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place. One of the possible applications of this technology is for instance the electrodialysis
of sodium sulphate solutions with production of sulphuric acid and caustic soda, as an
alternative of the most common production of caustic soda by sodium chloride brine
electrolysis. This process can be applied for example at caustic-consuming sites having no
use for chlorine — which in this case would constitute a by-product difficult to handle and
store — or whenever a mutually independent production of chlorine and caustic soda is
desirable. The electrical consumption associated with the process is nevertheless very
high, due to the voltage associated with the overall net reaction — corresponding to water
electrolysis with production of hydrogen and oxygen — and to the high ohmic drop in the
various components, with particular reference to the anion-exchange membrane. The
problem of the excessive electrical consumption was mitigated in the past by replacing the
oxygen-evolving anode with a hydrogen-fed, anodically polarised gas-diffusion electrode:
in this way, the overall net reaction has a much lower reversible voltage, corresponding to

the potential difference between hydrogen cathodic evolution in alkaline environment and
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WO 2012/ 130864PCT/ EP2012/ 055455 4 the al kal i ne sol ution constituting one of
the products is fornmed by virtue of the conbination of cations, mgrating
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The fuel gas fed to the anode may consist of a m xture of hydrogen and
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outlet can contain variable amounts of salt. The second intermediate chamber, adjacent to
the anodic chamber and delimited by the gas-diffusion anode and by the second ion-
exchange membrane, is fed with process electrolyte which, upon flowing to the outlet, is

enriched with acid generated by the gas-diffusion anode. The product acidic solution can



In the drawing there is shown an enbodi nent of el ectrodialysis cell
delimted by cathodic sem -shell 1 the anodic sem -shell 5, consisting of
four chamwersgi2/rieseel y cat hodi c chanber A, first internedcairP2abasiyes B
adj acent to cathodi c chanber A, secondsi nternedi ate chanber C adjacent to
anodi ¢ chanber D and anodi c chanber D. Cat hodi ¢ chanber Ais
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which are not intended as a limtation of the domain of e’ nvention.

dioxide coming from a steam reforming or partial oxidation of hydrocarbons or light
alcohols. In one embodiment, the oxidant gas fed to the cathode compartment consists of
ambient air, which has the advantage of being extremely cheap notwithstanding a certain
energy efficiency decrease in the cathodic reaction compared to pure oxygen. In another
embodiment, the oxidant gas fed to the cathodic compartment consists of enriched air, for
instance air with an oxygen content brought to 50% by means of a known cheap PSA
system, which has the advantage of providing a cathodic efficiency very close to that of
pure oxygen against a much lower cost. In several chemical plants having cheap hydrogen
and/or oxygen available as by-products of other processes, it proves more convenient to
operate the electrodialysis with pure reactants rather than with mixtures.

Under another aspect, the invention relates to a process of depolarised electrolysis
of salt solutions, carried out in a cell as hereinbefore described, comprising feeding the salt
solution to be subjected to electrodialysis, optionally a chloride, sulphate, carbonate or
bicarbonate of sodium or potassium, to the inlet of one of the intermediate chambers
withdrawing the exhaust solution at the relevant outlet, feeding a hydrogen-containing fuel
gas at the anodic chamber inlet and an oxygen-containing oxidant gas to the cathodic
chamber inlet, withdrawing the exhausts from the relevant outlets, and electrically
connecting the anodic and cathodic semi-shells reciprocally. The semi-shell connection

may be either a simple short-circuiting, with optional insertion of an ammeter for keeping



EXAMPLE 1 An experinmental cell was assenbl ed according to the schene
shown in the figure. The cell was conprised of cathodic sem -shell 1 nade
of Al SI 3WO0 2et2ai3ndeess steel, on which wall strips 2 wer @CTEPR0IRMSS4BH its
turn, on strips 2 a current collector 8 was secured, made of 1 mmthick
expanded sheet wi th rhonboi dal openi ngs having di agonals of 5 and 10 nm
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delimted an anodic chanber D fed with pure hydrogen. On the carbon

paperinggitipaobadppldiaral smadl raerdensderlying asfieet @IMgnéat al ytic fil m had been
previously applied, consisting of a mxture of particles of PTFE and of

pl ati num supported on high specific surface carbon (60% pl ati num on Vul can
XC- 7 BRI&FDBESCRIPT ICNr QBridiE @RAWINGT ni mi se contact el ectrical resistance

bet ween sh et 8 and A, a 0.2 pmthick platinumfilmwa pplied. on sheet
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contact 1nits turn wt ani on- exc ange menblr ane 14 osepta AMX/ Ast om
Cor p.compeetheriis, bef@reﬁeiuwlﬂngﬁteMg ensuring a preset and uni f orm gap
bet ween GDA and nenbrane 14, whose surfaces delimted internedi ate chanber
C (second internedi ate chanber above) crossed by a hydrochloric acid

sol utpEnARE ¥ RS IFat OMNORITHE IFRAMMNIGNY the testing phase between 1 and
5% In a different test, internediate chanber C was fed with a

sol ution d@ﬁh@diawgﬂgsmﬁrarwdﬂwm a8 embedinenitefaglpoiiodialygisngelb deliwéad 1m0
and 2(:(glgncﬂj/ié'semi—shell 1 the anodic semi-shell 5, consisting of four chambers, namely

cathodic chamber A, first intermediate chamber B adjacent to cathodic chamber A, second
intermediate chamber C adjacent to anodic chamber D and anodic chamber D.

Cathodic chamber A is delimited by ion-exchange membrane 12 and cathodic semi-
shell 1, and comprises a plurality of elements for transmitting electrical current, in this case

in form of strips 2, a foraminous current collector, in this case obtained by superimposing a



Menbrane 14 was kept in contact with a second pol yet hyl ene nesh 13 also 1
mmthick, contacting in its turn cation-exchange nenbrane 12: internedi ate
chanmber BwvOf20r2613086nt er nedi at e chanber above) delimted pgTBRROBAIISTANES 12
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par t 4arge magh gxRandad sheet 7 andgaasg@werdnasthexrangakshefid. connected to the
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bet o0 by varying the concentration of sodiumchloride solution
fedm?ﬁepﬁ?g%ﬂﬁa%gfi chanber B between 100 and 200 g/l; internediate

chanber BSscohdfietedinediaté cbamber @ adjaceptatot dnaxfic thampeo Dyisl dalintliaghipy kst i de

and extraction circuits (u r _part f _dep] eted sodiumchloride;
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hydrochloric acid (1-5%;
The two compartments A and D are reciprocally connected in short-circuit through
an ammeter.
Some of the most significant results obtained by the inventors are presented in the

following examples, which are not intended as a limitation of the domain of the invention.

EXAMPLE 1

An experimental cell was assembled according to the scheme shown in the figure.
The cell was comprised of cathodic semi-shell 1 made of AISI 310 stainless steel, on
which wall strips 2 were secured: in its turn, on strips 2 a current collector 3 was secured,
made of 1 mm-thick expanded sheet with rhomboidal openings having diagonals of 5 and
10 mm. Strips 2 and current collector 3 were also made of AISI 310 stainless steel. The
current collector was put in contact with an elastic mat 4 formed by an assembly of nickel
wire coils of 0.3 mm diameter, contacting in its turn an assembly consisting of a gas-
diffusion cathode (GDC) 10 and a porous hydrophilic layer 11. The GDC was made of
graphitised carbon paper, wet-proofed by soaking in a polytetrafluoroethylene suspension
followed by a sintering thermal treatment carried out at 350°C: on the carbon paper
surface opposite the one contacting mat 4 a catalytic film had been previously applied,
consisting of a mixture of particles of PTFE and of platinum supported on high specific

surface carbon (60% platinum on Vulcan XC-72 carbon /Cabot Corporation). The



anodi ¢ chanber Dwith feeding circuits of hydrogen used as reactant and
extraction circuits of exhaust hydrogen. The cell, thernostated at
70C by cowmonroidizmpst he tenperature of solutions fed to iPoT@EPAEAIAILES
chanbers B and C, had an open circuit goltage of 0.4 V. After
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acid solution of concentration adjusted during the testing phase between 1 and 5%.

In a different test, intermediate chamber C was fed with a solution containing
sodium chloride at concentration varying between 100 and 200 g/l.

Membrane 14 was kept in contact with a second polyethylene mesh 13 also 1 mm-
thick, contacting in its turn cation-exchange membrane 12: intermediate chamber B (first
intermediate chamber above) delimited by two membranes 12 and 14 was fed from bottom
to top with a sodium chloride solution whose concentration varied during the test between

100 and 200 g/I. The sodium chloride solution was recycled through a collection vessel. In



WO 2012/ 130864PCT/ EP2012/ 055455 11 about 50-70 cm ot herw se the internal
structure of gas-diffusion electrodes is flooded with consequent |oss of
per f or mrarwe.20hosshort -circuit current was 75 A, correspomdiPag21085485 cur r ent
density of about 1.9 kA/n2. EXAMPLE 4 9 The test of Exanple 1 was
duplicated after sinplifying the cell structure by elimnating nenbrane 14

and nesh 13, operatin tth a single internedjate chanber deli.nmted by GDA
5 and ot andne sochu el aidiexalutph wap Gof Gyl R TBR (Bt et CAmber
caust@ ghepsla ik tn Hrtowaeriekicri Was gepbidtbdconsi dered acceptabl e for
I ndustrial applications, provided the remaining internediate chanber is fed

with a sirdieecglhv@sotssenatlach myhtightedmgswitatsutablsf tiesads sematshets doene 100
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sul phuric acid and 15% caustic soda. The results obtained, in terns of
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not hkmseniohnded as limting the invention, which nmay be used according to
di fferent _enbodi nents w t hout departing fromthe scopes thereof, and whose
extent is I GRESNRINRESEIWRE Bient %@%‘?ﬁ%@ﬁd@dhgl rgleant feedingrapg AR A he
descrdir%bité’rlnaﬁé’rtiﬁlléF'”B of the present application, the term"conprise" and
vari ations thereo#j such as "conprising" and "conprises" are not intended to
excl udmthddic mhesdrereA ofitrofdesting ceowite of pureadzygenses enriched air and extraction

circuits of exhaust oxidant gas. A discharge pipe from which caustic soda percolating
through hydrophilic porous layer 11 was extracted was connected to the lower part of the
chamber. Caustic soda concentration was adjusted between 10 and 20% by varying the
concentration of sodium chloride solution fed to intermediate chamber B between 100 and
200 g/l;

- intermediate chamber B with feeding circuits (lower part) of 100-200 g/l sodium chloride
and extraction circuits (upper part) of depleted sodium chloride;

- intermediate chamber C with feeding circuits (lower part) of diluted hydrochloric acid and
d extraction circuits (upper part) of product hydrochloric acid (1-5%);

- anodic chamber D with feeding circuits of hydrogen used as reactant and extraction
circuits of exhaust hydrogen.

The cell, thermostated at 70°C by controlling the temperature of solutions fed to
intermediate chambers B and C, had an open circuit voltage of 0.4 V. After short-circuiting
semi-shells 1 and 10 the circulating current, as measured by an ammeter inserted in the
electrical circuit, was stabilised at 80 A, corresponding to a current density of 2 kA/m? with
a pure oxygen feed, and at 68 A, corresponding to a current density of 1.7 kKA/m? with an
enriched air feed containing 60% oxygen, both being values osuitable for industrial
applications. At a sodium chloride concentration of 100 g/l of solution fed to intermediate
chamber B, caustic soda had a concentration of 15-17%. The yield of production of

hydrochloric acid and caustic soda was about 85%.



The di scussi on of docunents, acts, materials, devices, articles and the
like is included in this specification solely for the purpose of providing
a cont extwbaniztiesepr esent invention. It is not suggest e®CoOEPR@EROEHSNt ed
that any or all of these matters fornedgpart of the prior art base or were
common general know edge in the field relevant to the present invention

before the priority date of each aimof this application. .
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anodiintespatiath ehamibed (By:oaJtajaeg din fthigs¢ase Arfddchydsachlprie agid and 100-200 g/l
hydr ogen- co [aj ning fuel gas; at |east one internediate chanber fed with a
proc Q'L@@Bqﬂg@yte consisting of a solution containing an acid and/or a
salt, said at |east one internmedi ate chanber delimted by said

gas-di ffusi on anode and by an ion-exchange nenbrane; one cathodi ¢ chanber
del i BXRAMPbHE Zai d i on- exchange nmenbrane and said cat hodic seni-shel |,
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bet wedrers abdiugashitirideusolationrexitengaimderszg diaico oh@xbea i avaseséntatoe the inlet of
intermediate chamber C, rather than being recycled: in this way, in fact, the amount of
hydrochloric acid effectively lost was limited to the fraction migrating across membrane 12.
This fraction turned out to be surprisingly small: the favourable effect was attributed to the
action of sodium ions formed by sodium chloride dissociation, which significantly reduced
the transport number of acidity. In particular, a short-circuit current of 84 A was obtained,
corresponding to a current density of 2.1 kKA/m?, and a yield of production of acid and

caustic soda of about 80%.

EXAMPLE 3

The cell of Example 1 was modified by replacing hydrophilic porous layer 11 with a
0.5 mm-thick polyethylene mesh equivalent to meshes 13 and 15. Moreover the
hydrochloric acid diluted solution was fed to the upper part of intermediate chamber C and
percolated down to the outlet positioned in the lower part. In a totally similar fashion the
mesh installed in replacement of hydrophilic porous layer 11 was fed from the upper part
with a solution of diluted caustic soda which was enriched upon percolating to the lower
part from which it was extracted. This type of feeding was tested as it remarkably reduces
the pressure head applied to GDA and GDC making the construction of industrial cells with
a vertical height above 1 metre feasible. The cell structure of Examples 1 and 2 on the
contrary subjects GDA and GDC to a higher pressure head corresponding to the net
hydraulic head to which dynamic effects associated with the flow solution exiting

intermediate chambers B and C adds up. This situation limits the maximum cell height to



3. The cell according to claim1l conprising two internmedi ate chanbers,
nanely a first internmedi ate chanber fed with a salt solution and delimted
by sai d fwo=p1vismeexchange nmenbrane and sai d second i onPeX@ErangdssdHbr ane
and a second internmedi ate chanber fed winth said process electrol yte
consisting of a solution containing an acid and/or a salt and delimted by
sai d sec j on- exchange nbr an nd, sai as-di ffusion apode.., 4. Th
col | LLb et oo DRRaE e maear Tcure ot i feriatriERRS tpefed Wi
CONMPIdop88qdernti 1088 PPFRIMEAEe SThé aloft-dircUdEcdreshifw a7, E:Qrﬁe;&béﬁhiﬁg'tg a
process electrolyte consisting of a solution containing an acid and/or a
sal t ,cusmind densityt ofpairasb|1a® 8A/Mbei ng i nt er posed bet ween sai d gas-diffusion
anode and sai d second ion-exchange nenbrane. 5. The cell according to
claim3 wherein the feed of said second internedi ate chanber is connected
to t iExXAaMPLEt40f said first internediate chanber. WO

2012/ 130864PCT/ EP2012/ 055455 13 6. The cell according to claim 3 wherein
sai d firstlhentestnetiiamp!ratbwisc gHplgated aaftgrasnplifying thee ced| ptraetes divhg

to o i.ng,cl aj ei [ hgdi. h >ant Al e
al Kol el BRIl o et 350 dboRry St 2 Sl iR, dlfipts”
accorddlingtedoby IGD A9l and membrarge HRr ére thistoaserdl iyl e of paodeation ofaaeityaral 6f r st
i nternedj ate chanber fed with a solution containing a base and/or a salt
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consi sting sol ution contal Ning an acid an a salt an mted by
a secoddm aMeidsh solgdonssfhcanmenimationaltored? ¢ gy Idatf hestrainpldndte shradt-airedii r d

internedi ate er fed with a salt | utjion. A, The cell according to
cl ai f§ e\ﬂﬁ@’@éﬁ?a’gg%fr%%w'q%ioe? ﬁ‘éﬁ?%\ftsgertsﬁté(@ggrs ri ses a percol ator
suitable to be fed fromthe top with said solution containing a base and/or

a salt
EXAMPLE 5

The test of Example 1 was duplicated making use of a sodium sulphate solution
with production of 10% sulphuric acid and 15% caustic soda. The results obtained, in
terms of production yield and short-circuit current, were substantially equivalent to those
described for the production of hydrochloric acid and of caustic soda from sodium chloride

solutions.

The previous description shall not be intended as limiting the invention, which may
be used according to different embodiments without departing from the scopes thereof,
and whose extent is univocally defined by the appended claims.

Throughout the description and claims of the present application, the term
"comprise" and variations thereof such as "comprising" and "comprises" are not intended
to exclude the presence of other elements or additives.

The discussion of documents, acts, materials, devices, articles and the like is
included in this specification solely for the purpose of providing a context for the present
invention. It is not suggested or represented that any or all of these matters formed part of
the prior art base or were common general knowledge in the field relevant to the present

invention before the priority date of each claim of this application.



10. The cell according to claim8 or 9 wherein said third internediate
chanber contains a spacer. 11. The cell according to one of the preceding
cl ai rs whwepenre/sesed sol uti on containing an acid and/ or &C3&lPR0ICOM4E8F NS an
al kali chloride, sulphate, carbonate ¢p bicarbonate. 12. The cel
according to one of the preceding clains wherein said solution containing
an acid /or a salt contains hydrochloric or sulphuric acid. 13. The
cel | ! ing to one of clains 3 to 12 wherein said first ion-exchange
menbrane is a cationic nenbrane and said second ion-exchange nenbrane is
an anionic nmenbrane. 14. The cell according to one of clains 1 to 13
wher €. felectralytaxeell fnaleledteasialy galof saltisebtionn dedmiteddiyean enodic samieshiell and
conprighﬁﬁg% curféiﬁJEecthfﬂer havi ng the positive pole connected to said
anodic*¥ SN d“¢'HR ﬁ@gative pol e connected to said cathodic

sem sl bnod MRHAEELISTFRIRCDY B BAoaRkb 468i-¢Hell and By g a5es-Oiffusion anode

el ectrodialysis of a salt solution in a cell according to one of the
pr ecéad Mithcd Aydregeasigntaisinggueh@as; ol | owi ng si mul t aneous or sequenti al

o125 e o L o PS5 6P P oS Bhaln £SE0 S o
r espehtaisingudn atid and/or a salt, said at least one intermediate chamber delimited by said
gas-diffusion anode and by an ion-exchange membrane;
- one cathodic chamber delimited by said ion-exchange membrane and said cathodic
semi-shell, containing a gas-diffusion cathode fed with a oxygen-containing oxidant gas;
the anodic semi-shell and the cathodic semi-shell being either mutually short-circuited or
connected through a current rectifier with the positive pole connected to the anodic semi-

shell and the negative pole connected to the cathodic semi-shell.

2. The cell according to claim 1 wherein said at least one intermediate chamber comprises
a percolator suitable to be fed from the top with said process electrolyte, interposed

between said gas-diffusion anode and said ion-exchange membrane.

3. The cell according to claim 1 comprising two intermediate chambers, namely a first
intermediate chamber fed with a salt solution and delimited by said first ion-exchange
membrane and said second ion-exchange membrane and a second intermediate chamber
fed with said process electrolyte consisting of a solution containing an acid and/or a salt

and delimited by said second ion-exchange membrane and said gas-diffusion anode.

4. The cell according to claim 3 wherein said second intermediate chamber comprises a
first percolator suitable to be fed from the top with said process electrolyte consisting of a
solution containing an acid and/or a salt, said first percolator being interposed between

said gas-diffusion anode and said second ion-exchange membrane.

5. The cell according to claim 3 wherein the feed of said second intermediate chamber is

connected to the outlet of said first intermediate chamber.



feedi ng of a hydrogen-containing fuel gas at the inlet of the anodic
chanber and w t hdrawal of hydrogen-depl eted fuel gas at the respective
outlet; Weedizngossii an oxygen-contai ni ng oxi dant gas at PCm&EP2oIRAs5465 t he
cat hodi ¢ chanber and wi t hdrawal of oxygen-depl eted oxi dant gas at the
respective outlet; nutual electrical connection of the anodic and cathodic
sem -shells, optionally feeding a direct electric current through said
rectifier. 16. The process according to claim15 wherein said process

el ecty qihgt @IICRRbAIAS t&Blaith kKlvhe fdih QBiddR st PrRTRfifte PRI ORLARSs a spacer.

bi carbonate. 17. Process of electrodialysis of a salt solution in a cell
according to one of clains 3 to 11, conprising the follow ng sinultaneous

or s ntial steps: eedi n f the process electralyte to .pne or nore

"t e B Ao ot B! o e S Sl FRERArA e P BRAZ R TBOSE he
r espeghtaies 8 diRbline 616HbNgepbraadd 89itbe gakiHifiiomtatideel nl et of said second
I ntermedi ate chanber and wi t hdrawal of an acid-enriched exhaust at the

respective outlet; feeding of a hydrogen-containing fuel gas at the inlet

of t odj W r - - | e t. the
respaeTRoCaf AR W | ARG i EhRARAEE Fetbertchafll Bl

i nl etintefmetiate ehhother fahaithex salntomiconthinngla baseanden-dest ehddietimitdaridy gas
at the respective outlet; nutual electrical connection of the anodic and
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sai d dheRiddr G- with said process electrolyte consisting of a solution containing an acid
and/or a salt and delimited by a second ion-exchange membrane and by said gas-diffusion

anode and a third intermediate chamber fed with a salt solution.

9. The cell according to claim 8 wherein said first intermediate chamber comprises a

percolator suitable to be fed from the top with said solution containing a base and/or a salt

10. The cell according to claim 8 or 9 wherein said third intermediate chamber contains a

spacer.

11. The cell according to one of the preceding claims wherein said solution containing an

acid and/or a salt contains an alkali chloride, sulphate, carbonate or bicarbonate.

12. The cell according to one of the preceding claims wherein said solution containing an

acid and/or a salt contains hydrochloric or sulphuric acid.

13. The cell according to one of claims 3 to 12 wherein said first ion-exchange membrane
is a cationic membrane and said second ion-exchange membrane is an anionic

membrane.

14. The cell according to one of claims 1 to 13 wherein said external electrical connection
is an electrical circuit comprising a current rectifier having the positive pole connected to

said anodic semi-shell and the negative pole connected to said cathodic semi-shell.



18. The process according to claim 17 wherein said process electrolyte and
said acid solution fed to said second internedi ate chanber contain the sane
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15. Process of electrodialysis of a salt solution in a cell according to one of the preceding
claims, comprising the following simultaneous or sequential steps:

- feeding of the process electrolyte at the inlet of at least one of said intermediate
chambers and withdrawal of the relevant exhaust at the respective outlet;

- feeding of a hydrogen-containing fuel gas at the inlet of the anodic chamber and
withdrawal of hydrogen-depleted fuel gas at the respective outlet;

- feeding of an oxygen-containing oxidant gas at the inlet of the cathodic chamber and
withdrawal of oxygen-depleted oxidant gas at the respective outlet;

- mutual electrical connection of the anodic and cathodic semi-shells, optionally feeding a

direct electric current through said rectifier.

16. The process according to claim 15 wherein said process electrolyte contains an alkali

chloride, sulphate, carbonate or bicarbonate.

17. Process of electrodialysis of a salt solution in a cell according to one of claims 3 to 11,
comprising the following simultaneous or sequential steps:

- feeding of the process electrolyte to one or more intermediate chamber and withdrawal of
an alkali-containing exhaust at the respective outlet;

- feeding of an acid solution at the inlet of said second intermediate chamber and
withdrawal of an acid-enriched exhaust at the respective outlet;

- feeding of a hydrogen-containing fuel gas at the inlet of the anodic chamber and
withdrawal of hydrogen-depleted fuel gas at the respective outlet;

- feeding of an oxygen-containing oxidant gas at the inlet of the cathodic chamber and
withdrawal of oxygen-depleted oxidant gas at the respective outlet;

- mutual electrical connection of the anodic and cathodic semi-shells, optionally feeding a

direct electric current through said rectifier.

18. The process according to claim 17 wherein said process electrolyte and said acid
solution fed to said second intermediate chamber contain the same anion, optionally

chloride or sulphate.



