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AHHOTaUUA

C uesbio CO34aHNA MeTOAUKU MoJeNnupoBaHua B03AeﬁCTBMﬂ TMAPOCTATUYECKOIO AaB/IeHUA Ha U3MEeHeHUuAa ¢M3MKO-XMMM‘IECKMX
CBOWUCTB BOAHbIX PacTBOPOB, Bbi3BaHHbIX Te4eHUEM 4epe3 NopucToe NpoCcTpaHCTBO, UCCNef0BaHbl U3MEHEeHUA: KOHLeHTpaLuuu
MOHOB Bojopoaa — Ph, BeNMYMHbI OKUC/IUTENIbHO-BOCCTaHOBUTENbHOTrO (peaoKc) noTeHuuana — Eh, pasmepoB arperatos
KONNIOUAHBIX 4aCTUL, KaK noj AeﬁCTBMeM Koneb6auuii AdBJ/IeHNUA aKyCTU4YeCKoro Auana3oHa 4acTtoT, TaK U noj AeﬁCTBMeM
XUMUYECKOro peareHta — Boaopoja.

3KcnepumeHTaano YCTaHOBJIEHO, 4YTO KpPpaTKOBpeMeHHOoe aKycTu4yeckoe BO3AeﬁCTBMe Ha BOAHbIﬁ pacTBop (nnacrosaa BOAa
LWUrPOBCKOro ropusoHTa LLlenkoeckoro MXr) nHuuumpyer npoueccol cHuxkenus Eh u pocta Ph, Bbinagenue B TBepayio casy yactuu,
cofepxKalmnx oOKCcuabl xxene3a u pactBopeHHble B BoAe CONu; npejesibHble 3Ha4eHuUuA Eh u Ph AOCTUTaOTCA Yepe3 HeCKOJIbKO 4YacoB
nocne npekpatieHusa BO3AeI71CTBMI7i B pe3ynbTaTe BbinajeH!UA B 0CafAOK KOJUTOUAHbIX YacTul,.

HPOBEAEHHbIe nccnegoBaHusa 060CHOBbLIBAIOT UCNONb30BaHNE BbICOKOYACTOTHbIX KonebaHum AaBJ/IeHUA AnAa mopenupoBaHusa
npoueccos, CONpoBoXxXaawLnUX Te4yeHne BOAHbIX pacTBOpoOB B I'IOleICTOI7I cpeae nop AeﬁCTBMEM AaBJ/ieHusa, co3aaBaemMmoro ra3om
B npoueccax 0T6opa U 3aMN0JIHEHUA NOA3€MHOro XpaHuauiya.

Matepuansi u meToabl NPOU3BOAMANCH 0 Ha4yana u nocne 06paboTKM PacTBOPOB

B kavecTtBe UcTo4HMKa Y3 KonebaHuit ¢ ucnonbzosancs Y34H-A Y3 konebaHusmu.

(22 KTy, 300 BT), n3ny4atowmii 3n€MeHT KOTOPOTo, UMEILLUIA BUA, M306paxeHuns yactui, o6Hapy*nBaembix B npobax, nonyyeHHble ¢
AMCKa AnameTpom 1,5 cm, norpyxancs B BOAHbIN PacTBOp Ha rnybuHy nomotybto mukpockona (Olympus CX-41), obpabaTtbiBanucb cMcTeMoi
1 cm. NoBEpPXHOCTb BOAHOTO pacTBopa ObiNa OTKPbITA ANA BO3AYLIHON oundpOoBKM U306pAKEHWIA. LN NonyyYeHns n306paxeHnin yacTuy, Kanam
atmocdepbl, MCXoaHAsA TeMNepaTypa pacTBopoB coctasasna 21 °C, npu pacTBOPOB 0MHAKOBOr0 06beMa NoMeLLany Mexay NoKPOBHbIMM
aKyCTMYeCKOM BO3eicTBMM TemnepaTypa o6pasya He nosbilwanach CTeKNamMu Ha NPeAMETHbIN CTONMK MUKPOCKONa.

6onee, yem Ha 2 °C.

N3mepeHunsa pH v pegokc-noteHynana Eh nponssoaunmce ¢ KnioyeBble cnoBa

NoMOLW b0 MHOTODYHKLMOHANbHOTO KannbpoBaHHOTo TecTepa NnoA3eMHOe XpaHeHue ra3os, BOAHbIN PacTBOp, aKyCTUYECKMe

C-600 npu Temnepatype 21+23 °C. UsmepeHunsa sennyud Eh n Ph KonebaHus, pefoKC-NOTEHU AN, BbiNadeHe TBEPAOro 0CafKa

CTaTbsl HamMcaHa B pamKax BbiNMoAHEHUA BlomKeTHOro 3aganusa N2 125020501406-8 (FMME-2025-0011) no Teme «leonornyeckoe o60CHOBaHMe
ONMTUMabHbIX YCNOBUW MPUPOAHON W WMHAYLMPOBAHHOM BHYTPUMIACTOBOW reHepauuMu BOAOPOAA W €ro MOA3EMHOr0 XpaHeHUA B WCTOLLEHHbIX
MECTOPOXAEHMAX YB 1 CONAHBIX CTPYKTYpax».

Ans uMTUpOBaHMA
Cacaposa E.A., lecun B.. MogennpoBaHue npoLeccoB 3aKadyku ra3a B NoA3eMHble XpaHunuiLa BoA0poaa NyTem BO3AENCTBUSA aKyCTUYECKUMM
KonebaHusAMM Ha BOAHbIN pacTeop // dkcno3uuus Hedrb Mas. 2025. N2 2 C. 48-53. DOI: 10.24412/2076-6785-2025-2-48-53

Moctynuna B peaakuyuio: 26.03.2025

GEOLOGY UDC 621.6.028+662.767.2 | Original Paper

Modeling of gas injection processes into underground hydrogen storage facilities by exposing
an aqueous solution to acoustic vibrations
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Abstract

In order to create a method for modeling the effect of hydrostatic pressure on changes in the physicochemical properties of aqueous solutions
caused by flow through a porous space, the following changes were studied: hydrogen ion concentration — Ph, oxidation-reduction (redox)
potential — Eh, and the size of colloidal particle aggregates both under the influence of pressure fluctuations in the acoustic frequency range and
under the influence of a chemical reagent — hydrogen.

It was experimentally established that short-term acoustic impact on an aqueous solution (formation water of the Shchigrov horizon of the
Shchyolkovskoye UGS) initiates processes of decreasing Eh and increasing Ph, precipitation of particles containing iron oxides and salts dissolved
in water into the solid phase; the limiting values of Eh and Ph are reached several hours after the cessation of impacts as a result of the
precipitation of colloidal particles. The conducted studies substantiate the use of high-frequency pressure oscillations for modeling the processes
accompanying the flow of aqueous solutions in a porous medium under the action of pressure created by gas in the processes of selection and
filling of an underground storage facility.
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Materials and methods

The source of ultrasonic vibrations was a UZDN-A (22 kHz, 300 W),
the radiating element of which, in the form of a disk with a diameter
of 1,5 cm, was immersed in an aqueous solution to a depth of 1 cm.
The surface of the aqueous solution was open to the air atmosphere,
the initial temperature of the solutions was 21 °C, under acoustic

values were measured before and after treating the solutions with

ultrasonic vibrations.

exposure, the temperature of the sample did not increase by more

than 2 °C.

pH and redox potential Eh were measured using a multifunctional
calibrated tester C-600 at a temperature of 21 + 23 °C. The Eh and Ph
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Images of particles detected in samples obtained using a microscope
(Olympus CX-41) were processed by an image digitization system. To
obtain images of particles, drops of solutions of the same volume were
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BBeaeHue

B HacTosAwee Bpemsa Ha MOAENbHbIX 06b-
eKTax uccnepyoTca (QU3NKO-XMMUYECKNe AB-
NIeHUsA, KOTOpble MOTYT COMPOBOXAATb NpoLec-
Cbl, CBA3@HHble C NOA3EMHbIM XPaHEeHWEM KaK
BOOPOAA, TaK U CMECH BOJOPOAA C METaHOM
W YrIeKUCAbIM ra3om. [Ins npsmoro MoAenupo-
BaHMA MPOLECCOB 3aKayky rasa Heobxoanmo
1cnonb3oBaHue B3pblBOONACHbIX nadoparop-
HbIX YCTAHOBOK, paboTawliux npu gaBaeHusx
B AManasoHe HECKONbKUX [ECATKOB eAWHUL
MMa, yto TpebyeT cnelymanbHoOM annapatypbl
1 0COBbIX YCNOBUIA €€ pasmeLleHus Ans NpoBe-
LEHNA IKCNEPUMEHTOB.

/3BeCTHO, 4TO TeyeHUe KOMMOWAHbIX pac-
TBOPOB, BK/KOYaA BOAHbIE PacTBOPbl U HedTb,
yepes KanuanApbl U NOPUCTble Cpeabl COMpo-
BOX[AETCA BO3HUKHOBEHWEM B KUAKOCTH
3neKTpuyeckoro nons E u, Kak cneactsue, «no-
TeHUMana TeYeHUs» — pPasHOCTH NOTEHLManoB
AU (E = AU/AX), KoTopble nponopLunoHanbHsbl
rpaaueHTy aasnenus P — AP/Ax [1]:

E=AU/Ax=x*x(AP/AXx) ,
rae K = const, E — cpegHas HanpsxeHHOCTb
3/1EKTPUYECKOrOo NoNA B UHTEepBane AX.

B cnyyae, Korga XuaKuii pacTBop B Kanuins-
pe noABepraeTcs akyCTUMYECKOMY BO3AeNCTBUIO,
co3gaBaemomy KonebaHusmu pasnenus P
cyactotonn ®—P=Posin (ot—kx),ypasHeHne (1)
npuobpetaer sug [2]:

E(0)=(AU/Ax)(0)=K-(AP/AX) (®),

mwm AU=KAP ),
rie ® — vactota BUGPALMOHHbIX KonebaHwii,
X — paccTosHWe OT WCTOYHUKA AaBheHus,
k — sonHosoe uucno, K = gg (Mo & — aus-
NeKTpuYeckas NpoOHNLAEMOCTb BOAbI, £ — Ba-
KyymHas noctosHHas, { — pf3eta noTeHuuan
KOMNOWAHOM YacThLibl, 1| — BA3KOCTb, G — NpoO-
BOAMMOCTb pacTBopa. TUMMYHblE 3HAYEHMA
K pns TeyeHns B ropHeix nopogax nexar B aua-
nasoHe 10+50 mB/Mna [3].

M3 (1) u (2) cneayer, 4T0 B KONIOUAHOM
pactBope, nockonbky divE~p (rae p nnotHocTb
3/1EeKTPMYECKOro 3apaaa), Kak nog feicremem
MOCTOAHHOTO rpaAueHTa AaBNeHus, Tak 1 nog
AeicTBMEM KonebaHUi [aBNeHWA, BO3HUKAKOT
06bembl KMAKOCTH, 06najatlLe HeHyNeBbIMY
3apAafamu, B KOTOPbIX BO3HUKAKOT YCN0BUSA NPO-
TEKaHWA XUMWUYECKUX PEaKLUMii HEBO3MOKHbIX
B 3/IEKTPUYECKU HENTPanbHOW CpeAe Npu HW3-
Kol Temnepatype. 3a cyeT noABneHUs oObeMm-
HbIX 3apAAoB BO3HUKaT o6bemHble cunbl Ep,
co3jawlune NOKanbHbIA rpajueHT AaBieHus,
V3MEHAIOLMNIA CKOPOCTb ABWKEHUA KUAKOCTU.

TaKkue 3neKTpUYecKue nons BO3HUKAWT B pe-
3ynbTate cmeleHnin anddy3HOro cnoa MOHOB
OTHOCUTENbHO 3apAXKEHHON KONNOUAHOM YacTu-
bl M/UnwW arperata KoNNouAHbIX Yactul, [4].

ArperaTtbl KOMJIOMAHbIX YacTuy obnapatot
(bpaKTanbHbIM CTPOEHWEM, COAEPXKAT B CBOEM
COCTaBe KONIOUAHbIE YaCTULbl M PACTBOPEHHbIE
B BOZIHbIX MPOCAOMKAX MEXAY YaCTHULLAMU UOHbI.
Arperatbl GopmMUpYIOTCA yxe npu 06bemHo
KoHLeHTpauun 10> % BeCoBbIX, pa3pyLaoTcs
Ha (parmMeHTbl Kak Noj AeNCTBUEM TeyeHus
XWUAKOCTU, TaK U NOA AeCTBMEM BHELIHUX INEK-
TPOMarHuTHbIX nonew [5-7].

TeyeHue KONNOWMAHBIX PacTBOPOB BOAb
1 HedTU, KaK B NMOPUCTOM MPOCTPAHCTBE, TaK
1 B Tpy6onpoBoAax, CONPOBOXAAETCA BO3HMK-
HOBEHWEM 3M1EKTPUYECKUX MONEN U BOMH MOT-
HOCTW 3NEKTPUYECKMX 3apaf0oB, NpeACcTaBsio-
WKX ABVMKYLLIMECH 3NEKTPUYECKU 3apsKeHHble
ob6bembl KuaKoctu [7, 8]. 3a cyeT B3aUMHOro
NPUTAXKEHUA INEKTPUYECKUX 3aPAA0B NOBbILLA-
€TCs NIoKaNbHOEe rMApPOCTaTUYECKOE JaBNeHue,
BO3HWKAIOT rpajMeHTbl JaBNeHNUs, HanpaBieH-
Hble MPOTUB TEYEHUs, KOTOPble KOMMEHCUPY-
totca cunamu CTOKCa, Bbi3biBaeMbIMU 06TeKa-
HVYEeM BA3KOM XWUAKOCTbIO KOMNOUAHbBIX YacTul,.
VI3MeHeHWs 3N1EeKTPUYECKOrO NoTeHuuana, Bbl-
3BaHHbIE TEYEHNEM YEPE3 MOPUCTYIO CPEAY YIKe
npu rpagueHTax AasnexHus nopagka 0,3 atm/m
BOAAHOro cron6a, MoryT A0CTUratb BeNUYUH
nopsagaka 0,1B-1B [7].

B pa6ore [9] Ha ocHOBe aHanu3a aKcnepu-
MeHTa/bHbIX Pe3ynbTaTtoB OblN CAenaH BblBOA
0 TOM, YTO: «LMKIMYeCcKas cmeHa Tepmobapu-
YeCKNX BO3JENCTBUI NPUBOAUT K U3MEHEHUIO
OKWUCAUTENbHO-BOCCTAHOBUTENbHbIX YCNOBUIA
B CUCTEME “Noposia — NopoBbie BOAbI” U CONPO-
BOX/JAETCA MNOBbIWEHNEM PEaKLMOHHOW Cno-
COBGHOCTM KanbUus, MarHus, Cepbl, Xenesa».
MHOTOKpaTHbI LUKANYECKUA POCT U NajeHune
AaBneHus Ha obpasuyax MUH W apruiinuToB
COMpPOBOXAANUCh B MOPOBbIX BOAAX POCTOM
Ph Ha 1+2 eguHuULbl, MUHepanu3aLnm, KOHLEH-
TpauMu OpraHMYecKoro yrieposa, KOHLEHTpa-
unm Fe?', a Takke CHUMEHUEM KOHLeHTpaLuu
Fe' B munepanax.

MposeaexHble B [10] nccnegosaHus obo-
CHOBANM «WCNONb30BAHUE 3NEKTPUYECKUX
nonei ANA MOAENUPOBAHUSA MPOLECCOB, CO-
NPOBOXAAMLWMUX 3IKCNAyaTaLulo MNOA3EMHbIX
XpaHUNULL, PacrnofoXeHHbIX B BOAOHOCHbIX
nnactax»; 3MEKTPUYECKOe BO3AEWCTBME MpU-
Beno K cHmkenunto Eh n pocty Ph, Boinagetuio
B 0CaJjOK PacTBOPEHHbIX BeLecTB U3 BOAHOIO
pacTtBopa.

Micnonb3oBaHMe 31€KTPOAOB ANA CO3ja-
HWUA 3NEeKTPUYECKUX MONeil MOXKeT COMpoBO-
¥AATbCSA UX PACTBOPEHMEM, YTO MOXKET BHOCUTb

onpeAeneHHbli BKNAA B U3MeHeHne GrU3nNKo-xu-
MUYECKUX XapaKTepucTUK ob6bekTa, no3atomy
LleNblo JAaHHOTO UCCNeoBaHWUsA CTana 3ameHa
NPsAMOro 3N1E€KTPMYECKOro BO3AENCTBMA Ha KOC-
BEHHOE, BO3HMKAloUlee Npu aKyCTUYeCKUX Ko-
nebaHuax pasneHus (BMGpPOBO3AENCTBUM)
Ha BOAHbIA PacTBOP, MOCKOAbKY TaKoro tuna
BO3/eiiCTBUA WNPOKO NPUMEHSAIOTCA B KayecTBe
TeXHUYECKUX CPeAcTB AN OYMCTKM NOPOBbIX Ka-
HaJ0B FrOPHOM NMOPO/AbI OT TBEPAbIX MexaHuye-
CKUX npumeceii [2].

B [11] aBTOpbI NOKasanu, 4to CHuKeHune Eh
u pocT Ph nocne mepemewmnBaHUA BOAHbIX
pacTBOPOB BbI3BaHbI AUCCOLMALMNEN «MUKPO-
avcnepcHoi dasbi» U ee NoBTOPHbLIM 06paso-
BaHMeM Yepe3 HeCKOJ/IbKO YacoB nocne npekpa-
WeHNUs NnepemewnBaHus.

Ha ocHOBaHWM pe3ynbTaToB, MOAYYEHHbIX
B[4, 7, 10, 11], B paHHoO paboTe B kavyecTse thu-
3MKO-XMMUYECKUX XapaKTepUCTUK BOAHbIX pac-
TBOPOB 6blAW NPUHATLI: BOAOPOAHBIA NOKa3a-
Tens — Ph, okncnutensHo-BOCCTaHOBUTENbHbIN
(pepokc) noteHunan — Eh, pasmepbl n KoHLeH-
TpaUMA MexaHUYeCcKnx npumecen.

JKCcnepuMeHTanbHas Yactb

B KauyecTBe 06BEKTOB aKyCTUYECKOro BO3-
AeNCTBMA yNbTpa3ByKoBoM YactoTsl (Y3 koneba-
HuamK) Gbina MCNonb30BaHa nnacrosas Boja,
oTobpaHHas U3 CKBaxMHbl LLlenkoBckoro nop-
3eMHOro xpaHunuwa metaHa. B sBogHom pac-
TBOpEe CoAepXanucb npumecn okono 40 HU3-
KOMONEKYNAPHbIX OpPraHNYecKnx COeauHeHWN
(cnupTbl, anKeHbl, KETOHbI KUCIOTbI B KOHLEH-
Tpauuax nopagka Ao0Nen U HeCKONbKUX eau-
HUL, MUKporpammos). O6uas MuHepanusauus
(cyxoit octatok) B Boge cocrasnsna 135 r/n,
KOHUEeHTpauus H2CO3 coctasnana 59 wmr/n,
KoHueHtpauus NaCl — 131 r/n B nepecye-
te Ha CI, SO4 — 1585 mr/n, K — 802 mr/n,
Ca — 6 932 wmr/am3, wene3o obuiee
Fe — 19,9 mr/n. NMomumo BbilenepeyncieHHbix
B KayecTBe NpumMecein B BOAE MPUCYTCTBOBANMN
Apyrve muHepasnbHble COAM U pPacTBOPEHHble
opraHuyeckue BellecTsa, COCTaBAA B Cymme
He 6onee 135 r/n Cyxux BewecTB B KayecTse
npumeceit (coctas BOAHOro pacTsopa npuse-
neH B [10]).

[locne n3BnevyeHUsa M3 CKBaXWHbI BOAHbBIN
pacTBOp XpaHWACA B OTKPLITOM ANA Ha3eMHON
atmocdepbl eMKOCTW, B KOTOPOW NMPUMEpPHO
3a 8 4aCoB XpPaHEHUSA BbILENUNNCL KONNOUAHBIE
4yacTuubl TPeXBaNEHTHOrO efne3a KpaCHO-Ko-
pU4yHeBOro LuBeTa, YTO CBUAETeNbCTBOBANO
0TOM, YTO B UCXOHOM pPacTBOpE Xene3o npucyT-
CTBOBANO B BOCCTAHOB/IEHHOW [BYXBaNeHTHOW
opme pacTBOpeHHbIX B BOAe coeAnHeHni. Ha-
XO[ACb B KOHTaKTe ¢ aTMOC(hepHbIM BO3YyXOM,
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Puc. 1. Mukpogomoepaguu (wkana 200 Mkm) yacmuy 800H020 pacmsopa: a — 00 8ubposo3delicmsus; 6 — nocne Bubpososdelicmsus; 8 — nocie

ocaxcoeHus

Fig. 1. Micrographs (scale 200 pum) of particles of an aqueous solution: a — before vibration exposure; 6 — after vibration exposure; 8 — after

sedimentation

B KOTOPOM NpucyTCTBYIOT OKMCAUTENM B Buae O,
n CO,, nByxsaneHTHoe xene3o oKucasercs
AO TPEXBANIEHTHOTO, YTO CONPOBOXAaeTCs hop-
MWUPOBAHMEM KONNOMAHBIX YaCTUL, NPeacTaBs-
01X HEPACTBOPUMbIE B BOAE OKCUAbI Xenesa
C NpUMecsamMU opraHuyeckux Beuects. Takue
KONNIOMAHbIE YacTuLbl, o6najatLne 3neKTpu-
yeckumu 3apspgamu, o6pasyloT cocToslme
U3 COTEH ThICAY YACTUL, KONNIEKTUBHbBIE CTPYKTY-
pbl (hpaKTanbHOro CTpoeHus — dpakTanbHbie
arperatsl — @A [5, 7], koTopble 3axBaTbiBatoT
13 PacTBOPa WOHbI AN CHWKEHUS CUI oTTan-
KMBAHWUA MEXAY 3NEKTPUYECKN 3apsaeHHbIMU
KONMOMAHBIMU YaCTULAMM.

Ha pucyHKe 1 nokasaHbl n306paxeHus ya-
CTUL, B BOAHOM pacTBOpe A0 U nocne nposese-
HuA npoueaypbl Y3 06paboTtku.

VicxoaHbli pactBop Gbin nogseprHyT obpa-
60TKe BUOpOBO3AeiCcTBMEM B TeyeHue 20 MUH.
npu Temnepatype 21 °C. Ha pucyHke 1 nokasa-
Hbl MUKpOMoTOrpatun YacTul, HaxoAUBLINXCS
B pactBope Ao Bubposo3aencTeua (puc. 1a)
1 nocne Bubposo3aeiictsus (puc. 16).

BO3/eNCTBMEM npousowno paspyue-
Hue O®A: ncuesnn ®A ¢ pasmepamu Gonee
1 MKM, 4TOo BbI3Bano poct Ph u cHukenue
Eh. [lo Bubpososaeiicteus Konmyectso ®A n
B eauHuLe obbema coctaBaano n = 160+/-12,
Ph = 4,97, Eh = 225 mB; nocne o6paboTtku —
n 60+/-8, Ph = 5,7, Eh 157 mB.
Yepes 24 uaca konuyecteo DA Bo3pocsio
Ao n = 195+/-14, Ph = 6,16 , Eh = 214 mB.
Yepes 50 yacos crano Eh = 160 mB, Ph = 6,3,
NPOM30LWI0 OCAKAEHWNE KONNOUAHBIX 4acTuy,
pasmepamun 6onee 1 MKM, YTO AEMOHCTPUPY-
eT mukpodotorpatdums (puc. 1B), Ha KoTopoM
He BblN0 3aperncTprpoBaHO YacTuL, ¢ pasmepa-
mu 6onee 1 MKM.

[ns mofenupoBaHus BO3AeiCTBIS BOLOPO-
[la yepe3 BOAHbI pacTBOP NpoayBancs BOAO-
poj, nocne Yero Ha Hero ocyLecTBAANN aKyCTU-
yecKkoe BO3/eliCTBYUE.

Mocne npoayBku Bojoposom Obino 3a-
peructpuposaHo cHmkenne Eh ¢ Eh = 200
MB po Eh = 28 mB. KpaTkoBpemeHHoe aKy-
CTUYeCcKoe BO3AeiCTBMEe Ha pacTBOpP COMPOBO-

CpaBHeHMe  (oToM3o6paeHUint  no- Kpanocb npoueccom cHukeHus Eh n pocrom
KasblBaeT, 4to nocne o6pa6oTtku Bu6po- Pheo Bpemenn (puc. 2, 3).
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Puc. 2. [pagpuk usmereHuli Eh 8 xode 3kcnepumeHma no 8o3delicmsuro Y3 konebaHuamu

Ha 80OHbIT pacmsop

Fig. 2. Graph of changes in Eh during an experiment on the effect of ultrasonic vibrations

on an aqueous solution

Ha puicyHKax 4a u 46 nokasaHbl MuKpodo-
Torpaun Kanenb 3TOro pactsopa, MonyyeH-
HbIX 0 W mocae npoueaypbl aKyCcTU4YecKoro
Bo3aeicTeua. ®otorpacdmm nokasbiBaloT, 4TO
KONNEKTUBHbIE CTPYKTYPbl, 06pa3oBaHHble KO-
NOWAHBIMK YacTULamMu, paspylwnanc, nocne
AKYCTMYECKOTO BO3AENCTBUA B TeUEeHME 4,5 MUH.

WcxogHas Bennuuna Eh pacrsopa co-
cTaBnana +28 mB, 4TO HaxoauUTCA B UHTepBane
3HavyeHuin 0+100 MB, coOTBETCTBYIOLLEM OKUC-
NINTENbHO-BOCCTAHOBUTENbHBIM  CBOWMCTBAM.
AKyCTMYecKoe BO3/eliCTBMe OKa3biBanoch B Te-
yeHue 1,5 M1H. 1 NpeKpawanocb nocne JoCTu-
XeHua pactBopom Temnepatypsl 23 °C, nocne
4yero Npov3BOAUNOCH M3MepeHne napameTpos
pacteopa. Mocne poctmxenns Eh = -19 mB
aKyCcTMyecKoe BO3feicTBME GbI0 nNpekpalye-
Ho, o6pasel, HaxoAuACsA B NoKoe, Habnopancs
npoLecc ocaxaeHWs B3BELIEHHbIX B pacTBope
yactuu, npoussoaunncs nsmepenus Eh n Ph.
Ha puicyHKkax 2 u 3 nokasaHbl AaHHble n3mepe-
Huit Eh u Ph, nonydenHble B xoae akcnepumeHTa.

M3 rpacdvkoB BMAHO, 4TO nocne npekpa-
LeHNs aKyCTUYeCKOro BO3AEeNCTBUA CHIKEHNE
Eh v poct Ph, Bbi3BaHHble konebaHuamu gasne-
HUA, NPOAOIKUNNCH BO BpeMeHU. Yepes 24 yaca
pacTBop npuobpen 3HauuTenbHbI BOCCTAHO-
BUTENbHbIA noTeHuyman Eh = -162 mB (puc. 2),
senudynHa Ph pacteopa Bbipocna ¢ Ph = 5,7
o Ph = 6,35, uto COOTBETCTBYET CHUMXEHMIO
KOHLEeHTpaLuu B BOAHOM pacteope noHos HY,
061aaaoWmnx OKUCAUTENbHBIMW CBOWCTBAMU,
1 pocty KoHueHTpauun noHos OH", o6nagato-
WKX BOCCTAHOBUTENbHbIMK CBOMCTBaAMU. [pu
nanbHeiwem HabnogeHun 6Gbino obHapyxe-
HO, YTO 3@ CYeT OKWUC/IEeHUA BOJAHOIO PacTBO-
pa B pesynbtate auddysum O, n CO, npu
NPOAOMKEHNN XpaHeHWs obpasua B KOHTaKTe
¢ Bo3gyxom Eh Bospoc go Eh = -144 mB.

Mocne ynbTpa3ByKOBOro BO3jeNcTBUA
CpefHMe pa3mepbl YacTul, MMeBLIME XapaK-
TepHylo Ana dpaKkTanbHbIX arperatoB ¢op-
My, YMEHbWNNNCL B pa3mepax ¢ 50+60 MKm
00 5+10 MKM. YnbTpa3ByKOBOe BO3Z4eNCTBME
npu Temnepartype 22 °C conpoBOXAanoCb CHU-
weHvnem Eh ¢ 28 mB o Eh = -4 mB 1 poctom pH.
Mocne npekpawenus sosgeicteus nageque Eh
NPOAOMKANOCH U JOCTUINO NPEAeNbHOro 3Haye-
HuA -160 mB 3a 20 vac.

Mpu nsmepenun Eh n Ph B xoae axkcnepu-
MeHTa oTmevancsa cnabelit apend curvanos Eh
u Ph, yto cBupeTenbcTBOBaNo 0 NPUCYTCTBUU
INEKTPUYECKN 3apAKEHHbIX KOMNOWMAHBIX Ya-
cTUl, o6najalWmnX HU3KUM KO3 hMLMeHTOM
anddysnmn, BCneacTBre Yero nepeuYHoOe 3Ha-
YyeHue cuMrHana M3MeHANoCh 3a cyeT npouecca
ABVXXEHUA 4acCTUL, K AeTeKTopy.
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Utoru

MonyyeHHble 3KCMEPUMEHTaNbHbIE Pe3ynbTaThl
NO3BONAIT CAenatb BbIBOA O TOM, YTO U3MEHE-
HUSA HDU3MKO-XMMUYECKUX NapaMeTpoB BOAHOTO
pacTBopa ABNAIOTCA CNEACTBUEM BO3AENCTBUA
Ha KOMMOWAHYI0 COCTaBAAOLWYI0, NPUCYTCTBYIO-
Lyto KaK B BMZe arperatoB KOMIOUAHBIX YacTuy,
tpakTanbHoro ctpoeHuns — DA, Tak u B BUAeE
oTAeNbHbIX KonnougHbix Yactuy. DA npepcras-
NAT arperatbl 3NEKTPUYECKU MONOKUTENLHO
3apAKEHHbIX KONMOUAHBIX YaCTUL, OKCUAOB TPEX-
BaNEHTHOTO ese3a C NPUMECAMU APYTUX Coeaun-
HEHWIA 1, BEPOATHO, KONNIOMAHbIX YaCTHL, HE CO-
Aepxallnx xeneso.

Arperatbl MoryT 6biTb paspylleHbl cuUnamm
HanpsKeHUn CABMra, BbI3bIBAEMbIMU Teye-
HUEM WAKOCTU NO4 [AeiCTBUEM TrpajgueHTa
CKOPOCTU, BbI3BAHHLIM KaK NepemeHHbIM, TaK
W CTauMoHapHbIM AaBneHuem. HanpsweHue
CABMra, BO3HMKalLee MpU  aKyCTUYECKUX
KonebaHusAX, Bbi3blBaeT paspylleHune arpe-
rata Ha cparmeHTbl, npejcTaBasolLMe Kak
OTAeNbHblE KOMMOWAHbIE YacTULbl, TaK He-
GonbluMe rpynnbl KONOMAHBLIX YacTuy [7], yto
COMPOBOXAAETCA MOABNEHWEM B pacTBope
3axBayeHHbix ®A unoHoB, B Tom uucne OH-,
noHwxkatowmx sennuuHy Eh 1 nosbiwatowmx se-
nAnyuny Ph.

OTMeTUM, YTO paspylueHue arperatoB COMpo-
BOXAAeTCs U3MEHEHUEM BO BPEMEHU NPOBOAN-
MOCTW 0, A3eTa noTeHumana C, no3Tomy U KOH-
cranta K 8 hopmyne (2) tarke Gyaer 3aBucetb
OT BPEMEHW B C/lyyae, KorAa B pactBope npucyT-
CTBYIOT arperarbl KOMMOUAHBIX YacTuL,.
Pa3pylueHue arperatoB BO3MOXHO KaK 3a cyeT
V3MEHEHUsA 3apAfa, TaK U 3a CYeT U3MeHeHUs
XMMMUYECKOTO COCTaBa KOMMOMAHBIX YacTUL, Nog
LeNCTBMEM aKTMBHbLIX peareHToB, K KOTOPbIM
OTHOCWTCA BOROPOA. B [12] 6bin0 3KCnepumeH-
TanbHO MOKAa3aHo, YTO KOMMOUAHbIE YACTULbI
okcupa wenesa Fe,O; B npucytcteun rasos
sogopoaa H, 8 BoaHoM pacTeope o6pasyioT
YacTUUbl MarHeTuTa kopuuHesoro ygeta Fe,O,
(Fe,O, + H, «> 2Fe,0, + H,0), koTopbiit Bbl-
najaet B 0CafoK COBMECTHO C ApYrUMiu coeau-
HEHUAMU, COAEPXKALUMMUCA B PaCcTBOPE, UYTO U
Habnofanoch B NPUBEAEHHOM B JaHHOII CTaTbe
3KCNepuUMeHTe.

MonyyeHHble  IKCMEPUMEHTaNbHbIE  PE3yib-
TaTbl MOKa3blBaloT, UTO Kak BUOGpaLWOHHOE
BO34eNCTBME, TaK nNpUCYTCTBME BOAOPOAA

pH

6,4
6,2

6 58 5,8

|
\I

58 5,7

56
54
52

o
»

NCX

1-¥3 90 cek
2-Y3 90 cek
3-¥3 90 cek
14 nocne Y3

COCTOSAHUE NMOKOoA

6,35
6,2 6,15

59 59

2 4 nocne Y3
3 4nocrne Y3
4 4 nocne Y3
24 4y nocne Y3
254 nocne Y3
48 4 nocne Y3

Puc. 3. paguk usmeneHuli Ph 8 xo0e 3kcnepumerHma no sozdelicmsuto Y3 konebaHuamu

Ha BOOHbIU pacmsop

Fig. 3. Graph of changes in Ph during an experiment on ultrasonic vibrations on an aqueous

solution

B pactBope Bbi3biBaloT poct Ph (cHmweHue
KoHuenTpauun HY), uto cootseTcTBYeT pocty
senuymubl Ph, Habniopaswemycs B [9] npm
LVKNIMYECKOM MOBbILIEHUN JaBNeHUA B Avana-
30He HeCKoNbKKX aecaTkos MIa, npuBoasiero
K BbITECHEHWIO BOAHbIX PaCTBOPOB U3 NOPOBOrO
NpoCTpaHCTBa. BbiTeCHEHNE — TeYeHNe BOAHbIX
pacTBOPOB B MOPOBOM NPOCTPAHCTBE Bbl3blBa-
no pacteopenune Fe3" n nossnenne B pactope
BOCCTaHOBNEHHOI opmbl xenesa Fe?*, uto co-
npoBoxaanocs poctom Ph [9].

XapakTtepHble BpemeHa usmeHenunit Eh n Ph,
nonydyeHHole B paboTe, COOTBETCTBYIOT CKOPO-
CTAM MpOLECCOB pa3spylleHns-hopMUpoBaHNS
KONNEKTUBHBIX CTPYKTYP KONNOUAHbIX YacTul, —
arperatos (paKkranbHOro crpoeHus [5, 6], B
TOM 4KCNe B aHANOTUYHBIX MO COCTAaBY BOAHbIX
pacTBopax, COAepalux NPUMECH KONNOUAHbIX
yactuy wenesa. Takue arperatbl NpUCyTCTBOBA-
7N B UCCNEA0BaHHBIX pacTBOPaXx U paspylwanuch

Ha MenKkue (parmeHTbl B pesynbrate aKyCTu-
yeckoro Bo3geicTBus. Kak BUAHO W3 PUCYH-
Ka 1, aKycTMyecKoe BO3eiiCTBMe paspyluaer
arperatbl KOMJIOWAHbIX 4acTul, YyBeNUYMBas
MOBEPXHOCTb KOHTAaKTa MUAKOCTb — KOMMOUA-
Has 4actuua. Takoe BO3AENCTBME COMPOBO-
AAETCA MOBbILEHWEM KOHLEHTpaLuuM WOHOB,
3axBayeHHbIX arperatamu [7], 4to nposensercs
B usmeHenuax Eh n Ph.

B 0630pe [13] 0TMeYeHO CX0ACTBO pe3ynbTaTos
3M1EKTPOXMMUYECKO 1 Y3 AeCTPYKUMM pacTBo-
PEHHbIX B BOAE OPraHWYeCKMX BeLlLecTB. ITO
CBA3aHO C TEM, 4TO KaK npwu Y3 Bo3AencTBun B
NPUCYTCTBUM 4YacTUL, COEAMHEHWI Xenesa, TaK
U NpW 3NEKTPOBO3AENCTBUM C WUCMONb30BAHM-
€M eNe3HblX 3NeKTPOSOB B BOAHOM PacTBope
BO3HMKAOT 06beMHble 3NeKTpUYecKre 3apagbl
U MPOUCXOAAT 3EKTPOXMMUYECKME npoLec-
cbl, npuBoAswMe K o6pa3oBaHMio Nepekucu
BOAOpOAA M aKTUBHbIM (opmMam KWUCIOPOAaE,

d

6

Puc. 4. ®omoepagus obpasya 8o0Ho20 pacmsopa: a — Y3 sozdelicmsus (wkana 200 mkm); 6 —nocne Y3 so3delicmsus (wkana 50 Mkm)
Fig. 4. Photograph of a sample of an aqueous solution: a — ultrasound exposure (scale 200 um); 6 — after ultrasound exposure (scale 50 um)
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BbI3bIBAOW MM AECTPYKLWIO OPraHUYecKoro Be-
wectsa o H,0O n CO,, uto conposoxpaercs
ocaxpaeruem Fe(OH), coemectHo c 3axBaue-
HbIMM OKUCIUTENAMU-PAANKANaMU.

BbiBOAbI

B pa6ote nokasaHo, 4To Kak KpaTKOBpemMeHHoe
BO3/eiCTBME aKYCTUYECKUMU KonebaHuamu,
TaK 1 BBE/IEHWe B paCTBOP ra3a BOCCTaHOBUTENA
— BOZOPOAA COMPOBOXAAITCA CXOAHBIMU U3-
MEHEeHUAMU (DU3NKO-XUMUYECKUX CBOMCTB BO-
[HOTO pacTBopa, YTo ABNAETCA CNEeACTBMEM pa3-
pyleHus-hopMUPOBaHUA-BbINAZEHUA B 0CALOK
aucnepcHoi asbl pactBopa. JTo No3Bonser
NPOV3BOANTL MPEABAPUTENLHYIO OLEHKY pU-
CKOB MoTepb BOAOPOZA B NpoOLecce 3KCnayaTa-
UMM NOA3EMHbIX BOJOHOCHBIX Fe00rMyecKmx
CTPYKTYp, Ucnonb3ys nboe 13 Bblluenepeymnc-
NEeHHbIX BO3/1eNCTBUIA.

OKUCNeHMe Xenesa A0 TPEXBANEHTHOIO COCTOSA-
HWA MOC/Ie KOHTAKTa € aTMOCHepPHbIM BO3yXOM
MOKa3bIBAET, YTO BOJHbIA PACcTBOP B MOA3EMHOM
XpaHunuuie metaHa o6nagaer BOCCTaHOBUTEb-
HbIMW CBOMCTBAMM, BCNEACTBME YEro B BOJHOM
pacTBope xeneso npucyrcrayet B popme Fe?*,
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Results

The obtained experimental results allow us to conclude that changes
in the physicochemical parameters of an aqueous solution are a
consequence of the impact on the colloidal component, present both
in the form of aggregates of colloidal particles of fractal structure —
FA, and in the form of individual colloidal particles. FA are aggregates
of electrically positively charged colloidal particles of trivalent iron
oxides with impurities of other compounds and, probably, colloidal
particles that do not contain iron.

Aggregates can be destroyed by shear stress forces caused by the
flow of liquid under the action of a velocity gradient caused by both
variable and stationary pressure. Shear stress arising from acoustic
vibrations causes the destruction of the aggregate into fragments
representing both individual colloidal particles and small groups of
colloidal particles [7], which is accompanied by the appearance of
ions captured by FA in the solution, including OH", which reduce the
value of Eh and increase the value of Ph. Note that the destruction
of aggregates is accompanied by a change in conductivity o, zeta
potential { over time, therefore the constant K in formula (2) will also
depend on time in the case where aggregates of colloidal particles are
present in the solution.

The destruction of aggregates is possible both due to a change
in charge and due to a change in the chemical composition of
colloidal particles under the action of active reagents, which
include hydrogen. In [12], it was experimentally shown that colloidal
particles of iron oxide Fe,O, in the presence of hydrogen gases
H2 in an aqueous solution form brown magnetite particles —Fe;0,
(Fe,05 + H, & 2Fe 0, + H,0), which precipitates together with other
compounds contained in the solution, which was observed in the
experiment presented in this article. The obtained experimental
results show that both the vibration effect and the presence of
hydrogen in the solution cause an increase in Ph (a decrease in the
concentration of H+), which corresponds to the increase in the Ph
value observed in [9] with a cyclic increase in pressure in the range
of several tens of MPa, leading to the displacement of aqueous
solutions from the pore space. The displacement — flow of aqueous
solutions in the pore space caused the dissolution of Fe3* and the

appearance of the reduced form of iron Fe?* in the solution, which
was accompanied by an increase in Ph [9]. The characteristic times
of Eh and Ph changes obtained in the work correspond to the rates
of the processes of destruction-formation of collective structures of
colloidal particles - aggregates of a fractal structure [5, 6], including
in aqueous solutions of similar composition containing impurities of
colloidal iron particles. Such aggregates were present in the studied
solutions and were destroyed into small fragments as a result of
acoustic action. As can be seen from fig. 1, acoustic action destroys
aggregates of colloidal particles, increasing the contact surface
of the liquid — colloidal particle. This effect is accompanied by an
increase in the concentration of ions captured by aggregates [7],
which is manifested in changes in Eh and Ph.

The review [13] noted the similarity of the results of electrochemical
and ultrasonic destruction of organic substances dissolved in
water. This is due to the fact that both with ultrasonic exposure in
the presence of particles of iron compounds and with electrical
exposure using iron electrodes, volumetric electric charges arise in
the aqueous solution and electrochemical processes occur, leading
to the formation of hydrogen peroxide and active forms of oxygen,
causing the destruction of organic matter to H,0 and CO,, which is
accompanied by the precipitation of Fe(OH), together with captured
oxidizing radicals.

Conclusions

The work shows that both short-term exposure to acoustic vibrations
and the introduction of a reducing gas, hydrogen, into the solution are
accompanied by similar changes in the physicochemical properties
of the aqueous solution, which is a consequence of the destruction-
formation-precipitation of the dispersed phase of the solution. This
allows for a preliminary assessment of the risks of hydrogen losses
during the operation of underground aquifers using any of the above
effects.

Oxidation of iron to the trivalent state after contact with atmospheric
air shows that the aqueous solution in the underground methane
storage facility has reducing properties, as a result of which iron is
present in the aqueous solution in the form of Fe?*.
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