MEMBRANAS POLIMERICAS PARA LA

SEPARACION/PURIFICACION DE HIDROGENO

Pre-enriched via hydrogen-selective
membrane separation

Inlet gas :
1. Coke Oven gas
2. Methanol purge gas
3. Ammonia Purge gas
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« Estado del arte de las membranas poliméricas
en la separacion de hidrégeno

 Oportunidad de recuperar Hz residual

* Viabilidad técnico-econdmica de la
recuperacion de hidrogeno residual como
combustible

* Viabilidad experimental de la

recuperacion de hidrégeno residual con membranas
poliméricas

Tendencias futuras




1970s Dupont primeras membranas para separacion de gases HF,
siendo la separacion de H2 una de las principales aplicaciones objetivo

1. Modificacion de la relacion H2/CO en el gas de sintesis
2. Eliminacion de H2 de <corrientes de hidrocarburos
3. Separacion de los gases de purga en la fabricacion de amoniaco

Primera generacion de membranas comerciales para la separacion de hidrégeno

Material Empresa H2/CO H2/CHa
Polisulfona Monsanto

Caucho de silicona
Poliimida Ube

Acetato de celolusa Separex




Organic H2-selective membranes

SELECTIVITY
COMMERCIAL

2/CO;
2,50 56-80 80,00 40-56

Air Products/ Polysulfone - silicone
Permea rubber composite
“Air Liquide/DuPont  Polyimide, polyamide >200 >200 100,00
m IGS /MG Tetrabromopolycarbonate 3,50 90,00 120,00 123,00
“ uoP Cellulose acetate 2,40 72-80 30-66 60-80
_ UBE Industries Polyimide 3,80 88-200 100-200 50-125
High permeability Low permeability
H,0 H, O, HS N, CO CH, C_H

N T N

2.5 3.0 4.5

Gas kinetic diameter (]

rroouliE £: 1" Uou Is.cacoy UOP 1 y3e

Sy N ATy UBE INDUSTRIES.LTD.




Organic H2-selective membranes

MMembrane H; permeability (barrer] H, /00, Temperature [ C) Pressure [atm) Reference
Polybenzimidazole 0.09 9 20 3.4 Pesiri et al. (2003 ]
13 20 270
11 3 320
Poly(2.2'-{1.3-phenylene}-5,5'- 0.6 38 35 3.5 Hosseini et al. (2008 )
bibenzimidazole
Poly( tetrafluorochloroethylene) 0.94 4.5 Tto [ 1961)
Polybenzimidazole ( PBI)/nano 1 45 35 Choi et al. (2008)
porous silicate mixed matrix
Poly(vinyl chloride) 1.7 11 Tikhomirowv et al. [ 1968)
Paoly{ vinyl chloride) 2 11 30 Makamura ( 1985)
Poly(methyl methacrylate ) 2.4 4 30 204 Orme et al. (2003)
Poly(vinylidene fluoride) 24 2 30 2.04 Orme et al. (2003)
Polyimide 3 26 a0 19 Smaihi et al. [ 1999)
Cellulose acetate 35 015 Waack et al. (1955])
Poily( isobutylens ) 7 14 30 Makamura [ 1985)
Poly{vinyl benzoate) 8.7 16 25 Hirose et al. [1985)
DMPEE-C 10 4 30 5 Wang et al. (2000
GFDA-Durene modified by 10 100 35 3.5 Chung et al. { 20:0&)

liguid-phase PDA
cross-linking

Poly(benzyl methacrylate) 11 14 30 204 Orme et al. (2003)

FEK-C 12 43 30 5 Wang et al. (2000

Poly sulfone 12 2 30 204 Orme et al. (2003)

Poly sulfone 14 25 30 5 Wang et al. (2000)

Paoly vinyl acetate 15 12 30 2 Orme et al_ (2003)

TMPEE-C 22 4.0 30 5 Wang et al. (2000
Poly(styrene) 22 215 35 Yasuda and Rosengren [ 1970)
Poly styrene 24 23 30 2 Orme et al. (2003)

Matrimid 27 4 35 15 Hosseint et al. (2008 )
GFDA-Durene modified by 3N 10217 35 3.5 Shao et al. {2009a,b)

vapor-phase ED&
cross-linking

Poly{ propylene) 41 45 35 {1999}
Poly{butadiene) 4z 03 30 Makamura { 1985)

IMPEK-C 43 22 30 5 Wang et al. (2000)
GFDA-Durene modified by 120 5 35 35 Chung et al. (2006)

liguid-phase EDA
cross-linking

GFDA-Durene GO0 1 35 15 Chung et al. (2006)
Thermally rearranged (TR 1680 32 25 1 Choi et al. (2010)
poly benzoxazole-co-
pyrrolone

Source: Colin A. Sholes et al. (2010)



dP=1 bar
Swelling, compaction,

Stability i
mechanical strength

“ o

Solution/

Transport mechanism . .
diffusion

Source: N. W. Ockwig and T. M. Nenoff (2007)

Review H2-selective membranes

- Organic - Polymeric membranes Inorganic- Non polymeric membranes

Polymer Ceramic Metallic
Dense Dense Microporous Dense
<90-100 °C. 600-900 °C 200-600 °C 300-600 °C
low >1000 5-139 >1000
R e low 6-80 60-300 60-300

Stability in CO2  Stabilityin H20 Phase transition

H2S, H20, CO2 H2S, HCl, SOx, CO2

Ceramics - . Groups llI-V
. Silica, alumina,

JERY; zirconia, titania il
SrCe03-§, zeoii - '’ Pd, Ta,V, Nband
BaCe03-6) alloys
Solution/

diffusion Molecular Solution/
(proton sieving diffusion

conduction)

Carbon
Microporous
500-900 °C
4-20
10-200

Brittle, oxidising

Strong adsorbing
vapours, organics

Carbon Proton
conducting

Surface diffusion;
molecular sieving




H2-selective membranes

Organic Mixed
& Matrix

Robeson upper
bounds
T 2008 inorganic
1991
preferentially permeating gas1
/ gas2
selectivity
L2

trade-off
curves

preferentially permeating gas1 permeability P{1) —=

Source: Colin A. Sholes et al. (2010) & Katharina Hunger et al. (2012)
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Caracteristicas de las membranas

polimeéricas:
\_ /

- Menor selectividad y flujo que las membranas
Inorganicas

- Mejor procesabilidad

Implementacion
a

frente a elevadas
pérdidas de carga

- Menor coste




Recuperacion de hidrogeno
residual

(ALTERNATIVA A LA GENERACION DE H2
POR REFORMADO DE METANO/WATER-
GAS SHIFT REACTION)

HniteIrey n This research was supported by the Project “PEMFC-SUDOE” -
i SOE1/P1/E0293 which is co-financed by the European Regional

. Development Fund in the framework of the Interreg Sudoe programme.
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0.3 -1 bn Nm?H,
per year in the
SUDOE Region

10 bn Nm3 H,
per year in EU

The hydrogen net balance of an
industrial complex strongly depends on
the generated products and the
processes involved.

Likewise, surplus hydrogen could be
recovered as feedstock for the
manufacture of high value products
such as ammonia or methanol, or even
fueling more efficient energy
systems such as PEM fuel cells.

95% of H,

Internal needs

WASTE HYDROGEN-
RICH STREAMS

Heat and power
generation on-site

Chemical process

5% of H,

External uses

Be sold to me_:rchant
companies

Be sold to other
captive users




Objetivo: viabilidad técnico-econOmica de
Incorporar H2 residual industrial en unaCSH

11,7 MM inhabitants & 4,1 M km2 over the
period 2020-2050

Industrial waste streams with hydrogen content
higher than 50%b, are considered the most promising
sources for hydrogen recovery using separation techniques.

o

Raw Burnt off RecheI red

: Indust Waste st H, fl t i .
material naustry aste streams 2 Hlowrate /emitted (%0) | /valorized (%20)

Steel mills 3 97

R50 Coke Oven Gas 209 Nm? of H, / ton of coke
Coke plants 60 - 80 20 - 40

Cl, production 300 Nm3 of H, / ton of CI2 10 90

Chlor-alkali :

R99 VoAl Hel production 6 Nm?@ of H, / ton of HCI 10 90

industry

NaClO, production 668 Nm? of H, / ton of NaClO, 10 90




over the period 2020-2050

The geographic distribution of the future hydrogen market comprises a number
of stakeholders who will be the three nodes of the hydrogen network.

Supplier
9 industries
Raw material
delivery

Merchant
11 gasco &6
on-site co.

Product
delivery

Customer
36 urban
>100.000

Fig. 7 Geographic breakdown studied € Supplier Company i € I; A Merchant company j € J ; ¥ Customer area k € K.



-ent purification technologies H,-fuel quality requirem en-

Purity
required

> 99.97% of H, for
road vehicle systems

Operating separation | technology product
costs pressure
Pressure Swing > 99.9% of H, for
Adsorption (PSA) stationary appliances
Plant's Feed Fig. 5 International Standard 1SO 14687 —
capacity Composition Parts 2 and 3 for PEM fuel cells

P

State-of-art technology to obtain hydrogen at fuel cell quality

Operating conditions H2 concentration (%v/v)
Methods Means Media H2 recovery (%)
T (2C) P (bar) Feed Product
Cryogenic Cooling agents -183 20-50 30-90 90 - 98 95
PSA Adsorbents RT 20-150 60 - 90 >99.9 70-90
PSA Adsorbents RT 10-40 50 -80 >99.999 70-85
Polymer Polyamide 0-100 20 - 200 60 - 95 85 - 99 85 - 95 [ Ii
Membrane Polysulfone >




Hydrogen supply chain (HSC)

Technology selection and operation; @ hydrogen demand forecast;
geographical information @ capital investment models,

Raw material (r) Transport mode

R99
99,9% H; (G)

R50
36-62% H, (G)

Intermediate Product delivery
Technology (w) form (p)

Transport Mo

w1

GH Tube
Trailer

SMR with CCS +
PSA + L1Q

economy models

de End-use (e)

“Transportation”
PEMFC for mobility

LH Tanker

P99

599.9 % H, (1) truck

W3
MEM+ PSA + LIQ

Structure of the waste gaseous streams-based HSC

"Residential”
PEMFC for stationary




Methodology based on: A. Almansoori and N. Shah, “Design and operation of a future hydrogen supply chain: Multi-period model,” Int. J. Hydrogen Energy, vol. 34, no.
19, 2009.




surplus hydrogen flowrates

- %

\ D )
H2 produced from R50 I&
........................... \\ - - \?) O

§ Period TotalFlow TotalDemand Percent
§ 2020 8057 8936 ap 2
% 50 ............................................................................................ EGSD 211?3 12D823 1?-5
Q

é’ 2040 21500 271489 79
o i

E ol | 2050 21500 458774 47

2020 2030 2040 2050 /
Time Period - year //
\

H2 produced from R99 \

;o \ R99

g | Period TotalFlow TotalDemand Percent
=

% 2020 879 8936 98
(]

T

G 2030 920 120823 08a
@

§’ 2040 a0 271489 04
Q

Q

E : : 2050 1025 458774 0.2

2020 2030 2040 2050 ,'

\ Time Period - year ,/

Fig. 12 Hydrogen produced from raw materials R50 and R99 by year (tons H,/year)

17




Merchant (j=12) located in Asturias
may fulfil hydrogen demand by
more than 90% in Gijon (k=56),
La Coruia (k=58), Orense (k=66),
Oviedo (k=67) and Vigo (k=80).

bqq D a o .|.;,r,3u;:;'1::"'t' " Merchant (j=14) located in Huesca
T e L S i e =« may fulfil hydrogen demand by
P -|-&slw ilfpt??': more than 3% in Logrofio (k=62)

k60 U and Zaragoza (k=82). Merchant
53+ (j=16) located in Santander may
fulfil hydrogen demand by more

than 4% in Baracaldo (k=50) and

‘ld ;'-quL"rlf.d e Sorls bena Alachn . :__,m_‘,“__l
R9'9 aimasn B80S ... Santander (k=75).

M |.| del.Cuellar FI
L Calatayi
AT al &y

Total hydrogen consumed by % Customer area k € K, produced from R50 and R99 at A Merchant company j € J

M. Yafiez, A. Ortiz, B. Brunau, I. Grosmann, M.l. Ortiz, Contribution of upcycling surplus hydrogen to
lg’esign a sustainable supply chain: the case study of northern Spain, Applied Energy, 2018




Recuperacion de hidrogeno
residual

Viabilidad experimental con
membranas comerciales

HILCIrcy n This research was supported by the Project “PEMFC-SUDOE” -
i SOE1/P1/E0293 which is co-financed by the European Regional

. Development Fund in the framework of the Interreg Sudoe programme.
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Waste gas streams studied

Inlet Molar fraction (%v/v)

Coke Oven Gas (COG) Methanol purge gas Ammonia purge gas
H2 60.2 63.1 58.6
N2 4.7 11.3 25.7
co2 2.1 11.1 -
co 6.8 3.4 -
CH4 26.2 11.2 15.7
T (2C) 25 40 15
P (bar) 1 68 150-200

Ratio available

5-108 kg COG ,ocoveranie/ t COke

43 kg MPG . oot/ t CH3OH

84 kg APGrecoverable/ t NH3

Sources: Y. Algaheem et al. (2017) & Solten et al. (2016), Arezoo Sadat Emrani (2011)




1.3. Commercial membranes studied

ID Name Acronym | Tg(K) | p(g/cm3)| & (um) Chemical structure

— O )
Polyetherimide 25 Q HaC, O O\(;I\::N@
PEI 490 1.27 50 [
(ULTEM) 1000B) 75 I O oHy ° 3
8]
)
Polyethesulfone
) o—< :)—
(Ultrason E) PES 489 1.37 25 ‘é

N N
3 Polybenzimidazole PBI 427 1.30 55 | <\ O O V4 n

(m-PBI) N N

Ptkiiies P e | 142 | 2 ~ )







Average permeability values for each membrane

$ » Membrane Type

Inlet gas

PEl Ultem 25 pm

Pure gases (302C)

PERMEABILITY, barrer

0.05

0.04

co

COG

0.01+0

0.04 + 0.02

0.06 + 0.02

MPG

0.01+0

0.03 £ 0.01

0.06 £ 0.01

APG

0.01%0

0.03£0.01

PES Ultrason 25 pm

0.13

0.11 |

COG

0.02+0

0.11 £ 0.02

0.14 £ 0.02

MPG

0.02 £ 0.01

0.09 + 0.02

0.14 £ 0.03

APG

0.03 £0.01

0.12 £ 0.02

Remarks:

* Independent of the synthetic waste gas stream under study, gas
permeabilities using PES Ultrason membrane are higher than in
the case of using PEIl Ultem, but selectivity follows the opposite
trend

V. Abetz et al. (2006) & Y. Li et al (2008)



Analysis of the Temperature influence

¥ Temperatre effect in_ permeabilities
T=35°C {

~

0.007

CO CHA N2 |he v s
High permeability
H2 CO2 CO CH4 N2

PES
HO |H, o, 0, HS N, CO CH, CH,

yia e ol

PEI

o |“ ‘“
II III

~ Low permeability

= 0.7

)

H

-

©

0

e

>

X

:rau 0.07

o Remarks:
E « As temperature increased, all gas permeabilities increased: 1t
o TSP

» The permeability coefficients followed the order: P,;,> Pcq. >
. . 2
Pco = Pcp, =Pz » which is also the order of increasing
kinetic diameters of the gas molecules for glassy polymers.

T T T T
2.5 3.0 3.5 4.0

Gas kinetic diameter [ﬁ]




@ Gas product purity

Hydrogen purity by commercial polymer

H PEI Ultem 25 M PES Ultrason 25 um

99.. 8% 99, 3%

100% 2.5

 95% 2
o
> aH2/c02, 1.6
E\i 90% ! 15 P
2 ¢ 9
£ &
2 g5% 1 3
e
% | aH2/c02;0.6
80% 0.5
75% 0
0%
X co2, re A vol.) .
Remarks:
» Hydrogen recovery degree may e up to 99 voI H, fro 97.9 = 0.2 from COG and 90.1
+ 1 from MPG using PEI UIt brane How se product rops using PES Ultrason membrane

up to 99.3 = 0.1 vol. H, from APG 947+ 0.4 from COG and 77.9 = 1.6 from MPG.

* Purities obtained follow the order: X, pgry from APG > %, pegy from COG > X%, pggy from MPG.

* As might be expected because of permeability and selectivity values obtained, hydrogen purities obtained
using PES Ultrason membrane are lower than in the case of using PEI Ultem membrane. m




Gas product puri

I X h2, permeate

Hydrogen purity by waste stream

Cco

g

CO2 mCH4 mN2

mH2

—

ﬂﬂﬂﬂr

S ESSRBEEERE
m D OO 00 00 0 00
(n/n%) uonisodwod sed

1eq95°5=d DaStr=L
Jeqys G=d Ds5Z=1
1eqz0L=d DsSE=L
Jeq9y°G=d DsSE=L
1eq90'v=d DsSE=L

PES

1eq/9°5=d DaSt=1
1eq99°'S=d Js5¢=1
1eq98-9=d DsSE=L
Jeqg/ S=d Ds5€=1
1eq9T'=d DsSE=1

PEI

MPG

Jeqgy s=d DaSt=1
1eqQ0S'S=d Js57=1
1eqpyE9=d DsSE=L
Jeqet"S=d DsSE=L
Jeqg6 €=d DsSE=L

PES

JeqEL S=d DaSP=1
1eq65°5=d DsST=L
Jeqg/ 9=d DsSE=L
1eq65°5=d DsSE=L
Jeqe1v=d DaSE=L

PEI

coG

1eq65°5=d DasStr=1
1BqE9°SG=d DsSZ=L
1eq06'9=d Js5€=1
1eq/§'S=d Ds5€=1
1eq66°€=d DaSE=L

PES

Jeqr/'S=d DsSh=1
Jeq18°S5=d DsSZ=1
Jeqg0 /=d DsSE=L
1eqS9°G=d DsSE=L
1eq10P=d DsSE=L

PEI

APG

78%
76%
74%

19N0

X CO2, Feed

Remarks:
* Hydrogen purity is strongly affected by the CO, feed concentration however the results

showed that hydrogen purity remains almost constant to temperature and pressure changes.




100000

10000

1000

100

a (H,/N,)

10

0.1

Robenson Plot - PEI Ultem (H2/N2)

- A PEl (Pure gases) - Ref. 1 [H2; 302C]
A PEI (Pure gases) - Ref. 2 [He; 359; 3,5 bar]
A PE| (Pure gases) - Ref. 3 [He; 359; 3,5 bar]
| M PEI 25 (COG)
PEI 25 (MPG)
B PEI 25 (APG)
3\ Present Upper Bound
s Y
Prior Upper Bound
T T 1
1 10 100 1000

Permeability H, (barrer)

[1] V. Abetz et al., “Developments in membrane research: From material via process design to industrial application,” Advanced Engineering
Materials, vol. 8, no. 5. pp. 328-358, 2006.

[2] ). Xia, S. Liu, P. K. Pallathadka, M. L. Chng, and T. S. Chung, “Structural determination of extem XH 1015 and its gas permeability comparison
with polysulfone and ultem via molecular simulation,” Ind. Eng. Chem. Res., vol. 49, no. 23, pp. 12014-12021, 2010.

[3] L. Hao, P. Li, and T. S. Chung, “PIM-1 as an organic filler to enhance the gas separation performance of Ultem polyetherimide,” J. Memb.
Sci., vol. 453, pp. 614-623, 2014.
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Robenson Plot - PEI Ultem (H2/CH4)

A PEI (Pure gases) - Ref. 1 [H2; 30°C]
A PEI (Pure gases) - Ref. 2 [He; 359; 3,5 bar]
A PEI (Pure gases) - Ref. 3 [He; 359; 3,5 bar]
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[1] V. Abetz et al., “Developments in membrane research: From material via process design to industrial application,” Advanced Engineering
Materials, vol. 8, no. 5. pp. 328-358, 2006.

[2] ). Xia, S. Liu, P. K. Pallathadka, M. L. Chng, and T. S. Chung, “Structural determination of extem XH 1015 and its gas permeability comparison
with polysulfone and ultem via molecular simulation,” Ind. Eng. Chem. Res., vol. 49, no. 23, pp. 12014-12021, 2010.

[3] L. Hao, P. Li, and T. S. Chung, “PIM-1 as an organic filler to enhance the gas separation performance of Ultem polyetherimide,” J. Memb.
Sci., vol. 453, pp. 614-623, 2014.




-1 Robeson Plots: PEI Ultem

Robenson Plot - PEI Ultem (H2/C02)

1000 - A PEI (Pure gases) - Ref. 1 [H2; 309C]

A PEI (Pure gases) - Ref. 2 [He; 359; 3,5 bar]
A PEI (Pure gases) - Ref. 3 [He; 359; 3,5 bar]
100 1 M PEI 25 (COG)
PEI 25 (MPG)
- 10 + Present Upper Bound
o]
L
£ B
o] 17 Prior Upper Bound
0.1 -
0.01 1 \ 1

1 10 100 1000
Permeability H, (barrer)

[1] V. Abetz et al., “Developments in membrane research: From material via process design to industrial application,” Advanced Engineering
Materials, vol. 8, no. 5. pp. 328-358, 2006.

[2] ). Xia, S. Liu, P. K. Pallathadka, M. L. Chng, and T. S. Chung, “Structural determination of extem XH 1015 and its gas permeability comparison
with polysulfone and ultem via molecular simulation,” Ind. Eng. Chem. Res., vol. 49, no. 23, pp. 12014-12021, 2010.

[3] L. Hao, P. Li, and T. S. Chung, “PIM-1 as an organic filler to enhance the gas separation performance of Ultem polyetherimide,” J. Memb.
Sci., vol. 453, pp. 614-623, 2014.




Mejoras en investigacion

Fabricacion de membranas polimeéricas
Incorporando Pd: PBI-NPsPd

Resultados: Mejora la inestabilidad mecanica
asoclada al Pd y la baja permeabilidad del PBI
(polimero resistente a la plastificacion).

Incremento en la permeanza del hidrogeno en
3 ordenes de magnitud respecto del PBI y la
selectividad H2/CO2 2 6rdenes de magnitud.

Villalobos et al, Adv. Energ. Mater. 2018
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iGracias por la atencion!

Inmaculada Ortiz Uribe

Professor of Chemical Engineering
Chemical and Biomolecular Engineering Department
University of Cantabria
Phone 34 942 201585
http://grupos.unican.es/pasep

http://facebook.com/IngenieriaQuimicayBiomolecular |
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