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®OPMYBAHHS BIOM1IBKU 3 BACOKUMU EK3OEJIEKTPOrEHHUMU
BJIACTUBOCTAMM B BIOEJIEKTPOXIMIYMHUX CUCTEMAX

MepcnekTUBHICTb GioeneKTPOXiMiYHMX CUCTEM MONIAra€E Y MOXKJIUBOCTI
OAHOYACHOro BUPOOGHMLTBA B HUX €JIEKTPUYHOI €Hepril Ta OYMLLEHHSA
CTiYHMX BOA, AAKi € CUPOBUHOIO ANa Uboro npouecy. Knwo4yoBy ponb y Ta-
KoMy GioTexHonoriyHoMy npoueci Bigirpae aHoaHa 6ionniBka, ska Mo-
»Xe 6yTn chpopmoBaHa pisHuMMu cnoco6amm. lMpuBepeHo pesynbtaTt Ao-
cnipxeHb npouecy ¢opMyBaHHA GionsiBKM 3 BUCOKOK €K30€eJIeKTPOo-
reHHOI aKTUBHICTIO Ha aHoAi 6ioeneKTpoxiMiYHMX cucTeM, cybcTpaTtoM
BNA AKUX € CTiYHi Boam 3 6iogocTynHUMM 3a6pyAHIOIOMUMUN KOMMOHEH-
TaMu. K npupoaHe mKepeno eK30es/IeKTpPoreHiB 06paHoO aKTUBHUIN My
cTaHuil aepauii. MokasaHo, Wo NoeaHaHHA BigoMux npoueanyp popmy-
BaHHA aHoAHOI 6ionniBKM A03BONSAE CKOPOTUTU TPUBAJICTb YTBOPEHHSA
6ionniBku 3i 36epeXKeHHsAM 3Ha4eHb r'YyCTUHU CUJIN CTPYMY.

Knrwouosi cnoBa: 6ioenekTpoxiMiyHa cMCTeMa, eK30eNeKTporeHu, 6ion-
NiBKa 3 eK30e/1eKTPOreHHUMU BJIaCTUBOCTAMM.

Bctyn. Po3pobka HOBITHIX BiOTEXHONOrN OYMLLEHHS CTIYHMX BOA,
Pi3HOMAHITHOrO MOXOMAXEHHS 3 MOXJIMBICTHO OAHOYACHOINO0 OTPMMAaHHS
BiAHOBNIOBAHNX BMCOKOEPEKTMBHUX EHEPrOHOCIIB € BKPaW aKTyanbHOM
npobnemoto.

BioenekTpoxiMiyHMM cnoci6 NpoayKyBaHHS eNeKTPUYHOI eHepril Bi-
AHOCUTBLCS A0 MOPIBHAHO HOBOI Ta MEPCMNEKTUBHOI BioTexHonorii oTpu-
MaHHS BIQHOBIOBAHMX O)Kepen eHepril. Baxknueokw nepeBarot LbOro
cnocoby € MOXIMBICTb BUKOPUCTAHHSA CTIYHUX BOA, WO MicTATb bioger-
panabenbHi opraHiyHi cnonyku, wo 3abesneynTb 0gHOYACHY iX yTunila-
uito. YcTaHoBKa, B SKiM BigOyBaETbCSA TaKUM Npouec, Ha3MBaeTbCca bioe-
nexkTpoximiuHow cuctemoro (BEXC) [1].

BEXC B oumnweHHi ctiunnx Boa. BEXC — ue 6iopeakTtop, B AIKOMy Bi-
AOYBAETLCA NEPETBOPEHHSA eHepril XiMIYHMX 3B'A3KIB OpPraHiYHUX Cnonyk
B €/IEKTPUYHY LLINSXOM BioKaTaniTUMHMX peakuii B aHaepobHMx ymoBax. |
Xo4a uen cnocid TpaHcdopMauii eHepril BigoMMiA 3 novaTtky XX cToniTTs,
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eHepreTMyHa Kpu3sa XXI cToniTTs cnoHykana BYeHux Ao 6inbw rnnbokoro

BMBYEHHS NMUTAHHA OTPUMaHHA eneKTpuYHoi eHeprii B BEXC [2].

B ocHoBi po6otn BEXC nexxutb 34aTHICTb NEBHUX MiKPOOPraHi3MiB
A0 NO3aKNITUHHOIO NepeHeCceHHs efIeKTPOHIB Ha aHOA B NPOLLECi CNOXKn-
BaHHS OpPraHiyHMX peyoBuH. B Taknx cncteMax aHop € KiHUEBUM akKuen-
TOPOM EJIEKTPOHIB, B TOM Yac, KON OHOPOM €/IeKTPOHIB BUCTYNAOTb Op-
raHiyHi CNOJTYKWN NOXXMBHOMO CEPeoBULLA.

Tunoea BEXC cknapaetbecs 3 aHopa i Katoaa, AKi po3aineHi Mix co-
6010 NpoTOHOB6MIHHOK MeMbpaHow. Ha aHoai BEXC po3unHeHi opraHiyHi
CNONYKM  3i  CTIYHMX  BOA  OKUCHIOKOTBCA  MIiKpoOpraHiamMmamu-
eK30e/IeKTporeHaMu, SIKi nepeparTb ENEeKTPOHW Ha aHopd. YTBOPEHi B
npouecax MeTaboniamMy npoToHU ANPYHAYHOTb 4Yepe3 MPOTOHOOMIHHY
MeMbpaHy 0o KaToaa. EnekTpoHu yepes 30BHILIHE eNeKTPUYHE Koo ne-
pPeHOCATbCSA [0 KaToAda, Ae BUTPAYalTbCs B peakLlil yTBOPEHHA BoAU 3
MPOTOHIB i KUCHI0. TakKUM YMHOM BifOYBA€ETbCS reHEPYBaAHHA eNIeKTPUY-
HOro cTpyMy. MikpoopraHiaMum TaKux CUCTEM HA3MBAOTb €K30eNeKTpore-
Hamum [1; 3].

Ona ¢yHkuioHyBaHHa BEXC ByrneueBMiCHUIA KOMMNOHEHT cybcTpaTy
PO3rNAQQ€eTbCA K OAMH 3 HANBAXXNMBIWNX PAKTOPIB, WO BMNANBAE Ha
npouec NpPoAyKYBaHHS eNeKTpPUYHOI eHeprii. [Ons BUPOOHMUTBA eneKT-
pudHoi eHeprii B BEXC Moxe 6yTM BMKOpUCTaHE BESIMKE Pi3HOMAHITTS
PEYOBMH AK MO OOMHLI, TaK i y BUrnagi cymiwi (Hanpuknag, cTiyHi Boan 3
BMCOKWUM BMICTOM OpPraHiYHUX PEYOBUH).

Ak cybcTpaT Ana TakMX CUCTEM MOXYTb BYTU BUKOPUCTaHI pi3HOro
poay CTi4yHi Bogu. TakK, CTiYHI BOAN NMMBOBAPHUX 3aBOAIB B AKOCTi Cy6-
ctpaty ans BEXC € npuopiteToM cepen oocnigHuKiB, B Nepwy Yepry ye-
pe3 IXHI0 HU3bKY KOHUeHTpauito. KpiM Toro, BOHM nNpuaaTHi ana npopy-
KyBaHHA eNeKTpoeHeprii yepe3 6ioAoCTyNHICTb GiNbWOCTI KOMMNOHEHTIB
TAKUX CTIYHUX BOJ i Yepes BiACYTHICTb BUCOKUX KOHLEHTPALiN iHribyto-
Yynx peyvyoBUH (Hanpuknag aMiaky, fK Le Ma€ Micle Yy CTiYHUX Boaax TBa-
PUHHUUTBA) [4].

[HWMM UiKaBMM NPUKNAAOM BUKOPUCTAHHSA cTiyHMX Bopd B BEXC
ANS NPOAYKYBAHHS €NeKTPUYHOI eHepril € BiAX0AN NiKepo-ropinvyaHoro
BMpo6HuuTBa [5]. Micna 22 roguH nepebyBaHHs cTivyHOT Bogn B BEXC po-
caranocsa 3MeHweHHs 3HavyeHHsA XCK cTiyHoi Bogu Ha 80-90% i reHepy-
BaHHS MUTOMOT NOTYXXHOCTI 80 124,03 MBT/M?.

B po6orTi [6] pocnigxxeHo npouecn BUPOGHMUUTBA eJIeKTPUUHOI eHe-
prii B BEXC npu BMKOpUCTaHHI K cybCcTpaTy CTiYHMX BOA, KOHAUTEPCbKUX
¢abpuk 3 oOHOYACHMM 3HebapBNEHHAM a300apBHMKA BPUNBLAHTOBUM
yepBoHumn X-3B.
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Omxe, oTpuMaHHsa enekTpoeHeprii B BEXC 3i cTiyHux BoA € nepcne-
KTUBHWUM i 6aratoobiusito4MM HAaNPSIMOM CyYaCHUX OOCNIOXKEHb.

Cnocobu ¢popmyBaHHa aHopHo! 6ionniBku BEXC. 3rigHo 3 cy4dac-
HUMK ysSBNIeHHsSIMK OionniBka — ue Oe3nepepBHe baratowapoBe YTBO-
PEHHS KNITUH MIKPOOPraHi3MiB, NPUKPINIEHUX A0 NOBEpPXHi po3ainy da3
i OQMH 00 OQ4HOrO i 3aHypeHux B biononiMepHuin matpukc. bionniBka xa-
PaKTEPU3YETLCA NMPUKPINIEHHAM 00 TBEPAOI NOBEPXHIi, CTPYKTYPHOK pi-
3HOPIAHICTIO, 3HAYHMUM FEHETUYHMUM PiI3HOMAHITTAM, CKNagHUMU B33AEMO-
AiSMU B MeXaxX YrpynyBaHHS i NO3aKNITUHHOK MaTpuuel 3 NoaiMepHuxX
pPEYOBUH.

B BEXC 3Hanwnun cBoe 3acTocyBaHHA 6ionniBKM ABOX BUAIB: 3 YNC-
TUX KyNbTyp Ta 3i 3MillaHol acouiauil.

BionniBka i3 KOHcopLiyMy BaKTepin € CTIMKIWOW A0 3MiH HAaBKONU-
LWHbOro cepedoBULLA Ta OaKkTepianbHMX 3abpyaHEHb 330BHI, LLO € BKpaK
Ba>XIMBUM npwu il BUKopuctaHHi y BEXC, wo npautoTb Ha HECTEPUITbHUX
CTIYHMX BOAAX, AKi 4O TOrO X MaTb 6GAaraTOKOMMNOHEHTHUIM Ta HEMOCTIN-
HUW cKNag.

Binbwicte cydacHux BEXC 6a3yoTbcs Ha 3MilaHMX MiKpobianbHMX
KyNnbTypax, K NpaBuio, BiAibpaHuX y NpUpoaHOMY CePeaOBULL.

Ona dopMyBaHHS 6ioNNiBKN 3 EK30€/IEKTPOreHHOK aKTUBHICTHO ic-
HYE psSAa NPUNOMIB, B OCHOBI SIKUX NIEXXUTb CTBOPEHHS Y CUCTEMI YMOB, SAKi
O6yoyTb CNpUSATN PO3BUTKY MIKPOOPraHi3MiB-eK30e/IeKTPOreHiB Ta npur-
HiyyBaTW pelTy 6aKTepin.

TpapuuinHo ¢opMyBaHHA Takoil HGionniBKM NPOBOAATH LUAAXOM LiM-
KNiYHOro BHECEHHS MOCIBHOro MaTepiany i NOXWBHOIo cepenoBua Ao
aHogHol kKaMepw [7]. 3a3BMYal LMKN 3aKiHYYETLCS MPU NOBHOMY CMOXWU-
BaHHI OpPraHiYHMX pe4yoBUH MiKpoopraHiaMamu. [10 3aKiHYEHHIO KOXXHOr0
LMKy BHOCATb HOBUM MOCIBHMIW MaTepian Ta NoXMBHE cepenoBuLle, no-
nepeaHbO0 OYUCTMBLUM aHOAHY KaMmepy. KoHTponb npouecy npoBoAasTb
LWAXOM BUMIPOBAHHA CUN CTPYMY YM HAMNpPYru, SKy reHepyTb MIKPOo-
praHiamu y BEXC. lNMpouec ¢opmyBaHHS 6ionniBKM BBaXalTb 3aKiH4Ye-
HMUM, KONK Aekinbka uuknie nigpag BEXC pocsirae ctabinbHOro 3HayYeHHs
BMMiptoBaHoOro napametpa (cunu ctpyMmy, Hanpyru). OnucaHa npouegypa
€ OOBroTpMBanow, a iMMob6ini3oBaHi MikpoopraHiamu bionniBku npepa-
CTaBJIEHI HE NIMLLE eK30e/IeKTporeHaMu.

[na ckopoyeHHs yacy ¢opMyBaHHS BionniBKM 3aCTOCOBYHOTb ABOC-
TaAivHy npoueaypy BUAINEHHA ek3oenekTporeHis. [pn uboMy Ha noyaTt-
Ky npouenypw BiabyBaeTbca ¢popMyBaHHA NePBUHHOI BionniBKKM i3 opra-
HI3MIB aKTMBHOr0O Myny 3a yYMOB HaK/agaHHSA NOCTIMHOrO noTeHuiany y
0,2 B. Ha ppyrin cTapii B peakTop i3 cpopMoBaHo HionniBKoOK 3aHypio-
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Tb YNCTUW MaTepian, 3 AKOro BUroToBMEeHO eneKkTpoa. s cTtagia Takox
CYNpOBOOKYETbLCA AOAATKOBUM MOTeHUianoM Ha enekTtpopax go 0,2 B.
CdopMoBaHa y Takum cnocib 6ionniBka Mae BULLY €K30EJIEKTPOreHHyY akK-
TMBHICTb, @ CaMa npouenypa € He TAaKOK TPUBANOL.

[HWa npucKkopeHa MeToaMKa BUAiINeHHS | opMyBaHHSA GionniBku 3
eNIeKTPOreHHO aKTUBHICTIO BUKNaaeHa y poborTi [8]. BoHa ocHoBaHa Ha
TOMYy, WO 6inbWwicTb ek3oenekTporeHis, BusesneHmx B BEXC, € Metan-
BiAHOBNOYMMM DaKTepisMU. 3anpornoHOBaHa NPUCKOPeHa npoueaypa
Nonara€e y BUpoLLyBaHHI NnepBMUHHOI bionniBku Ha aHoadi BEXC 3 nopank-
LM NnepeHeceHHaM 11 Ha cepefoBuLLe 3 KPUCTaNiYHMM OKCMAOOM 3ani3a
(Ill), AKMI BMCTYNaE aKUeNTOpPOM eneKTpoHiB. llicna BMpoLyBaHHA Npu-
POAHOro yrpynoBaHHA Ha TAKOMY CepeaoBULLI Y HbOMY NepeBaXKatloTb Mi-
KpoopraHi3aMu 3i 3gaTHicTio BigHoBoBaTh 3aniso (lll). Came ix 3HoBY ne-
peHocsTb B aHoAHY KaMepy BEXC onsa noganbLwoi iMMobinizadii Ha aHog,.

MocTaHoBKa 3apavi pocnipkeHb. MeToto gaHol pobotn € popmy-
BaHHS aHoOOHOI 6ionNNiBKN 3 BMCOKOK EK30EJIEKTPOreHHOK aKTUBHICTIO,
NMOEOHYHOUYM Ta NOPIBHIOKYN BiAOMI NPUIAOMU BUAINEHHS Ta iMMobini3auil
MIKPOOPraHi3MiB-eK30eNEeKTPOreHiB.

MeTtoauka npoBeaeHHA eKcnepuMeHTy. [lpouec BuaineHHa ta ¢o-
pMyBaHHS 6ionniBKM NPOBOAMUAM B @aHOKCUOHMX YMOBaxX Npu TemMnepaTypi
25° C. Ak pkepeno eK30eNeKTPoreHiB BUKOPUCTAaHO aHaepobHNIM aKTUB-
HUK Myn 3 bopTHMLbKOI cTaHUil aepauii BAT «AK KniBBogokaHan».

BuMiptoBaHHS 3Ha4YeHb NOTEHUIaNiB eNeKTPoaiB NpoBOAUSINCS BifO-
HOCHO XJIOPCPIBHOro eNeKTpoaa NOPiBHAHHS.

Mpouenypy BUAINEHHA €K30ENEKTPOreHiB npoBoannm B nabopato-
PHiN ycTaHoBuUi ABokaMepHoi BEXC uuniHgpnyHoi ¢opmu. B obox kame-
pax CTBOPEHO aHOKCMAOHI YMOBW. K aHOA4 BUKOPMUCTAHO NOPXK 3 Byrneue-
BUX BOJIOKOH HA TUTAHOBOMY APOTi Ta ByrneueBy TKaAHWHY HA TUTAHOBOMY
APOTi, K KaTopn, — ByrneueBy NOBCTb, MOKPUTY nnatuHoto. Kamepu po3gi-
NIEHO NPOTOHMNPOHMKHOW MeMbpaHoto Nafion 112 nnoweto 10 cMm.

KaTogHa kamepa (06’emom 200 cm®) 3anoBHioBanacs posunHoMm 6i-
docdatHoro 6ydepa 3 pH 7 cknaay r/am®: KH,PO, — 1,50, K,HPO, - 2,19,
NH,Cl - 0,31, KCL - 0,13, (NH4);S0, - 0,45, NaCl - 0,90, MgSO0,-7H,0 -
0,18, CaClz-2H,0 - 0,10, NH,4CL - 0,50. Takoxx go kaToniTy 6yno AopaHo
KsFe(CN)s B KoHUeHTpauii 50 MM.

AHopHy kamepy (06'eMom 200 cM®) 3aN0BHIOBaNYM TaKUM 3Ke PoO34M-
HOM 6ydepHOro po3yunHy 3 A04ABaAHHAM aueTaTy HaTpilo B KOHUEHTpauil
10 MM, a TakoX CNigOBMMU KiNIbKOCTAMM MIiKpPOENEMEHTIB Ta BiTaMiHiB
A5 HOPMANbHOMO POCTY Ta PO3MHOXEHHS MIKPOOPraHi3MiB.
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TpeTa cTagisa BUAINEHHS €K30eNEeKTPOreHiB NPoBoAnaacsa B EMHOC-
TAX 3 po34nHOM bidocdaTHoro bydepa, cNifoBUMN KOHUEHTPALIAMMU Bi-
TaMiHiB Ha MiHepani., a TakoX 3 gogasaHHAM conen Fe(lll) (100 MM pos-
4ynH) Ta aueTaty HaTpito (10 MM po3umnH) 9K aKLEeNTopiB Ta IOHOPIB efieKk-
TPOHiB BignoBigHo. lNicns BUAiNeHHA eK30eNeKTporeHiB ix 6yno iMMobi-
Ni3oBaHo Ha aHopfi nabopaTtopHoil yctaHoBKM BEXC.

Mpouenypu ¢dopMyBaHHS bionniBKM NPOBOAMAM B HamniBnepiogmy-
HOMY PEeXXWUMi KyNbTUBYBAHHS.

QPopMyBaHHS NepBMHHOI BionniBKM NPOBOAMAM 338 METOAMKOW, 3a-
NMo3nYeHolo 3 NliTepaTypHux axepen [1; 8] Ta apanToBaHow A0 YMOB Npo-
BeOEHHS eKcrnepuMeHTy. [Ina uboro B aHOogHY Kamepy, 3anoBHeHy ¢oc-
$aTHUM O6ypepHUM pPO34YMHOM, PO3YMHOM aueTaTy HaTpil, BiTaMiHIiB Ta
MiHepani., AK iHOKynAT gogasanu 10 cm® aHaepoBbHOro akTUBHOMO MyJy.

[na nokpalweHHs npouecy ¢opMyBaHHA BioNNiBKM Ha eneKkTpoam
6yno HaknapeHo popaTtkoBy Hanpyry B 0,2 B. [Ins MoHiTOpUHIry npouecy
iIMMOGini3auii eK30eNeKTPOreHiB Ha eNeKTpPoa4ax BUMIpOBanu cuny cTpy-
MY, CMPUYNHEHOIO MNPOLLECaMN OKMCHEHHS OpraHiyHux cnonyk, B BEXC.

CnoKMBaHHS OpraHiYHMX CMOJSYK MOXXWBHOIMO CEepefoBULLA BU3Ha-
Yyanu BuMmiptooym 3HaveHHa XCK po3unHy o i nicna KynbTUBYBAHHS.

Micna BuYepnaHHSA OpraHiYyHUX CNONyK Yy CepenoBULLi NPOBOAMAU
MOBHY 3aMiHY PO34YMHY aHOAHOI KaMepw, ane Bxe 6e3 nooaBaHHA iHOKY-
nAaTy.

BionniBky 3i cTabinbHUMKN €K30€NEKTPOrEHHUMWN XapaKTePUCTUKA-
MU 6yno chopMOBaHO Nicnsa 6 TaKUX LUKAIB.

Opyry cTtagito dopMyBaHHS BionaiBKM NPOBOANIM B TaKMX XKe pO3-
YMHAX MOXMBHOIO CepenoBMLLA Ta KATONITY, ane K AXXepeso eK30eneK-
TPOreHiB 6yf0 BMKOPUCTAHO HE AKTUBHMUW MyN, @ aHOAHY TKaHWHY i3
cdopmoBaHoto GionniBKOK eKk3oeneKTporeHis. [Ina Uuboro B aHoOHYy Ka-
mMepy nabopatopHoi yctaHoBkn BEXC 6yno nomiweHo 4nctmin enektpon
Ta cdopMoBaHy Ha Nepuin cTagii GionniBky Ha Byrneuesi TKaHWHI. Ha
Ui enektpoamn 6yno HaknapeHo gopatkoBy Hanpyry 0,2 B. Takum unHom
Ha YMCTOMY BYr/eLeBOMY eneKTpoai BiabyBanacs iMMobinizauis eksoenekx-
TPOreHiB, BUAINEHMX Ha nonepeHin ctagil. KynbTnByBaHHs NnpoBoAMIOCS B
HaniBNepioanYHUX yMoBax i3 PerynsipHo0 3aMiHOK MOXXMBHOrO cepeno-
BMLLA, ane 6e3 [ooaBaHHS iIHOKYNATY.

Pe3ynbTaT npoBeAeHOro eKCnepmMMeHTy Ta iX 06roBopeHHs

B npoueci KynbTMBYBaHHS CMOCTEPIranocs 3pOCTAHHA TYCTUHMU
CTPYMy 3 YTBOPEHHSIM nepLuoro niky B 1345 MKA/cM? Ha 12 o6y, Lo
XapaKTepM3yBaBCA TaKUM 3HA4YeHHAM npoTsAroM 3 Aib, nicna yoro Mano
MiCLe 3HWMXEHHS 3HAYEHHS NYCTUHU CTPyMy. [licns BHECEHHSA B aHOAHY
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KamMepy MOXWBHOMO CepefdoBULLA 3HOBY CMOCTepiranocs nigBULLEHHS

3HAYEHHSA ryCTUHM cTpyMmy (pumc. 1).
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Puc. 1. 3anexHicTb 3Ha4YEHHSA FYCTUHM CTPYMy BionniBKM j Big TpMBaNoCTi
eKcnepuMeHTy T (CTpiNKaMm NoKasaHo Yac BHECEHHS MOXKMBHOMO CepeaoBMLLa

B aHOJHY Kamepy)

j> MEA/eM?

A

Mpotarom nepwux 50 roguMH KynbTUBYBAHHS 3HAYEHHS TYCTUHMU
CTpyMy 6ysio He3HauyHuUM (puc. 1), WO MOXKHA NOACHUTU HecHOpMOBaHic-
Tio BionniBkM Ha aHopi. OKpiM TOro, KOHUEHTPALS €K30eNeKTPOreHiB Y
BUXiAHOMY iIHOKYNATI € BKPAW HU3bKO, NOPIBHAHO i3 iHW MMM NpeacTaB-
HMKaMM NPMPOJHOro YrpynoBaHHS, SKi HEe NPOSBNSAITb EK30€/1eKTPOreH-
HMUX BNacTUBOCTEN.

3aranoM, oTpUMaHa 3aNeXxHiCTb Mae€ XapaKTepHUW BuUrnsag ans
KpunBOI pocTy 6aKTepianbHOI KyNbTypy B NEPIOANYHOMY PEXUMI KYyNbTU-
ByBaHHS. [Mpotarom nepwwux 50 rogmMH cnoctepiraetbcs nar-¢asa, sKka
Bignosigae nepioay ¢i3ioNoriyHOro NPUCTOCYBAHHS, WO BK/OYAE IHAYK-
uito depmeHTiB. OCKiNbKM Oxepena eHeprii Ta Byrneuw B MOXUBHOMY
cepepnoBuLi (aueTaTt HaTpilo) BiApPiI3HAKTLCA Big TUX, WO 6ynn y nonepe-
OHIN KynbTypi (BUCOKOMONEKYNSAPHI OpraHiyHi CMONyKK CTiYHMX BOA), TO
apanTtauis 0o HOBUX YMOB MOXe BUMaraTu CUHTE3y TUX PepMeHTiB, B
AKUX paHiwe He Byno HeobxigHOCTI.

HinaHka rpadika, obyMoBneHa HactynHuMmn 100 rognHamu, Bigno-
BiAa€ dasi ekcnoHeHLUianbHOro pocty. Pi3ke NigBULLEHHI F'YCTUHU CTPYMY
CBig4YNTb NPO Te, WO Ha NOBEPXHi aHOAA MPUKPINUINCSA eK30eneKTpore-
HUW i NOYMHaTb GopMyBaTK BioNNiIBKY Ta BUKOPUCTOBYBATU aHOA SIK KiH-
LeBUM akuenTop enekTpoHiB. OKpiM Toro, Ha LiN ¢a3i pocTy Mae Micue
MaKCMMasibHa WBUAKICTb AiNeHHS iIMMOBiNi30BaHNX KNITUH €K30eNeKT-
pOreHiB.

MNMoTiM HacTynae ¢asa CTauioHapHOro pPocTy, NPU AKIiN AIMITYUYUM
$aKTOpPOM CTA€E AOCTYMHICTb HAMBAXKNUBILNX NOXXUBHUX pPeyoBUH. BeTa-
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HOBJIIOETLCS PIBHOBAra MiX KNiTUHHWUM POCTOM, OiNE€HHAM Ta NPOLEcoM
BiOMUPAHHS KIITUH.

Micna uboro HacTynae ¢pasa BiAMUPAHHSA KNITUH, NPU SAKIN BUYeEp-
NyBaHHS OPraHiYHUX CMONyK B MNOXXWBHOMY CepefoBuLli NPM3BOAUTL 00
3MEHLUEHHS eK30eNIeKTPOreHHOT aKTUBHOCTI b6ionniBkK. llicns BHeCEHHS
MOXXUBHUX PEYOBUH Pa30M i3 HOBOK nopuicto iHOKynATy (Ha puc. 1 30-
Opa)KeHo CTpinKaMn) y peakuinHe cepefoBUlLEe €K30eNeKTPOoreHHa aK-
TMBHICTb GiONNIBKM 3pOCTAaE i NPOTArOM NoJanblIMX 4 UMKMIB LOCATAE
3HaueHHs 135+5 MKA/cM%

CKOpoOYeHHA AinsiHKWM rpadika, Wo BiQNOBiOAE CTauioHapHin ¢asi
pPOCTY, NPOTArOM NOAANbLUINX LUKNIB, MOXHA NOACHUTU 30iNbLUEHHAM Ki-
NbKOCTi MiKpoOpraHi3MiB y 6ionniBui, TOMy WWBUAKICTb CNOXMUBAHHSA Cy6-
CTpaTy 3poCTaE.

OCKiNnbKW Npy NOBTOPHMX LMKNAX AOCAraeTbCs CTabiNbHE 3HAYEHHS
rYCTUHM CTyMYy, npouec popMyBaHHSA BioNNiBKM MOXHA BBaXKaTW 3aKiH-
YEHUM.

MopiBHIOOUYM OTPUMaHI pe3ynbTaTu 3 BidoMuMHK y nitepatypi [7; 9],
MOXHa 3pob6MTU BUCHOBOK, L0 OTPMMAaHe 3HA4YeHHS TYCTUHU CTPyMy
YTBOPEHOK 33 TaKOK npouenypoto 6ionniBKow € Manxe BABIYI HUXYUM
(135 MkA/cM? nopisHsiHO 3 230 MKA/cM?). Lie MOXKHA MOSICHUTH TUM, LLO
yTBOpeHy 6ionniBKy chopMyBanM MiKpPOOPraHi3Mu, siKi 34aTHi BUKOpUC-
TOBYBATW iHLWI aKUENTOPU eNeKTPoHiB. B aHaepobHMX yMOBax TaKNUMU Ki-
HLEBMMW aKLENTOPAMUN eJIEKTPOHIB MOXYTb ByTn BnacHi metabonitn. Pi-
3HMLI 3HAYEeHb NYCTUHU CTPYMY TaKOXX MOXHA MOSICHUTU TUM, WO B NPO-
ueci ¢opMyBaHHS BionniBKM NpPoBOAUIACS He NiMWe 3aMiHa MOXMBHOMO
cepenoBuLLA, @ U BHECEHHS HOBMX NOPLINA IHOKYNATY, WO HE Mano Micus
y pobori [7; 9.

Mpy UubOMYy MaKCMManbHe 3HAYEHHS FYCTUHW CTPYMY BCTAHOBAIO-
ETbCA NPOTArOM MalKe y TpU4i MeHWworo TepMiHy (6 gi6, npotn 17 ni6).
Take ckopoyeHHs Yacy popMyBaHHSA GiONIIBKM MOXKHA NOSICHUTY BULLOKO
TeMmnepaTypoto KynbTuyBaHHs (30° Cy gaHin po6ori, a B nitepatypi 22° C).

OTXe, OTPUMaHIi 3HaYeHHS TYCTUHU CTPYMY € He3Ha4YHuUMn. Popmy-
BaHHS X OioNNiBKM 3 BULLOK €K30€JIEKTPOreHHOK BNacTUBICTIO NoTpebye
TPYOOMICTKOI Ta [OBroTpMBanoi npouenypv 36aravyeHHsa 6ionniBKu ek3o-
eN1eKTPOreHaMu, siIKa NoNsrae y NoBTOPHOMY MEXaHIYHOMY BiaAaineHHi bi-
ONMIBKW 3 NOBEPXHI aHO[a, pecycneHAyBaHHi KNiTUH Ta NOBTOPHIN iMMO-
6inisauil BigaineHnx knituu [7].

AnbTepHaTUBOK UiM npouenypi € 3acTOoCyBaHHS [BOCTAAINHOIMO
cnocoby BuMAiINEHHA eK3oeneKTporeHis. [py UbOMy Ha Mo4YaTKy nmpoue-
Aypv BinoyBaeTbcs GopMyBaHHS NepBUHHOI GiONNiBKK i3 OpraHiaMiB aK-
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TMBHOIO MyJly 33 YMOB HaknagaHHs Hanpyru y 0,2 B Ha enekTpogu. Ha
APYrin cTagil B peakTop i3 aHoAoM i3 cdopMoBaHO BionniBKOKW Ta cTe-
PUNBHUM NMOXXWBHUM CEPEnOBULLEM 3aHYPHITb YNCTUA AaHOLHUM MaTe-
pian.

Takmn npouec NOBTOPHOro GOpPMyBaHHA GIONNIBKM €K30eNeKTpo-
reHiB [OCNigXXyBaBCA HaMu 33 MNepioguMYHMX YMOB KYyNbTMBYBAHHSA, a
cpopMoBaHy y Takun cnocib 6ionniBky 6yn0 NPUMHATO HasuBaTU BTO-
puHHoto. MNicnsa 3aHypeHHa ymncToro (6e3 MikpoopraHisMiB) ByrneueBoro
MmaTepiany y aHogHy kamepy BEXC 3 y>ke cdopmoBaHow aHogHow bion-
niBKOO GOPMyBaHHSA HOBOI BiONNIBKM 3 €K30€/IEKTPOreHHOK BNacTMBiC-
TIO CMOCTepiranocs 3a 3HayHO KopoTwwun 4ac. Jlar-dasa ¢opMyBaHHS
BTOpPMHHOI 6ionnieku Tpmuae 20 rog npotu 50 rog. A MakcMManbHe 3Ha-
YEHHS FYCTUHW CTPYMY TaKoi BionniBKM [OCArAETbCSA BXKE Ha WICTAECATY
roouHy ekcnepumeHTy (puc. 2).
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Puc. 2. 3anexHicTb ryCTUHM CTPYMY j Mg Yac gpyroi cTagil opMmyBaHHa Bion-
NiBKM Big, TPMBANOCTi eKCnepuMeHTY T (CTpifiIkaMu NoKa3aHo Yac BHECEHHSA no-
YKMBHOIO CEpefoBULLA B aHOAHY KaMmepy)

Ha ppyrin ctagii dopMyBaHHS 6ionniBky, siK i B npoueci popmyBaH-
HS NepPBWMHHOI, Ma€ Micue xapakTepHa ans ¢as pocTy 6akTepianbHOI Ky-
NIbTYpU 3anexHicTb. [poTe B LbOMYy BUNaaKy ¢a3a CTalioHapHOro pocTy
[OCAraeTbCa 3@ KopoTwni TepMiH (60 roanH npotn 150 rogmH), Wo MoxK-
Ha NOSICHUTWU BINbLUOK KiNbKICTIO €K30e/IeKTPOreHHNX MiKpOOpraHismis
Ha NOBEpPXHi aHOAHOI MOBEPXHi.

[MpoTAroM TPbOX MOBTOPHMUX LWUKAIB 3HAYEHHS FYCTUHU CTPYMY A0-
csarano npubyin3HO 0QHOMo M TOro X 3HavyeHHA 420+10 MKA/cM?.

MNopanbwe NOBTOPHE AO0A4ABaHHA YMCTUX ByrneueBux MmaTepianis
He 4,03BONAN0 OTPMMATK BionAiBKY i3 BiNbLLOK FYCTUHOK CTPYMY.

MNopiBHIOKYM OTPUMAHI pe3ynbTaTu 3 BIiAOMUMU 3 fliTepaTypu, Mo-
>XKHa 3p06UTU BUCHOBOK, WO cPOpMOBaAHA Y TakMi cnocib BTopuHHA bion-
niBKa Mae nopibHi 0o 3ragaHux y nitepaTypi eK30eNeKTPOreHHi BnacTu-
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BocCTi (420 MkA/cM? npotn 480 MKA/cM?), xoua rycTUHa CTPyMy MepBUH-
Hol 6ionniBkK 6yna BiaMiHHOW. Lle goBoanTb Ton ¢akT, wo noaibHa npo-
Luenypa LO3BOJISIE BUAINIMTM EK30€NEKTporeHun Ta chopmyBaTth bionniBky
i3 IHOKYNATY 3 Pi3HOK N'YCTUHOK EK30EJIEKTPOreHHUX MIKPOOpPraHi3MmiB.
[ewo BULWNX 3HAYEHb TYCTUHU CTPYMY BionniBky Byno AocsArHyTo
33 BUKOPUCTAHHSA MNpoueaypu Cenekuili eK30eneKTporeHHMUX Mikpoopra-
Hi3MiB i3 npupoaHux acouiauin [10]. Lls npouenypa ocHoBaHa Ha TOMy
¢dakTi, Wo b6inbwicTb ek3oenekTporeHis, BuseneHnx B BEXC, € metan-
BiAHOBNOKYMMM DaKTepisMU. 3anpornoHOBaHa NPUCKOPeHa npoueaypa
NMonara€e y BUpoOLLyBaHHI NnepBUHHOI bionniBku Ha aHoadi BEXC 3 noganb-
LXM nepeHeceHHaM 11 Ha cepefoBuLLe 3 KPUCTaNiYHMM OKCMAOOM 3ani3a
(), AKMM BMCTYNaE aKUeNTOPOM eneKTpPoHiB. llicna BMpoLyBaHHA Npu-
POAHOro yrpynoBaHHA Ha TAKOMY CepeaoBULLi Y HbOMY NepeBaXKatoTb Mi-
KpoopraHi3aMu 3i 3gaTHicTio BigHoBnoBaTh 3aniso (lll). Came ix 3HoBY ne-
peHocaTb B aHogHY Kamepy BEXC, B sikin BOHU 6yayTb BUKOPUCTOBYBATH
K KiIHLEBWUIM aKLENTOp eJIEKTPOHIB aHOA, a He KPUCTanNiYHMIN OKCKp, 3ani-
3a (Il).
Y HawoMy BUNAQKY SIK iIHOKYyNAT onsa uiel npoueaypu 6yno obpaHo
BTOPMHHY aHOAHY GionniBKy.
3pa3Ku 3 pi3HUM PO3BEAEHHAM KynbTypanbHOI piguHK 6yno npo-
HYMepOBaHO 3rigHo Tabnuui.
Tabnuus
3pa3Ku KynbTypanbHOI pignHN
Ne 3pa3ka 1 2 3 4 5 6 7 8 9

Crynike 10 | 102 | 10% | 104 | 10° | 10¢ | 107 | 108 | 10°
po3BeAeHHS

Nicnsa cepil po3BeaeHb pecycneHAoBaHMX KIITUH Yy cepeaoBuLli Ta
KynbTUBYBaHHI npotarom 14 pi6 npu teMnepatypi 30° C y po3unHi, Askun
Ha MOYaTKy eKCnepuMeHTy 6yB YepBOHOIO KOJIbOPY 3aBASIKU OKCMAy 3a-
niza (Ill), cnocTepiranuca cbopMoBaHi YopHi YaCTUHKK y 3pa3skax 1 - 5. B
peLwwTi 3pa3KiB TaKMUX YTBOPEHb He cnocTepiranocs. 3rigHo gaHux poboTtu
[9] ui YyopHi YacTUHKM MOXKYTb BYTVM NpeAcTaBneHi cnonykamu Fe30, Ta
FeCOs, ski yTBOpUNMCA B pe3ynbTaTi BiGHOBMIEHHS TPbOXBANEHTHOrO 3a-
Ni3a B ABOXBaJIEHTHE e/IEKTPOHaMU, BUOINEeHUMN B npoueci Metaboniamy
eK30esIeKTporeHaMu.

OcKinbKku B 3paskax 6 — 9 yTBOPEHHS YOPHUX YaCTUHOK He cnocTe-
piranocs, MoXxHa 3pobuUTN BUCHOBOK, LLO KOHLEHTpaLia eK3oeneKkTpore-
HiB Y HUX BKPaW HM3bKa, TOMY A4S NoAanblioi poboTu i 3pa3kn He BU-
KOPUCTOBYBAJUCS.
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3pa3kn 1 — 5 BUKOpUCTOBYBaNM AN NoAanblUMX OOCHIAXEHb, a
caMe ans $opMyBaHHS BioNNiBKM Ha aHOAI Ta BU3HAYEHHS EK30e/IeKTPOo-
reHHOI aKTUBHOCTI TaKoil 6ionniBKM.
CdopMoBaHa i3 pi3HMX 3pa3kKiB 6ionniBKa Mana pi3Hi 3HAYEHHS ryc-
TUHU CTPYMY — puc. 3.

—<—3pa3oK5 --ne- 3pazok4d = xX = 3pa3oKk3 sk 3pa3soK 2 —A—3pa3okK 1l

j» MEA/cp?

T, rojg
Puc. 3. 3anexHicTb ryCTUHM CTPYMY aHOAHOI 6ionniBKK j Bif
TPMBANOCTi KY/IbTUBYBAHHS T

HanBuwe 3Ha4YeHHS FYCTUHU CTPYMY OTPUMAHO Npu BUKOPUCTAHHI,
AK IHOKYNnATy ans 6ionniBku, 3paska Ne 5. OTpMMaHe MakcMManbHe 3Ha-
YEHHS TYCTUHU CTPyMy BionniBku cTaHoeuno 600 MKA/cM?. [ns uboro
3pa3Ka Tpueanictb nar-¢asu 6yna MiHimansHoto (10 roguH), a MakcuMa-
NbHE 3HAYEHHA TYCTUHU CTPyMy Byno oTPMMaHO 3a 6iNbl KOPOTKUM Tep-
MiH — Ha 60-1 roanHi eKCnepuMeHTy.

BucHoBku. [ocnigXeHHs TpucTaginHol npoueaypn ¢GoOpMyBaHHS
BUCOKOEPEKTUBHOI aHOAHOT BioniBKM 3 €K30eNeKTPOreHHMMN BRacTU-
BOCTAMW MOKa3anu, Wo NoegHAHHSA BigoMux npouenyp ¢opMyBaHHS 6io-
NNiBKN 003BOJISE CKOPOTUTM TPMBANICTb YTBOPEHHA GionniBku. Tak, apy-
ra Ta TpeTs cTapil yTBOPeHHS 6ionniBKM TPMBAKTb MamXe BAOBIYI MeHLe
3a nepuwy (60 Ta 80 roguH nopieHAHO 3 150 roanHamu). B uen xe yac
3HAUYEHHS FYCTUHM CTPYMy 3pocTatoTs Big 135 MKA/cM? go 420 MKA/cM?
(Ha ppyrin cTapii) Ta 600 MKA/cM? (Ha TpeTin cTagii).
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METHOD OF HIGH EXOELECTROGENIC BIOFILMS FORMATION IN
BIOELECTROCHEMICAL SYSTEMS

The prospects of bioelectrochemical systems are simultaneous
electricity production in them and wastewater treatment, which can
be a raw materials for this process. Anode biofilm plays a main role in
this biotechnological process. The biofilm can be formed in different
ways. The results of research of highly exoelectrogenic anode biofilm
forming for bioelectrochemical systems are presented. The
substrates for such bioelectrochemical systems are bioavailable
components of waste waters. As a natural source of exoelectrogens
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activated sludge from aeration station was chosen. It is shown that the
combination of known procedures for anode biofilm forming reduces
the duration of its formation while preserving the values of the
current density in the bioelectrochemical systems.
Keywords: bioelectrochemical system, exoelectrogens, biofilm with
exoelectrogenic properties.
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®O0PMUPOBAHUE BUOMJIEHKU C BbICOKUMU
3K303JIEKTPOrEHHbIMU CBOUCTBAMU B
BUOAJIEKTPOXUMUYECKUX CUCTEMAX

MepcneKTUBHOCTb GMOENIEKTPOXMMUYHUX CUCTEM COCTOUT B BO3MOXKHO-
CTU OQHOBPEMEHHOro NPOU3BOACTBA B HUX 3/IEKTPUHECKOWN 3HEPrum un
OYUCTKM CTOUYHbBIX BOA, BbICTYNAKLWMUX CbipbeM A4S 3TOro npouecca.
KnioyeBylo ponb B TaKOM 6MOTEXHONOrMHECKOM NpoLiecce UrpaeT aHo-
AHasa 6MonsieHKa, KoTopas MoXXeT 6biTb ChPOpMUPOBAHA PAa3IMYHbIMU
cnoco6amu. NMpuBepeHbl pesynbTaThl UCCIeA0BaHUMMA Npoueaypbl pop-
MUPOBaHUSA AHOAHOW GMONIEHKU C BbICOKOW 3K303J/1EKTPOreHHON aKTu-
BHOCTbIO A1 GUO3/IeKTPOXMMMHECKUX CUCTEM, CYOCTPaTOM ANA KOTO-
pbIX BbICTYNAKOT CTO4YHbIE BOAbI C 6M0A0CTYNHbIMU 3arpPA3HALLUMHU
KOMNOHeHTaMu. Kak npupoaHbIf UICTOYHUK €K30€e/1eKTPOreHoB BbiGpaH
AKTUBHbINA U CTaHUMM aspauuu. NokasaHo, YTo onpeaeneHHoe co4e-
TaHWe U3BECTHbIX Npoueayp ¢opMMpoBaHUA aHOAHOM 6MONSIEHKHN NO3-
BOJIIET COKPATUTb NPOAOCJNKUTENIbHOCTb Npouecca o6pasoBaHua 6uon-
JIEHKMU C COXpaHeHUeM 3HaA4YEeHUN MNIOTHOCTU CUIIbI TOKA.

KnroueBbie cnoBa: 6M031eKTPOXMMHUYECKas CUCTEMA, 3K303J1eKTpore-
Hbl, 6BMONSIEHKA C 3K303/1EKTPOreHHbIMU CBOMCTBaMM.

239



