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AHHOTaNMs. DKCIEPUMEHTAILHO HCCIIEI0BAHO BCKUIIAHUE PACTBOpA I'MJIPOKCHIA KaJblHsl B BOAE NPU
HACBHIIIEHUH PAaCTBOPA KUCIOPOAOM B Pe3ysbTaTe MMITYJILCHOTO 3JIEKTPOn3a Ha aHoze. M3mepenst oc-
HUAJITIOTPaMMBbI TOKa 3JIEKTposn3a B muHTepBasie temmnepatyp ot 25 go 100 °C. [To ocuunmorpamMmmam
paccuMTaHbl KOHIICHTpAIMU KUCIOPOJa Ha aHOJIE B MOMEHT B3PBIBHOTO BCKHITAaHUs 3JeKkTponuTa. [o-
Jy4yeHa TeMmrepaTypHasi 3aBUCUMOCTb KPUTHUYECKON KOHIIEHTPAIIMK T'a3a Ha aHOJIe, BbI3bIBAIOIIAs BCKU-
MaHHUe pacTBOpa. DKCIEPUMEHTAJbHbIC PE3YJIbTAaThl AHATU3UPYIOTCSA B paMKax TEOPUU TOMOTEHHOMN
HYKJICAILHH.
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Abstract. Pulse electrolysis is considered by one of the methods of producing oxygen and hydrogen.
With high current densities of short current pulses it is possible to realize significant supersaturation of
the electrolyte on the electrode surface with gaseous electrolysis products, followed by the explosive
boiling of a liquid. Supersaturations comparable to those predicted by homogeneous nucleation theory
have been obtained for potassium hydroxide (KOH) solution and solutions of the salts Na>SO4, NaCl,
and KI. These studies were performed at atmospheric pressure and primarily at room temperature. In
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this paper, the influence of temperature and pressure on the explosive boiling of a calcium hydroxide
(Ca(OH)2) solution in water during pulsed electrolysis has been investigated. A fluoroplastic cell of
volume 15 ¢cm?® containing a 0,1 % calcium hydroxide solution in water was placed in a pressure cham-
ber thermostatted to within 1 °C. The pressure in the chamber varied from 0,1 to 2,0 MPa. A platinum
wire with a diameter of 30 um and a length of 1 cm was used as the anode. A stainless steel plate with
a thickness of 1 mm and a width of 6 mm served as the cathode. A rectangular pulse generator with an
amplitude of up to 600 volts and a duration of up to 100 ps allowed an electrolysis current density of up
to 10" A/m? to be generated at the anode. Current oscillograms were recorded during the electrolysis
process. Electrolyte boiling-up at the cathode was accompanied by a sharp drop in the electrolysis cur-
rent. The nucleation rate observed in the experiments was calculated based on an analysis of the oscil-
lograms in the region of the sharp current drop. It was found to be ~10* m™ s™!. The oxygen concentra-
tion at the anode during electrolysis was calculated from the current oscillograms. The temperature de-
pendence of the oxygen concentration at the anode at the moment of electrolyte boiling-up was
obtained in the temperature range from 25 to 100 °C at constant pressure. The results obtained have
been analyzed within the framework of homogeneous nucleation theory. For this purpose, oxygen con-
centrations in water causing the solution boiling-up with the nucleation rate observed in experiments
have been calculated using formulas of homogeneous nucleation theory. The results are consistent with-
in the experimental error and the data on oxygen diffusion in water and the Henry constant used in the
calculations. It has been concluded that electrolyte boiling-up occurs predominantly at fluctuation boi-
ling sites. The dependence of the oxygen concentration at the anode at the moment of explosive boiling
of the solution on pressure has been obtained in the pressure range from 0,4 to (308)2,0 MPa at a con-
stant temperature (~87 °C). The results obtained are compared with calculations based on formulas of
homogeneous nucleation theory. A significant discrepancy between the experimental and the calculated
results is observed. While the calculations based on formulas of homogeneous nucleation theory yields
a weak dependence of concentration on pressure, the experiment, on the contrary, shows a significant
increase in concentration with pressure. The reasons for this discrepancy may be both a possible unac-
counted error or a lack of data on the pressure dependence of the diffusion coefficient and the Henry's
constant. In any case, the results on the pressure dependence of explosive boiling of the electrolyte during
pulsed electrolysis require further experimental verification.
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BBenenue HUAW U B OCHOBHOM IIpM KOMHATHOM TEMITEpaType.
B nanno# paGote uccnenoBaHO BIMSIHUE TEMIIEpa-
Typbl U JABJICHUS HAa B3PBIBHOE BCKUIIAHHE PacTBO-

pa Ca(OH); B Boaie mpy UMITYJIECHOM 3JIEKTPOJIU3E.

WMmynbCHBIN 37€KTPOJIN3 paccMaTpUBaeTCs OJ1-
HHUM U3 CIIOCOOOB MOJYYEHUSI KHCIOPOJa U BOJIO-
pona [1, 2]. Ilpu GbICTpOM HapaCTaHUM TOKA JJIEK-

TPOJIM3a BO3MOYKHO BBICOKOE IIPECHIIIEHHUE DJIEK-
IKCNEePUMEHTAIBHAS YCTAHOBKA M METOAUKA

TPOJIUTA Ia3000pa3HbIMU MPOAYKTaMH JIEKTPOIN3a
U 3aTeM B3pbIBHOE BCKHIIAHHE pacTBopa. Panee Ha
npuMepe ci1adoro pacTBopa TUAPOKCUAA KaIHs
(KOH) B Bome OBLIO MOKa3aHO, YTO TPECHIMICHHUS,
BBI3BIBAIOIIME B3PHIBHOE BCKUIIAHUE AJICKTPOJINTA,
MOT'YT JIOCTUTaTh BEIMYHH, PE/ICKa3bIBAEMbIX TEO-
pueit romorenHoi Hykneanuu [3]. ConocraBuMEbIe
pe3yJIbTaThl MOy4eHbl B padotax [4, 5] ¢ pacTBo-
pamu comeit NaSO4, NaCl u KI. Tpensraymme nc-
CJICIOBaHUSI BBIMIOJIHEHBI ITPU aTMOC(EPHOM JIaBJie-

MpoBe€/ICHUs ONBITOB

CxeMa 3KCIEpUMEHTAIBHON YCTAaHOBKM IpPHUBE-
JIeHa Ha puc. 1. DIeKTpoim3epoM ciryxuia (Gpropo-
TIacToBas siueiika oobemoM 15 e’ (3). B kauectse
aHOJIa HCIOJIb30BAJACh IIATUHOBAS MPOBOJIOYKA
mramerpom 30 mxm mmmHON 1 oM (1). Karox (2) —
MJIAaCTHHA M3 HEPXKABEIOIIEH CTalu JJIMHON 2 cM
u mupuHoi 4 MM. [lnactuHa ycraHoBieHa mapa-
JIETTBHO MIPOBOJIOYKH HA PACCTOSHUM 3 MM.
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Slueiika ¢ pacTBOPOM 3JIEKTPOJIUTA TIOMEIaach
B TEPMOCTATUPYEMYIO KaMepy U3 HeprKaBeromleit
ctanu (4), KoTopas ¢ IOMOIIBIO KPaHa COEIMHSIIACh
C CHCTEMOH CO3JaHMS M WU3MEPEHHUs IaBJICHUS.
TemmiepaTtypa B KaMepe MOAJEepKUBaJIach ¢ TOYHO-
cteio He xyxe | K, u Morna m3MeHsThCst B mipesie-
nax ot 20 go 150 °C. OnuHOYHBIE IPSIMOYTOJIBHBIE
MMITYJIbCHI TOKa aMruiatyioi 10 600 B u mmrens-
HocThio 0T 20 710 100 MKC CO31aBaAMCh TEHEPATOPOM
HMITYJIbCOB IEKTposn3a. [1oTHOCTE TOKa Ha aHOzE
nocturama 107 A/m%. OCIHIIOrpaMMEI TOKa H7IEK-
TPOJIM3a 3aIMCHIBAIIICH B TAMSATH ocLpyuiorpada.

OmnbITEl NMPOBOJWIMCH C HACBIIICHHBIM pPacTBO-
pom runpokcua kainbuus (Ca(OH)z) B Boge. Kon-
LEHTpalys TUApPOKCcHIa Kaiblus cocrapisia 0,1 r
Ha 100 mn pactBOpa. B mpouecce anexTponusa Ha
ANEKTPOJAX MPOUCXOMAT CIEIYIOIINE PEAKLIUH:

Ha karone: 2H,O+2¢ =H,+2 OH
Haanone: 4OH —4e¢ =2H, 0+ 0O,

CornacHo 3akoHy Dapajesi, IIIOTHOCTh MOTOKA
JICTKOKHUIISIIETO MPOIYKTa 3JIEKTPOJIN3a B MOMEHT
BPEMEHH ¢ MOYKHO paccuuTaTh mo dopmyre [6].

(= LD |4,
J® —( 5 j . (1)

rre /(f) — cuima AIEKTPUYECKOTo TOKa, S — TUIONIA b
UEKTPOJA, f — BpeMsI POTEKAHUS TOKA AIIEKTPOIIH-
3a, I’ — nmocrostnHas Papajnes, 4 — MOJEKYJISPHBINA
BEC Tra3a, 7 — KOJIMYECTBO 3JIEKTPOHOB, 3aJ€HCTBO-
BaHHBIX B peakimu. Ha puc. 2 nokasana ocummuio-
rpaMMa IUIOTHOCTH TOKa Ha aHoze (IUIaTMHOBAs
MPOBOJIOYKA) JUIS JBYX TEMIIEpaTyp HpH JUTUTENb-
HOCTH MMITyJIbca dnekTponn3a 100 Mkc.

Ocrumnorpad

T'enepatop
HMITYJIbCOB Zaparomui

TeHeparTop

Hsmepurems  |—
SICKTpOIH3a

TOKa

Puc. 1. Cxema sKcIepUMEHTaIbHOM YCTaHOBKU. 1 — MnaTHHOBas
MPOBOJIOYKA, 2 — HEprKaBerollas IIACTUHA, 3 — (TOPOIIacToBas
syeiika, 4 — kamepa U3 HepyKaBelollel cTany, 5 — KpaH, COeIuHs-
IOIMIT KaMepy ¢ CHCTEMOH CO3JaHMsI ¥ N3MEPEHUSI JIaBJICHHS
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Puc. 2. OcuuiorpamMMsl INIOTHOCTH TOKA HA aHOZE IPH HPH UM-
IyJIbCHOM 3nekTpormse pactBopa Ca(OH)2 B Boze. 1 — 7= 22 °C,
2 —T'=155 °C. Crpenkoit 0003Ha4eH MOMEHT BCKUIIAHUSI PacTBOPa

Pe3koe manmeHne TOKa SIIEKTPOIM3a BBI3ZBAHO
OCYILIEHHEM aHO/ia B pe3yJIbTaTe B3PHIBHOTO BCKU-
MaHMs HACBHIILIEHHOTO KUCJIOPOJIOM PacTBOpa K-
TponuTa [3]. AHajnM3 OCHMJUIOTpAaMM Ha y4YacTKe
PE3KOro IMaJIeHns TOKA MO3BOJISIET OIIEHUTh YacTOTY
HyKJIealnu, peanusyemyio B ombiTax [3]. [lior-
HOCTh TOKa MNP BCKUIIAHUH KHUJKOCTH Ha MOBEPX-
HOCTH 3JIEKTPOJIa OTIPENIEINAETCS BBIPAKEHUEM

i(0) =1, = 8i(1). )
rac iO_ IUIOTHOCTH TOKa nepez[ HaA4YaJIOM BCKHIIA-

Husl, Oi(¢) — MajeHue TOKa IEKTPOIIN3a B pe3yJb-

TaTe OCyIIEHUs AIeKTpoaa [7].
5i=i,3S(t) =i, {1-exp[ =S, (1) ]} @3

3neck: S (¢)— mwiomaiks napa Ha IpoBOJIOYKE,

t
So(t) = j Jres(t—1)dr', @)
0

rze J — yactora HyKJIealuH, g — paanyc KpuTude-
CKOT'O ITy3bIpbKa.

g =20/ (p, = pH(1=p"/p), )

s(f) — oAk, SKpaHUpyeMast OTACIIBHBIM ITy3bIPh-
KOM, pacTyImmM 1o 3akoH Panes [8].

s(t)=2n(ps - p)t* 1 3p, (6)

I7ie ps — JIaBIIEHUE ra3a B My3bIpbKe, p' — IaBleHHE

B JKUJIKOCTH, P’ — INIOTHOCTb KHAKOCTH, p" — IUIOT-
HOCTb Iapa.
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JI7IST OIIEHKM 9acTOTHI HyKJIGAIHH B OMBITAX TIPH
BCKMITAHHH PACTBOPA THAPOKCHIA KAIBIHS B BOJE
TIOCTPOGHBI KPHBBIE i(f) 1T HECKONBKUX 3HAYCHHIT J
¥ SKCTIEpUMEHTATbHAS OcIIIorpamMma (puc. 3). U3
PHCYHKa CIIe/lyeT, UTO peatu3yeMas B SKCIIepHMEH-
Tax ¢ pacTBOPOM 4acToTa Hyktearmn J = 107 3¢,

1,4x10" A

1,2x10" A

AIM?

1,0x107

8,0x10° 1

6,0x10°

t,MKC

Puc. 3. Curnan BcKunaHus pacTBOpa r’MAPOKCH/IA KBS Ha QHOZE.
CruionHas JIMHUS — SKCHEPUMEHT, IITPUXOBBIC JIMHUK — PacyeT Mo
¢dopmyiam (2-6)

PaBHOBecHOE NaBjeHHE Ta3a B HACHIIICHHOM
pacTBope BOJHM3M 3JIEKTPOaa B 3aBUCUMOCTH OT
KOHIICHTPAITIH c( x,t) ompeensercs: 3akoHoM | 'eH-

pu [9].
ps(x,t)~ He(x,2)- ()

KoHmeHTparyst raza Ha IOBEPXHOCTH 3JIEKTPOJIa
orpezernsieTcst ypaBHeHHeM Tuddy3um:

2

0 0
ac(t,x) = Dgc(t,x) . ®)

C rpaHUYHBIMH YCIOBUSIMU:

oc(t,x .
peEN —jay,
X x=0
c(t,0) =0,
c(0,x)=0.

Pemenune ypaBHeHus (3) 11 TIOBEPXHOCTH 3JICK-
Tpona umeet Buz [10]:

t—1)

1 J(
==l T r

dt. )

Pe3yibTaThl ONBITOB M HX 00CYKICHUE

Bbim mosydeHs! OCIMIIIOrpaMMBbl 3aBUCHMOCTH
TOKa 3JIEKTPOJIM3a Ha aHOZAE OT BPEMEHH B MHTE-
Basie Temrieparyp ot 25 g0 100 °C u naBnenuid ot
atMocgepHoro ao 2 Mlla. ITo ¢opmynam (1, 9)
paccunTaHbl KOHLIEHTPALMHU KUCIOpoa, MpU KOTO-
PBIX TPOMCXOAMIIO B3PbIBHOE BCKHUIIAHHWE PAcTBOpA
Ha aHojIe.

Ha pucynke 4 Toukamu nokaszaHa TeMmmnepaTyp-
Hasl 3aBHCHUMOCTb KOHIIGHTpAIlMM KHCJIOpOAa Ha
aHoJIe, BBI3BIBAIOIIAS BCKHUIMAaHKe pacTBopa. [Ipose-
JIEHO CpaBHEHHE SKCIIEPUMEHTAIBHBIX PE3yJIbTaTOB
c pacueramMu 1O (opMysiaM TEOPHH TOMOTEHHOM
Hykiearmu [11].

CornacHO TeopHH TOMOT€HHOM HYyKJIalluu Teo-
peTuyecKas yacToTa 3apo/Iblieo0pa3oBaus paccym-
ThIBaeTcs o popmyte [11]:

/4
K
J(x,t)= Nc(x,t)Bexp| — ; (10)
kT

rae N — 9ucio MOJEKYN B €IUHHIE 0O0beMa 3JIeK-
Tponuta, B — kxuHeTnueckuii koddduiment, omnpe-
JETSIOMNNA CKOPOCTh POCTa OKOJOKPUTHYECKOTO
my3bIpbKa, Wi — pabota 00pa3oBaHUs KPUTHIECKO-
TO My3bIpbKa, k — mocTosiuHast bonbimana, 7 — Tem-
neparypa OribITa.

Wy = nor’- (11)

3 K

IlITpuxoBast NMHKS HA PUCYHKE — PACUET KOH-

HEHTpaIK KUCIoposia B Bosie 1o (opmynam (5, 7,
10, 11)
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Puc. 4. TemneparypHasi 3aBUCHUMOCTb KOHLIGHTPALMU KHCIOPOIa
Ha QHOZIE B MOMEHT B3PBIBHOTO BCKUIIAHMS NEKTPoinTa. Toduky —
sKkcriepuMeHT. LlITprxoBas JIMHUS — pacyeT 10 TEOPUU TOMOTE€HHOM

HyKJIeauuu 11 9actoTsl J = 1020 m3¢!
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Habmonaercst, B pesieniax MOTpeHOCTH SKCTIe-
PUMEHTAIbHO M3MEPEHHBIX BEJIMYHMH U 3aJI0KEHHBIX
B pacyeThl JaHHBIX MO Koddduimenty auddysun
kuciopoaa B Boze [12] u xoncrantsl ['enpu [13],
COIJIacHe pacyera M SKCIEePUMEHTa. DTO TO3BOJISIET
MPEIIOJIOKNUTh, YTO BCKUIAHHUE SIIEKTPOJIUTA TPO-
HCXOJUT MPEUMYILECTBEHHO Ha (DIyKTyal[MOHHBIX
LEHTaX KUIEHHS Ta30HACHIIIEHHOMN KHUKOCTH.

[Tomy4yena 3aBUCUMOCTD OT JIaBJICHUSI KOHIICH-
TpalMu KHUCJIOpOAa IMPH B3PHIBHOM BCKHUITAHUU
aJIeKTposiTa Ha aHome (puc. 5). B atom cimyuae
Ha0JII01aeTCsl 3HAUUTENILHOE PACXOXKICHUE KCIIe-
PUMEHTAIBHBIX JTAHHBIX OT PAacyeTOB 10 TEOPUH
TOMOT€HHOM HyKJICaIHH.

0,06 -

0,05 4

o

o

=
1

C,MOMnbHag aons
o
o
w
1

0,0 0,5 1,0 1,5 2,0 2,5
p,MMa

Puc. 5. 3aBHCHMOCTb KOHIICHTPAIUY KUCJIOPO/ia HA AHOJIE OT JIaB-
JIEHUs B PACTBOPE B MOMEHT B3PBLIBHOTO BCKMITAHHS SJIEKTPOJIUTA.
Touku — sKkcriepumMent. [IITpEXOBast JIMHKUS — PacdeT MO TEOPHH
rOMOTEHHOM HyKJIeauu yis 9actotsl J = 1020 m3¢™!

3akioueHune

[Tomyuyensl SKCTIEpUMEHTAIBHBIE JAaHHBIE 10
B3PBIBHOMY BCKHIIAHHMIO PACTBOpPa THIAPOKCHIA
KaJbLMsl B BOJIE B PE3YJIbTaTe MMITYJIBCHOIO AJIEK-
TpoJyiu3a Ha IJIaTHHOBOM aHoze. McciaenoBaHo BiM-
SIHUE TeMIIepaTypbl U JTaBJICHHUs] HA BCKUITAHUE pac-
TBOpa Impu 3nekTponuse. [lokazano, 4yTo Temmepa-
TypHasi 3aBHCUMOCTb TPEICTBHOTO TMPECHIILICHUS
pacTBOpa KHCIOPOAOM Ha aHONE COrjacyercs ¢
pacueramM B paMKax TEOpPUH FOMOTCHHOM HyKJiea-
1y, Pe3ynbTaTel 1O BIMSHUIO IABJICHUS HA B3PBIB-
HOE BCKHIIAHME PAacTBOpa MPH HUMITYJILCHOM 3JIEK-
TpoJu3e TpeOYIOT AOMOIHUTEILHOTO UCCIIEAOBAHUS
JUIsl BBIICHEHWSI TIPUYMH PACXOXKICHUS TEOPUH H
HKCIIEPHMEHTA.
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