TITLE OF THE INVENTION ELECTROLYSIS METHOD TECHNICAL FIELD 5[00011 The present
invention relates to a-preferred electrolysis method when electrolysis is carried out using various
agueous solutions and solvents as an electrolytic solution; particularly when the electrolysis is carried
out at a high current density or when the viscosity of an electrolytic solution is high. An example of
electrolysis methods is an electrolysis method used when a 10 resist is removed from a wafer surface
by a persulfuric acid solution produced by electrolyzing a sulfuric acid solution in a semiconductor
manufacturingd pro¢ess” (EbimdivésNEiered to as "persulfur ¢ acid method" hereinafter). 15
BACKGROUND ART [00021 As_a method of removing a resist from a wafer surface in a
semiconductor man ME}@R/I method (acronym of Sulfuric acid and hydrogen
Peroxide Mixture: cleaning method using a mixture of concentrated sulfuric acid and hydrogen
peroxide) has conventionally been 20 used widely. However, in the SPM method, hydrogen peroxide
is mixed with tecgieaming. licued concentrated sulfuric acid solution) each time when the cleaning
liquid is used, and therefore the concentration of the sulfuric acid decreases along with mixing with the
hydrogen®peroXidié] Afher areeetininvenbenoteinies of the rrdtineys dhelestidibationmsohest of the mixture

25 decreases.wéan SLi'Ch an occasion,.the cleanin Ii%c%uid is to be disﬁﬁosed of, ndlan increased
chemical cost'#Hd &1 ERONGHRETES BBE@%%S K adqneous solutions and solvents

as an electrolytic solution, particularly when the electrolysis is carried out at
a high current dengity or when the viscosity of an electrolytic solution is high.
An example of electrolysis methods is an electrolysis method used when a
10 resist is removed from a wafer surface by a persulfuric acid solution
produced by electrolyzing a sulfuric acid solution in a semiconductor
manufacturing process (sometimes referred to as "persulfuric acid method"

hereinafter}.

15  BACKGROUND ART
[0002] As a method of removing a resist from a wafer surface in a
semiconductor manufacturing process, the SPM method {acronym of Sulfuric
acid and hydrogen Peroxide Mixture! cleaning method using & mixture of
concentrated sulfuric acid and hydrogen peroxide} has conventionally been

20  used widely. However, in the SPM method, hydrogen peroxide iz mixed
with the cleaning liguid (concentrated sulfuric acid solution) each time when
the cleaning liquid is used, and therefore the concentration of the sulfuric
acid decreases along with mixing with the hydrogen peroxide. After a
certain number of times of the mixing, the oxidization power of the mixture

25  decreases. On such an occasion, the cleaning liguid is to be disposed of, and



[0003] In order to address this problem, a persulfuric acid method compensating the defects of the
SPM method is proposed (refer to a patent document 1). The persulfuric acid method generates the
persulfuric acid 5 (peroxodisulfuric acid) by electrolyzing a sulfuric acid solution, and a strong
oxidization power of the persulfuric acid is used. The persulfuric acid oxidizes and decomposes the
resist into CO2 and H20, and then returns to the sulfuric acid, and recycling is thus realized by
returning this liquid to an electrolysis cell. As a result, a higher merit over the SPM method is thus 10
expected in tetmsnofthesredustionlincdieoiemiealicostamd thedgmsaeonprehldmad. [0004] An electrode
used for the elﬁcétro ysis of sulfuric acid is referred to as "diamond electrode", and an electrode

manufactured _p&itﬂ&%iamoﬁ&%a@% Hrsc.’ﬁﬁ{?&‘f s&béf?éﬁé&%”f@rnﬁ%@‘aidﬂ%%dlayer in an
order of Somec%ﬁxgyﬁﬁgm?ée&?etﬁeﬁgé&? JEDSOEPNFIQMEIErs, 308 BYNplaning gdg%g 5 boron thereto

for conductivity is usually used. This electrode Is used as an anode and a cathod n electrolysis

cell. It is consideseshdhat theTempleympnatiof taa! diavaand eleckadestelimipatesdegragation of the
electrodes even at a high current density, resulting in a stable electrolysis process. 20 Patent

document?l: JepsaprsbspHiart Applibatidactaii-dpen NOfRH06- K 4880 ISCUGSUREZOF THE
INVENTION PR%BLEMS TO BE LVED BY, THE INVENTION 2 50005} H}?V\{ever,, research
conducted by TRAFRRERRAYERSHs iss REVRHER R dhE dishtbnd 135eP B tHE Safidhd electrode

surface graduglyawears,along,wiih & continuous greraign.inithe,aersufuricAcid methgd using the

diamond electrodes. For example, when a diamond layer of 50um In thickness is present on as the
anode surfacetibe:tlieknassi may decrelase ot hadlor a fraetion-after dieaniiidauspperation for
100 hours. This phenomenon occurs only on the anode surface, and does not occur on the cathode
surface. A big PrsBietrsisiel: putiny thisfe s diahier Fertifnemsdhate PMctethubésisiat the diamond

lectrod fter the ¢ tion f hart periqd of time, si lectrode w: tly affect
ciectrod e, SHFTOHG Ao R BIoLHDHE 2 BA CVEF ToBDBI P S AL HVGRIS i3 devised i

view of the abgygrmentioned situation, and has an object of providing an electrolysis method which
can electrolyze very efficiently while reducing electrode wear in an electrolysis process. 15 MEANS
FOR SOLVIN@THE RREBIHEMSused for the electrolysis of sulfuric acid is referred to as

"diamond electrode", and an electrode manufactured by depositing diamond
crystals on a silicon substrate to form a diamond layer in an order of some

15  micrometers to some tens of micrometers, and by implanting (deping) boron
thereto for conductivity is usually used. This electrode is used as an anode
and a cathode of an electrolysis cell. It 1s considered that the employment of
the diamond electrodes eliminates degradation of the electrodes even at a
high current density, resulting in a stable electrolysis process.

20 Patent document 1! Japanese Patent Application Laid-Open No.

2006-114880

DISCLOSURE OF THE INVENTION
PROBLEMS TO BE SOLVED BY THE INVENTION

25  [0005] However, research conducted by the present inventors has revealed



[0007] As a result of intensive investigations of causes of the above-mentioned problem which is
carried out by the present inventors, the present inventors considers that the diamond electrode wear
is caused by 20 employing the highly concentrated sulfuric acid which is an electrolytic solution having
a high viscosity and a low ionic dissociation degree, and by supplying an electric power at a very high
current density. A specific description thereof is given as follows. For electrolysis at a

predetermined current density, a corresponding 25 number of ions need to move to the anode or the
cathode per uﬂﬁabéhﬁdila\mﬁéi% {REes pRien ddsoRdisier Mderonfzet, SsTaREeHSO4- move to

the anode, and, react the anode surface, thereby generating .S2082-. However, when the current
ERd VT

oL YIRS g -
density is high: the supply of sutficient humbers of Fan FSEHG 5 rbon atoms on

the diamond elactionle sufacas arerextragiachiandyaxidizedithgsaby Wenerating CO3IZ- Itis

considered that this leads to the wear of the electrode. The moving speed of ions largely depends on
the viscosity dfithkrigaits. Misentthe visdositydddews;ithe, iohs idackeasiynmovecirdbe tiquid. The
viscosity is a function of the concentration and the temperature. Moreover, as the ion concentration 10

increases® moréEndrgRs FAFIAR A din CRLE B Mie REHRIE Syl She BH Tond@htration depends

on the electroie.conashiraian eadihe.ofle dizsaciafion.Ine jonic dissaiation depends on the -
electrolyte concentration and the te perature, ana it Is thus considere at the ion concentration is a

function of the-gles@oiercancentsationanchineHemparatuent heweanek Ledhegleciode can thus be
avoided by properly managing the concentration and the temperature of the sulfuric acid solution.

[0008] Since thdoisessity diserimbvy dbetidéaseifuticladichdorvoentraticn decreasesothierwear can be
avoided, andals&}a current efficiency (a %antit% of generated persulfuric acid per current quantity)

advantageousy* HEFeHEaY! 5H R ERT FRER e CeuRESaLY aohcerientsrinsiGvaadapor pressure
of the watgr i%@ﬁ&%ﬁai@@f@éﬁ@et@?e%gﬂlweﬁ vaporized water consequently increases in a resist

removing process bath, and such a defect that may cause a trouble in the operation occurs. It is thus
important to pfopEsly Belegtaseambinationotshe-congentration amdthe emperatitiendoreover, though
situation, and has an object of providing an electrolysis method which can
electrolyze very efficiently while reducing electrode wear in an electrolysis
Process.
i5
MEANS FOR SOLVING THE PROBLEMS
[0007] As a result of intensive investigations of causes of the
above mentionsd problem which is carried out By the present inventors, the
present inventors considers that the diamond electrode wear is caused by
20  employing the highly concentrated sulfuric acid which is an electrolytic
solution having a high viscosity and a low ionic dissociation degree, and by
supplying an electric power at a very high current density. A specific

description thereof is given as follows,

For electrolysis at a predetermined current density, a corresponding

e
lozi

number of ions need to move to the anode or the cathode per unit period.



25 the viscosity decreases as the temperature of the sulfuric acid solution increases, the solution
temperature needs to be properly set since a decrease in the electrolysis efficiency and promotion of
decomposition of the persulfuric acid are suspect when the temperature is too high. The ion
concentration is not always high when the electrolyte concentration is high, 5 but a maximal value
exists at a middle concentration. It is thus need to properly set the concentration. [0009] The problem

. of the electrode wear is a %en_eral_ problem of a electrolysisgrocess. Since the electrode life decreases

as the general&1eB bRy el protacd robirqa deatipdr G Rer i FRIARIRY 4t IR VTR thE case 10 that it
is better to ca{g%%#tépﬁ Pe(rﬁ&eés t%eaaf%%\ﬁetgWe?ggt%gfe'ﬁg‘#gx&%ﬁﬁé%é@%zpml?ig@‘e%;}he electrode
[ i ] ave

wear in the persulfitric acid metho e present inventor ound out a new problem that the

viscosity of the sudfyre acideselutinminGierses when fedigeid:rmppner atweofdhe Solfuric acid solution
is too low, and the electrode wear progresses. As a result, the 15 present invention is achieved. [0010]
In other wordsydnt&fédirdiisshmeth oo dceohding tore first Espdistofitemased kwdmion, includes:

passing an electrolytic solution through an electrolysis cell including at least a pair of an anode and a
cathode; and JfpPRIRG e %*F&%%@MH@&%@%W&%%@?@@ as T ERERFONZEHRS0 electrolytic

solution, whergin the visgosity qfihe Sleclralylic selutian,is setin a 13008 Jp fespanse (o a current

density upon the electric power supply to carry out the electrolysis. © [0011] An electrolysis method
according to alsgcehdaspectaidhepresant inpadtiomizabanactesizeyndhatthdeleetrolytic solution is
a sulfuric acid 25 solution in the first aspect of the present invention. [0012] An electrolysis method
according to &#ir¢aspechoMtheprébentifivéntior e chvarectdrized in tharaienviséoshy of the sulfuric

acid solution is equal to or Iessdtr%gnn 10cP when the gurrent deng,itééis equal to ortle%s than 50A/dm2 in
the second aspEEtBFHA S Eh evéﬁ?i%’r“??%ttﬁﬁmf% et alysis' method aCeHfdNG o a fourth

aspect of ihe present inyention is characierizad;in thatbe yiacosibnot ibe sulfurieragighsolution is equal

to or less than 8cP when the current density is from more than 50 to 75A1c1m2 in the second aspect
of the presenteivention¢d0hAnlelegirolyisisdrethdgtaccording tatafifth @b pdet abilie present 10
invention is characterized in that the viscosity of the sulfuric acid solution is equal to or less than 6¢cP
when the curréifeersnsiogid Mo oS thEAT6eronAsdrr2thie tRie GEeliHR “3FeEPE PR present

invention. [00121,A electrolvsis methpd acqarding (0,3 8 25RCt o NS RIESEIL: is a

function of the electrolyte concentration and the temperature. The wear of

15  the electrode can thus be avoided by properly manpaging the concentration
and the temperature of the sulfuric acid solution.

[0008] Since the viscosity decreases as the sulfuric acid concentration

Jecreases, the wear can be avoided, and also a current efficiency (a quantity

of generated persulfuric acid per current quantity) advantageously inereases.

920 However, when the sulfuric acid concentration is low, a vapor pressure of the

water increases. Therefore, the quantity of vaporized water conseguently

increases in a resist removing process bath, and such a defect that may cause

a trouble in the operation occurs. It is thus important to properly select a

combination of the concentration and the temperature. Moreover, though

25  the viscosity decreases as the temperature of the sulfuric acid solution



invention is characterized in that the viscosity of the electrolytic solution is 15 controlled by adjusting
an electrolyte concentration and a liquid temperature of the electrolytic solution in any of the first to fifth
aspect of the present invention. [0016] An electrolysis method according to a seventh aspect of the
present invention is characterized in that the electrolyte concentration and a 20 temperature are
adjusted so that a coefficient P. calculated according to the following equation (1) from concentration
of ions generated by dissociation of the electrolyte of the electrolytic solution and the viscosity of the

electrolytic SORfFEATE e EREPIHOMETRRREH 1 o MHGR \RPFIRRGTOF BhE HISES SR X Epects of the
present inventjon,; 25[ atian. . Chyrz: n on:.Ch i centration
E(zCb) : sum%}f 2%% o%é%lgie%%%eggg\h%é%e@g_vé%{gg%%%mggg%%%%%%oIg%;i]sﬁ%nethod according
to an eighth agpect®ithe gresent investion is chakacterizesh inthat the amqtie ahtkthiencathode are
diamond electrodes in any of the first to seventh aspect of the present invention. [0018a] In an
embodiment, therenis priovideddrpblesrdiSiswhethork ebripabiHypussig éesuRUtigacid electrolytic
solution, with a concentrati?n 60wt% or more and in a tem%)erature ra%gle 9 30 to 9(9%‘ through an

e&f oo }

electrolyss cAFBITRTS I F45E% BaiF oA fo e 4He CHIROHE Hishiond STedtHSdR& ARy supplying the

electrodes wi gggggj%é%q\ﬁ/gBoﬁgeﬁxlgdglgctrolyze the electrolytic solution, wherein a viscosity of the
electrolytic solution IS set in a range: equal to or less than 10cP when the current density is equal to or
less than 50A{gm2] erual secbidessothane8eR sihelk theeanrientdeasityis frarlemorefthan 50 to
75Al1dm2; equal to or less than 6¢cP when the current density is from more than 75 to 100A/dm2.
EFFECTS ORIRHECI KN TR {002 T1A cst ditertertive Blsctefyarsefetfodhst #R2prdlsent invention,
since the viscosity of the electroli/tic gglu&ion istseiuinh% lf%g%e irll E{i%slpéorﬁ% to a cyrrent density upon the
electric power SISy t6° EEAS SUSHE Bic i oy Nid e ISRV aIe ethod Including: passing an

electrolyfis sojutien:trauah,a elschalysinceldnsluding aideast fpaitel anmaede:and a cathode; and

supplying the electrodes with an electric power, so as to electrolyze the electrolytic solution, the
electrolysis pracess gasbbarhighbhefficientiyecarsiadioutlvehiberanlélectrodd weahid retdeced.
Particularly when a highly-concentrated sulfuric acid solution is electrolyzed at a h%i%h current density

using diamon@XEReat JasntREs drern dyatd pro@sB LR P HRP R BRSO JhRI GRS hile the

electiode wear fsreducesl. BRIEE DESCRIPTION QF PRAVINGS. 190201716 AhAghart describing a
relationship bétween a Sulfdric acid
acid solution is too low, and the electrode wear progresses. As a result, the
15  present invention is achieved.
{0010] In other words, an electrolysis method according to a first aspect of
the present invention, includes! passing an electrolytic solution through an
electrolysis cell including at least a pair of an anode and a cathode; and
supplying the electrodes with an electric power, so as to electrolyze the
20  electrolytic solution, wherein the viscosity of the electrolytic solution is set in
a range in response to a current density upon the electric power supply to
carry out the electrolysis.
[0011] An electrolysis method according to a second aspect of the present

invention is characterized in that the electrolytic solution is a sulfuric acid

25  solution in the first aspect of the present invention.



concentration and a viscosity in a sulfuric acid solution at a predetermined temperature. [FIG. 21 A
chart describing a relationship between a concentration and a dissociation equilibrium in a sulfuric acid
solution at 50C. 5 [FIG. 31 A diagram showing a cleaning system used for a method according to the
embodiment of the present invention. DESCRIPTION OF THE NUMERALS [00211 10 10 Resist
removing device 11 Process bath 12 Circulation line 14 Heater 20 Electrolysis sulfuric acid unit 1521

Electrolysis c%l 21a Anode 21b Cathode 21c Bipolar electrode 22a Liquid feed line 20 22b Liquid
return line BESTRIOBE SR &R YHIE O ordiRe kv ENTFINes[oe2 2 £l Betidis a flow of a

cleaning system which .rerFovesi and gleaﬂilsﬁg {&Si‘%t of serﬂi;%ond ictor Wa(gFr i%h a persulfuric acid

. vention cnaracterized in CO8 " O & BUITUTIC ACif SpIULIon 18
solution generateg by é%e ectrolyzing a sulfuric acu% SO][U¥IOI'] using diamon ei)ec ro?:les. The

cleaning systemis eoBstiLeieHbY Repmbnaton Qb frRiRIaMoving.dgvicer1Randan electrolysis
sulfuric acid unit 20. A detailed description thereof will now be given. [0023] The resist removing
device 10 inchitfes m’protessdoatis kipsttioh Htorassent invention.

5 [0013] An electrolysis method according to a fourth aspect of the present
invention ig characterized in that the viscosity of the sulfuric acid solution is
egual fo or less than 8cP when the current density is from more than 50 to
75A/dm? in the second aspect of the present invention.

[0014] An electrolysis method according to a fifth aspect of the present
10  invention is characterized in that the viscosity of the sulfuric acid solution is
equal to or less than 6¢P when the current density is from more than 75 to
100A/dm? in the second aspect of the present invention.
[0015] An electrolysis method according to a sixth aspect of the present
invention is characterized in that the viscosity of the electrolytic solution is
15  controlled by adjusting an electrolyte concentration and a liquid temperature
of the electrolytic solution in any of the first to fifth aspect of the present
mvention.
[0016] An electrolysis method according to a seventh aspect of the present
invention is characterized in that the electrolyte concentration and a
20  temperature are adjusted so that a coefficient Prcalculated according to the
following equation (1) from concentration of ions generated by dissociation of
the electrolyte of the electrolytic solution and the viscosity of the electrolytic
solution is equal to or more than 1.2molAL: cP) in any of the first to sixth
aspects of the present invention.

25 10017] {Equation 1]



5 a persulfuric acid solution as a cleaning liquid, and into which a semiconductor wafer is inserted for
removing resist, and a circulation line 12 on which a pump 13 is interposed is connected to the
process bath 11. A heater 14 and a filter 15 are sequentially disposed downstream of the pump 13 on
the circulation line 12. 10The circulation line branches at between the pump 13 and the heater 14, and
a liquid feed line 22a for feeding a discharged cleaning liquid to the electrolysis sulfuric acid unit 20 is
connected thereto. A liquid return line 22b for feeding out the persulfuric acid solution from the
electrof%sis Suybaric acid unit 20 is connected to and merges with the circulation line 12 15downstream
of the filtér I5. [0024] The electrolysis sulfuric acid unit 20 includes an electrolysis cell 21 for
generating persulfuric acid ions by electrolyzing sulfuric acid solution, and the electrolysis cell 21
includes . an anpgenditdeandiancathode 21b constructed by diamond electrodes, and a bipolar electrode
21c disposed 20 between the a od 21a and the cathode 21b. The bipolar electrode 21c is polarized
by electfié p%&?ﬁﬁtﬁwoﬁppe% n anode or a cathode according to electrodes that the bipolar
electrode 2k faces, and functio s s’an anode and a cathode of the present invention.  [0025] The
liquid fegg g;g %%% Is.con cted to the |I%UId inlet side of the 25electrolysis cell 21, and the liquid
dréfop ctive 101 8

return lin iS connecte e liquid™o tifiét side of the electrolysis cell 21. A cooler 23 for cooling
solutionglowmﬁnrwgh the line is interposed on the liquid feed line 22a, and a gas-liquid separator 24,
ares Oq 2 ar?d a ﬁ‘g re seq uentla pose(tj the liqu iLd return line 22b. Moreover, a
hydroeg e AT 1'61 \S/i?;e 15 %%‘nnécf’e gpara Heg”é”éss? EPI aSTiF I 4&patator 24,

[0026}hatdb@@nmt¢m@uﬂblerm\,hdde gﬁ/émro@@m@mm@m&mmﬁme@mwwﬁt@mm@ﬁ@oIutlon
having,apfggdetermined sulfuric acid concentration (predetermined electrolyte concentration) is stored
in the frocess bath 11 of 10 the resist removing device 10, and an operation is carried out at from

120C ¥ 8y dnAnE P desns s 151P‘"‘1’H8‘3§cﬁﬁﬁ%ﬁ?t%ﬁéﬁ?‘ﬁ‘é‘?s&%?ﬁsgﬁdpﬁﬁ’%Euﬁh‘&’fﬁeai‘:‘%amng
and theécpesbultusiduaiol] ioits Mmtgenermad’my@mv@kyzlmgathﬁr@um mtgel(mﬁS%(Deitu 890, the

sulfurig, agi éﬂ. d%? RIRRULAT Q%QH(%E% PHa I %fFB?rQ e l{%aké% DS '%?Mx%ﬁ&b%@e and

15 after thé electr % can be regarded approximatel yt e same, and the electrolyte concentration of

the softifieaiith %@%spve@bMmémma&taa&%mWst%wq@qu%%mﬁérf‘awe of the
solutiamskepi by healingdhasalliion bytha healge: kunterposed wmihecpiradatianlinend danen the

solution is CII’C lated throu hgthe ulat n line A of the solution in the circul tlo éne 12 is
ke BOERFACA T LA HEUB TR928 ChlA B T8 1S bReGICEa D LT Chals 3

this oéeé(élf@édmh@%ldﬂ@n%%@@l@ﬂm&@é@@d@m}ymmﬁmg}m@ fron7 3400 86/760at an outlet of
the cooler 23, and reaches the electrolysis cell 21. The branched liquid is 25 electrolyzed by supplying

an eleEfiEgoter atiegreédeteriNed current
[0019] According to the electrolysis method of the present invention, since the viscosity of the
electrolytic solution is set in a range in response to a current density upon the electric power supply to
carry out the electrolysis in an electrolysis method including: passing an electrolytic solution through an
electrolysis cell including at least a pair of an anode and a cathode; and supplying the electrodes with an
electric power, so as to electrolyze the electrolytic solution, the electrolysis process can be highly
efficiently carried out while an electrode wear is reduced. Particularly when a highly-concentrated
sulfuric acid solution is electrolyzed at a high current density using diamond electrodes, the electrolysis

process can be carried out highly efficiently while the electrode wear is reduced.

BRIEF DESCRIPTION OF DRAWINGS
[0020] [FIG. 1] A chart describing a relationship between a sulfuric acid



density between the anode 21a, and the cathode 21b in the electrolysis cell 21. The electrolysis
reaction is a heat-generation reaction, and an outlet temperature of the electrolysis cell 21 generally
increases by about 10C to 20C with respect to an inlet temperature. Therefore when the solution has 5
a viscosity equal to or less than a desired viscosity, namely has a temperature equal to or more than a
predetermined temperature at the outlet of the cooler 23 in response to the current density, the
viscosity of the solution in the electrolysis cell 21 can be kept to a value equal to or less than a desired
value. 10 [0028PTépeisu Hadcaacieisiiy dreagenéuateddidmoihésulfric meidk sotutiondby the
electrolysis, and are discharged from the electrolysis cell 21 via the return line 22b. Electrolysis gas i.s
generated by YHERIEEF S sis reaction in the electrolysis, and fed to the return line 22b along with the
solution, a gagreld) senaatiof s hia carried auhb G AU 2 3ERAIRIRT % and a separated
gas, in particular, hydrogen is treated by the hydrogen treatment device 25. The solution from which
the gas is sepdiratethhiyihe @hs-liguid sepanatet24tis sioiedinthsoreservoir 26, and is returned to the
circulation line 12 by the pump 27 according to necessity. This configuration regenerates the
persulfuri acilii6n Bahdinsedis b e procesiarsem therdfyriecapitip drepedsalftsic acid
concentration, in thebcllganin% Iigaild to asp%roximatel constant. [0029] The present invention prevents
the sulfuric acid CONCERtration from Bxce &Fﬁlﬁ ef’rf‘ﬁé“%/‘l‘edetermined concentration in order to prevent
electrode wear. On the other hand, when the sulfuric acid concentration is low, the 25 viscosity of the
sulfuric acid solution decreases. Therefore, not only the electrode wear can be avoided, the current
efficiency alsdikc(aaeEE] @GN & gaherafidd Bfisieticy of the persulfuric acid increases. However, when
the sulfuric acid concentration is too low, and a vapor pressure of the water increases, the quantity of
vaporized wa Piéreases in the resist removing 5 process bath, and a defect that may result in a
trouble iff(?pe{etieg Q %grsdvl\l/llg)r%%veré a high sulfuric acid concentration is necessary for the wafer
cleaning. There is thus a Towerimit for the preferred sulfuric acid concentration of the cleaning liquid.
Moreover, the;pregeptdnvgnrtion prevents the liquid temperature of 10 the sulfuric acid solution from
decreasing to a temperature equal to or less than the predetermined temperature in order to prevent
the electrode Weanchhgumghlihe viscosity decreases when the temperature of the sulfuric acid solution
becomes high, the decrease in the electrolysis efficiency and the promotion of decomposition of the
persulfuric acidt &i€%8hcerned when the 15 temperature is too high. There is thus an upper limit for the
preferred SO'%@E}E%@Qﬁ@é%&ﬁfﬁ@%5!?8&{&')/“C solution or the cleaning liquid. [00301 The above
description of the embodiment Is directed particularly to the electrolysis of the sulfuric acid solution
using thegliarmpmieiesivedesHowever, when other electrolytic solutions or other electrodes are used,
the

Zla Anode
21b Cathode
2ic Bipolar electrode

22a Liquid feed line

20 22b Liguid return line

BEST MODE FOR CARRYING OUT THE INVENTION
[0022] FIG. 3 shows a flow of a cleaning system which removes and cleans a
resist of a semiconductor wafer with a persulfuric acid sclution generated by

25 electrolyzing a sulfuric acid solution using diamond electrodes.



20 present invention can be effectively applied, since the electrode wear is expected due to the
influence of the viscosity and the ion concentration of the electrolytic solution and the current density.
[0031] Though the liquid temperature of the electrolytic liquid is kept in the predetermined range based
on the liquid temperature of the sulfuric acid 25 solution to be electrolyzed, namely the liquid
temperature of the electrolytic solution ,at the electrolysis cell inlet, to be supplied to the electrolysis
cell in the above description of the embodiment, the liquid temperature of the electrolytic solution may
be maintained basedd thedkjug wHiparatreopstticisidcholpticenkitetidischargediftom the
electrolysis cell. 5 0032#2 Sulfulrtgc acid will ge cited as an example to explain the relationship of the
viscosity with tHe &lettrd y‘fléz%oncgr‘?f#a"ﬁ%ne @ﬁgﬂsrég’égoﬁﬁ't%ﬁrfgrﬁﬁ@réfﬂ’r‘é Retere¥étiftentally
investigating the.gendiicns Rfhe :soltion.te;be electrolyzed without the wear of the electrodes when
the sulfuric acid solution is electrolyzed, and the current density is equal to or less than 10 50A/dm2
(refer to an eXanidke Thessiiliedater)nthédnvestigatdddzenditionsarealv i bidthestéuric acid
concentration and 30C of the liquid temperature, and 86wt% of the sulfuric acid concentration and 50C

of the liquid températifa T haciksctiiyiondes tie sbsvenntitiods, Mrictinie sttithed based on the

relationship (FIG..lg %Ith,(%visc sit withc%h ulfuric 15 acid concentration and thgg liquid temperature
described in a document(l) are ?d%lf’ng%r eé?g(): r?&%vé%gvléﬁfsaha i %%ﬁ‘ﬁ%%ﬂ? %?qgl electrolysis

condition withewthe-rlaciiads weas is.eqyakia of less thamlQeBhwhenthe surent degsity is equal to
or less than 50A/dm2. A relationship between the sulfuric acid concentration and the liquid 20

temperature reegfieed forsbtafiiey dviseosigpwithibl thissange B thus censiderke pased on FIG. 1.
From FIG. I, when the liquid temperature of the sulfuric acid solution to be electrolyzed is 50C, the
viscosity does REPRESH HHEB RIS Fhe sulfuric acid concentration is 80 to 95wt%, and a possibility

of the elggtrode weari s o ZOHASYGLAIION FIG, L. WS/ e 1941 famperatyre of the suluri

acid solution is 40C, the viscosity of the sulfuric acid solution carinot bé equal to or less than 10cP
unless the conagatrationjsimaistaineceduat tRaIRss hami8wiYeiand.tbaigdsapassibility of the

electrode wear. Thus, when the current density is equal to or less than 50A/dmz2, the 5 liquid
temperature cfleiEdufisriendtiticelidomis Ahiatainedcseidhtrormaekdithad 50Crodihe liquid
temperature o%‘tgz stilfu ic acid splution is 4aintai£etl at_frorl’gY 40 to 50C, and simultaneously the
sulfuric acid coreERtERBH F AT RERSEE SN 35 O PRE pTaR 78 kiges st s e i Brder to avoid
the risk of the glactiode weat. LIQRRRLOR the etheyand Afierexpeimentally inyesfigating a range
of the viscosity of the sulfuric acid solution electrolyzed without electrode wear when the current
density issequadioat-eaateithin THAdm?2, the viscosity is equal to or less than 6¢P.

[0024] The electrolysis sulfuric acid unit 20 includes an electrolysis cell 21

for generating persulfuric acid ions by electrolyzing sulfuric acid sclution,

and the electrolysis cell 21 includes an anode 21a and a cathode 21b

constructed by diamond electrodes, and a bipolar electrode 21c disposed

20  between the anode 21a and the cathode 21b. The bipolar electrode 21c is

polarized by electric power supply, appearing an anode or a cathode

according to electrodes that the bipolar electrode 21c¢ faces, and functions as

an anode and a cathode of the present invention.

10025] The liquid feed line 22a is connected to the liquid inlet side of the

25  electrolysis cell 21, and the liquid return line 22b is connected to the liquid



From FIG. 1, when the liquid temperature of the sulfuric acid 15 solution to be electrolyzed is 50C, the
viscosity does not exceed 6¢P, when the sulfuric acid concentration is equal to or less than 75wt%,
and a possibility of the electrode wear is thus low. In FIG. 1, when the sulfuric acid concentration
exceeds about 80wt%, the viscosity hardly changes. Thus, as long as the viscosity meets the above
20 conditions, the wear can be avoided, even when the concentration increases. However, when the
concentration exceeds 85wt%, a wear is actually observed. This is because when the concentration
exceeds 80wt9s ittesshndahi atierisclf S04 D-2And MG+ ditfeasesBhgrglivaissiowinin FIG. 2, and
sufficient charges are not carried, 25It is thus preferred that agarameter in consideration of the ton

concentration T ateRibi H IR ISEEEE B R EAaE it rred diner bapraad it #3diBH defined the

coefficient Pc s Iis Aasametel: and.cuear #4oidind eonditionin ¢ase of the cyfrent density of
Vi llowing ‘equa }%&%} don & of an efectr

50A/dm2 is represented by the following equatio base resu an efectrode durability test.

S5[Equation 2] f{ZEh)imakGeaffligientds-- Mdscvby, P 1003444R the Lases afdhecyurrent densities 75
or 100A/dm2, Pe is set to Pf 10 >1.8 or P1>2.4 (mol/(L. cP)) respectively in proportion to the current

density. [035]0Theckisbiietie senptivie dsagiverd arditlly aboutahal caperinteviidh the sulfuric acid is used
as the electroﬁéﬁglgggn. However, the pre ent_inven&ionﬁ not limited fo the electrolésis process of
sulfuric acid, 1 bESHRAIR aPPlictf 1o SfesPSsis Broce¥set 10F SthareaBphtaiSHs such as an
15 electrolysi%lgéqﬁg?%gggegg alkaline electrolytic solution for hydrogen production, an electrolysis
process for NaC1 solution for sodium chlorate production, and an electrolysis process for a waste
liquid for waste lquigstueatinehtving[0036 pivdthathofehlcylating neaessanssanditians:for various
current 20 depsities]  When the current density is increased to 75A/dm2, and then to 100A/dm2, a
wear will not SEEeRafaBRined elsBelpio vidsani phopditorreeethininbeearse Sideslhid réquired
conditions, (limit viscosity and.ion conce ﬁatio ).in case of S0A/dm2 are known, the conditions for
other currentrgi%edréeﬁlsgﬁiely%n&%‘ﬁ C%gllccﬁlg é&né‘ an operation is carried out at from 120°C

to 150°C in the process bath 11. The solutionn contains persulfuric acid ions

during the cleaning, and the persulfuric acid ions that are generated by

electrolyzing the sulfuric acid ions return to the sulfuric acid ions as a result

of decomposition. Therefore, the total ion quantities between hefore and

15  after the electrolysis can be regarded approximately the same, and the

electrolyte concentration of the solution can thus be represented by the

sulfuric acid concentration.

[0027] The temperature of the solution is kept by heating the solution by the

heater 14 interposed on the circulation line 12 when the solution is

20 circulated through the circulation line 12. A part of the solution in the

circulation line 12 is taken out through the liguid feed line 22a, and is fed to

the electrolysis cell 21 via the cooler 23. On this oceasion, the solution is

cooled to a desired temperature ranging from 40°C to 70°C at an outlet of the

cooler 23, and reaches the electrolysis cell 21. The branched liguid is

25  electrolyzed by supplving an electric power at a pre'determined current

10



The moving velocity of the ions in the electrolytic solution is generally represented by the following
Nernst-Planck equation (3) (document The first term on the right side represents ion diffusion due to
the difference in concentrations, the second term represents an ion 5 transport by an electrical

attraction, and the third term represents an transport by convection. [00371[Equation 3] J D =x C zF (
aol (3) +Dxx'i+vxC RTk,ax)

density between the anode 21a, and the cathode 21b in the electrolysis cell
21. The electrolysis reaction is a heat-generation reaction, and an outlet
temperature of the electrolysis cell 21 generally increases by about 10°C to
20°C with respect to an inlet temperature. Therefore when the solution has

5 a viscosity equal to or less than a desired viscosity, namely has a
temperature equal to or more than a predetermined temperature at the
outlet of the cooler 23 in response to the current density, the viscosity of the
solution in the electrolysis cell 21 can be kept to a value equal to or less than
a desired value.

16 [0028] The persulfuric acid ions are generated from the sulfuric acid
solution by the electrolysis, and are discharged from the electrolysis cell 21
via the return line 22b. Electrolysis gas is generated by the electrolysis
reaction in the electrolysis, and fed to the return line 22b along with the
solution, a gas-liquid separation is thus carried out by the gas-ligmd

15 separator 24, and a separated gas, in particular, hydrogen is treated by the
hydrogen treatment device 25. The solution from which the gas is
separated by the gas-liquid separator 24 is stored in the reservoir 26, and is
returned to the circulation line 12 by the pump Z7 according to necessity.
This configuration regenerates the persulfuric acid ion consumed in the

20  process bath 11, thereby keeping the persulfuric acid concentration in the
cleaning liguid to approximately constant.

[0029] The present invention prevents the sulfuric acid concentration from
exceeding the predetermined concentration in order to prevent electrode
wear. On the other hand, when the sulfuric acid concentration is low, the

25 viscosity of the sulfurie acid solution decreases. Therefore, not only the

11



10 where  :ion flux moving from bulk liquid to an electrode surface (mol/m2/h) D : diffusion constant
(m2/h) C : ion concentration in liquid (moUrn) x : distance in direction perpendicular to an electrode
surface (variable) (in) concentration gradient of ions in x direction (mol/m3/m) z : charge number of
ions (-) F : Faraday constant R : gas constant T absolute temperature GO 200 : electric potential
(V) electric potential difference gradient (Vim) , and v : flow rate of liquid toward an electrode surface
(./n) [0038] This equation is applied to the transport of the ions in a boundary 25 layer on an electrode
surface. Assuaing tdatwhecencentratiangradientis-ansteht lioe iNsthebeisdarydayer, the gradient

of potential difference is a
generation efficiency of the persulfuric acid increases. However, when the
sulfuric acid concentration is too low, and a vapor pressure of the water
increases, the quantity of vaporized water increases in the resist removing
5  process bath, and a defect that may result in a trouble in operation occurs.
Moreover, a high sulfuric acid concentration is necessary for the wafer
cleaning. There is thus a lower limit for the preferred sulfuric acid
concentration of the cleaning liqud.
Moreover, the present invention prevents the liquid temperature of
10 the sulfuric acid solution from decreasing fo a temperature equal to or less
than the predetermined temperature in order to prevent the electrode wear.
Though the viscosity decreases when the temperature of the sulfuric acid
solution becomes high, the decrease in the electrolysis efficiency and the
promotion of decomposition of the persulfuric acid are concerned when the
15  temperature is too high. There is thus an upper limit for the preferred
solution temperature of the electrolytic solution or the cleaning liguid.
10030} The above description of the embodiment is directed particularly to
the electrolysis of the sulfuric acid solution using the diamond electrodes.
However, when other electrolytic solutions or other electredes are used, the
20  present invention can be effectively applied, since the electrode wear is
expected due to the influence of the viscosity and the ion concentration of the -
electrolytic solution and the current density,
[0031] Though the liquid temperature of the electrolytic liquid is kept in the
predetermined range based on the lguid temperature of the sulfuric acid

25  solution to be electrolyzed, namely the liquid temperature of the electrolytic

12



straight line between the electrodes, and a flow of the liquid toward the electrode surface is not present
in the boundary layer, the equation (3) is represented by the following equation (4). [00391 [Equation
4] J=D z +CDF0-0 (12RT (4) 5 where Co : ion concentration in bulk liquid (mol/n43) : ion
concentration on electrode surface(molims) : thickness of boundary layer in relation to material
surface (m) 100+ electric potential of anode (v)

solution ,at the electrolysis cell inlet, to be supplied to the electrolysis cell in
the above description of the embodiment, the liguid temperature of the
electrolytic solution may be maintained hased on the liquid temperature of
the electrolytic solution discharged from the electrolysis cell.

5 [0032] Sulfuric acid will be cited as an example to explain the relationship of
the viscosity with the electrolyte concentration and the solution temperature.
After experimentally investigating the conditions of the s=olution to be
electrolyzed without the wear of the electrodes when the sulfuric acid
solution is electrolyzed, and the current density is equal to or less than

10 50A/dm? (refer to an example 1 describe later), the investigated conditions
are 70wt% of the sulfuric acid concentration and 30°C of the liquid
temperature, and 86wt% of the sulfuric acid concentration and 50°C of the
iiquid temperature. The viscosity under the above conditions, which are
obtained based on the relationship (FIG. 1) of the viscosity with the sulfuric

15  acid concentration and the liquid temperature described in a document(i) are
7.9cP and 8.5¢P respectively, and it is found out that an electrolysis condition
without the electrode wear is equal to or less than 10c¢P when the current
denstty is equal to or less than 50A/dm?2

A relationship between the sulfuric acid concentration and the ligquid

20 temperature required for obtaining a viscosity within this range is thus
considered based on FIG. 1. From FIG. 1, when the liquid femperature of
the sulfuric acid solution to be electrolyzed 1s 50°C, the viscosity does not
oxceed 10c¢P even if the sulfuric acid concentration is 80 to 95wt%, and a
possibility of the electrode wear 1s thus low.

25 However, from FIG. 1, when the liguad temperature of the sulfuric
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electric potential of cathode CV) and w : distance between electrodes(m) tion on electrode [0040] It is
necessary to know the diffusion constant D in order to calculate 15 J in the equation (4). The diffusion
constant of the particles present in the solution is represented by the following Stokes-Einstein
equation (5) (document [0041] [Equation 5] 20D - k T (5) 67r r p where k : Boltzmann constant, T :
absolute temperature, radius of particles, and viscosity of solution. 25[0042] if the radius of the ions
(particle radius: r) is considered as constant in the equation (5), D is a function of the concentration

and the temperaduseldvioreover D, ahexpesimsnttanied outhy theipsesemdnventersdhe state of the
wear was not improved even if the flow rate (flow quantity) of the liquid passing through the electrolysis
cell was incre8%e#}, ‘@rid fhevéhsre el covsiddhac-thae hflatined frominheibolipdaa tkayer thickness 8

and the convectiop terrg are not ignificant, and only the second term, which is a term of the
e e atton A anRHGNE TR, 6 FBoR e

electrical attraCtion ifi the eyuation pre<Enting how much ion flux can

be obtained in the capg.of hasRME oelealiglield niensi in aPresenied hydhe.foligwing equation
(6). [0043] [Equation 61 Parameter- = z
5 liquid temperature of the sulfuric acid solution is maintained equal to or
more than 50°C, or the liguid temperature of the sulfuric acid solution is
maintained at from 40 to 50°C, and simultaneously the sulfuric acid
concentration is maintained equal to or less than 78wt%, for example, in
order to aveid the risk of the electrode wear.

10 [0033] On the other hand, after experimentally investigating a range of the
viscosity of the sulfuric acid solution electrolyzed without electrode wear
when the current density is equal to or more than 75A/dm?2, the viscosity is
equal to or less than 6¢P.

From FIG. 1, when the lguid temperature of the sulfuric acid

15  solution to be electrolyvzed is 50°C, the viscosity does not exceed 6¢P, when
the sulfuric acid concentration is equal to or less than Towt%, and a
possibility of the electrode wear is thus low.

In FI1G. 1, when the sulfuric acid concentration exceeds about 80wt%,
the viscosity hardly changes. Thus, as long as the viscosity meets the above

20  conditions, the wear can be avoided, even when the concentration increases.
However, when the concentration exceeds 85wt%, 2 wear is actually observed.
This 1s because when the concentration exceeds 80wt%, the concentrations of
S04% and HSO4 decrease sharply as shown in FIG. 2, and sufficient charges

are not carried.

25 It iz thus preferred that a parameter in consideration of the ion
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Cb+C, DE X RT (C) 10 [0044] The following equation is obtained by substituting the equation (5) in
the equation 6, [0045] [Equation 7] 15 kpl1z(Cb-h-C4) Parameter - X X 127c R [0046] On this
occasion, when the equation (7) is simplified based on the following assumptions, an equation (8) is
obtained. 1. A radius of an ion representing multiple species of ions is invariant even when the
concentration and temperature change. 20 2. Ch>>Cs [0047] [Equation 8] (zCi)

concentration in addition to the viscosity be used as a reference. The
present inventors defined the coefficient Pr as this parameter, and a wear
avoiding condition in case of the current density of 50A/dm? is represented by
the following equation (2) based on a result of an electrode durability test.

5 [Equation 2

20 59 1ol

Coefficient Pr=
U Lol

[0034]In the cases of the current densities 75 or 100A/dm?, Py is set to Py
10 21.8 or Pr22.4 (mol/(L+ cP)) respectively in proportion to the current density.
[0035) The above description is given mainly about the case in which the
sulfuric acid is used as the electrolytic solution. However, the present
invention is not limited to the electrolysis process of sulfuric acid, and can be
similarly applied to electrolysis processes for other applications such as an
15  electrolysis process for an alkaline electrolytic solution for hydrogen
production, an electrolysis process for NaCl solution for sodium chlorate
production, and an electrolysis process for a waste liquid for waste liquid
treatment.
[0036] [Method of calculating necessary conditions for various current
20  densities]

When the current density is increased to 75A/dm?® and then to
100A/dm2, a wear will not occur if ion flux can be provided in proportion to
the increase. Since the required conditions (Hmit viscosity and ion
concentration) in case of 50A/dm? are known, the conditions for other current

25 densities can be calculated.

15



Parameier =AX li where A: proportional constant. [0048] The new parameter Pe is thus defined as the
following equation (1). [0049] [Equation 9] E (zCb) 5z : charge number of ion. ma | Cb : ion
concentration - L E (za) : sum of zCb of respective ion species. : viscosity (aP) . [0050] The Prs
calculated from the ion concentrations of SO42- and HSO4-

The moving velocity of the ions in the electrolytic solution is

generally represented by the following Nernst-Planck equation (3)

{document ©}, The first term on the right side represents ion diffusion due

to the difference in concentrations, the second term represents an ion

5 transport by an electrical atiraction, and the third term represents an ion
transport by convection,

[0087] [Equation 3]

Jsz(?g]+ngf£x(%\+vxC ...... (3)
Ex RT ké’xJ

10  where
J :ion flux moving from bulk Hquid to an electrode surface {mol/m2/h)
[} - diffusion constant {(m¥h)
C :ion concentration in Hguid {mol/m®
x :distance in direction perpendicular to an electrode surface (variable) m

15 (%C—] . concentration gradient of ions in x direction (mol/m?m)
X

z : charge number of ions (~)
F : Faraday constant
R : gas constant

T : absolute temperature (K
20 ¢ - electric potential (W

(?_g] : electric potential difference gradient (Vim), and
@

v : flow rate of liguid toward an electrode surface (m/h)

{0038] This equation is applied to the transport of the ions in a boundary

25  layer on an electrode surface. Assuming that the concentration gradient is
a straight line in the boundary layer, the gradient of potential differenceis a

straight line between the electrodes, and a flow of the hiquid toward the

electrode surface is not present in the boundary layer, the equation (3) is

16



10 and solution viscosity by the equation (1) at various sulfuric acid concentrations and the
temperatures are represented in a Table 1. [0051] [Table 1] lon Flux Parameter Pf (MOVL CP))
Temperature (C) Sulfuric acid concentration (wt%) 60 65 70 75 80 85 90 20 1.876 1.572 1.240

represented by the following equation (4).

(00391 [Equation 4]

(:lzmc.s+zcb+cxxmg€x¢+ ...,¢_
& 2 RT w

J =D

5 where
C, :lon concentration in bulk liquid  (mol/m®)
C, :ion concentration on electrode surface  (mol/m®
J : thickness of boundary layer in relation to material motion on electrode
surface {m)
10 ¢, : electric potential of ancde (W)
#_ . electric potential of cathode v and
w . digtance between electrodes  (m)

[0040] It is necessary to know the diffusion constant D in order to calculate

15 Jin the equation (4). The diffusion constant of the particles present in the
solution is represented by the following Stokes-Einstein equation (8
(document; i)

[0041] [Hquation 5]

20 D= zh
6 ru

where k& : Boltzmann constant,
T : absolute temperature,

v : radius of particles, and
4 viscosity of solution.

25 [0042}If the radius of the ions (particle radius: r) is considered as constant
in the equation (5), D is a function of the concentration and the temperature.
Moreover, in an experiment carried out by the present inventors, the state of
the wear was not improved even if the flow rate (flow guantity} of the liquid

passing through the electrolysis cell was increased, and therefore it is
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0.917 0.566 0.456 0.310 30 2.524 1.921 1.507 1.194 0.853 0.660 0.450 40 2.983 2.420 1.937 1.547
1.194

considered that influence from the boundary layer thickness & and the

convection term are not so significant, and only the second term, which is a

term of the electrical attraction in the equation (4) is dominant. Thus, an

index representing how much ion flux can be obtained in the case of the same
5  electric field intensity is represented by the following equation (6).

[0043] [Equation €]

G DF (6)
- e /
FParameter = z 5 BT

10 [0044] The following equation is obtained by substituting the equation (5} in
the equation 6.

[0045] [Equation 7}

LPoarameier = —
127 R ¥ H“

15
[0046] On this occasion, when the equation (7) is simplified based on the
following assumptions, an eguation (8) is obtained.
1. A radius of an ion representing multiple species of 1ons is invariant even
when the concentration and temperature change.

20 2. Cyp=>C

[0047] [Equation 8]

E (ZC_D_)_ ...... ()
f

Parameter = AX

where

At proportional constant.
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0.841 0.579 50 3.639 3.068 2.787 2.101 1.629 1.203 0.788 60 3.106 2.798 2.578 2.383 2.136 1.551

0.918

10

15

[0048] The new parameter Pris thus defined as the following equation (1).
[0049] [Equation 9]

P E(ZCE,)

FETTT L
i (1

z : charge number of ion.

Ch : 1on concentration
5{zCh) : sum of zCs of respective ion species.
u 1 Viscosity (eP) .
[0050] The Prs calculated from the ion concentrations of 8042~ and HSOy~
and solution viscosity by the equation (1) at various sulfuric acid
concentrations and the temperatures are represented in a Table 1.
[0051]

[Table 1]
Ion Flux Parameter Pr  (mol/(L- ¢cP)

Temperature (°C) Sulfurie acid concentration (wt%)
60 65 70 75 80 85 90
20 1.876 . 1.572 | 1.240 1 0.917 | 0.566 | 0.456 | 0.310
30 2.524 1 1.921 1 1.507 | 1.194 | 0.853 | 0.660 | (0.450
40 2.983 | 2,420 | 1.9837 { 1.647 | 1.194 ) 0.841 | 0.579
50 3.639 | 3.068 | 2.787 1 2.101 | 1.629 | 1.203 | 0.788
60 3.106 | 2,798 | 2.578  2.383 | 2.136 | 1.551 | 0.918

[0052] From experiments carried out by the present inventors, the wear is
nearly avoided in the case of 50A/dm2 under the condition of 85wt% and 50°C
and it is thus considered that a condition P#£1.2 represents a safe zone.

Since the current density and the ion flux are in a proportional relationship
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15 [0052] From experiments carried out by the present inventors, the wear is nearly avoided in the
case of 50A/dm2 under the condition of 85wt% and 50C and it is thus considered that a condition
PL1.2 represents a safe zone. Since the current density and the ion flux are in a proportional
relationship to each other, conditions Pc?1.8 and PL2.4 (mol/(L. cP)) are safe zones, namely wear
avoiding conditions, in the cases of current densities 75 and 100AJdni2, respectively. [0053]
Document) "Ryuusan Kougaku (Sulfuric Acid Engineering)", written 5 by Shouichirou HORI/Shikazou
NAKAGAWA  putiidhedhsy: kigedisipasiipbanae8. Hitd- (KifenkHa PEbliskersefs., aoehs.pp. 590 (1959)
Document "Ion-EX(ihaV(i]ggzr Memhrane Sg aration P%)cesses“, Membrange Science and Technology

Series, 9, H. SAAHMARTCETSEIEIE S8R9 55043 ot GRTSS: i “BEFRF S ehHEal ERbfheer's

Handbook", 7tia&ditian, fRya:R0.19 McGraw-Hill (1997) EXAMPLE 1 [0054] The following examples
were carried out using the cleaning system according to the first embodiment [Comparative example 1]
15Since the cidbant é¥ficieneytis HigherwhErtheleldstridlysis proCEsstempergtureistewer, the
operation was carried out with the electrolysis cell with the liquid temperature at the electrolysis cell

inlet kept it 30C. SABicEIRYitioHBYS HéeaBe dBdidW AWAE Iaetfottd shape/difrsmsion=I150rnm

diameter, currgnt densjty=50A/dm2, 20 sojuii n.concentr on=86wWt%, flow rate 0.86L/rain) As
R e R TR R ol

a result, a wear e e anode surface after ve passed from the start of the

operation, anghgaferspation-of.crystak pastickes.abgna eduction.of the disnenddayer thickness were
observed by a microscope. 25[0055] [Example ] The temperature and the concentration were

changed with Yespeetatodtfecbomipaydinmeexanpl &t 4t perfomnfise experimean 2T conditions are

described bel%\gléument i) “Perry's Chemical Engineer's Handbook”, 7th Edition, pp. 5-50

10 McGraw-Hill (1997)

EXAMPLE 1

[0054] The following examples were carried out using the cleaning system
according to the first embodiment.

[Comparative example 1]

15 Since the current efficiency is higher when the oloctrolysis process
temperature is lower, the operation was carried out with the electrolysis cell
with the hquid temperature at the electrolysis cell inlet kept at 30°C. Other
conditions are described below.

(Blectrode shape/dimension=150mm diameter, current density=50A/dm?

20  solution concentration=86wt%, and flow rate 0.86L/min)

As a result, a wear was observed on the anode surface after 50 hours
have passed from the start of the operation, and deformation of crystal
particles and a reduction of the diamond layer thickness were observed by a

Microscope.

25  [0055] [Example 1}

20



(Electrode shape/dimenslon=150mm diameter,current density=50.A/dm2, 5 and flow rate 0.86L/min)
Presences/absences of the wear after 50 hours from the start of the operation, together with the data
of the comparative example 1 were compared with each other described in a table 2. Based on the
experimental results shown in the table 2, it is determined that the wear of 10 the electrode can be
avoided by selecting the concentration and the temperature so that the solution viscosity is
approximately equal to or less than 10cP in case of the current density=50A/dm2. [00561 [Table 2]
Temperature Ye) Sulfiiidasiaesncentratoietosyrvidcosityisirerasbathedasitle Psr0t86 30 0 (7.9) x
(16.0) 40 - (6%]{')9'&5(9'31215&%1)51%%6 example 1 to perform an experiment. The conditions are

described below.,

(Electrede shape/dimension=150mm diameter, current density=50A/dm?2

and flow rate 0.86L/min)

ot

Presences/absences of the wear after 50 hours from the start of the
operation, together with the data of the comparative example 1 were
compared with each other described in a table 2. Based on the
experimental results shown in the table 2, it is determined that the wear of

10 the electrode can be avoided by selecting the concentration and the
temperature so that the solution viscosity is approximately equal to or less
than 10cP in case of the current density=50A/dm?2,
fo0s6]

[Table 2]

Temperature (CC) Sulfuric acid concentration (wt%), viscosity is in

parentheses (¢P)

70 86

30 0{7.9) x {16.0)
40 ~{6.1) A(12.3)
50 - (4.2) 0 (8.5)

15 Graph legend: O= goed, A= slight wear, x=wear, and —=no data
[0057] Though further experiments are necessary for proving that the
electrode is good over a long period, no differences between before and after
the experiment were observed under the conditions denoted by "O" (good)

when worn thicknesses were measured in the above experiment. Even if
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- (4.2) 0 (8.5) 15 Graph legend: 0= good, A= slight wear, x=wear, and -=no data [0057] Though further
experiments are necessary for proving that the electrode is good over a long period, no differences
between before and after the experiment were observed under the conditions denoted by "0" (good)
when worn thicknesses were measured in the above experiment. Even if the wear is Ipm, the
electrode has a durable period equal to or more than 2500 hours, since the initial diamond thickness is

S0m. Itis copgidgied. hay (e T;‘f?gté?e £:030 ReLaetleyen | éﬁ&&%‘%ﬁfa&"ﬁféo&? D AacHgs, Moreover,

when the parameter Pe is applied to the same experimental result, a tab 5 Is obtained. From the
table 2 and tabig) J1dbis apRreciMedihat adhesRssR RN fanaMpiding: @ wealderease of S0A/dm2

is Pel.2 (molt. cP)). [00581 [Table 3] lon Flux Parameter Pe (mol/(L. cP)) Temperature (C) Sulfuric
acid concentrativthindBdtré@a8680e used even for a longer period in practice. Moreover,
when the parameter Pris applied to the same experimental result, a table 3
5  1s obtained. From the table 2 and table 3, it is appreciated that a necessary
condition for avoiding a wear in case of 50A/dm? is Pe>1.2 (mol/(L: cP)).
[0058]
[Table 3]

Ton Flux Parameter P (mol/(L- cP))

Temperature (°C) Sulfuric acid concentration (wt%)
70 86
30 1.507 0.633
40 1.937 0.807
50 2.787 1.146

10 [0059] [Example 2]

Conditions which provide 75/560=1.5 times and 100/50=2.0 times of
the ion fluxes when the current densities are 75A/dm?2 and 100A/dm?2
respectively in the example 1 are calculated using the Nernst-Planck
equation and Stokes-Einstein equation, and are shown in a table 4.

15 Moreover, it is more preferable that Pg21.8 and P2.4 (mol/(L: ¢P)) using the
parameter P; are set as the conditions for avoiding wear, in case of the
current densities of 75 and 100A/dm?2, respectively.

In other words, it is apparent that the solution viscosity needs to be
decreased, or the ion concentration needs to be increased when the current

20  density is high.
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75/50=1.5 times and 100/50=2.0 times of the ion fluxes when the current densities are 75A1dm2 and
100A/dm2 respectively in the example 1 are calculated using the Nernst-Planck equation and
Stokes-Einstein equation, and are shown in a table 4. 15 Moreover, it is more preferable that Pel.8
and Pe2.4 (molt. cP)) using the parameter Pf are set as the conditions for avoiding wear, in case of the
current densities of 75 and 100A/dm2, respectively. In other words, it is apparent that the
solution visco$i§aibeds to be decreased, or the ion concentration needs to be increased when the
current 20 density is Pq%h [00601 [Table 41

Current density(A/dm?2) Viscosity condition

75 Equal to or less than 8c¢P, move preferably

equal to or less than 6¢P

100 Equal to or less than 6¢P, more preferably

equal to less than 4.5¢P




CLAIMS 1. An electrolysis method, comprising: passing a sulfuric acid electrolytic solution,
with a concentration 60wt% or more and in a temperature range of 30 to 90C, through an 5 electrolysis
cell including at least a pair of anode and cathode diamond electrodes; and supplying the
electrodes with electric power, so as to electrolyze the electrolytic solution, wherein a viscosity of the
electrolytic solution is set in a range: 10equal to or less than 10cP when the current density is equal to
or less than BQATIME; equal to or less than 8cP when the current density is from more than 50 to

75A/dm2; eqi;%lﬁoeperclt?gﬁjghg% &vtl%gﬂ Sggérent density is from more 15 than 75 to
100A/dm?2. 2. The electroly metho ié@‘&rﬁ to cI im 1, Whereln the temperature range of the

electrolytic solution &38'1E FEY %Cﬁf'é BecBidh ng (PRESHTERPD, wherein the
viscosity of tAeveléctpolytiersoRnidrits @W@@Wadjagﬂﬁgoéngélé@t%fé ddmeualration and a liquid
temperajure QttheBlsistradyltic-eplding. 4 Thaeteleqirolysis methodateondivgaaiamiaidlaims 1 to 3,
wherein 25 gjgcﬁlg&gé)lxggdconcentratlon and the liquid temperature of the electrolytic solution are
adjusted so that a coefficient ﬂl1 aiéulat acc% e[%% tq the foIIowm itlon 1) fram a
concentration of ion§'§eherated by %§8 FSHBA B Q%é}?&]ﬁe%’f% REfERESShition and the
viscosity of thkeeldirol/selsblution is equal to or more than 1.2moU(L .cP), 30[Equation 11 Pf - E(zC
b) wherein a viscosity of the electrolytic solution is set in a range:

10 equal to or less than 10cP when the current density is equal to or
less than 50A/dm?;
equal to or less than 8cP when the current density is from more
than 50 to 75A/dm?;
equal to or less than 6¢P when the current density is from more
15  than 75 to 100A/dm2.

2. The electrolysis method according to claim 1, wherein the
temperature range of the electrolytic solution is 40 to 70°C.

20 3. The electrolysis method according to claim 1 or 2, wherein the
viscosity of the electrolytic solution is controlled by adjusting an electrolyte
concentration and a liquid temperature of the electrolytic solution.

4. The electrolysis method according to any of claims 1 to 3, wherein
25  the electrolyte concentration and the liquid temperature of the electrolytic
solution are adjusted so that a coefficient Pr calculated according to the
following equation (1) from a concentration of ions generated by
dissociation of the electrolyte of the electrolytic solution and the viscosity of
the electrolytic solution is equal to or more than 1.2mol/(L ¢P),
30 [Equation 1]

b
Pr :mgigfl ..... (1)
u

z : charge number of ion.
35
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z charge number of ion. 35 Cb : ion concentration EfzCh ): sum of zCh of respective ion species.
5,u viscosity (cP). ABSTRACT A wear of an electrode is prevented as much as possible, thereby
efficiently electrolyzing a sulfuric acid solution and the like. An electrolysis method includes: passing
an electrolytic solution through an electrolysis cell 5 including at least a pair of an anode and a
cathode; and supplying the electrodes with an electric power, so as to electrolyze the electrolytic
solution, wherein a viscosity of, the @legtrolytic solution is set in a range in response to a current
density uportthe YR P&y ng carry out the electrolysis. The viscosity of a sulfuric acid
solution as the electrolytic solution is equal to 10 or less than 10cP when the current density is equal to
or less than 50A/dm2, the viscosity of the sulfuric acid solution is equal to or less than 8cP when the
current densfti?fs: ‘O?H%Bﬁe%r?%’ﬁ?ﬂieféﬂfdm,saﬁ‘&‘?ﬁe viscosity of the sulfuric acid solution is equal
to or less than 6¢P when the current density is from more than 75 to 100A/dm2. Particularly when a
highly-cgnce tj’@l@@ogfgSSL(Upyip acid solution is electrolyzed at a high current density using diamond
electrodes, the electrolysis process can be carried out highly efficiently while a wear of the electrode is
reduced.

25
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ABSTRACT

A wear of an electrode is prevented as much as possible, thereby
efficiently electrolyzing a sulfuric acid solution and the like. An electrolysis
method includes’ passing an electrolytic solution through an electrolysis cell
including at least a pair of an anode and a cathode; and supplying the
electrodes with an electric pewer, so as to electrolyze the electrolytic solution,
wherein a viscosity of the electrolytic solution is set in a range in response to
a eurrent density upon the electric power supply to carry out the electrolysis.
The viscosity of a sulfuric acid sclution as the electrolytic solution is equal to
or less than 10¢P when the current density is equal to or less than 50A/dm?2,
the viscosity of the sulfuric acid solution is equal to or less than 8¢P when the
current density is from more than 50 to 75A/dm2, and the viscosity of the
sulfuric acid solution is equal to or less than 6¢P when the current density is
from more than 75 fo 100A/dm2 Particularly when a highly-concentrated
sulfuric acid solution is electrolyzed at a high current density using diamond
electrodes, the electrolysis process can be carried out highly efficiently while

a weay of the electrode is reduced.
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