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Oxygen- Coveomissgs Cat hodes FI ELD OF THE | NVENTI ON The i nveR€CT/BROV®BDGESt es t 0 a
novel rhodi um sul phide catal yst for reduction of oxygen in industrial

el ectrolysers. The catalyst is highly resistant towards corrosion and

poi soning by organic species, thus resulting particularly suitable for use
in aqueous hydrochl or| c aC| d el ect roI [ al so V\‘hen technl caI grade acid

a process for t he el ect roI y5| S of cont am nated hydrochloric acid.
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phosgene, such as.in isocyanate chem stry, where the chlorine used issues

conpletely in the formof HCI. Hydrochloric acid is however also forned in
substitution reactions, suc s _f Ii t he production of
chl or obenzenes and chl or ot ol L of the chlorine used

i ssues in the formof HOl. The third main source of HQ is the thermal
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hydrochloric acid is forned by absorption in water or dilute hydrochloric
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employed.
The invention also relates to a process for the electrolysis of contaminated hydrochloric
acid.
Hydrochioric acid is obtained as a waste product in a number of chemical processes.
This applies in particular to addition reactions using phosgene, such as in
isocyanate chemistry, where the chlorine used issues completely in the form of HCL.
Hydrochloric acid is however also formed in substitution reactions, such as for
example in the production of chlorobenzenes and chlorotoluenes, in which half of the
chlorine used issues in the form of HCI. The third main source of HCI is the thermal
decomposition of chlorine-containing compounds, in which chiorine issues
completely in the form of HCI. If no direct use exists for the gaseous HCI, such as for
example in oxychlorination processes, concentrated hydrochloric acid is formed by
absorption in water or dilute hydrochloric acid. Chemically non-usable quantities
can be very advantageously recycled to form chlorine by means of hydrochloric acid

electrolysis, and in particular by means of hydrochloric acid electrolysis using

oxygen-depolarised cathodes.



oxygen- depol ari sed cat hodes. WD 02/ 18675 PCT/ EP01/ 10068 2 STATE OF THE ART
The el ectrol ysis of aqueous HCI solutions is a well known nethod for the
recovery vood otiigghs val ue chl ori ne gas. Aqueous hydrochl ori CPE/EBI1/®0&N
abundant chem cal by-product, especially in chem cal plants nmaki ng use of
chiorine as a reactant: in this cage, the chlorine evolved at the anodic
conpartnent of the electrolyser can be recycled ,as a feedstock to the

chem cal plant. Electrolysis b gf I@B attractive when the

standard hydr ogen-evol vi ng categP E G % ed with an oxygen-consuni ng
gas diffusion electrode due to the significant drop in energy consunption.
The ability of the gas diffusion electrode to operate successfully in this
context is crucially dependent on the nature and perfornance of the

catal yst, bihe adlaciralysis lof squentsuHE! osolutinnsgiss adweil ugiawn reetaetr Bethe
Plati numis generally acknow edged as the nost effective catalyst for the

el ect eE@Hg o ﬁrqrp&aleéba@ﬁné a8, Ahssousingirocilotoacidtis ansbunbentashiemiesli on of
gas diffusion electrodes with platinumbased catalysts is well known in
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of ma € case of aquedus electrolysis poses sone
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contact with the liquid electrolyte, which contains chloride ion and
di ssolasalfesdstadkte.the Bhemicabplaat. IElegiralysia bacorses extramely iatieagtve whesr the i on
poi[sohi ng which negatively affects its activity toward oxygen reduction; a
second&Hra ehXiropeh T8IVt icatheriasts substufed with an oxygen-consuming gas
diﬁu§ion electrode due to the significant drop in energy consumption. The ability of the
gas <;liffusion electrode to operate successfully in t.his context is crucially dependent on
the nature and performance of the catalyst, but also on the structure of the gas diffusion
electrode.
Platinum is generally acknowledged as the most effective catalyst for the
electroreduction of oxygen in a wide range of conditions; the activation of gas diffusion
electrodes with platinum based catalysts is well known in the art, and finds widespread
application in fuel cells and electrolysers of many kinds. However, the case of aqueous
HCI electrolysis poses some serious drawbacks to the use of platinum as cathodic
catalyst, as it is inevitable for the gas diffusion cathode to come at least partially in
contact with the liquid electrolyte, which contains chloride ion and dissolved chlorine.
First of all, platinum is susceptible to chloride ion poisoning which negatively affects its

activity toward oxygen reduction; a second source of poisoning is constituted by

contaminant species, especially organic species, which are in most of the cases



cont am nant species, especially organic species, which are in nost of the
cases WO 02/18675 PCT/ EPO1/ 10068 3 dissolved in the by-product

hydr ochl ov® e2/s8s711 under goi ng el ectrol ysis. Even nore i nppeT/aRtl/ypest he
conbi ned conpl exi ng action of hydrgchloric acid and dissolved chlorine gas
changes the platinumnetal into a soluble salt which is dissolved away,
making this material inappropriate for use in gas diffusion el ectrodes.

Gt her platinumgroup netals appear, to follow a sjml fate or exanple
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Solutions, finely divided rhodium netal dissolves in hot concent rat ed

sul ph mnponamly;l theaqombinedi complexing aciige obhydrochivrio@cicand dissbled Shiariner | vy,
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enhanced with respect to platinum However, an activation step is needed
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limtations ari se when such catal yst has to be included in a gas diffusion
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active and stable formof the catal yst afterwards di sc| OF lﬁ S.
Pat entand other acids. These problems have been partlally mitigated w:th the disc osure oft e

rhodium / rhodium oxide based catalyst described in concurrent U.S. Pat. Application
09/013,080. In particular, the rhodium/rhodium oxide system, although slightly less active
than platinum towards oxygen reductioﬁ, is not poisoned by chloride ions. Also the
chemical resistance to aqueous hydrochloric acid with small amounts of dissolved
chlorine is sensibly enhanced with respect to platinum. However, an activation step is
needed to obtain a sufficiently active and stable form of this catalyst, and some
limitations arise when such catalyst has to be included in a gas diffusion electrode; for
instance, the chemical and electronic state of the catalyst is changed upon sintering in
air, a very common step in gas diffusion electrode preparations known in the art.
Cumbersome and/or costly operations have to be carried out to replace this step, or to
restore the active and stable form of the catalyst afterwards, as disclosed in U.S. Patent
No. 5,598,197. Furthermore, the required chemical stability is displayed only in the

potential range typical of the electrolysis operation; extremely careful precautions have



No. 5,598,197. Furthernore, the required chem cal stability is displayed
only in the potential range typical of the electrolysis operation;
extrenel ywaar/efetd precauti ons have WO 02/ 18675 PCT/ EPO1/ 1POBEPOK10063 be
taken during the periodical shut-downs of the electrolysers, otherw se the
sudden shift in the cathodic potential, conbined to the highly aggressive
chem cal environnent, causes the dissolution of a significant anount of

catalyst, and the partial deactjvation of the renaini Qrtijon. ile
t ai | ortecheptakendiuriag the peppdieabshurdawnsodirtbe gle ;;ﬁyse@p,e@ﬂ@ ISR HISSY e set
up, although resulting in additional costs, little or nothing can be done

i N casgnhift irs Hethodio potéritial,| cointsined {althenhidhly aggresgivedhemigal endeomswsit,( f or
i nstance, power shortages in the electric network) should occur. There is
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I nsens cont am nan wth respect to platinumbased catal ysts.

Techni cal - grade hydrochl orii. cid of the kind.qbtagj r |l i the
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chlorinated organic substances, such as for_ exanpl e npnochl orobenzene or
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Wi th organic substances fromvessel |inings, packing materials or
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surfactants or acrylic esters. The total concentration neasured in the
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hyprpé ?or!c usi ng-oxygen-depol arised cathodes in initial tests in
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contgrginants with respect to platinum based cataly;ts.

| Technical-grade hydrochloric acid of the kind obtained for example in the

above mentioned processes, is usually contaminated with partially chlorinated
organic substances, such as for example monochlorobenzene or ortho-
dichlorobenzene from the processes themselves, as well as possibly with organic
substances from vessel linings, packing materials or pipelines. Such organic
substances are obtained for example in the form of surfactants or acrylic esters. The
total concentration measured in the form of the TOC can in fact greatly exceed 20
ppm. In the electrolysis of hydrochloric acid using oxygen-depolarised cathodes in
initial tests in which platinum was used as the catalyst, the operating voltages were
found to be sensitive to the degree of contamination: over a period of several
weeks, and in some cases only a few days, an increase in the cell voltage by 150 to

300 mV was observed, a phenomenon which was at least partially reversed during

experimental operation using chemically pure hydrochloric acid. Similar results were



weeks, and in sone cases only a few days, an increase in the cell voltage
by 150 to 300 nV was observed, a phenonenon which was at |east partially
rever sed wian/igg75 experi nent al operation using chem cal |y par/epréywoeschl ori c
acid. Simlar results were WD 02/18675 PCT/ EPO1/ 10068 5 obtained after
switching off the apparatus although the reduction in voltage did however
di sappear again after a few days. The object was to find a process which
avoi ds this disadvantage of increased operational voltage in the presence
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recycled 1 n production processes usually energes fromseveral feed streans
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contam nants are_in particul ar sul phates hosphat.es. and,, sul phj e
at t enproids sy disedvantagsn o ngERa %&F@tfqr@it@f?% '?em‘?nipgg%&gc?eaaog
hydrochloric acid using activated carbon. The effect of the reduction in

t he hicghtayifhatedt edrockloric@Cid.r om bet ween 20 and 50 ppmto approx. 10 ppm
acconpani ed by the reduction in the content of chlorinated organic

substancesTha RydrdtPBrict|dcid oty pzfigurssycied donsrodectidn epriotpssaemstallyn t he
operation of the cell. Subsequent purification of the concentrated, approx.
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reduc 'n the conten orinate organi ¢ substances to bel ow t he
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attempt to solve this problem was the purification of technical grade hydrochloric
acid using activated carbon. The effect of the reduction in the highly fluctuating
TOC from between 20 and 50 ppm td approx. 10 ppm, accompanied by the reduction
in the content of chlorinated organic substances to < 1 ppm, already produced a
considerable improvement in the operation of the cell.

Subsequent purification of the concentrated, approx. 30% hydrochloric acid,
with the aid of adsorber resins, allowed a reduction in the content of chlorinated
organic substances to below the detection limit of 6 ppb. It was however also found
that the non-chlorinated organic substances, which did after all make up the main
proportion of impurities, rapidly exhaust the adsorptive capacity of the adsorber resin
at the high impurity contents, so that these organic substances break through the
adsorption column and have a negative effect on the operating voltage of the

electrolysis. The cell voltage increases accordingly. The regeneration of the

adsorber resin with methanol according to the manufacturers' specifications would



at the high inpurity contents, so that these organi c substances break

t hrough the adsorption colum and have a negative effect on the operating
vol t age ofooties67®l ectrol ysis. The cell voltage increases BCTBPU/NQSy. The
regeneration of the adsorber resin with nethanol according to the

manuf acturers' specifications woul ® WO 02/ 18675 PCT/ EPO1/ 10068 6 be
relatively | aborious and, given the above contents of inpurities, would
have to be carried out every few days. Due to the risk of explosion which
nust bige relktively halmricuscandt giver thel above contesits of npurities, wauld daxade beo be
removed and regenerated externally. If the hydrochloric acid does however

stem feaRba dit’ery FORNHRS)s. ODuBGoAhe riskO6Y arplbsionnwhichhmued beaakerfinto
impurities is conslderably | ower and consists essentially of -the
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| evel s belogw the detection limt, and the regeneration cycles of the
adsor Hefengdyn packing extend to several nonths up to about half a year,
depending on the content of inpurities.;Tests with platinum catalysed
oxygen- depdf #n¢ swdraciiode asididoeshaawever stenhinogt ahAtjctk sasnestian: {0 eswar ds
organic inpurities. In tests using rhodi um oxi de- catal ysed

oxygerise@plats | a6l 1t omesntt log Bemuritidsviis yconsidemdblyorigaer casdbstm@sistas  was
found to be slightly less, although it was still quite considerable. The
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wi th polarisation upon swtc apparatus off. This catal yst di
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howevevrer}r, es\tﬁce:gelass'fﬂllyt B)S/tﬁeér?satof Lifvated carbon as well as adsorber resins to levels

below the detection limit, and the regeneration cycles of the adsorber resin packing
exte/n/d,to several months up to about half é year, depending on the content of
impurities.

Tests with platinum catalysed oxygen-depolarised cathodes all showed a
similar high sensitivity towards organic impurities. In tests using rhodium oxide-
catalysed oxygen-depolarised cathodes the sensitivity towards organic substances
was found to be slightly less, although it was still quite considerable. The rhodium '
oxide catalyst had been developed in order to be able to dispense with polarisation
upon switching the apparatus off. This catalyst did however reveal in tests that its
structural stability was not sufficient. Thus the activation of an electrode in which

this catalyst was used decreased by approx. 30% within only a few weeks.



structural stability was not sufficient. Thus the activation of an
electrode in which this catalyst was used decreased by approx. 30% w thin
only a f avowwede3s WO 02/ 18675 PCT/ EPOL/ 10068 7 OBJECTS CPCT/HEOI/INWMEBNTI ON | t
is an object of the invention to provide a novel catalyst for oxygen
reduction having desirable and uneXpected chemical stability towards

hi ghly corrosive nedia. It is another object of the invention to provide a

novel catalyst for oxygen reduction having desirable and unexpected

el ectrocatalytic activity i r@m&‘iﬁﬂﬂ&w&&ontam nants. It is

anot her object of the invention to provide novel gas diffusion el ectrodes
with a novel catalyst theirei n havi ng desirabl e and unexpected

el ectrocatal ytic properties. It is another object of the invention to
provi de a npugl_ e i Y it | ' e g8e of
Phe i nvent | e SRGPHEEL I, Eaidn KPBLRiE Bthdvel BRI 1o BkUprrreRiction
hydrochl aric, _acid to chlorine. These and.other qgbjects and.advantages of
the i nS%‘HW gﬁs\ﬁ“ﬁ? aﬁ‘@é&%%‘%@ﬂ&[]@m'qa# %ﬁ%%{'@ép%ra%hl% %T%ﬁ“fee@ea@scri ption.
THE | NVENTION A nore effective catal yst having the advantages of the
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rhodi um sul phi de. Test electrodes in which RhSX is used as a catal yst

di spl apeflictitre teavires tdadirablebiahit ynaipeeteds wlaatiocatplyifct activity @l ereseriossiof,

wi t hout pol arisation, and the required resistance to catal yst | osses due

to vasgiagidintaminants.

It is another object of the invention to provide novel gas diffusion electrodes with

a novel catalyst therein having desirable and unexpected electrocatalytic properties.
It is another object of the invention to provide a novel electrolytic cell containing a
gas diffusion electrode of the invention and to provide an improved method of

electrolysing hydrochloric acid to chlorine.

These and other objects and advantages of the invention will become obvious

from the following detailed description.

THE INVENTION

A more effective catalyst having the advantages of the chemical stability of
rhodium in the presence of hydrochloric acid is rhodium sulphide. Test electrodes in
which RhS, is used as a catalyst displayed the expected stability after switching off
the electrolysis, without polarisation, and the required resistance to catalyst losses

due to washing out.



WO 02/ 18675 PCT/ EPO1/10068 8 It was however surprisingly found that

el ectrodes in which RhSX is used as the catalyst are alnost conpletely
non- sensiw@vE186e5 t he br oad spectrum of organic and i nor gROT/EPOIPOGS L1 es.
Wiereas Pt-catal ysed el ectrodes undeywent an increase in the operational
voltage of up to 260 nV within ten days, even when purified hydrochloric
acid was used, and RhO -catal ysed el ectrodes al sop underwent an _increase of

100 nv undelt washoweverswiptisipaly, fouad that pleeisodessia which fEedisdisetidotes  and

purified hydrochloric acid revealed only a slight increase of about 20 nV
conpar eatalyist fare elinesb pemplatelywnarirsemsitive 40 Ithe foroad rgpotrein of iocgani€ danaind
only an increase of about 40 nV conpared with the val ue obtai ned using

puri fi pergdlYidriRPOFAESC ANhErdase Pr-vARIy seMBlcRtroldss NGiddieht iapdinBhedisaci ori c
acid was Used. "Thi-s.increase proved to be reversible when purified acid

was on 0. subsequently u The, ,dj e bt I on..of . t he
cel | vxﬁ%n%ggﬁnuﬂn@ V‘ﬁ%@%nlsta"fp- 3&2%%0 Hﬁgr Mthﬁ)ﬁlgﬁ g(é:)?sd \%g%'?ﬁg@%g aém g%gosed
to chemcally pure hydrochloric acid has al so been dempnstrated in

addi t | lay@rpct\églpsaelé waspheeedeAnd Rh@wrﬁatﬁllé%%tﬁlscﬁr?@%g%o iyndgsveRly@nand a
maxi mum i ncrease of 30 mV in the operating voltage of a cell operated

under ygmasal ol @C n\dluysies stmitah ¢ormiittor(s; bestsnising dris3 - gatalysedveletrasiesr at i ng
tenperature: 70C, 13 - 14% HCI). It is thus by all nmeans advant ageous for
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carbon 1 y 1n addition via an adsorber resin bed, in order
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increase of about 40‘mV compared with the value obtained using purified
hydl‘\rocih!\c;ric acid even when completely non-purified hydrochloric acid was used.
This increase proved to be reversible when purified acid was once again
subsequently used. The difference in the operation of the cell when purified
technical-grade hydrochloric acid was used as opposed to chemically pure
hydrochloric acid has also been demonstrated in additional tests to be between a
non-detectable increase in voltage and a maximum increase of 30 mV in the
operating voltage of a cell operated under typical electrolysis conditions (current
density: 5 kA/m?, operating temperature: 70°C, 13 - 14% HCI).
It is thus by all means advantageous for the technical-grade hydrochloric acid
to be pre-purified via an activated carbon line and possibly in addition via an
adsorber resin bed, in order to avoid.even small increases in the operating voltage.
Purification is at any case recommendable, in order to avoid the further reaction of

mono- and dichlorobenzene at the anode to form hexachlorobenzene, since the



nmono- and di chl orobenzene at the anode to form hexachl or obenzene, since the
WO 02/ 18675 PCT/ EPO1/10068 9 latter is deposited as a solid in the

el ectrol ywd92/18873 and the hydrochloric acid | oops and carCT/Era/10068pr obl ens
especially in valves and punps after |ong periods of operation. _ _ An
additional finding is noteworthy: ox9gen depol ari sed cat hodes of the flow
through type in which the carbon fabric was directly catal ysed and which
have an open structure, were able to be operated continuously at up to 5
KA/ 2 |aigér gndepositdd apwr solitkirgthe blectralysis whit fanal theohydiephletie dicik yapps and
usi ng organically contam nated hydrochloric acid. The other type used, in
whi ch t [ ' ' ' i din
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reached its |limts-at-a content of nitrogen in the oxygen of approx. 30%
The O[?é)leé?ﬁ% vol tage-was 300 to 350 nV higher and thus already on the

borderline of effective operation. The novel el ectrqochem cal cat Wt of
t he i nvent iA¥m additiosyabfindisg isrnatawartiy oxyggsmeerolatiae I?aﬁiﬁﬂeéeofetﬁ? -
supported on a conductive inert carrier aor, unsupported. This catalyst does
not r diuwugh type mcwhicht thencatben fabricrwas ditestly szatalyadd andowhisihnigéve @et ai ns
all of its electrocatalytic activity towards oxygen reduction in presence

of chlgehdgrid@lfe, Wéid A51830ive opdrated sntiftRAY &f up S KaH v lorily with
surprisingly not dissolved by the conplexing action of agueous

hydr o ri d./ | og ik ' S r egul o ar
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Th tal yst i f bl ted t | t i.d : b, d b
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fabric in a form embedded in electricallyA ébnduptive carbon dust (the single-sided
il
type) already reached its limits at a content of nitfoéen in the oxygen of approx. 30%:

The operating voltage was 300 to 350 mV higher and thus already on the borderline

of effective operation.

The novel electrochemical catalyst of the invention is comprised of rhodium
sulphide, which may be either supported on a conductive inert carrier or unsupported.
This catalyst does not require any activation step prior to its use, and surprisingly retains
all of its electrocatalytic activity towards oxygen reduction in presence of chloride ions
and organic molecules. Moreover, the catalyst is surprisingly not dissolved by the
complexing action of aqueous hydrochloric acid / chlorine mixtures, thereby requiring no
particular precautions during shut-downs when used in hydrochloric acid electrolysers.
The catalyst is preferably coated on at least one side of a web, and may be used alone,
with a binder, blended with a conductive support and a binder, or supported on a

conductive support and combined with a binder. The binder may be hydrophobic or



with a binder, blended with a conductive support and a binder, or supported
on a conductive support and conbined with a binder. The binder nay be

hydr opholw@ om186viD 02/ 18675 PCT/ EP01/ 10068 10 hydrophi | i cPCEHEHO/te@68M Xt ur e
can be coated on one or both sides the web. The web can be woven or non
woven or made of carbon cloth, carbon paper, or any conductive netal nesh.
Exanpl es of high surface area supports include graphite, various forns of

carbon and other finely divided supports but carbon bl ack is preferred.
Such chydropbiliccand die mixure-aan be C@ﬁ%do%@nas%b@“ 8l %'a% %e}( hiﬁ%é"’eb
exhibiting cell voltages, current densities and a lifetine that could not
be pr egambelwowEr ai nen-wovearor madered carpen aldthgcarbonlpapemnor amymeadattive when
used in highly aggressive environnments and with |ow purity reactants, such
as thepfepfon&dn eliectrol ysis of by-product hydrochloric acid. The catalyst
may be easily prepared upon spargi ng hydrogen sul phide gas in an aqueous
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b dt X, hyd | phi de. leti f th tion.
The. r o3 oltieg 1061 didar sPPRRL A @Pas) DIEEK IS IEIRHRY. washi ng and drying to

constant weight at 125C, for exanple. The rhodium sul phide obtained in
this way i sSunsepfaiyst edatednsehspeart el cowlayedsas) gasdiflusien cathades exhbitigueous
solution of the water soluble rhodiumsalt further contains a suspension

of a subll philRec0AGHEtidERSRIEB AN lifelima thidteoulattt ba srevipbsigebtained under
preferential 'y deposited as tiny particles on the surface of the

conducfive, PR drbfinG BohGMBRY" dspdcially when used in highly aggressive environments
and with low purity reactants, such as the case of electrolysis of by-product hydrochloric
acid.

The catalyst may be easily prepared upon sparging hydrogen sulphide gas in an
aqueous solution of a water soluble rhodium salt. Nitrogen gas may be used as a carrier
for hydrogen sulphide, and a pure nitrogen flow may advantageously be used to purge
excess hydrogen sulphide upon completion of the reaction. The resulting solids are
recovered by filtration, washing and drying to constant weight at 125°C, for example. The
rhodium sulphide obtained in this way is unsupported (unsupported catalyst). However,
when the aqueous solution of the water soluble rhodium salt further contains a
suspension of a suitable conductive support, then the rhodium sulphide is preferentially
deposited as tiny particles on the surface of the conductive particles (supported
catalyst). The resulting hydrated form of rhodium sulphide szt be heated in an inert
atmosphere at 550 to 650°C, and preferably above 600°C to form an anhydrous form of

rhodium sulphide catalyst. The heating may be for several hours depending on the size

T~

e



catalyst). The resulting hydrated form of rhodi um sul phi de nust be heated
In an inert atnosphere at 550 to 650C, and preferably above 600C to form
an anhydmoos2/issrim of rhodi um sul phi de catal yst. The heat POYER@Ey10b6 f Or

several hours depending on the size WO 02/18675 PCT/EP01/10068 11 of the
bat ch, and the choice of the terrpelléture Is crucial for the formation of a
sufficiently stable catalyst. If the tenperature is too | ow such as 300C,

the resulting crystallites are not || - defiped_ and the catalyst. stability
5 noot eftiatoh@Rd hechpise of SipEMRaAETS & TOGahich e forbation SLasEizbly
unsupported catal yst has excellent acid stability but is not electrically
condustableecatalysgh. BRIEF-DESCRI PTI ON OF THE DRAWNGS Figure 1 is a
schematic of reaction'set=up for the generation of supported or unsupported

rhodi um sulmpAs @&ng&ﬂa@&ré% 1o (SRR Es 300°0), fiffe AsSLItY crattatitessareatot weldi um
rso

sul phi de precu s as a function of oven tenperature. Trace 1: 30% RhSx
on carbon, . dri at_, 125C,. lrace 2 i NS | HigRr 9an.

Tr acedgﬁn%%nﬁﬁgﬁ %%W %tgﬁﬁl 6%(%’ ti%‘%’oﬁg:ﬁ gﬁgl}rﬁgfpg%}greg%g@ﬁeﬁigﬂ c of flow
system for the generation of C 2 from HC-usin .. Qxygen deppl ari_sed gas
di f f uZR87C ethe tunsupported Lﬁaéalxlﬁtshﬁ\/@@?@f&aﬁc'ﬂl g@ﬂ%ﬂt El 9%1 %gegfr éEaW

I ncorporated in a standard ELATT'" structure with 30% Pt/C, 1.1 ng/cn2,
coat edomditidlive.efdugb/ cn2 Nafion, operating in HC/C 2 solution at 3 KA/ nR.
ELAT is a trademark of E-Tek, Natick (MA), U S. A, which identifies gas

di ffusi on el ectrodes camptF PENCRIPTRONCDF THE BRAWINGS! ur e of catalyst and

Eigure 1 is a schematic of reaction set-up for the generation of supported or unsupported
rhodium sulphide.

Fiqures 2 shows X-ray diffraction patterns for rhodium sulphide precursors as a function
of oven temperature. Trace 1: 30% RhSx on carbon, dried at 125°C. Trace 2: 30%
RhSx on carbon, 300°C in argon. Trace 3: 30% RhSx on carbon, 650°C in argon.

Figure 3 is a schematic of flow system for the generation of Cl, from HCI using an
oxygen depolarised gas diffusion electrade.

Figure 4 shows typical platinum catalyst data, incorporated in a standard ELAT™
structure with 30% PYC, 1.1 mg/em?, coated with 0.70 mg/cm? Nafion, operating in
HCI/Cl, solution at 3 kA/m2. ELAT is a trademark of E-Tek, Natick (MA), U.S.A., which
identifies gas diffusion electrodes comprising a carbon web and a mixture of catalyst and
fluorinated binder incorporated therein.

Figure 5 shows data obtained with rhodium-rhodium oxide , incorporated in a single-
sided ELAT™ structure with 30% Rh/C, 1.01 mg/cm?, coated with 0.70 mg/cm? Nafion,

operating in HCI/Cl, solution at 3 kKA/m?,



fluorinated binder incorporated therein. Figure 5 shows data obtained with
r hodi um r hodi um oxi de , incorporated in a single- sided ELATT'" structure
wi th 30%wWR0EZ18615 01 ng/ cnR, coated with 0.70 ng/cn? Nafi OPCT/ER@ENSES ng in
HCI'/Cl 2 solution at 3 kA/n2. WO 02/ 18675 PCT/ EP01/ 10068 12 Figure 6 shows
data obtained with 30% RhS, (C, incbtporated in a single-sided ELATTM
structure with 300 Rh/C, 1 ng/cnk, coated vmth 0.-70" ng/ cn2 Nafi on,

operating in HCI/Cl 2 solution at ure“”7 shaws pot e ted
DT enFitiire & soans gaiacotiFIBR Wi 0561 K e pPaPOrAISd i & SOCISTAREH EL&W
with 1 ng Pt/cn2, 30%Pt/Cin 0.5 MH2SO™4, at 70+/- 2C, with and w t hout
met hanefructies with 80% Rh#G] dieshgiosn?L codted with1D 70 mg/erot Nafion RpEratinginfiCCI3 cm x
2 cm serves as the counter electrode. A standard cal onel el ectrode serves
as the Reported potentials are corrected for IR using the

6IE' ?é%?ggwmret hod. Figure .8 shows potentiostated current - cathode

2"5“9??# <1 SmPrenioTal Curk ﬁ%«?@“@% 95%@5*%{"%%@& S‘éﬂfp‘é}%ef IngEe T T

and WlthOUt net hanol Met hanol I s added as 1, Ey .
Pl at i neiieHdEIATB™owitx 1 g Ri/es?, \A9% RYCiind. @MJHz%@«s,@tZQt%e?d WAhangrmmoa'f

calonel electrode serves as the reference. Reported potentials are
COr 1 eChfhdrdl. | RethsihbDist Added BE e, drmQ raypvolarieh Giatirfing doik 3%crs oem he

experinmental set-up for the high current density and upset tenperature
compar BLA LS 4s3Rb BN eldifroli8! PttandartabriERabafddeserved Bt ffBiGhoe.y pes
- Reported potentials are corrected for IR using the current interrupt method.
Figure 8 shows potentiostated current — cathode potential curves for of single sided flow-
through electrode as in Example 4 with 1.05 mg/cm? Rh as RhS,, 30% RhS/C in 0.5 M
H,SQ,, at 70+/- 2°C, with and without methanol. Methanol is added as 1, 5, or 10% by
volume. Platinum foil 3 cm x 2 cm serves as the counter electrode. A standard calomel
electrode serves as the reference. Reported potentials are corrected for IR using the
current interrupt method.
Figure 9 shows the experimental set-up for the high current density and upset
temperature comparative testing of the various oxygen depolarised cathode (ODC) types
with continuous temperature and concentration control. The effective cell area was 100
cm?,
Figure 10 shows the behaviour of the cell voltage of a Platinum catalysed ODC
during an electrolysis of chemical pure and technical grade hydrochloric acid of

different provenience, of an isolated isocyanate plant and a multi plant input site

system with different sources of hydrochloric acid which was purified respectively



Wi th continuous tenperature and concentration control. The effective cell
area was 100 cnR. Figure 10 shows the behaviour of the cell voltage of a
Pl at i numwabzisssed ODC during an el ectrol ysis of chem caPCpEP@/mnes

techni cal grade hydrochloric acid of different provenience, of an isolated
i socyanate plant and a nulti plant idgut site systemwth different
sources of hydrochloric acid which was-purified respectively WO 02/18675
PCT/ EPO1/ 10068 13 with activated carbon—and subsequently with an

adsor pwithractivsted cérboppandaubsequentiyn withcam rasigorstioBagasin A, tyee renl06& gur e
11 shows the results of the electrolysis of hydrochloric acid with an ODC

W th } } hcte st. Chem cal pure and technical grade
ﬁw?ﬂdfé&m;e'g%f Bp EAGE gev?mmtany p g

hydr ochl ori ¢ rifire h activated carbon and subsequently with a

resin of t P63 . manuf act ur.ed -5l ~ARLgure 12
chove Pigurd 33, s e frsuls o IR PRBTAR of FrarbEfiofieiid Ui aS onG Mt ¢
acid with the new catalyst on rhodi um sul phide basis in c arison to a

pl at i nthodiunairabgicen aRider catalystr Chemisabpsire G & m%alosrﬁfﬁ%elmfgm%i de
catalysed ODC in alternating operation with chem cal pure and technical
grade hyidr eehifiedi withcadlivaed ichrissh windhsulzsadueatly dvithrrabsasifi gfitypel £RFbws
the long tine behaviour of the catalyst in a 4 elenent pilot electrolyser

R S b A e e K O S
! [Figure 12 shows the results of the electrolysis of different kinds of hydrochloric acid
; with the new catalyst on rhodium sulphide basis in comparison to a platinum
catalysed ELAT.
Figure 13 shows the results of rhodium sulphide catalysed ODC in alternating
operation with chemical pure and technical grade hydrochloric acid, purified with
activated carbon
Figure 14 shows the long time behaviour of the catalyst in a 4 element pilot
electrolyser with an active area of 0.85 m?.
Figure 15 shows the comparative electrolysis of technical grade hydrochloric acid,
pre-purified with activated carbon, in a laboratory cell with pure oxygen and with air.
The ODC was of the flow through type.
Figure 16 shows the sensitivity of different type morphology ODC against operation

with depleted oxygen: a carbon powder carried catalyst (single sided type) and a

directly catalysed electrically conductive web (flow through type)



pre-purified with activated carbon, in a |laboratory cell wth pure oxygen
and with air. The ODC was of the flow through type. Figure 16 shows the
sensiti viwgowiseds f f erent type norphol ogy ODC agai nst oper BCT/8Ro1/MDésh

depl et ed oxygen: a carbon powder cpgried catalyst (single sided type) and a
directly catal ysed electrically conductive web (flow through type) WO

02/ 18675 PCT/ EPO1/10068 14 In the follow ng exanples, there are descri bed
several preferred enbodinents to illustrate the invention. However, it is
to be under 1 thedolitwingtexamplies; tnererare dlesetibed sevaialprefasraseempagdiments 10  he
speci fic enbodi nents. EXAMPLE 1 100 grans of supported rhodi um sul phi de

wer e pgp%@ﬁ‘ét%cthéwehﬁorﬁ.o Hoveg itk & Bewinelerstedd thabihelingermtion is fnoRintéridedH24
(39.88%gliven as rhodiumnetal) were dissolved in 2 litres of de-ionised

(D. 1. )tﬁéﬁﬁ"gﬁ@%%@’%}:?&%ﬁﬁe ;ngﬁ{s(rent . 53.4 grans of Vulcan XC- 72 active

car bon xture was slurried with a magnetic stirrer.
Hydr ogen sul phi de gas was then sparged through the slurry at anbi ent
tenperature wusing nitrogen as a carrier gas, according to the scheme of
Figure 1. The m xture has been allowed to react as described for 7 hours.
Upon cE&xaMRlifod of the reaction, nitrogen was purged through the systemto
renove residual H2S. The remaining solution was vacuumfiltered to isolate

t he sohodgrambidtisuppoetet hhodives beighidet Wedeprépaneds by thatfeliowing plocadiret 125C
to a constant weight. The resulting catalyst cake was finally ground to a

one MRS R Soss el g dania Tmescr A
de-ionised (D.1.) water, without any pH adjustment. 53.4 grams of Vulcan XC-72 active
carbony were added, and the mixture was slurried with a2 magnetic stirrer.

Hydrogen sulphide gas was then sparged through the slurry at ambient temperature
using nitrogen as a carrier gas, according to the scheme of Figure 1. The mixture has
been allowed to react as described for 7 hours. Upon completion of the reaction,
nitrogen was purged through the system to remove residual H.S. The remaining
solution was vacuum filtered to isolate the.solids, which were then washed with de-
ionised water and dried at 125°C to a constant weight.

The resulting catalyst cake was finally ground to a fine powder and subjected to 650°C
under flowing argon for two hours. A load of catalyst on carbon of 30%, given as rhodium
metal, was obtained.

As already stated before, this final thermal treatment is a crucial step in the preparation
of the desired stable and active metal sulphide. Figure 2 shows the development of a

preparation of rhodium sulphide as outlined above as a function of treatment

temperature. In particular, figure 2 shows the results of a powder sample XRD scan on



nmetal, was obtained. As already stated before, this final thermal treatnent
is a crucial step in the preparation of the desired stable and active

met al sulvybo2leg67+i gure 2 shows the devel opnent of a prepre€BEP@roeds r hodi um
sul phide as outlined above as a function of treatnent tenperature. In
particular, figure 2 shows the results of a powder sanple XRD scan on WO
02/ 18675 PCT/ EPO1/ 10068 15 a.) the supported catalyst after filtration and
drying, b.) the supported catalyst of a.) after heating to 300C in argon,

and ¢ %) thBasuppBREd tagdlysabAbyfitratidn and dafing; . hthet supportedastalyst of ige) aftafr ease

in numoer and clarity of peaks in these scans indicates the formation of

e 1o FEGif th SO R bldoPe A Al BobHad a6 ) afeiThealing s 68000 e

i nduc rogr e tenperature treatnment al so reflect

correspondi ng substanti al ai.ns in cat.al i g . rans
of undbEPBFE er'ﬂwmﬂ?ﬁrsﬁﬂdpﬁliaﬂg( m%aqﬁrlﬁﬁééé%%ﬁ% &&'@?Fﬁ%ﬁ‘&% 8(r:lnggr e:
12.1 grans of RhCl[err]xH20 (39.88% given as rhodi um netal ). re di ]sqsol ved
in 70velitdefinedduystalfitescepnirinigg, rhadivAband sHIPhyr Hhgsesthanges | iofhe

sul phi de gas was then sparged through the slurry at anbient tenperature
usi ng XRD spgetrograph byathei tempgeatureatreatmiint gilsawreftdet corpepending Fulgstastial. The
m xture has been allowed to react as described for 4 hours. Upon

conpl gtair%r]n%fgtél stBARyi on, nitrogen was purged through the systemto
r emov resi dual H2S. The renaining solution was vacuumfiltered to isolate

the solids, which were then washed with de-ionised water and dried at 125C
to-a constant weight. The resulting catalyst cake was finally ground to a
fi ne-powder and subjected to 650C under

EXAMPLE 2

8 grams of unsupported rhodium sulphide were p‘repared by the following procedure:
12.1 éréms of RhClyxH,O (39.88% given as rhodium metal) were dissolved in 700 ml of
de-ionised water, without any pH adjustment. Hydrogen sulphide gas was then sparged
through the slurry at ambient temperature using nitrogen as a carrier gas, according to
the scheme of Figure 1. The mixture has been allowed to react as described for 4 hours.
Upon completion of the reaction, nitrogen was purged through the system to remove
residual H,S. The remaining solution was vacuum filtered to isolate the solids, which
were then washed with de-ionised water and dried at 125°C to a constant weight. The
resulting catalyst cake was finally ground to a fine powder and subjected to 650°C under

flowing argon for two hours.

COMPARATIVE EXAMPLE 1

A rhodium oxide/rhodium catalyst on Vulcan XC-72 was prepared following the

method disclosed in co-pending U.S. Patent Serial No. 09/013,080 (26 Feb. 98) and



flowi ng argon for two hours. COVPARATI VE EXAMPLE 1 A rhodi um oxi de/rhodi um
catal yst on Vul can XC-72 was prepared followi ng the nethod disclosed in
co- pendi MmO t/Bke679at ent Serial No. 09/013,080 (26 Feb. 98)pranaPMNo0 18675
PCT/ EPO1/ 10068 - 16 her ebel ow repeated. 9.43 g of RhCl 3xH20 (39.88% gi ven as
rhodium nmetal) were dissolved in 26litres of de=ionised water at room
tenperature, and the resulting solution- was added to a'. dispersion of
8.75 g of Vulcan XC-72 in 500 ml of D.l-. water. The mnixture was stirred to

mai nt ah@rébé_ltﬁwfr@Féét@ar 9018 gl of RNOIBKHR0s (38188%adiviengas Zhadithy mietsl) avere. 5
nmol ar sol ution of ammoni um hydr oxi de. Besides the 220 ml of ammoni um

hyd i i i f .
ydroxiyde, LhER gzglgngegat%ﬁoé%@ﬂéé'dr GRitdr %t B6M ‘Bﬁg’%@@ﬁ?rﬁ’oﬁﬁ%gﬁﬂﬁﬁg 8blugBRONI UM

hydr oxi %e was a basic environ asic slurry was then

stirred at -70C for 30- 60 gijute d_fi e i TRenf | o was
was hed @St %C?(g%g?ﬁ aL@épﬁqSlqﬂ of g17\%age$f ‘Z@Ca%d@gg g‘ngagme%epr{' g{afé’rat illli%SC
for 15 hours. The resulting cake was then ground to a fine powder and

heat ed MiXtUBHWES gtided ta maiatalg a unitpsm Gaazon slugyrleslewlrrading ¢ MiBipha
catal yst. The | oad of catalyst on carbon was 30% given as rhodi um netal.

The ca0# yelarpohition ofesnrhonitiveydsotige.c Bedides tha 228l of amroonismeydogxideat i ng
at 500C for 30 m nutes under flow ng hydrogen gas to further reduce sone

of thet@@i%%qgg?%%gf%ggi lg%d@ggb 20%, BRELRSbF efrhonicAr Rpddiiae Was.

Pat ent I a _ ( . 98), activation of rhodi umrhodi um
gglt— gfyc ag%;g/tﬁﬁ:é\%ﬁ%?%%g%h@%g ?Ré %agictgl&rrygfats tﬂ‘éh's\fﬁehoét"gogf O°bhfo?‘ 30-
60 minutes and filtered hot. The filter cake was washed with about 200 ml D.I. water at
60-70°C and dried in air at 125°C for 15 hours.
The resulting cake was then ground to a fine powder and heated at 650°C under flowing
argon gas to dehydrate and stabilise the catalyst. The load of catalyst on carbon was
30%, given as rhodium metal. The catalyst powder was further subjected to an
activation step by heating at 500°C for 30 minutes under flowing hydrogen gas to further
reduce some of the rhodium oxide to rhodium metal. As emphasised in co-pending U.S.

Patent Serial No. 09/013,080 (26 Feb. 98), activation of rhodium-rhodium oxide catalyst

is essential to obtain the most active form of this catalyst.

COMPARATIVE EXAMPLE 2
100 grams of supported platinum sulphide were prepared according to the
procedure of the above Example 1, whereby a solution of chloroplatinic acid was

employed instead of the rhodium chioride sait.



100 grans of supported platinum sul phide were prepared according to the
procedure of the above Exanple 1, whereby a solution of chioroplatinic acid
was enplvogezidenst ead of the rhodiumchloride salt. WO 02PABE8P& /10068

PCT/ EPO1/ 10068 17 EXAMPLE 3 The catal ysts of all the above reported
exanpl es, along with commercially avai l@ble platinumon Vulcan XC-72 (for
exanpl e from E-TEK, Inc.), can be utilised in several different
configurations. The catalyst iof this invention is not linited by the
structpmPLE 3 he gas diffusion el ectrode: for instance, in the present
case, eacﬁ catal yst of the above exanples and conparative exanples was

| ncor fé Bpéilf bfét?cg\fenf'e %Seﬁgmplé €gloh dﬁltﬁtddﬁ?héfc‘?allyté@' 1]

obt ai ni g SI feen eren S, accor |ng | ow ng

Ui y PRI B Ve aa?%%q?%sﬁ%ﬁ -l ey e Piderd i SvdteC

was sel ected froma commercially available product with a thickness of 10
to 15 diffdrent Canfigorationst hThe catalyst ief diis daversiongs et diited) Ry theostrértwa, e
advant ageously been used for this purpose’ A m xture of fluorinated polyner

(pol ytigs Eaé IfRIsRet Blecrode: 1B ihsfarfce, irctherpresért! dasededsh Batalyst ofitheeabdvee
t rademar Tef I on(r)) and Shaw ni gan Acetyl ene Bl ack (SAB) carbon,

ComErd &éﬁp’le}r e <8 cgﬁ%‘réﬁ'atl\féo %Qamle&S W?ﬁ&rﬁ&aﬁ‘% hnsicie il @Bé@oéf

cl ot h, oomtenperature after coat, until réaching at a

Tof F"me'ae"o?rddg%s oFherd el Tt ot o oS, S e,
until obtaining a layer of 0.5 to 2 ng of catal yst per square cm After the
final foloming precedures:
a) ELAT: A web of carbon cloth with a warp-to-fill ratio of unity and about 25 to 50 yarns
per inch, and a 97-99% of carbon content was selected from a commercially available
product with a thickness of 10 to 15 mils. Carbon cloth with a thickness of 5 to 50 mils
could have advantageously been used for this purpose. A mixture of fluorinated polymer
(polytetrafluoroethylene, P.T.F.E., commercialised by DuPont under the trademark
Teflon®) and Shawinigan Acetylene Black (SAB) carbon, commercialised by Cabot
Corp., was coated on each side of the carbon cloth, air drying at room temperature after
each coat, until reaching at a total loading of 8 to 10 mg/cm?. A mixture of the powdered
catalyst and Teflon® was then applied on one side of the carbon web in multiple coats
until obtaining a layer of 0.5 to 2 mg of catalyst per square cm. After the final coat, the
carbon cloth was heated to 340°C for 20 minutes.

b). Single-sided ELAT: The above procedure for preparation of the ELAT was repeated

except the SAB/Teflon® mixture was applied to only one side of the carbon cloth, with a



carbon cloth was heated to 340C for 20 m nutes. b). Single-sided ELAT: The
above procedure for preparation of the ELAT was repeated except the

SAB/ Tef | om@ nd/ 187Xt ure was applied to only one side of thePCHEP@riogdsot h,
with a WO 02/18675 PCT/ EP01/10068 184 oading of 4 to 5 ng/cn2. The

catal yst coat was applied on the same side, on top of the SAB/ Teflon(r)

| ayer. c). Flowthrough El ectrode: A carbon cloth with the sanme
specifications for the ELAT ~electrode was selected and 2, to 5 coa} of a
m xt ur lvadingcefidio/s maewitie The satalist cesiwas arplied @ipHie s8ne §idgnendoRe ﬁ}?er eof .
The coated fabric was then heated at 340C for about 20 mnutes to obtain
1.03 ngAgvr?eﬂUn%dm;ﬂ um metal.. The final heating step or sintering step
---is believed to nelt the Teflon(r) and distribute it across the carbon

t al . LNt 21 ' t hi
el et 1 Bhe O Y R e o o7 e e

ctro An 1 n ormul ate

wa
consistjn f approxi mat el arts catal yst Lt
Nt | onelepodn RBreclade oy 4 n 5 CRe & et BBt BB BT RN ARE R 1
Penn.) as a suspension in a_mxture of water and |ower _ali ?atic al.cohol s
such asppliEchtenae siskedberest, Thedoatedfabrrovas thes hantediat 3485 fALPQY ZE)
Nafion(r) 324 ion exchange nenbrane, conmercialised by DuPont, held in

pl ace Wikfles ® BB@IrEY 08anRgeAT bR ioiunyintetalp BN firgal bealired stepray.sirdefieg stepn
exchange nmenbranes known in the art may have alternatively been utilised.

Subse: t. | f ' [ b lcaflsposdtal
metal | B e e T R o e o e S et .

i sci oSBETg SR FENGag PasaHly aBiRaToN it aroBifad, 080 (30 October 98).

The Caéfl l\%l;nbrane Electrode Assembly: An ink was fqrmulated consisting of approximately
3 pa;rts:catalyst and 1 part (as dry weight) Nafion® jonomer, such as that sold by
Solutions Technology, (Mendenhall, Penn.) as a suspension in a mixture of water and
lower aliphatic alcohols such as methanol, propanol, and/or butanol. The ink was applied
to a Nafion® 324 ion exchange membrane, commercialised by DuPont, held in place with
a heated vacuum table, via spraying or painting. Other ion exchange membranes known
in the art may have alternatively been utilised. Subsequent layers of the ink were applied
until depositing 0.05 to 1 mg metal/cm? of catalyst. The assembly was further heated to
remove solvents, and assembled with an appropriate electrode backing such as those
disclosed in co-pending Patent Serial Number 09/184,089 (30 October 98). The catalyst
ink as described could alternatively have been applied to an electrode backing,

subsequently heated to remove solvents and assembled with an ion exchange

membrane to form an equivalent membrane electrode assembly.



I nk as described could alternatively have been applied to an el ectrode
backi ng, subsequently heated to renove solvents and assenbled with an ion
exchange woeriseahe to form an equi val ent nenbrane el ect r oB€eT/aBsIEIONSy. WO
02/ 18675 PCT/ EPO1/ 10068 19 EXAMPLE14 Prior to incorporation in gas
diffusion el ectrodes, the resistance of this invention's catalyst to
corrosive nedia such.as boiling solutions of HCI/C 2 can be sinply
determined and conpared to prior art catalysts as well as rhodi um sul phi de
pr eparEXAMPLEA i ous tenperatures. One to five grans of the catalysts of
Table 1 were placed in a 250 ml  beaker containing 1309/

chl or iPriors& incatsstatih ianghsheliffusibnt eldotriodieag theriresistancat ofo this finventivasp

col our indicates the dissolution of the netal fromthe catal yst, thus

provi dt%a‘?él”)gst% 'cgf'rﬁgﬁefnﬁ’édléi"%&ﬁ% bbﬂﬁg%@kﬁbﬁ bf WONCL & B@Ifngﬂg* determirsd use

| n sys recovery o rine from aqueous HCl utions. Table

Summary of stapjlit nts fa I
conpo comﬁan[%{) {q H@grcﬁﬁ t?’?‘%ﬁ%)’v&[‘eﬁf &%&@@Lﬁéﬁ@%%% 5ng,!, ulcan
XC-72 (Commercial) Gold PtS,,/C Oorrparat+ve Exampl e 2 Yel R}t}-&hZOB/C
Conpartampeat@esmine 1o fex granmh SKi® Ext@hsts of Ta@ifb"h‘é{ﬁ'fe PP@& d@rﬂ 58r8ln
RhnSX/ C Exanple | Trace pink, essentially stable . ‘

beaker containing 130g/! chlorine-saturated HCI and heated to boiling. The formation of
| @ deep colour indicates the dissolution of the metal from the catalyst, thus providing
evidence for whether the catalyst would be appropriate for use in systems for the

recovery of chlorine from aqueous HCI solutions.

Table 1 Summary of stability experiments for supported platinum and rhodium

compounds, in boiling chlorine-saturated HCI

Sample Colour
Pt on Vulcan XC-72 (Commercial) Gold
PtS/C Comparative Example 2 Yellow

Rh°-Rh,0s/C Comparative Example 1 Rose

RhS,/C Example 1, (no heat treatment) | Brown

RhS,/C Example 1 Trace pink, essentially

stable




WO 02/ 18675 PCT/ EP01/10068 20 Fromthis Table it is evident that in order

to produce a stable formof rhodium sul phide, sone heat treatnent step is

mandat or WO b2/18635 al so possi ble to conclude that not all BOI/BRid®ess

of precious netals are stable in these conditions, and furthernore, in view
of the instability of supported pl atg num sul phide, it is surprising to find
supported rhodi um sulphide relatively inert in these conditions. EXAMPLE 5

The el ectrodes qf. lL.e 3 Nt j e I ry
test accord W?@%E@(%é@étc' 65& tiﬁ—#bin é’td% té rgd(}'n |§ﬁ%@%§§lhﬁé}é%§8 '%m% gap
bet ween the cat hode and the anode. However, ui val result

obt ai nsdphidehseme heabtr@@tmentaaﬁegs$ mandatoryh drig 3&9 i%@%LHBHe
were both pressed agai nst the nmenbrane. The exposed el ectrode surface area

was 6. 4bs@pRicRBbftoRecioBsThictdls areistalid inimesa 4onditions,canstiurivegmore; imview mesh
activated with rutheni umoxide catalyst. Oxygen was fed to the cathode at

a rate s@ﬁ #irkDsupbartedraegiume and
17% aq%@%%ﬁé@“%g"\ﬁ”éﬁ or| Qh e%trolcglefe'ﬁ?%g l10 gg/I) was feg to the

anode. te was irculated until 50% of the hydrogen
chl orlﬁ'lpq'\wag r%‘éﬂYéY r{a'ﬁdxeﬁ%%q{‘qm(&sh el ectrolyte was added. The 50%
depletion leads to a tenporary increase in cell voltage, and is exhibited
as "spi kes" on a graph of voltage versus tine. The electrolyte flowrate
was 4 ml per mnute or 0.372 nB/ hour/n2 at a back-pressure of 120 nbar.
Unl essEXARIPEEE St herwi se, the cells were run at 3 kA/n2 and all voltages
were - uncorrected for current collector resistance. The tenperature of the
cell angh gleRfbHEY ¥t ExMELR2 WRAY Bulj6dieEROLNIOBEEolysis laboratory test according

to the scheme of Fig. 3. This configuration had a 3 mm gap between the cathode and

| ~\l .

the anode. However, equivalent results were obtained with a "zero-gap" adjustment,

where the cathode and the anode were both pressed against the membrane. The

exposed electrode surface area was 6.45 cm? and the membrane was Nafion 324. The

anode was titanium mesh activated with ruthenium oxide catalyst. Oxygen was fed to

the cathode at a rate of up to five-fold stoichiometric excess at 45-50 mbar pressure and

17% aqueous hydrogen chloride electrolyte (1844 10 g/l) was fed to the anode. The

said electrolyte was recirculated until 50% of the hydrogen chloride was depleted and

then fresh electrolyte was added. The 50% depletion leads to a tempoarary increase in

cell voltage, and is exhibited as "spikes" on a graph of voltage versus time. The

electrolyte flow rate was 4 mi per minute or 0.372 m*hour/m? at a back-pressure of 120

mbar. Unless stated otherwise, the cells were run at 3 kA/m? and all voltages were

uncorrected for current collector resistance. The temperature of the cell and electrolyte

[T

L



21 was held at 55Ct 5C with heating tape applied to the cell netal end
plates and an air conditioning unit. In comercial electrochem cal plants,
two conmwiO 0BIgs0F ary operati on nodes are encountered whi ROT/ERI/®0ES t he
situations of either scheduled repajy or replacenment of worn-out
conmponents, or the unschedul ed failure of these conponents. For the
schedul ed shut -downs, one can induce a "controlled" procedure, whereby

el ements of the plant are systematically turned off or attenuated to a

| over waBeiek BoBBIC 7€l with heating tapewapplied do the eelkmetah epd Rieiga SOIEMLAT ¢ he
anode side and oxygen can be substituted wth nitrogen on the cathode

si de. sel i duri pg-the unschedul ed failures ("uncontrolled"
shut-%gﬁlﬁgtﬁngbnents of 'the plant are typically subjected to the nost

ri gorous 0“];, ggﬁrn%ﬂei{'ﬁféﬂ egegﬂg&éérﬂf&ét Blé?\t&%foi CthRbn teMbeFdr) SpeRaticPaess ar e

left in th onseqluienceé severe corrosion conditions arise.

di 11 usreosneaateraneeaflsch torsibioas ot RSP bl RErHaeRIEE" |\ o

catal yst-el ectrode assenblies were tested in sinulated cont Lsol ed and
uncontwoat-betl compatents; . o Hbe eunsanedulast Faihire offs g GOMRENEALS. nEAhdPe of

turning off various conponents. For the controlled shutdown, an inert gas

vas f gehddiibdShGREGWEE , ornean Ireluceca i'tordrolledt prasedurgawvharehy plaments fed,
followed by turning the rectifier off. Once the rectifier was off, the

’ ' ibeal leasl. hal t ed
pums‘&%@gﬁrﬂ?ggeﬁﬁt rgéttlr%g? HAHERNbF b ffersititéd 46w Jowary gseratibnal alte

to 't h rectifier and punp circuits were suddenly shut

ngTT, E\gg}it;t:]:% : G%Pﬂ\griﬁé Adue GSSREETH TR SiHdeSlie Shdddeh %ﬁ-be@&%ﬂté@m
with nitrogen on the cathode side. Conversely, during the unscheduled failures
("uncontrolled" shut-downs), components of the plant are typically subjected to the most
rigorous of operating conditions. In particular, chlorine and oxygen are feft in the cell and
as a consequence severe corrosion conditions arise. Since it is an object of this
invention to provide a catalyst and gas diffusion electrode capable of operation in an
electrochemical plant, the catalyst-electrode assemblies were tested in simulated
controlled and uncontrotied shutdowns.
These two interventions differ in the manner of turning off various components.

For the controlled shutdown, an inert gas was fed to the cathode, and the recitifier current
was slowly decreased, followed by turning the rectifier off. Once the rectifier was off, the

pumps were halted. For the uncontrolled shut-down, oxygen flow was halted to the

cathode while the rectifier and pump circuits were suddenly shut off, without the gradual

decrease in current or flow rate.



22 The catalyst of this invention was subjected to testing under the
uncontroll ed shut-down, and conpared to current state-of-the art

cat al yst svobt/gaare 4 shows the typical platinum catalyst POT/&ROIEAHETM

el ectrode. Wiile the operating voltgge is 1.15 volts, the uncontrolled
shut - down causes the catalyst to e%%ri ence the full corrosive force of the
el eetrolyte, and the cell potential increases by over 500 nV. Figure 5

shows the case of the rhodi um rhodi um oxi de of Corrgarativ EX%EPI e 1,
i ncor pohetatilyshohthis inyerticn wed subiepted tadesting-undsasdh HnE%tFﬁﬁlﬁ Ut-8aWAgr aph
b). Here the initial steady-state voltage is just over 1.2 V, and only

af ter aqd cymbh Barbrdritstateldidge ademtalpsts. Hagone 4 shows the typigsl platinamrel y
1.18 V. Figure 6 is the case of a single-sided ELAT made with.the rhodium

sul phi &gg af &b vt E?jpr'lﬁﬁﬁag]@gfm§e, aAYVARS Ghé DEFeralind @iiizhe B 1PF apltepthd) -

The s y-stat e voltag .15 V was obtained wi thout any form of
activation,o he cat al yst | t | O . | ] or
dur i nouasiRled Ao $Blises R RRVBLI iR U0 sl SAhdolfe FRGTLEBEE P,
this new catal yst obtains desirable erforrrgnée \YVI E:hout %& agddi ti ona%

act i vaelesfiolytee pnd dhricelhaetenfial 'Egﬁéﬁépygé’?f 00 Y. sFigUE 8 shaws I8¢ £2S9,8f ng
exposed to the full corrosive force of solutions of HCI/O z. EXAVMPLE 6

Si nce tmectmodfunt/fedivas taxide 0é @onpdthtives Examplatie dnearp@atashiro i siaglersidesh
organic feedstock, there is often a significant |evel of organic

cont angNaRt §s [BséritRd B erftle B; :ﬁérag?ébﬁb).oﬁerétﬁémn@h steadyshteabltage ihe

desi gn of oxygen reduction catalysts is to provide a catalyst that yields

appreci apl e actj vi ty jin the presen i i Gy 4 ons,

"PP! S Lbber o) S Sl ARG B 0 R St PR LT

02/ 18675 PCT/ EPO1/ 10068 . , . . .
approximately 1.18 V. Figure 6 is the case of a single-sided ELAT made with the
rhodium sulphide catalyst of Example 1, as described in Example 3, paragraph b). The
steady-state voltage of 1.15 V was obtained without any form of activation of the catalyst,
either prior to assembly in the electrode or during operation in the laboratory test system.
Figure 6 demonstrates that this new catalyst obtains desirable performance without an

additional activation step, and that the catalyst activity is preserved after being exposed

to the full corrosive force of solutions of HCI/Cl,.

EXAMPLE 6

Since much of the waste aqueous HCI is generated after chlorinating an organic
feedstock, there is often a significant level of organic contaminants in the recycled acid
solution. Although one object in the design of oxygen reduction catalysts is to provide a
catalyst that yields appreciable activity in the presence of high chloride ion

concentrations, it is another goal to provide an oxygen reduction catalyst that yields



23 appreciable activity in the presence of organic contam nants, as already
mentioned. Such a catalyst may find utility in other applications as well,
such as avearissde in Direct Methanol Fuel Cells (DVFC), mEEROY10068t hanol
crossing over fromthe anode to the gat hode acts as a poison toward the

| atter when a platinum based state o% the art catalyst, such as the
comercial product cited in the Exanple 4, is used. In any case, it s
wel I known that nethanol ranks anong the organi c nol ecul es with the highest

acti vhb¥recfadl® sRtidAey S RiémcaNoft 6RJaRIc tomtanmhants, as halreaidormentioned.
behaviour 1 n the presence of nethanol of a transition netal-based catal yst

'pii s§§P§% ﬁ%éﬁ%&ﬂ%@'ﬁ@éﬁwﬁ% 'ﬁg)ﬁ'e%f%ﬁééﬂe R Beahaga Dot o
catal ys o.r ce t f . '

aascsViahanpl £ sbiaiti GBfach dvisiel ranBaN Jdusua tBRT Sl 1R Andk 5308 Cae
or "half cell"” nethod fits 1 cnR sanple of gas diffusion electrode into an

i ner t chtbbderactTtas gepoisen teward tte tatier yieryer pigdingm Based stale af $hgoditt i oned
into a plenum whereby an excess of air ar oxygen is passed at | ow

pr esspx@fyst Buchi Be demmérckd praduet citedirethedExdnasie M, isTised. de ang @asei iti ng
the catal'yst (that would normally be against the nenbrane of an

el ectfo ' ' d{;gﬁpﬂ»] ' iahi ivi

fj e ?Pe[sa\%lf g?o% g%@u%ﬁpéﬁolre}?é@% ?@8 @9?25% ced dir e%l%él' 8“2??%2@1% ﬁ%gg Y

i ffusion el ectrode, nd aq,reference el ectrpode i,.s held in-b t t wo.
The { IGNEdG IREIRPT on HEATRIT, BIP e TEEloTe et B ok o, Peade Bt &
specially constructed cap. A potentiostat is enployed to control th

pot entrietharsol dofna dsansitiorh enetalrraset. catalyat i fairly regresgptatiyevpic e genglaiced in
series wwth the electrodes and the internal resistance (IR) is subtracted

‘;T;?E"aﬁgflﬂ?q[% Efﬁ)gﬁ%{% %Iﬁ? gbrsﬁﬁtngﬂ%dd)rbbﬂim htamigantss ol ecul es such as
The efficacy of the rhodium sulphide catalyst to reduce oxygen in the presence of
organic molecules has been\ assessed in a potentiostated three-electrode system. The
three-electrode or “half cell” method fits 1 cm? sample of gas diffusion electrode into an
inert holder. The gas-fed side of the gas diffusion electrode is positioned into a plenum
whereby an excess of air or oxygen is passed at low pressures (on the order of 10 mm of
water or less). The face containing the catalyst (that would normally be against the
membrane of an electrolyser or DMFC) is held in a 0.5M H.SO4 solution at a fixed
temperature. The counter electrode is placed directly across the gas diffusion electrode,
and a reference electrode is held in-between the two. The fixed geometry is maintained
between the three electrodes through a specially constructed cap. A potentiostat is
employed to control the potential and measure the current. A current interrupt device is

placed in series with the electrodes and the internal resistance (IR) is subtracted from

the readings. The direct addition of organic molecules such as methanoal fo the sulphuric



WO 02/ 18675 PCT/ EP01/10068 24 acid solution allows the ready eval uation of
catal yst performance in the presence of contam nants. Figure 7 shows the
case of amoBRLmSB7acti vated with the comrercial Pt on Vul caRCT/EB17@oesat al yst
of Exanple 4 operated as the cathogg under a potential control in the

hal f-cell, at 70C and in 0.5M H2SO4. For each addition of nethanol since
the very first one, an instant and substantial reduction in oxygen
reduction current due to the methanol poisoning can be noticed. Figure 8
Shows atid SELATBTVAIOWSE Aoenseadys epalliatorsh CaialysicReHITEcs; IDHNerRICS SRR Ghn

sul phi de catal yst of Exanple 1, operating under the sane reginen. In this
case, @orthinidarits§ cathodic potentlal was observed only at the highest
concentration | evels of methanol. These |ast two figures illustrate the

L On1Y ol I 7, S Gbsh i IAK BRI BN AR tREIcBRércial P GHOMLIGHN  he

catalyst is 'y reduce oxygen I n the presence of nethanol.

COVPARATI VE EXAI\/PLE 3 In an arrapgene as, s
el ect r Sehehcatalyst af Exgmpie¢ Wapeg’c?? 3? 8?@8@9%12 ao#)gffnﬁﬁll\l\%éé{i ';/?Zg]n S ode
and nenbrane of type Nafion 324 and an ELAT cat hode of the sj n

type chalfkgheat AG°Crand iat0.6MniisSPpoF oreeadhadaifien AT mesiRnd SlrtC@ctHﬁ P@E ade

hydrochl oric acid was el ectrol ysed. For this purpose the anolyte cycle was

U“der 8 ﬁraﬁtﬁ\{sahtpéﬁéssuwmhaﬂ@@duﬂnan 0 oRy@ers redectioenicument dagaiondhe t he
Itselt was pressed against the cathodic current distributor nesh

0 50 Skt SN B PP L e

kept af® the ca. 13% as [eaving the cell.

Forthi )Sagtﬂlrallt)eods \?wt'h r‘:he rhodium sulphide catalyst of Example 1, operating under the same

regimen. In this case, a shift in cathodic potential was observed only at the highest
concéﬁtration levels of methanol. These last two figures illustrate the highly selective
nature of the rhodium sulphide catalyst inasmuch as the catalyst is able to readily reduce

oxygen in the presence of methanol.

COMPARATIVE EXAMPLE 3

In an arrangement as shown in fig. 9 with an electrochemical cell of 100 cm?
active area, a gap of 2 mm between anode and membrane of type Nafion 324 and an
ELAT cathode of the single side type catalysed with platinum supported on carbon
powder, technical grade hydrochloric acid was electrolysed. For this purpose the
anolyte cycle was under hydrostatic pressure of 400 mbar to press the membrane
against the ODC which itself was pressed against the cathodic current distributor
mesh to be electrically contacted. The concentration of the anolyte cycle was kept at

ca. 14 % as fed into the cell and the ca. 13% as leaving the cell. For this purpose the



WO 02/ 18675 PCT/ EPO1/ 10068 25 anolyte was circulated with a punp and the
concentration loss in the electrolysis was conpensated by continuously

feedi ng westiissehcentrated acid into the circuit. The tePpPERINBSSOf the
anol yte leaving the cell was controlled to about 70C via a heat exchanger

between punp and cell. The current déAsity throughout the experinent was 5
KA/ n2. As can be seen in fig. 10, during the electrolysis with chem cal
pure hydrochloric ''acid the cell voltage was between 1.06 and 1.08 V.

Wth feite waderadatbdowith agpurp andtthe cosoentiatiore Igssdn thavelastroligsls wiasi f i ed
W th activated carbon and subsequently wth adsorption resin of type OC

1066 dofiBerRAEEd 85 SRRl felRirP frosk Rdr@ntratidhaurl info ithe icireaitdTher S0

to 60 the sane arrangenent in a next

step with the san urification droghl ori ' d ite
was SG%F?@}UE%OW@QBM?E%WU %Cgﬁf%% C&B@‘glgiéhdgaﬁgf)g%wn%rv gaggﬁ o cell
vol tage for about 260 nmV, which was only to a mnor part recovered after a
shut dxehangehbeiwaen party ghd 8is Theveurjen demﬂtypﬂﬁwﬁﬁﬁtc@?ﬁxpﬁf menth
respect to organic contam nants especiallly of the second type, partly

i dent i\f4e8l kAgmE ensi des from pol yneri sed ethylene and propyl ene oxi des and
acrylic acid esters. This effect is rather surprising in view of the fact

(0 e, BB, S0, AT B QDI T AT commy oo (e
o TSP O oot ok ke SO B B i Tosahg wacst i >on
. from the isocyanate plant which was purified with activated carbon and subsequently -
with adsorption resin of type OC 1066 from Bayer AG (Germany) the cell voltage
gradually increased for 50 to 60 mV and stabilised at this level. In the same
arrangement in a next step with the same purification hydrochloric acid of a multi
plant site was supplied to the experiment. The effect was a dramatic increase of cell
voltage for about 260 mV, which was only to a minor part recovered after a shut down,
showing the high sensitivity of the platinum catalyst with respect to organic contaminants
especially of the éecond type, partly identified as tensides from polymerised ethylene
and propylene oxides and acrylic acid esters. This effect is rather surprising in view of

the fact that the ODC is hydraulically separated from the anode compartment by the

Nafion membrane.

COMPARATIVE EXAMPLE 4

In another experiment with the same arrangement of fig. 9 but with a single

sided ELAT catalysed with carbon powder carried rhodium / rhodium oxide the cell



WO 02/ 18675 PCT/ EP01/ 10068 26 behavi our was found to be the follow ng: the
start-up vol tage under chem cal pure acid proved to be ca 130 nV higher

t han conpeo ar/186es exanpl e 3, as can be seen in figure 11.PCT/EBtiowb& be
noticed, that this test was run WI% a current density of 4 kKAn2 and a
tenperature of 60C. After feeding Technical grade hydrochloric acid of the
multi plant site mentioned in exanple 7 and purified with activated carbon
and subsequently with another resin of ty Pe EP63 from Bayer AGC%Germany)

t he cebkhaviolr agss foundetaosbel thedolbaving! the: §tatbupt voliggemindgroghamicsh pure
behavi our was promsing with respect to the reduced sensitivity agai nst

or gani geLORABHNE HeSca 130! mViRgembiahonmparative @xampld Bnas canvEesseen dtur i ng
this e%perl ma%%j tkryeécata ystnﬁ%ss was r?ém?fly 30 % as neasured in

tholyte d Bt
qai nston h §aaenepe ey HiBlinis B3] whaiu Vi g chitefl o db 2o PO e
EXAMPLE 7 In thi t th th t f
xanpl 68032 erpAratuIfi o G- Ga/ioh 1BRAIEN; CEBREPL @ EaR YT A Be
sul phide basis in a single side ELAT was -tested in conparison to a

pl at i nemults gilanty site imentienachine exppwlE/ARNAW purified wily aplivated ssarposrand Ko/ np
and an operating tenperature of 70 C the starting voltage proved to be

merely sf}QséﬂééHtlgh@fthféﬁothéﬁ réd18 ifuyps UEPGB dfeorn aBayersAGasGemmany)etheptelt i num
catal yst during'the first days of operation with chem cal pure hydrochloric

aci d. V%l@}é‘geggbgré‘a%%“% %‘i’é@gsnétcf%’&ﬂaﬁ@op'wt hithiceN TS Beiaviogd Wi h

actlvay on and su sequ y Wth adsorption resin of type OC 1066

}c Lo][ni Sg&grr\@t@ge\yc r@gp%zlcgtg{ga%e GRidd SESiBMY 268irtY oPISHIE confainihBRtd §tilf e
passing the purification line. However, during this experiment the catalyst loss was
nearly 30 %, as measured in catholyte drain. This gave a hint, that the stability of

this catalyst against being leached out was not sufficient, as well as the cell voltage.

EXAMPLE 7
In this experiment with the same arrangement as for comparative examples 3 and 4
~ the new carbon powder carried catalyst on rhodium sulphide basis in a single side
ELAT was tested in comparison to a platinum catalyst in the same type ELAT. With a
current density of 5 kA/m* and an operating temperature of 70 °C the starting voltage
proved to be merely 40 mV higher for the rhodium sulphide catalyst as for the
platinum catalyst during the first days of operation with chemical pure hydrochloric
acid. With acid coming from an isocyanate plant which was purified with activated
carbon and subsequently with adsorption résin of type OC 1066 from Bayer the cell

voltage stabilised only 20 mV higher, as can be seen in figure 12. The voltage



WO 02/ 18675 PCT/ EPO1/ 10068 27 increase for the platinumcatal yst was 40
nV. Changing to the technical grade hydrochloric acid of the nmulti plant
site, puwérB®Berhe sane way, the voltage increased furthepeT/EBowvbesonly for
t he rhodi um sul phi de catal yst but ut 260 nV for platinum catalyst.
Omntting the second step of purification with resin of type OC 1066 the

I ncrease in cell voltage was 10 nV only for the rhodi um sul phi de.

El ectrolysis wthout any purification resulted in an increase of cell

vol tagﬁcr&%&emar”%ef Blatihlf chidljstdivag 401 Wi dChargingyit thenltgchricaisgradest t wo
steps had not been perfornmed wth the platinumcatalyst. Going back to the

o BRSO AN P el g ytiopee
o et S0 s o 1 B TS Rl 5B 250 L8 o

site only purified with activated carbon or chem cal 8ure h dro%@l o&ic aci d
wer e catglpst. cdmitting rthet secpndTateps of purigcation ewih resiasot e RarBPenBies f ect
due to the technical grade acid was found, which proved that the

puri f ijgareiaes i cbll agdliagat acs ¢ar imvh dndy Saf fthei khadiurasselphidse Elestiolysis i gure
13. The organic inpurities, predomnantly nono and di-chl orobenzenes, can

be 1 equaRli oA eI rEsdted R o Iribrbéie A5 LdeIRVERagATOOR0 M RSY 4575

1 irhodium sulphide catalyst only. These last two steps had not been performed with

'} il

7 the platinum catalyst. Going back to the full purification proved the effect of

increasing cell voltage to be reversible for the rhodium sulphide catalyst.

EXAMPLE 8

In a long time test run over 90 days with the same arrangement and using a rhodium
sulphide catalyst as in example 7 technical grade hydrochloric acid of a multi plant
site only purified with activated carbon or chemical pure hydrochloric acid were
supplied alternately. The surprising result was that nearly no effect due to the
technical grade acid was found, which proved that the purification with activated
carbon is sufficient, as can be seen in figure 13. The organic impurities,
predominantly mono and di-chlorobenzenes, can be reduced to a level of < 1 ppm

with the activated carbon.



In a pilot plant with a four-elenment electrolyser of an el enent size of
0.85 n2 a long tine test under industrial conditions was perfornmed. In an
anal ogousvanr/sesgenent as in fig. 9 wth 400 nbar anol yt eP@T/EB&LNORGS t he
operating tenperature was controlle$ to < 60C and the hydrochloric acid
inlet concentration to ca. 14% by weight. Except for the start-up period
with 3 kA/n2 throughout the operation a current density of 4 kA/n2 was
kept. Over a period of nore than 280 days, predom nantly technical grade
hydr ocphikagwipLE® d of the nulti plant site type was el ectrol ysed. The acid
was purifred with activated carbon only. As can be seen fromfigure 14,

the el v, (S 3 RSP 185 mzhelohigdimn
tol er aﬁ{:%%l t@%@@?@%%@ﬁ@%’%ﬁﬁ—‘gs p riﬁggéggﬁ%‘?st [ é%&@?ﬁéﬁ t.Eieal eg'?r oedes.

Inder - GRLu R iRBOSHA SnsiE as Biearten 17 ah ek RREs SresbrenE i IPiER
for 16 tinmes and no influence on the voltage could be oq%gtr ved 0&h?eﬁ(ﬁm)unt
of cat with 400 mbarsanclytepiessuel the SperaiimotRMPEFAtdia Was ComtEollegita s §R in

was in total about 6.5% by weight with fespect to the total anount of
cat al ythe hydrecinario dcizs mlatosomceatiatib tovga. 14% by meighit Exceptfontie staet-dd r st
shut downs (ca. 3% . During nornmal operation the |oss of catalyst was

found b@ Qfwith 3RARY t%h@l’%uﬂﬂﬁ@ YpeftioAisSéuteerit @BALIKEsf Mihlimt as keistcOsesi ng

i .
| osses’ during shut downs™an e ecProde lifetinme of several years. EXAVPLE 10

oxyqerie FREBE a8 el 2 Sy PEdo TR BeATEHFHEEE SR A & Mo

sul/phi de was WO 02/ 18675 PCT/ EP01/ 10068 k6 29 tested w th technical grade

hydr ochull planhisitel type was elagirolyspd.ahie ridewas PPF%%%WW“@?‘W&@H carbon 8ny.
As can be seen from figure 14, the element voltage was surprisingly stable, showing
again the high tolerance of inserted rhodium sulphide catalyst in ELAT type
electrodes. The other very positive result was the indifference of the electrodes
under shut down conditions. The plant was shut down without polarisation for 16
times and no influence on the voltage could be observed. The amount of catalyst
loss as measured via rhodium content in the catholyte drain was in total about 6.5%
by weight with respect to the total amount of catalyst. The main loss occurred during
the first start up and the first shut downs (ca. 3%). During normal operation the loss

of catalyst was found to be 1.57% by weight only, promising together with the

decreasing losses during shut downs an electrode lifetime of several years.

EXAMPLE 10
In a laboratory cell in the experimental arrangement of examples 7 and 8 an oxygen

depolarised cathode of the flow through type catalysed with rhodium sulphide was



activated carbon only as in exanples 7 through 9. The el ectrode was
intermttently supplied with pure oxygen and air. It could be proven that
even w t iw@p2/18s3s5 cat hodic feed-gas the cell could be opeprar@dowpodso 5

KA/ nm2. Despite the fact, that techpical grade acid was utilised, there was
the surprising result of a good performance of the cell: applying 4 kA n2
the voltage increase was found to be 160 nV after three days 1, of

condi tioning, see fig 15. Raising the current density to 5 KA/n2 the

vol t agiestédvithasestnical gradehiydroebloric. adideohithe Wil Rlast sitespurited vty ns/ n
respectively. After reducing the depth of the cathodic gas roomfrom 20 mm

to 5 na&tmﬁe@'cérﬁdrp&hlyraém RREMPIET tREbUGIO! The electBdde fwas Mitdralitientind t he
vol tage was even lower with the reduced alr flow rate, show ng the

P st Bl bF BEGQ0R il 5Pt B8ulbe bhoven R eh WRE (M &g Batiibaic

i ncr ea®y xchange rate W|t uci ng the ow channel
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and with technical grade hydrochloric acid i's possi bl e. EXAMPLE 11 A
conpar gtadecadid stasitilisede thereowds theasly] Pﬁ?tﬂ\gcﬁ@lﬁulitqf @ 3e9d PeFaENaneR of ik
conditions as in exanple 10 with a single sided ODC versus a flow through

type CBKj: érygﬁﬁn g @At RIYSed WiltaaeRh&eaee svasfonectodne 16BmVrafterdbieegday®unt
of nitrogen mxed into the pure oxygen results in a voltage increase

Po0L1LBP sy BhIEY s 08 S Rall R el St it et

O L s oo Kb8 M The"al? AbwIiEs PHATURITY Rl tddsiealey M
After reducing the depth of the cathodic gas room from 20 mm to 5 mm the air flow
rate could be reduced to 0.4 m¥h for 5 kA/m? and the voltage was even lower with
the reduced air flow rate, showing the possibility for further optimisation for this
mode of operation in increasing the off-gas exchange rate with reducing the flow
channel dimension. The important result is that using a flow through type oxygen

depolarised cathode catalysed with rhodium sulphide an operation with air and with

technical grade hydrochloric acid is possible.

EXAMPLE 11

A comparative test with technical grade hydrochloric acid under the same conditions
as in example 10 \Lvith a single sided ODC versus a flow through type ODC, both
catalysed with RhS, was carried out. An increasing amount of nitrogen mixed into the
pure oxygen results in a voltage increase applying the single sided ODC. With only

30% of nitrogen the voltage reaches a level of >1.6 V with a strong exponential



type ODC in the contrary showed a nuch smaller effect, as can be seen in
figure 16. In addition it could be shown that an increase of the gas fl ow
by a factwo opise3s t hrough the same non flow optim sed cat hOUEPalANGSer
reduces the increase of cell voltagg% with the flow through type ODC from
70-nV to 30 nV only. This indicates (%at only the flow through type ODC
was capable to be operated with depl eted oxygen or even with air. At the.

sanme time the RhSX catal ysed was found to_pe . .tolerant .. agai organi c
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claim 1. A process for electrolysing an aqueous solution of hydrochloric
aci d t dypelDCiimthe nomtranyeshawedamauch amalier effgelodsdan be saerin Haer:16.
conpartnment and a cathode conpartnent including at |east one gas diffusion

cat hodgneRiaMidreit RuRIbe 8hewhrthabah ynoreaskief thkegaeflopr oy adectopof tthiemit one
side thereof wwth'a/coating of a catalyst for the el ectroreduction of

oxygen tggreggnh?s hgﬂ ffdwg'gklmiégcﬁ gghﬁgje%mb&mémbl tﬁeQHeﬁe@sgid?Q:ewvdl?a@%t one

fluorin er 1 ncorpor erelrn, conprising | ntroducling aqueous

hydrochl oric acid containi ng_cont aninant, speci i nt a.t.he ..
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direct electric current on the cell. 2. The process of claim| wherein said
speci estharfowrtyanigh typet OB @ anas capekiel td hg openatethavigt deptatedPxygenner
aqueous hydrochloric acid solution as the by- product of the chlorination

of an anganivitnfRedst Peksade (e tAe RIS catalydledl ODIC Wiy fiundsiai e dpleraets are
organi € cont am nant s

against organic impurities in the hydrochloric acid.



resulting fromthe production of the aqueous hydrochloric acid solution as
the by- product of the thermal deconposition of chlorinated organic
conmpound®wO 42/186® process of any precedi ng cl ai s wher ei NnPEHEHIISPEGES eSs ar e
contamnants resulting fromthe int ergct i on of the aqueous hydrochloric
acid wth rubber or plastic Iliner systens of the plant or other organic
conpounds | eaching parts of the system 5. The process of any preceding
clai s wherein said hydrochloric acid containing contam nant species is
pr e- pWefdlaioh: by neans of activated carbon. WO 02/18675 PCT/ EP01/ 10068 32
6. The process of any clainms | to 4 wherein said hydrochloric acid

cont aiqi Ng A CSydass Rt eeRaBiyeind TanP'=juRBUSsf s6idtibs  oP d&irothiedd | acid etd
carbon and at | east one adsorption resin. 7. The process of any clains |

to 4 wherein.sajdn [ i [ i P ) [ i
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any clains | to 4 wherein the cathode corrgéar'%@?t. of tge el ectrochemn cal
cel | icathede wompasimens infylied <t l6R5heRS 9RS $ipR cRiRode compAriing @er ei n
the gas diffusion cathode is a flowthrough type cathode. 10. The process
of anylestrically bondlictiveswaberevidetion ahtedst ane side loereof wdtipacoating of & t he
el ectrochem cal cell are separated by an ion exchange nenbrane.

catalyst for the electroreduction of oxygen comprising rhodium sulphide and

. -optionally containing at least one fluorinated binder incorporated therein, comprising
introducing aqueous hydrochloric acid containing contaminant species into the
anode-compartment and oxygen into the cathode compartment while impressing a
direct electric current on the cell.

2. The process of claim 1 wherein said species are organic contaminants
resulting from the production of the aqueous hydrochloric acid solution as the by-
product of the chlorination of an organic feedstock.

3. The process of claim 1 wherein said species are organic contaminants
resulting from the production of the aqueous hydrochloric acid solution as the by-
product of the thermal decomposition of chlorinated organic compounds.

4, The process of any preceding claims wherein said species are contaminants
resulting from the interaction of the aqueous hydrochloric acid with rubber or plastic
liner systems of the plant or other organic compounds leaching parts of the system.
5. The process of any preceding claims wherein said hydrochloric acid

containing contaminant species is pre-purified by means of activated carbon.
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8. The process of any claims 1 to 4 wherein said hydrochloric acid containing

contaminant species is pre-purified by means of activated carbon and at least one

adsorption resin.

7. The process of any claims 1 to 4 wherein said hydrochloric acid containing
contaminant species is pre-purified by means c;f “at least one adsorption resin.

8. The process of any claims 1 to 4 wherein the cathode compartment of the
| electrochemical cell is fed with air or depleted oxygen.

9, The process of claim 8 wherein the gas diffusion cathode is a flow-through
type ;Qa‘thode.

10. The process of any preceding claims .wherein the anode and cathode

compartments of the electrochemical cell are separated by an ion exchange

membrane.



