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Abstract

The European Union is fostering cleaner energydkerthe EU a global leader in renewable energyeasdre
that the target of at least 27% of renewableseéfithal energy consumption in the EU by 2030 is.rrethis sense, the
renewable gases such as biogas and hydrogen gaarpienportant role to make the natural gas neta/gieener. In
order to convert biogas into commercial grade §ad, the most important operation is the separatid®O, and CH
from biogas which is carried out by technologiesdthon unit operations like absorption or permeafidhe most used
technologies are water scrubbing, pressure swisgration (PSA), chemical and physical scrubbingweheer, these
current technologies are very energy intensiveraathbrane technology may offer an attractive alterean terms of
capital and operating costilydrogen is considered as the most important eneegyor in this century, Hdoes not
exist naturally and it has to be produced and dedig. Building new infrastructures to transportrioggn is expensive
and not technically feasible in most cases. Nomeslse using the existing natural gas grid to trartspnd store it, could
make hydrogen a valid alternative; in order to vecahe H from the grid, a combination of technologies (utthg
membranes) are necessary to achieve efficientaiaiof H present at low concentration.

To achieve optimum performance for gas separattom,membranes should both have high permeance and
selectivity. Carbon Molecular Sieve Membranes (CN)S¥ve been identified as very promising candidédesgyas
separation. They offer tunable pore structure lierdeparation targeted and high thermal and chéstataility. CMSM
are produced by the carbonisation of a polymemcprsor under an inert atmosphere or vacuum. CM&M B unique
microporous structure which allows them to discniaté gas molecules by size and shape.

In this paper, the applications of CMSM in the patg BioHysis (Hybrid and flexible system for bisga
upgrading for injection in natural gas grid) andGtid (Flexible hybrid separation system fosHdcovery from natural
gas grid) are presented. The CMSM prepared shoterbgeérmeation properties than the state of therdlt current
commercial polymeric membranes.

1. The BioHysis project for biogas upgrading

Nowadays, in the European Union, biogas is useth®co-generation of electricity and heat. Thertg@thane
injection into the natural gas networks is the &pilon that presents greater efficiency in theurfeit The European
Union is laying the groundwork for this new effinteapplication by means of the enactment of a newmojiean
regulation. Biogas is produced by the breakdowargénic material contained in waste, for examptamfagricultural,
municipal, manure and sewage by anaerobic digestivrpresent, there is no the European Standard 16RR3-
1:2016) adopted so far by the member States totibjegas in natural gas grids, for this reasonhemuntry in the EU
has its own requirements (Table 1). Spain has btieamost restrictive Norms.
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Table 1. Limits to inject biogas in natural gasigr{Marcogaz, 2006)

Parameter Austria France Germany Holland Sweden tz&uand Spain
unlimited | Limited
injection | injection
Wobbe index  13.3-15.7 13.64- 10.5- 5.7 43.6- 455-  13.3-15.7 - 13.403-
(kWh/n) 15.7Y 44.41 48.5 16.058
12.01-1%)
Gross calorific  10.7-12.8 10.7-12@ 31.5 10.7-13.1 0.555-0.700
value (kWh/nj) 9.5-10.%) MJ/me
Relative 0.55-0.65 0.555- 0.55-0.70
density 0.700
CHa (mol%) > 96 > 85 > 97 > 96 >50 >95
CO; (mol%) <3 <25 <6 <3 <4 <6 <25
CO (mol%) <2 2
Oz (Mol%) <05 <0.01 <0.5 <0.5 <1.0 <0.5 <05 0.01*
H2 (mol%) <4 <6 <5 <0.5 <5 <5 5
Halogenated 0 <101 -/< 25
comp. F/CI
(mg/?)
NHs Pure <3 <20 3
Technically
Hg (ug/nd) 1 1
Siloxanes <10 10
(mg/m?)
BTX (mg/n?) 500
S total (mg/r) <10 <30 <30 <45 <23 <30 <30 50
H,S (mg/nd) <5 <5 <5 <5 <10ppm <5 <5
(HzS+COS) 15
(mg/m?)
RSH (as S) <6 <6 <15 17
(mg/n?)
H.0 Dew Point Dew Point Soll <32 <32 <60mg/n? <60 +2 °C 70 bar
-8°C/40bar -8°C/MOP Temperature mg/m®  mg/n? mg/n?
HC (dew point)  0°C/OP <-2C/1- Soll +5°C 70 bar
70bar  Temperature
Dust Pure no no Pure
Technically Technically
Microorganisms Pure
Technically
@ (H gas)
@ (B gas)

(*) It will be accepted when the injection of biagia the gas grid containing.@p to 0.3% mol. when [CP< 2% mol.
and HO dew poink-8°C and the volumetric flow rate is less than 5608/h.

The composition of biogas will depend on the sodroen which the biogas is formed as shown in Table
(Coombs 1990, Swedish Gas Centre 2012). The majmponents of biogas are methane (45-80% vol.) anblon
dioxide (20-60% vol.) and a few other compoundser€fore, its quality is not good enough to be uaeduel. The
concentration of methane should be increased (biagp@rading) and purified to be blended with ndtgas and
distributed in the gas network. The presence oérttompounds instead of methane in biogas rediee®nergy
produced (energy value between 20-25 Md/arsus 33-38 MJ/frof natural gas).

Being CQ the second component with the highest concentratidbiogas, it should be removed in order to
increase the energy values. The separation off@ biogas is carried out by technologies basedrt operations.
These technologies can also remove, to some degmea; components. In the industry, the method<CiGs separation
are based on: a) Absorption: Physical (Purisolex@#) Rectisol), chemical (MEA, DEA, MDEA) and watgcrubbing;

b) Adsorption: PSA and TSA; ¢) membranes and derottryogenic and biological methods. A comparisdn o
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technologies is shown in Table 3 (SGC, 2013). Thestnused technologies are water scrubbing, PSAmichaé
scrubbing and membrane separation. Chemical sarsiblnd membranes have increased their market simae=2008.

Table 2. Composition of biogas depending on thecsju

Gas Landfill Agricultural Sewage Industrial  Sanitary fill
(range in %) waste sludge waste
CHs 45-60 50-80 50-80 50-70 45-65
Co 40-60 30-50 20-50 30-50 34-55
H20 - Saturation  Saturation  Saturation Saturation
H> 0-0.2 0-2 0-5 0-2 0-1
H.S 0-1 100-700ppm 0-1 0-8 0.5-100ppm
NHs3 0.01-1 Traces Traces Traces Traces
(6{0) 0-0.2 0-1 0-1 0-1 Traces
N2 2-5 0-1 0-3 0-1 0-20
O 0.01-1 0-1 0-1 0-1 0-5
VOCS 0.01-0.6 Traces Traces Traces 5 ppm

*(Coombs 1990, Swedish Gas Centre 2012)

Table 3. Consumables for the biogas upgrading

Technologies Water consumption Power consumption Chemical consumption
m3/Nm?
Water scrubbing 0.00004-0.0004 compressor, cooler, and feed pump  Anti-foaming agents,

0.5-5 ni¥/day 0.3 kWh/Nn? (capacity 400 Nfth)  0.00003 kg/Nriraw biogas
0.23 KWh/Nnd (capacity 2000 N#fh)
Chemical scrubbing 0.00003%Nm®  0.14 kWh/Nnd (lower part of plant) Anti-foaming agents, 0.00003
raw biogas 0.12 kwWh/Nni (higher part of plant) kg/Nn? raw biogas,
Stripper column needs 0.55 kWh/RIm Make-up of amine,

raw biogas Activated carbon for removal of
H.S
Physical scrubbing 0 Main energy consumers are Activated carbon for removal of
compressor, cooler, and feed pump, H,S. Water removed by
this one consumes less energy increasing P and cooling
PSA 0 0.2-0.3 KWh/Nih Activated carbon for removal of
H.S; Adsorbents
Membranes 0 0.2-0.3 KWh/Nm Activated carbon for removal of
H,S

1.1. Membrane Separation to Upgrade Biogas to Biomethane and its Comparison with other M ethods

Membranes used for biogas upgrading retain moghefmethane while most G(Qpermeate through the
membrane. Raw biogas is usually cleaned (removirggranonia, siloxanes or volatile organic compoundster and
hydrogen sulfide) before biogas upgrading. Polymenembranes are the most developed because ofldherost,
high production, and versatility to be integrataddensely packaged modules. Under harsh envirosneérindustrial
streams, polymers membranes suffer from chemicdltharmal stability. In addition, when exposed t@.CGind/or
organic vapours, they suffer plasticisation; thecailed gas in the membranes causes the polymek ieagwell, thus
reducing the C@selectivity. Two parameters are used to charaadhie performance of membranes: permeability and
selectivity. In polymeric membranes there is a araff between these parameters; membranes with gegmeability
have low selectivity and vice-versa. Robeson reubthe separation upper limit of polymer membraioesseveral
binary mixtures of interest (Robeson 2008). Thesotdje in the development of new membranes is tpass that limit.

Micro-porous inorganic membranes (pores size < P am@ made of silica, zeolites and carbon, andibke to
surpass the Robeson limit. Carbon molecular siewembranes (CMSM) are considered the next generatfon
membranes (Llosa 2016), they have unique featuréggb selectivity and permeability. CMSM are predd by the
carbonisation of a polymeric precursor under amtiaémosphere or vacuum. CMSM have a unique micm@mpm
structure which allows them to discriminate gaseunoles by size and shape (see Figure 1).

3
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Figure 1. Transport mechanism in Carbon Molecuiavé&Membranes

In order to prepare a high performance CMSM, itniportant to select an appropriate polymeric
precursor and to optimise the conditions of carkaton. New composite CMSM with improved permeation
and selectivity have been developed (c-CMSM), es¢hmembranes, inorganic nanoparticles are addie to
carbon structure of the membrane. Pacheco Tanak&lasa Tanco reported for the first time the pragan
of composite alumina-CMSM (Al-CMSM) using phenotisins: Resol (Texeira et al., 2011, 2012), Novolac
(Llosa, Pacheco et al., 2014, 2015) and compoditeniha-Ag-CMSM (Texeira et al., 2014) supported on
porous alumina tubes prepared in one dip-dry-cashation cycle. Recently, these authors (Llosa, Peah
2014) reported the influence of carbonisation tenamjpee on pore size distribution and permeatiorperties
of composite AI-CMSMs prepared from in house sysited Novolac phenolic resin loaded with Boehmite
nanoparticles carbonised at temperatures from B2B.1o 1273.15 K. Micropore size distribution stesli
showed that the proportion of pores smaller thab Gim (responsible of the sieving effect), increasehe
temperature of carbonisation increases. Howeverpthportion of intermediate-sized micropores (0.B-m)
increase with carbonisation from 723.15 K to aro@88.15 K and decrease with higher temperatures.

In the BioHysis project, supported CMSM using ptiggimide (PEI) were prepared and tested for
CO, and CH permeation. The thickness of the membrane wasaltatt with the concentration of the polymer
in the dipping solution as it is illustrated in Big 2a. A SEM image of the membrane prepared utingf
polymer is shown in Figure 2b; it can be obsenet & continuous defect-free CMSM of approximately
um was formed.
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Figure 2. a) Effect of the concentration of PEltl thickness of the membrane; b) SEM image of &0N\prepared
from a dipping solution containing 4% of PEI.

CO,, CHy and N permeation experiments at 35°C and 100°C at varfmessure differences of a CMSM
prepared from a solution containing 4% of PEI aabonised at 550°C are presented in Figure 3 atetllin Table 4.
The gas permeation increases with the pressur€@aghermeation is higher than Gldnd N. The permeation of the
gases increase with the temperature and the ircisdsgher with C@ In Figure 4 the permeance in function of the
kinetic diameter is plotted; it can be observed th& gas permeation increase as the kinetic deanddt the gas

4
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decrease. This is a clear indication of a molecsi@ving mechanism in which gases will pass thropgtes that are
bigger than the gas and will not do it in smallergs. The C@permeance is higher than expected consideringtbaly
sieving mechanism; the difference can be explamethe adsorption diffusion mechanism of £0n this mechanism,
CO, will adsorb on the walls of the pores, and diffusierough it thanks to the gradient of concentratiwreasing the
permeation [Llosa, Pacheco 2014]. The permealality selectivity of the PElI membrane carbonised5&°G were

inserted in a C&)CH4 Robeson plot in Figure 5; it can be observed ttatpermeation of C{carried out at 100°C is
above the upper limit for polymeric membranes.
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Figure 3. Gas flux of C® CHs and N at 35 and 100°C at various pressures of a sugporénbrane prepared from a
dipping solution containing 4% of PEI and carbodisg550°C.

Table 4 - CH, N; and CQ permeance and ideal selectivity at 35 and 100°€®»CMSM containing 4% of PEI
carbonised at 550°C

Temperature Gas permeance Ideal
°C X10° mol.m?s'Pat selectivity
CH, N2 CQo CO/CH4
(0.38 nm)* (0.365 nm)*  (0.33 nm)*
35 5.2 5.6 39.2 7.5
100 7.6 10.9 123.0 16.3

*Kinetic diameter
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Figure 5. Robeson upper bond plot for filH. of the c-CMSM at 35°C and 100°€ntaining 4% PEI carbonised at
550°C

2. The HyGrid project: Flexible hybrid Separation System for H2 Recovery from Natural Gas
Grids.

Hydrogen is considered the most important energyoven this century and the most promising subibf
fossil fuels because of its availability and alke tombustion produces only water. ¢an storage high amounts of
energy at a utility scale and it can be used asirfuieiel cells for electric vehicles, in statiogduel cells for buildings,
backup power or distributed generation.

Hydrogen does not exist naturally and it has tgptmluced and delivered. One of the main problemshie
implementation of the Hbased economy is the transportation from prodnatentres to the end users. Building new
infrastructures to transport hydrogen is expenaivé not technically feasible in most cases, howasarg the existing
natural gas grid to transport and store it, coudtkenhydrogen a valid alternative. Until 2016 th&es not regulation to
inject hydrogen in the natural gas grid although garameter was considered in the norm that reggithe injection of
biogas. The European Committee for Standardisgi@iN) has promoted a European Standard (EN 16726)20
concerning the specification of gas quality of gaségroup H to enhance the free flow of gas withia internal EU
market. The point in usingHn the gas grid is that there is a maximum amadird, that can be transported with the
natural gas; it is in the range 2 to 10% dependinghe end user’s requirements. The low amountsvedl make
necessary to develop technologies that are abdeparate Hfrom main stream in a technically and affordablkeyw

6
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However, cost effective separation technologiesdioect separation of Hfrom the natural gas network should be
developed for separating and purifying thetéimatch the end user requirements.

The HyGrid project proposes an integral solution developing of an advanced high performance, cost
effective separation technology for direct separatbf hydrogen from natural gas networks (FigureTé)e HyGrid
consortium consists of 7 European organisations #locountries (The Netherlands, Spain, Italy anitZénand). By
using a novel membrane based hybrid technology songbthree technologies integrated in a way thdtamces the
strengths of each of them. Membrane separatiomtdaty is employed for removingzHising water vapour as carrier
gas (to increase the difference of presence in bukbs of the membrane, from the “low Ebntent” (e.g. 2-10 %)
followed by temperature swing adsorption (TSA) teabgy to separate water and electrochemical hygir@gparation
(EHP), optimal for the “very low KHcontent” (e.g. <2 %). In the end, pure hydrogelhlvé obtained.

Hygrid

prototype

novel hybrid system
integrating 3 tech
T

Membrane
separation

for low M, content’ (2-10%) to remave humidity

for ‘vary low H, content' (<2%)

Figure 6. The HyGrid concept.

2.1. Membranesfor hydrogen separation

Membrane separation process is a promising techpdtr hydrogen separation because it has a lowggne
requirement, low maintenance cost compared to cuioreal technologies and can be easily scaled-aepei@l types of
membranes have been developed for the purificatitnydrogen; their properties are listed in Tahle 5

Table 5. Properties of various hydrogen selectieenbranes

Properties  Polymeric Inorganic Mixed-matrix Pd c-CMSM
membranes membranes* membranes*™ membranes
. . High
Cost Ecopom|cal tcngh . Moderate fabrication = Moderate
fabricate fabrication cost cost
Chemical . . .
stability Moderate High Moderate High High
Mechanical Low Excellent Low Excellent Excellent
Strength
Compatibility Limited Wide range Limited Excellent Excellent
to solvent
Swelling Frequently No Often occurs bu No No
occurs reduced
Separation Moderate Moderate Above Robeson Excellent AboveeRob
performance

* Like silica sol-gel and zeolitaged membranes
** Polymer/inorganic-compositesdikeolite or MOF filled polymer.
2.1.1. Palladium based membranes
Among the membranes for hydrogen separation, CM3&l Rd membranes have the higher permeation

properties; since the permeation depends on tekribss of the membrane, thin or ultra-thin memtsgresum) are
required. As thin membranes are mechanically weafiported membranes are needed. In HyGrid, ulinaRt-Ag and

7
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Al-CMSM supported membranes will be developed. fRillnydrogen poses a significant challenge for memdbr
technology. For example, if 10% of hydrogen is iieth a membrane separator and 70% recovery is lmingidered,
the outlet composition of the gas would be apprexaly 3%. This means that to support the flux ef dltlet elements
of the membrane, the pressure ratio would needtatbeast 33:1. So, if ambient-pressure hydrogerdovered, the
pressure of the natural gas would need to be st 88aatm (500 psia).

Pd based membranes have very high hydrogen pemmeatid exclusive permeation (only hydrogen passes
through the membrane) due to their unique mechawnismermeation. Among the methods to prepare tiPAB
membranes, the electroless plating technique pesvadivantages, particularly with respect to theaimmal flexibility,
simple equipment required, cost performance andicafyility to nonconductive materials of any shafacheco
Tanaka and Llosa Tanco, developed a simultaneowm&d\g deposition method by applying a new seegdiegedure
(Pacheco Tanaka et al., 2005), this method allothvedcontrol of the metal composition in the memberand lower
temperature for alloying. The addition of Ag incsea the resistance to embrittlement from hydridm#bion of Pd at
low temperature and also the hydrogen permeatiduciag thus the cost. Table 6 lists thegdrmeation of relevant Pd
based supported membranes found in the literature.

Table 6. Hydrogen permeation properties of thirpsufed Pd based membranes.

Membrane Support ThicknessTechni- Temp Permeance x10 Selectivity Producer R
pum que °C mol m%s'Pat Ha/N2 ef.
atl atm
Pdys-Agr a-Al 203 0.8 ELP 400 106 640 Tecnalia a
Pdb-Ags Y- 0.9 ELP 400 65 1100 Tecnalia b
Al,03/YSZ
Pdss-Agis a-Al 203 4 ELP 400 42 20000 Tecnalia c
Pd-Ag a-Al203 2t0 10 ELP 350 6-31 500 to Mediaand d
>1000 process
Pd Metallic 3t05 ELP 450 20 450Me CRI/Criterion e
Pd-Ag a-Al 03 3t09 ELP 350 15 > 7600 Hysep  f
Pd Metallic 12 PVD- 417 11 1100 Plansee/ ¢
ELP KIT/Linde
Pdss-Agis Metallic 4-5 ELP 400 10 >200000 Tecnalia h

*Commercial Pd based membranes

(a) Melendez, et al., 2017

(b) Pacheco Tanaka, et al., 2015

(c) Fernandez, et al., 2014

(d) http://www.mediaandprocess.com/products/prasifehitml.

(e) Ma, etal., 2014

(N http://www.hysep.com/fileadmin/hysep/user/domnts/B-09-010_hysep A4 _wb.pdf
(g) Dittmar, et al., 2013

(h) Fernandez, et al., 2015

The objective of HyGrid is to develop of < 40 cnmdpsupported Ultra-thin Pd/Ag membranes withiGiH,
selectivity > 10000 and hydrogen permeance > 10xt6l.n?s* Pal at 400°C and difference in the partial pressure of
H2 (Pu2) of 0.8 atm.

2.1.2. Carbon Molecular Sieve M embranes (CM SM)

CMSM have been considered as the next generatidrydybgen permeation membrane technology to work
between 100 and 250°C were polymeric membranesarstable and Pd membranes have low permeatiostahiity
and higher cost. The ;Hpermeance of the composite AI-CMSM from Novoladypwer loaded with Boehmite
nanoparticles (Figure 4) is higher than the otteseg. From Nto H,, the permeance increased as the size of the gas
decreased, this is an indication of the moleculaves mechanism separation. However, the oppositebserved
between H and He, the smaller He has lower permeation thanbigger H. This fact is consistent with the gas
transport through CMSM that combines diffusionit# permeant gases on the larger pores (Llosa, Eaethal. 2015).

In Figure 7 (Pacheco et al., 2006), a Robeson gfid,/N, including the permeation properties of the AI-CMSM
carbonised at 550°C is shown. The novel membrasd#ill, ideal selectivity of 725 and permeance of 1.45%a@r*
m-? st Pal at room temperature (Llosa, et al., 2015), thedees are comparable with the best performing Raihiiiar
conditions. The AI-CMSM can therefore be used mdtef Pd for H separation at low temperature.
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Figure 7. Robeson upper bond plot fof of the c-CMSM and Pd pore filled membranes, (¢OMSM carbonised
at 550°C, permeation T:30°C; (c2) c-CMSM carbonisgd600°C, permeation T:30°C; (c3) c-CMSM
carbonized at 500°C, permeation T:30°C (Llosa, Peshet al. 2015); (Pd1) Pd pore filling membraats
100°C; (Pd2) Pd pore filling membranes at 50°C [RReao, Llosa, et al., 2006).

At HyGrid project, three types of membranes withesior performance compared to state of the astrpetic
membranes will be developed: a) AI-FCMSM based aaphpolymers having moderate selectivity and lost,dm) Thin
Pd/Ag membranes of 34m on ceramic and metallic supports; these membraileprovide very high H selectivity
and c) Ultra-thin Pd/Ag membranes 1 um) for high selectivity and very high hydrogen peation.

3. Conclusions

- CMSM are versatile membranes that have highemeation properties than polymeric membranes and are
able to surpass the Robeson plot limits.

- In the BioHysis project, CMSM prepared from PEbw high permeation and selectivity towards,Gan
methane and can be used for biogas upgrading. &itmegation in CMSM increases with temperature.

- In the HyGrid project, AI-CMSM and Pd/Ag silverembranes will be developed for, Hecovery from
natural gas grids, promising results are beinginéth

4. Acknowledgements

-The HyGrid project has received funding from theeFFCells and Hydrogen 2 4
Joint Undertaking under grant agreement No 70038%s Joint Undertaking receives @
support from the European Union’s Horizon 2020 Res®and Innovation programme ani A
Hydrogen Europe and N. ERGHY.

Disclaimer: The present publication reflects orthg tauthor’s views and the FCH JU and the Union rao¢ liable for
any use that may be made of the information coathhrerein

-The BioHysis project has received funding from tBevernment of the Basque Country and from FEDER
through the GAITEK Programme under grant numbeR034-00075 and 1G-2015-0000175.

M. Llosa is grateful for the Torres Quevedo PrograPTQ-13-06153 and for the European Commissiarutr the
project TIFER (PEOPLE-2010-COFUND), grant No. 26Y.20



International Gas Union Research Conference 2017

5. References

COOMBS, J. The present and future of anaerobicstige Anaerobic digestion: a waste treatment teldgy. Editado
por Wheatley, A. Critical reports on applied chemyisv. 31, p. 93-138, 1990.

DITTMAR, B., BEHTENS., A., SCHODEL, N., RUTTINGR, MFRANCO, TH., STRACZEWSK, G.,

DITTMEYER, R., Methane steam reforming operatiord dhermal stability of new porous metal supportedutar
Palladium composite membrandst. J. Hydrogen Energw. 38, p. 8759-8711, 2013.

FERNANDEZ, E., HELMI, A., COENEN, K., MELENDEZ, JYVIVIENTE, J.L., PACHECO TANAKA, D.A.,VAN
SINT ANNALAND, M., GALLUCCI, F. Development of thin Pd—Ag supportedmizanes for fluidized bed
membrane reactors including WGS related gdsés]. Hydrogen Energw. 40, p. 3506-3519, 2014.

FERNANDEZ, E., MEDRANO, J.A., MELENDEZ, J., PARC®I., VIVIENTE, J.L., VAN SINT ANNALAND, M.,
GALLUCCI, F., PACHECO TANAKA, D.A., Preparation areharacterization of metallic supported thin Pd-
Ag membranes for high temperature hydrogen separ&ubmitted to Chemical Engineering Jourri2015.

http://www.mediaandprocess.com/products/productsf.

http://www.hysep.com/fileadmin/hysep/user/docum@&i9-010_hysep_ A4 wb.pdf

LLOSA TANCO, M.A,, PACHECO TANAKA, D.A., MENDES, A. Composite- alumina-carbon molecular sieve
membranes prepared from Novolac resin and Boeh#d. II: Effect of the carbonisation temperaturetioe
gas permeation propertidat. J. Hydrogen. Energw. 40, n. 8, p. 3485-3496, 2014.

LLOSA TANCO, M.A., PACHECO TANAKA, D.A., RODRIGUESS., MENDES, A. Composite- alumina-carbon
molecular sieve membranes prepared from novoldo s&l boehmite. Part I: Preparation, characteomat
and gas permeation studiést. J. Hydrogen. Energy. 40, n. 16, p. 5653-5663, 2015.

LLOSA TANCO, M.A., PACHECO TANAKA, D.A. Recent adwmaes on carbon molecular sieve membranes
(CMSMs) and reactor®rocessesv. 4, n. 3, p. 29, 2016.

MA, Y. H.,_CRI/Criterion, from DOE hydrogen program FY 2009nAmal progress, Integrated Approach to CO2
capture: fuel gas decarbonisati@mergy Procediav. 63, p. 2054-2059, 2014.

MARCOGAZ, Injection of gases from non-conventiosalirces into gas networks, 2006

MELENDEZ, J., FERNANDEZ, E., GALLUCCI, F., VAN SINANNALAND, M., ARIAS, P., PACHECO
TANAKA, D. A._Preparation and characterization oframic supported ultra-thin (~im) Pd-Ag

membranes. Membr. Sci., v. 528, p. 12-23, 2017.

PACHECO TANAKA, D.A., LLOSA TANCO, M.A. NIWA, S., WVAKUI, Y., MIZUKAMI, F., NAMBA, T., SUZUKI,

T. Preparation of palladium and silver alloy mennigreon a porous:- alumina tube via simultaneous
electroless platingl. Membr. Scj v. 247, p. 21 -27, 2005.

PACHECO TANAKA, D.A., LLOSA TANCO, M.A. NAGASE, T.OKAZAKI, J., WAKUI, Y., MIZUKAMI, F.,
SUZUKI, T. Fabrication of hydrogen. Permeable cosifgomembranes packed with palladium nanopatrticles.
Adv. Mater, v. 18, p. 630 — 632, 2006.

PACHECO TANAKA, D.A., Okazaki, J., LLOSA TANCO, M.ASuzuki, T. Fabrication of supported Pd alloy
membranes for electroless plating, chapter 5 idaBiaim membrane technology for hydrogen production
carbon capture and other applications A. Douk#&liRanopoulos, A. Koumanakos, E. Kakaras Ed. Woadhe
Publishing, 2015.

ROBESON, L. M. The upper bound revisddMembr. Scj.v. 320, p. 390-400, 2008.

SWEDISH GAS TECNOLOGY CENTRE (SGC), Biogas UpgradiReview of commercial technologies, 270, 2013.

SWEDISH GAS CENTRE, Basic data on biogas, ISBN:-9185207-10-7, ® edition, 2012.

TEXEIRA, M., CAMPO, M., PACHECO TANAKA, D. A.,, LLO38 TANCO, M. A., MAGEN, C., MENDES, A.
Composite phenolic resin-based carbon moleculaesieembranes for gas separati@arbon v. 49, n. 13., p.
4348 — 4358, 2011.

TEXEIRA, M., CAMPO, M., PACHECO TANAKA, D. A., LLO8 TANCO, M. A., Magen, C., MENDES, A. Carbon
— AI203- Ag composite molecular sieve membranegfs separatiolChem. Eng. Res. Design 90, n. 12,

p. 2338 — 2345, 2012.

TEXEIRA, M., RODRIGUES, S., CAMPO, M., PACHECO TANA, D. A., LLOSA TANCO, M. A., MADEIRA,

L., SOUSA, J., MENDES, A. Boehmite-phenolic resarlion molecular sieve membranes- permeation and
adsorption studie€hem. Eng. Res. Design 92, n. 11., p. 2668 — 2680, 2014

10



