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Introduction

Introduction

Membrane science and technology has lead to gigntf innovations in both
processes and products particularly appropriate fewstainable industrial growth. The basic
properties of the membrane operations, i.e. sintplio concept and operations, efficiency,
modularity, reduced energy consumptions, make theny attractive for a more rational
utilization of raw materials and waste minimizatidrhe most interesting developments for
industrial applications of membrane technology eekated to the possibility to integrate
various membrane operations in the same industsiele and/or to integrate membrane
operations with traditional operations, with im@ort benefits in product quality, plant
compactness, environmental impact, and energy use.

Membrane technology has well established applinatia many industrial processes (water
desalination, wastewater treatments, fruit juicescentration, etc.) and more progresses can
be anticipated in various sectors including catalyéactions and energy production. The
needs for fundamentals changes in these two sitatig/ds in term of sustainable
development is the driving force of the impressivarldwide research effort in membrane
technology applied to catalytic reactions (catalytiembrane reactors (CMRS)) and energy
conversion systems (fuel cells (FCs)).

In the CMRs, the integration of molecular separatand chemical conversion is
realized in a one unit in which the membrane candtalytically active (catalyst entrapped in
the membrane, or membrane made of an intrinsicadhalytic material) or can serve to
compartmentalize the catalyst in the reaction emwvirent. Moreover in some CMRs the
membrane function is to selectively supply reagemtd/or to selectively remove products
(membrane-assisted catalysis).

Catalytic reactions are intensively used in chemradustry, wastewater treatments and many
other processes; however the necessity to reakzsstainable growth calls for additional and
substantial developments in this field.

The main requirements that must be considered talyse an “ideal catalyst” are the
following: low costs, high selectivity, high stabjl under reaction conditions, non-toxicity,
“green properties”, first of all recoverabilityei. the possibility to recover and reuse the
catalyst.

In this perspective, the heterogenization of catahhas interesting implications because it
allows the reuse several time of the same catalystong the different heterogenization
methods, the entrapping of catalysts in membrasres, general the use of a catalyst confined

in a catalytic membrane reactor, offers new polsgibior the design of new catalytic
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processes. The CMRs have many advantages in caopanith traditional reactors. They

are integrated processes; the catalyst can beeagsled; the selective transport properties of
the membranes can be used to shift the equilibraamversion, to remove selectively

products and by-products from the reaction mixtuce,supply selectively the reagents.

Moreover in a CMR with a suitable membrane is gwedio control the concentration profile

of the reactants and, as a consequence, improgetbrgoerformance can be obtained.

In the fuel cells the integration of molecular @ggion and energy conversion is
instead carried out in an electrochemical devicevhich the selective transport of ions
through an electrolyte occurs in combination withrealox reaction in order to convert
chemical energy in electrical energy.

Fuel cell technology has many advantages in comganvith traditional energy conversion
systems: high energy efficiency, zero- or near-zemussions, very low noise emissions,
reliability and simplicity, modularity and easy ugmd down scaling.

The membranes have a central role in fuel cellrteldgy not only in hydrogen production
(by CMRs) and purification (by gas separation), dgb as ion conducting electrolyte.

In a polymer electrolyte membrane fuel cell (PEMRR® electrolyte is a proton exchange
membrane which allows the transport of the protdns not the electrons) from the anode,
where they are produced in the oxidation of the, fiypically H, or methanol, to the cathode
where the protons react with, @ produce water. The electrons travel throughetkiernal
circuit.

The desirable characteristics of a proton exchangebrane for PEMFCs are, not only high
proton conductivity, but also low permeability tasgs (in particular Hand Q), low
permeability to methanol and water, absence oftmeic conductivity, chemical and

mechanical stability under the operative conditwer long time.

The aim of the present work is the design and ldpwmeent of new polymeric
functional membranes for application in catalysid &uel cell.
Although inorganic membranes are characterizedigly themical and thermal stability, they
have also important drawbacks: high cost, limitetime, difficulties in manufacturing.
On the other hand, the use of polymeric membrases increasing interest. The cost of
polymeric membranes is lower in comparison withrgamic ones and the preparation

protocols allow a better reproducibility.
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Polymeric membranes are generally less resistanhigh temperatures and aggressive
chemicals than inorganic, however, polymeric matsriresistant under rather harsh
conditions — such as. polyvinylidene fluoride, Hyfland polydimethylsiloxane - are today
available.

A very interesting alternative to polymeric andonganic membranes are the
composite membranes in which organic and inorgghi@ses coexisting in order to have
synergistic effect on transport properties, meahamd thermal stability, as well as to
introduce new functionality.

In this work various polymeric membranes have Heectionalized with inorganic additives
in order to have composite membranes with catalgtvity or with improved proton

conductivity for application respectively in CMRsdFCs.

Fluorinated polymeric membranes have been funalived with polyoxometalates
(POMs), polyanionic metal oxide clusters of eartgnsition metals, having interesting
properties for application in oxidation catalysis fine chemistry and wastewater treatments.
We have carried out the heterogenization of themegstate (WOs5"), a photocatalyst, in
polymeric membranes of PVDF. The polymeric catalytiembranes prepared by phase
inversion technique, have been successfully apphethe aerobic mineralization of the
phenol in water as model of organic pollutant.

In order to evaluate the effect of the polymerigissnment on the catalyst activity, we also
heterogenized the decatungstate (opportunely fumalized) also in perfluorinated membrane
made of Hyfloff.

The Hyflon-based membranes embedding decatundsiaebeen used in the aerobic photo-
oxidation of ethylbenzene.

Particular relevance have been given to the cheésplgsical characterization of the
membranes prepared because the understanding gbrdperties and behavior of these

functionalized materials is fundamental in ordeexploit their use as heterogeneous catalysts.

The POMs in the acid form or heteropolyacids (HRAave interesting properties, not
only as oxidation or acid catalysts, but also agqur conductors for fuel cells applications.
For this reason we have used some HPAs for thetifunadization of cation exchange
membranes.

Perfluorosulfonic acid based membranes (e.g. Ndfiam Du Pont) still today dominate the
market of the PEMFCs. These systems are charaately an high proton conductivity and
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good chemical, mechanical and thermal stabilityyéxer they have also relevant limitations:
high cost, loss of proton conductivity at relathigh temperature because of dehumidification
problems and high methanol and water crossoverhwihigat the efficiency of the FC.

In this work we have investigated a new engineenaterials, the sulfonated derivative of an
amorphous polyetheretherketone known as PEEK-WEEBPWC), as possible alternative
to the Nafion membranes. SPEEK-WC polymers witliedént degree of sulfonation have
been used for the preparation of dense membrangédse inversion technique induced by
solvent evaporation.

We developped also composite membranes entrappeépliowing HPAs in the polymeric
matrix: tungstophosphoric acid {PW::040), silicotungstic acid (E5iW12040) and
phosphomolybdic acid @PMo;2040).

The polymeric and composite membranes have beeaatbazed by chemical-phisical and
electrochemical characterization. The results okthi with each membrane have been

compared with those obtained with a commercial ™efil7 membrane, used as reference.
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1.1 Catalysis, sustainable growth and membr ane technology

Catalysis is today one of chemistry’s most impdrtamd powerful technologies. Currently,
about 90% of chemical manufacturing processes aé than 20% of all industrial products
involve catalytic stegs Catalytic reactions are intensively used in cluahindustry, energy
conversion, wastewater treatment, and in many qiteesses (Fig.1); however the necessity

to realize asustainable growth calls for additional and substantial developméantsis field.

Energy

Oil Auto Emissions
Gas Fuel Cells
Petrochemicals Hydrogen
Process Polymers = Economy Consumer
Catalysis Syn Gas Catalysis
. Water/Air treatment Solvent free
Fine and Speciality  cosmeceuticals  paints & adhesives
Chemicals e IR
Sustainable materiai
. Biocatalysis substitution

e " Pharmaceuticals
P

_—
Figure 1. The European Technology Platform for Sustainalilerfistry individuated catalysis as a
key technology in our society (www.suschem.org)

Oven linings

Sustainable growth focuses on making progress tsfisaglobal human needs without

damaging the environment. A promising way for tbalization of a sustainable growth, is the
strategy of theprocess intensification.? It consists of innovative equipments design and
process development methods that are expected itty Bubstantial improvements

manufacturing and processing, decreasing productiosts, equipment size, energy
consumption, waste generation and improving rerootgrol, information fluxes and process

flexibility. 2

Membrane science and technology, whose basic aspatisfy the requirements of the

process intensification strategy, has led to sigaiit innovation in both processes and
products, particularly appropriate for sustainabdeustrial growth, over the past few

decades.

In this perspective, the application of membrarmmnelogy in integrated catalytic processes

offers interesting opportunities.
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1.2 Integration of molecular separation and chemical conversion in a catalytic
membranereactor (CMR): advantages and limitations

The main characteristics of an “ideal catalyst” #ire following: low cost, high selectivity,
high stability under reaction conditions, non-tatyicand “green properties” first of all
recoverability (possibility to reuse more times faene catalyst).

Most of these requirements can be addressed bhdterogenization of the catalyst using
appropriate support materials.

Among the different heterogenization strategies,ahtrapping of catalysts in membranes or,
in general, the use of a catalyst confined by a brane in the reactor, offers new possibility
for the design of new catalytic processes.

In addition to the expected advantages typicalrofréegrated system (synergic effects on
processing and economic aspects), the combinafiadwanced molecular separation and
chemical conversion realized in a catalytic memeénaactor (CMR), has many advantages in
comparison to traditional systerhs.

CMRs can offer viable solutions to the main dragkbaf the homogeneous catalysis:
the catalyst recycling. The catalyst can be hetarzgd within or on the membrane surface
(catalytically active membranes), otherwise the ime@me simply compartmentalizes the
catalyst in the reaction environment (catalyticaflgssive membrane). In both cases is
possible to reuse more times the same catalyst.

In addition, the membrane can actively take partthe reactive processes by
controlling the concentration profiles thanks te fossibility to have membrane with well
defined properties by the modulation of the meménaaterials and structures.

Moreover, the selective transport properties efrtiembranes can be used to shift the
equilibrium conversion by the removal of one prddéom the reaction mixture (e.g.
hydrogen in in dehydrogenation reactions), or torease the reaction selectivity by the
controlled supply of the reagents (e.g. oxygermpfatial oxidation reactions).

The membrane can also define the reaction voluroe dkample by providing a
contacting zone for two immiscible phases, as iasphtransfer catalysis) excluding polluting
solvents and reducing the environmental impachefdrocess.

In numerous cases, membrane separation procgssegeoat much lower temperature,
especially when compared with thermal processes g reactive distillation. As a
consequence they might provide a solution for timetéd thermal stability of either catalyst
and products. Furthermore, by membrane separataoegses is possible also to separate non

volatile components.
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In some specific cases, the heat dissipated gxathermic reaction can be used in an
endothermic reaction, taking place at the oppositie of the membrane (for example in
hydrogenation/dehydrogenation reactions.

The downstream processing of the products carubstantially facilitated when they

are removed from the reaction mixture by meansraémbrane

The still existing limitations in CMRs are relatixdthe:
manufacturing cost of the membranes and membraaieiles,
limited membrane life time,
considerable technical complexity of the processictw renders modeling and

prediction more difficult.

1.3 Different typesof CMRs
Because there are a lot of different way to comlangatalyst with a membrane, there are
numerous possible classifications of the CMRs. Saseful classifications will be presented

in the next sections using also examples repontditerature.

1.3.1 Extractor, distributor and contactor type membranes
Depending on the type of selective transport thinailig membrane, we can have: extractor,
distributor and contactor type CMRs (Fig. 2)

i |+
Pei— —HmP  A- LA A B A+BH e
< —t» — 4 e
= i —] — -
Interfacial F.'o'fv-r.".;'ol_.'gh
Extractor Distributor Contactor
H Membrane [ catalyst A, B: reactants P: product

Figure 2. Three possible transport functions of the membm@eCMR (from ref. 5)

In the membrane extractor the membrane is used to remove a reaction prddot the
reaction zone.
Typical advantages: increasing the reaction yigld=guilibrium limited reactions; improving

the selectivity towards a primary product in poksibonsecutive reactions via its selective
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extraction through the membrane.

In themembrane distributor the membrane controls the introduction of onehefreactants

in the reaction zone.

Main advantages achievable: reactants concentragidkept at a low level in the entire
reaction zone increasing selectivity and/or redyi¢hre possible dangerous interactions (e.g.
with flammable or explosive mixtures)

In the membrane contactor: the membrane is used to facilitate the contactéen reactants
and catalyst. In the interfacial contactor confaion, reactants are introduced separately
from the two side of the membrane. In the flow-gbiwconfiguration the reaction mixture is
forced from one membrane side (the feed side) nmgate trough the membrane.

Potential advantages: improvements in activity amtéctivity also controlling the contact
time between catalyst and reagents (in the casatafytically active membrane) acting on
the operative conditions such as transmembransymes

1.3.2 Organic and inorganic CMRs

According to the material used for the membranganaion we can classify the CMRs in
organic and inorganic.

Artificial membranes can be prepared starting frdiffierent materials: ceramics, metals,
polymers, also in combination each other (hybridmmposite materials).

Membrane made of ceramic or metals, are generaligated as inorganic.

Inorganic membranes are typically applied in high temperature readiomhey are
characterized by an high thermal stability and stasice to aggressive environments.
However inorganic membranes have also some impodianbacks: their cost is generally
very high, their lifetime is limited (poisoning afouling of the membranes), their brittleness
is problematic.

The high operative temperature typical of the iaoig CMR led to difficulties in membrane-
to-module sealing, moreover in the case of thinpsued inorganic membrane, when
materials with different thermal expansion coe#fids are combined delamination of the
membranes toplayer from the support can be a nefg@rablem.

Membrane characterized by highly selective trartsppechanisms, such as palladium
membranes for hydrogen purification and perovskieanbranes used for oxygen separation,
are at the base of the great interest for inorgamgnbranes used in combination with
catalysis.

Pd dense membrane are characterized by a 100%tivabselectivity towards the hydrogen.



Chapter 1: Integration of molecular separation and chemical conversion in a catalytic membrane reactor (CMR)

Only hydrogen can permeate by a mechanism involaiegries of steps:
1) adsorption; 2) dissociation; 3) ionization; #fusion; 5) reassociation; 6) desorption (Fig.
3).

Figure 3.  Selective transport of H through a Pd membrane (from
http://lwww.stillwaterpalladium.com/hydrogen.html)

To reduce the Pd consumption is possible to pratidemse palladium alloy layers (Pd-Ag,
Pd-Rh, etc.) on thermostable porous support.

Palladium membranes have been extensively invéstgar the performance improvement
of the dehydrogenation and hydrogenation reactiGosabination of the dehydrogenation on
one surface of the Pd-based catalytic membranénpticgenation by the diffused hydrogen
on the other surface has been also progodéthnks to the excellent thermal conductivity of
these membranes, the heat released by the hydtagerean be utilised to drive the

endothermic dehydrogenation (Fig.*4).
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Figure 4. Scheme of the combination of a dehydrogenatiocticga(endothermic) on one surface of a
Pd-based catalytic membrane and a hydrogenatiamtioagexothermic) by the diffused hydrogen on
the other surface of a dense (from ref. 8).

Perovskites constitute an interesting group ofdsestiate ion conductors for application in
oxidation reactionSThe general perovskite stoichiometry is AB®ligh ionic conductivity

in perovskites is achieved by doping with eleméinés introduce oxygen vacancies.

For example a perovskite-type oxide of oB8rsCosgFe 2035 (BSCFO) showed mixed
(electronic/oxygen ionic) conductivity at high teenatures:°Membranes made of this oxide
have high oxygen permeability under air/helium axygartial pressure gradiefit.

A membrane reactor made of BSCFO (Fig. 5) usingLaNiOy /y-Al,0O3 with 10 wt.% Ni
loading as packed catalyst, has been successhaated for partial oxidation of the methane
(reaction 1) at 875.C for about 500 h without feeluwith methane conversion of >97%, CO

selectivity of >95% and oxygen permeation ratetmfia 11.5 ml/(crimin).*°

CHy+%2 0O, - CO+2hH (1)
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Figure 5. Scheme of the catalytic membrane reactor usedhtmpartial oxidation of the methane
(from ref. 10).

Also the mixed-conducting SrfeéAl (SFA) perovskite-like oxide, exhibits substantial

0.303-6
catalytic activity towards partial oxidation of rhahe and has been presented as a possible
component of monolithic ceramic reactors for systhegas generation, where the dense
membrane and porous catalyst at the permeate-siflflace are made of similar
compositions?

It has been suggested that the oxygen speciesidiffuhrough the membrane generate at its
surface very active and selective oxygen entitlest give higher yields that molecular

oxygen'?

The use of a mixed oxygen ion—electronic condudtor oxygen separation with direct
reforming of methane, followed by the use of a rdiy@otonic—electronic conductor for
hydrogen extraction has been also proposed imfitez (Fig. 6):> The products are thus pure
hydrogen and synthesis gas with reduced hydrogetet the latter suitable for example, in

the Fisher—Tropsch synthesis of methdfol.
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Figure 6. Mixed oxygen ion—electronic conductor used for gety separation with direct reforming of
methane, followed by the use of a mixed protonigetebnic conductor for hydrogen extraction (from
ref. 12.)

Because their high selectivity and elevated chelmacal thermal resistance, also zeolite
membranes are ideal candidates to increase thdoreageld by selective removal of one
product.

Improved selectivity in the liquid-phase oligometinn ofi-butene (reaction 2) by extraction
of a primary product (i-octene -giCin a zeolite membrane reactor (ZMR; acid resitalgat
bed located on the membrane tube side) respeatdoentional fixed bed reactor (FBR) has

been reported.

2 CHg —» CgH1e (2)

The MFI (silicalite) membrane selective removes g product from the reaction

environment, thus reducing the formation of othewvanted by-product.
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Figure 7. The i-butene conversion and i-octene yield as rectfon of temperature in a zeolite
membrane reactor (ZMR) respect to a conventiorelifbed reactor (FBR) (from ref. 13).

Another interesting example is the isobutane (i2)ydrogenation (reaction 3) carried out in
an extractor-type zeolite CMR (including a Pt-baBred-bed catalyst) in which the removal
of the hydrogen allows to overcome the equilibrilimitations** In the same work the

reaction was also carried out using a Pd membi@ré hydrogen removal (Fig. 8)

CsHio - CaHg + Hp 3)
ICy conwv. (%) 1Cq conv. (%)
. L] . L] @} E ot
501 A MFI zeolite 1 B: pg e
501 membrane @ *1 membran /z”f

40

304

20

107

0 : :
o 50 100 150 200 0 50 100 150 200

Counter-current sweep flow (ml/imin) Counter-current sweep flow (mlimin)

Figure 8. Isobutane (iC4) dehydrogenation carried out in tifsenet CMRs:

A: MFI-zeolite membrane growth on a tubular aluminatimaterial,

B: Pd membrane electroless deposited on the samiatupport.

(1) experimental data; (2) modelling; (3) thermoalyric equilibrium in a conventional reactor (From
ref. 14)

Many interesting advantages have been also dematedtin pervaporation (PV) assisted
catalysis using both inorganic and organic memitz¢fRgg. 9).

10
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Pervaporation is today considered as an interestiteggnative for the separation of liquid
mixtures which are difficult or not possible to aegte by conventional distillation methods.
PV assisted catalysis in comparison with reactiigilidtion has many advantages: the
separation efficiency is not limited by relativelatdity as in distillation; in pervaporation
only a fraction of feed is forced to permeate tigtothe membrane and undergoes the liquid-
to vapor-phase change, and thus energy consumpgiayenerally low as compared to
distillation.

In these integrated processes, pervaporation mllysused to extract continuously one of the
formed products in order to improve conversion loé reactants or to increase reaction
selectivity.

By far the most studied reaction combined with pporation reaction is the esterification. It

is a typical example of an equilibrium-limited r&aa with industrial relevance.

Y
\_/

Reactor
\_/

PV unit

Product or by-product

Figure 9. Scheme of a pervaporation-assisted catalytic gsoce

The esterification of acetic acid with ethanol @t&@n 4) has been investigated using zeolite
membranes grown hydrothermally on the surfacepdraus cylindrical alumina support (the

catalyst used was a cation exchange réesin).

11
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CH;COH + CHCH,OH <=> CHCO,CH,CH3 + H,O 4)

The conversion exceeded the equilibrium limit, the tselective removal through the

membrane of water, and reached to almost 100%mw#l (Fig. 10).
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Figure 10. Conversion of the acetic acid in a catalytic reagtith and without water removal by PV
(from ref. 15).

In the previous example the zeolitic membrane lanlg a separation function however they
can acquire catalytic activity by the loading iresithe zeolite pores of catalytic species. For
example Pt-loaded catalytic membranes have begamme by the ion-exchange of FAU (Na-
Y) zeolitic membranes synthesized on tubuaAl,Oz; supports by a secondary growth

method?® This catalytic zeolitic membrane has been usedhén CO selective oxidation

(Selox) for the purification of hydrogen-rich stnes™®

Organic membranes, made of polymeric materials, are usually used nwtiee reaction
temperatures are lower, i.e. in the field of filmemicals or when biocatalysts are present.

In a recent review Mathias Ulbricfipresented an interesting overview on the developme
of polymeric membranes having advanced or novettfans in the various membrane
separation processes and in other important apiplicasuch as biotechnologies, sensors,
catalysis and fuel cell systems.

The use of polymeric membranes in catalytic memdnagactors has an increasing interest
because a much wider choice of polymeric matersatssailable as compared with inorganic
membranes (Tab. 1) and the cost of polymeric menadsras generally lower, and the

preparation protocols allow a better reproduchailiMoreover, the relatively low operating
12
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temperatures, typical of the polymeric membranes, associated with a less stringent
demand for materials used in the reactor constmiti

In general, polymeric membranes are less residtaritigh temperatures and aggressive
chemicals than inorganic or metallic membranes; éewv@r, polymeric materials resistant
under rather harsh conditions are today available.

One of the polymeric material more used for catalyseterogenization is the

polydimethylsiloxane (PDMS).

PDMS is an high permeable, rubbery polymer, chearesgd by an elevated chemical

resistance also in organic solvéhtt is generally prepared from a two componenteysby
a Pt catalysed hydrosilylation reaction (Fig. 11).

CHg CHg ‘CH3 (‘:Ha C|ZH3 (‘:H3 (‘:H3
| | ) ) ) )
HZC:HC—S?fO C‘\Ii—o ‘Si*CH:CHZ Hf?—o ‘Sl_ofs‘lio ‘SI—H
CHs CH3 CHs CH3 CHg H CHs
m
n
Prepolymer Crosslinker
CHz CH3 CHg CHs CH3

|
v §i—HC=H,C + Hfgi_o Si—0—Si—O Si—H + CHy;=CH—Sjmman

CH
CHa 3 H CHz CHg

Pt and, eventually, solvent

PR I B w0 R B
V‘N‘MSi—HZC*HZC*S,ifO ?i—o—Si—o
CH
CH 3 H CHs

Si— CHy—CHy——SiHwn

CH3

PDMS

Figure 11. Scheme of the synthesis of the PDMS polymer fromrepolymer and a crosslinker
(adapted from ref.. 4).
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Table 1. Polymers materials commonly used for industriayablished membranes separation processes(froaijef

Palymier Muorphaology Membrane prooess
Bammier type Crosa-section Bamrier thickness {jam)
Cellulose acetaies Nonporous Ansotropic ~iLl GS, RO
Mesopomous Ansotropic ~il UF
Macroporous Lsavir oipic S(-30d) MF
Cellulose mitmte Macropomous lsoir opic 18560 MF
Cellulose, repenerated Mesoporous AnBotropic ~iLl UF, D
Per fluososulfonic acid polymer Nonporous Lsodr opic S50 ED, fuel cell
Polyacrylonitrile Mesoporous Ansotropic ~iLl UF
Polyether mides Mesopomous Ansotropic ~iLl UF
Palyethersulfones Musopoaous Anisotnopic ~{i LF
Macroporous Lsavir oipic S(-30d) MF
Polyethylene tenephihalate Macropoous lsodropic track-eichad 635 MF
Polyphenylene oxide Nonponous AnBotropic ~iLl GS
Poly{styrene ~co- diviny lbenzene ), sulfonated MNonporous lsoir opic 18560 EL»
o anminatod
Polyetmfluome tyle ne Macropomous Lsodr opic S50 MF
Nonporous ~iLl GS
Polyamide, aliphatic Macroporous Lsavir oic 1805060 MF
Polyamide, arematic Musopoaous Anisotnopic ~{i LF
Polyamide, arematic, in situ symthesized Nonporous AnBotropiciconposite ~ {5 Ry, NF
Polycarbonates, aromatic MNonporous Ansotropic ~il GS
Macroporous lsoiropic track-eichad 635 MF
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Iron phthalocyanine in zeolite Y (FePcY, this typ€ catalysts are also indicated as
zeozyme) has been occluded in a PDMS membrane (Fig. 1@)saccessfully used in a

catalytic membrane contactor for cyclohexane oxdaly tertiary-butyl hydroperoxide at

room temperature (Fig. 133.

< M. >
]|

Pump Pump

Ce &
]

1
;_J .

Reagent A Membrane reactor Reagent B

Figure 12. Representation of the PDMS membrane occludingiritie phthalocyanine (FePc)
included in the supercages of a zeoliteY and schafrttee catalytic membrane contactor (from ref.
19)

Separating the two immiscible reactant phasesntbmbrane eliminates the need for a
solvent and actively controls the concentrationtted reactants near the catalytic sites.
Moreover the membrane can be regenerate and ndicagh difference in catalytic

behaviour have been observed between the origimkiree regenerated membranie.

PDMS membranes have been also used to recover mghdsols stabilized with
poly(vinylalcohol), employed as homogeneous oxatatcatalysts for the conversion of
1,2-diols toa-hydroxy-carboxylates in organic phase, by meana oénofiltration stef’
The Au metal colloids can befeiently recycled and their catalytic activity isdely
preserved in consecutive runs. In the same studiplase acetate membranes are
individuated as the most suitable for the Au solperation in aqueous phae.
Nanofiltration-coupled catalysis was also usedtl@r arylation of olefingHeck reaction
using as catalyst Pd(OA¢PPR),with P(o-tolyl); as stabilising agent) obtaining catalyst
recycling, preventing metal contamination of theodarcts and increasing reactor
productivity (Fig. 13)** In this case polyimide solvent resistant nandafiion (SRNF)

membranes have been used.
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PMz{PH‘ahh
& '_O P{o-toi)z, TEA, 80C L

Recovered
catalyst

High purity
product

Figure 13. Scheme of the Heck reaction and the NF-couplemlytat reactor (from ref. 21)

The coupling of photocatalysis and polymeric membsahas been carried out using JiO
as photocatalyst Various types of commercial membranes (rangingftéF to NF) and
reactor configurations have been investig&ted.

The configurations with irradiation of the re-citation tank and catalyst in suspension
confined by means of the membrane (Fig. 14), has beported as the more promising for
the 4-nitrophenol mineralization (reaction.’5)flhe membrane function in this case is the
confining of the photocatalyst and maintaining go#lutants in the reaction environment

until their complete mineralization.

2 CgHNO + 15 0y — 12 CQy + 2 HNO; + 4 HyO (5)
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Figure 14. Scheme of the membrane photoreactor system wsihesuled Ti@catalyst (A: oxygen
cylinder; B: re-circulation reservoir (reactor); Germostatting water; L: UV lamp; M: pressure
gauge; F: flowmeter; R: membrane cell; H: magnstiicer; P: peristaltic pump; Sa: feed reservoir;
Sp: permeate reservoir) used fnitrophenol degradation (froraf. 22).
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Another field in which the use of polymeric CMRsvisry promising is the acid catalysis
carried out by cation exchange membranes, i.e. mamb preferentially permeable to
cation because the presence of fixed negative edaypups (e.g., -SO) on the polymer
chains.

Numerous chemical reactions of the petroleum refinedustry (e.g. the cracking
processes) and for the production of chemicals. (fhg hydration of alkenes), are
catalyzed by acids. These acid catalysed reaciimmngften carried out using conventional
acids, such as 430, and AICk. However these processes are generally associatied
problems of high toxicity, corrosion and catalystste.

For these reasons today, one of the priority targmtthe green chemistry is the moving
from liquid acid to solid acid catalysts.

A more environmentally friendly solution is constiéd by the use of a solid acid catalyst
such as zeolites, acid oxides, phosphates andyiicylar, heteropolyacids.

The most important property which distinguish th®A4 from the other solid acid
catalysts, beside the stronger acidity, is theiftifoactionality which can be tuned by

varying their chemical compositiGh.
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Acid catalysis and catalytic oxidation are the twwjor application areas of HPAS,

however interesting uses of HPAs are present aldoel cell technology because these
systems have an high proton conductivity in sdiédes?

In this work we have functionalized polymeric memnes with various heteropoly anion

for applications in oxidation catalysis and as pnogéxchange membranes for fuel cells.

Although there are many structural types of HPAsthe majority of the catalytic
applications the Keggin type HPAs, are used, eaflgdn acid catalysi§> The Keggin
HPAs comprise heteropoly anions of the formula p®ko]"” where X is the heteroatom
(P>*, Si**, etc.) and M is the addenda atom @{JaN®*, etc.). The structure of the Keggin
type anion is composed of a central tetrahedron 3®rounded by 12 edge- and corner-

sharing metal-oxygen octahedral M@®ig. 15)*°

¥a i "
L o8
. --.}_ iy _; .*}_ :_.- -
| |
o LA L.
"‘ri.._ :-;h.
S

ggg)ure 15. Different representations of the of an heteroolion with Keggin structure (from ref.
Catalysis by heteropolyacids (HPAs) has well esgthbt industrial applications including
heterogeneous catalysed selective oxidations (baidaf methacrolein to methacrylic
acid and ethylene to acetic acid) and acid-catdlysactions (homogeneous liquid-phase
hydration of olefins, biphasic polymerisation of FHb poly(tetramethylene glycole) and
the gas-phase synthesis of ethyl acetate fromesthydnd acetié}.

Nevertheless in many processes using HPAs catathste are relevant difficulties
concerning catalyst separation and recovery andiosaselectivity. In this perspective,
the heterogenization of acid catalysts in membraoeshe use of intrinsically catalytic
acid membranes can offer important advantagestalysss by the integration of solid acid
catalysis with the selective transport throughrtfembranes.

Hydration of a-pinene to a-terpineol over molybdophosphoric acid 3#W012040)
entrapped in polyvinyl alcohol (PVA) membranes srbisked with succinic acid, and

molybdophosphoric acid encaged in USY zeolitesatispd in PDMS membrane, have

18
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been reported in litteratuf@In both cases, the catalytic activity of the meanias is quite
good in successive runs although a partial catédgsthing observed (Fig. 16).
Transesterification of soybean oil over Nafion meanes and PVA membranes containing
sulfonic groups have been also investigéfed.
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Figure 16. Activity of PVA-based (A) and PDMS-based (B) cstad membranes entrapping
HsPMo,504, taken as the maximum reaction rate observeddoessive runs, referred to the HPA
amount or to the membrane weidfrom ref. 26)

Interesting results have been reported for the aethlysed isobutene dimerisation

utilising a forced-flow catalytic membrane readtig. 17)
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Figure 17. Isobutene dimerisation reaction and scheme offéhged-flow catalytic membrane
reactor (from ref. 28)

Several acid catalysts, such as silica supportdtbMN@Nafion SAC-13), Nafion NR50,
Amberlyst™ 15, and silica supported phosphotungstigPWW:,0.0) acid have been mixed
in solution with a polymeric binder. Teflon AF, Hgh AD, polytrimethylsilylpropyne,
and PDMS have been used as binder to form a poreastive layer on top of a porous,
polymeric, supporting membraf&.

Depending on the type of binder and catalyst highversions and selectivity to isooctene
have been achieved (Tab. 2 and Fig.%8).
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Table 2. Summary of the results obtained in the acid ca@yisobutene dimerisation utilising a

forced-flow composite catalytic membrane

Membrane no. Catalyst Polymeric Pressure Temperature Conversion Selectivity sV
binder (bar) (°C) (%) (mol %) (EicalBea W)
10 Nafion SAC Hyflon AD 15 50 90-98 4-43 500
9 Nafion SAC PDMS 4.5 50 90-94 20 1300
9 Nafion SAC PDMS 4.0 50 T0 50 1{NKD
13 Si0./HPW? Hyflon AD 44 50 50 6l 250
7 Nafion SAC PTMSP* 37 30 22 86 175
5 Nafion SAC Teflon AF 3.9 50 45 80 275
® Space velocity.
" Phosphotungstic acid.
© Poly(trimethylsilylpropine).
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Figure 18. Conversion in relation to selectivity in the istdne dimerisation as a function of the
nature of the catalyst (a) and binder (b) (From28j
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1.3.3 Biocatalytic membranereactors
The nature of the catalyst: artificial (organic inorganic) or biological (enzymes and
microbial cell),is another factor used to distinguish CMRs.
The membrane reactors using biological catalysts generally calledbiocatalytic
membranerecators.
The immobilization of enzymes and microbial cellanificial membranes (Fig. 19) is a
well accepted technique that reproduces in mangasphe natural operating conditions in
living systems?

Biocatalytic membrane reactors

Membrane serves as Membrane serves as
a separation unit a catalytic and separation unit
| l | | | |
Biccatalyst Biocatalyst Biocatalyst Biocatalyst Biccatalyst
continuously flushed segregated within entrapped within gelified on bound to
along membrane membrane module membrane pores membrane membrane

W W e v T

Support binding Cross-linking
|
I | I
Physical lonic Covalent
adsorption binding binding

Figure 19. Biocatalysts immobilized using different methoftsr ref. 30)

The recent trend towards environmentally frienagighnologies makes these biocatalytic
membrane reactors particularly attractive becadishedr ability to operate at moderate
temperature and pressure, and to reduce the fanmatiby-products. Enzymes, compared
to artificial catalysts, generally permit greatéereospecificity and higher reaction rates
under milder reaction conditions.

Thermophylic microbial cellsGaldariella acidophila or Sulfolobus solfataricus) have
been successful immobilized, without loss of atfivin polymeric artificial membranes
prepared by phase inversion technique, since ireéity eighties! Dinamically formed
gelled enzyme composite membranes in continuousfiltitation processes represents
another interesting methodology to produce calyimbrane®’

A new multiphase enzyme membrane reactor has beealaped by immobilizing the
lipase fromCandida rugosa in a polymeric membrane in presence of a staldieusaform
oil-in-water emulsion prepared by membrane emuisifon>® The kinetic resolution of the

naproxen esters (Fig. 20) has been investigatedispahat the presence of an emulsion
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within the membrane improved the catalytic activatgd the enantioselectivity of the

immobilized enzyme as well as its stabifify.

lipase =
@@ COOCH: : COOH 4 O COOCH:
CHxO HzO CHstr CH0

(R, 5)-naproxen methyl ester (S)-naproxen (R)-naproxen methyl ester
14 = T LB [ L ) 1
;_ B S
~ 12F e
E 108
! 10 -:I|
E 8 1 0.6 g
E . {S}naproxen 1 -
= 4 04
'E ]
o 4
4 0.2
2 (Rp-naproxen ]
0 10
0 100 200 300 400 500

time (h)

Figura 20. Scheme of the enantioselective hydrolysis of (Ri&proxen methyl ester catalyzed by
lipase and time-course of naproxen production arah#&o-excess in biphasic enzyme membrane
reactor (from ref 33)

Biocatalytic membrane recators have been also ssfidly applied in wastewater
treatment by integrating biological treatment witlembrane filtration in thenembrane
bioreactors (MBRs) and providing an effective alternative to convendil processes such
as activated sludge for municipal and industriiiefts?®

Membrane bioreactors are composed of two primarispthe biological reactor in which
the reaction occurs (active sludge contaning pimgfjpacteria) and the membrane module
for the physical separation of the different comuatss Only the treated effluent passes
through the membrane.

Membrane bioreactors can be classified into twonmgroups according to their
configurations. The first group, commonly knownthsintegrated or submerged MBR
(Fig. 21), involves outer skin membranes that aternal to the bioreactor. The second
configuration is therecirculated or external MBR (Figure 22), that involves the
recirculation of the solution through a membranedute that is outside the bioreactor.

Both inner-skin and outer-skin membranes can be imsthis application.
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Figure 21. Scheme of an integrated or submergedn MBR.
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Figure 22. Scheme of a recirculated or external MBR

In the submerged MBR the driving force is achiewydpressurizing the bioreactor or
creating negative pressure on the permeate siddiffédser is usually placed directly
beneath the membrane module to facilitate scowmthe filtration surface. Aeration and
mixing are also achieved by the same unit. In ttieraal MBR the driving force is due to
a difference in transmembrane pressure createdidiy dross-flow velocity along the
membrane surface. Several types and configurabmeembranes have been used for
MBR applications including tubular, plate and frametary disk, hollow fiber; organic,

metallic and inorganic (ceramic); microfiltrationdaultra-filtration membrane¥.
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The early examples of MBRs operated with tubularmimenes placed in external
recirculation loops. However, the use of recirdolatioops leads to relative high energy
costs, depending on the internal diameter of tiiedwsed. In addition, the high shear
stresses in the tubes and recirculation pumps oatrilsute to the loss of biological
activity of the systen?® The submerged MBRs are alternative systems tocowes these
limits. This operating mode limits the energy cangtion associated with the recirculation
cost® Moreover, the use of submerged membranes allapéoate at low transmembrane
pressures. This makes them well suited to relatilagbe-scale applications.

Submerged MBRwere first introduced for decentralised sanitationthe US and in
building water reuse in Japan, and are now widpptiad in different sectors.

The largest membrane bioreator unit in the world wecently built in Porto Marghera
(Venice) in order to extract remainipgllutants in tertiary water prior to disposal inte
Venetian Lagoori’

The ultrafiltration unit, containing submerged PVB®&llow fibers membranes (ZeeWéed
by Zenon), is designed to treat 160&/mof wastewater with a COD/h of 445 kg and the
suspended matter of the treated water is <1iig/L.

There are two interconnected UF lines, each linatains 4 unit composed by 9

ZeeWeed® modules and the total membrane area i8a®maf.’

1.3.4 Catalytically active and catalytically passive membranes

Another possible classification of the CMRs isdzhen the role of the membrane
in the catalytic step: we havecatalytically active membrane if the membrane has itself
catalytic properties (the membrane is functionainéth a catalyst inside or on the surface,
or the material used to prepare the membrane rimsidally catalytic); otherwise if the
only function of the membrane is a separation pedeetention of the catalyst in reactor
and/or removal of products and/or dosing of reag)eme have aatalytically passive
membrane. The process carried out with the second type ebrane is also known as
membr ane-assisted catalysis.

26, 27, 2 1-
6, , 28, 3 33and

Numerous examples of catalytically active polymemiembranes
catalytically active inorganic membrants$®have been presented in the previous sections.
Moreover various example of catalytically passivermbranes used in membrane-assisted
catalysis have been also discussed.

P] 13, 14’1

Examples of integration of pervaporatigngas separatid nanofiltratio®#® and

ultrafiltration?® " with catalytic reactions, have been proposed chtdlytic reactions can
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be combined with practically all the membrane uogerations today available in

integrated process.

1.4 Basic aspectsfor the heter ogenization of catalystsin polymeric membranes

Because one of the most interesting aspect ofataytic membrane reactors is the effect
of the membrane environment, especially if polymedn the catalyst activity, in our
opinion the most promising opportunities are in tise of catalytically active polymeric
membranes in comparison with catalytically passnembranes.

In this section the basic aspect of catalyst hgtrzation in polymeric membranes will
be illustrated.

In the experimental part of this thesis (Chapteth®) developments of new functionalized
membranes obtained by heterogenization of inorgadditives in polymeric membranes

will be presented.

When a catalyst is heterogenized within or on tdase of a membrane, the membrane
composition (characteristics of the membrane matetydrophobic or hydrophilic,
presence of chemical groups with acid or basic emogs, etc.) and the membrane
structure (dense or porous, symmetric or asymmaetan positively influence the catalyst
performance, not only by the selective sorption difidision of reagents and/or products,
but also influencing the catalyst activity by efedic (electron donating and electon
withdrawing groups) and conformational effects lfgization of the transition states).
These effect are the same occurring in biologicaintoranes.

For this reason, the appropriate choice of the rpeljc material used for catalyst
heterogenization is fundamental.

Major issue in the polymer selection is its mechahithermal, and chemical stability
under reaction conditiors.

A good affinity for the catalyst is also desirableorder to avoid catalyst leaching and to
have a good adhesion between polymer and catalgistam optimal dispersion of the
same"

Different methods for the immobilization of catalysn membrane can be identified:
covalent binding, electrostatic interaction, weateractions (Van del Waals or hydrogen

bonds) and encapsulation.
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The polymer/catalyst affinity can be also improvéy an appropriate chemical
functionalization of one or both components. Theich of a solvent to carry out the
reaction, in which the catalyst is not solublansany case, advantageous.

The polymer should also to have good transport gitas for the reagents and products.
The affinity between a compound and the membrargnmy cananticipated by the
calculation of theaffinity parameters. 3% “°These parameters reflects the ability to form
hydrogen bond, polar and Van der Waals interactiomendensed phase

In the membrane-assisted catalysis, the choice omembrane with appropriate
permeability and selectivity, is more simple in garison with catalytically active
membranes.

In the last case, mass transfer of the reagentsetoatalytic sites and of the product away
from them, should be fast enough in order to mottlthe reaction but, in the same time,
the contact time catalyst/reagent should be alpooppiate.

Computational strategies and modelling are keystdol be considered to improve and

better understand the catalysis by a CMR.

For a porous membrane, the choice of polymer idest importance for transport
properties in comparison with a dense membraneusecpermeation does not take place
through the polymer matrix but through the membrpoees’ However the membrane

material is relevant for the stability and surfaceperties, such as wettability and fouling.

The membrane preparation conditions depend fromntBmbrane material and desired
morphology. In the case of a polymeric catalyticalttive membrane, the presence of the
catalyst to be incorporated, complicate the protesmuse the catalyst should be firmly
entrapped in the membrane and the catalyst stei@od activity has to be preserved

during the preparation procedure.

Different technique for polymeric membrane preparaare toady availabieand can be
opportunely employed also to prepare catalytic mamds: phase inversion, coating,
sintering, stretching, track-etching, SupercriticAksisted Phase Inversion Method
(SAPIM)*, are some examples.

The most versatile is the phase inversion techniguehich a polymer is transformed, in
a controlled mode, from a liquid to a solid state.

Phase inversion can be induced by different wdys, most used are: precipitation by
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solvent evaporation (to obtain dense membrane)paacipitation by immersion in a non-
solvent (to obtain porous membrane).

In the phase inversion process induced by solwapaation the polymer is dissolved in a
solvent having appropriate volatility, the solutisrcast in an environment with controlled
temperature and humidity. The solvent evaporat@mse the polymer precipitation with
the concomitant formation of a dense membrane.

In the phase inversion process induced by a norespl a homogeneous polymeric
solution, is initially demixed in two liquid phaségcause of the exchange of the solvent
and non-solvent. The phase with the higher polyowrcentration will form the solid
membrane, the phase with the lower polymer conagair will form the membrane pores.
During the process, the exchange of solvent andsobrent in the demixed phases
continues to cause an increase of the polymer otrat®n in the concentrated phase
surrounding the pores. The polymer molecules mayraege their structure until the
solidification (vitrification or crystallization) fahe concentrated phase occurs.

By controlling the initial stage of the phase irsien the membrane morphology can be

controlled??

1.5 Transport mechanism in porous and dense polymeric membranes

Depending on the pore and molecules sizes, gascuieke can be transported through
porous membranes via viscous flow, Knudsen flomnotecular sieving (Fig. 23).
Transport through dense membranes follows the isakdaliffusion mechanism, according
to which a molecule first is adsorbed in the polymafter it diffuses through the

membrane and finally is desorbed (Fig. 23).
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Figure 23. Transport mechanisms of gases species through p¢aer) and dense (d) membranes:
(a) viscous flow; (b) Knudsen flow; (c) molecul@\dng; (d) solution diffusion (from ref. 34)
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The ratio of the pore radius)(to the mean free patid)(of the gas molecules, regulates the

proportion of Knudsen and viscous mechanism.

The mean free path of the gas molecules can be calculated by:
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where 77 is the gas viscosityR is the universal gas constant (8.314 Jhiof), T the

temperature, P the pressaredM,, the molecular weight.

If Alr <<1 viscous flow is preponderant and the gas flosough the membrane is

described by the following equation:

P\
8nr Ax

(7)

where 4P is the partial pressure differengeis the pores radiug; pores tortuosity and

surface porosity defined as:
e=ng*/A, (8)

wheren, is the number of the pore&,, is the membrane area.
In the viscous flowd is proportional ta* and 1#.

In Knudsen flowA/r <<1 and there are more collisions with the pore wdlntwith the
other molecules.

The gas flow in this case is described by the éguiat

_ mr?D, AP

RT4 ©)

whereDy is the Knudsen diffusion coefficient.

D, = 0.66r /Sﬂ (10)
™,

In the presence of Knudsen flow

JOo— (11)
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and the ideal separation factor for gas pair cacat®ulated on the basis of the square root
of the molecular weight of the two gas.

If the membrane pore are between the diameterecéitialler and the larger gas molecules,
only the smallest of the two components can permeatd the mechanism is molecular

sieving.

Transport mechanism through dense membranes caledmeibed by solution-diffusion
mechanism. In the solution diffusion process, tag dissolves in the membrane and then
diffuse through it under a concentration gradient.

In the case of a linear relation (Henry’s law) bedw the gas or vapour pressure and the
concentration of the same species at the membraeeace, the concentration at the

interface is given by:
C=Sp (12)

whereS is the solubility (coefficient) of the gas or tlaapour in the membrang,is the
partial pressure. If the diffusion coefficient isnstant D), the permeabilityK), is given

by the equation:
P=DIS (13)

If the solubility is known, for example by absogstimeasurements, this equation allows
calculating the diffusion coefficient from permeépimeasurements.

While solubility is a thermodynamic parameter tlgaves the amount of penetrant

dissolved in the membrane under equilibrium coodgj diffusivity is a kinetic parameter

indicating ability of the penetrant to be transéefacross the membrane.

The diffusion in dense polymeric membrane is djrictfluenced by the polymer glass

transition temperature gfand the degree of crystallinity.

Transport through dense membranes is generallyidermesl an activated process, and
temperature has a consistent influence on the pione rate. The dependence of

permeability on temperature is usually describedmrrhenius-type equation:

— _ Ea
P=PR, ex;{ RTJ (14)
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wherePy is a constank, is the activation energiR the gas constant, the temperature.

Transmembrane flu of i-th component is given by:

P
J, =—=Ap, 15
=0p (15)

wheredis the membrane thickness.

If polymer/penetrant can not be considered as aimenactive system, the dependence of
P, SandD on concentration has to be taken into accountrfetaw is applicable for
small non-condensable gases; the Flory-Hugginsnb@ynamics offers adequate tools in
case of larger easy condensable peneffants
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2.1 Basic aspect of fuel cells technology

Proton exchange membranes have today many impafgiications including molecular
separation in electrodialysis, chemical conversioacid catalysis andenergy conversion in
the so called fuel celfs.

Fuel cells are electrochemical devices for chemérargy conversion, characterized by an
high efficiency and a low environmental impact hesmof their potential to reduce the use of
fossil fuels in combustion engines.

Unlike the classical battery, FCs do not storedhergy within the chemicals internally, but
they use a continuous supply of fuel and oxidaoinfran external storage tank. Moreover,
while the electrodes within a battery react anchgeaas a battery is charged or discharged, in

a fuel cell the electrodes are catalytic.

The primary components of a fuel cells are: thedanadhe cathode and the ion conducting
electrolyte (Fig. 1).

i) fuel oxidant <

7
//
//
//

g
//

/

/
//

&

Ox. products &
P L Red. products
-
-
______ \

Figure 1. Scheme of a fuel cell

There are different types of fuel cells characetiby various operative temperatures, fuels,
electrolytes and power density (TabZ21).
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Table 1. Different types of fuel cells

, Power
Temperature Mobile .
Type Fuel Electrolyte . density
(°C) ion
(W/kg)
PEMFC: H lon
polymer electrolyte 50 -110 cH E)H exchange | (H.0).H" | 400-1000
membrane fuel cell s membrane
AFC: Aqueous ! 90-240
_ 100 - 250 H OH
alkali fuel cell KOH
PAFC: 90
Phosphoric acid fugl 150 - 250 H HsPOy H*
cell
MCFC:
Hydrocarbons ’ 40
Molten carbonate 500 - 700 co (Na,K),COs CGOs
fuel cell
SOFC: 200 - 1000 Hydrocarbons ZrY)0 o, 100
Solid oxide fuel cell CO e
Portable Cars, boats, Distributed
electronics  and domestic power
equipment CHP generation,
CHP
1 10 100 1k 10k 100k 1M 10M

<

Higher energy
density than
batteries

Faster recharging

Higher efficiency
Potential for zero
emissions

Higher efficiency
Less pollution

Quiet

PEMEFC

ol

Figure 2. Typical range of application and power of FCs (aédifrom 3)
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The low operating temperature and the high powarsitie of the Polymer Electrolyte
Membrane Fuel Cells (PEMFCs) make them ideal fobitecapplications (such as energy
sources for vehicles) and small applications (sagkell phones and laptop computers) (Tab.
1 and Fig. 2J.

In a PEMFC the electrolyte is a proton exchange brane (PEM) which allows the transport
of the protons from the anode, where they are predin the oxidation of the fuel, typically
H. (H--PEMFC) or methanol (DM-PEMBCto the cathode where the protons react wigh O
to produce water. The flow of ionic charge througke PEM is balanced by the flow of
electronic charge through the outside circuit powdg an electrical power. The only
secondary products in the overall reaction are nvatat (eventually recoverable) and CiD

the fuel contains carbon (methanol, ethanol, €t@bp. 2).

Table 2. Reactions occurring in an hydrogen{PEMFC) and a direct methanol polymer electrolyte
fuel cell (DM-PEMFC)

H>-PEMFC DM-PEMFC
ANODE: Hr»2H +2¢ CHsOH + H,0 — CQ; + 6H" +6e-
CATHODE: |12 +2H +2¢é— H,0 3/2Q +6H + 66 —» 3 HO
OVERALL: |1/2 G + Hy— HO CHOH+3/2Q —» CO, + 2 HO

The reaction at the anode is exothermic, howevegjtiire to overcome an activation energy
barrier. Three strategy are used in fuel cell tetdgy in order to improve the kinetic
reaction: the use of catalysts (usually Pt or Ptituanode reaction in respectively-Hand
DM-PEMFCSs), raising the temperature and increategsurface electrode (porous) area.

A typical PEMFC gives a voltage from 0.6 V to 0.7a¥d to produce a useful voltage many
cells are connected in series. Such a designledcalfuel cell stack (Fig. 3).

Bipolar plates, generally made of graphite, intareect the cathode of one cell with the anode
of the next cell conducting electricity, feedingygen to the cathode and fuel to the anode and

channelling away waste water and heat from thetima(Fig. 3, C).
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A) B)

Current collecior

Bipolar plat
Gasket
Gas diffusion layer.
Catalysts
Membrane

Interconnector

End-plate
gas and cooling manifold

Bipolar flow-plate
interconnect

el

Membrane Electrolyte Assembly ——Jp
(MEA)

C)

Membrane Electrode
W | -~ Assembly

K i g _' Gas Flow Channels

Endplate

Bipolar Plate —/ v
Repeat Unit L/

Figure 3. Scheme of aH,/Air-PEMFC (A), MEA components (B) and a/@,-PEMFC stack (A
from  http://www.ird.dk; B  from http://www.kemi.dtu.dk and D adapted from
http://www.futureenergies.com)

Fuel cell technology has many advantages: high ggnefficiency, zero- or near-zero
emissions, very low noise emissions, reliabilityl asmplicity, modularity and easy up- and
down scaling’

PEMFCs have recently passed the demonstration phasd have reached a partial
commercialization stageéHowever there are many challenges remaining teadrno be
overcome. The main limitations are the high invesitrcost and the fuel production and fuel

storagée’
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Concerning the first point, the large scale applicaof this technology imposes addition

efforts for the development of new materials withproved properties and reduced cost for
the fuel cell components.

In particular the cost of the proton exchange mamés (PEM) is a significant part of the

cost of the PEMFCs and the design and the developoi@ew PEM is a crucial aspect.

2.2 Thermodynamics fundamentals
For a reversible reaction

AG =AH -TAS (1)
where:
AG is the Gibbs free energy available to do extentak
AH is the variation of the enthalpy, or the enerdgased by the reaction
T is the absolute temperature
AS is the variation of entropy
TAS is the heat associated with the organization/detization of the material.
For a fuel cellAG is the electrical work (charge x voltage [J]) ddaemoving electrons in
the external circuit:

AG = -nFE 2

wheren is the number of electrons transferred per moleeaictantsE is the Faraday

constant (96485 CX is the voltage or electromotive force of the cediction.

Considering the reaction of an/@, PEMFC.:
H, + % Q & H,O
the open circuit voltageE ., ) became:

AG
E e
ocv nF

3)
A(~3f is the molar (indicated with the symbol ~) Gibbsefenergy of water formation:
~ ~ ~ 1 ~
AG, =(Gf)H20_(Gf)H2_E(Gf)02 4)

A(~3f depends from temperature and the state (liqughsy of the water, for example at 80°C

is -228.2 kJ/mol for liquid water and -226.1 kJ/rfai gas water.
As a consequencepky=1.18 V in the first case andb&/=1.17 V in the second.
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If the system is reversible (no losses) the eleaitrivork is equal ta}éf . However in a real
system generally E real is minor thapck theoretical because of irreversible voltage losses

or polarization phenomena (overvoltages):
- activation lossegelated to the kinetics of the electrochemicabrsedkactions taking place at

the electrode/electrolyte interface;
- ohmic lossesre due to the resistance of individual cell congras (electrolyte, electrodes,
current collectors, etc.) and to the resistancetdwentact problems;

- concentration lossesaused by the mass transport limitations of thiwe@species during the

cell operation.
These losses (Fig. 4) depend upon the detailedtraatien of the fuel cell and operative

conditions (temperature, current density, reactants).

— OCV

1.2

Activation

1.0

08

Concentration

Cell Woliage, Volts
0.6

0.4

0

Current, mAlecm® =

Figure 4. Typical voltage-current curve of a fuel cell (froef.3)

Fuel cells are generally characterized by higtcigfficy in comparison with traditional energy
conversion systems (Fig. 5 and Ta. 3).

Because fuel cells don’t include the conversiothefmal to mechanical energy, they are not
subject to the Carnot efficiency limit typical af Aeat engine (e.g. steam and gas turfiine)

TZ
1- T 5)

1

where:
T1 is the maximum temperature of the heat engineTaride temperature at which the heated

fluid is released.
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Figure 5. Eficiency obtained with various energy conversigatems included fuel cell (from ref. 7))

Table 3. Typical ranges of energy efficiencies obtainechgdiuel cell and heat engine systems in
electric power plant and transportation (data frein8)

Energy efficiency
Application )
Heat Engine Fuel Cell
Electric power plant 30-379%% 70-8090
Transportation 20-3596 40-50941

®combustion engin€SOFC including heat recovery
‘internal combustion enginEPEMFC or SOFC

The maximum energy efficiency of a fuel cell is gally defined as the ratio between the

electrical energy produced per mole of fuel andviméation of enthalpy for the fuel
combustion (heat that can be released):

Eff, =—2f=_" oo (6)

For the water formation from hydrogen there are pwssible values of variation of enthalpy
depending on the physical state of the product.
Considering the water in the vapour phase we Haxédower heating value” (LHV):

~

AH, =-241.83 kJ/mol
considering the water in the liquid phase we haeg'higher heating value” (HHV):

AH, =-285. 84 kJ/mol

42



Chapter2: . Integration of molecular separation and energy conversion in a fuel cell (FC)

The difference between the HHV and the LHV is thelan enthalpy of water vaporization
44.01 kJ/mol.

The maximum efficiency for a fuel cell depends be temperature becauasméf depends on

this parameter, moreover is necessary to specifyeifvalue is calculated using the HHV or
the LHV (Tab. 4).

Because of the voltage losses, the real energgiesiiy of a fuel cell is lower than the
calculated maximum efficiency.

Although the calculation of the maximum efficiensyggests that lower temperature can
allow better performance in axfPEMFC (Tab. 4), the voltage losses are generaihomat
higher temperatures and better efficiencies cargdigerally obtained operating at higher

temperature’

Table 4. Calculated maximum energy efficiency for ag®—PEMFC (A(-gf data from ref. 3)

Form of water Temperature (%) Aéf Maximum
product P (kJ/mol) Efficiency
- 94.4%(LHV)
Liquid 80 -228.2 79.8% (HHV)
i 93.5%(LHV)
Gas 80 226.1 79.1%(HHV)
i 93.2%(LHV)
Gas 100 225.3 78.8%(HHV)
0,
Gas 200 -220.4 9L.1%(LHV)

77.1%(HHV)

2.3 Proton exchange membranes for PEMFC applicatian

In a PEMFC the electrolyte used to selectively sztpathe anode from the cathode is a proton
exchange membrane (PEM). The desirable charaatsridta PEM are not only high proton
conductivity, but also low permeability to gases garticular Hand Q), low permeability to
methanol and water, absence of electronic condtytighemical and mechanical stability

under the operative condition over long time.

2.3.1 Nafion and other polymers used in PEMFCs
Currently, the most commonly used PEMs for applicet in PEMFC are made of ion-
exchange perfluoropolymers such as Nafion (Du Rdxtjplex (Asahi Chemical), Flemion

(Asahi Glass) and Gore-Select (Gore and Asssolialg®e previous polymers are also called
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long-side-chain (LSC) perfluoro-ionomers in orderdistinguish them from the so called
short-side-chain (SSC) perfluoro-ionomers initiallyoposed in the 1980s by the Dow
company (under the trade name Dow lonomer) and megently by the Solvay Solexis
(under the trade name Hyflon loff)These SSC ionomers are characterized by shorter
pendent group carrying the ionic functionality, lneg crystallinity and higher glass transition
(Tg) than LSC ionomers at given equivalent wefght.

In particular, among the various perfluoro ionoméeveloped, Nafion membranes (Fig. 6)
still today dominate the PEMFC market because otfhigh proton conductivity and high
chemical, thermal and mechanical stability.

Nafion has been developed in the 1960s by Du Pmheaployed in a GE fuel cell designed
for NASA spacecraft mission. Nafion has been foats successfully application in chloro-

alkali industry and acid catalysis.

Fz 2

/

CF

C/cﬁ S i

S=O
m=5-13.5
n=ca. 1000
7=1-3 OH (H20)x
x=1-13

Figure 6. Chemical formula of the Nafion

However, Nafion has high costs (600-1200 US$/m&hich limits its practical applications.
Moreover Nafion membranes have an elevated watdr rmathanol permeability which
reduces the process performance in FCs.

In particular the methanol crossover during operetiin a direct methanol fuel cell (DM-
PEMFC) can lead to a significant decreases of tlegadl performance in three main ways:
poisoning of the cathode catalyst, fuel efficiemeguction and electrode potential reduction
due to methanol oxidation at the cathddle.

Also excessive hydraulic permeability of the memieraan have severe consequence on the
fuel cell performances including membrane dehydratwith successive loss of conductivity,

and cathode flooding, with consequent restrict @xydransport through the porous gas
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diffusion electrode (Fig. 79.

Electro-osmatic Drag -
Whatar produshan
e
Diffuetan
s s
H- humidified
i (hurmidl fed)
H* transpﬁr;:
{Dehydrafion dus —* Waler .
1o glectro-osmotic Hydraulic Permeability accumulation
drag) -—
i Membrane Gatlkady
El.-'_'lru# — El=ptrade

Figure 7. Water transport in an#PEMFC (from ref. 14): the electro-osmotic dragasists

in the transport of the water molecules with thet@ns from the anode to the cathode; in the
same time the gradient of water content acrossmbebrane may result in water back
diffusion from the cathode (where water is prodydedhe anode.

Moreover if a difference in transmembrane pressispplied (RathodePanodd this can further
force water transport.

A further disadvantage of the Naffdmembranes is the loss of conductivity if operdteda
long period of time above 80 °C because of dehdiwédion problems®*®>On the other
hand, the use of relatively high temperature (>C30% fundamental in order to improve the
reaction kinetic and reduce the poisoning by COth&f Pt based catalysts used in the
PEMFC’s (CO covers the catalyst preventing theréfction ant the CO content in the fuel
should be < 10 ppm). The effect is very temperatiggendent and can be partially
suppressed at elevated temperatbire.

In the last decade, the development of new ion-&xgh membranes with improved
properties for PEMFCs applications has receivedmattention.

Not only perfluoropolymers but also partially flusated, non-fluorinated hydrocarbon, non
fluorinated aromatic and acid base blend membraaes been proposed (Tab.’5).

Several new industrial partnerships also refleetgteat effort to develop new membrares

- Dais-Analytic, Odessa, Fla., is teaming with DoMlastics, Midland, Mich., to
commercialize a lower-cost membrane based on Dimd&x ethylene-styrene interpolymer
(ESI).

- Celanese Ventures GmbH, Frankfurt, Germany, i®ld@ing a polybenzimidazole (PBI)-

based membrane for fuel cells that operate atvelgthigh (150 C) temperatures.
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- Cell maker Ballard is working with the British ngat of Victrex USA, Greenville, S.C., to
produce two new membrane alternatives. One is thkaf®'s BAM ionomer, a partially
fluorinated membrane with hydrocarbon pendant gspwhich cost less than Nafion. Even
less expensive is a sulfonated variant of VictrBEER, a high-temperature resin. One is based

on sulfonated polyaryletherketone (a variant of RE&upplied by Victrex.

Table 5. Properties of the main families of membranes usé?EMFCs (from ref. 7)

Category Structure Physical Properties Performancén fuel cell

Perfluorinated | = Fluorinated backbong- Strong and - Membrane is durable upto

membranes like PTFE stable in both oxidativeé 60,000 h
= Fluorocarbon side and reductivg - Proton conductivities in
chain environments well humidified membranes
= lonic clusters are 0.2 S/cm at PEMFC
consisting of sulfonig operating temperatures
acid ions attached to the - Cell resistance of 0.0b
side chains Qcn? for 100 pm  thick

membrane with voltage loss
of only 50mV at 1 A/cm2 ig

achievable
Partially « Fluorocarbon base | - Relatively - Less durable than
fluorinated = Hydrocarbon or strong in comparison tpperfluorinated ones
membranes aromatic  side  chainperfluorinated systems,- Low performance
grafted onto the but degrade fast - On suitable modification,
backbone, which can he yield membranes  with
modified comparable proton
conductivities
Non-fluorinated | = Hydrocarbon  base,= Good - Poor conductors of
hydrocarbon typically modified with| mechanical strength | protons
membranes polar groups . Poor chemical - Exhibit low durability on

and thermal stability | account of swelling
obtained by incorporatio
of polar groups into thg
polymer matrix

-

1%

Non-fluorinated | =  Aromatic base] - Good - Good water absorption
aromatic typically modified with| mechanical strengths | - Relatively high protor
membranes polar/sulfonic acid groups = Chemically and conductivity is attainable-

thermally stable even at
elevated temperatures

Acid-base blend = Incorporation of acid = Stable in| - Good dimensionall
membranes components, into apoxidizing, reducing and stability
alkaline polymer base | acidic environments - Exhibit proton
. High  thermal| conductivity comparable tp
stability Nafion

- Durability of the
membranes is still
to be proven
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Considering the high cost of the fluorpolymers, agdn number of polymer families
membranes based on nonflurinated ionomers suchf gmlg(butadiene styrene) block
copolymer, polystyrene, polyimides, poly(arylethsulfones), poly(arylether ketones),
polyphosphazenes, polybenzimidazole, etc., have bsed as starting material to prepare
PEM (Tab. 6y 181920

The majority of these polymers are sulfonated ideorto realize membranes with ion
exchange capcity. In addition, blend or cross-lihkmlymers are used to introduce or
improve the membranes in terms of proton condugtfvi %

Although the presence of the fluorinated backbarices an higher acidity of the sulfonic
group in the perfluoro membranes such as Nafion, andgeneral, an higher proton
conductivity in comparison with non-fluorinated memanes, the last polymers have lower
cost!

Moreover, in many works, organic-inorganic (hybnmtpton exchange membranes have been
prepared in order to improve the membrne performafroton conductivity, water and
methanol permeability, thermal stability, etc.).

SIO,, TiO,, ZrO,, zirconium phosphate have been introduced in SRifld SPEEK
membranes obtaining a reduction of the water andhanel flux in pervaporation
experiments’>?*However in these hybrid membranes also the protmaluctivity is reduced
in comparison with polymeric membrarfés®*

Composite proton exchange membranes have beernrg@deipam HPO,-doped silica gel and
a styrene-ethylene-butylene-styrene (SEBS) blociolyoner showing 18 Scni' proton
conductivity at 25°C in a dry Natmospheré®

The synthesis of Sipolyethylene oxides (PEO), Sipolypropylene oxide (PEO),
SiOy/polytetramethylene oxide (PTMO)) composite membgastable up to 250°C has been
also carried-out by sol-gel methddl.

Interesting blends between SPEKK and a hybrid gayglsulfone with —SiPh(OH)groups
covalently linked to the polymer chain (SIPPSU) énéreen used to prepared membranes with
good conductivity at 120°€.

Recast Nafion membranes filled with in situ growincanium phosphate, have showed
enhanced stability of proton conductivity at tengtere higher than 100°C and high relative
humidity 2 This result has been ascribed to the enhanced raembtiffnes$®

However particular interesting results have beetaiobd using heteropolyacids (HPA)
additives incorporated in PEMs.

47



Chapter2: . Integration of molecular separation and energy conversion in a fuel cell (FC)

The most commonly used HPAs are characterized lggikestructure (see also chapter )
interconnected by an high number of hydrogen-bonslattr molecules or dioxonium ions
(Fig. 8)%°

These HPAs compounds are characterized by supenmoion conductivity, high thermal

and chemical stability’

H3PW1 204.:.' nH 20
(n=0, 6, 14, 21, 29)
Keggin anion PW| 2{}453- H3PW1205@'GH20

Keggin
anion
PW 2040

PO,

Figure 8. Representation of the Keggin type heteropolyaci\W O, and its hexahydrate (from ref.
29)

Composite membranes with higher Tg and the highpé&ature stability of the proton
conductivity, have been obtained by incorporation 60wt% of three different HPA
(HsPW;2040, HsPM0;2040, N&oHPW;,040) in SPEEK membranes with 70, 74 and 80% degree
of sulfonation®®

Hybrid membranes prepared from sulfonated PEK, rbptdyacids and an inorganic network
of ZrO, or RSiQ; have been also prepared obtaining an higher prooowuctivity of the
membrane&’

The HPAs have been also used to stabilize the prataductivity of the Nafion membranes
at elevated temperature and low relative humidity.

For example, BPW:-04, also exchanged with larger cations such dsKid**, Rb" and TT |

has been heterogenized in Nafion membranes obsdveitter proton conductivity:*2
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Table 6. Some examples of non fluorinated ion-exchange metg used for PEMFC
applications(from ref. 33)

Polymers Structure
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Different variants of sulfonated polyarylenethedtets (Fig. 9) have been proposed in
literature as possible alternatives to Nafion: ptherketone (PERY, poly(etheretherketone)
(PEEK)* 34338 noly(etherketoneketone) (PEKK), poly(ether ether ketone ketone)
(PEEKK)’, etc (Fig. 9).

—C0

n

Ar— D]~ Ar co—:wl 0— Ar lco—m’ l [D—Ar—
p ¥ ¥
m

x,nm=0orl
0, ar 3
J'r

y=10,1,2
p=1234

Figure 9. General formula of the polyarylenetherketonesn(fref. 38)

The oxidation stability is expected to increasdwiiicreasing content of ketone segments,
and with the decrease in ether segmé&hts.

Sulfonation of polyarylenetherketones is usuallgried out in concentrated sulfuric acid and
the extent of sulfonation is controlled by the teactime and temperaturéThe membranes
prepared using these polymers are characterizedgmod chemical, thermal and mechanical
stability.

Another interesting aspect of the sulfonated nanffhated aromatic membranes is the
generally lower water and methanol permeability pared to Nafion membranes. The
different behaviour can be explained by differericethie microstructures of these systéms.

In the perfluorosulfonic polymer extremely hydropiwmperfluorinated regions are combined
with highly hydrophilic sulfonic groups. In the gence of water the hydrophilic portions of
the polymer aggregate forming hydrophilic domaifke Nafion membranes present three
phases in their structure: the perfluorinated hgdrbon backbone, the side-chains with fixed

sulfonic end groups and the water (or water/methaweelled hydrophilic channels (Fig. 10).
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Figure 10. Sketch of the structure in Nafion membranes higtiihg the tree phases present: the
perfluorinated hydrocarbon backbone, the side-chaith fixed sulfonic end groups and the water (or
water/methanol) swelled hydrophilic channels (fneh 39 )

In the cluster network mod®|, used to rationalize the transport mechanism irfioNa

membranes, hydrophilic pockets of about 4 nm inmgier formed by sulfonic acid groups
and absorbed water are interconnected by a netwbrkhort and narrow channels of
approximatively 1 nm in diameter, and separatethftoe hydrophobic region formed by the

fluorinated backbone of the polymer (Fig. 11).

Figure 11. Cluster-network model for the hydrated Nafion (firoef. 40)

The proton, water and methanol transport occursutitt these hydrophilic regions. The
hydrophobic domains are responsible of the morghoéb stability of the system.

Of course the microstructure of the Nafion andgéneral, of all type of polymeric ion-
exchange membranes, depends on the level of hgdr@iig. 12).

For example the mean dimension of the hydrophitickets in the Nafion with equivalent
weight(EW) 1200 shrink from 4 to 2.44 nm when teative humidity is changed from 100
to 34%*' As a consequence, also the transport propertfsatyy vary from the dry to the

wet state.
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DRY MEMBRANE

_— Perfluorinated matrix

0+
EWH L EN MEMER &NE
_lanic domains
PERCOLATION
0.25 -+
“STRUCTURE INVERSION
0.50 -+
CCONNECTED NETWORE
OF POLYMERS RODS
0.7T5 T
COLLOIDAL DISPERSION OF
ROO LIKE PARTICLES
Solution
Water volume
fraction ¥

Figure 12. Conceptual model describing the morphologicalganization of the ionic domains in
Nafion as the dry membrane is swollen with watahtstate of complete dissolution (from ref. 40)
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2.3.2 Sulfonated PEEK and sulfonated PEEK-WC membnaes

In the sulfonated polyarylenetherketone membraheshiydrophilic channels are narrower
compared to Nafion, less separated from the hydroichregions and more branched because
the polymer backbone is less hydrophobic and tifersa groups less acid than those of the
Nafion (Fig. 13)>*2 Numerous authors confirmed these different micuosures by Small
Angle X-ray Scattering (SAXS) experiments carriatt on Nafion and various sulfonated

polyarylenetherketon®3® 43

MAFION sulfonated polyetherketone (PEEKK)

~{CF ~CF ), -CF-CF -
O-{CF,-CF-0),-CF -CF,-S0,H

1 nm

e :-80;

& protonic
charga
CATar

Figure 13. Comparison of the microstructure of the hydratedidh and a sulfonated PEEKK (from
ref. 9)

As a consequence, the water and methanol diffusiefficient of this family of polymers are

typically lower compared to Nafion(Fig.12}**
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1E-T L

Permeability (cm’/sec)

1E-5 | 1 | 1 | 1
2.8 28 30 31 3.2 3.3 3.4

1000/T (K™

Figure 14. Arrhenius plots of the methanol permeability #r(Nafion® 115 membrane A) SPEEK
membrane with sufonation level 0.4%) (SPEEK membrane with sulfonation level 0.39, meadu
using a diaphragm diffusion cell (from ref. 45)

Among the different polyarylenetherketones invedtg as possible alternative to the
expensive perfluorosulfonic membranes, very intergs systems are the sulfonated
polyetheretherketones (SPEEK) membrangg3°:36:45.46. 47,48

The polyetheretherketone (PEEK, Fig. 15) polymaregelly used in many literature works

and in a wide range of industrial applications iseanicrystalline thermoplastic polymer

known as VictreX PEEK*.

\Qooo//

Figure 15. Chemical structure of the PEEK polymer

PEEK is insoluble in organic solvents and cannotiged for the preparation of membranes
by phase inversion techniqtfe.

Unlike native PEEK, the sulfonated derivative of ttictrexX’ PEEK, widely investigated in
literature as possible alternative to Nafipris amorphous and soluble in many organic
solvents. However the low solubility of the stagtimaterial generally complicates the
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sulfonation process usually carried out using cotre¢ed sulphuric acid at room temperature
for long reaction times. The sulfonation reactisnnitially a heterogeneous process and as a
consequence it yields different fractions of polymth various sulfonation lelef.

Unlike classical PEEK, a modified PEEK indicatedREEK-WC or poly(oxa-p-phenylene-
3,3-phthalido-p-phenylene-oxa-p-phenylene-oxy-prytene) (Fig. 16), is amorphous and
soluble in many organic solvents with medium p®arwhereas it is not soluble in water,

methanol and ethanol (Tab. 7).

Figure 16.Chemical formula of the PEEK-WC polymer with inglied the so called Cardo group

PEEK-WC has a lactonic group, called Cardo grouf (W the polymer name is for X
Cardo), along the polymer chain (Fig. 16) which Brebe crystalline character of the
traditional PEEK. As consequence, PEEK-WC is amoughand it is suitable for the

preparation of membranes by phase inversion teakstq

Table 7. Some examples of solvents and non-solvents foP EeK-WC polymer

Soluble Non soluble
Chloroform Water
Dichloromethane Methanol
Dimethylsulfoxide Ethanol
Tetrahydrofuran Acetonitrile
dimethylacetamide Cyclohexane
dimethylformamide Cyclohexanol
éyﬂi}:ﬂgne 1,4-Diossane
Cyclohexanone Toluene

Moreover PEEK-WC has a high glass transition tewpee (Tg = 235°C, vs. 143°C of the
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Victrex® PEEK) and very good chemical, thermal and meclahstability (Tab. 8F?

Table 8. Some properties of the PEEK-WC polymer

Properties Value
Glass transition temperature Tg (from DSC) 235(°C)
5% weight loss temperature (from TGA) 512(°C)
Molar mass of the structural unit 496.5(g/mol)
Molecular weight 223.9 kg/mol
Density (25°C) 1.33 (g/cm)
Molar volume of the structural uRit 373 (crmi/mol)
Maximum using temperatufe 200 (°C)
Tensile strength 1000 (kg/cm)
Resistance at low temperat(ire 77 (K)
Impact strengthi 60 (kg/cnd)
Mean interchain spacing (WAXD) 4.62 (A)

2from ref. 53,

®from ref. 54)

The membranes prepared using this polymer are cieaized by excellent transport
properties and selectivity for gas and liquitl®> Moreover, PEEK-WC based membranes can
be modified by the introduction of specific chenhigeoups on the polymer chain.

The reaction with chlorosulfonic acid at room temgpere introduces a sulfonic group on the
aromatic ring obtaining a polymer (SPEEK-WC) witbni exchange capacity, without

polymer degradation (Fig. 17).

O oPEEK-WC SPEEK-WC
o)
CISO3H O

o}
0
o) O ,SOsH
Q O o O O o—{~  Room temperature, Q O o//

Different reaction times o

L dn n

Figure 17. Sulfonation reaction of the PEEK-WC
Acting on the reaction times it is possible to matithe degree of sulfonation (D3).
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The reaction is carried out in homogenous phaseirastiorter reaction times compared to
those of the Victrex PEEK. For example the reactbrVictrex PEEK with concentrated
sulphuric acid at room temperature for 192 houve gi polymer with DS =0.85, for PEEK-
WC the same DS can be obtained by reaction witbrolulfonic acid at room temperature in
4 hours?®

SPEEK-WC with different degree of sulfonation hmeen already used for the preparation of
PEMs?®

The properties of the membranes depends on suldonatel.

Composite membranes have been also prepared digpermmorphous zirconium
sulfophenylenphosphonate (Zr(SPP)), as gel forra, #®PEEK-WC matix®

S
L. ]
C ﬁ 1 OH r‘? It ®
o i N i
.P { ‘A ,..!’! "1 F;
335: \ﬁr Sy f Nxy e
~. « Mo s e,
S I SV B 1
s Fr & 7
e b g 3l
7 s
oh'-{f}“{"’ e/
5“?"'&"" .
=]

Figure 15. Structure of the amorphous zirconium phosphatéogiiénylenphosphonate (ZrSPP =
Zr(HPOy)1 .0 (CgH4SO3H)1 onH2O) used to prepare composite SPEEK-WC membranes (fef.

59)

The membranes obtained were dense and charactbesizedood distribution of the inorganic
filler.

At low DS value (0.2) the presence of Zr(SPP) impsoion conductivity, at higher DS level
(0.57 and 1.04) the polymeric membranes showed igheh conductivity compared to
composite membranes but is still lower in comparisith Nafion membrane¥.

All the composite Zr(SPP)/SPEEK-WC membranes hav@ena&r swelling degree in water
and methanol, compared to polymeric ones at the $2%) in the whole range of temperature
investigated (25-90 °C); as consequence compo&tabranes are characterized by an higher
stability in the operative conditions of a PEMFGg(F.9)>*
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One of the aim of the present has been the developai new SPEEK-WC membranes with

improved proton conductivity.
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Figure 19. Swelling in water as a function of temperaturegolymeric (symbol SP followed by DS)
and composite membranes (symbol ZrSP followed by &tSdifferent degree of sulfonation ((A)
DS=0.2; (B) DS=0.57; (C) DS=1.04). The water uptake commercial Nafion 117 membrane has
been reported as a reference (data from ref. 59)
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2.3.3 Mechanisms of proton transport in PEMs

To understand the proton mechanism in PEMs, itetsessary to keep in mind that protons
cannot exist in the bare state (except in particsilaation such as plasmas and synchrotron
rings)2° but they strongly interact with electronic densitl the environment. The proton
localization within the valence electron density eléctronegative species (e.g. nitrogen,
oxygen) and self-organization due to solvent irdtoas play a key role in the proton
diffusivity.

In hydrated solid proton conductors the transpart lbe occur by a vehicle or by a Grotthus
type mechanisrf:®?

In the first one the protons are linked to a vehiah the specific case water (e.g. a®Hand
HsO," ions), and they diffuse together under a gradiéetectrochemical potential.

In the Grotthus mechanism the vehicle moleculestaonary and the transport involve the
structural intermolecular reorganization of hydnod@nds with the concomitant reorientation
of the vehicle molecules (protons hopping) as ftfated schematically in the following

scheme and in figure 17.

HoOH"---OHp---OH, ¢ Hy0---H OHp---OH, > H,0---H,0---H OH,

""--.‘,\ ‘_Nrenrientatinn

T~ {

transfer

Figure 17.Schematic description of the two step occurringrmton transfer (from ref. 62)

At low water content the rate of bond breaking dondming is significantly reduced.
Moreover the interaction of the water moleculeshwibte acid functional groups of the
polymer polarizes the protons near the anionissitdis distribution and, as a consequence,
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the inhomogeneous electrostatic potential distigmytdepends on the chemical interaction of
the protons with the anions (influenced by the pihies), the local dielectric constant of the
water and the spatial separation of the acid grodjp® decreasing of the acidity, the
decreasing of the dielectric constant and the asing of the separation distance between the
polar groups, favour the restriction of proton sport through the hydrophilic domains and
reduces the transport coefficient on macroscomEsqFig. 21).

The decrease of the water self-diffusion coeffiti€éDy,0) and the proton conduction
diffusion coefficient (@) with decreasing water volume fraction appear npogmounced for
the sulfonated polyetherketone than for Nafion (Ri).

In particular with decreasing water content, dpproaches [oin Nafion and drops below
Duoo for the aromatic membranes as a consequence ofuperession of intermolecular
proton transfer and the increase of the associaifothe protonic charge carries with the

anionic counter ions (Fig. 21},

D_. NAFION !
L] DH_O I
10 I D, sulfonated 1‘ D, (water)
[ e Dy polyetherketone
| - DH,O (water)
. 109 T=300K
E‘ g .
= &
- ’ .
= |
B o ~ ? |

107

. decreasing percolation |
10 = |
- . |
association supression of |
intermolecular |
proton transfer [

[
{nano - scale) (molecular scaJ‘e}i

0.1 1

water volume fraction X,

Figure 21. Proton conduction diffusion coefficient {pand water molecular diffusion coefficient
(Dh20) for Nafion and a sulfonated polyetherketone (fiafi 62)

In numerous examples, it has been reported thaHihs can reduce the resistance to the

protons in PEM$°
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The reduction of the inorganic additive particleesi and its good dispersion inside the
polymeric matrix, is fundamental to have a positfiect on the proton conductivity because
increases the surfade volume ratio of the additives and permit a meficient proton
hopping®®

HPAs typically exist in hydrated phase with the @egof hydration varying from 6 to 30
molecules of water, depending on the temperatudetlaa relative humidity (for example 6
molecules of water are present in th€W/-O40 Structure up to 175-230°C).

In a Keggin type HPAs, hydrogen bonds exist betweaoh acid proton and two water
molecules, hydrogen bonds are also present betwatm molecules and the terminal oxygen
atoms of the HPAs and , finally, hydrogen bond®limwg water molecules can exist between
different Keggin unit$?

If the HPAs sizes are in the order of a few nanenseand uniformly distributed in the proton
exchange membrane, the water hydration moleculdgsonium ions of the additive can be
used to better interconnect the ionic cluster & golymeric matrix providing a better
pathway for proton hopping.

For these reasons three commercial available Kegpgas HPAs have been used in this work
to functionalize polymeric membranes made of SPBEHEE-
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3.1 Heterogenization of polyoxometallates in polymeric membrane for oxidation
reactionswith a low environmental impact

Photocatalytic oxydations represents a key strategy towards the development of new
sustainable methods for chemical transformations.™? The combined use of photoactivation
technigues and dioxygen might guarantee a minimal environmental impact, depending on the
photocatalyst performance which ideally should: undergo photoexcitation employing sunlight
at room temperature, promote fast and selective processes; activate dioxygen to form reactive
oxygenated species; be stable, and easily recyclable for multi-turnover processes.®

These processes are of interest not only for the selective oxidations in photo-assisted synthetic
procedures but also for the environmental remediation.

In wastewater most otraditional processes simply transfer the pollutants from one medium to
another (liquid-liquid extraction® °, absorption onto activated carbon® ’, air stripping®) or
generate waste that require further treatment and disposal (biological oxidation® and classical
chemical treatment such as addition of chlorine or potassium permanganate™® **?). On the
contrary, advanced oxidation processes (AOP), are very promising methods for wastewater
treatment™® . These methods, mainly based on the photoinduced generation of hydroxyl
radicals, can lead to complete mineralization of organic pollutants.

Polyoxometal ates or polyoxoanions (POMs), early transition metals (V, Nb, Ta, Mo, W, etc.)-
oxygen cluster anions, are a large class of inorganic compounds with interesting properties as
catalysts for oxidation reactions in fine chemical synthesis and degradation of organic
pollutants, by thermal or photochemical activation.*® 1"

Moreover POMs in the acid form, generally called heteropolyacids (HPAS), have superacid
properties because the large size of the heteroplolyanions™ and they have been widely used
not only as acid catalysts', but also in order to improve the properties of polymeric proton
exchange membranes?.

There is an high variety of POMs complexes differentiated in terms of chemical composition,
structure and counterion (Fig. 1).

In particular, W-containing POMs have a well documented ability to promote
photooxygenation of various substrates under mild reaction conditions (oxygen atmospheric

pressure, room temperature), both in organic solvents and in water.
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Figure. 1 Some representative structural families of POMs (From ref. 21)

The proposed mechanism for POM based photocatalysis involves the absorption of light by
the complex ground state forming a charge-transfer excited state (POM*) with strong
oxidazing properties (Fig. 2).%* This is the primary photoreactant, which is able to undergo
multi-electron reduction without structural rearrangement, leading to the well-known “blue”
reduced form (heteropolyblue). In the presence of aliphatic hydrocarbons, the oxidative step
occurs mainly through hydrogen atom abstraction (RH), generating in solution a reactive
radical intermediate (substrate activation). Therefore, in the catalytic cycle, dioxygen plays a

multifaceted role: by intercepting the organic radicals giving rise to an autooxidation chain,
and providing to the re-oxidation of the POMeqg thus closing the cycle and generating

reduced oxygenating species (dioxygen activation). Furthermore, in aqueous solution, the

photooxidation performance can be strongly enhanced by the production of highly reactive
hydroxyl radicals OH* formed through the direct reaction of water with the excited POM

(solvent activation). The existence of three operating activation mechanisms for the catalytic

functionalization of unreactive C-H bonds, is rather unique and deserves a special attention.
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Figure 2. Composite activation mechanism in the photocatalytic oxidation cycle by polyoxometal ates
in water (from ref. 22)

Among POMSs, decatungstate (W10Os") exhibits especialy interesting properties for the
photocatalytic detoxification of wastewater since its absorption spectrum (Amsx =324 nm)
partially overlaps the UV solar emission spectrum opening the potential route for an

environmentally benign solar-photoassisted application.®
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Figure 3. Decatungstate absorption spectrum (----) and solar emission spectrum (—) (From
ref. 23)

However, decatungstate has also some relevant limitations: it is characterized by low quantum
yields, small surface area, poor selectivity and limited stability at pH higher than 2.5.%°

As reported in the Chapter 1, membrane technology could offer interesting possibilities in
order to overcome these limitations and improve the advantages of catalysis mediated by
POMs? by: the multi-turnover recycling associated to heterogeneous supports, the selectivity
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tuning as a function of the substrate affinity towards the heterogeneous membrane, the effect
of the polymeric micro-environment on catalyst stability and activity.

In this respect, the design of alternative heterogeneous photooxygenation systems able
to employ visible light, oxygen, mild temperatures and solvent with a low environmental
impact (water or neat reaction), has been investigated in of thisthesis.

We have studied the heterogenization of the decatungstate (W10) in polymeric membranes.
The successfully heterogenization of the W10 has been guaranteed by a proper choice of both
the catalyst and the polymeric material.

Because we are interested to photo-oxidation reactions of organic substrates, principally in
aqueous phase, we have used hydrophobic polymeric materials for membrane preparations:
the partially fluorinated polyvinylidenefluoride (PVDF) and the perfluorinated polymer
Hyflon AD®. Both polymer are transparent in the region of interest of the catalyst,
characterized by a high chemical, thermal and UV stability. Moreover the use of afluorinated
media to carry out oxidation reactions is particularly useful because the well known high
solubility of oxygen in fluorinated environment.

In order to improve the catalyst/polymer interaction and to avoid catalyst leaching out from
the membrane, we have employed liphophilic (not hydro soluble) derivatives of the
decatungstate: the tetrabutilamonium salt ((n-C4HgN)4,W100s3, indicated as TBAW10) and the
fluorous-tagged decatungstate, ([ CF3(CF,)7(CH>)3]3CH3N)4W100s,. indicated as (RiN),W10).
The first one has been heterogenized in PVDF membranes and used for the aerobic photo-
oxidation of phenol in water.?*?>% This reaction has been chosen because phenol and its
derivatives constituted one of the main organic pollutants to be removed from wastewater,
and the development of new effective and environmental benign methods for phenols
degradation is an important research area. 2% %,

The second one has been heterogenized in perfluorinated Hyflon membranes and used in the

solvent-free oxygenation of benzylic hydrocarbons™°,

3.1.1 Preparation and characterization of PVDF membranes containing decatungstate

Choice of the polymeric material for catalyst heterogenization

The stability of the catalytic system under reaction conditions and the firm fixation of the
catalyst are key issue in catalyst heterogenization.

In a previous work? it has been demonstrated that PV DF is an appropriate material to prepare
membranes stable under aerobic photo-oxidation conditions. Moreover, PVDF polymeric
matrix can also interact with liphophilic salt of decatungstate by Van der Waals interactions.
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The instauration of electron donor—electron acceptor interactions between the catalyst and
fluorinated polymer is also possible between the C-F ¢ orbitals acting as electrons acceptor
and oxygen lone pairs of W10 acting as electrons donor *.

PVDF is of particular interest in photocatalytic applications because of its optical
transparency; moreover the fluorinated environment can promote oxidation reactions by
specific interaction with oxygen 3. Furthermore, the hydrophobic properties of this polymer
can positively influence the approach near the catalytic sites of the phenol dissolved in water.
This behaviour can be anticipated by the calculation of the affinity parameters (Ad) **
indicating the affinity between two systems in condensed phase.

The affinity parameters PVDF/phenol and PVDF/water were calculated using the following
equation:

Adt = [(é"dlo'SdS)2 + (8|0|0'8|05)2 + (5hp'5h5)2] v 1)

were the second symbol p is for polymer and s for water or phenol solubility parameters
components; od, op and dh, respectively for non-polar, polar interactions and hydrogen
bonds ).3* %

PVDF has a bigger affinity for phenol respect to water, as evident from the calculation of the
affinity parameters (49) PVDF/water and PVDF/phenol that result respectively 31,6 and 8,6
J2lem*? (for a good affinity between two condensed systems, A8 must to be small** %). As
consequence, phenol can be selectively absorbed from the aqueous phase into the polymeric

matrix.

Experimental

The sodium salt of the decatungstate Na;W100s3, and the liphophilic salt TBAW10, were
prepared and supplied by Prof. Gianfranco Scorrano’s group (University of Padua) following
aliterature procedures.® %

PVDF homopolymer was provided by EIf Atochem under the trade name Kinar 460. Phenol
and N,N-dimethylacetamide (DMA) were used as received from Sigma-Aldrich, without
further purification. Distilled water was obtained from a Purelab apparatus.

The cross-section and surface morphology of the membranes were examined by a Quanta 200
F FEI Philips scanning electron microscopy (SEM) using secondary electrons detector (SE) or

back scattered electrons (BSE). Cross-sections were prepared by fracturing the membrane in
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liquid nitrogen. EDX microanalyses were performed with a EDAX-Phoenix instrument
(detector Super Ultra Thin Window, Si/Li crystal analyser).

Fourier transform infrared (FT-IR) analysis, also with an attenuated total reflectance method
(ATR), were performed using a Perkin Elmer Spectrum One.

UV-Vis spectra were recorded with a Perkin EImer LAMBDA 650 spectrophotometer
operating with a 150 mm integrating sphere; UV-Vis transmittance spectra were performed by
a Shimadzul610 spectrophotometer.

The micrometric film applicator used for casting solution was supplied by Elcometer.

The membranes thickness was determined by a digital micrometer Carl Mahr D7300
Esslingen a.N. Results reported are the mean of ten measurements of different regions of each
membrane.

Contact angles were measured by a CAM 200 contact angle meter (KSV Instruments LTD,
Helsinki, Finland). The measurements were performed by depositing the test liquid from the
above using an motor driven microsyringe on the membrane surfaces. Results are the mean of
five measurements of different regions of the membrane surfaces.

The experimental equipment used to measure gas permeance for pure gases, was
manufactured by GKSS Forschung (Germany).

Dr. John Jansen (Institute on Membrane Technology, ITM-CNR) is gratefully acknowledged
for his collaboration in gas permeation experiments.

The procedure is based on a pressure increase measurement on the fixed volume permeate
side of the membrane cell, which is completely evacuated before the start of the measure.
Permeation studies were carried out at 25°C and feed gas pressure of 1 bar.

The permeability is calculated from the pressure increase of the fixed permeate volume.

If the feed pressure is constant the steady-state permeance, P, defined as the gas volume
(mstp) Which penetrates a certain membrane area (m?) per unit time (h) at a given pressure
difference (bar), can be calculated from the permeate pressure increase according to the

following equation:

3
— Ve Vi In Pe — Po in Msrp 2)
RT-At pF_pP(t)

in which Vp is the permeate volume [m%, Vi, is the molar volume of a gas at standard
temperature and pressure [22.41-10° m’sre/mol at 0°C and 1 atm], R is the universal gas
constant [8.314-10° m>bar/(mol-K)], T is the absolute temperature [K], A is the exposed
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membrane area [m?, t is the measurement time [s], pris the feed pressure and py and Pr@ are
the permeate pressure at t=0 and at t=t, respectively.*

The pure gas selectivity, ans, is a measure of the potential separation characteristics of the
membrane material. It is defined as the ratio of the permeability coefficients of pure gases A
and B:

opng = PA/PB = (DA/DB) (SA/SB) (3)

Crossflow water filtration experiments were carried out at 30+1°C using a ultrafiltration
laboratory equipment constituted by a flat membrane cell, fed with distilled water at different
transmembrane pressure (TMP).

A Perkin—Elmer Pyris Diamond DSC was used for studying the melting and crystallization
behaviour of the polymeric membranes. Melting temperature (mean peak) and enthapy were
measured at the second heating (heating and cooling rate 15°C/min).

The degree of crystallinity of PVDF-based membranes was measured as the ratio between
AHpand AHo, where AHg is the melting enthal py of totally crystalline PVDF ( 104,50 J/g).®
The membrane mean pores diameter was determined by a capillary flow porometer CFP
1500, Porous Materials Inc. Ithaca, NY .

Membrane porosity was obtained by a gravimetric method, measuring the weight of water

contained in the membrane pores. The porosity, ¢, was calculated by the following equation:

£= (WZ_Wl)/DW
(W, —w)/D,)+(w,/D,)

(4)

where w; is the weight of the dry membrane, w, the weight of the wet membrane, D,, the
water density and D, is the polymer density (1,76 g/cm*for PVDF).
The photocatalytic experiments were carried out with the membrane reactor described in

figure 4.
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Figure 4. Schematization of the membrane photoreactor used for the catalytic tests

The membrane module equipped with a quartz window on the upper surface has an active
surface area of 4.5 cm?. In the catalytic tests an agueous phenol solution (0.002 mol/L; pH=6;
volume 150 mL), was fed to the membrane with a tangential flow rate of 65 mL/min. The
feed solution was hosted in a thermostatic bath held at 30+£1°C under magnetic stirring.
Oxygen was bubbled into the phenol solution at a pressure of 0.3 bar, which was necessary to
achieve saturation and promote photodegradation reaction. The oxygen concentration in the
phenol solution was 25 ppm (oximeter Hanna Instruments 964400). A glass filter (310 nm
cut-off) was positioned on the quartz window of the membrane module in order to prevent
phenol auto-photolysis. Irradiation was performed with a 500 W quartz UV mercury vapour
lamp (Helios Italquarz). In all experiments the membranes were irradiated on the upper
surface. The lamp was placed upper the reactor and the distance between its bulb and the
surface of the liquid was 15 cm; the measured light intensity (radiometer UV X-36, by Helios
Italquartz) at this distance was 3 mW/cm?. Homogeneous catalytic reactions were carried out
using an agqueous solution of Na;W1003, (4.23:107* mol/L).

The reactions were monitored by HPLC determination of the phenol at different time.
Analyses were performed on aHPLC Agilent 110 series. The column was a PhenomenexC18
250x4.6 mm, 4 um. The mobile phase was acetonitrile/water 65/35 (v/v). Total organic
carbon (TOC) analyses were performed on a TOC-C csn Shimadzu.

All the catalytic test were performed in duplicate to assess the reproducibility of the

determinations.
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At the end of the photocatalytic tests, the membranes were washed with water and then dried

before thelr reuse in successive catalytic runs.

Membranes preparation

Asymmetric porous membrane in flat configuration have been prepared by phase inversion
technique induced by a non-solvent. ** Homogenous solutions have been prepared by
dissolving the polymer in DMA by magnetic stirring a room temperature, then the
appropriate amount of catalyst (14.3, 25.0 or 33.3 wt% respect the final membrane mass) was
added and the solutions were left under stirring for additional 24 h. For comparison we aso
prepared in the same conditions a membrane of PVDF without the catalyst indicated in the
following text as PVDF reference (Table 1).

Table 1. Composition of the casting solutions used to prepare polymeric and catalytic membranes.
The composition of all solution is expressed by considering the weight percentage (wt%o).

Membrane code Composition of the casting | Catalyst loading respect to
solution (wt %) membrane mass (wt %)
PV DF (reference) PVDF 15.0 0
DMA 85.0
PVDF-W10 (14.3 wt%) PVDF 15.0 14.3
DMA 82.5
TBAW1903 | 2.5
PVDF-W10 (25.0 wt%) PVDF 15,0 25.0
DMA 80.0
TBAsW1oO3, | 5.0
PVDF-W10 (33.3 wt%) PVDF 15.0 33.3
DMA 775
TBAWo0O3, | 7.5

The solutions were cast on a glass plate by a micrometric film applicator adjusting the blade
gap at 250 um. The cast film was immersed for 2 h in a coagulation bath containing distilled
water (a non solvent for the PVDF but miscible with DMA) at 20+2°C. After few seconds the
formation of a white condensed film, detached form the glass support, was observed. This
film, i.e. the membrane, was removed from the coagulation bath and immersed in a fresh
water bath for additional 24hours to remove residua traces of solvent, the membranes were
dried at room temperature for 24 hours and finally in a vacuum oven at 60°C for additional 24

hours.
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At the end of the photocatalytic tests, the membsamere washed with water and then dried

before their reuse in successive catalytic runs.

Membranes preparation

Asymmetric porous membrane in flat configuratiorvéndeen prepared by phase inversion
technique induced by a non-solvefitHomogenous solutions have been prepared by
dissolving the polymer in DMA by magnetic stirringt room temperature, then the
appropriate amount of catalyst (14.3, 25.0 or 38% respect the final membrane mass) was
added and the solutions were left under stirringaiditional 24 h. For comparison we also
prepared in the same conditions a membrane of PWtout the catalyst indicated in the

following text as PVDF reference (Table 1).

Table 1. Composition of the casting solutions used to pregelymeric and catalytic membranes.
The composition of all solution is expressed bysidering the weight percentage (wt%).

Membrane code Composition of the casting Catalyst loading respect to
solution (wt %) membrane mass (wt %)
PVDF (reference) PVDF 15.0 0
DMA 85.0
PVDF-W10 (14.3 wt%) | PVDF 15.0 14.3
DMA 82.5
TBAsW;10032 | 2.5
PVDF-W10 (25.0 wt%) PVDF 15,0 25.0
DMA 80.0
TBAsW;10032 | 5.0
PVDF-W10 (33.3 wt%) | PVDF 15.0 33.3
DMA 77.5
TBAW ;10032 | 7.5

The solutions were cast on a glass plate by a mienac film applicator adjusting the blade
gap at 25Qum. The cast film was immersed for 2 h in a coagmabath containing distilled
water (a non solvent for the PVDF but miscible witlA) at 20t2°C. After few seconds the
formation of a white condensed film, detached fdaha glass support, was observed. This
film, i.e. the membrane, was removed from the ctagun bath and immersed in a fresh
water bath for additional 24hours to remove redidiizes of solvent, the membranes were
dried at room temperature for 24 hours and finallg vacuum oven at 60°C for additional 24

hours.
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hours.

74



Chapter 3: Development of advanced functional polymeric membranes

Membranes characterization

The membranes morphology was investigated by sogrelectron microscopy. The PVDF-
based membranes are porous and asymmetric. The R¥f@Fence membrane exhibits
asymmetrical morphology characterized by a thinnslayer, finger-like macrovoids,
interconnected cellular pores and nodular morpholpgrticularly evident on the bottom

surface and on the inner walls of the macrovoidg. (5).

B3 piiey wlad i

Figure. 5. SEM image of the PVDF reference membrane: crasiose(A), upsurface (B) and down
surface (C).

When the catalyst is present in the casting solutice macrovoids in the cross-section
became more accentuated (Figs. 6 and 7).

In the phase inversion process induced by a noresgla homogeneous polymeric solution
is initially demixed in to two liquid phases becausf the exchange of the solvent and non-
solvent. The phase with the higher polymer conegioim will form the solid membrane, the
phase with lower polymer concentration will fornetmembrane pores. During the process,
the exchange of solvent and non-solvent in the xiethphases continues to cause an increase
of the polymer concentration in the concentratedsphsurrounding the pores. The polymer
molecules may rearrange their structure until gieldication (vitrification or crystallization)
of the concentrated phase occtir$he presence of the catalyst in the casting swiitiduces
the enhancement of phase separation rate that pé&kes instantaneously after immersion of
the cast solution in the harsh water bath. Thelysttaorks as non-solvents for the polymer,
reducing the thermodynamic miscibility of the cagtisolution (thermodynamic effect), and
inducing the enhancement of liquid-liquid demixing.
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Figue 6.SEM images of the PVYDF-W10 (25.0 wt%) membranes@oondary electrons mode (SE) or
back-scattered electron mode (BSE))
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Figure 7. SEM images of the cross section (BSE mode) oP¥BF-W10 (14.3 wt%) and PVDF-
W10 (33.3 wt%)
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Micrographs in back scattered electrons mode (BStf) lmear RX maps on the cross
sections, have been used to investigate the catistabution within the membranes.

Linear RX maps carried out on the PVDF-W10 (25 w{%96 analyses carried out from the
up to the down side) qualitatively show a goodribstion of the W and O atoms (from the

catalyst) in the polymeric matrix (Figs. 8).

Figure 8. SEM image of the cross section of the PVDF-W1QQq2&%) membrane with
superimposed EDX analyses for W, F, O and C atoms.

Also the BSE images highlight a good distributiontlod catalyst because the white points,
indicating the presence of heavy elements (in ¢hise W), are present in the whole section
(Figs. 6, 7).

One of the crucial aspect during catalyst heterizgéion is the maintaining of its structure.
Solid state characterization technique were usedviestigate the decatungstate structure in
membrane. Both DR-UV and FT-IR analyses confirmeat the catalyst did not suffer any
modification during the membrane preparation prec@fie presence of the charge transfer
band at 324 nm, typical of the decatungstate, weadent in the DR-UV spectra of the
catalytic membranes surface (Fig. 9). The intersitthe CT band increase with the increase
of the catalyst loading. The DR-UV-Vis spectra matrout on the PVDF reference membrane
confirmed that the polymer does not absorb in #ggon of interest of the catalyst (Fig. 9).
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Figure 9. UV-Vis spectra in diffuse reflectance of the PVD&erence membrane (A) and the
catalytic membranes at different catalyst loaditgy 3 % (B); 25.0 % (C) and 33.3 % (D)) carried out
on the up surface

Also FT-IR analyses confirmed that the catalystcitme is preserved within the polymeric
membrane. The infrared spectra of the catalytic brames show the characteristic bands of
Wi100s;" units as well as those typical of the employed/latkimonium cation (Figs. 10,11
and Tab. 2f!

78



%T

Chapter 3: Development of advanced functional polymeric membranes

14531899

PVDF (reference)

1B33.4p87

14131248

676.7931

600.9527

7p2.4028
949.25p4 47.3811

5103015

4821373

202.9551073.2875 8804924

1249.1056 830.7980

1637.2858

13809011

3467.7971

w10

1873.1821 1483.1460

29610727

106.4704
11525348

1065.8939
583.8842

994.2028

890.8023|

958.8882

4000.0

3600 3200 2800 2400 2000 1800 1600 1400
cm-1

1200 1000 800 0 60450.0

Figure 10.FT-IR spectra of the PVDF reference membrane hadrt-GHgN),W 1003, in KBr.

Table 2. Characteristic bands of the decatungstate (TBAVéh@)the PVDF polymer identified in the
FT-IR spectra

Characteristic bands of TBAW,g

Wavenumber (ci) Group Vibration
595 W-Q-W
803 W-Q-W
895 W-Q-W
958 wW=0
2870 CH (TBA group)

Characteristic bands of PVDF polymer
Wavenumber (ci) Crystalline phase
510
763
840
976
1179
1233
1275

< P|Q MR
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Figure 11.FT-IR spectra of the catalytic membranes in trésmée (A) and in ATR mode on the up
surface (B) of the PVDF-W10 catalytic membranes
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Increasing the amount of catalyst in the castirlgt&m, increase the catalyst loading in the
membrane as can be observed comparing the absert®n®58 cni (catalyst W=0
stretching) and the absorption band at 840" ¢polymer CH rocking and CEFasymmetric
stretching) characteristic of the PVDF in théorm (Fig. 12).

0.6 6
< 05 +5 =
5 <
S 04+ 14 %
o S
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© w
B 02t t2 B

5
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Qo1 1 11
0 | | 0
14.3 25.0 33.3

Catalyst loading (wt%0)

Figure 12. Comparison between ratio of absorption at 958 ¢oatalyst W=0 stretching) and 840
cm™* (polymer CH rocking and CFasymmetric stretching) with the values of the KlsaeMlunk (K-

M) transformation of the DR-UV spectrum of the PVDBdtalytic membranes at 324 nm . All the data
(ATR-FT-IR and DR-UV) correspond to the upper sogf@f the membranes.

The firm fixation of the catalyst in membrane wasfirmed in a leaching test carried out by
immersion of a sample of PVDF-W10 (25.0 wt%) memiberan a solution of NaCl (3 mol/L

in water) at 100°C for 24 hours. The catalyst |&aglout in water, or the exchange of the salt,
can be excluded by analyses of the UV-Vis spectafmthe immersion solution and
comparison of the FT-IR and DR-UV spectra of the iine@me before and after the test.

FT-IR spectra were also used in order to investigfaecontent of the three main crystalline
forms of PVDF:a (or form II; unit cell containing trans-Gauche geqgces; kinetically
favorite), 3 (or form I; presents polymer chains with an ahs structure; thermodynamically
favoured) andy (or form Ill; sequences of three trans bonds sepdrby a Gauche bontf).
Other crystalline forms of PVDF different than B andy are also possible (Fig. 1%).
Depending on the membrane preparation conditions P¥&nh present one or more of the

different crystalline structure.
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Figure 13. Conformation of the three main crystalline form R¥VDF (F atoms are represented in

orange; from www.elf-atochem.com)

The characteristic bands of tbhe3 andy phase of the PVDF are present in the FT-IR spectra
of the PVDF membrane (Tab. 2 ). By using the FT-IRATTR mode it was possible to study
the different crystalline forms present on the upp®l bottom membrane surface. The bands
at 1275, 1179 and 840 &mcharacteristic of th@ phase, were observed in both the upper
and bottom surface of the PVDF reference membrank ainthe PVDF-W10 catalytic
membranes (Fig. 14)

The typical bands of the form of the polymer at 976 and 762 ¢mwere present only in the
spectrum of upper surface of the PVDF reference (F4). A strong band at 1233 &m
indicative of they form of the polymer, can be observed in the spetwf the bottom surface
of both polymeric and catalytic membranes; onlyemkvsignal in this region, is present in the
spectrum of the upper surface.

The presence of the catalyst in the casting salutiodify the crystalline composition of the
membranes. In the catalytic PVDF-W10 membranesyhieal signals of the phase are not
present (Fig. 11). The effect is more evident coimngathe ATR-FT-IR spectra of the
polymeric and catalytic membranes: in the first dhea and 3 form are present, in the

second one only thgform is present.
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Figure 14. ATR-FT-IR analyses carried out on the up surfaw@wn surface of the PVDF

reference membrane and the catalytic PVYDF-W10 (280) membrane

These results are very interesting to better utaledsthe mechanisms that take place during

the formation of the catalytic membranes (polymealyst interaction) and their correlation

with the membrane morphology.

The formation of intermolecular interactions (hygea bonds and polar interactions) between

the fluorine atom (with a partial negative chargell the catalyst is supposed to occur in the

PVDF-W10 system that favour a trans conformationth&f Ck, and CH bonds in short

segments of PVDF during crystallization (iBeor y phase, Fig. 13).

The effect of the catalyst on the physicochemical &iansport properties of the membranes

was also investigated. For comparison the same deaztion were carried out on the

PVDF reference membrane and the catalytic membraaie ().
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Table 3. Some properties of the polymeric and catalytic inemes

MEMBRANE Thickness am) | Pore diameter am) Porosity (%)
PVDF (reference) 53 0.10 24
PVDF-W10 (14.3 wt%) 143 0.38 68
PVDF-W10 (25.0 wt%) 185 0.44 32
PVDF-W10 (33.3 wt%) 228 0.53 45

When the catalyst is present in the casting soiuti@ mean pore diameter increases and the
resistance to the mass transport is reduced. Ther Vilaxes at different transmembrane

pressure of the PVDF-based membranes are reportiegire 15.

A PVDF-W10 (33.3 wt%)
0.14 o PVDF-W10 (25.0 wt%)
0.12 - & PVDF-W10 (14.3 wt%)) R
NA /////
e 01 | X PVDF
o ////////
. s
o 0.08 - e
£ 0.06 | s e
£ o4 AT e
L] ///////’ /////,/
002’ ¢¢4//¢ /(/,"’//
P X ’*
0 0.5 1 1.5
TMP (bar)

Figure 15. Water fluxes at 31 °C of the PVDF reference and PVDF catalytic meanbs at
different transmembrane pressure (TMP)

Increasing the catalyst loading in the membran@esses the water flux. Moreover, catalytic
PVDF-W10 membranes are characterized by an higlepganeance than PVDF reference
membrane, but similar selectivity (Fig. 16) in gamteement with Knudsen diffusiéh.

As reported in the Chapter 1, in the presence afdsen flow the a gas molecule undergoes
more collisions with the pore walls than with tht@er gas molecule\{r > 1;whereA is the

free path of the gas molecules ands the pore radius) and the permeance trough the

membrane is proportional ty / MM (where MM is the molar mass of the gas)

The ideal separation factor for gas pair calculatedthe basis of the square root of the
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molecular weight of the two gas:

S= MM, /\/MM, (5)

Is very similar to the experimental values (Fig..16)
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Figure 16.Gas permeance (A) and selectivity respecti(B\Nat 25°Cx1 of the PVDF reference and
the PVDF-W10 (25.0 wt%) catalytic membrane. The #san theoretical selectivity for gas pair (gas
i-th and N) were calculated on the basis of the square rédh® molar mass of the two gas:

JMM , /{ /MM .

The membrane thickness of the catalytic membranesease with the increasing of the
catalyst loading because of the more rapid satidifon process of the film (initial thickness
of the film was 25Qm for all the membranes) (Tab. 3). Also the totalgsity of the catalytic

membranes was higher in comparison with the PVDéreeice membrane, however the value
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does not increase linearly with the catalyst logdiecause there is also a reduction of the
total amount of solvent in the casting solutiontaaring the catalyst (Tab. 1).
The thermal behaviour of the PVDF-based membranssdetermined by DSC analyses.
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Figure 17. DSC thermogram of the PVDF reference membrane and®#iaF-W10 (25.0
wt%) catalytic membrane at the second heating ifiggand cooling rate 15°C/min).

The presence of the catalyst in the casting salutioreases the melting temperaturg)(@and
the crystallinity of the PVDF (Tab. 4 and Fig. 17).maximum increase of the,Twas
observed for the membrane containing 25.0 wt% tdlgst. These results indicate a good
molecular interaction between the polymer and ttalgst that promoted the crystallization

of the B-polymorph of the PVDF which has highey °

Table 4. Melting temperature (f, mean peak) and enthalpyH,,) measured at the second heating by
differential scanning calorimetry (heating and @oglrate 15°C/min).

The degree of crystallinity of PVDF-based membranes measured as the ratio betwe¥éth,
(obtained dividing théAH of the sample by the weight fraction of PVDF live tmembrane) anfiH,
whereAHgis the melting enthalpy of totally crystalline PVIPE04,50 J/g)

AH,, .
Membrane T, (°C) Crystallinity (%)
(J/9)
PVDF 159,41 44,62 42.70
PVDF-W10 (14.3 %) 165,56 48,14 46,10
PVDF-W10 (25.0%) 167,22 45,26 43,31
PVDF-W10 (33.3%) 166,07 48,26 46,18
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We studied the hydrophobic properties of the PVDF brames by water contact angle
measurements (WCA). We observed an higher WCA endihwn surface than on the up
surface for both polymeric and catalytic membra(fég. 18).
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Figure 18. Water contact angle (WCA) on the surfaces (updowin) of the PVDF-based membranes
at different catalyst loading.

This different wettability is due to differencesthre surface morphology. SEM images of the
upper and the bottom surface of the membranesakevgnificant differences between the
two sides of the same membrane (Figs. 5 and 6)ddtwa surface, in comparison with the up
surface, is characterized by an higher roughnesshvwincreases the WCA vald@Similar
behaviour was observed for the PVDF reference mangband the catalytic PVDF-W10

membranes.

Catalytic tests

The photocatalytic membrane reactor used to tespénformance of the catalytic membranes
was equipped with a glass filter (310 nm cut-offjorder to prevent phenol auto-photolysis.

The phenol has a maximum absorption at 270 nm wagéh, the decatungstate at 324 nm, as
a consequence the use the filter avoids the phautd-photolysis without significantly

influence the charge transfer band of the catéhigt 19).
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Figure 19. Uv-Vis spectra of a phenol solution (0.002 molArd a solution of N&V;00s2
(0.00011 mol/L) with superimposed a line indicatthg cut-off of the glass filter.

We investigated the effect of the catalyst loadingmembrane and the transmembrane
pressure on the phenol degradation. From the expetahtests a dependence of the phenol
degradation rate from the catalyst loading in tlenirane, was observed (Fig.20). Increasing
the catalyst loading from 14.3 wt% to 25.0 wt%, wleserved an increase of the phenol
degradation. However, a further increase of thalgstt loading (33.3 wt%) reduces the

reaction rate (Fig. 20).

Ct/Co

0.6 - ® PVDF-W10 (14.3w %) el

O PVDF-W10 (25.0w t%) \ﬂ%
018 T RO e = i 1 £
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Figure 20. Photocatalytic degradation of phenol by PVDF-W10 fmemes at different
catalyst loading. Gs the phenol concentration at the time t agdh@ initial concentration.
Micromoles of catalyst in each membrane were rasmdy: 0.088, 1.73 and 2.83 for PVDF-
10 (14.3 wt%), PVDF-10 (25.0 wt%) and PVDF-10 (33.86) Operative transmembrane
pressure(TMP) wasl1 bar.

The transmembrane pressure (TMP) is another cripeaameter in catalytic membrane

reactors because it influences the contact timstgtie/catalyst calculated as:
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Memb.. Thickness(cm) (6)

ntact time = . . .
Contact time Permeation. velocity(crm/ min)

We have carried out phenol degradation reactioh thie¢ PVDF-W10 (25.0 wt%) membrane
at different TMP (Fig. 21).

The less efficient phenol degradation was obseatedMP=0 bar. In this condition there is
not transmembrane flux and only the catalyst presenthe membrane surface is active.
Increasing the TMP we observed an higher percerddgdenol degradation and the better

results were obtained at TMP=1 bar correspondirggdontact time 0.20 min (Fig.21).
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Figure 21. Photocatlytic degradation of phenol by PVDF-W10 (2&1t%) at different TMP.
C: is the phenol concentration at the time t apdh@ initial concentration.

We compared also the rates of phenol degradatimtysad by homogenous N&;003, and

heterogeneous PVDF-W10 (25.0 wt%). The amount ohphdegraded in the homogeneous
and heterogeneous reaction was similar (Fig. 22Taid 5). In both cases, after 6 hours of
reaction about 50% of the phenol is converted. Hawen the case of the homogenous
reaction several persistent intermediate were @bdefbenzoquinone, hydroquinone and
catechol) in the HPLC chromatogram. The formatiordiffierent intermediate products not

identified by HPLC analyses is also possible.
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Figure 22. Phenol photodegradation catalysed by homogenogs/Nas, and heterogeneous
PVDF-W10 (25.0 wt%) (TMP=1 bar for the heterogene@astion).

On the contrary, during photodegradation perfornisd PVDF-W10 membrane these
persistent intermediate products were not idewtifiy HPLC analyses. Moreover with the
catalytic membrane the phenol converted is almostptetely mineralized to CQand HO,
as confirmed by a similar (48.8 %) percentage @l torganic carbon (TOC) loss (Tab. 5).
The high catalytic activity of the PVDF-W10 (25.0%)t membrane in comparison to the
homogeneous catalyst can be ascribed to the sededisorption of the organic substrate from
water on the hydrophobic PVDF polymer membrane thateases the effective phenol
concentration around the catalytic sites.
Moreover, the polymeric hydrophobic environment tped the decatungstate from the
conversion to an isomer which absorb only light @n@80 nnf> This phenomenon,
occurring in homogeneous solution at pH >2.5 (Fig), 2vas monitored also in our
homogeneous catalytic test (pH=6) by the reduatibtine intensity of the CT band (324 nm)
in the UV-Vis spectra of the homogenous,Wa,Os3,. As consequence the reduction of the
homogeneous catalyst efficiency over long time %8 iin) was also observed.
Catalytic membranes can be recycled in successat@ytic runs with a loss of activity
<10 % (Tab. 5).

The phenol degradation in the presence of the P\dd#teance membrane used in the same

experimental conditions of the catalytic membramess negligible.
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Figure 23. UV spectra of Na4wW10032 in water (10-4 mol/L; pH)=at different times

Table 5. Phenol degradation by HPLC analyses and phenanadination by TOC loss for the
reaction catalysed by decatungstate in homogenamase and decatungstate heterogenized in
membrane (PVDF-W10 (25.0 wt%); TMP=1 bar)

PHENOL DEGRADATION (%)

TIME W10 PVDF-W10 (25.0 wt%) | PVDF-W10 (25.0 wt%)
(min) (homogeneous) 1% run 2" run
150 36.2 36.0 35.1
300 49.5 52.0 48.0

PHENOL MINERALIZATION (%)

TIME W10 PVDF-W10 (25.0 wt%) | PVDF-W10 (25.0 wt%)
(min) (homogeneous) 1% run 2" run

150 24.7 35.9 34.7

300 34.0 48.8 46.1

Conclusions-1/3

New heterogenous photocatlytic systems, operatingater with @, have been prepared by
entrapping a lipophilic salt of decatungstate (TB2WY in polymeric membranes made of
polyvinylidenefluoride (PVDF), by a non solvent inédcphase inversion technique.

Solid state characterization techniques (FT-IR andWDRVis) confirmed that the catalyst

structure is preserved in the polymeric membranes.

A variety of techniques including scanning electroicroscopy (SEM), differential scanning

calorimetry (DSC), water contact angle (WCA) measwmets, liquid and gas permeation

91



Chapter 3: Development of advanced functional polymeric membranes

tests, have been used to characterize the membr&iesnical-physical and transport
properties of the PVDF-based membranes were fourdépend on the compositions of the
casting solution. The presence of the catalyshénctasting solution induces the enhancement
of the phase inversion process. As a consequencegasing the catalyst loading, the
membrane mean pore diameters increase and thtanegido the mass transport is reduced.
The presence of the catalyst in the casting soluti@reases also the melting temperature
(Tm) and the crystallinity of the PVDF by promoting ttrgstallization of thg3-polymorph of
the PVDF, as confirmed also by FT-IR analyses and D&(yses.

The effect of catalyst loading (CL) in membrane &MP on phenol photodegradation rate
were investigated and the maximum efficiency waghed with CL= 25.0 wt% and TMP=1
bar (contact time substrate/catalyst 0.20 min)

The rate of phenol degradation catalysed by degatate in homogeneous (NaW10 in water)
and heterogeneous phase (TBAW10 in membrane) wakasihowever when the catalyst is
immobilised in the polymeric membranes an highemeralization degree of the phenol was
observed. Moreover, over longer times the cataggbedding in the PVDF membrane results
in an higher catalyst stability in comparison wilomogeneous phase at pH near the
neutrality.

The PVDF-W10 photocatalytic membranes are completble under UV irradiation (no

catalyst leaching or membrane damage) and carclgeled in successive runs

3.1.2 Preparation and characterization of Hyflon merbranes containing decatungstate

Catalyst design for tuning the affinity towards a perfluorinated polymeric environment

Considering the positive results obtained with bieeerogenization of the decatungstate in
membrane made of the partially fluorinated polyf®DF, in order to better understand and
exploit the role of the polymeric matrix on catadlgtivity, we have also carried out the
heterogenization of the decatungstate in perflabeid membrane$.

Perfluoropolymers offer several advantages when eseapto other polymeric materiéfs.
Besides their outstanding thermal and oxidativestasce, the peculiar nature of the C-F
bond confers to these materials some unique pHychemical properti€€, in particular,
dioxygen preferential solubility in fluorinated mbranes.

We used an amorphous copolymer of the tetraflubybene (TFE) and the 2,2,4-trifluoro, 5-
trifluorometoxy-1,3 dioxide (TTD) known as HyflonDA(Fig. 24).
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Figure 24.Chemical structure of the Hyflon AD (n = 0.85 fdyflon AD 80X and n= 0.6 for
the Hyflon AD 60X)

Hyflon is an hydrophobic perfluoropolymer, highkamsparent to light from deep UV to near
infrared, characterized by an high thermal decoitipastemperature (>400°C) and an high
glass transition temperature (Tg=110°C for the ®lyflAD60X and Tg=135°C for the
I'Hyflon AD80X).*®

Initially, we tried to heterogenize the fluorougdr TBAW10 in the hyflon membranes.
However the low affinity between the catalyst ark tpolymeric matrix induced the
formation of irregular catalyst aggregates not wiedpersed in the polymeric matrix.

A proper choice of both the polymeric material aridhe catalyst is fundamental to obtain
functionalized material with good properties.

In order to have a good dispersion of the catatygte Hyflon membranes, a fluorous-tagged
decatungstate, ([GECF,)7(CH2)3]3CHsN)sW1003,. indicated as (R),W10) has been used
(Fig. 25)%
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Figure 25. Structure of the (RfNW10 catalyst heterogenized in Hyflon membranes

Experimental
The (RN)sW10 has been synthesized by metathesis reactiomebpt the sodium salt

Na;W10035° and [CF3(CF);CH.CH,CH;]sCHsN® CHsOSQ; and supplied by Prof.

Scorrano’s Groug®

Hyflon AD60x and Galden HT 55 were kindly supplieg Solvay Solexis.

Commercially available reagents and solvents weseduas received without further

purification.

Characterization of the membranes by FT-IR (als&TiRR), UV-vis and SEM spectroscopies,

WCA measurements, have been carried out as dedanltee previously section.

The gas solubility in the dense membranes, has ieasured by the time lag metH8dhe

time lag, ©®was determined from the first pressure increaseectr

. For a membrane with known thicknegsthe gas diffusion coefficien), could then be

determined by the following equation:
|2

= (6)
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Assuming simple Fickian diffusion and assuming $paort according to the solution-diffusion
model, the gas solubility of dense membran® can be derived from the experimental

diffusion coefficientand the steady-state permeabilRy,

_P
S=5 (7)

Membranes preparation

Flat sheet membranes were prepared by mixing ai@olaf Hyflon in Galden (2.4 wt%sol.

1) with a solution of (RN)4;W1003; solution in hexafluoroisopropanol (6.8 wt%s). 2) in an
appropriate ratio in order to have the desiredilgadf catalyst in membrane.

Galden is a good solvent for the Hyflon, but not tbe (RN)sWio. on the contrary
hexafluoroisopropanol is a good solvent for thalyat but not for the polymer. However we
have found that when the ration betwessh 1 : sol 2 is in the range 14.2 -7.9 (g:g) an
homogeneous solution can be obtained.

Hy-RiN,W10 membranes with catalyst loading up to 26% aifférdnt thickness 7-94um
have been prepared by phase inversion induced lbgrdoevaporation in an environment
with temperature and relative humidity controlled.

The solutions were cast on a inert glass supponbved after membrane formation (Hy-
R:N4W10), or on a Teflon/PP porous support (thicknekspim, mean pore radius 0.2@n,
supplied by GE Osmoics) in a climatic box with teargiure and humidity controlled (-Hy-
Tef.-RN,W10).

We prepared also a membrane by dispersing the TBAWa solution of Hyflon in Galden
and successive phase inversion induced by solvamioeation (Hy-TBAW10).

Membranes characterization

Fundamental observations were obtained by SEM imagalyses of the catalytic membranes.
In the case of the Hy-TBAW10 membranes the fornmatd aggregates of catalyst, which

tend to precipitate in the down side of the memérare evident (Fig. 26).
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Figure 26. SEM images in BSE modality of the Hyflon membranebedding the TBAW10 catalyst
(20 wt% catalyst loading)

On the contrary, in the case of the fluorus-taggedatungstate, SEM images of the
membrane surface and cross-section highlight alyhidispersed, homogeneous distribution

of the catalyst domains which appear as spherardictes with uniform size (Fig. 27).

Surface
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Figure 27.SEM images in BSE modality of the Hyflon membranebedding the RI,W10 catalyst
(16.7 wt% catalyst loading)

The dimensions of these clusters can be modulatédgaon the membrane preparation
conditions. In particular, increasing the membrmrenation time for example by an increase
of the membrane thickness (increase of the cagitigol initial thickness) the mean
dimensions of the R, W10 clusters became larger because they have nnowee for
aggregate before the solidification of the membir@ig. 28). Also the increase of the catalyst

loading contribute to increase the mean dimensidheocluster.
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Using various combination of catalyst concentrgtimembrane thickness and environmental
conditions (temperature and humidity), catalyticrmbeanes with cluster dimensions in the

range from 0.1 to Am have been prepared.
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Figure 28. SEM images of the surfaces of the HyflofNRRV10 membranes at same loading (16.7
wt%) but different membrane thickness ((A) 600} B000x) with superimposed the distribution of
clusters diameter

The cationic amphiphilesiR" groups induce the self-assembly of the surfacaotpsulated
clusters (RfN groups capped on }0s;*) which, during membrane formation process, give
supramolecular assemblies of the catalyst, stakilizy the polymeric matrix

This self-assembly processes has been recentlyiltegcalso for the amphiphilic POM
(DODA)4SiW15040 (DODA= dimethyldioctadecylammonium) dispersed in orgaoigents
(Fig. 29)>°°*

At the best of our knowledge, we described forfitst time this phenomenon in a membrane.
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Figure 29. Self-assembly mechanism of the amphiphiles (DOBAY1,0, (DODA=
dimethyldioctadecylammoniuim surfactant encapsulated complexader different conditions (from
ref. 50)

Moreover the coexistence of hydrophobic F-contgréhains and hydrophilic ionic clusters
in the Hyflon/(RN)4;W1003; casting solution exposed to humidity, resultshie tormation of
ordered porous membrane by the templating effetiiefvater molecules.

Water molecules can be absorbed on the liquid fisugface, in correspondence of the
catalyst hydrophilic domains, when the membrareriming under elevated relative humidity.
The successive removal of the water moleculesallyitcoordinated around the surfactant-
encapsulated clusters, induces the formation ofrtébrane pores.

For example porous self supporting membrane witampore diameter of 0j2n have been
prepared by casting a solution of HyfloFNRN10(25.0 wt%) at 25°C and 80%RH.

Also the gas permeation measurements confirm theugcstructure of this membrane (Tab.
6).

Table 6. Permeance of pure gases of the HyflgNg®/10-Hyflon (25.0 wt%) porous
membrane at 1 bar and 25°C

Gas;j Molar Permeance Select.
weight (Ri/PN2)
(@ mol) | m3/(m2hbar) -
Ho 2 11088 2.29
He 4 7194 1.49
CHy 16 6973 1.44
N2 28 4832 1
O2 32 4397 0.91
COp 44 4657 0.96
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This result is very interesting considering thdidifity to find appropriate liquid in which the
Galden is mixable but the Hyflon is not soluble,oirder to prepare porous membranes by
phase inversions technique induced by immersionyptation method.

The mechanical stability of thin Hyflon-based meartgs, can be also improved by
supporting the catalytic membrane on porous PTHE(frig. 30 ).

et | Pressure | HFW
SD|0.90 mbar

&

HV |Spot| WI Mag | Det| Pressure HFW 5
20.0 kV| 3.0 [17.5 mm|12000x|LFD|0.90 mbar|22.53 um HV  |Spot| WD Mag | Det| Pressure | HFW —5.0pm———
20.0 kV| 3.0 [17.6 mm|12000x|LFD|0.90 mbar|22.53 pm CcU

Figure 30. SEM image of the surface of the Teflon suppotb)and a catalytic Hy-Tef-({Rl),W10-
membrane (c-d)

DR-UV and FT-IR analyses carried out on the membsurfaces of both porous and dense
catalytic membranes, self-supported or supportedefton, confirmed that the catalyst did
not suffered any modification during the membrareppration process.

The presence of the charge transfer band at 32¢pinal of the decatungstate was evident in
the DR-UV spectra of the catalytic membranes (F3d3.
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Figure 31. UV spectra in diffuse reflectance of the up swfamd the down surface of the Hy-
(ReN)sW10 membrane (catalyst loading 25 wt%; thicknesgrb?

In the Hyflon catalytic membranes, the catalysprigsent in the entire membrane. However
for the self-supported membranes we observedla kit higher catalyst concentration near
the upper surface, in contact with the air duringp®ration of the solvent, in comparison
with the bottom surface, in contact with the glaspport during membrane formation process
(Fig. 31). The origin of this difference might beedto the higher density of the polymer
solution (Hyflon: d=1.93, Galden; d=1.66-1.73 g/m) comparison with the catalyst and its
solvent (hexafluoro-2-propanol; d= 1.596). Althoughe polymer/galden/hexafluoro-2-
propanol/catalyst mixture is initially homogeneoifspartial demixing of the two solvents
would occur during the membrane formation proctss,would most likely lead to a higher
Galden concentration and a higher polymer concentran the bottom side.

Another possible explanation is that co-diffusiohdissolved catalyst, together with the
evaporating solvent, that leads to a net tranggfdtie dissolved catalyst towards the surface,
where the solvent evaporates and the catalyst nsnadia relatively higher concentration also

thank to the stabilizing effect of the water molesurom the atmosphere.

The typical signals of the decatungstate at 800 ¢W-O,-W streching) and at 960 ¢hm
(W=0 streching) are present in the FT-IR-ATR speg¢lig. 32).
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Figure 32.FT-IR-ATR spectra of the Teflon support (a), agtiyflon (b) and the supported
catalyticHy-Tef-(RN),W10 (c)

The catalytic Hyflon-based membranes have beeadestbatch solvent-free oxygenation of
benzylic C-H bonds of thethylbenzendFig. 33) at 25 °C under membrane cut in small

piece and placed on the internal wall of a quantzette opposite to the ligl).

T=20T

OOH OH 0
W;003,"
—_—
. +
©/\ pO,=1 atm
1 2 3

gure 33.Photooxygenation of ethylbenzene. The products laydroperoxide), alcohol @) and

acetophenones|

is important to stress that this type of expemts have been useful for a fast screening of

the heterogeneous catalytic membranes, but theynatecomplete, because in these

conditions the membrane acts only as support fercttalysts and their selective transport
properties are not fully exploited.

Although in the batch experiments, carried out @gally with dense membrane operating

without flux through, only a part of the catalysincbe reached by the substrates, very

interesting results have been obtained.
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The key observation was provided by an increas¢hefselectivity towards the alcohol
(product of interest) and turnover number when ¢hgalyst is heterogenised in Hyflon
membrane (entries 4-7) in comparison with homogesecatalysts (entries 1-2) or the
catalyst heterogenized in PVDF (entry 3) (Tab.Myreover, the use of the fluorus-tagged
decatungstate (entries 5-7) well dispersed in Hyflnembrane improve the TON in

comparison with the TBAW10 only physically entragpe Hyflon (entry 4)

Table 7. Photocatalytic oxygenation of ethylbenzene by hgemeous decatungstate or
heterogeneous catalytic membranes made of PVDFRyfond(HF) (data from ref. 30)

Catalyst Solvent Cat. Products, mM TON
mmol (% 1:2:3)
1 *TBAW10 CH:CN 0.20 64 351
(36: 32:32)
> ®R:N4W10 HFP 0.18 95 581
(56: 23:21)
3 PVDF-TBAW10 neat 0.32 23 78
(45: 23:32)
Hy- TBAW10 neat 0.20 81 443
4 (dense membrane, (14: 66:20)
thickness 5Qum)
Hy-RiN,W10 neat 0.03 94 3447
5 (dense membrane, (16: 46:38)
thickness um)
Hy-R{N,W10 neat 0.18 196 1198
6 (dense membrane, (25: 41:34)
thickness 5Qum)
Hy-R:N4sW10 neat 0.70 270 424
7 (dense membrane, (15:48:37)
thickness 94um)

1: peroxide, 2: alcohol , 3: keton. Reaction cdondg: ethylbenzene, 1.1 ml; p@ atm;A>345 nm;
T=25°C; 4 hirradiation time. Turnover number céted as: products (mol)/catalyst (mol).
#pseudo-neat conditions by addition of 20 ml of salMHFP=hesafluoroisopropanol)

However operating in batch with dense membraneg janit of the catalyst is really active in
the catalytic process

The turnover dependence on thdlRV10 loading and accessibility in Hyflon membraneswa
studied with membranes at 25% of catalyst loadind thickness in the range 7-@0n
(entries 5-7). Although a steady increase in thal toxidation products is observed as a
function of the overall photocatalyst content, theerse correlation between turnover
efficiency and the membrane thickness, indicatpseferential activity of the surface layers

with respect to the material bulk when operatingatch modality.
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For this reason, using a photocatalytic membramaetoe operating with flow through the
membrane, a further optimization of the membraméop@ance can be predicted.

Concerning the stability of the catalytic membrarmves observed that the polymeric films do
not dissolve or release the photoactive compomehydrocarbon media as proved by UV-Vis,
FT-IR and reactivity test®

The use of an hydrophobic material for catalysterwgenization has been particularly
appropriate in order to carry out reactions witlyamic substrates because the high affinity
that can be realized between the polymeric matrtkthe substrates.

The water contact angle (WCA) measured on the seirdda dense Hyflon membrane is 108°
+1. For comparison, we also carried out the samesumement on a dense membrane
prepared using a partially fluorinated polymer ypotylidenefluoride (PVDF), and the WCA
is 91%4.

The higher hydrophobic properties of the Hyflorcomparison with PVDF is the first factor
which contribute to explain the better performanté¢he catalytic Hyflon-based membranes
in comparison with the catalytic PVDF-based memeésaiiTab. 7) in the ethylbenzene
heterogeneous photooxidation.

We also measured the swelling of a dense Hylfon lomane and a dense PVDF membrane in
liquids of interest for the reaction investigatesthylbenzene (reagent), 2-phenylethanol

(product) and acetophenone (product).

The membranes were dried at 70 °C under vacuunR4ohours before measurement of
weight of the dry membrane. The membranes were shaked in the testing liquid at 30°C
+1 for 72 hours. After, the membranes were removetvaped to remove any trace of liquid
adsorbed on the surface. Immediately, the weigtitease of the swollen membranes was

measured. The membrane swelling (SW%) defined as:
W, -W,
SW% = —*—<1100 (8)
Wd
whereW,, andWjy are the weight of swollen and dry membrane, respy.

The logarithm of the partition coefficient betweeroctanol and water (LogP) was used in
order to compare the compound's hydrophobicity (HogP value increases with the
hydrophobicity).
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Figure 34. Swelling of a dense Hyflon and a dense PVDF men®ianpure liquid at 3@¢°1 and
logarithm of the partition coefficient between rntarwl and water (LogP) of the pure testing liquid.

The more hydrophobic polymeric material, i.e. Hyfldas a higher affinity towards the more
hydrophobic (higher LogP value) liquid: ethylbenge®n the contrary it has a low affinity
for the more hydrophilic liquid: 2-phenylethanolidF 34). These data can contribute to
explain the high reactivity of the catalyst hetemoged in Hyflon membranes (high affinity
for the reagent) and the high selectivity (low mitlf for the product of interest, i.e. the

alcohol, which limits the possibility of over-oxitian of the same).

The better performance of the catalytic Hyflon meanies, in comparison with the catalyst in
homogeneous phase or heterogenized in differeynmoic material, can depend also from
electronic effect of the perfluorinated polymereton attractor) and the catalyst.

Moreover it is also well known that fluorinated @owment can promote oxidation
reactions?

We have compared the oxygen solubility in Hyflonnnfeanes with the oxygen solubility in
a polydimethylsiloxane (PDMS) dense membrane, ahaseeference, because PDMS is one
of the polymeric materials characterized by an @igbolubility of the @(more high than
PVDF), although is necessary to remember that DM® is a rubbery polymer and the

Hyflon and PVDF are glassy polymers (amorphousfife¢ one and semi-crystalline the
second one)®
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The main transport parameters (permeability, diffusnd solubility coefficients) of different
gases in the PDMS membrane, Hyflon membrane andR:NyW10 (16.7 wt%) were
determined by time-lag and steady state permeatipariments.

The Hyflon-based membranes are characterized byigiver Q solubility than the PDMS
membrane (Tab. 8).

Also this result contribute, to explain the highemtivity of the Hyflon based catalytic

membranes in the batch experiments.

Table 8.0xygen solubility in PDMS and Hyflon membranes &t ’C

O Transport Permeability | Select. (fPN2) D S
Membrane barrer - 108 cm3/cm3bar
cmé/s
PDMS 560 2.06 420 0.21
Hyflon® 58.3 2.84 134 0.33
Hyflon-R§N4W10 (16.7 52.5 2.44 39 0.29
wit%)

*1 barrer =10L0 cm3(STP) cml s1 cmHg1
bdata from reflj§4

Conclusions 2/3

The morphological analyses of Hyflon membrane dairtg the lipophilic salt of
decatungstate (TBAW10) clearly revealed the preseharegular catalyst aggregates.

On the contrary the use of fluorinated cations dohkto the decatungstate anion
((RN)aW10032) improves the affinity between catalyst and polyrard the catalyst can be
thoroughly dispersed in the membrane as spherarticfes with uniform size.

The presence of the cationic amphiphiligNR groups induces a supramolecular self-
assembly of surfactant-encapsulated catalyst cRIG&N"* groups capped on M0s,").

A supramolecular self-assembly of these surfacactpsulated catalyst clusters allows the
formation of the spherical catalyst aggregates dithensions dependent from the membrane
preparation conditions.

Moreover the coexistence of hydrophobic F-contgrghains and hydrophilic ionic clusters
in the Hyflon-RN4W10 systems can be used for the formation of poroembrane by the
templating effect of the water molecules.

In batch experiments of ethylbenzene (neat) odatthe Hyflon-RN,W10 membranes
showed super catalytic performance (higher turnouenber and better selectivity) compared
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to homogeneous catalyst or the catalyst heterogériiz different forms including in PVDF

membranes.

This results depend not only from the specific tetechemical environment of the catalytic
site, but also from the high,Golubility and the favorable selectivity towar@gsagents and

products of the perfluorinated polymeric materiséd for the catalyst heterogenization.

3.2 Heterogenization of heteropolyacids in proton »xhange membranes for energy
conversion

Beside the catalysis, another strategic field feustainable growth is the energy production.
The increasing energy demand worldwide and envissrimprotection need prompt to study
more and more efficient and clean energy convergeghnologies. In this frame, the fuel
cells (FCs) technology plays an important role bseait allows to generate electricity by
direct electrochemical conversion of a fuel andoaidant with both a low pollution level
emission and an high efficiency.

However, before fuel-cell technology can gain angigant share of the electrical power
market, important issues have to be addressed.eTlsssies include for the polymer
electrolyte membrane fuel cell (PEMFCs, principalsed in stationary and mobile devices)
the development of alternative materials for thetqm conducting membranes (PEMS).
Commercialization aspects, including cost and dlitgband technical aspects, including
high water and methanol crossover and dehumidificatproblems, have revealed
inadequacies of the Nafion and related materitilst@ady, commonly used in fuel-cef.

Much effort has been applied to the developmentclodaper, fluorine-free, membrane
materials and polyarylenetherketones-based membtene been extensively investigated as
possible alternative to Nafion for their low cdsgh conductivity, good chemical and thermal
stability >

As reported in the chapter Il, the starting polgegtherketone (PEEK) presented in many
literature works as possible alternative to Nafior PEMFCs, is a semicrystalline
thermoplastic polymer known as VictféREEK >’

However, a modified PEEK indicated as PEEK-WC dly(mxa-p-phenylene-3,3-phthalido-
p-phenylene-oxa-p-phenylene-oxy-p-phenylene) is @enpromising candidate for PEMs
development because it is amorphous and the stilbonaeaction can be carried out in

shorter time and in completely homogeneous phaseritparison with PEEK Victre¥: *°
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The higher glass transition of the PEEK-WC in corigmn with the PEEK Victrex, both as
starting polymers and sulfonated derivatives, opies possibility to use the first one at
higher temperature than the second one (e.g. thef BEEK-WC at DS=0.8 is 2478 the
Tg of the SPEEK at the same DS is about 28%°C

Moreover the SPEEK-WC membranes are characterigeghbhigher stability in water and
methanol in comparison with traditional SPEEK meaniais at similar degree of sulfonation
(DS) 2

The water and methanol permeability of the SPEEK-WW&nbranes, are lower than Nafion
117. The proton conductivity of the SPEEK-WC memiesaare good and increases with the
DS value, however the values were lower than tbsained with a Nafion 117 membraiie.

In order to improve the proton conductivity of tB€EEK-WC based membranes, in this
work, we have developed new composite membraneapging different inorganic proton

conductors in the polymeric matrix.

Table 9. Some properties of the heteropolyacids used gwilork

H3PW12040'I’1 HQO H4SiW1204o'n Hzo H3PM012040 n Hzo Ref
(PW12) (SiW12) (PMo12) '
Molecular 2880.2 2878.3 1825.3 :
weight (g/mol)
Number of
crystallization 29 30 29 64
water
molecules )
Proton
conductivity
at room 8-10° 2:10° 1-10" 65
temperature
(S/cm)
pK,® 1.6 2.0 2.0 66
pK @ 3.0 3.6 3.6 66
pK 3@ 4.0 5.3 5.3 66
Acid strength PW12> Siw12=> PMol12 g?
Oxidation PMol12>> PW12> Siw12 66
potential
Thermal PW12> Siw12> PMo12
o 66
stability
Hydrolytic Siw12> PW12> PMol2 66
stability

@ Dissociation Constants in acetone at 25°C
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Tungstophosphoric acid sAW;,040 (PW12), silicotungstic acid 4$iW,;,04 (SiW12) and
phosphomolybdic acid #Mo0;,040 (PM012) have been used as super acid additivélsein
composite membranes (Table 9).

These additive have superacid properties becaaskathe size of the heteroplolyanit’
they have been widely used not only as acid catlysut also in order to improve the
properties of polymeric proton exchange membraremsalse, they can contribute to the
proton transport in the solid st&fe.

The chemical-physical and electrochemical chareetion carried-out on the polymeric and
composite membranes SPEEK-WC-based, with diffeBgt was compared with the same

values obtained with a commercial Nafion 117 memérehosen as reference.

Membrane preparation and chemical-physical characterization
Sulfonated PEEK-WC with degree of sulfonation (O0&m 0.1 to 1.04 has been kindly

supplied by Prof. Francesco Trotta (University ofif). These samples have been prepared

by reaction with CISEH at room temperature for reaction times from 6.5 hours®
Commercially available HPAs (PW12, Siw12 and PMeXd)vents and reagents were used
as received from Sigma, without further purificatio

Nafion 117 membranes (EW 110, thickness 7B have been purchased from Quintech
(Germany).

Polymeric and composite SPEEK-WC membranes wergaped by phase inversion
technique induced by solvent evaporation.

For the polymeric membranes, a 16 wt% of polymeDMA solution was stirred at room
temperature overnight. The solution was cast orgtass plate (initial thickness from 250 to
1000um). in a thermostatic box at 25°C and 2&1% of relative humidity (RH) for two days.
Then, the SPEEK-WC-based membranes were peeledaofviater bath at room temperature
After, they were immersed for additional 24hoursaimew water bath in order to remove
eventual residual traces of solvent, the membravexe dried at room temperature for 24
hours and finally in a vacuum oven at 70°C for #iddal 24 hours.

Polymeric membranes in the following test are iathd as SPWC(DS value).

For the composite membranes preparation, the sawi@cpl has been used with the
exception of the adding to the homogeneous SPEEKs@I@ion in DMA, of a 4 wt% of the
HPA in order to obtain 20 wt% of the inorganic dddi loading in the final membrane.

Composite membranes are indicated in the follow&syas SPWC(DS value)+HPA code.
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Characterization of the membranes by FT-IR (als&TiRR), UV-vis and SEM spectroscopies,
pure gas permeation experiments, have been cauiess described in the previous sections.
Also in this case the pure gas permeability of tiemmbranes has been calculated from the
pressure increase of the fixed permeate volumetandas solubility by the time lag method;
however because the sulfonated PEEKWC can absoitb apout 20 wt.% of water upon
exposure to the air, each membrane was dried ftgast 5 h under vacuum to remove all
absorbed water before the permeation measuremeatmembrane was kept under vacuum
in the permeation cell by a two-stage rotary pumpl the baseline slope was significantly
below the steady state pressure increase rate.eBettwo subsequent gases the system was
evacuated for a period of at least 5 times the tageof the previous gas in order to guarantee
the complete removal of the previous gas from yfstesn and from the membrane.

Water and methanol vapours permeation tests wererped using the cell described in

figure 35.

—_F‘—E—— Membrane

Figure 35. Permeation cell used for water and methanol vapensieation experiments

Vapour

v

The membrane was clamped over the cell contaimagure liquid (water or methanol) and
keep in contact with the vapour saturated atmosgphEne cell was placed in a box with
temperature and relative humidity control. The expents were performed at 50°C and

the weight variation of the cells was measuredl| uhg steady state permeation rate was
reached. The partial pressure gradient is givethéyifference between the internal,{Rand
external (Rx) vapour pressure. The,fsassumed equal to the saturated vapour pressure of
the liquid at the operative temperaturey i the case of the methanol is assumed to be zero
(box volume >>cell volume), in the case of watercaculated considering the relative

humidity value in the box (5(1%).
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Stress/strain mechanical tests have been carried asZ2.5 Zwick Roell instrument ardde
test data have been elaborated by the TestXperOWlaster software.

Conditions used: size of specimen 40x10 mm, tesédp4 mm/min; temperature 25°C and
humidity 52 RH%.

For each testing reported, at least four specimeme taken and average value was calculated.

Determination of Electrochemical Properties of Membranes

The performance of an ion-exchange membranes indheus electro-membrane processes
is determined to a very large extent by their etmttemical properties. Therefore, a major
task in characterizing PEM is the determinatiotheir electrochemical properties such as the
ion-exchange capacity (IEC) ant the proton condiigti

The IEC of the membrane has been measured by asglttiration method (Fig.36).

HaOH {0.05 M)—

= ph meter
V Sensor
HaCl sat. solution after:
. - immergion of the
membrane at 56°C for12 h
) - filtration

1) Mem.-SO3H + NaCI(sat) — Mem.-SO3Na + HCl1

2) HCI + NaOH — H5O + NaCl

Figure 36. Titration procedure used to measure the ion exgdhaapacity of the membranes

A weighted sample of dry membrane (cut in smalte® has been immersed in a saturated
NacCl solution in water at 50°C for 12 hours undexgmetic stirring; the resulting solution has
been filtrated and titrated at room temperaturdn witsolution of NaOH (0.05 mol/L) until
neutrality (pH meter immersed in solution).

The IEC is calculated as:
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mol. H"exchanged mol. OH reacted

IEC= =
membranemass membranamass

[mol/g] 9)

For each type of membrane the procedure has bpeatssl three times.

Proton conductivity has been measured via impedapeetroscopy using a impedance/gain
phase analyzer Solartron 1260 (AC amplitude 100 nmifjal frequency 10 MHz, Final
frequency 1 Hz) and the results were elaboratethbyZpolt software (Scribner Associates,
Inc., USA).

The impedance data were correct for the contribubibthe empty and the short-circuit cell.
Before the test, the membrane (disc vtk 9 mm) was soaked in water for at least 5 hours
and then dried on the surface, then, the sampleplaased in a home made two-compartment
conductivity measurement cell.

The membrane was clamped between two porous sairdieel disc electrodes in the
membrane compartment.

The relative humidy (RH) has been controlled byeaond compartment containing water
keep at temperatures equal or lower than thedostpartment by using a tubular oven (Fig.
37).

membrane
compartment (i)

p—

water
compartment (J)

impedance/
gain phase
analyzer

Figure 37. Photo of the two compartment cell (inserted insedéubular oven during the
measurement) and the Impedance/gain phase analgeser for the proton conductivity
determination
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The RH can be calculated from the ratio betweerpthesures of saturated water vag)rat

the temperatures of the coltLY and hot {) compartmerit:

p(T.)
p(T,)

RH =

100 (10)

The conductivity values reported are refer to messents carried out after the conductivity
had reached a constant value for at least 2 h.

The conductivity of the samples in the transversectdon was calculated from the impedance
data, using the following relationship:

0O=—— (11)

Where g is the conductivity (S cf), d (cm) andS (cnr) are respectively the thickness and
area of the sample, ad(Q2) is the membrane resistanéewas derived from the intersect at
high frequency with real axis of the impedanceha Nigsit plot (imaginary component vs

real component of the impedance).

The impedand@ is defined, in analogy to Ohm’s law, as:

Z(o) = LIJ(“’) (12)
(0)
with:
Uw) = U,sinwt (13)
and
l(o) = I Sinot +¢ (14)

Here Z is the impedance, U is the voltage and the frequency of the alternating current |, t
is the time, is the phase shift between voltage and curremt tla@ subscript o refers to the
amplitude of voltage and current, afug) refers to a certain frequency.

The frequencyw is given by 2rv, wherev is the circular frequency.

Forn impedances in series the total impedance is:
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Ziowa = Z1+Zo+ ... Z (15)

=+t —+.....— (16)

The impedance is composed of two parts, i.e. thak part given by Z'=¢ sin ¢ and the

imaginary part given by Z"=iZcos:

U) -io i i
=Z,e"*=2Z, sinp—iZ, cosh a7

Z(0) =7
®

The impedance related to an resistance (R) and dapacitance (C) are different. For a
resistance the imaginary part of the impedanceeis since the current and voltage are in

phase and the real part is independent from tlogiéecy’
7= & =R (18)
IO

For a capacitance the impedance is :
1
Z=—— 19
o C (19)
A real system like an ion-exchange membrane inlactrelyte is a combination of these
elements in series or in paralfél.

The total impedance for a resistance and a capaeita series is given By

_ 1
(@hom = R¥ 2 (20)

According to eq. 20 the imaginary part will disappat very high frequencies if resistance
and capacitance are in series and the impedaieniscal to the ohmic resistance.
At very low frequencies the resistance of the cagace increases with decreasing frequency

and becomes infinitely high in direct current.
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For resistance and capacitance in parallel théitoedance is given By

R i (DR2C
1+ ©°R%C? 1+ w0?R?C?

Z(o)total = (21)

As indicated by the eq. 21, the imaginary parth&f impedance disappears at very low and
very high frequencie®.

At very low frequency all current is passing thrbuipe resistance and the impedance is
identical to the ohmic resistance.

At very high frequencies both the imaginary and s part of the impedance approach to
zero.

Moreover, with increasing frequency the phase $t@ftveen current and voltage is increasing
and with the phase shift the imaginary part of itn@edance is increasing and reaches a
maximum at a frequencg=1/RC. A further increase in frequency will increate phase
shift but will decrease the imaginary part of thpedance

In a membrane electrode assembly (MEA) may be tesistances and capacitances in series
and in parallel and the membrane resistance tordinsport of the protons is usually obtained
by extrapolating in the Nigsit plot (Z” vs Z’) thmtercept at high frequency with the real

axis/°

Result and discussion

All the SPEEK-WC-based membranes prepared arepaa@st, flexible and homogeneous
(Fig. 38).

SEM images showed a dense structure for both palgraad composite membrane (Fig. 39).
The good affinity between the organic and inorggpi@ase allowed the self-assembly of

homogeneous hybrid membranes.
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Figure 38. Photograph of SPEEK-WC membranes with various @3 i order from left to right:
0.10, 0.22, 0.36, 0.60, 0.70, 0.80, 1.04) and apomite membrane containingsPV;;04 ((B)
DS=0.8)

SPWC(0.36)
: Surface
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&
SPWC(0.36)+PW12
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SPWC(0.36)+PW12
Cross sectiol

SPWC-2_CS 20.0kV x3000 Spm

Figure 39. SEM images of the polymeric SPEEK-WC membrane Wi#h0.36 (SPWC(0.36)) and the
composite membranes containingPV; .0, at the same sulfonation level (SPWC(0.36)+PW12)
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The good adhesion between the inorganic additives$ the polymeric matrix and the
homogeneous distribution on nanometric scale ofrtbieganic phase in the polymeric matrix,

has been confirmed also by BSE images of the comepoembranes (Fig. 40).

500 nm

Figure 40.SEM images in BSE modality of the composite SPEER-W¥embranes (DS=0.8)

The polymeric membrane prepared using the SPEEKpaIgmer with various DS (from 0.1
to 1.04) have been characterized by FT-IR speams@nd compared with a membrane
prepared using the unmodified PEEK-WC.

In the spectra of the SPEEK-WC membranes, in andtt the wide band at 3430-3460tm
due to the stretching of the hydroxyls groups ef #QH and the hydration water molecules,
a new band appears at 1480 cmot present in the spectra of the PEEK-WC menwtég.
41).

The intensity of this last band assigned to theCGkeletal vibrations of the tri-substituted
aromatic rings, increases whit the DS. On the emptrthe intensity of the band at 1500tm
of the C=C skeletal vibrations of the di-substituted aromatigs decreases with the DS (Fig.
41).
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Figure 41.FT-IR spectra (absorbance) of a PEKK-WC and S-PEEEK membranes (DS from 0.1 to
1.04)

FT-IR analyses confirmed the structural integrifyttee HPAS in the polymeric matrix. The
typical bands of the Keggin HPAs (Fig. 42 and THb). are present also in the spectra of the
composite membranes. However, HPAs interact with SPEEK-WC matrix by hydrogen
bonds and Coulumbic interactions and a small dfithe M=O and O-M-O (M is Mo for
PMO12 and W for PW12 and SiW12) bands has beemadatethe first is shifted at lower

wavenumbers and the second at higher (Fig. 43).

117



Chapter 3: Development of advanced functional polymeric membranes
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341141
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Figure 42.FT-IR spectra of the pure HPA

Table 10.Typical bands of the hetropolyacids used in thislg

1200 1000 800

0 60450.0

H3PMo012040
Wavenumber (crd) Signal Group
1065 Strech. asym. P-O
961 Strech. asym. Mo=0,
870 Strech. asym. Mo-O,-Mo
783 Strech. asym. Mo-O.Mo
593 Bend. O-P-O
503 Strech. sym. Mo-O.-Mo
H3PW12040
Wavenumber (crd) Signal Group
1080 Strech. asym. P-O
982 Strech. asym. W=0,
892 Strech. asym. W-0O,-W
796 Strech. asym. W-O.-W
595 Bend. O-P-O
532 Strech. sym. W-O-W
H4SiW12040
Wavenumber (crd) Signal Group
979 Strech. asym. W=0,
924 Strech. asym. Si-O
786 Strech. asym. W-O.-W
534 Strech. sym. W-O-W
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Figure 43.FT-IR spectra of the membranes at DS 0.1 (A), (B360.62 (C) and 0.8 (D).

For each series from the top is reported: the petiarmembrane, the composite containing PMO12,

the composite containing PW12 and the compositéagung SiWw12.

As can be easily predicted, we observed an increga exchange capacity of the SPEEK-

WC membranes with the increase of the DS,

groups per gram of membrane (Fig. 44). The memiraria higher DS have a IEC similar

to Nafion.

i.e. whith increase of the number of acid
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IEC (mmO|H+ / gmemb)

Figure 44.lon exchange capacity measured on the polymeltEBPWC membranes at various DS
and a commercial Nafion 117 membrane

The presence of the superacid additives increas¢B@ values. In particular the composite
membranes incorporatingsPMO;,040, showed the higher IEC values (Fig. 45). This ban

explained considering the lower molecular weight tbis additive (Tab. 9) and, as a
consequence, the higher number of moles per granme&hbrane (all the composite

membranes are at 20 wt%).

1.4
1.2 - 0.1 00.22 m0.36 m0.62 mO0.8

0.8 -
0.6 -
0.4 -

IEC (mmol H+/gmembr. )

0.2

Pol. PW12 Siw12 PMo12

Figure 45. lon exchange capacity of the polymeric and contposiembrane (on the x axis is
indicated the code of the additive used) at var@8s

Also the proton conductivity increase with the Dfsl ahe composite membrane contribute to

reduce the resistance to the proton transport g&y.
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Figure 46. Proton conductivity at 28.°C and 100%RH of the polymeric and composite memés
at DS 0.1 (A), 0.36 (B) and 0.8 (C)
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The effect of the additives on the proton condiigtivs due to their water hydration
molecules and dioxonium ions that are used to batterconnect the ionic cluster of the
polymeric matrix providing a better pathway for {mo hopping.

As reported in chapter I, in the Keggin type HPAgdrogen bonds exist between each acid
proton and two water molecules, hydrogen bondsals@ present between water molecules
and the terminal oxygen atoms of the HPAs and llfinahydrogen bonds involving water
molecules can exist between different Keggin uffits.

FT-IR spectra of the composite membranes (Fig. é&d)firmed the instauration of an
interaction between the HPAs and the SPEEK-WC.

Because the HPAs are dispersed on nanometric sctie proton exchange membrane, the
water hydration molecules and the dioxonium ionghef additive have been used to better
interconnect the ionic cluster of the polymeric mxaproviding a better pathway for proton
hopping’?

The better additive resulted to be thgSHV;,04 heteropolyacid. Moreover operating at
higher temperature an lower relative humidity itsifive effect on proton transport is more
evident and the proton conductivity of the compositembranes approaches the value of the
Nafion (Fig. 47).

-3.9 1

,,X ,,,,, ,X, ,,,,, _—— - _ D
-4.4 - * [ *
4.9 - =
© 54 NAREEE
f= BRI
5.9
Tl m
6.4 | [ &SPWC(0.9)
6o = SPWC(0.8)+SiW12 ©
-0.9 1 X Nafion 117
7.4 ‘ ‘ ‘
2.7 2.9 3.1 3.3 3.5
1000/T (K)

Figure 47. Arrhenius plot of the proton conductivity at 75®ative humidity of the Nafion 117 and
the SPEEK-WC(DS=0.8) polymeric and composite (doittg SiW12) membranes

Concerning the mechanical properties, we obselvedi¢crease of the elastic modulus when
DS increases for SPEEK-WC based membranes bechesmdrease of hydration water
molecules which swell the hydrophilic regions oé tnembrane and reduce the membrane
rigidity (Tab. 11).
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A little increase of the elastic modulus was obedrin the presence of the inorganic additive
which reinforced the structure, but the valuessgitehigher compared to Nafion 117
Moreover, the S-PEEK-WC based membranes are ckawmed by a relatively low, in
comparison with Nafion, and constant elongatiobratik (%) (Tab. 11).

These difference depends by the different microstine of the perfluorinated Nafion and non
fluorinated SPEEK-WC membranés.

Table 11.mechanical properties in stress/strain elongdgshcarried out on Nafion and SPEEK-WC-
base membranes at 25°C and 52 RH%

Elastic modulus Breaking Modulus Elongation at breack
Membrane 2 2 0
(N/mm?) (N/mm?) (%)

Nafion 117 193 22.5 281
SPWC(0.36) 1658 69.2 5.5
SPWC(0.6) 833 41.4 7.3
SPWC (0.88) 567 28.0 4.7
SPWC

(0.88)+SIW12 587 44.7 5.3

Interesting results have been obtained considdghegtransport of water and methanol in
these SPEEK-WC membranes that have a lower metlaaublvater permeability respect to
Nafion 117 (at least one order of magnitude).

No relevant differences between the polymeric dedcdomposite membranes were observed
(Figs. 48, 49).

123



Chapter 3: Development of advanced functional polymeric membranes

(A)
1000
A SPEEK-WC (water)
%\ O Nafion (water)
= o)
©
=
£ 100 -
=
©
()
£
o A
o A A
10 T T
0 0.5 1
DS
(B)
100
m SPEEK-WC (methanol) X
g X Nafion (methanol)
@
=
2 10
=
|
5 .
£ ]
)
o
1 T T
0 0.5 1
DS

Figure 8. Water (A) and methanol (B) vapour permeabilitytoé SPEEK-WC membranes, as a
function of the degree of sulfonation (DS), andited Nafion 117 (we arbitrarily assumed DS=1) at
50+1°C (1 barrer =18° cn®(STP) cnt* s* cmHg?).
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Figure 9. Water and methanol vapour permeability throughpiblgmeric and composite SPEEK-WC
membranes ((A) DS=0.1; (B) DS=0.36; (C) DS=0.8) Aadfion 117 at 58°C (1 barrer =18°
cm®(STP) et s* cmHgH).
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Also the gas permeability through the SPEEK-WC memés was better, because lower, in
comparison with Nafion 117 (Tab. 12).

In particular the lower permeability of,@nd H allows a minor loss of fuel and oxidant in

the PEMFC operative conditions. The presence oirtbeganic additives further reduce the

permeability.

Table 12.Gas permeabilitat 25:1°C measured with the membranes in the dry state

SPWC (0.8) SPWC(0.8)+SiwW12 Nafion 117

Gas
Permeability (barrer) Permeability (barrer) Permeability (barrer

O 0.109 0.079 0.817
Ho 3.73 2.83 5.57
He 5.53 4.60 28.9
COo - 0.290 2.08
T=25t1°C

1 barrer =100 cm3(STP) cml s1 cmHg1

Conclusions 3/3

Polymeric SPEEK-WC-based dense membranes have fmegared by phase inversion
induced by solvent evaporation.

These systems have promising properties for agjgitain PEMFCs. They have a lower
water, methanol, ©and B permeability in comparison with a Nafion 117 connoe
membranes.

The proton conductivity of the SPEEK-WC membranasraases with the degree of
sulfonation, however, as expected for a non flaed PEM, the proton conductivity is lower
in comparison to Nafion.

The heterogenization of inorganic proton conduc(biBAs), in particular the $iW1,040, in
SPEEK-WC membranes improves the proton conductivithe HPAs, are uniformly
distributed on nanometric scale and interconnetiebe¢he ionic cluster of the polymeric
matrix providing a favoured pathway for protons piog.

Operating at higher temperature and lower relativenidity the advantages to use the
composite membranes is more evident because thechjgacity of these inorganic systems
to retain water and reduces the resistance tortiterptransport in these conditions.
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FT-IR spectra of the composite membranes confirthednstauration of interactions between
the HPAs and the SPEEK-WC, however the Keggin &iracvas preserved.

The water, methanol and gases permeability of dneposite membranes was similar to those
of the polymeric with similar DS. In fact, the goadhesion between the inorganic particles

and the polymeric chains allows to obtain hybridtegns without pinholes or defect.
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Conclusions

Membrane operations have already numerous suatigsapplications ranging from
water desalination, medical engineering, wastewtatatments, food applications and, in
generall, in every process where a separationddete
However, not only the new areas of application @mbrane processes, including artificial
organs and Micro Electro Mechanical Systems (MEMB)t also those already well
established such as catalytic membrane reactorRE€Mnd polymer electrolyte fuel cells
(PEMFCs), are creating new materials demands thditional ones can’t fulfill.
One of the most promising strategies to resporitddse requests is the combination of two or
more materials in a synergistic mode to obtain r@wnposite membranes with better

separation properties and/or with new functioresiti

In this thesis, we have investigated the heteri@agéon of inorganic polyoxanions
within various polymeric membranes for applicatiamsatalysis and fuel cells.
In particular novel catalytic membranes have beeasighed and developed by the
heterogenization of the photocatalyst decatungé¥sitgOs;*) in polymeric membranes.
The photocatalytic composite membranes are chaizste by different and tuneable
properties depending on the nature of the polynmarao-environment in which the catalyst
is confined.
Decatungstate in the form of a liphophilic tetralamonium salt ((n-GHoN)sW10032
indicated as TBAW10) has been well dispersed inpg®membranes made of PVDF.
Solid state characterization techniques confirnmad the catalyst’ structure and spectroscopic
properties have been preserved within the membranes
The catalytic membranes were successfully appiethée aerobic photo-oxidation of the
phenol, one of the main organic pollutants in wasater, providing stable and recyclable
photocatalytic systems.
The dependence of the phenol degradation rate ogatalyst loading in membrane and the
transmembrane pressure has been also investigaliesing to identify the catalytic
membrane, with catalyst loading 25.0 wt.% and dpsgaat 1 bar, as the more efficient
system.
Catalyst’ stability has been positively influendag the polymeric environment in which the
catalytic system is confined, moreover the selecBeparation function of the membrane

results in an enhanced of the phenol mineralizatismomparison with homogeneous reaction.



Conclusions

Decatungstate has been also heterogenized in Hyfiembrane. Hyflon is an amorphous
perfluoropolymer that offers several advantagesnidmnpared to other polymeric materials.
Besides its outstanding thermal and oxidative tasce, the peculiar nature of the C-F bonds
confers to this materials some unique physical-ecb@nproperties, in particular an high
dioxygen solubility.

Initially, we tried to heterogenize the fluorousdr TBAW10 in the Hyflon membranes.
However the low affinity between the catalyst armk tpolymeric matrix induced the
formation of irregular catalyst aggregates not wiedpersed in the polymeric matrix.

We have demonstrated the possibility to improve dfimity between the polymer and the
catlyst by an appropriate functionalizations of gerond one, this in order to avoid the
catalyst leaching, to have a good adhesion betwmdymer and catalyst and a good
dispersion of the same.

In particular the fluorous-tagged decatungstate-{[CF,)7(CH,)3]sCH3N)4W1003; indicated
as (RN),W10) has been well dispersed in the Hyflon memisase spherical clusters with
uniform size.

The decatungstate self-assembling process has tweed by a proper choice of the
membrane preparation conditions.

Moreover the coexistence of hydrophobic F-contgréhains and hydrophilic ionic clusters
in the (RN)4;W10032/Hyflon systems can be used for the formation afope membrane by
using the templating effect of the water molecules.

Also the methods used to prepared porous or damsgidnalized Hyflon membranes, has
guaranteed, not only the catalyst heterogenizabtpra good dispersion in the polymeric
matrix, but also its structural and spectroscopiegrity.

The new multifunctional membranes prepared have lbsed to catalyze the photooxidation
of the ethylbenzene (neat).

These systems showed super catalytic performanicgeth turnover number and better
selectivity) compared to homogeneous catalyst.

The higher activity of the fluoro-containing deaagstate dispersed in the Hyflon matrix
depend on the specific electro-chemical environmeinthe catalytic sites, the high,O
solubility and the selectivity towards reagents @noducts of the perfluorinated polymeric

material.

Finally electrostatic self-assembled composite brame have been prepared for

possible application in PEMFCs.
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Conclusions

Commercial available Keggin type heteropolyacidgehbeen dispersed on nanometric scale
in polyelectrolyes membranes made of sulfonateddRAEC.

SPEEK-WC membranes are promising systems for agifits in PEMFCs because of their
good proton conductivity and the high resistanceosed to the water, methanol knd Q
transport. In particular, in comparison with a coenomal Nafion 117 membrane, the SPEEK-
WC membranes are at least 10 times less permeaklater and methanol, but, as expected
for a non fluorinated ion exchange material, als® proton conductivity of these systems is
lower. However, the heterogenization of the inorggoroton conductors in SPEEK-WC
membranes improves the proton conductivity withgghificantly modify the other transport
properties.

The positive effect of the inorganic additives @atpn conductivity is more evident operating

at higher temperature and lower humidity values.

VIl



Relazione del Collegio dei Docenti del Dottorato di Ricerca in
Ingegneria Chimica e dei Materiali
Facolta di Ingegneria, Dipartimento di Ingegneria Chimica e dei Materiali
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- XX Ciclo

La dottoranda Enrica FONTANANOVA, laureata in Chimica, ha affrontato il Dottorato di Ricerca
in Ingegneria Chimica e dei Materiali allo scopo di completare le conoscenze nella scienza
dell’Ingegneria Chimica e dei Materiali, con particolare riferimento all’applicazione di processi di
separazione a membrana accoppiati a reazioni chimiche (reattori catalitici a membrana) o a
trasformazioni energetiche (celle a combustibile).

La dottoranda, oltre ad avere acquisto i fondamenti delle tematiche in oggetto, ha saputo affrontare
le problematiche emerse nel corso degli studi con spirito critico dimostrando come 1’integrazione di
operazioni a membrana in processi di interesse industriale possa avere un positivo effetto in termini
sia di efficienza che di impatto ambientale, nella logica del process intensification per uno sviluppo
sostenibile.

La dottoranda Enrica FONTANANOVA ha condotto nel suo triennio di Dottorato uno studio sulla
funzionalizzazione di membrane polimeriche con additivi inorganici dotati di attivita catalitica e/o
conducibilitd protonica per applicazioni rispettivamente in reattori catalitici a membrana e celle a
combustibile ad elettrolita polimerico.

Nel primo caso !’eterogenizzazione del componente inorganico in membrana ha conferito una
nuova funzionalita alla stessa (membrana catalitica), nel secondo la coesistenza della fase organica e
di quella inorganica ha avuto un effetto sinergico nel migliorare le proprietd di trasporto della
membrana (conducibilitd protonica). '

I risultati ottenuti sono stati oggetto di 6 pubblicazioni su riviste internazionali, 8 presentazioni orali
¢ 4 presentazioni in forma di poster in congressi internazionali, oltre che 3 presentazioni orali e 3
presentazioni poster in convegni nazionali (AICIng e SCI).

Nel lavoro di tesi sono stati approfonditi argomenti quali:

- eterogenizzazione del decatungstato (poliossometallato (POM) attivabile per via fotochimica) in
membrane di polivinilidene fluoruro (PVDF) e di Hyflon, caratterizzazione chimico-fisica delle
membrane catalitiche, loro applicazione in reazioni di ossidazione;

- eterogenizzazione di tre diversi eteropoliacidi (POM in forma acida: H3PW,049, H4SiW 12049 €
H3PMo01,04) in membrane di PEEK-WC solfonato, caratterizzazione chimico-fisica ed
elettrochimica delle membrane e analisi dell’influenza di diverse variabili, quali grado di
solfonazione, natura e concentrazione degli additivi inorganici, sulle proprieta di trasporto.

Nel corso di tutto il suo lavoro la dottoranda FONTANANOVA ha dimostrato doti di entusiasmo
per la ricerca, dedizione allo studio e capacitd di approfondimento, privilegiando sia i fondamenti
chimici che gli aspetti di maggiore interesse ingegneristico delle problematiche affrontate.

Durante il triennio di dottorato la Dottoranda FONTANANOVA ha svolto attivitd didattica
consistente nello svolgimento delle esercitazioni nei corsi di Chimica per Ingegneria A.A.
2004/2005, 2005/2006 ¢ 2006/2007, partecipando anche agli esami come membro di commissione.

Il Collegio dei Docenti, visto I’impegno profuso e la qualita della sua attivita, esprime un giudizio
molto favorevole ai fini dell’ammissione della Dott.ssa Enrica FONTANANOVA all’esame finale
per il conseguimento del titolo di Dottore di Ricerca iplogeoncria Chimica e dei Materiali.

11 Coordinatore del Collegio
~Prof. Rosario Aiello—
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