b
hydrogen Complex Chemical |1}  Ammonia Depletedoil L| | Geological [ | : “materials
T hydrides hydrides borane and gas fields storage "ll;h;;.“nlrnp)' n
alloys
|
Metals Crvo-
Production compressing Carbon-based “«  Formicacld Aquifers |+
T 4  (ACs,CNTs,
graphene, CNFs)
Liquefied P Hyaragen Pipeline Electro-
Chemical/Industrial hydrogen Porous blendin oy | AN e Flow batteries 1 chemical o
Processes L materials =8 -+ Methanol B Be storage
(MOFs, COFs, Synthetic
Heat/Distributed zeolites) fuels and
Power alcohols Magnesium Sturry, liquid
T . -o1 Ethanol hydride *— hydrogen -
slurries carriers
HYDROGEN
PURIFICATION
TECHNOLOGIES
T
PHYSICAL METHODS s
r
Adsorption Low Temperature Membrane Meta! Hydride

Separation

HYDROGEN PURIFICATION

PSA - Pressure
Swing Adsorption

TSA - Temperature
Swing Adsorption

l—;l

VSA - Vaccum Swing
Adsorption

Low Temperature
Adsorption

Criogenic Distitation Inorganic Membrane Organic Membrane
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Our objectives: H, targets set by the European Clean Hydrogen Alliance

Mobilising research
{ and fostering innovation J
P N European Clean
. EV’ f 8
e Hydrogen Alliance

\

Supplying clean, affordable Preserving and restoring
and secure energy The ecosystems and biodiversity

1 European 1

Mobilising industry Green From *Farm to Fork’: a fair,
for a clean and circular economy Deal healthy and environmentally
friendly food system

\ /
Building and renovatingin an Accelerating the shift to
energy and resource efficient way sustainable and smart mobility

Leave no one behind

EU TARGETS |
H, recovery: 80!

Financing the transition

(Just Transition)

A European
Climate Pact

TheEUasa
global leader |
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Embrittlement
phenomenon

Palladium: dominant membrane
material in hydrogen
separation/purification

Permeability, (mol/(m?2.s.Pa))

1.5
1000/T, (K

Institute on Membrane
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Consiglio Nazionale Pd hydride phases: a. P-C-T diagram, b. a-phase, c. a-phase
|r | delle Ricerche and B-phase, d. B-phase and e. supercritical region. Green

and gray dots are hydrogen and Pd, respectively

A eT.~570K, H/Pd ~0.25
T:>Te>T1T>1,

/D—_J
Te
/ Ta

a-phase/ | region u+p B-phase
gD
[T B |
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EMBRITTLEMENT

Partial pressure H;

P
»
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LU.S. DOE 2015 targets for hydrogen separation and purifi-
cation by dense metallic membranes [129]

Performance criteria  Target

Flux 1.135 mol/m?2.s (300 Scfh/ft?)
Cost of membrane = 5,400 $/m? (< 500 §/ft?)
Durability = 5 years

H, recovery 90 %

Hydrogen purity 99.99%

Catalyst Retentate

Membrane

Thermocouple

Sweep

INTERNATIONAL SEPTEMBER
ENERGY AND 7-9,2026
ENVIRONMENT HOTEL SEPETNA
COMFERENCE OSTRAVICE
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Hydrogen permeation through Pd-based membranes

—~ ’ ’ (Rractiuu Side)

gion | Hydrogen permeation by
igh . . . .
FEED SIDE Pressure | 3 SOIUthﬂ/dlfoSlon mechanism
. 1 . o
External Mass Transfer -
' ' ' o< 000 olerle (Fick-Sieverts law)
Adsorption/Desorption of Species -3 ¥ 3
H; Solubilization into Surface < ‘ .’ @ ® ~_ Hydrogen Molecule K
the metal bulk . HE {] . 5
H Diffusion in the metal bulk ® ® ®— Hydrogen Atom -]HZ — (sz,]r et pHE ,perm
i Membrane « @ |4 @
H; De-solubilization
from the metal bulk ® o
Desorption/Adsorption of Species . i
R T Surface «— @ s @5 /pis the .h.ydrogen permeating flux; A ,, hydrog?n
External Mass Transfer |x_ ® 1 ® ® 7 6. permeablllty,' 127/5’2, ret and pb'Z,perm are partlal
v PERMEATE SIDE Pr];E;re 4 ] % pressure of hydrogen in the retentate and
L ®  (Permeation Side) permeate sides; 6 is the membrane thickness.
_ 0 EQ.HQ
Schematic representation of the hydrogen permeation through Ky, = Kp,-exp | — RT
dense Pd-based membranes via solution/diffusion mechanism;

Richardson equation [, =

VSB TECHNICAL INTERNATIOMAL SEPTEMBER
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K0 is a pre-exponential membrane permeability

E,y constant, £, ., is the activation energy of hydrogen
ng exp (— RTZ) permeation, R is the universal gas constant and T is
5 (sz,,.et — pﬁzmmm) the absolute temperature

Y. Nalbant Atak, C.O. Colpan, A. lulianelli, A review on mathematical modeling of packed bed
membrane reactors for hydrogen production from methane, International Journal of Energy

Institute on Membrane
=
Research, 45 (2021) 20601-20633

Technology

\ational Research Council of ltaly



H, recovery vs purity trade-off

Hydrogen recovery vs purity trade-off

A ﬁi
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S Z
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O o
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50% 90%
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Membrane Technologies in H, separation/purification
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H, separation/purification by membrane technology

Parameter Hollow Fiber PdAu/a-Al,O;
Length 0.25m 0.25m
Outer diameter 0.015m 0.012 m
Material PonirT.ﬂde Pd-Au alloy on a-Al,0s
(Membrain s.r.o0.)
Sealing — Graphite gaskets 7 : i

a) Hollow fiber polyimide-based membrane module b) Pd-Au/a-Al,0s tubular membrane module

G )W

$24%
NANIING TECH
UNIVERSITY

i==]

VSB TECHNICAL CENTRE FOR ENERGY
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H, separation/purification by membrane technology
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H, separation/purification by membrane technology
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Hollow Fiber Membranes — Permeance at 25 °C
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Molar Flux, mol s’ m?

Component

H.
CO,
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N>

CH,4

Permeance
(mol s"m~2Pa™)
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H, separation/purification by membrane technology

Hollow Fiber Membranes — Ideal Selectivity

200
195 72
H, / CH,4 selectivity H, / CO selectivity
IS Above Robeson’s upper bound (2008)

4.0 25 °C

Testing temperature

Ideal Selectivity, -
S
(=]
1

H, / CO, selectivity

501
Below Robeson’s upper bound (2008)
Selectivity governed by the solution-diffusion mechanism: hydrogen's small kinetic
il | diameter and high diffusivity dominate over CHs and CO, while moderate H,/CO,
L ; . Y ; CO/CH, selectivity reflects CO,'s higher condensability/sorption in the polyimide matrix.
VSB TECHNICAL INTERNATIONAL SEPTEMBER Consig[io Nazionale
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H, separation/purification by membrane technology

Pd-Au/a-Al,0s Membrane — Temperature Effect

1,75
8,0
1,50
=
8 1,25} % 8.8 10.13
_': -
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5 1500 ™ =
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g B
E & 8 6 =
= 0.50(- g -
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025 ® T = 300 °C defect-free, fully H,-selective Pd
® T=350°C 8,5 Arrhenius Plot layer.
T = 400 °C
0 00 | | | | I | | |
0 50000 100000 150000 200000 250000 1,4 1,5 1,6 1,7 1,8
Transmembrane Pressure, Pa 1000/T, K
H, flux vs. Ap at 300 / 350 / 400 °C Arrhenius plot (In P vs. 1/T)
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H, separation/purification by membrane technology

Coke Oven Gas, Feed Hollow Fiber Membrane Performance

H, =60 %
CH4 =30 %
CO=10%
100 TR IR _: -’8 : ! S A | H. a)
L B, Rocovess | i S R 1s
| | e 96.1% 95.8%

H, Concentration
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04 ‘UONENUDUOD O Pue YD

0 5 15 o

4 b
CH, Concentration Hz )

CH, Concentration 5 70 410 0 0
| 90.0%  92.3%
! 65k M 15
CO Concentration Purity (ii) max. recovery (ii)
0 I 1 —® 4o 60 | | | I
400000 500000 600000 400000 500000 600000 700000 800000
Transmembrane Pressure, Pa Transmembrane Pressure, Pa
a) Two HF membranes in series, Configuration (i)— 25 °C b) Single HF membrane, Configuration (ii) — 25 °C
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H, separation/purification by membrane technology

H, Concentration, %
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Configuration (B): HF-Series Permeate - Pd-Au Membrane

94.7%

Best global H, recovery — Case B (meets the 2030
Clean Hydrogen Alliance target)

~ 600 h under operation

a) 4x10° b) 5x10° c) 6x10° Pa
Stage-wise and overall H, recovery, Configuration (i)

Case Ap, Stage 1 Ap, Stage 2 Recovery Stage 1 Recovery Stage 2 Global Recovery Purity
A 4x10° Pa 5x10° Pa 87.8% 96.2 % 84.5% >99.99 %
B 5x10° Pa 3x10° Pa 95.8 % 98.8 % 94.7 % >99.99 %
C 6x10° Pa 3x10° Pa 90.2 % 98.9 % 89.3% >99.99 %




H, separation/purification by membrane technology

Configuration (i): Global H, Recovery vs Clean Hydrogen Alliance Targets

100

State of the Art

2030 94‘.70/0

OF o mwon s wewe mows o e e s e W s W S mess s mess s s s

Case B — nearly meets 2030 target (95%)

All three cases surpass the 2024
target; Case B approaches the
2030 target while keeping a
single ultrapure H, stream
(>99.99%).

89.3%

Case C — exceeds 2024 target (80%)

H; Global Recovery, %
0
h
1

75 B 0
84.5%
= Case A — exceeds 2024 target (80%)
10 Case A Case B
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An integrated two stages inorganic membrane-based system to generate
and recover decarbonized Hs: An experimental study and performance

indexes analysis

Adolfo lulianelli " *
Giovanni Drago Ferrante ',

of the Nanor
nl anitule

, Adele Brunetti

, Lidia Pino ', Cristina Italiano ™ ,
Mario Gensini ', Antonio Vita

Councll of Iraly (CNR-ITM), via P. Bucel 17C, 87036, Rende, CS, Ialy
wearch Council of Iraly (CNR-TTAE), Salia Sante Lucia Sopra Contesse 5,

98126, Messina, ME. Iraly

Integrated

Parameter Stage 1 Stage2 Target system
CHa conversion >99% >99%
H2 recovery 40% 67% 80% 80%
H2 recovered stream purity > 99.9999% 99.9%  99.99% 99.99%
Net CO: reduction 92% - 92%
Conversion index 18° - 182
Hz yield index 5 51
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|| | UNIVERSITY
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Operational Plan for H, Research

Operational Plan for H, Research
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Integrated reformer + Pd-membrane-separation system e e

NextGenerationEU

to recover decarbonised H, from biogas reforming
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N\ / : \ / : Reformer + Membrane separator plant for decarbonized hydrogen s
0} \ / \ / : production from Biogas/Biomethane: An experimental study combined to
\ / \ / _ energy efficiency and exergy analyses
0 £ s Henry Bryan Trujillo Ruales®, Alex Spadafora ™", Piergiuseppe Fiore”, Jan Veres®,
673 723 Alessio Caravella®, Adolfo Iulianelli™”

Temperature [K]
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Foam structured membrane reactor R

Model biogas mixture
Selective
Pd-Ag
membrane

Sweep gasl

Foam
Catalyst

Images of bare (a — ¢) coated (d — f) 40PPI SIC foam Retentate
after calcination step (by CNR-ITAE)

a) schematic view of the foam structured membrane reformer; b) Pd-Ag tubular membrane;
) Ni-Ru foam structured catalyst inserted in the lumen of the Pd-Ag membrane

Energy Conversion and Management 326 (2025) 119504

WATER
Contents lists available at ScienceDirect
8 °
| | Energy Conversion and Management
CH, ‘ 1 journal homepage: www.elsevier.com/locate/enconman
- GAS
MEMBRANE 9 CROMATOGRAPH Research Paper ,.)
5 REACTOR CONDENSER . . . . . . . Check for
| Low 1n1pact €I111SS1011S Hz PIOdUCtIOIl via blogas steam I'EfOI'IlllIlg in a foam (e
co -* 0 structured membrane reactor: Energy efficiency and exergy analyses, and
2
H, production cost assessment
VSB TECHNICAL INTERMATIOMAL SEPTEMBER HBTIU_]IHO Ruales a, C. Italiano b, A. Vita b, A. Tulianelli =
| | UNIVERSITY ::‘E"RchNA::EDNT HOTEL"EEgF;g]o—ﬁf 2 National Research Council - Institute on Membrane Technology (CNR-ITM), via P. Bucci 17C. 87036 CS, Italy
| | OF OSTRAVA CONFERENCE DéTRAV CE‘ ® National Research Council - Institute for Advanced Energy Technologies (CNR-ITAE), Via Salita S. Lucia sopra Contesse, 5 - 98126 Messina, ME, Iraly



Thermal Efficiency (%)

Foam structured membrane reactor
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Electrification of the foam structured membrane reactor
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Chemical Engineering Journal 531 (2026) 174263

Contents lists available at ScienceDirect

Chemical Engineering Journal
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EI SEVIER

journal homepage: www.elsevier.com/locate/cej

Electrically assisted POCS-catalytic reactor with integrated dense Pd—Ag
membrane for low-carbon hydrogen production via dry reforming

of methane™

C. Ruocco ™', E. Meloni™, A. Vita”, C. Italiano ™', H. Brahim ", A. Iulianelli ', V. Palma®
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(a) Preliminary Joule-heating tests on cylindrical POCS samples at about
800°C, evidencing the absence of T gradients; (b) Schematic
representation of the assembling steps of the electrically heated POCS-
based MR and flow directions; (c) scheme of the final integrated MR; (d)
photograph of the electrified MR used for the experiments.
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Electrification of the foam structured membrane reactor
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Hydrogen chemical storage through the CO, valorisation to e-methane generation

I RETANTE I
I |
(e ] o Expected outcomes
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Hydrogen chemical storage: CO, valorisation for e-methane generation — Reactor downstream
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Advantages of biopolymer membrane
> Biodegradability

» Biocompatibility

» Low Environmental impact

VSB TECHNICAL INTERNATIOMAL SEPTEMBER
ENERGY AND 7-9,2026
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OF OSTRAVA CONFERENCE DSTRAVICE

MO

CH, 0 CH,

Howoﬁ)ﬁo/\n/w
Ol CH, h O 20.0kV %2000 5uf

Polylacticacid  (PLA)

International Journal of Greenhouse Gas Control 117 (2022) 103657

Contents lists available ar ScienceDirect

TRy
. journal homepage: www.elsevier.com/locate/ijggc
ELSEVIER

International Journal of Greenhouse Gas Control

Novel bio-polymer based membranes for CO,/CH, separation

A. Iulianelli * , F. Russo ', F. Galiano, M. Manisco, A. Figoli

Institute on Membrane Technology of the National Research Council of Italy (CNR-ITM), via P. Bucci 17/C, Rende, (CS) 87036, Italy
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Sustainable polymeric membrane gas separation — Bio-polymeric membranes preparation by

green solvent

Proportion of articles addressing different
classes of green solvents.
4000

The interest in the use
of biopolymers for

membrane preparation 3500 Solvents
. . . . from
is steadily increasing, as 3000 enewable

2500

demonstrated by the
trend in the number of
publications over the
last 10 years.
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PLA membranes performance in CO,/CH, separation
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Bio-polymers and blends used for membrane preparation and utilization in CO,/

CH, separation.

Bio-polymers & CO, Moo, Reference
blends permeability CH4
[Barrer]
CA (semi-crystalline) 1.8-6 32 (Nguyen et al., 2019)
CA/HFMs -~ 1.3 ~ 8 (Mubashir, Yeong, Lau,
and Chew, 2019)
ZIFS/Cellulose 550 -~ 36 (Jia et al., 2020)
nanofiber
PES/water insoluble 7.6 (GPU) 58 (Saedi et al., 2013)
Amino-Starch
CSgraphitic carbon - 25 (Jomekian, Bazooyar,
nitride (g-C3N4)/ Esmaeilzadeh, and
ZIF-8/PES Behbahani, 2020)
PLA/PHBV /ncry 0.3 - (Dasan, Bhat, and Ahmad,
cellulose 2017)
PLA/PBS multilayer -~ 0.9 - (Messin et al., 2020)
film
PHB 10-14 - (Follain et al., 2014)
PVA/Cellulose 107 (GPU) 43 (Jahan, Niazi, Hagg, and
nanocrystal Gregersen, 2018)
CNTs-PVAmM/PVA 129 (GPU) 45 (Deng and Hagg, 2014)
blend nanoco
PU 332 13 (Molla, Aframehr,
Bagheri, and Salimi, 2018)
PU/NIO 78-135 9-24 (Molki, Aframehr,
Bagheri, and Salimi, 2018)
IIs-PEG-PU 104 19 (Ghadimi, Gharibi,
Yeganeh, and Sadatnia,
2019)
PLA-2100 11 220- This work
NatureWorks 230




Hydrogen chemical storage: CO, valorisation for e-methane generation — Second stage process

Second stage: bio-polymeric membrane methanation reactor downstream treatment

CH;=0.62 CH,=0.756 CH,=0.90 CH;=0.97
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10 Bar 8 Bar 10 Bar 10 Bar
M M - M >
CH;=0.43
CO,=0.17 l
H,=0.40
CO,=10.38 CO;=0.40 H,=1.0 H,=1.0
H;=0.62 H.=0 a0
Energy Conversion and Management 365 (2026) 121798
Contents lists available at ScienceDirect
FEED Energy Conversion and Management
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-
ELSEVIER journal homepage: www .elsevier.com/locate/enconman
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CO,, valorization into SNG through a methanation reactor combined with a [
multi-stages bio-polymeric membrane separation system: An experimental
study, with exergy and cost analyses
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Hydrogen chemical storage: CO, valorisation for e-methane generation — exergy efficiency

CO2 methanation reactor

T(°C) P (bar) Reactor (W) Nex (%) Condenser (W) Nex (%)
2 2.04-108 86.0 4.03:10° 94.08

300 3 7.54-105 89.9 7.59:10° 89.29
4 4.22-10° 94.4 9.11-105 82.85

EE_d REACTOR

Membrane Gas Separation Modules

T P MS1 7, MS2 17, MS3 1n, MS4 g, MS-G 7 (¢
(°C) (bar) (W) (%) W) () W) () W) (%) (W)

@ E_d CONDENSER

OE_d MEMBRANE
69% SEPARATOR

2 211 78.08 2.859 70.34 3.164 67.28 3.482 63.68

4 196 79.71 2857 7036 3.163 67.19 3481 63.89

25 9.15 94.9
6 1.89 8043 2856 70.38 3.163 67.19 3480 63.90

8 1.86 80.66 2852 7041 3162 67.20 3479 63.91

10 1.81 81.25 - - 3.157 67.25 - -

A. lulianelli, H.B. Trujillo Ruales, J. Veres, F. Russo, F. Galiano, A. Figoli, CO, capture and valorization into synthetic
methane production through an integrated CO,-methanation reactor combined with a bio-polymeric membrane
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Hydrogen chemical storage: CO, valorisation for e-methane generation — CO, captured and

synthetic methane production cost
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Perspectives in the hydrogen chemical storage: : electrification of the CO, conversion
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Expected Outcomes (electrically-assisted)
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CO, conversion to a bioCH, grade stream (x¢, 2 97%; Xo, < 2%)
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CO, conversion > 90%
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Then (2015)

CNR-ITM in the first ranke Projects
“Industrial Innovation INDUSTRY2015”

“MICROGEN30 - Medium-small Microcogeneration System based on
Fuel Cells for Residential Applications” (ltalian Economic
Development Ministry, D.M. 5 March 2008)
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