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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 aqueous 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

tr I sed when a 10 resist is removed from a wafer
Tlfﬁl?aége%( @%m@ L@.'H solution produced by electrolyzing a. sulfuric
acid %)é J[alal Tele m anufacturing process (sometimes
referre litioaéli;jFegéfrsgE %Iigr(li}:% cid g;lod" hereinafter). 15 BACKGROUND
ART [00021 As a method of removing a resist from a wafer surface in a
semiconductor manufacturing process, the SPM method (acronym of

TEeUlfNie acid-pRd Hydrogen Peroxide Mixture: cleaning method using a
mixture of concentrated sulfuric acid and hydrogen peroxide) has

[ooepr]vemiionalbsbeen g0deshwideltcHoweyen o e SPMMeIRdis method

hydrogen peroxide is mixed with the cleaning liquid (concentrated sulfuric

whaeid Relutidyyiedsh direwhen (b gleapingdigyidbsuisesianshtherfa@vents
the concentration of the sulfuric acid decreases along with mixing with the

as hydrbgerofarexsdéuiditer pacertaiarymbenaftimésof shesiaixingithed out at
oxidization power of the mixture 25 decreases. On such an occasion, the

a hapdaning diguiteissidiberdishosdd of iapekityarf imorelsethtemichl cost @nidigh.
an environment load pose a problem. [00031 In order to address this

A%@&Bl@ﬁﬂeﬁﬁe?&ﬂfﬁﬂb’éﬁd%m 15 an electrolysis method used when a

resist 1s 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).

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 a mixture of
concentrated sulfuric acid and hydrogen peroxide) has conventionally been
used widely, However, in the SPM method, hydrogen peroxide is mixed
with the cleaning liquid (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

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

hy returning this liquid to an electrol Sils cel. Asar sult,ahig merit
S B 1 T MRS e DA oG he
mjcal cost and the epvironment Ioa%. 00041 An elegtrode used, for
o R I 3 St OE st dngthod

coﬁ%&ll%%t{ﬁ%e mQ’HHP&% ‘?ﬁ‘ ?Medwtﬁgt@'@@%"gﬁ%@f‘ QB gbcgg';% gtent

substrate to form a diamond. layer in an order of Some 15 micrometer

doSRMEAENS OfMMICTeMEi AR, d bigimplantinaddoningd beran JBRIGIAIGE acid

conductivity is usually used. This electrode is used as an anode and a
(paathatiedifan eleaudlysis keltr il i oonsidened thal the employmetoh heong
diamond electrodes eliminates degradation of the electrodes even at a
oxhigihtistte pbdensity, rhsuliingsinl Austable elentralysid. pratiesspatsRHtant acid
document 1: Japanese Patent Application Laid-Open No. 2006-114880
ox G @BUREQ@HTHME INVENTIHONPROBLEVS TOBERBOLYEDBYIrns to
THE INVENTION 25 [00051 However, research conducted by the present
thenveltbis RakirevedseryZing thdienienbzaddnorce giamdhirdlacidde an
surface gradually wears along with a continuous operation_in the

elactrelifircalid metRoteasitly hB ehamsd distrsdee Fsdxampred is thus

when a.diamond lgyer of 50pm in . : .
expecteda in terms 0?){%8 re u%@on in the chemical cost and the environment

load.

[0004] An electrode used 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
micrometers to some tens of micrometers, and by implanting (doping) boron
thereto for conductivity is usually used. This electrode is used as an anode
and a cathode of an electrolysis cell. It is 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.

Patent document 1 Japanese Patent Application Laid-Open No.

2006-114880

DISCLOSURE OF THE INVENTION
PROBLEMS TO BE SOLVED BY THE INVENTION

[0005] However, research conducted by the present inventors has revealed
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thickness is present on as the anode surface, the thickness may decrease
to a 5 half or a fraction after a continuous operation for 100 hours. This
phenomenon occurs only on the anode surface, and does not occur on
the cathode surface. A big problem when putting the persulfuric acid
method into practical use is that the diamond electrode wears after the
operation for a short period of time, since electrode wear greatly affects

present mvenﬁon ISYSEV?SG In view o d C0\1/8-

alc@f&j@ﬁ%q{] &q{?ﬁ{@&% %f\ﬁ%\&/ A3 (ﬁﬂgl)é%?s@%tpﬁg \évfglghn?&r}]}é)gtr%ﬁg% the

eléctrolyze very efficien hile reducing electrode wear in an e

diHRAESSe R MIEANS RRR SRUMING %E@%%@%é%ﬁ%@ BRAUL in

of intensive investigations of causes of the above-mentioned problem

thivkichisisried QUb B thenpresedkinveniess c e prases Vet rease to a
considers that the diamond electrode wear is caused by 20 employing the

haHighty eorfeectiaredastidiuric acidnivhichiis apatecisplyticr saltiohfhaing ahis
high viscosity and a low ionic dissociation degree, and by supplying an

phefeotreponercatra verdy high thurrent densitsfakes penidicl aeserigtioacthereotthe
is given as follows. For electrolysis at a predetermined current density, a

caldmfiespanidiery 28 himbaeitionsrheadnvtiogeticetyeendderor thed method
cathode per unit period. 3 When the sulfuric acid solution is electrolyzed,

InERAAA HSOEBIE e anpad cderirederbrrerdtoehaumiis tion for
a %E%@%%f&%?gr%%%% -%Wéggzgiggvﬁgegr?aetgrugfefggt%e&%@t{llgdrgq?fe, and
the diamond electrode is expensive.

[0006] The present invention is devised in view of the above mentioned
situation, and has an object of providing an electrolysis method which can
electrolyze very efficiently while reducing electrode wear in an electrolysis

process.

MEANS FOR SOLVING THE PROBLEMS
[0007] As a vresult of intensive investigations of causes of the
above-mentioned problem which is carrmed out by the present inventors, the
present inventors considers that the diamond electrode wear is caused by
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

number of ions need to move to the anode or the cathode per unit period.
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and HSO4 falls short, and carbon atoms on the diamond electrode surface
5 are extracted, and oxidized, thereby generating COs2-. It is considered
that this leads to the wear of the electrode. The moving speed of ions
largely depends on the viscosity of the liquid. When the viscosity is low,
the ions can easily move in the liquid. The viscosity is a function of the
concentration and the temperature. Moreover, as the ion concentration 10

W%ré(ﬂ%%%essﬁf{'&r% chajaes can, be carried [ capepf the samgqjscosity, The 1
pen 1R oyte Entiat o

Ion" concentration de S on the electr econc lon and the ionic

anJBSOHAIO0, IS, 0IE %889@H?&Q@,ﬁ%%%&%ﬁﬁ&&ﬁ%gggo& However,

concentration and the temperature, a s considered that the'ion

wHADEBRUANRI$ ActuEion @Jigiﬁ elRCURlie,CoPCRRHAlon MthiBers of SO,2-
e

temperature. The wear of 15 the electrode can thus be avoided by

anfrepsty-nfanagingthe-caneaniaionand se tRenpesatuialof e sHtubGrface
acid solution. [00081 Since the viscosity decreases as the sulfuric acid

areententration ndecxedices), ttieowdar gandraavgidsd;and Bde actisiknied that
efficiency (a quantity of generated persulfuric acid per current quantity)
thmdleadageotisty meaease shecowevder, whea thesulfubpasidof ions largely
concentration is low, a vapor pressure of the water increases. Therefore,
depsadaantityhef veseritEdovater bansdgudlihgindreasesinityrésisew, the ions
removing process bath, and such a defect that may cause a trouble in the
caBp&rtibn JeoR. His thes lapattant %oﬁ&ﬁ?’g’gbécﬂsa BorHibishtigh of the
the concentratio d the temperature. Moreover, though 25 the viscosity .
COYEBHEHIS AN Eﬁp@?ﬁ"{ﬂ% Bk sul @(&%ﬁ’saﬁjtfg}? A9RcreRseRtration

in{Ji S0luton temperature nacds (g b properly sefsince o decrease. infhe
elec%roslyss e%men%y and promo IO of &t %OSI ofy Ot the (pers?ﬁfurlc

coﬁgé%ﬁle?t%{?pﬁg%@@gg tQS tep eg%%?"oiﬁftt%o %@%e—m%%%n and the 1onic
dissociation, the ionic dissociation depends on the electrolyte concentration
and the temperature, and it 1s thus considered that the 1on concentration is a
function of the electrolyte concentration and the temperature. The wear of
the electrode can thus be avoided by properly managing the concentration
and the temperature of the sulfuric acid solution.

[0008] Since the viscosity decreases as the sulfuric acid concentration
decreases, the wear can be avoided, and also a current efficiency (a quantity
of generated persulfuric acid per current quantity) advantageously increases.
However, when the sulfuric acid concentration is low, a vapor pressure of the
water increases. Therefore, the quantity of vaporized water consequently
increases in a resist removing process bath, and such a defect that may cause
a trouble in the operation occurs. It i1s thus important to properly select a
combination of the concentration and the temperature. Moreover, though

the viscosity decreases as the temperature of the sulfuric acid solution
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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. [00091 The problem of the
electrode wear is a general problem of a electrolysis process. Since the
electrode life decreases as the general electrolysis process is carried out
at a. higher temperature, it is often the case 10 that it is better to carry out

indfJS,QLCFES AR IPIIRSIALYIS HOWGYSY 32 to e RIable Oy crcace

electrode wear |n]t(?'|% peré)uel murlc acid metho Gtﬁg 9 nggnstein\sllél}l(i%rs ave

in fQuRd gyt g, Aew problem dhal the, viscoRity Of e SUIfHIC AGISOIMION oF  ¢he

increases when the liquid termperature of the sulfuric acid solution is too

pelQWirapE theiglegtrodgwear RIAGIESIRS 1AMRLBSHIrdNE 160PIBSEN The ion
invention is achieved. [00101 In other words, an electrolysis method

coraeaafeipp 1018 fits! akpest ofi dhevieseridnvrRAtRsychidRs rRASEINE anhich,
electrolytic solution through an electrolysis cell including at least a pair of
bunm anaderanl eatathedestand aupplyitlg heetadiradeswithtais electricced to
power, so as to electrolyze the 20 electrolytic solution, wherein the
propeedsity bf eccetertrélaicgolution is set in a range in response to a
current density upon the electric power supply to carry out the
lo0giaérBlsisooblert A ctberelpstratahsi atcording genesabontrhipactof a
of the present inventign is characterized in that the electrolytic solution is

elegtzgliiie d0C9% solutidliin the firledizpder dilthelrasantivendis general

0012] An electrolysis method accordjng.to a third aspect of the present
CLef BTN P OHETA e Ioar T G VIO OTe SUF s CeR gt case

thz{x? ai%%‘%'é&&f {55118 QR Deh N8 CHM eIl IR A2 8R! ORN 108 Rer, as
to the problem of the electrode wear in the persulfuric acid method, the
present inventors have found out a new problem that the viscosity of the
sulfuric acid solution increases when the liguid temperature of the sulfuric
acid solution is too low, and the electrode wear progresses. As a result, the
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
supplving the electrodes with an electric power, so as to electrolyze the
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

solution in the first aspect of the present invention.
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50A1dm2 in the second aspect of the present invention. 5 [0013] An
electrolysis method according to a fourth aspect of the present invention
is characterized in that the viscosity of the sulfuric acid solution is equal to
or less than 8cP when the current density is from more than 50 to
75A1dm2 in the second aspect of the present invention. [0014] An
electrolysis method according to a fifth aspect of the present 10 invention

g} STARC eI et eiaconity of e pufurigadd soluton o FURLLS.

ess e current aensi

111\1891%/19 %Zcm‘l Lse%c(i%]&‘ r%s PRSt ‘BBE“S EES?EQJ J)@\{%%tl&nlfhom'glz'a&]s lution is

electrolysis me od acco gtoa5|xt aspect of the presen Invention is

eq&hAraCteriged %g}ﬁﬁﬁ@vﬁﬁ@ﬁ'%@c &G@l‘%&?@tﬂ%lﬁgfﬁqlé”é%%éﬁ th2or less than

controlled by adjusting an electrolyte concentration and a liquid

50temperauie-afdhenalecisebicrsaltinn 4B amhokingdirst to fifth aspect of
the present invention. [0016] An electrolysis method according to a

[00se3/erth aspenatcdf the present inventinnsischaréstetizeskipothabthghe present
electrolyte concentration and a 20 temperature are adjusted so that a

ineosfficiast dhacalcideied] acctrdinthie thedoilowirdg e safion-d xfiohsolution is
concentration of ions generated by dissociation of the electrolyte of the

eqedcironnitessition Sal thaeistbsisiorens debsiytis Bomrioris édaal &) to
or more than 1.2mol/(L cP) in any of the first to sixth aspects of the

ToArdgantininiierrnd 608 HE4Batds e MEediod.charge number of

00?2] An electrolysis method according to a fifth aspect of the present
mvention is characterized in that the viscosity of the sulfuric acid solution is
equal to or less than 6cP 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
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
temperature are adjusted so that a coefficient Pr 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
solution 1s equal to or more than 1.2mol/{L: c¢P) in any of the first to sixth

aspects of the present invention.

[0017] [Equation 1]
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mol cb :ion concentration llll L 5 E(zcn) : sum of zcb of respective ion
species. P :viscosity (eP) . [0018] An electrolysis method according to an
eighth aspect of the present invention is characterized in that the anode
and the cathode are diamond electrodes in any of the first to seventh
aspect of the present invention. 10 EFFECTS OF THE INVENTION [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
curﬁgggensity upon the electric power supply to carry out the electrolysis
#rin ¥5an-electrolysis method including:.pasging an electrolytic solution
through an electrolysis cell including at least a pair of an anode and a

an@@g@géqﬂgnwmyiﬂgﬂhe electrodes with an electric power, so as to

electrolyze the electrol };ic %olution, the electrolysis process can be highly

cefficientiy canmieskiout hie an electrode wear is reduced. Particularly
when a 20 highly-concenfrated sulfuric acid solution is electrolyzed at a
shigh cetrenbidensify-eigtegiivanmndpelectsodes, the electrolysis process
can be carried out highly efficiently while the electrode wear is reduced.
«BRIEEOBBSCRIPTION OF DRAWINGS 25 [0020] [FIG. 1] A chart
describing a relationship between a sulfuric acid 7 concentration and a

(0048 odity Pestaaivric aert Bofutsrradingréaciareinbih apmsefapliirdhe present

invention is characterized in that the anode and the cathode are diamond

electrodes in any of the first to seventh aspect of the present invention.

EFFECTS OF THE INVENTION

[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 ean 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
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[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 15 21
o %Lg&roli}/.sis ceIkZla Anode 21b Cathode Zlcii%%%,electrode Zéa ed
iquiaesd 1me” 2o FPRLIGhid Y& IHE BES ERSRTRRRV NG e
ter%]&[ THE INVENTION [00221 FIG. 3 shows a flow of a cleaning system
A removes and cleans a resist of a semiconductor wafer with a

[Freersyifuriciaciel aalution;gengratest by, A e'ecklvzing a.syifurie.acld, and a

solution using diamond electrodes. 8 The cleaning system Is constructe

disyRcombigation atauresist starmewing deviee 40,204 sirelectrolysis
sulfuric acid unit 20. A detailed description thereof will now be given.

[FIG02BAThia gesist sbmoving-0gvicei 40 Hedasapideess Mathdd yaishiing to
stores
the embodiment of the present invention.

DESCRIPTION OF THE NUMERALS
[o021]

10 Resist removing device

11 Process bath

12 Circulation line

14 Heater

20 Klectrolysis sulfuric acid unit
21 Electrolysis cell

21a Anode

21b Cathode

21c¢ Bipolar electrode

22a Liquid feed line

22b Liquid 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 solution generated by

electrolyzing a sulfuric acid solution using diamond electrodes.
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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. 10 The 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 .
TR el T e e 0 o R Rt ™ resis

20 is connected qui ne "2

reBHIVAS ALl $BIUfioR Emﬂ@ﬁg@%g'%_%iff@%fé’fgc@g%gﬁwi& 0 isy detailed

connected to and merges with the ¢ ation line 1 nstream o

dedbgfilten ¥nelQR24)The Slest Qysis sulfuric acid unit 20 includes an

electrolysis cell 21 for generating persulfuric acid ions by electrolyzing

[omaiurihaciessalutionovand the riequalysis el 2 b includesan ancdgicdatores

and a cathode 21b constructed by diamond electrodes, and a bipolar
a elesirdfier®d cadishoseth2 between thkanndg 2liawidd thegathade 2ch a
The bipolar electrode 21c is polarized by electric power supply, appearing
serarcanddetor wefthodenacrordifiy o wlectrugesdtvat thedvipalandiadtiodioe 12
21c faces, and functions as an anode and a cathode of the present
onjKlaghon. Joa2B] Thadidqui¢feestline ZzaectpAdstedtonheckhgaidiletll. A
side of the 25 electrolysis cell 21, and the liquid return line 22b is
hegfiiintadia tﬁ%’et%&% Gofetskid i B eyias ssitp e dodierpump
23 fqr cooling solution flgwing through the line is interposed on the liquid
134 ﬁ]glﬁh?aa}?dlﬁ s(il‘?quid separator 24, a reservoir 26, and a pump

27 i seaentali nrposed on, e [AYdISL M 220 MOURPEL Reater
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
22D for feeding out the persulfuric acid solution from the electrolysis sulfuric
acid unit 20 1s connected to and merges with the circulation line 12
downstream of the filter 15.

[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 anode 21a and a cathode 21b
constructed by diamond electrodes, and a bipolar electrode 21c disposed
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.

[0025] The liquid feed line 22a is connected to the liquid inlet side of the

electrolysis cell 21, and the liquid return line 22b 1s connected to the liquid
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5 connected to the separated gas side of the gas-liquid separator 24.
[0026] A description will now be given of a flow of the above-mentioned
cleaning system. A solution having a predetermined sulfuric acid
concentration (predetermined electrolyte concentration) is stored in the
process bath 11 of 10 the resist removing device 10, and an operation is
carried out at from 120C to 150C in the process bath 11. The solution

ontains persulfyric acid ions during the cleaning, .and the persulfuric ,
o O BE A GHAIBATY roetizig e LA AR poine

to the sulfuric acid.ions as a result , of decomposition. Therefore, the total .
IR A SRR AL T oY BT BRL i, RE A i

selGORIERY approximalely e sa1me, %%%ﬁ%@'ﬁ%&%‘é’@%&fﬁ r i?&é?ﬁﬁ_sed on

the solution can thus be represente he sulfuric concentrati

thdORR Gk he deraperpiusef therselien is kepkibyReAtinghe SHUHOMLY of is

the heater 14 interposed on the circulation line 12 when the solution is 20
coifeelatech ttipugh sha @irculationling #ize A4art @hihesplutienyinihe

circulation line 12 is taken out through the liquid feed line 22a, and is fed
[0Ga6ihe: eflectmilysisicel 211 mianthbecgdlen23f @n fhig ostasionshesalstienned

is cooled to a desired temperature ranging from 40C to 70C at an outlet
cleghtive speiem23, and reaches the electrolysis cell 21. The branched liquid

is 25 electrolyzed by supplying an. electric power at a predetermined

QurrsrttiordedEiyiBetween predaiosaized arrddfieréathediel21 bonatietration

electrolysis cell_ 21. The electrolysis reaction is a heat-generation
(predpttamingd Sheshinly R shanita Bre L riarsy 9. ghﬁ Projgenedmih 11 of

[ ases b out.10C to. 20C with respect to an inlet temperature.
thépﬁé%}g%){)]%% Q%‘Bﬁﬁi &IQZ h%lggl an op(-?ratlon 18 carried (r))ut at from 120°C

to 1560°C in the process bath 11. The solution 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 before and
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
circulated through the circulation line 12. A part of the solution in the
circulation line 12 is taken out through the liquid feed line 22a, and is fed to
the electrolysis cell 21 via the cooler 23. On this occasion, 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

electrolyzed by supplying an electric power at a predetermined current

10
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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 [00281 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. ,
depfabr BRI HAL e qonRiated by thHE ERHFBRAISGeakish fffslectrolysis cell
21elegﬂrﬁolygis, acr);grfed to the return Iigje 22b along with the solution,(‘f |

gas-uid"SEparator A cAridd 5at @ﬁ‘&?&%ﬁ%q‘ﬁﬁ%’%ﬁé’r grogutiet
co RS ASEREI PR IR, PRGN, v pgen U RlEA B 0 PUARAER 1o

reatment device 2 olution C gas Is separa

2093SHOY 0L SEPAT IOk £ 41iFcS10L ié‘rﬂt‘%uﬁ‘?.seFI‘?J&%%PJ‘%i?eﬁﬁ&i&”&&&?i&ehas

circulation line 12 by the pump 27 according to necessity. This

a GRBfIgYration regensTaies e permuliurc acidjen congdied IBAY has a
process bath 11, thereby keeping the persulfuric acid concentration in the

terglpanipgriquighiol appreximately tenstanb 02 hiecpresenpiveationat the
prevents the sulfuric acid concentration from exceeding the

ocutlredefeimined @ofifentragigppimsorterie pravenitelectsdde tiveais@ritiyeof the
other hand, when the sulfuric acid concentration is low, the 25 viscosity of

solth sulforibaeid soluyonsdediebk eanTekefore orove iy theual telectiosiethan
wear can be avoided, the current efficiency also increases, and a

a %@ét@%‘tﬁfﬂciency of the persulfuric acid increases. However, when the

o (?#éggric acid concentration is too low, and a vapor pressure of the water

aAde, YU SridpdrRedarateinersdsss fHafe fdgstiaiiBiingeid

solution by the electrolysis, and are discharged from the electrolysis cell 21
via the return line 22b. Electrolysis gas 1s generated by the electrolysis
reaction in the electrolysis, and fed to the return line 22b along with the
golution, a gas-liquid separation 1s thus carried out by the gas-hqud
separator 24, and a separated gas, in particular, hydrogen is treated by the
hydrogen treatment device 25. The solution from which the gas 1s
separated by the gas-liquid separator 24 is stored in the reservoir 26, and is
returned to the circulation line 12 by the pump 27 according to necessity.
This configuration regenerates the persulfuric acid ion consumed in the
process bath 11, thereby keeping the persulfuric acid concentration in the
cleaning liquid 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

viscosity of the sulfuric acid solution decreases. Therefore, not only the
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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 liquid. Moreover, the present invention
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 wear. Though the viscosity

clegbrodaswstherthe vidpduid ernerenfpilisisacEonlibripessrs and a
high, the decrease in the electrolysis efficiency and the prgmotion of "
e L SR BT I G NGE M BB AR e IR B0, when the

mperatuye is too high. There, is thus an upper limit for the preferr,
s e e R b RS it he water

inétgeg%ofles,;@geyas@\é%%@gﬁﬁgg_gﬁ%@g 5@9@9 imensis directed particyl arfg&?vmg

ion using the diamond electrodes.

préieweyanvhen ofherelectiolytic soIutions QLONEF RIBRIeHes, a8 486 hecurs.

the 20 present invention can be effectively applied, since the electrode

Moveards, expeigrdAua.tadhednfluence ofthaoiscrsine et e I8y the wafer
concentration of the electrolytic solution and the current density. [0031]
clekongh tHEHiguidteroparatard oftre Blactrdytic iguidis kaptib thelfuric acid
predetermined range based on the liquid temperature of the sulfuric acid
co& sohatiomtoibd eldetmohze dignarhely the liquid temperature of the
electrolytic 12 solution at the electrolysis cell inlet, to be supplied to the
electrblpsizorel. inhethpuisend deserption pfariedmbbdifianidtieigeithture of
temperature of the electrolytic solution may be maintained based on the
thegindf varsperatuie wHen s girosonEibn aidemargeatmamanaal to or less

electrolysis.cell. . _
than the %redetermmed 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
temperature is too high. There is thus an upper limit for the preferred
solution temperature of the electrolytic solution or the cleaning liquid.
[0030] 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 electrodes are used, the
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 lhiquid temperature of the sulfuric acid

solution to be electrolyzed, namely the liquid temperature of the electrolytic
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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 solution 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/dm2 (refer to an example 1 describe later), the
investigated conditions are 70wt% of the sulfuric acid concentration and

solggisrsand bGP lrtsetaehl, adet swbs Bimdied fgrihgdectrolysis cell in
concentration and 50C of the liquid temperatyre. The viscosity under the

U BoNBRATAL N 4P SBLNG B d it HharUGRER (RRGC 1! the
of the viscosity.with the sulfuric 15 acid,goncentration and the liquid

ol e RSB PO i TR TRl Ve o

th@Bf b IouRd ol g analesiolsls.sondlion ithout b plectrode

wear is equal to or less than 10cP when the current “density is equal to or

[odess thanraPRldme wAlrelationsh %%&%&%&%&%‘Mﬁéﬁiﬁtﬁ@fi@@ﬂéﬂ@mp of

and the liquid 20 temperature required for obtaining a viscosity within this

théangeois thuei thorsida bR 0OR dehstr 41100 M Ghd sWiRe iNeligbiGature.
temperature of the sulfuric acid solution to be electrolyzed is 50C, the
Afidscesipy tloesmallexneed iQeRi ayenlikthe sudfuiie acist coneemitatiomisto be
80 to 95wt%, and a possibility of the electrode wear is thus low. 25
eleefowbved frombog. thehenahedioditetertperatdes of tensulfiericudBratidacid
solution is 40C, the viscosity of the sulfuric acid solution cannot be equal
soligtEmets ﬂiaﬁ@éﬁ%iegg%élﬁbmgﬁ%ﬁ&ﬁi@ﬁﬂwrimiﬁ@ti?éqtfalQb &gss than
less thaw 78wt%, and there is a possibility of the electrode wear. Thus,
€

50 viskn tH{BedeFrén et A3MB bl 53t 1eskaicah sba/dnvestpgated conditions

are T0wt% of the sulfuric acid concentration and 30°C of the liquid
temperature, and 86wt% of the sulfuric acid concentration and 50°C of the
liquid temperature. The viscosity under the above conditions, which are
obtained based on the relationship (FIG. 1) of the viscosity with the sulfuric
acid concentration and the liguid temperature described in a document(i) are
7.9¢P and 8.5¢P respectively, and it is found out that an electrolysis condition
without the electrode wear is equal to or less than 10cP when the current
density is equal to or less than 50A/dm?2.

A relationship between the sulfuric acid concentration and the liguid
temperature required for obtaining a viscosity within this range is thus
considered based on FIG. 1. TFrom FIG. 1, when the hiquid temperature of
the sulfuric acid solution to be electrolyzed is 50°C, the viscosity does not
exceed 10cP even if the sulfuric acid concentration i1s 80 to 95wt%, and a
possibility of the electrode wear 1s thus low.

However, from FIG. 1, when the liguid temperature of the sulfuric
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5 liquid temperature of the sulfuric acid solution is maintained equal to or
more than 50C, or the liquid temperature of the sulfuric acid solution is
maintained at from 40 to 50C, and simultaneously the sulfuric acid
concentration is maintained equal to or less than 78wt%, for example, in
order to avoid the risk of the electrode wear. 10 [00331 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
acid sqliieolnidinaher ssenszyind vReositlfiiequiticonses tiannot be

6cr. From FIG, 1, when the liquid temperature of the sulfuric acid. 15
eaual iforritese Haarbite a0 s beoneeBEly o dTBrER BB A pual to or

when_the sulfuric acid concentration is.equal to or less than 75wt%, and a
19&’6&555% &Iﬁ%‘g? Kf}jeae %a@&&% WP i€ erfil%vﬁ% ﬁ&]’—% éi.efFWF?@n“fﬁ@lsulfu ric

acid niration exceeds abaut 80wt%, the viscosity hardly ¢ S.,

s g L B R L T e it e

ligGan Perayeided evanwhen g, songe Rtation ing @%ﬁgggﬁy&e@mﬁ% or

the concentration exceeds 85wt%, a wear Is actually . This'is

mdRecayss When, lie cRBCEAIAIIR B8 B0WI %N eRERNIALPRS Ik ion is
S042- and HSOa decrease sharply as shown in FIG. 2, and sufficient

maihasgasdarecndigarried. 5 Bisthuspieferied halaRakamBter ddlfuric acid
consideration of the ion 14 concentration in addition to the viscosity be
conusetag wreferengen thiee pregent inventdrs:defined thewadeffitiend:Rfagle, in
this parameter, and a wear avoiding condition in case of the current
ordensity ofigohddriskishépredenteddsywirerfollowing equation (2) based on
a result of an electrode durability test.
[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 hquid temperature of the sulfuric acid
solution to be electrolyzed is 50°C, the viscosity does not exceed 6¢cP, 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
conditions, the wear can be avoided, even when the concentration increases.
However, when the concentration exceeds 85wt%, a wear is actually cbserved.
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,

It i1s thus preferred that a parameter in consideration of the ion
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5 [Equation 2] Coefficient Pf=. E (zCb)>1.21. (2) P LcP [0034] In

the cases of the current densities 75 or 100A/dm2, Pfis set to Pf 10 >1.8

or Pf>2.4 (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
corgeair ag@ledtroldibipracdss the anigtkaline blecrotgtiasolutionfdoence.  The

hydrogen production, an electrolysis process for NaC1 solution for
DresSRbERRIate Mrodsctiche e w&@&t%nasﬁswfc@ﬁw&wm@choﬂﬂwear

or waste liqujd treatment, [0036] [Method of ca ating necessary
BB VBB oo e S0t m%%ﬁbrhsd@ﬁéﬁﬁgted by

dto 75 /d dth t IOOAd 2 t if i
TR RS 7 DISBEILON to o e Sea ha Veagiig (o

i nditiors (limit viscosity and ion concentration) in case of 50A/dm2 are
nown, the conditions for other current 25 densities can be calculated. 15
The moving velocity of the ions in the electrolytic solution is generally
represented by the following Nernst-Planck equation (3) (document). The
Clushierny orégfe rlg¥n( {eid rsprgsent@%n diffusion due. to the difference in
concentratiors, the saﬁcond term repregents an ion 5 transport by an
electrical attractlon nd the third term represents an ion

f
av

[0034]In the cases of the current densities 75 or 100A/dm2, Pr is set to Py
>1.8 or Py>2.4 (mol/(I- ¢P)) 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
mvention is not limited to the electrolysis process of sulfuric acid, and can be
similarly applied to electrolysis processes for other applications such as an
clectrolysis process for an alkaline electrolytic solution for hydrogen
production, an electrolysis process for Nall 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
densities]

When the current density is increased to 75A/dm?, and then to
100A/dm?2, a wear will not occur if ion flux can be provided in proportion to
the increase. Since the required conditions (limit viscosity and ion
concentration) in case of 50A/dm? are known, the conditions for other current

densities can be calculated.
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transport by convection. [0037] [Equation 3] J=Dx~~ +Dx CzF x(a,) x( (3)

10 where J ion flux moving from bulk liquid to an electrode surface

(mol/m2/h) D diffusion constant (ma/h) C ion concentration in liquid

(mol/m3) x distance in direction perpendicular to an electrode surface

(variable) (m) 15 (aCax ) : concentration gradient of ions in x direction

(mol/m3/m) z charge number of ions (- ) F Faraday constant R gas

constant T absolute temperature (K 20 O electric potential (V) ax : electric

potentid® differanee grlaraht (Thrhanirsk vilowhate seligeivtiowsrtigien is

electrode surface (xn/h) [0038] This equation is applied to the transport of
SCRREANS iFCRBOEREAR) 35 1afBe o AP BlBsrodd etptick landunisg e (3

the concentration gradient is a straight line in the boundary layer,.the .
(@OS)EGRG o pold i AEFERC G A TG EING EEUEE ke elotiddeign due
to 'c%?lde a q%v of the liguid toward the ele%rgdse surf%cec is not present in the

nt | .
f‘ence f1_|1’l concentr OIS (—)CO}t’l el’gﬁ ¥ resenks an won
boundary Tayer, the equation iS 16 represénted by the ToHowirg

tra%%ﬂ@'iiws) %§421n[%9§&1r['€:§1uQ%'ﬁ%éﬂxc;lm%9§§fggﬂzfg ‘@épr-lr;)&%ﬁgesents an ion

transport by convection.

[0037] [Equation 3]

Jme[g}JerLZFx —aj}-}rvx() ------ (3)
ax RT Ox

where
J :ion flux moving from bulk liquid to an electrode surface (mol/m2/h)
D : diffusion constant (m¥h)

C' :1on concentration in liguid {(mol/m?)
x : distance in direction perpendicular to an electrode surface (variable) (m)

oC . . . ) . .
(ﬁém} concentration gradient of ions in x direction (mol/m#m)
X

z : charge number of ions ()
F : Faraday constant

R : gas constant

7 : absolute temperature &
¢ : electric potential (V)

(%ﬂJ : electric potential difference gradient  (Vim), and
o

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

[0038] This equation is applied to the transport of the ions in a boundary
layer on an electrode surface. Assuming that the concentration gradient is
a straight line in the boundary layer, the gradient of potential difference is 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
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8 2 RTw") 5where Cv ion concentration in bulk liquid (mol/m3) C, ion
concentration on electrode surface (mot/m3) S thickness of boundary
layer in relation to material motion on electrode surface (m) 10 0. electric
potential of anode (v) 0_ electric potential of cathode (V) and w distance
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

reRsRsHHRAtEKAE EMEIHNE RIS Ydocument iii) [0041] [Equation 5]

Oﬁ? =KkT ..., (5) g,r ru where k Boltzmann constant, T absolute

{0(% p(g‘%&?g}oﬁé ius of particles, and u 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.
}/Io_r%)(/?err ﬁ,s.aﬂzeﬁpefﬁmexn%gigdm by the present inventors, Ehe state

......

‘of the wear was notimproved even;if the flow rate (flow quantity) %f the

liquid passing through the electrolysis cell was increased, and therefore it
whsrd7

C, :ion concentration in bulk liquid  (mol/m?)

C, :ion concentration on electrode surface  (mol/m?)

0 : thickness of boundary layer in relation to material motion on electrode
surface (m)

¢, : electric potential of anode (W)

¢_ : electric potential of cathode (v} and

w : distance between electrodes  (m)

[0040] Tt is necessary to know the diffusion constant D in order to calculate
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 i)

[0041] [Equation 5]

kT

D=
Oz

where £ : Boltzmann constant,
T : absolute temperature,

r :radius of particles, and
it viscosity of solution.

[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 quantity) of the liquid

passing through the electrolysis cell was increased, and therefore it is
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considered that influence from the boundary layer thickness 6 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 61 Cb+C DF . ... .. (6) Parameter=z _._ X2RT 10
[0044] The following equatlon |s obtalned substltutlng the equation (5)
congiqpEedgthnbniniioons) Eqm ﬁf/ N7y Paidimetsr § -an the
15 127R r ,u [0046] On this.occasion, Wh n the equation (Hfils Slmp|lfled
COREEHPBrifa? %T%\ﬁﬁ?gsé’s%}ﬁﬂﬁ%am dHedRAto 8)18%6 HeigR g WArich

d t It f . t
e 8 SEH OB Lo S e Bt SHaliOb. B 5 CHOLES fooes
mc[g)g ?%Q&thg E%%U‘ﬁ{% H'Abx EU&%@LH “{)e(s)ot%ilrvl% ' '%hg r%%r'gf;) ﬂle same

const
electric field intensity is represented by the following equation (6).

[0043] [Equation 6]

GG DF (6)
P = o K ——
crameter z RT

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

[0045] [Equation 7]

kF 1 =G+ Ce {
Parameter = ——— X — X ———— “
12x R v A

[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 1s invariant even
when the concentration and temperature change.

2. Cp>>Cs

[0047] [Equation 8]

E (ZC?J) ...... (8)
i

Parameter = AX

where

At proportional constant.

18



18 [0048] The new parameter Pf is thus defined as the following equation
(1). [0049] [Equation 91 E (zCh) P~ - u...... (1) 5 charge number of
ion. mol Ch :ion concentration L E (zCh) : sum of zCh of respective ion
species. u viscosity (cP) . [0050] The Pis calculated from the ion
concentrations of S042 and HSO 10 and solution viscosity by the
equation (1) at various sulfuric acid concentrations and the temperatures
represented in a Table_1. [0051] [Table 1] lon Flux Parameter Pf
Lot wm&w@e@@mméa%%@%iéwmw%w@)-
{0@%35[ 0 29‘1.8 1.572 1.240 0.917 0.566 0.456 0.310 30 2.524 1.921
507 Ty 0.660 0.450 40 2.983 2.420 1.937 1.547 1.194 0.841
0.579 50 3.639 3.068 2.787 2.101 1.629 1.203 0.788 60 3.106 2.798
2.57§2:383 2.136 1.551 0.918 15 [0052] From experiments carried out by
B’tﬁe*p‘rlffsent inventors, the wearis . ... .. (1)

z : charge number of ion.

Cy ; ion concentration

2(zCh) - sum of zCs of respective ion species.
it VISCOSILY {eP) .
[0050] The Prs calculated from the ion concentrations of SO42- and HSO4+
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) Sulfuric acid concentration (wt%)
60 65 70 75 80 85 | 90
20 1.876 | 1.572 | 1.240 | 0.917 | 0.566 | 0.456 | 0.310
30 2.524 | 1.921 | 1.507 | 1.194 | 0.853 | 0.660 | 0.450
40 2983 1 2420 | 1.937 1 1.547 | 1.194 | 0.841 | 0.579
50 3.639 1 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

[0052] From experiments carried out by the present inventors, the wear is
nearly avoided in the case of 50A/dm? under the condition of 85wt% and 50°C
and 1t 1s thus considered that a condition Pg£1.2 represents a safe zone.

Since the current density and the ion flux are in a proportional relationship
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nearly avoided in the case of 50A/dm2 under the condition of 85wt% and
50C and it is thus considered that a condition Pf?1.2 represents a safe
zone. Since the current density and the ion flux are in a proportional
relationship 19 to each other, conditions Pf?1.8 and Pf?2.4 (mol/(L cP))
are safe zones, namely wear avoiding conditions, in the cases of current
densities 75 and 100A/dm2, respectively. [00531 Document 0 "Ryuusan

Kaugaku, (Sulfuric /Acid Engi ing)", Wyit b ouichirou
o s o A EA W R R biby RigReRLL SHUBp At a2 gones
na{i9eNR0a,PHDURNGECom kIt PP RPAUIRVRIGUMENL I "Ipn Exchange, | 4
Membrane Separan%n Processes”, Membrane Science and ecﬁmology

1088718829 ddpetiatlimann, Elsevier, pp. 70 (2004) Document n) "Perry’s
Chemical Engineer's Handbook", 7th Edition, pp. 5-50 10 McGraw-Hill

(03P M EXAMBL B TRPOR4ATRe dRllawing@ramiplas Wware satted o4t UgiRGten

the cleaning system according to the first embodiment. [Comparative
by ex@imoplizAikdb SHOR rehilirrent efiidtaria Wighempwberlibd eleetratysismisha
process temperature is lower, the operation was carried out with the
Sheleptrolysis Eall (Atlzeneligiidbérmberdiorelat dherale5801y$R568I inlet
kept at 30C. Other conditions are described below. (Electrode
DosnapendinienbionExsbang e dhearbr aaerSsrdandityasBrgdesgesdo Membrane
solution concentration=86wt%, and flow rate 0.86L/min) As a result, a

Scifage wad JBSBRAABhIAE ehode Supfdesmersp Kosryisrnrppabsed0)
Do@grrgetg% HSISQ[{J(?QI}’;% ?ﬂleglazﬂggl %{}ijgggég;@%g%gi)ggf{a’l]th Edition, pp. 5-50
McGraw-Hill (1997)

EXAMPLE 1

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

[Comparative example 1]

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

(Electrode shape/dimension=150mm diameter, current density=50A/dm2,
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.

[0055] [Example 1]
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particles and a reduction of the diamond layer thickness were observed by
a microscope. 25 [00551 [Example 11 20 The temperature and the
concentration were changed with respect to the comparative example 1
to perform an experiment. The conditions are described below. (Electrode
shape/dimension=150mm diameter, current density=50A/dm2, 5 and flow
rate 0.86L/min) Presences/absences of the wear after 50 hours from the
start gf,the operation, together with the data of the comparative example
T werbETRLTECt W SC Bt MG & A BAGLT  fapect t
' e | Jable 2, it is determined that the wear of
e Al S A, 215 SR e
dedemMipetatuigso that the solution viscosity is approximately equal to or less
than 10cP in case of the current density=50A/dm2. [0056] [Table 2]
(Elbempesatune felsuibuicoacid Soneantiainn (W%, MSEasitisif ty=50A/dm?,
parentheses (cP) 70 86 30 0(7.9) x (16.0) 40 - (6.1) A (12.3) 50 - (4.2)
an@(Bby tate@pislegand: O= good, A= slight wear, x=wear, and -=no data
[0057] Though further experiments are necessary for proving that the
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
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.

[0056]

[Table 2]

Temperature (°C) Sulfuric acid concentration {(wt%), viscosity is in

parentheses (cP)

70 86
30 0 (7.9 x (16.0)
40 -{6.1) A(12.3)
50 - (4.2) 0 (8.5)

Graph legend: O= good, A= slight wear, x=wear, and —=no data

[0057] Though further experiments are necessary for proving that the
electrode 1s 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. FEven if
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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 21 the wear is Igm, the electrode has a durable period equal to or
more than 2500 hours, since the initial diamond thickness is 501im. It is
considered that the electrode can be used even for a longer period in

ractice. Moreover, ent arameter Pf js applied to the same
th & H st Tos i A R

' iated that a necessayy._conditign for avoiding a wearin case of.
2 e e e S o Tl PR S gere
thAMYL-AR) Femparatre Ch uliyie, acid conge L[r o (Wive.{9.86

1.507 0.633 40 1.937 0.807 50 2.787 1.01?% C‘ng g‘é@&'l{“ [ %%% e zﬁgmver’
wHeanditans:whicbeprevidea (p/0F ko dipeg.and é}@?@ﬁﬁ@rﬁﬁ'ﬂ%@@ft,tﬁetable 3

ion fluxes when the current densities are 75A/dm2 and 100A/dm2
is sbspaeivelyindheexample 2 areicalbidatedcusing the NeragtiRlangkiecessary

equation and Stokes-Einstein equation, and are shown in a table 4. 15
coMioreovéry iticonone prefesatile that BEANS aha Pie P4 (n2oliloH)) ¢Bihg

the parameter Pf are set as the conditions for avoiding wear, in case of
[04R8! current densities of 75 and 100A/dm2, respectively.

[Table 3]
Ton Flux Parameter Pr (mol/L/cP)
Temperature (°C) Sulfuric acid concentration (wt%)
70 86
306 1.507 0.633
40 1.937 0.807
50 2.787 1.146

[0059] [Example 2]

Conditions which provide 75/50=1.5 times and 100/50=2.0 times of
the ion fluxes when the current densities are 75A/dm? and 100A/dm?
respectively in the example 1 are calculated using the Nernst-Planck
equation and Stokes-Einstein equation, and are shown in a table 4.
Moreover, it is more preferable that P£1.8 and P22.4 (mol/L: ¢P)) using the
parameter Py are set as the conditions for avoiding wear, in case of the
current densifies of 75 and 100A/dm?, 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

density is high.
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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. 22 [00601 [Table 41 Current density(A/dm2)
Viscosity condition 75 Equal to or less than 8cP, more preferably equal to
or less than 6¢P 100 Equal to or less than 6¢cP, more preferably equal to
less than 4.5cP 23 CLAIMS 1. An electrolysis method, comprising:

{ (lg))aising an electrolytic solution through an electrolysis cell including at

04804t 2 pair of an anode and a cathode; and 5 supplying the electrodes
with %efgtarll power, so as to electrolyze the electrolytic solution,

whereind viscosity of the electrolytic solution is set in a range in

roSPONSE 108 SUeni densty upd

the_electrolysis.

n the electricypower. supply.to.carry out
hlysis methoccl\glgg(o)%%gg%}/ %fg%%nl,

wherein the

electrolysis method according to
sulfuric acid solution is equal to 0

gctrolytic solution

furic acid salutio The = o
R R e TR gt

rless than JOCR wheniihe phEeRp

DA/dm2

___deneity is pqlml toorless than 5¢

100

Equal to or less than 6¢P, more preferably

equal to less than 4.5¢P
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15 4. The electrolysis method according to claim 2, wherein the viscosity
of the sulfuric acid solution is equal to or less than 8cP when the current
density is from more than 50 to 75A/dm2. 5. The electrolysis method
according to claim 2, wherein the viscosity of the sulfuric acid solution is
equal to or less than 6¢cP when the current 20 density is from more than
75 to IOOA/dm2. 6. The electrolysis method according to any of claims 1
1E‘%ﬁﬂgherein the viscosity of the electrolytic solution is controlled by
adjusting an electrolyte concentration and a liquid temperature of the

electrolyti ' . el is, method according to any of
claimglzﬁE t% eg,gv%ﬁjg%#%ﬁ%E%ggfe%%%%%%]centration and the liquid
temp @gyfﬁgoﬂh@1@&93&)&%o%%mmﬁ&%@gﬂ%ﬁ%?&ﬁ?@f;@ﬁ%@‘ﬂqﬁmdmg

Pr calculated according to the following equation (1) from an

at tonseRipalionof iops arneratedAyhdigsogiation of the electrolyte of the
electrolytic solution and the viscosity of 5 the electrolytic solution is equal

to or marplitiag TRmeldtuR) JEquationn] el (260 Rfver, .so. 1) 0 dlbargdyze
number of ion. 10 Cb : ion concentration "I'll ~ L E (zCb) : sum of zca of
theedpetatilptiorsspetiivs. viscosity (cP) .

wherein a 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.

2. The electrolysis method according to eclaim 1, wherein the
electrolytic solution 1s a sulfuric acid solution.

3. The electrolysis method according to claim 2, wherein the viscosity
of the sulfuric acid solution is equal to or less than 10¢P when the current
density is equal to or less than 50A/dm?2.

4. The electrolysis method according to claim 2, wherein the viscosity
of the sulfuric acid solution is equal to or less than 8cP when the current
density 18 from more than 50 to 75A/dm2.

5. The electrolysis method according to claim 2, wherein the viscosity
of the sulfuric acid solution is equal to or less than 6cP when the current
density is from more than 75 to 100A/dm?2.

6. The electrolysis method according to any of claims 1 to 5, wherein
the viscosity of the electrolytic solution 1s controlled by adjusting an
electrolyte concentration and a liquid temperature of the electrolytic
solution.

7. The electrolysis method according to any of claims 1 to 6, wherein

24
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8. The electrolysis method according to any of claims 1 to 7, wherein the
anode and the cathode are diamond electrodes. 25

the electrolyte concentration and the liquid temperature of the electrolytic
solution are adjusted =o that a coefficient Pr calculated according to the
following equation (1) from an 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),

[Equation 1]

(=G
B" TR e (1)
2

z : charge number of ion.

ol

s 10N concentration

2{zCs) : sum of z¢; of respective ion species.
i 1 VISCOSItY (eP) .
8. The electrolysis method according to any of claims 1 to 7, wherein

the anode and the cathode are diamond electrodes.
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