1 DESCRIPTION "A HYDROGEN OR OXYGEN ELECTROCHEMICAL PUMPING CATALYTIC

MEMBRANE REACTOR AND ITS APPLICATIONS" Technical Field

Thisinventiondescribesahydrogenoroxygen electrocherical pumping catalytic membrane reactor, whose
purpose is to increase the conversion and/or the selectivity of hydrogenation, dehydrogenation,
deoxidation and oxidation reactions, both in liquid or gas phases. This invention further describes the use
of a hydrogen or oxygen electrochemical pumping _catalytic membrane reactor for the direct amination of
hydrocarbons, particularly for the conversion of Berz 2GR F?.ijcoélmllne by reacting it with ammonia.
Summary of the InventiorYDRSGRNXE R0 IORV@EDs €2 & CEROEHEN abAle NRIORPC Al \IETHEYTTIbI@ne reactor,

which increases the yield of dw%%o&&&g&ni% nygéo%;pgpéﬁ,f @Ngtrochemlcal pumping of

oxygen and/or hydrogen.

Technical Field

This  invention describes a hydrogen or oxygen
electrochemical pumping catalytic membrane reactor,

purpose is to increase the conversion and/or the
selectivity of hydrogenation, dehydrogenation, deox

and oxidation reactions, both in liquid or gas phas

This invention further describes the use of a hydro
oxygen electrochemical pumping catalytic membrane r
for the direct amination of hydrocarbons, particula

the conversion of benzene into aniline, by reacting
ammonia.

Summary of the Invention

This invention proposes a new electrochemical catal
membrane reactor, which increases the vyield of dire
amination reactions of hydrocarbons by electrochemi
pumping of oxygen and/or hydrogen.

One of the purposes of this invention is to disclos
electrochemical catalytic membrane reactor, with me
the electrochemical pumping hydrogen and/or oxygen.

A preferred embodiment of present invention is the
description of a electrochemical catalytic membrane
reactor, provided with means for carrying out the
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One of the purposes of this invention is to disclose a electrochemical catalytic membrane reactor, with
means for the electrochemical pumping hydrogen and/or oxygen. A preferred embodiment of present
invention is the description of a electrochemical catalyti€ membrane reactor, provided with means for
carrying out the 2 electrochemical pumping of hydrogen, and at least a composite membrane, said
membrane comprising: Two electrodes an anode (3) and a cathode (1), sandwiching an electrolyte (2);
Both the anode (3) and the cath are electrlc égconduct a/e Salld gtlecatlrolyte (2) does not conduct

electricity and for ?‘éﬁ% ?'{H%ﬁllsg B'tr\ge t8 prB

composite membrane, said membrane comprising:

e Two electrodes, an anode (3) and a cathode (1),
sandwiching an electrolyte (2);

¢ Both the anode (3) and the cathode (1) are electri cally
conductive;
e Said electrolyte (2) does not conduct electricity and

forms a layer that is selective to protons;

e A suitable chemical catalyst (4), covering or
impregnating the anode (3), preferably as a
nanoparticles.

Said composite membrane also comprises:
e an electrochemical catalyst which is suitable for

oxidizing hydrogen, so as the resulting protons are
able to permeate the electrolyte, and a second

electrochemical catalyst suitable to receive proton S
and to reduce them, or to bring them into reaction with
oxygen; said electrochemical catalysts are preferab ly
present in interfaces anode (3) / electrolyte (2) and

cathode (1) / electrolyte (2).

Said electrochemical catalyst on the anode side sho uld be
preferably deposited as nanoparticles, decorating t he
chemical catalyst, i.e., deposited on the chemical catalyst

surface (4).

In a more preferred embodiment, the hydrogen permea ted
through the composite membrane can be oxidized to w ater on
the cathode (1) electrode, by adding at least one g as
injector (or gas feeder) in the permeated side (i.e ., in
the cathode (1) side), said fed gas should contain oxygen.

This oxidation, which is catalyzed by means of an o xidation



A suitablechemicalcatalyst(4),covering or impregnatingtheanode(3),preferablyasa nanoparticles. Said
composite membrane also comprises: an electrochemical catalyst which is suitable for oxidizing
hydrogen, so as the resulting protons are able to permeate the electrolyte, and a second electrochemical
catalyst suitable to receive protons and to reduce them, or to bring them into reaction with oxygen; said
electrochemical catalysts are preferably present in interfaces anode (3) / eiectroiyte (2) and cathode (1) /
electrolyte (2). Said electrochemical catalyst.on the anode side should be preferably deposited as
nanoparticles, dec?&lghf?é ﬂe%e%ﬁ‘é’é?ﬁ ?MI if:@.t, e%o%‘ﬁ%%sgﬁ He chemical catalys sh'Wace (4).Ina
more preferred ensbtidiftentratesdjyi@gbe péerectaditihibegtiable composite membr@hdecan be oxidized
to water on the cafededdl) Rleckaatidy aekliparaéieasironadrarniestor (or gas feederjdéhe permeated
side (i.e., in the cg hodergl ijde)béaid feid g[as should co Iarizarll.o%gen. This oxidation, which is catalyzed
by means of an oxi ation . 'gpalystagr ah elecrotRemit e t'gly t deposited on the ca?h%%ré, preferably
at the interface witletheQleetiRiytbe s @eR ) fdelexhimphie fEpRIp MIBIRIE®f Platinum, enablesfthe

generation of an elggatdganirrent.tataigh bt tpaHsARLeERY avenhegneiigh for the electrical pumping of
hydrogen, so total\%% gp?a(ritlw ?é/o(l:%lcr%]éh%ecer%?aeoqi ge%v\?v%?] (ejp théen;velnce being establlgg%jdu\ivdmch otherwise

would be necessary he electro al pumping of hydrogen
be necessary for the electrochemical pumping of hyd rogen.
In another preferred embodiment, the catalytic memb rane
reactor with electrochemical pumping of hydrogen ca n
further include at least one power supply, for gene rating
an electrical voltage difference between both elect rodes,

this voltage difference being preferably 0.5 V.

In another preferred embodiment, the electrode bein g in
contact with the reacting medium, the anode (3), ca n be
palladium or a palladium and silver alloy, which ca n form a
porous or dense film, permeable to hydrogen. In the case of

a dense film, the chemical catalyst should be appli ed on
the anode and the electrochemical catalyst should b e
applied in the anode (3) / electrolyte (2) interfac e.

In yet another preferred embodiment, the cathode el ectrode
(1), may be of a dense palladium layer, porous pall adium or

another material being electrically conductive and
permeable to hydrogen.

In a yet more preferred embodiment, said composite
membrane, known as MEA (membrane electrode assembly ) is
supported on a ceramic or metallic membrane.

In a yet more preferred embodiment, the operating
temperatures of said catalytic reactors with membra ne, with
electrochemical pumping of hydrogen or oxygen, may range to



In another preferred embodiment, the catalytic membrane reactor with electrochemical pumping of
hydrogen can further include at least one power supply, for generating an electrical voltage difference
between both electrodes, this voltage difference being freferably 0.5 V. In another preferred embodiment,
the electrode being in contact with the reacting medium, the anode (3), can be palladium or a palladium
and silver alloy, which can form a porous or dense film, permeable to hydrogen. In the case of a dense
film, the chemical c st should b plied on th ano e and the electrochemical c st should be
applied in the anoﬁ 69% PE ‘E d&yﬁ ?QE)) ﬁﬁ%r%k%*S a‘ﬂ%?ﬁglyﬁreferred embodlrnee?%a)l i/ﬁe cathode
electrode (1), maynsslefod deise-gapadizinsdaien, lpfmeanballadrum or another material being electrically
conductive and permeable to hydrogen. In a yet more preferred embodiment, said composite membrane,
known as MEA (r;Lembra e electrode gsse g)ls Sup ramic or metallic mgmbrane. In a yet

more preferred e 'E)c?cﬁ]% nt TES Bera fﬁ% te gpéture %aelc?%er\?ﬁf tic reactors wrtrln brane, with
electrochemical pOrapingeof hy@@gb@f@ﬁ@ﬂ%élﬁ Wé@to(%@ﬂ&%feﬁﬁbly from 200 to 500C if

electrolyte (2) is nye ot inedaRethéisaatingaspbai®re shoul d range
from 120 °C to 200 °C.

Another purpose of present invention is the descrip tion of
a catalytic membrane reactor, provided with means f or the
electrochemical pumping of oxygen and at least a co mposite

membrane, said membrane consisting of:

e Two electrodes, an anode (3) and a cathode (1)
sandwiching an electrolyte (2);

® Both anode (3) and cathode (1) are electrically
conductive;

¢ Said electrolyte (2) is non-conductive and is perm eable
to anionic oxygen, i.e., it forms a layer that is
selective to anionic oxygen;

e A catalyst (4), suitable for the chemical reaction and
being impregnated in the anode (3), preferably as a
nanoparticles;

® At least one gas injector (or gas feeder) in the
cathode (1) side, said fed gas containing oxygen.

Said composite membrane also comprises:

e an electrochemical catalyst suitable for oxidizing
oxygen ions emerging from the electrolyte, and an

electrochemical catalyst suitable to reduce oxygen to
anionic oxygen before penetrating into the electrol yte;
preferably said electrochemical catalysts are prese nt

in interfaces anode (3) / electrolyte (2) and/or



In another more preferred embodiment, the electrolyte (2) may be a polybenzimidazole membrane (PBI)
doped with phosphoric acid and the operating temperature should range from 120 C to 200 C. Another
purpose of present invention is the description of a catalytic membrane reactor, provided with means for
the electrochemical pumping of oxygen and at least a composite membrane, said membrane consisting
of: Two electrodes, an anode ( 3 ) and a cathode (1) sandwiching an electrolyte (2); Both anode (3) and
cathode (1) are electrically ¢ (ﬂuct ajd electroly %‘52 is,non-conductive and is permeaple to anionic
oxygen, i.e., it forms a P%‘? ]% 58788{\9 |(5)r[i|é,5 {}gewe ,&"E%c{lﬁl st (4), suitable for the chemical
reaction and being impéegriatedainode (aﬁode (3), preferably as a nanoparticles; At least one gas injector
(or gas feeder) in the cathode (1) side said fed gas containing oxygen. Said composite membrane also
comprises: an ele tr hemlc tswtable or, OXi %zm% en ions emerging frg ﬁwe electrolyte,
fie

and an electrochemic cgt%?ys?tg ?ab o %adﬁce gxy ic oxygen before p gtlng into the
electrolyte; preferébm%éﬁi%]/éwééﬁéﬂrﬁ@%ﬁbﬁtﬁl?@tﬁ%@lgm%ﬁﬁ interfaces anodes@)yYadectrolyte (2)

and/or hydrogen is formed as a result of the amination che mical
reaction it reacts with the oxygen supplied by elec tro-
permeation.
So, as soon as permeated oxygen reacts with hydroge n coming
from the chemical reaction, inside said reactor, an
electrical potential difference arises, and said po tential
difference may be enough for the electrochemical ox ygen
pumping and so it will be not necessary to use an e xternal
electrical potential difference.
In another preferred embodiment the catalytic react or with
membrane, with electrochemical pumping of oxygen, a Iso
includes a power supply, which applies an electrica I
potential difference between both electrodes, prefe rably a
potential difference ranging from 0,25 to 1,5 V, ye t more
preferably 0,5 V, so as to control feeding of oxyge n to the
reactor.
In a more preferred embodiment, the electrolyte (2) may
consist of yttrium-doped zirconium oxide (YSZ).
In a yet more preferred embodiment, said composite membrane

consists of three layers, wherein:

® The porous anode (3) may be a nickel and zirconium

oxide cermet, stabilized with yttrium oxide;
® The electrolyte (2) may be YSZ;

e And the cathode (1) may be lanthanum strontium

manganite.



5 cathode (1) / electrolyte (2) or doping the anode (3) and the cathode (1). On the anode side, this
catalyst should preferably be the same catalyst used in the chemical reaction. So, as soon as hydrogen is
formed as a result of the amination chemical reaction itfeacts with the oxygen supplied by
electropermeation. So, as soon as permeated oxygen reacts with hydrogen coming from the chemical
reaction, inside said reactor, an electrical potential difference arises, and said potential difference may be
enough for the electrochemical oxygen pumping and so it will be not necessary to use an external
electrical potential difference. In another preferred embodiment the catalytic reactor with membrane, with
electrochemical pimpimghef oyglgemralguefitde salpmiveestpgsid whivh applies an eleesiieal potential

difference betweep, Sgihriac pPrefeypliv ashate i dlifipsenes rasging from 0,25 to g¢H V, yet more

preferably 0,5V, S0 as tro control feeding of oxygen to the reactor. In a more preferred embodiment, the
electrolyte (2) may &%%igf'%f yttrium-doped zirconium oxide (YSZ). In a yet more preferred embodiment,

said composite membrane consists of three layers, wherein: The porous anode (3) may be a nickel and
zirconium oxide cgfmey, s{apilizagrwitpysdr@doxis@bodiaaiectralyte 6heraamde YSZ; And the cathode

(1) may be lantha?éJergFg?Grtéljsmcr)? aﬂgeanggbve—mentioned catalytic membr ane
reactors, with electrochemical pumping of oxygen, r ange
from 500°C to 1000°C, preferably from 600°C to 1000 °C.

In another preferred embodiment, said gas fed into said
catalytic membrane reactor with electrochemical pum ping of

oxygen, is the air.

The above-mentioned reactors may be used for the di rect
amination reaction of hydrocarbons, such as, for ex ample,
the benzene amination reaction for aniline producti on.

In a yet more preferred embodiment, the above-menti oned
electrochemical pumping catalytic membrane reactor, with
either hydrogen or oxygen electrochemical pumping, may
include an assembly of tubular composite membranes. These
membranes may contain the amination reaction cataly st as
nanoparticles, on their inner surface or impregnate din the
anode.

As previously mentioned, the membrane should have a

suitable structure enabling the electrochemical pum ping of
the resulting hydrogen from the reacting medium and its
permeation either to permeate side or to a cathode

electrocatalyst where the permeating hydrogen will react
with oxygen to produce water and electrical potenti al

difference for pumping hydrogen towards to the cath ode.



6 In another yet more preferred embodiment, said composite membrane may be a typical solid oxide fuel
cell (SOFC) membrane. In a yet more preferred embodiment, the operating temperatures of the
above-mentioned catalytic membrane reactors, with elettrochemical pumping of oxygen, range from
500C to 1000C, preferably from 600C to 1000 C. In another preferred embodiment, said gas fed into said
catalytic membrane reactor with electrochemical pumping of oxygen, is the air. The above-mentioned
reactors may be used for the direct amination reaction of hydrocarbons, such as, for example, the
benzene aminatioﬁhf%a ?i%‘ﬁ'%'loﬁnﬂﬁg 6P8H%L%£J§r @3 ;éértg/ﬁ{o?‘énmg?é’rred embodiment, rfhg#
above-mentioned lyderasthensicalgieraplin gerrahgitonamibeaprodeactor, with either igrirbgen or oxygen

electrochemical pygaping MavtNAHIBABASEEsNRIYPTJHbaEEOIRRSIte membranes. figgge membranes

may contain the ami {on reaction ca:a@lést as nano%%ticle on their inner surface or impregnated in the

nat

anode. As previou%%t/a?%é%f%%%afst_ﬁvét ’BP&%%eg_ﬁ% ARV %{gbjitable structure er{%ﬁ%é) fthe
electrochemical ptltisoiti¢e bfiehe SRiSURRIG T GPotRIsIRgN e IRWHling medium and it9 p@RAeation either to
permeate side or to a cathode electrocatalyst where the permeating hydrogen will react with oxygen to

produce water and elegyicgl golential dfgrence. of RRPISHIIGIROS bfRwards to the cathgde. 7

at the operation temperature and pressure;
¢ The introduction of a hydrocarbon and ammonia flow in
the presence of a catalyst;

® The removal of the hydrogen formed in said reactio n, by
pumping hydrogen or oxygen, such that said membrane
should enable the electrochemical pumping of hydrog en
formed or the electrochemical pumping of oxygen to the

catalyst surface.

In a preferred embodiment, both hydrocarbon and amm onia
flows are introduced in stoichiometric amounts.

In another preferred embodiment the ammonia flow in cludes
amounts above the stoichiometric amount.

Background of the invention

The use of electrochemical pumping of hydrogen or o xXygen is
describ ed in the open literature concerning systems relate d
with energy production such as fuel cells. In the c ase of
hydrogen, electrochemical pumping is present in so called
polymeric membrane electrolyte fuel cells or PEMFC, wherein
the oxidation reaction on the cathode causes hydrog en
permeation, under protonic form, from the anode to the
cathode. On the other hand, the so-called solid oxi de fuel
cell or SOFC, the electrochemical reaction causes i onic

oxygen to go from the cathode to the anode.



The description of a method for the direct amination of hydrocarbons, preferably benzene for aniline
production, by reacting it with ammonia, in one of previously described catalytic reactors with membrane,
is yet another purpose of this invention,said method cofhprising the following steps: The at useofa
catalytic reactor with membrane, the operation temperature and pressure; working The

Cited literature also describes chemical reactions that may
be undertaken with advantage in reactors  with

electrochemical pumping of hydrogen or oxygen, so c alled
electrochemical membrane reactors [Marcano, S. and Tsotsis,
T., "Catalytic Membranes and Membrane Reactors", Wi ley-VCH,
Chapter 2, 2002]. However, it was never considered before
the use of said reactors for the direct amination r eactions
of hydrocarbons and namely the direct amination rea ction of

benzene to aniline.

This direct amination reaction of benzene was first

proposed in 1917 by Wibaut, as mentioned by Dialer et al.,
2008 [Dialer, H.; Frauenkron, M.; Evers, H.; Schwab , E.;
Melder, Johann-Peter; Rosowski, F.; Van Laar, F.; A nders,

Joachim-Thierry; Crone, S.; Mackenroth, W.; Direct

amination of hydrocarbons. US Patent 2008/0146846 A 1,
2008.]. Ever since, many efforts have been develope d to
improve the conversion rate of this reaction, which is

limited by the thermodynamic equilibrium.

US 2009/0023956 Document discloses an  exhaustive
description of several advances achieved. One of th e most
successful approaches was achieved by Dupont, whose

description can be found in Documents US3919155, US 3929889,
US4001260 and US 4031106, revealing the use of a Ni INIiO
catalyst, wherein structural oxygen is used to oxid ize the

hydrogen formed. Both the catalyst and said process ,
however, present difficulties as far as the catalys t
regeneration is concerned, as well as the maximum

conversion that can be achieved is lower than 13% w hen
working at 300°C and 300 bars.

More recently, Documents US 2009/0023956 and US
2009/0203941 disclose the addition of oxidizing gas es to



the introduction of a hydrocarbon and ammonia presence of a catalyst; flow in The removal of the
hydrogen formed in said reaction, by pumping hydrogen or oxygen, such that said membrane should
enable the electrochemical pumping of hydrogen forme¥ or the electrochemical pumping of oxygen to the
catalyst surface. In a preferred embodiment, both hydrocarbon and ammonia flows are introduced in
stoichiometric amounts. In another preferred embodiment the ammonia flow includes amounts above the
stoichiometric amgunt.

the reactor and the use of a suitable catalyst for the
internal oxidation of hydrogen to water. Those same patents
also describe the use of a catalytic membrane react or with

a palladium or a palladium alloy membrane to carry out the
direct amination reaction of benzene. A process is

described, wherein hydrogen is removed from the rea cting
medium owing to the partial pressure difference bet ween the
retentate side (reacting medium) and the permeate s ide,
wherein a sweep gas current is applied. This system enables
the improvement of the benzene to aniline conversio n up to
20 % of conversion.

CGeneral Description of the Invention

The electrochemical pumping of hydrogen or oxygen e nables,
respectively, the removal or the delivery of these reagents
on the chemical catalyst surface. The hydrogen remo val from
the chemical catalyst surface, as soon as this is f ormed as
a result of the direct amination reaction, enables a
reaction equilibrium shift towards the products. In the
case of the direct amination reaction of benzene, t his
pumping enables a benzene conversion above 40%.

Dehydrogenation reactions are a very important clas s of
chemical reactions that can benefit from this new

technology. The direct feeding of oxygen to the cat alyst
surface not only improves the reaction conversion r ate,
since it reacts with the hydrogen formed, but it al o)
improves the selectivity of said reaction.

When the catalytic reactor with electrochemical pum ping of
hydrogen or oxygen, herein described, is used, a hi gh

conversion of benzene into aniline is achieved, by

using:



Background of the invention The use of electrochemical pumping of hydrogen or oxygen is described in
the open literature concerning systems related with energy production such as fuel cells. In the case of
hydrogen, electrochemical pumping is present in so called polymeric membrane electrolyte fuel cells or
PEMFC, wherein the oxidation reaction on the cathode causes hydrogen permeation, under protonic
form, from the anode to the cathode. On the other hand, the so-called solid oxide fuel cell or SOFC, the
electrochemical reaction causes ionic oxygen to go from the cathode to the anode. 8 Cited literature also
describes chemical red&foREHRCHRY! mt’gﬂe‘?{ WHArQeRR HTag? ifSB% ors with eledchemical
pumping of hydrogen dnyasitpgen fsprctiliedheleated chgatyisiasurfantbrane reactors [Marcano, S. and Tsotsis,
T., "Catalytic Membrama@gg{l{%mﬁ%R%quﬁﬁé, VileyaMfehl: Chagpfey, 2]. However, it was never

considered before the use of said reactors for the direct amination reactions of hydrocarbons and namely

the direct amination re2&Y8f'bf VerPEnERPYMINRYHFE dil e iR reSction of benzene was first
proposed in 1917 by Wihagdiatchiersamtedithy Oiated ebydrope08 dDialierptayifFrauenkron, M.gEvers, H.;

Schwab, E.; Melder, JohamiRRIRE BARRYSHH FaicVaB baadidifg Aadaisntoachim-Thierry; Gygne, S.;
Mackenroth, W.; Direct?aminzatio%of hxdrocar oHi;. US Patent 008/0]h46846 Al, 2008.]. Ever since, many
Y

b

efforts have been deve g[)%r&’ p())r%cvérrﬁpé: %_(’J'?w _ (?sr%?ﬁcpg% "of Li’énre‘gc{?on, which is Iimi?e'a by the
thermodynamic equilibERfrcagS 26T CxR99BEDdisantirrdrriosetnesatiustive descriptioinef several
advances achieved. Onpgegfiihe most successful approaches was achieved by Dupont, whose description
can be found in Documents US3919155, US3929889, US4001260 and US 4031106, revealing the use of
a Ni/NiO catalyst, wherein structural oxygen is used to oxidize the hydrogen formed. Both the catalyst and
said process, howBverepeaseARHtAciti¥BIaa!baswRinesizega{Rfrdyeneration is conceRIEENEs well as the
maximum conversiprathaizeaind enashigvedits lawer theps13¥ewhesttivorking at 300C and 30€ bars. 9

benzene with nitric acid producing nitrobenzene, an d the

reaction of nitrobenzene with hydrogen to produce a niline.

Aniline can also be synthesized from phenol or from

chlorobenzene.

Brief Description of Draw ngs

For an easier understanding of this invention two f igures
were added as attachment, both representing preferr ed
embodiments of present invention, without being int ended to

limit the invention's scope.

Figure 1 — a schematic representation of a composite
membrane for a catalytic reactor with electrochemic al
pumping of hydrogen, wherein:

(1) — is the cathode;

(2) — is the electrolyte;

(3) — is the electrode in contact with the reacting medium
— the anode;

(4) —is the catalyst.



the reactor and the use of a suitable catalyst for the internal oxidation of hydrogen to water. Those same
patents also describe the use of a catalytic membrane reactor with a palladium or a palladium alloy
membrane to carry out the direct amination reaction ofldenzene. A process is described, wherein
hydrogen is removed from the reacting medium owing to the partial pressure difference between the
retentate side (reacting medium) and the permeate side, wherein a sweep gas current is applied. This
system enables the improvement of the benzene to aniline conversion up to 20 % of conversion. General
Description of the Th¥&ffon The efeciOEBANCal PRIHTAFEP My QfoGerFBMBR7YEN enables, respectively,
the removal or thentstibeaypeof these readgapts onethetarhemiticalebedalystesuitace. The hydrogeh removal
from the chemicalmy@ gpr&g RS8R0 &SRB IS fPrmediRra result of the direct amjggtion reaction,
enables a reaction Euilib_rium shift towards the products. In the case of the direct amination reaction of
benzene, this purﬁ(ﬁ {Féhables a benzene conversion above 40%. Dehydrogenation reactions are a very
important class of chemical reactions that can benefit from this new technology. The direct feeding of
oxygen to the catqhy)sl_ RiffRceNIqNIlY improves the reaction conversion rate, since it reacts with the
hydrogen formed, But it atllio irlnp[o es the selectivity of said reaction. When the catalytic reactor with
electrochemical p pihsg ?ﬁyea%%%et)r oxygen, herein described, is used, a high conversion of benzene
into aniline is achi8)ed bihasirptrade Teasiask vdterhecsg giimging of hydrogen - so Maditving hydrogen
from the chemical.cfalygbguiface; The electrochemical pumping of oxygen - so feeding oxygen to the
catalyst surface, fg in (?%g%%?ao itmmediately react with formed hydrogen and improving the benzene
conversion rate, so avoiding oxi ¥¥on and by-products occurrence in the reacting medium, which is the
case when oxygen is directly added to the reacting medium. At present, aniline is typically synthesized
from benzene in ap@agtivednednst wighitele siepshthg reantionoef benzene with nitric acid producing
nitrobenzene, and the reaction of nitrobenzene with hydrogen to produce aniline. Aniline can also be
synthesized from phenol or from chlorobenzene.

This invention describes the use of electrochemical pumping
of hydrogen or oxygen, in a catalytic membrane reac tor,
with the purpose to increase the conversion rate of a
chemical reaction occurring in said reactor and/or the
selectivity of a direct amination of hydrocarbons.

The basis of this invention is the electrochemical pumping
of hydrogen or oxygen to the catalyst surface, wher ein the
chemical reaction takes place, targeting to improve the
amination reaction conversion and selectivity. The

selectivity as well as conversion improvement is he re
achieved owing to direct removal of hydrogen from t he
catalyst surface, where said reaction takes place. This
hydrogen removal can be obtained by the electrochem ical
pumping of hydrogen from the catalyst surface or by the
electrochemical pumping of oxygen to the catalyst s urface,
where it reacts with hydrogen and water is formed. For this
reaction the chemical catalyst may need to be modif ied, for
example, by decorating the same with a suitable
electrochemical catalyst. When electrochemical pump ing of

hydrogen is used, the electrocatalyst may consist o



Brief Description of Drawings For an easier understanding of this invention two figures were added as
attachment, both representing preferred embodiments of present invention, without being intended to limit
the invention's scope. Figure 1 - a schematic representation of a composite membrane for a catalytic
reactor with electrochemical pumping of hydrogen, wherein: (1) - is the cathode; (2) - is the electrolyte;
(3) - is the electrode in contact with the reacting medium - the anode; (4) - is the catalyst. 11 Figure 2 - a
schematic representation of a omosite membrane for a catalgltic reactor with electrochemical pumping

of oxygen and redXiiAiHSR: of K8 SIS ’Wll]lg?g"p:umpm of oxyge nis

used, the electrocatalyst may consist of nickel, wh ich
simultaneously acts as a chemical catalyst.

The catalytic membrane reactor, with electrochemica I

pumping of hydrogen or oxygen, makes use a composit e
membrane, with essentially three layers, the inner one
being a suitable electrolyte (2) and both the exter nal

layers being the electrodes. The chemical and/or
electrochemical catalysts will be deposited on the

electrodes or in the interface between the electrod e and
the electrolyte. The exact electrocatalyst localiza tion
depends on whether the electrodes allow the existen ce of an

ionic transport between the electrocatalysts surfac e and

the electrolyte, or not.

In the case of hydrogen, the external layers or the

electrodes should be electrically conductive, to co llect
the electrons formed at or to delivery electrons at the
electrocatalyst, and may consist of palladium or a

palladium and silver alloy. The cathode, i.e., the external
layer, may consist of a porous metallic layer. The

electrolyte should be conductive to protons and sho uld be
essentially selected according to the reactor opera ting
temperature, and may be a polymer, for example, a

perfluorated polymer such as Nafion (for temperatur es until
90°C), or phosphoric acid doped polybenzymidazol (f or
temperatures from 120°C to 200°C), or it can be ytt rium
doped zirconium phosphate ceramics (for temperature s from
200°C to 600°C). The reactor membrane can further b e
supported over e.g. a sintered stainless steel memb rane.
Applying an electrical potential difference between the
conductive layers will cause the hydrogen to permea te from
inside the reactor to the outside. If oxygen or a ¢ as

mixture containing oxygen is present at the cathode side,



(1) - is the cathode; (2) - is the electrolyte; (3) - is the electrode in contact with the reacting medium - the
anode; (4) - is the catalyst. Detailed Description of the Invention This invention describes the use of
electrochemical pumping of hydrogen or oxygen, in a datalytic membrane reactor, with the purpose to
increase the conversion rate of a chemical reaction occurring in said reactor and/or the selectivity of a
direct amination of hydrocarbons. The basis of this invention is the electrochemical pumping of hydrogen
or oxygen to the catalyst surface, wherein the chemical reaction takes place, targeting to improve the
amination reactioﬁ?uﬁﬁ% %Hsgﬁ&%gré’&?ﬁ)ﬁy{?‘ﬁ Oééf?&ﬂﬁﬂ/ 3’? Il as conversion i ;')H‘H]vement is here
achieved owing tccdirees @meleatrsichydtegtal fldfaremse medgssstrface, where said réadhien takes place.

This hydrogen remoyal gan e aBtiBe dduriBe. aiestexchasmical Ryaping of hydrogen fgangihe catalyst

surface or by the electrochemical pumping of oxygen to the catalyst syrface, where it reacts with
hydrogen and wat © isc%?ﬁfe&nf'—%gt{ﬂﬁ JS%SHSH tﬁeFB?Qﬁw?EEr cﬁ%ly@é:ﬁ%y need to be modified, for

example, by decoRgiMFAIOs AN CIRRHAERENMAEHE RUSHNDENeANICE GO, When electhiSbREmical pumping

of hydrogen is usegidhgnetaetmgaiadest BavgRnsist eie l2apiatisusiiénd when electrocheiiical pumping
of oxygen is usedrtlae electrO{:atalyst may consisbof nickell, WBict}Jsimullt?neously acts as a chemical
€dox on, 7 whic e yze plat

reacton, can cata Y num
catalyst.

nanoparticles deposited in the interface between th e
electrolyte (2) and the cathode (1), causes a poten tial
difference up to 1 V to arise. This potential diffe rence
causes the hydrogen permeation according to a proce Ss
similar to the one occurring inside a PEMFC.

The oxygen permeation into the chemical reactor, ca used by
electrochemical pumping, can also be achieved by th e redox
reaction with the hydrogen formed inside the reacto r. In
those cases, the application of an external -electri c
potential bias is minimized and may be not necessar y at
all.

The electrochemical catalysts should be deposited a t the
surfaces of the electrolyte, so enabling the result ing
ions, both protons and oxygen ions, to migrate to i nside
the electrolyte or from this one. They can also be

impregnated in the electrodes, if an ionic bridge w ith
protons or oxygen anions, from or into the electrol yte. On
the other hand, the electrocatalysts should be depo sited
close to the chemical catalyst, so as the resulting

hydrogen can be removed or the permeated oxygen can be
added. In a preferred arrangement the electrochemic al
catalyst in nanoparticles form should be deposited

decorating the chemical catalyst. The electric curr ent
conduction will be provided by the electrodes. Thes e should

enable reagents to have free access to the chemical
catalyst, both on the anode and on the cathode.



The catalytic membrane reactor, with electrochemical pumping of hydrogen or oxygen, makes use a
composite membrane, with essentially three layers, the inner one being a suitable electrolyte (2) and both
the external layers being the electrodes. The chemicalkthd/or electrochemical catalysts will be deposited
on the electrodes or in the interface between the electrode and the electrolyte. The exact electrocatalyst
localization depends on whether the electrodes allow the existence of an ionic transport between the
electrocatalysts surface and the electrolyte, or not. In the case of hydrogen, the external layers or the
electrodes should be electrically conductive, to collect the electrons formed at or to delivery electrons at
the electrocatalysinatig rasecorsist blepaleatiopatalyatpallddpaesiteddi silver alloy. The cattbde, i.e., the

external layer, may,eoRgist Bé@veeroueMaistic layer ke elarsiplytesiould be conductiygdo protons and
should be essentiaué% seIeFte% qcctordi%g to tFedreachg)r r:)ﬁioe:itin%tem erature, and maabgﬁ a polymer, for
example, a perflugr g]écSoIS:/ 2 3uch GPRESH ?f})r 16 [S]é) ftures TRt 9000), or phosp I acid doped
polybenzymidazolhifdragenpdiangrestiraiare 2etiaeoum), eheniedl begetrium doped zircdifiom phosphate
ceramics (for tempatakemipre2oria DA, Jhrdrasioriremdtane can further bensupported over
e.g. a sintered sta{'ﬁle S aFgel m rrgbsragﬁ. p\grpllygﬁg ane escttrisct?rk é)gete{gial difference betw en the
conductive layers will Calisethe yﬁr gen s permeate from inside the reactor to the outside. If oxygen or
a gas mixture confBfREER SéfrEeRasIeRt at the cathode side, 13 this can be used to promote a redox
reaction, which in turn causes an electrical potential difference necessary to the hydrogen permeation to

arise. For exampler,hig th8>§@§ﬁ of gf?cfflga‘f%]rﬂ@%mtignrﬁﬂ%ioq &enﬁﬂgge th%thydrogen permeation by
a ro 584?1 € xida

electrochemical pumping e accomplishe hydrogen tion at the cathode side. This
redox reaction, whHfCHRABEE YA daaiRpasihom ngté’rtﬁé% Heposited in the ift¥ARAER between the
electrolyte (2) anditke ezt anfe (g eausiesteopotenitial giffergnge the tménv to arise. Thispmtential
difference causes the fydragen %ﬁ@%@tlﬂntﬁ@ﬁQWSIp m@r&msimilar to the one ocgliing inside a

PEMFC. The oxygen permeation into the chemical reactor, caused by electrochemical pumping, can also

be achieved by thEYed R cEERSIEIh tHe hydYRIE fotheB SRt eactor. In those casés, the
application of an extedoati te sngkeinianidedraodianay be not necessar . The
pplicati f Bdoatiede giticupotetatializseds neckeinianid ezirandianay b yeatnakl. Th
electrochemical caalysts shaipd bggepgritediptdhe syrfagsgmphihe gleciglyte, so enabling the resulting
ions, both protons zflnd %)% en ions, to rg'%rate to inadeg%& ele\? lyte or from this one. They can also be
impregnated in th&'Efdd e&OH HYRiICEP éa\)ﬁrh H? s%r gen anions, from offito the
electrolyte. On thevbiberigastatiecele rygarilyad shewatheddegosied close to the chféimgcal catalyst, so
as the resulting hygrogegagande semaved gethicafermengiiyoenspammadded. In a preferred
arrangement the eIecF]rttlachemé%ala%lattew@_sél\i@Lrllaneorp%rticleﬁ anrm thOILé|d be deposited dei%gfating the
chemical catalyst.sfrﬁe elece R ERt Condti S will ggpp¥0\ﬂaaedeby the electrodes. Thése should enable

reagents to have PeteaideeddfeianeeckitieatEalipgas ibtis APIR® anode and on the cdéhéRle. 14 In the
case when the elesireeatalydisodapesisagderileiikeiaeecoetiitieon the anode and the&lagtiolyte and the
chemical catalyst j Si n node, to make.th d ntranspor re efficient the chemical
reaction catalyst ﬁé&%%ﬂd%t%%?aﬁgﬁg\(ﬁw%a?%dium. Thisi%%a{ﬁrﬁg gs?ﬂ?e%%/é?g é%n transport from the
catalyst surface td4he ¥e#AbPaMESS Ui @SIdedide. the reacting medium, w here

hydrogen is formed, e.g., in the case of the direct

amination reaction of benzene, it reacts with hydro gen, so
creating an electrical potential difference, simila rly to a
fuel cell. In this case, external electrical potent ial bias
need becomes minimized and may be not necessary at all.

The oxygen feeding may be controlled applying a sui table
electrical potential to the electrochemical pumping

catalytic membrane reactor. Oxygen is delivered dir ectly
into the chemical catalyst. This membrane is simila rto

those used in solid oxide fuel cells (SOFC). It con sists of



The oxygen electrochemical pumping takes place at temperatures within the range from 500C to 1000C.
Even in the case of oxygen electrochemical pumping, the membrane reactor should consist of three
layers: the porous anode (3), which consists, for example, of an electrically conductive yttrium stabilized
nickel and zirconia cermet (YSZ) layer; the electrolyte (2), forming a non electrically conductive dense
layer, usually a YSZ layer, which is selective to oxygen; and the cathode, consisting for example of a
electrically conductive lanthanum strontium manganite Q&HS%) layer. By applying an electrjcal potential
difference to the etlrér@t?o E1Pis PEsBHR D EBHH% nf:@'/f'ﬂ%?gen added to the re&%tion medium.
Oxygen under ionéxéonpi€02)) goesldnivigghytheoatitive/téayRy. Whett oxygen is added tditihe reacting
medium, where hygiggieads forieiedl, eghain ceare ottimeirectyaspinatignereaction of benzene, it reacts
with hydrogen, so (Lre tinﬁ an Iecftrical otential diffFretnce' similaaé tto a fuel cell. In this case, external
electrical potentiafa it A €d Belcomes MiniiZ&d a%&cnggy?gle G0t %essary at all. The ox“@en feeding
may be controlleddgnsKifRyer suistblly clactftal lppesntiglied tise s@lestiochemical pumpingectRalytic
membrane reactobigennis; deltyeredcatrratly, intpdr@rdemicataalyst. This memheang is similar to
those used in soli%lo%({ﬁeaﬁyel cceollsd&Sﬁ%lléC).l l%ﬁ?za[‘nSi?rt\s Ogtrl?mtt&ﬁe la %rsaintlhe porous anod?e(3), which
consists, for exam Fe, of A electtica y conguctlveulayer o yt%rlum StabifZed nickel and zircohia cermet
(YSZ); the electrol#eN2), forming a non electrically conductive dense layer, usually an YSZ layer, which
is selective to oxygen ions; and the cathode, consisting, for example, of electrically conductive lanthanum

strontium mangan{tﬁe(LéM)l I@e @tqllygtsd‘%&heamﬁ&@gi(gpqe)%t[h%rpeengene are broadly dr%scribed on

the literature. However, It seems that nickel-based catalysts are the most active ones. Nickel use has two
advantages: it is Jueadly siessribe 28)thg At [PtV mfhRfation reaction and £8'&iMEment
necessary to this lagkel-Basiet elatalialissrdeoorated adtivgpaladilh and/or platinum,ck@hwaso be used, in

order to enable thg adsgrption of the-ydrogen farmed diring the, a@jnggon and its further catalytic

oxidation with permeated oxygen. Accordingly, the electrochemical pumping of oxygen is essential for

removing the hydJBNIbriRE AR d4BIRHRTHrERRACHRR cBAJe Ao Ang 8 selectivity of saidmination
reaction. On the otieeessarg, tih #iso leyablAsnibket matmlystusieegerieration of structuraleoxyigbn from said

nickel catalyst, througlydirecliePlyiRivmoeaiodhe ¢rialkel TiRIocess minimizes ghgproduction of

byproducts, which are formed with oxygen.is added directly to the reactor feeding flow. This reactor
operates at a temﬁ@?yﬁré et%jesé’ﬁpgégc%rmelgyg&%ﬂi!ﬂr@(?ﬂi%mgerature range Wh&}%in the

electrolyte (2) is cannative tceoygéa iohsthes catalytic oxidation  with
permeated oxygen.

Accordingly, the electrochemical pumping of oxygen IS
essential for removing the hydrogen formed and so t o]
improve the conversion and the selectivity of said

amination reaction. On the other hand, it also enab les the
continuous regeneration of structural oxygen from s aid
nickel catalyst, through direct supply of oxygen to the
catalyst. This process minimizes the production of by-
products, which are formed with oxygen is added dir ectly to

the reactor feeding flow.

This reactor operates at a temperature between 500° C and
1000°C, which is the temperature range wherein the
electrolyte (2) is conductive to oxygen ions.



For a better understanding of this invention, two examples of preferred embodiments of the invention are
described below, said examples being not intended to anyhow limit the scope of present invention.
Example 1 A catalytic reactor with membrane, equippekPwith means for the electrochemical pumping of
oxygen, said means consisting of a composite catalytic membrane, wherein the catalyst for the direct
amination reaction of benzene is a bimetallic catalyst with nickel/nickel oxide and platinum nanoparticles;
the electrocatalyst in the permeate side s a catalyst with.platinum nanoparticles; the porous anode (3)
consists for examgl%r &%&ﬁ%&é’ﬁéﬁ??@dﬂ%ﬂ?@%@\@? &k, YWaifllized with yttrium o 18 ?’%Z); the
cathode (1) consists foetexead pranbfddimieatsuraf sthentiovantiemgaieitel€sSM); the electrolytibg@) is
yttrium-doped zircggiwiy) SHEHRMBIESEHY N6t ifeiRedasaiaiispumping catalytigipeprprane reactor,
wherein hydrogen can be remove frorr,g. the chemical catalyst surface by means of electrochemical
pumping of hydroégﬂ?%&tr%%ﬁl LS ickel oxide chemical catalyst to provide the direct amination
reaction of benzene to aniline, decorated with platinum nanoparticles, which in turn provide the hydrogen
electro-oxidation. ghgrerapesite catalyst should be deposited in the interface between the anode (3) and
the electrolyte (2); the anode (3) consists of a porous palladium membrane with ca. 1 lam thickness; the
electrolyte (2) consists of yttrium-doped zirconium phosphate; the cathode (1) consists of a porous
palladium 17 merAtaiad/iigtreastenyithicReedsanahedwritscwidie@®olyte (2) / cathodlessitbuld be

deposited a platintia eletacrindvsicas npoaRanticlest Thisjgdatendamd eithesaesprovide the hydrogen

reduction, or its regocr'gisols iWéthoP )é\yggﬂip%él%n gcl’ﬁa?ytic membrane, where in the
catalyst for the direct amination reaction of benze ne is a
bimetallic catalyst with nickel/nickel oxide and pl atinum
nanoparticles; the electrocatalyst in the permeate side is
a catalyst with platinum nanoparticles; the porous anode
(3) consists for example of a nickel and zirconium oxide
cermet, stabilized with yttrium oxide (YSZ); the ca thode
(1) consists for example of lanthanum strontium man ganite
(LSM); the electrolyte (2) is yttrium-doped zirconi um
phosphate.
Exanpl e 2
A electrocatalytic pumping catalytic membrane react or,
wherein hydrogen can be removed from the chemical c atalyst
surface by means of electrochemical pumping of hydr ogen,
comprising a nickel/nickel oxide chemical catalyst to
provide the direct amination reaction of benzene to
aniline, decorated with platinum nanoparticles, whi ch in
turn provide the hydrogen electro-oxidation. The co mposite
catalyst should be deposited in the interface betwe en the
anode (3) and the electrolyte (2); the anode (3) co nsists
of a porous palladium membrane with ca. 1 pum thickn ess; the

electrolyte (2) consists of yttrium-doped zirconium
phosphate; the cathode (1) consists of a porous pal ladium



A electrocatalytic pumping catalytic membrane reactor, wherein oxygen is electrochemically pumped to
the chemical catalyst surface, comprising a nickel/nickel oxide chemical catalyst to provide the direct
amination reaction of benzene and the oxygen electro-b&idation. This composite membrane is made of a
porous YSZ anode (3) impregnated with the nickel/nickel oxide catalyst; impermeable YSZ electrolyte (2)
layer; lanthanum strontium manganite (LSM) cathode (1) layer.
Thefollowingclaim deadditiopalpreferred emhodiments of thi nventl 18 CLAIMS 1. A catalytic
membrane reactop%g%f&ng ngvmgang for é’emylnb gﬂle{ﬁ% eldtrd enff&tglrﬁﬁﬁpmg of hydrogen, said
membrane comprilgirolyieo(@)ettratiesdenskodded 3 )dendsitedthopl@ (1), sandwiching dinwlectrolyte (2);
both anode (3) an@ga}t;gg%@g@rgsemgggm@ggdqﬁtg/%smg}ﬁd)%{rolyte (2) is non elegdfically conductive
and forms a Iayer which is se ﬁctlég gﬁ %@eoton do no{ trans ort neither reactants nor products); A

It

suitable chemical cat%ly¥ OI(94) o%leo(%) O iifthe Interface between thé Gnode (3) and
the electrolyte (2)0xygen.

Exanple 3

A electrocatalytic pumping catalytic membrane react or,
wherein oxygen is electrochemically pumped to the c hemical

catalyst surface, comprising a nickel/nickel oxide chemical

catalyst to provide the direct amination reaction o f
benzene and the oxygen electro-oxidation. This comp osite

membrane is made of a porous YSZ anode (3) impregna ted with

the nickel/nickel oxide catalyst; impermeable YSZ
electrolyte (2) layer; lanthanum strontium manganit e (LSm)
cathode (1) layer.

The following claims provide additional preferred
embodiments of this invention.



Said anode (3) containing an electrocatalyst for the hydrogen oxidation, impregnating the anode (3) or
deposited in the interface between the anode (3) and thg electrolyte (2); Said cathode (1) containing an
electrocatalyst for hydrogen reduction, impregnating the cathode (1) or deposited in the interface between
the electrolyte (2) and the cathode (1). 2. A catalytic membrane reactor as claimed in claim 1, wherein
said reactor can further comprise a power supply that applies an electrical potential difference between
both electrodes. 19 3. A catalytic membrane reactor as claimed in claim 1, wherein said reactor further
comprises a system for feeding to the cathode a gaggoysg,gdow containing oxygen. 4. A catalytic
membrane reactor as claimed in any one of prior claims, wWherein said chemical catalyst (4) is present
under a nanoparticle form. 5. A catalytic membrane reactor as claimed in any one of claims 1 to 4,
wherein said chemical catalyst (4) is decoratedwiththeplatinumorpalladium electrocatalyst, both under a
nanoparticle form. 6. A catalytic membrane reactor as claimed in any one of claims 1 to 5, wherein said
chemical catalyst {4) isAincatalytivanoparticiedoneeatat,isaepuisied omehesarfode.

carrying out the electrochemical pumping of hydroge n,

said membrane comprising:

® Two electrodes, an anode (3) and a cathode (1),
sandwiching an electrolyte (2); both anode (3) and
cathode (1) are electrically conductive; said
electrolyte (2) is non electrically conductive and
forms a layer which is selective to protons (e.g. d o]
not transport neither reactants nor products);

e A suitable chemical catalyst (4), deposited on the
anode (3), or in the interface between the anode (3 )
and the electrolyte (2);

e Said anode (3) containing an electrocatalyst for t he
hydrogen oxidation, impregnating the anode (3) or
deposited in the interface between the anode (3) an d
the electrolyte (2);

¢ Said cathode (1) containing an electrocatalyst for
hydrogen reduction, impregnating the cathode (1) or
deposited in the interface between the electrolyte

(2) and the cathode (1).

2. A catalytic membrane reactor as claimed in claim 1,
wherein said reactor can further comprise a power
supply that applies an electrical potential differe nce

between both electrodes.



7. A catalytic membrane reactor as claimed in any one of claims 1 to 6, wherein said catalyst is deposited
between the anode (3) and the electrolyte (2), said anqg@g being porous. 8. A catalytic membrane reactor
as claimed in any one of claims 1 to 7, wherein said anode (3) consists of palladium or a palladium and
silver alloy. 20 9. A catalytic membrane reactor as claimed in any one of claims 1 to 8, wherein said
cathode (1) consists of palladium or porous palladium layer. 10. A catalytic membrane reactor as claimed
in any one of claims 1 to 9, wherein the composite membrane is supported on a ceramics or metallic

porous membrane; 11. A catalyiic membrane reacior as JaimRe iImagkpneof claims 1 to 10, wherein the

electrolyte (2) consists of a phosphoric acid-doped polybenzimidazole membrane, and the working
temperature range goe$RsaiN1 20 t6eR0BC . FUpthAr capmAlsase mbseplefedetor as claimed in any one of

claims 1 to 10, whereiqéggiﬁﬁfr%gwgthgn%%{ﬁwgs go étgo Q& :I‘I%V\/A‘ ggmgmﬁ] embrane reactor as

claimed in any one of claims™1 to 12, wherein the electrolyte (2) Is of yttrium-doped zirconium phosphate
(YSZ) and the working tepgeerature range goes from 120C to 600C. 14. A catalytic membrane reactor
with membrane, comprising means for carrying out the electrochemical pumping of oxygen equipped with
a composite membrane, said membrane comprising:

4. A catalytic membrane reactor as claimed in any one of

prior claims, wherein said chemical catalyst (4) is

present under a nanopatrticle form.

5. A catalytic membrane reactor as claimed in any one of
claims 1 to 4, wherein said chemical catalyst (4) i s
decorated with the platinum or palladium

electrocatalyst, both under a nanoparticle form.

6. A catalytic membrane reactor as claimed in any one of
claims 1 to 5, wherein said chemical catalyst (4) i S
under a nanoparticle form and is deposited on the

anode.

7. A catalytic membrane reactor as claimed in any one of
claims 1 to 6, wherein said catalyst is deposited
between the anode (3) and the electrolyte (2), said

anode being porous.

8. A catalytic membrane reactor as claimed in any one of
claims 1 to 7, wherein said anode (3) consists of

palladium or a palladium and silver alloy.



Two electrodes, an anode (3) and a cathode (1) 21 cathode (1) are electrically conductive; and said
electrolyte (2) is non electrically conductive and is seleggve to anionic oxygen; A suitable chemical
catalyst (4), which is present under a nanoparticle form and is impregnated in the anode (3); At lest one
gas feeder in the cathode (1) side, said fed gas mixture containing oxygen; The anode (3) is
impregnated, or it contains an electrocatalyst for the oxygen oxidation, deposited in the interface anode
(3) / electrolyte (2); The cathode (1) is impregnated, or it contains an electrocatalyst deposited in the
interface betweenghe elecalyif (Abafdhe rbRAS I NAmetng GaiRlylie membrane reacigr as claimed
in prior claim, wherein it further includes a power supply that applies an electrical potential difference
between both electrod€$ile thiocBtatyhiereieribidriairedeotlasaiafstsd @i claims 14- 15, wherein said

composite membrane iﬁaqlé}ﬁﬂjﬁ‘?‘h?%%%i%%Iféf&hﬁ?lllaﬁpFC) membrane.

10. A catalytic membrane reactor as claimed in any one of
claims 1 to 9, wherein the composite membrane is

supported on a ceramics or metallic porous membrane

11. A catalytic membrane reactor as claimed in any one of
claims 1 to 10, wherein the electrolyte (2) consist s of
a phosphoric acid-doped polybenzimidazole membrane, and
the working temperature range goes from 120°C to 20 0°C.

12. A catalytic membrane reactor as claimed in any one of
claims 1 to 10, wherein the working temperatures go to
600°C.

13. A catalytic membrane reactor as claimed in any one of

claims 1 to 12, wherein the electrolyte (2) is of
yttrium-doped zirconium phosphate (YSZ) and the wor king

temperature range goes from 120°C to 600°C.

14. A catalytic membrane reactor with membrane, compris ing
means for carrying out the electrochemical pumping of
oxygen equipped with a composite membrane, said

membrane comprising:

e Two electrodes, an anode (3) and a cathode (1)

sandwiching an electrolyte (2); both anode (3) and



17. The catalytic membrane reactor as claimed in any one of claims 14 to 16, wherein the working
temperature ranging from 50000 to 1000C. 22 18. The gatalytic membrane reactor as claimed in any one
of claims 14 to 16, wherein the fed gas is air. 19. The catalytic membrane reactor as claimed in any one
of prior claims, wherein it comprises a bundle of tubular composite membranes. 20. A method for the
direct amination reaction of hydrocarbons, characterized in that it consists of the following steps: The use
of a catalytic membrane reactor, as the one described in any one of prior claims, at the operation

temperature and pressureg;dhBgdeedingrof aitydrepgrimandigenmpniadiqyy in the presence of a suitable

catalyst; The removal of the hydrogen formed in said reaction, by pumping hydrogen or oxygen, so that
said membrane should belgsteotytefdbienne eleetisalensioeVpiivdEing of hydrogen formedish the reaction
medium or the electrochegail @J[-p %piﬂg) f nto the chemical catalyst surface for oxidizing the
hydrogen formed. 21. A met%ocli %r the dﬁgct %nétion, as claimed in prior claim, wherein said
hydrocarbon and ammeria $egabievesereciddoatatst {ilmetniclprispprésers.

under a nanoparticle form and is impregnated in the
anode (3);
e At lest one gas feeder in the cathode (1) side, sa id
fed gas mixture containing oxygen;
e The anode (3) is impregnated, or it contains an
electrocatalyst for the oxygen oxidation, deposited
in the interface anode (3) / electrolyte (2);
e The cathode (1) is impregnated, or it contains an
electrocatalyst deposited in the interface between

the electrolyte (2) and the cathode (1).

15. The catalytic membrane reactor as claimed in prior

claim, wherein it further includes a power supply t hat
applies an electrical potential difference between both
electrodes.

16. The catalytic membrane reactor as claimed in claims 14-
15, wherein said composite membrane is a typical so lid

oxide fuel cell (SOFC) membrane.

17. The catalytic membrane reactor as claimed in any on e of
claims 14 to 16, wherein the working temperature

ranging from 500°C to 1000°C.



22. A method for the direct amination, as claimed in claims 20 to 21, wherein the ammonia is fed above
the stoichiometric proportion compared to the hydrocakapn feed. 23 23. A method for the direct
amination, as claimed in claims 20 to 22, wherein said hydrocarbon is benzene and the reaction product
is aniline.

18. The catalytic membrane reactor as claimed in any on e of

claims 14 to 16, wherein the fed gas is air.

19. The catalytic membrane reactor as claimed in any on e of
prior claims, wherein it comprises a bundle of tubu lar

composite membranes.

20. A method for the direct amination reaction of
hydrocarbons, characterized in that it consists of the

following steps:

® The use of a catalytic membrane reactor, as the on e
described in any one of prior claims, at the
operation temperature and pressure;

® The feeding of a hydrocarbon and ammonia flow in t he
presence of a suitable catalyst;

* The removal of the hydrogen formed in said reactio n,
by pumping hydrogen or oxygen, so that said membran e
should be able to enable the electrochemical pumpin
of hydrogen formed in the reaction medium or the
electrochemical pumping of oxygen to the chemical
catalyst surface for oxidizing the hydrogen formed.

21. A method for the direct amination, as claimed in pr ior
claim, wherein said hydrocarbon and ammonia feed fl ows

are fed in stoichiometric proportions.

22. A method for the direct amination, as claimed in cl aims
20 to 21, wherein the ammonia is fed above the
stoichiometric proportion compared to the hydrocarb on

feed.



23

23. A method for the direct amination, as claimed in cl
20 to 22, wherein said hydrocarbon is benzene and t

reaction product is aniline.

aims

he



