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Similar problems arise also in all those electrochemical processes, in particular
electrometallurgical ones, wherein noble metal-coated titanium electrodes are used
20 as oxygen-evolving anodes: these processes often involve the use of highly
concentrated acidic solutions, in particular by sulphuric acid, which turn out to be
aggressive for the currently employed titanium substrates. Measures such as those
recalled for the hydrochloric acid case are routinely applied with the purpose of
obtaining acceptable lifetimes.
25
It is one object of the present invention to provide an anode for industrial electrolytic
processes overcoming the limitations of the prior art, especially in terms of energy

consumption and chemical resistance to acidic solutions.

30 Under another aspect, it is one object of the present invention to provide an anode
for industrial chlorine-evolving electrolytic processes overcoming the limitations of the

prior art in terms of oxygen content in the product chlorine.
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In one particularly preferred embodiment of the present invention, the titanium alloy
25 used as the anode substrate contains 0.02-0.04% by weight ruthenium, 0.01-0.02%
by weight palladium, 0.1-0.2% by weight chromium and 0.35-0.55% by weight nickel.

Independently of their final utilisation, titanium anodes with a noble-metal based
active coating are manufactured by a procedure comprising the pre-treatment of a
30 titanium substrate by sandblasting and/or attack in acidic solution, and the application
of an electrocatalytic coating based on platinum group metals or oxides thereof,
optionally in admixture, by thermal decomposition at 450-550°C of paints containing

suitable precursors of the final metals and/or oxides.
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<1 Entirely simlar results were obtained maki ng use of titanium palladium
al l oy as t heV2230080#d%4 ate (ASTM B 265, grade 7, pall adi FaTEPIPIE608G0, by

wei ght), whose higher cost woul d even Have been acceptable, at |east in some
applications, in exchange for possible voltage and lifetinme gains. The

i nventors have surprisingly observed that it is possible to manufacture anodes
20 with lengthy overall thermal treatnment tinmes w thout experiencing a
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acid sol 'Slt i %gdr%lcﬁlgtricr: %lc' Ssi,o?utl%%s.ugeg lfchrqw@lérrci)c%lo?’f(::i aq:_id reconversion to chlorine and of
sulphuric acid solutions employed in many electrometallurgical processes: these
solutions may creep into the defects until reaching the interface with the titanium
substrate and start a corrosion process which in a short time can lead to coating
detachment and consequent electrolyser shut-down.
10
It was demonstrated that the defect population is a function of the coating application
procedure: in particular, the past experience indicates that the higher is the thickness
(or specific loading), the lower is the presence of defects in the electrocatalytic
coating; on the other hand, for a given thickness or specific loading, the more
15 fractioned is the application - in other words, the higher is the number of individual
layers applied - the lower is the presence of defects. In the latter case it is apparent
that the overall thermal treatment, which is a function of the number of individual

layers, may be protracted for quite a long time.

20 In the case of anodes for electrolysis of acidic solutions, similarly lengthy thermal
treatments are also necessary to endow the coating with an adequate resistance to
dissolution: it is presumable that this positive effect is associated with crystallisation
processes of the coating material leading to elimination of the more vulnerable
amorphous fraction.

25
A similar situation is also experienced when this kind of anodes is employed in chlor-
alkali electrolysis, with the industrial users often requiring the oxygen content in
chlorine to stay below certain limits, for example less than 2% and preferably less
than 1%: such a result is in fact obtained by subjecting the anodes to a further final

30 thermal treatment.

The industrial experience has shown that extending the duration of treatments at
temperatures of 450 to 550°C, although allowing to achieve the above mentioned
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15t he fol |l ow ng exanpl es, which shall not be intended as limting the scope of
the invention. EXAMPLE 1 20Sone anodes directed to chlorine evol ution by

hydr ochl ori VAEMF ¥ ¥ct rol ysis were prepared by adopti ndGTHE24080¢%8%% ng
procedure: a. acquisition of the follo®ng titaniumalloys as 1 mmthick
sheets (content of additional elenents as wei ght percentage): 25Aloy 1:

tit i - : I . 0 0 | o j = Al ] i . . 09
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vanadi um ( 2 copgero¥was/ismipusd thattisamiummalloysodnyy desttaimngCore/ @. mege slementsef

Fut heni um (o2PEohopt SRR K afBBADL Brofand et ool hetEh i T 2 L
(0. 12/ 0. 25%deferiefativanmeeptheceffeat bj a leAigthyyheiiting i Margouen, the preselfice SRidiukiD
200 01 194 L2 00T 000585 B ) B 5 ARG SRR EC, L
square pl at @se elddiiosnofssuth Blemdptenidyeat RNtcaRt @elt ddvaneheeds to Pratent by
b T AR SHARCL A RO TR A,
titani um m xggreRXive &sonRIdRE | Reiflg Ale@rofslet isBLIi-Gowry pRdcedDflisY iad Udownayethdse €ach
ayer skilled in the art.
10
Without being bound to any particular theory, a possible explanation of the positive
effects of the elements of the first set as hereinbefore defined might be given
considering first of all the reasons for the electrochemical potential increase of
titanium anodes subjected to lengthy thermal treatments: it is a widely held opinion
15 that the potential decay is caused by the growth of a titanium oxide fiim at the
interface between coating and substrate during the coating formation step: since the
thermal treatment is carried out at 450-550°C in the presence of air, titanium metal is
in fact prone to be oxidised by oxygen diffusing across the coating. Titanium oxide
produced in this way is scarcely conductive, therefore becoming a site for an ohmic
20 drop adding up to the real electrochemical potential during operation: such ohmic
drop is of modest extent, so that its impact on the electrochemical potential remains
negligible until the titanium oxide film is thin enough. The latter is true only if the
overall thermal treatment duration does not exceed certain values, which is the
contrast with the need of producing anodes characterised by satisfactory operative
25 lifetime in aggressive environments (reduced number of individual layers with still

significant residual defects) or by low oxygen percentages in chlor-alkali applications.

The elements of the first set as hereinbefore defined are firstly characterised by
being easily oxidised in the process conditions typical of electrocatalytic coating
30 application, particularly as regards temperature and presence of air: it can be thus
supposed that these elements act as dopants of titanium oxide, which acquires
thereby a far higher electrical conductivity than the corresponding oxide which grows

on unalloyed titanium. A second aspect might be given by the capability of forming
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correspondence of the crystal grain borders: as a possible consequence of this

10  discontinuous distribution on a microscopic scale, their presence inside the titanium
oxide is also likely to be inhomogeneous, with a less pronounced effect on the
electrical conductivity.

Some among the more significant results obtained by the inventors are presented in
15 the following examples, which shall not be intended as limiting the scope of the
invention.

EXAMPLE 1

20 Some anodes directed to chlorine evolution by hydrochloric acid electrolysis were

prepared by adopting the following procedure:

o)

. acquisition of the following titanium alloys as 1 mm thick sheets (content of
additional elements as weight percentage):
25 = Alloy 1: titanium - ruthenium (0.08/0.14%)
= Alloy 2: titanium - aluminium (1.0/2.0%)
= Alloy 3: titanium - tantalum (5%)
= Alloy 4: titanium - aluminium (2.5/3.5%) - vanadium (2.0/3.0%)
» Alloy 5: titanium - molybdenum (0.2/0.4%) - nickel (0.6/0.9%)
30 = Alloy 6: titanium - chromium (0.1/0.2%) - nickel (0.35/0.55%) - ruthenium
(0.02/0.04%) - palladium (0.01/0.02%)
» Alloy 7: titanium - palladium (0.12/0.25%) (reference prior art)
= Alloy 8: titanium - iron (0.5%)



EO012 SCE (1000 hours) 1.070 1.065 1.070 1.070 1.065 1.065 EC12, SCE (2000

hours) 1.070 1.070 1.090 1.085 1.075 1.065 adhesion test positive positive
posi tive | oC¥P 2008/046784 PCT/EP2007/060863
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Alloy 9: pure titanium grade 1 according to ASTM B 265 (reference prior art)

b. cold cutting of the previous sheets in square plates of 5 cm side

5 c. pre-treatment of one side of each plate by sandblasting followed by degreasing

and hydrochloric acid etching

d. application on the pre-treated side of a coating consisting of ruthenium and
titanium mixed oxide comprised of a multiplicity of individual layers, each layer

10 being obtained by thermal decomposition of an aqueous paint containing the
chlorides of the two metals at 480-490°C during 10 minutes, for a total of 25

layers corresponding to an overall ruthenium loading of 50 mg.

15 The thus-activated plates, with the addition of a further plate identified as alloy 9B
and provided with a coating with the same composition and loading, but obtained by
application of only 13 individual layers followed by a final thermal treatment of 4 hour
overall duration on a 9 type alloy, were operated at a current density of 0.5 A/m? in
electrolysis cells fed with 14% by weight hydrochloric acid at 60°C. A perfluorinated

20  Nafion 324 ion-exchange membrane commercialised by DuPont/USA subdivided the
cells into two compartments, anodic and cathodic, respectively containing the plates
under test and zirconium cathodes of the same size. During electrolysis the
electrochemical potentials Ecipsce (V, reference: saturated calomel) of the plates
working as chlorine-evolving anodes were measured, and periodic tests of coating

25 adhesion were carried out: the relevant data are collected in Tables 2a and 2b.



detachnents positive positive Table 2b alloys 7 and 9 alloy 8 alloy 9B
EC12, SCE (in it.) 1.200-1.210 1.15 1.190 EC 2, SCE (1000 hours) 1.220-1.225
1.17 1.180 BYQ2008€5782000 hours) 1.240-1.250 1.16 1.235PCT/EP2007/060863
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Table 2a

alloy 1 alloy2 | alloy3 alloy 4 alloy 5 alloy 6
Ecizsce 1.060 1.062 1.064 1.055 1.060 1.060
(init.)
Eciz,sce 1.070 1.065 1.070 1.070 1.065 1.065
(1000
hours)
Eciz;sce 1.070 1.070 1.090 1.085 1.075 1.065
(2000
hours)
adhesion positive | positive | positive local positive positive
test detachments
Table 2b

alloys 7 and 9 alloy 8 alloy 9B

Eciz,sce 1.200-1.210 1.15 1.190
(init.)
Eci2sce 1.220-1.225 1.17 1.180
(1000 hours)
Eci2sce 1.240-1.250 1.16 1.235
(2000 hours)
adhesion test positive local detachments negative

5 The data of Tables 2a and 2b show that the use of titanium alloys containing,
according to the invention, elements of the first set, first of all allows meeting the
target of operating at low electrochemical potentials with an electrical energy saving
around 50-100 kWh/tonne of chlorine, even though a manufacturing procedure
comprising the deposition of a high number of individual layers is followed in order to

10  obtain coatings virtually free of through defects. Such a result of high industrial
relevance furthermore goes along with a remarkable stability of the coating, which is
not affected by significant detachments from the substrate.
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prior art, @)beit 5of |esser extent than those obtainable with alloying
el enents of the first set (see alloy 8). Finally, the data in Tables 2a and 2b
indicate that the performances of the anodes in accordance with the invention
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coatings made of few but hjighly defective individual |ayers (see alloy 9B,

prior art) ARECEABERWER t%lau@z«,t'qwnRrﬂV%@&qlhggpwﬁwt@trpw%fo hetRyheseapiieiual

l'ayers appl ia@EdéO cOMpfsihg CBRMINYY r%dé O Fdvi B0t H@h@' djé?&étuv%%éh@idl]!al”l@yers (see
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15 EXAMPLE 2

Some anodes for electrolysis of sodium chloride solutions were prepared by adopting
the following procedures:

20 a. acquisition of the following titanium alloys as 1 mm thick sheets (content of
additional elements as weight percentage):
»  Alloy 2: titanium - aluminium (1.0/2.0%)
= Alloy 5: titanium - molybdenum (0.2/0.4%) - nickel (0.6/0.9%)
= Alloy 6: titanium - chromium (0.1/0.2%) - nickel (0.35/0.55%) - ruthenium
25 (0.02/0.04%) - palladium (0.01/0.02%)
= Alloy 9: pure titanium grade 1 according to ASTM B 265 (reference prior art)
b. cold cutting of the previous sheets in square plates of 5 cm side
c. pre-treatment of one side of each plate by sandblasting followed by degreasing
and hydrochloric acid etching
30 d. application on the pre-treated side of a coating consisting of ruthenium, iridium
and titanium mixed oxide comprised of a multiplicity of individual layers, each
layer being obtained by thermal decomposition of an aqueous paint containing the
chlorides of the three metals at 490-500°C during 10 minutes, for a total of 11
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chl ori ne-evol vi ng anodes and t he oxygen content in 15product chlorine were
nmeasured: the relevant data are collected in Table 3. Table 3 oxygen in
chl orine (mbluring @EPtXIBWEE the electrochemical potentials Ecizsce (V, reference: saturated

calomel) of the plates working as chlorine-evolving anodes and the oxygen content in

15  product chlorine were measured: the relevant data are collected in Table 3.

Table 3
oxygen in chlorine (mol %) Eciz;sce

alloy 2, d = 0 hours 2.4 1.08
alloy 2, d = 2 hours 1.6 1.10
alloy 2, d = 4 hours 1.1 1.10
alloy 5, d = 0 hours 2.3 1.09
alloy 5, d = 2 hours 1.7 1.08
alloy 5, d = 4 hours 1.0 1.09
alloy 6, d = 0 hours 2.3 1.07
alloy 6, d = 2 hours 1.6 1.08
alloy 6, d = 4 hours 0.9 1.08
alloy 9, d = 0 hours 2.4 1.08
alloy 9, d = 2 hours 1.5 1.16
alloy 9, d = 4 hours 0.8 1.25

The data in Table 3 show that in the case of anodes according to the invention
comprising a suitable titanium alloy as the substrate it is possible to carry out a final



alloy 2, d =0 hours 2.4 1.08 alloy 2, d = 2 hours 1.6 1.10 alloy 2, d = 4
hours 1.1 1.10 alloy 5, d = 0 hours 2.3 1.09 alloy 5, d =2 hours 1.7 1.08
alloy 5 d HORYSPL™S. 0 1.09 alloy 6, (112 = 0 hours 2.3 1.R§T/ERPY0GH)60863 d =2 hours
1.6

thermal treatment in order to diminish the oxygen content in chlorine to levels of
complete industrial satisfaction without any significant potential penalty taking place.
Such a result is not pursuable with the anodes according to the prior art wherein the
titanium substrate, free of the alloying elements in accordance with the invention,
5 forms a non-conductive oxide, which grows thicker with the protraction of the thermal
treatment to which the anode is subjected (see alloy 9): the growth of the non-
conductive oxide entails an obvious worsening of the anodic working potential, which

can be quantified as about 100 kWh/tonne of chlorine.
10 EXAMPLE 3

Two pairs of 1 mm thick square plates of 2 cm side, obtained by cold cutting of alloy

6 and alloy 9 (prior art) sheets were treated as follows:

15 a. pre-treatment of one side of each plate by heavy sandblasting in order to
produce a high surface-roughness degree, followed by degreasing and
hydrochloric acid etching

b. application to the pre-treated side of each plate of a coating consisting of
iridium and titanium mixed oxide comprised of a multiplicity of individual layers,

20 each layer being obtained by thermal decomposition of an aqueous paint
containing the chlorides of the two metals at 490-500°C during 10 minutes, for

a total of 16 layers corresponding to an overall iridium loading of 32 mg.

The plates were installed in undivided cells containing a 10% by weight sulphuric
25 acid solution at 60° and zirconium cathodes of the same size. The plates were
operated as anodes for oxygen evolution at a current density of 2 A/cm? in order to
simulate substantially more severe operating conditions than those typical of
electrometallurgical processes such as fast zinc electroplating of steel sheets or
copper-foil deposition of controlled thickness.
30
During operation the electrochemical potentials of the plates were detected: the
measured values were 1.35 V/SCE and 1.55 V/SCE respectively for the anodes

according to the invention consisting of the catalytic coating applied to alloy 6 and for
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10  The previous description is not intended to limit 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"
15 and variations thereof such as "comprising" and "comprises" are not intended to

exclude the presence of other elements or additives.



20 each layer being obtained by thermal deconposition of an agueous
pai nt containing the chlorides of the fldo netals at 490-500C duri ng
10 mnutes, for a tot aI of 16 layers corresponding to an overal |
iridiumloading of 32 . The plates were installed in undivided
cells cont ai(ﬁﬁ-ﬁ 2 10% by wei ght sul phuric 25 acid solution at 60
and zirconium cat hodes of the sane size. The plates were operated as
anodes fdr dnpgenfos\aikatraanemicalaprogessan campsising amataliccsibstiate addran
to si mul at e ededixtcatdlyid lopating ewlever ianjuen agxidey laperdin | betewethacontavtey
typical of e¢latHunengbapl wdakabnoiorcesises teedofaforfrasgt Bl BC multiplicity of
el ectr opl at iimdlvighiaPla§ers SHaRict By th—‘é?ﬁi%ﬂfE:IeEQhw'poQﬁiBﬁSdftslo‘RibI@fprecursors the
control | ed t;ﬁété ices st%Qe%uthm‘éB@réf IOt ChRG) a t [eas
potential's g AISBIL T eéo ma%sa A A é% ik
s | k) 'élrgglOf

V/ SCE and 1 @g@ﬁé %|§ ‘_fém o?ls 8 r%c Of
for V\DZOO

i nvention ce

the prior a @” ’eYﬁ‘{‘aE ‘émeéla ?—freera'ym yStE]"é 3(':"8 Wé§° qsquattgamum
titani um f r 8idsr layer Byemgsed datyesn B‘PI sungte anditha lgctiasaialyic
seen in exagpabng, wberausvcaro@m:l@r@fcsaﬂdu pnerpmile@blmel@m@t abtadned
in the caseduﬁngrsniésthennaladEeompobléon,petsapanmily\ disprsednvsidel artdaciam
processes i oxidenkget, and whagsinessdd tiganibmsalphof saidsmktdliosebstrate further
el ectrocat akyghipriseadt REst e elamentobelctad friopl iCiskiond datdiorslling of

| ayers can hgief\-apaprdieoyshy coppbi.ed, allowing to elimnate or at
| east reduce to margi nal |evels the presence of defects which m ght

‘ Qf‘ggte: 01(:: I'I4 teeér\ ¥‘f BH i écg.[fg ﬁ%@éld OF jaish ggggdrk%'ﬁ%lﬁ el%mreg% is
i nt ended to % egﬁﬁ] @’Wéé aﬁéd accordi ng to
dlfferenge odlrrets vmth ?fro t he scgpes ther ?n
whose ext’ent NPs? evBEQP?)P d $e Rt °y includes
Thr oughout PHZ-8 840 it W@@hér\'élﬂ'tﬁnaifﬁe Od¥1-0 R rbas\éﬁngh&@ﬂla@wm h1-GR%
term "conpr Py aveighghaomium andohS5tthed %olpy w&@ht@tﬁkeborrprl sing" and
"conprises" are not intended to exclude the presence of other
el enent s 4or Anddetfor electrotderdical pcksséaadmdrizinged endtabicrsistrate provided
processes coiprdrsélegtrocamiyaicldoating kshtaniag phtirium g metals anvldroxides
coating W t thetrebf tigmhat BXidemLmipgeity B DRUWRARI CROEA réib%ﬁln@ﬂaby Nth&rmal
group netal 8e€6‘rﬂ 8§|t|8ﬁ'd? I H@%uf&?ﬁﬂe%eﬁalﬁﬂ‘ Lb&AE! é1 fmade of a
%

S A

i ndi vi dual 1R8It

precursors,

cont ai ni ng gFﬁﬁg lkﬁeﬁ

t hermal decB ition, said at | east one oxidisable eIenent bei ng

sel ect ed from a first set consisting of alumni um ni obi um chronm um
manganes y@ﬁf@rﬂl apytaienplithe tPi“hV'O't'%ﬁ?iaﬁ'm&HV Sraiadrishingigdual Iayers
zi rconi um  BHKNG Rl SHidr toegalyitongeatiiongre obtainedinbyxistecespive thermal
i nt er posed Hecowpasitine shapsadi Omralhﬂstatl&nmlgimr thae 1eh@ot r ocat al ytic
coating, wherein an oxide of said at |east one oxidisable el enent,

obt ai nedsduThs@redietbitdigimslwitterebeaidi diestrocatslyatdatingd s ﬂﬂjt’tﬁ@ﬁ@;ﬁ@]@c’[ed

inside a titxaifidgl Merfel fréyipdentand wherein said titaniumalloy of
said netallic substrate further conprises at |east one el enent

sel ected-fr (o) t
copper. 3. ELQC‘WW' SirabtSR Lt gl S Wi ¥ bnodd BF g bre of
oxi di sabl e PESSent at a concentration of 0.01 to 5% by

wei ght. 3. The anode of one of the clai 0 ein said

titani umBa| Usg ofee Gelbef dam 76009% Bipc nﬁ@ﬁt‘)fﬁﬁﬂggpﬁﬁﬂf’@c@ﬁ@ub@% by
wei ght pal | adi um 0. 1-0.2% by wei ght chrom um and 0. 35-0. 55% by

wei ght nBckblse of the cell of claim 7 in a chlorine-caustic soda electrolysis process.

10. Use of the cell of claim 7 for an electrometallurgical process with oxygen
anodic evolution in an acidic electrolyte.

11. Anode of claims 1 or 4 substantially as hereinbefore described with reference



4. Anode for electrochem cal processes conprising a netallic
substrate provided with an el ectrocatall§tic coating containing

pl ati num group netal s and/or oxides thereof fornmed by a multiplicity
of individual |ayers obtained by thermal deconposition of soluble
precursors, thdortydNe ef ©ggaaplesnei ng made of a titanium all oy
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coating is furt jected to a fina rmal "treatnment. 7.

El ectrolytic cell characterised by being equi pped with an anode of
any one of the previous clains. 8 Use of the cell of claim7 for the
el ectrolysis of a hydrochloric acid solution. 9. Use of the cell of
claim7 in a chlorine-caustic soda el ectrolysis process. 10. Use of
the cell of claim?7 for an electronetal | urgical process with oxygen
anodic evolution in an acidic electrolyte. 11. Anode of clains 1 or 4
substantially as hereinbefore described with reference 15 to any one
of the Exanples. 12. Electrolytic cell of claim?7 substantially as
her ei nbefore described with reference to any one of the Exanples. 13.
Use according to any one of clains 8 to 10 substantially as

her ei nbef ore described with reference to any one of the Exanpl es.



