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ABSTRACT

Background: Today at the oil field «N» there is an intensification of corrosion complications. Repeated
monitoring of corrosion factors at all sites of the field has shown the localization of aggressive gases
at site B, where thermal oil displacement technology is used, which could have triggered an increase
in corrosion processes. In addition, large-scale studies of the microbial community of formation waters
were conducted at field N, revealing the presence of sulfate-reducing and fermentative sulfidogenic
bacteria, which could also contribute to the development of an aggressive environment. In this regard,
the issue of the influence of the microbial community on corrosion processes remains a pressing
task, and studies were conducted to identify the contribution of sulfidogenic bacteria to the formation
of a corrosion-aggressive environment at this field.

Aim: To study the contribution of sulfidogenic bacteria of production waters to the formation
of aggressive environments and corrosion at the N field.

Materials and methods: The objects of the study were samples of water extracted from group
installations, wastewater from block cluster pumping stations, and vertical steel tanks. The studies were
conducted using classical microbiological methods: anaerobic cultivation of bacteria, sowing using
the tenfold dilution method, obtaining biofouling of the object under study in a natural environment,
etc. A titrimetric method was used to determine the content of hydrogen sulfide and carbon dioxide.
The dissolved oxygen content was determined by an express method using a Fibox 4 PreSens
(Germany) fiber optic oxygen analyzer. The amount of mechanical impurities was determined by filtration
followed by gravimetric analysis. The corrosion rate of steel coupons was determined gravimetrically
by the loss of sample mass during their exposure at field facilities.

Results: All studied objects showed high content of planktonic (10°-10® cells/ml) and adherent
(10%-108 cells/ml) sulfidogenic bacteria. The productivity of different physiological groups
of sulfidogenic bacteria was determined: sulfate-reducing bacteria contribute most to hydrogen sulfide
formation (125.6-762.5 mg/L), while sulfur-reducing bacteria contribute least (59.6-298.2 mg/L).
Site B of the field, where development is carried out using thermal technology, is characterized
by the highest corrosion potential. At the same time, the number of sulfidogenic bacteria at site B
is comparable to their number at other sites of the field.

Conclusion: The microflora of the production waters of the N deposit has a high corrosion potential,
but the greatest contribution to the formation of an aggressive environment is due to the use of thermal
oil recovery technology at the deposit.

Keywords: hydrogen sulfide; carbon dioxide; sulfate-reducing bacteria; sulfidogenic bacteria; corrosion
rate; aggressive gases.
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Opu rmHanbHoe uccriegoBaHue

UccnepoBaHne akTUBHOCTU Cynb(uUaoreHHbIX 6aKkTepumn
nnacroBon Mukpodnopbl HepTAHOro mectopoxaeHus (KasaxcraH)
M UX NOTEHLMaNnbHOro BKNnaaa B KOPPO3MOHHbIe npoLuecchbl
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AHHOTALUMUA

O6GocHoBaHue. Ha cerogHAwHWA feHb Ha HedTsHOM MecTopoxaeHun N Habntogaetcs
WUHTEHCUMKALNS  KOPPO3MOHHBLIX  OCIOXHEeHWN. [poBedeHWe  HEOQHOKPaTHOro  MOHWUTOPWHIra
KOPPO3MOHHBIX (PaKTOPOB Ha BCEX MIoLlagKkax MECTOPOXAEHUS NoKa3ano fMoKanmusaumio arpeCcCuMBHbIX
rasoB Ha nnowagke B, roe npumeHsieTcs Tepmuyeckas TeXHONOorns HedpTeBbITECHEHUS,, YTO MOFMO
CNpPOBOLIMPOBATL YCUIEHUE KOPPO3MOHHBLIX MNpoueccoB. Kpome Toro, Ha mectopoxaeHun N 6binu
npoBegeHbl MacliTabHble McCnegoBaHWs MWKPOGHOrO CcoobLiecTBa NNacToBbiX BOA, BbiSBMBLUME
Hanuyve cynbdaTBOCCTaHABMMBAIOLWMX, a Takke BGpPoAnNbHBLIX CynbguAOreHHbIX 6akTepuii, KoTopble
TaKKe MOMMM cnocobCTBOBaTb Pa3BUTUIO arpeccuBHOW cpedbl. B cBA3M ¢ 3aTum BONpOC BRUSIHWSA
MWKPOBHOro coobLLecTBa Ha MPOLECChl Pa3BUTUS KOPPO3WUM OCTAETCS aKTyarbHOW 3ajadvei, B CBA3M
C 4em Obinu nNpoBefeHbl UCCNEeNOoBaHWs, HamnpaBreHHbIE Ha BbISIBNIEHWE BKNada CynbguaoreHHbIX
GakTepuin B hopmMmnpoBaHme KOPPO3NOHHO-arpeccrBHON cpeabl Ha JaHHOM MECTOPOXAEHWN.

Llenb. ViccnepoBatb Bknag cynbhuaoreHHbIX 6akTepuii MpOMbICIIOBbIX BOZ, B NPOLLECCHl (hOPMUPOBaHUS
arpeccuBHOM cpeapbl U KOppo3un Ha mectopoxaeHum N.

Martepuanbl n Mmetoabl. Ob6bekTamu uccnegoBaHus Obinv Npobbl  NOMYTHO-4OObLIBAEMbIX BOA
rPyMnnoBbIX YCTAaHOBOK, CTOYHBIX BOA, GrOYHbIX KYCTOBbLIX HACOCHBIX CTaHLMIA U BePTUKambHbIX CTanbHbIX
pe3epByapoB. VccnegoBaHus nNpoBedeHbl C NPUMEHEHWEM KNacCuyeckMx MEeTOA0B MUKpOoGuonornu:
aHaspo6HOE KynbTUBMPOBaHWE GakTepuii, NOCEBbI METOAOM MPEAENbHLIX AECATUKPATHLIX Pa3BEAEHUN,
nony4eHne GruoobpacTaHuii nuccnegyemoro obbekTa B eCTeCTBEHHOW cpefe u np. Ons onpegeneHus
cofepxaHusa cepoBOAOpOAa M YrMeKUcnoro rasa npuMeHsanu TutpumeTtpudeckuin meton. CopgepxaHune
pacTBOPEHHOrO KWUCropoda Onpeaensnum 3KCNPecc-MeTOAOM Ha ONTOBOSIOKOHHOM —aHanusatope
kncnopoga Fibox 4 PreSens (FepmaHus). KonuuectBo MexaHU4eCKUX nNpuMecen onpegensnv
mMeToaoM unbTpaLum ¢ NOCneayoWUM rpaBUMETPUYECKMM aHann3oM. CKOPOCTb KOPPO3WKM CTarnbHbIX
KYyNoOHOB onpeaensny rpaBUMETpUYEcKMM NO MoTepe Macchbl 06pa3uoB 3a Nepuog UX 3KCMO3MLMK
Ha NPOMbICIOBbLIX OOBbEKTaX.

PesynbraTtbl. Bo Bcex uccnegoBaHHbIXx OObekTax BbISIBNEHO BbLICOKOE COAEpPXKaHWe MraHKTOHHbIX
(10°-10® kn/mn) wn agresampoBaHHbix (10°-108 kn/mn) cynbdwugoreHHblx 6GakTepuin. OnpepeneHa
NPOAYKTUBHOCTb pasHbIX (HU3UOMOTMYECKMX Fpynn cynbuaoreHHbIx GakTepuii: HavbonbluMii BKNag,
B obpasoBaHue cepoBogopoda BHOCUT cynbdaTrBoccTaHaBnueatowme baktepumn (125,6-762,5 mr/n),
HaMMeHbLUUIA — cepoBoCCTaHaBnuBatowme 6akrepun (59,6—298,2 mr/n). MNnowagka B mectopoxaeHus,
roe paspabotka BeOETCA C NPUMEHEHMEM TEpMUYECKON TEXHOMOrnu, Xxapaktepusyercs Haubonee
BbICOKAM KOPPO3MOHHBLIM MoTeHumanoM. [py 9TOM YUCREHHOCTb CynbMUAOreHHbIX GakTepui
Ha nrowaake B conoctaBrMa € UX YNCMEHHOCTBIO Ha APYrMX NOLWaaKax MECTOPOXAEHUSI.
3akntoyeHune. Mukpodropa npoMbICIOBbIX BoA MecTopoxaeHns N obnagaer BbICOKMM KOPPO3MOHHBLIM
noTeHUManom, ofHako Haubonblwnii BKkNag B (HOPMMPOBaHWE arpeccuBHOW cpedbl MpoucxoauT
No MPUYMHE NPUMEHEHNS Ha MECTOPOXAEHUN TEPMUYECKON TEXHONOrMN HedbTeoTaauu.

Krnroueewie crnioea: cepogodopod, yanekucnbili 2a3, CcynbghameoccmaHaenuearuwue bakmepuu,
cyrnbghudozeHHble bakmepuu, CKOPOCMb KOPPO3UU, a2peccusHble 2a3bl.
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TynHycka 3epTTey

Ka3zaxcTtaH MyHaWn KeH OpHbIHbIH KabaT MUKpodrnopacbIHbIH
cynbdumaoreHaik 6akrepusanapbiHbiH 6enceHainirid

X9He onapablH KOPPO3UANbIK npouecTepre

aneyeTTi yneciH 3epTtrey
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gedeparndbiK FbinibiMU opmarnbik, Pecel fbinbiM akademusicbl, Mackey kanacbl, Pecel

AHHOTALMUA

Herizpey. ByriHri Tanga N mMyHam keH OpHbIHAA KOPPO3WANbIK ackbiHynapdblH, KapkblHbl Gankanagbl.
KeH opHbIHbIH Gapnblk anandapbliHaa Koppo3usnblk dakTtoprapra GipHelle peT MOHUTOPWIHT XKYpPrisy
KOPPO3MAMbIK NpoLecTepaiH KyLuetoiHe TypTKi 60mybl MyMKIH MyHaW bIfFbICTbIPYAbIH TEPMUSATbIK TEXHOMO-
rMscel KongaHbinaTblH B anaHbiHAa arpeccuBTi rasgapablH okWwaynaHybiH kepceTTi. ByaaH 6acka N keH
OpHbIHAA CynbdaTThl KannblHa KeNTipeTiH, CoHAan-aK arpeccuBTi OpTaHblH AaMyblHa biknan eTyi MyMKiH
awbITy cynbcuaoreHai baktepmsanapabiH, 60nybiH aHbIKTanTbIH kabaTt cynapbiHbIH MUKPOOTLIK KaybiMaa-
CTbIfblHA aykbiMAbl 3epTTeynep xyprisingi. OcbifaH 6ainaHbICTbl MUKPOOTBIK KaybiMOACTbIKTbIH, KOPPO-
31sHbIH Aamy npouecTepiHe acepi Maceneci e3ekTi Macene 6onbin kana 6epeai, CoOHAbIKTaH cynbdhuao-
reHgik 6aktepusinapdblH OCbl KEH OPHbIHAA KOPPO3USINbIK-arpeCcCUBTi OpTaHbl KanbinTacTbipyFa KOCKaH
yNneciH aHblKTayFa bafbITTanfaH 3epTTeynep Xyprisingi.

MakcaTbl. ©HepkacinTik cynapapiH cynbduaoreHaik 6aktepusnapbiHblf N keH OpHblHAA arpecCcuBTi
opTa MeH KOppo3usi KanbINTacTblpy NpoLecTepiHe KOCKaH yreciH 3epTTey.

Martepuanpap MeH agictep. 3epTTey 0ObeKTINepi TONTbIK KOHABIPFBINAPAbIH iNecne eHAipineTiH cy-
napbiHbIH, BnokTbl ByTanbl Copfbl CTaHUMSANAapbIHbIH afbiHAbl CynapbliHbIH XoHe Tik 6onat pesepsyap-
napblHbIH, CblHamanapbl 6onfbl. 3epTTeynep MUKPOOWMOMNOIMAHBLIH KNaccukanblk a4icTepiH kongaHa
OTbIpbIN Xypridingi: 6akTepusinapgbl aHaspobThbl Bcipy, LWEKTI OH ece CyMbINTy apiciveH ceby, Taburm
opTaga 3epTTeneTiH 06bekTiHiH Bronornanbik nactaHybiH any xoHe T. 6. KykipTcyTek neH KeMipKbILLKbIN
rasblHblH KypamblH aHbIKTay YLiH TUTPUMETPUANbIK SAIC KonaaHbinabl. EpireH otTeriHiH Kypambl Fibox
4 PreSens (fepmaHusi) TanwbIKTbI-ONTMKasbIK OTTEr aHanM3aTopbiHAa Xegen aicneH aHblktanasl. Me-
XaHuKanblK kocnanapablH caHbl cy3y aiCiMeH, cofaH KeWiH rpaBUMETPUSNbIK TangayMeH aHblKTanabl.
Bonat kynoHaapabliH KOPPO3Us Xblngamablfbl KOMMEPUMSANbIK OObEKTINepae aKCno3numns KeseHiHae yn-
rinepAiH MaccacblH XOfanTy apKblnbl rPaBUMETPUANBIK TYPAE aHbIKTanabl.

HaTtuxenepi. bapnbik 3epTTenreH obbekTinepai nnaHktoHabl (105—108 kn/mn) keHe agresusinaHfaH
(10°-108 kn/mn) cynbcuporenai GaktepusnapgblH KoFapbl Menwepi aHbliktangsl. CynbdwugoreHai
GakTepusanapablH, apTypni OU3MONOrUAnbIK TONTapbIHbIH OHIMAINIM aHbIKTanAbl: KyKipTCyTeKTiH nanga
BonybliHa eH ynkeH ynec cynbdaTTbl KannbiHa kenTipeTiH 6aktepusanap (125,6—-762,5 mr/n), eH kiwici
KYKIPTTi kannblHa KenTipeTiH 6akTepusanap (59,6—-298,2 mr/n). Vrepy TepMUsAnbIK TEXHONMOMMSAHbI Konaa-
Ha OTbIPbIN XYPri3ineTiH keH opblHAapPbIHAAFLI B anaHpl eH ofapbl KOPPO3USANbIK SNeyeTneH cunatra-
nagel. byn pette B anaHbiHAarb! cynbduaoreHaik 6akrepmsanapgbiH CaHbl KEH OpHbIHBIH 6acka ananaa-
pblHAAFbl OnapablH CaHbIMEH CanbICTbIpblNaabl.

KopbITbiHAbI. N KEH OpHbIHbIH KSCINLWIiNik cyrnapblHbiH MUKpPOMropach! Xofapbl KOPPO3UASbIK NOTEH-
umnanfa ue, anaiga arpeccuBTi OpTaHblH KanbinTacyblHa €H YNKEeH YNnec KeH OpHblHAa MyHai GepyaiH
TEPMUASbIK TEXHOMNOIMSICBIH KonaaHy cebebiHeH Gonaaebi.

Hezizzi ce3dep: KyKipmcymek, KeMipKbIWKbII 2a3bl, Cyrbghammal KanbiHa Kenmipywi 6akmepusinap,
cynbghudozeHdi bakmepusinap, KOppo3us xblndamObifbl, agpeccusmi 2a3dap.

[anekce3 KenTipy YLWiH:
buceHosa M.A., bBudxueea C.X. KasaxctaH MyHall KeH OpHblHbIH KabaT MMKpodriopachiHbIH
cynbduaoreHaik HaktepusinapbiHblH GenceHainiriv xaHe onapablH KOppO3usisblK NpoLecTepre aneyerTi
yneciH 3epttey // KasakcTaHHblH MyHaii-ra3 canacbliHbiH Xabapbicbl. 2026. 8 Tom, Nel. 79-88 6.
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Introduction

Currently, the field N (Kazakhstan) is under com-
mercial development. The viscous and resinous oil
of this field is characterized by a significant sulfur
content and a high concentration of high-molecu-
lar-weight compounds.

At the initial stage of field development, a low content
of aggressive gases in the composition of reservoir
fluids was observed: hydrogen sulfide was absent,
while carbon dioxide was detected in small concen-
trations. Currently, the field is being operated using
thermal recovery technology in combination with pro-
duced water injection. The application of thermal
methods has ensured high rates of oil reserves recov-
ery. During the long-term operation of the field using
various technologies, a positive trend in the content
of corrosive gases — hydrogen sulfide and carbon
dioxide — has been observed, which has contributed
to the intensification of corrosion processes.

Another reason for the increase in the content
of hydrogen sulfide and carbon dioxide may be
the metabolic activity of reservoir microflora [1],
which in the system “reservoir — well — equipment”
provokes, both directly and indirectly, a number
of problems during oil production: corrosion cracking
of metal equipment, reduction in well injectivity, dete-
rioration of filtration properties, changes in oil quality,
a decrease in oil recovery due to reservoir plugging
by the accumulation of bacterial biofilms, as well
as a decrease in the pH of the produced fluids.
Using high-throughput sequencing of the V3-V4 re-
gion of the 16S rRNA gene, sulfate-reducing bac-
teria such as Desulfovibrio, Desulfomicrobium,
Thermodesulforhabdus, Thermodesulfobacterium,
Desulfotomaculum, and other genera were detect-
ed in oil fields. Fermentative bacteria included rep-
resentatives of the thermotogales genera Thermo-
sipho, Kosmotoga, Petrotoga, Deltaproteobacteria
of the genus Pelobacter, and bacteria of the genus
Thermicanus from the order Bacillales. Syntrophic
bacteria were represented by anaerobic bacteria
of the genus Thermovirga. Sulfur-cycle bacteria also
included representatives of the genera Sulfurospiril-
lum, Sulfurimonas, Brockia, and others [2].
Sulfidogenic bacteria include fermentative bacteria
and sulfate-reducing bacteria (hereinafter — SRB),
which utilize oxidized sulfur compounds (S°, SO,
S05%7, S,03%, etc.) and produce hydrogen sulfide,
as well as carbon dioxide, as the end products
of their metabolism.

Fermentative bacteria possess a highly flexible me-
tabolism and can inhabit various ecological niches,
predominantly anaerobic, although they may also
occur in microaerophilic and aerobic environments.
Their habitats can be characterized by a wide
range of temperatures (20-105°C) and pH values
from 4.0 to 8.5.

Sulfidogenic bacteria — SRB, thiosulfates (here-
inafter — TSB), and elemental sulfur (hereinafter —
S°RB) — play a key role in the oil production industry,
as they are a potential source of various complica-
tions, one of which is corrosion.

Q) e

In direct corrosive interactions with metals, bacte-
ria utilize iron for their energy metabolism, thereby
contributing to the gradual degradation of the met-
al. In indirect corrosive interactions, metal is deg-
raded by the metabolic products of bacteria (H.S,
CO,, acids, enzymes, etc.), which are released both
into the surrounding environment (produced waters)
by all members of the sulfidogenic community and di-
rectly onto the metal surface by adherent cells [3].

To date, the microflora of the produced waters
of the field and its contribution to the development
of complications have been insufficiently studied
and remain a relevant issue. The present work
is aimed at investigating the potential contribution
of the microbial community to corrosion processes
at the facilities of the studied field.

Materials and Methods

It is known that the microflora of produced waters
comprises both planktonic and adherent bacte-
ria, and the dominance of either form depends
on various factors. In the present study, the bacte-
rial community density at the facilities of the inves-
tigated field, microbial activity, and the contribution
of bacteria to the accumulation of corrosive agents
at the studied sites were examined.

Planktonic sulfidogenic bacteria were determined
using the method of serial tenfold dilutions fol-
lowed by inoculation onto selective nutrient me-
dia. The amount of hydrogen sulfide produced
by the bacteria was assessed titrimetrically through
the precipitation of sulfide ions as cadmium sulfide,
followed by titration.

Adherent bacteria were studied using coupons
installed at the field facilities; biofilm was scraped
from the surface of the coupons, and the cells
were enumerated by the serial dilution method.

The corrosion rate was assessed on the same
coupons after removal of corrosion deposits, using
the gravimetric method based on mass loss.

The chemical analysis of the water included:

e determination of CO, by the titrimetric meth-
od using sodium hydroxide until a pH of 8.4 was
reached,;

e determination of dissolved oxygen using a rapid
method with a Fibox 4 fiber-optic analyzer (PreSens,
Germany);

e determination of mechanical impurities by filtra-
tion followed by weighing the residue;

e determination of the six-component water com-
position, as well as iron content, using standard titri-
metric methods.

Experimental Section

Abundance and Activity of Planktonic Sul-
fidogenic Bacteria at the Field Facilities

For the microbiological studies, samples of produced
water from the field’s group installations (hereinaf-
ter — Gls) were collected.

For the cultivation of SRB, Postgate’s medi-
um with the following composition was used:
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KH,PO, — 0.5 g/L, NH,CI - 1 g/L, Na,SO, —
4 g/L, CaCl, — 0.06 g/L, MgSO,-7H,0 — 0.06 g/L,
FeSO,7H,O — 1 g/L, C3HsOsNa (60% solution) —
6 g/L, CcHsO,Na3z-5.5H,0 — 0.3 g/L, yeast extract —
0.1 g/L, microelement solution according to Kevbrin
and Zavarzin [4] — 1 mL/L, and 0.04% resazurin
solution (1 mL/L).

For the cultivation of TSB and S°RB, Widdel's me-
dium [5] with the following composition was used:
MgCl,-6H,O — 4.0 g/L, CaCl,-2H,0 - 0.1 g/L,
NH,CI - 0.25 g/L, KH,PO, — 0.2 g/L, KCI - 0.5 g/L,
NaHCO; — 0.2 g/L, glucose — 5.0 g/L, peptone —
2.0 g/L, yeast extract — 1.0 g/L, microelement solu-
tion according to Kevbrin and Zavarzin [4] — 1 mL/L,
and 0.04% resazurin solution (1 mL/L). As an elec-
tron acceptor, 2 g/L of thiosulfate (Na,S,03) was
added to the medium for TSB, and elemental sulfur
(S°) for S°RB.

NaCl was added to the media according to the ex-
perimental conditions, in amounts ranging from 22
to 32 g/L, in accordance with the total salinity
of the waters from the studied sites. The media were
boiled to remove oxygen, after which ascorbic acid
(0.3 g/L) was added as a reducing agent. The pH
of the media was adjusted to 7.0—7.2 using 5% HCI
or 5% NaHCOj; solutions. The media were prepared
anaerobically under a nitrogen atmosphere.
Inoculations were carried out using the serial dilution
method while maintaining anaerobic conditions. Cul-
tivation was performed at the temperatures recorded
during sample collection at the field facilities, ranging
from 25 °C to 36 °C, for 15 days. Bacterial growth
was monitored by the appearance of a black precip-
itate in the culture medium. Tab. 1 presents the re-
sults of the studies for all three types of sulfidogens:
SRB, TSB, and S°RB.

A high abundance of SRB was detected at two Gls
at sites B and G: 10° cells/mL at GI-5 and 10° cells/
mL at GI-7. At the remaining Gls, SRB levels ranged
from 103 to 10* cells/mL.

A high degree of contamination by TSB was ob-
served at three sites (platforms A, C, and B):
Gl-1 - 10° cells/mL, GI-7 — 107 cells/mL, and GI-8 —
10¢ cells/mL. At the other sites, their abundance
ranged from 10° to 10* cells/mL.

The abundance of S°RB was significant at five
sites, with the highest values observed at GlI-1 (A)
and GI-2 (B) — 10°cells/mL, and at GI-7 (G) -
107 cells/mL.

The study of the microbiological contamination
of the field showed that the investigated sites ex-
hibited high abundances not only of SRB but also
of other sulfidogenic microorganisms, including thio-
sulfate- and sulfur-reducing bacteria.

Table 1. Content of planktonic sulfidogenic
bacteria, cells/ml

Samplin . Bacterial content
location | Obiect SPB TSB S°RB
HU-1 A 10° 10° 10°
HU-2 B 104 10* 10°
HU-3 B 10* 10* 10°
HU-4 B 104 10° 10°
HU-5 B 108 10* 10*
HU-6 B 10* 10° 10°
HU-7 r 10° 107 107
HU-8 b 10* 108 10°

The metabolic activity of the studied bacterial
groups — SRB, TSB, and S°RB — was assessed
based on the amount of hydrogen sulfide produced.
After 15 days of cultivation, the hydrogen sulfide
content in the culture media of the first dilutions was
determined by the titrimetric method.

According to the procedure, sulfide ions were precip-
itated as cadmium sulfide, then oxidized with iodine,
and the excess was titrated with a sodium thiosulfate
solution.

The concentration of hydrogen sulfide was calculat-
ed using formula (1):

X =, —V,)-0,852-1000/V 1)

where V, is the volume of the iodine solution
added to the test solution, cm?; V, is the volume
of sodium thiosulfate solution used for titration,
cm?; 0.852 is the mass of hydrogen sulfide equiv-
alent to the mass of sodium thiosulfate in 1 cm?®
of a solution with an equivalent molar concentration
of 0.05 mol/dm?, mg; and V is the volume of the test
solution taken for analysis, cm?3.

The results of hydrogen sulfide produced bythe sul-
fidogens are presented in Tab. 2.

Table 2. Hydrogen sulfide content formed by bacteria, mg/L

Slzcr:::il:)"ng Object Hyde:';gen sulfidg cont;a;; producediby bas(;::;a Total hydrogen sulfide production
Gl-1 A 762,5 434,5 127,8 1324,8
Gl-2 ) 553,8 85,2 59,6 698,6
GI-3 B 660,3 426,0 76,7 1163,0
Gl-4 B 153,4 328,0 106,5 587,9
GI-5 B 125,6 196,0 85,2 406,8
Gl-6 B 656,0 281,2 98,0 1035,2
Gl-7 r 673,1 579,4 242,8 1495,3
GI-8 ) 170,4 391,9 298,2 860,5

According to the results obtained, SRB produced
the highest amount of hydrogen sulfide, while S°RB
produced the lowest. This outcome reflects the met-
abolic characteristics of these microbial groups:

SRB largely depend on the presence of oxidized
sulfur compounds in the medium, as they carry out
sulfate respiration necessary to sustain their viabil-
ity, whereas S°RB, due to their metabolic flexibility,

....................................................... 83
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can utilize sulfur compounds facultatively. Overall,
sulfidogens can contribute significantly to the for-
mation of biogenic hydrogen sulfide. Site G of the N
field was found to be the most heavily contaminated
with sulfidogenic microorganisms exhibiting high
hydrogen sulfide productivity.

The results obtained allow us to conclude that there
is a biogenic component in the formation of hydro-
gen sulfide at the field. To determine the contribution
of sulfidogenic bacteria to carbon dioxide produc-
tion, additional research methods are required.
Abundance and Corrosive Activity of Planktonic
and Adherent Sulfidogenic Bacteria in the BCPS
(Block Custer Pumping Station) and VST (Vertical
Steel Tank) of the Field

At four modular horizontal pumping systems (here-
inafter — BCPS) — BCPS-1, BCPS-2, BCPS-3,
BCPS-4 — and at VST-3 (vertical steel tank) of N
field, steel coupons of grade “Steel 20" were
installed, with two coupons at each facility. Produced
water samples were collected at the same facili-
ties to determine the abundance of planktonic sul-
fidogenic bacteria and to study the corrosive agents
in the waters of the investigated sites.

On the 4th day after the coupons were installed, wa-
ter circulation in VST-3 was stopped due to techni-
cal reasons. Consequently, the coupons remained
in VST-3 under stagnant water conditions until
their removal. The exposure period of the coupons
at the field facilities was 13 days.

The abundance of planktonic sulfidogenic bacte-
ria was determined according to the methodology
described above. Bacterial cultivation was carried
out under conditions approximating those of the in-
vestigated field facilities (temperature and salinity).
After the exposure period (13 days), the coupons
were removed from the corrosion monitoring units
of the facilities and carefully transported to the labo-
ratory in a sterile buffer solution. The same nutrient
media used for planktonic bacteria were employed
for the study of adherent sulfidogenic bacteria.

The abundance of bacteria adherent to the coupons
was determined by inoculating a scrape from a 1 cm?
area of the coupon surface using the serial tenfold
dilution method. For parallel repeat experiments,
biofilm was collected from several areas of the cou-
pon. The inoculations were cultivated for 15 days.
The results of the study of planktonic and adherent
sulfidogenic bacteria are presented in Tab 3.

Table 3. The content of planktonic and adherent
sulfidogenic bacteria at the field facilities

Planktonic bacteria, |Adhered bacteria, cells/

Sampling cells/ml cm?

location  ['spp [ spB, TSB, S'RB | SPB | SPB, TSB, S°RB
BCPS-1 104 10° 107 107
BCPS-2 10° 107 10° 10°
BCPS-3 10° 10° 10° 107
BCPS-4 104 10° 10° 10°
VST-3
(background) 10° 10° 10° 10°

BCPS — Block Cluster Pumping Station; VST — Vertical Steel Tank

The highest abundance of planktonic sulfidogen-
ic bacteria (SRB, TSB, and S°RB) was observed
at BCPS-2, BCPS-3, and VST-3. The highest abun-
dance of adherent sulfidogenic bacteria was ob-
served at BCPS-2, BCPS-4, and VST-3.

The corrosion rate, as one of the indicators of sul-
fidogenic bacterial activity, was investigated on cou-
pons installed at BCPS-1, BCPS-2, BCPS-4,
and VST-3 (background). Coupons, cleaned of cor-
rosion deposits, washed, and thoroughly dried, were
analyzed using the gravimetric method to determine
the corrosion rate based on mass loss. The calcula-
tion was performed according to formula (2):

X = (my —my) - 1000-24-365/S-T-p-1000 (2)
where m; is the weight of the control sample (cou-
pon) before testing, g; M. is the weight of the control
sample (coupon) after testing, g; S is the surface
area of the control sample (coupon), m? (the surface
area of a flat sample is 22.05 x 107* m?); T is the du-
ration of the test, h; 24-365 is the conversion factor
from hours to years; p is the density of the coupon
(7820 kg/m?3); and 1000 is the conversion factor for
converting meters to millimeters and grams to kilo-
grams.

The results of the corrosion studies are presented
in Tab. 4.

Table 4. Corrosion rate of coupons, mm/year

Sampling location|  Corrosion rate Result (average)
0,66

BCPS-1 0,66
5,664
0,53

BCPS-1 0,49
0,44
0,33

BCPS-4 0,31
0,29

\VST-3 9.63

(background) 9,92 78

Upon retrieval of the coupons from the facili-
ties, it was found that part of one coupon from
BCPS-1 was missing (Fig. 1); therefore, the cor-
rosion rate at this facility was calculated based
on the remaining intact coupon.

Fig. 1 shows photographs of the coupons removed
from the investigated field facilities.

Visual inspection of the coupons installed
at BCPS-1 and BCPS-2 revealed pitting damage,
which may result from adherent sulfidogenic bacte-
ria and their metabolic products.

The coupons installed in VST-3 (background), which
is not treated with a corrosion inhibitor, exhibited se-
vere corrosion damage. Pitting depressions and pro-
nounced maze corrosion were observed on the cou-
pons.

Corrosive Agents in the BCPS and VST of the Field
Within the framework of this study, the water param-
eters contributing to corrosion were analyzed, name-
ly the contents of hydrogen sulfide, carbon dioxide,
oxygen, and mechanical impurities.
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a) b)

c) d)
Figure 1. Appearance of the coupons removed
from the field facilities
a) BCPS-1; b) BCPS-2; ¢) BCPS-4, d) VST-3 (background)
Exposure time at field facilities: 13 days.

The hydrogen sulfide content was analyzed accord-
ing to the methodology described above. The CO,
content in the water was determined using a method
based on the chemical reaction of CO, with sodium
hydroxide to form sodium carbonate, followed by ti-
tration to a pH of 8.4.

The mass fraction of free CO, was calculated using
formula (3):

X =V, 44-1000/V 3)

where V; is the volume of sodium hydroxide solu-
tion used for titration, cm®; 4.4 is the mass of CO,
equivalent to the mass of sodium hydroxide in 1 cm?
of a solution with an equivalent molar concentration
of 0.01 mol/dm3, mg; and V is the capacity of the ves-
sel, cm?®.

The determination of mechanical impurities was
carried out according to a method based on the sep-
aration of water-insoluble substances by filtration
of the test solution. The residue was then washed
with distilled water and weighed.

The mass concentration of insoluble substances

was determined using formula (4):
X = (my —my) - 1000/V (4)

where m; is the mass of the filter crucible with the in-
soluble substance, mg; m; is the mass of the empty

filter crucible, mg; and V is the volume of the test
solution taken for analysis, cm?.

The dissolved oxygen content was determined im-
mediately during sample collection, without expo-
sure to atmospheric air, using a Fibox 4 PreSens
fiber-optic oxygen analyzer (Germany). The results
of the study of corrosive agents are presented
in Tab. 5.

Table 5. Content of corrosion-aggressive agents,

mg/l
Content in water
Sampling location COZ st 01 T;;Z?::::I
BCPS-1 78,0 | not more than 0.8 | 0,05 14,4
BCPS-2 87,0 | not more than 0.8 | 0,05 15,6
BCPS-3 80,0 | not more than 0.8 | 0,05 55
BCPS-4 82,5 | not more than 0.8 | 0,05 443
VST-3 (background) | 102,5 2,8 - 37,3

All investigated facilities exhibited significant lev-
els of CO,, with the highest concentration ob-
served at the control site, VST-3. Hydrogen sul-
fide was detected at all sites at concentrations
not exceeding 0.8 mg/L, except at VST-3, where
it reached 2.8 mg/L. The content of mechanical im-
purities at VST-3 was also considerable, amounting
to 37.3 mg/L.

Mechanical impurities were found in the highest con-
centration at BCPS-4 (44.3 mg/L) and in the lowest
at BCPS-3 (5.5 mg/L).

Since the habitat of the microbial commu-
nity is the aqueous environment, an analysis
of the chemical composition of the waters
from the investigated field facilities was conducted
(Tab. 6).

The pH of the investigated waters corresponds
to a slightly acidic environment, carbonates
were not detected, bicarbonates were present
in the range of 439.2-658.8 mg/L. Total dissolved
solids varied from 27,937.5 to 38,627.9 mg/L. Sul-
fate ions were not detected in BCPS-1, in the other
facilities their content was insignificant — in the range
of 23-35.4 mg/L. All samples contained iron
in the 2- and 3-valent forms, at 6.3—-20.3 mg/L
and 0.7-1.4 mg/L, respectively.

The composition of the investigated waters con-
tains the necessary elements for the growth
and development of sulfidogenic bacteria. The min-
eralization of the formation pressure maintenance
system provides favorable conditions for bacteri-
al growth and development. The absence or low
content of sulfur compounds in the medium did
not limit the growth of the studied microorganisms,
since, due to their flexible metabolism, sulfidogen-
ic bacteria can utilize oxidized sulfur compounds
from the oil, developing at the oil-water phase
boundary, including SRB.
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Table 6. Chemical composition of water from field facilities

Results

[RETEITE S REHE BCPS-1 BCPS-2 BCPS-3 BCPS-4 VST-3 (background)
pH 6,4 6,4 6,4 6,4 6,5
Calcium (Ca?"), mg/dm? 1102,2 1102,2 1002,0 1302,6 1302,6
Magnesium (Mg?*), mg/dm? 425,6 364,8 668,8 851,2 547,2
Potassium and Sodium (Na* + K*), mg/dm? 8963,3 9198,6 8959,8 12205,7 11685,1
Chlorides (CI~), mg/dm? 17007,1 17175,5 17512,3 23574,3 21890,4
Sulfates (SO,>7), mg/dm?® not detected 23,0 28,8 35,4 28,8
Carbonates (CO5*), mg/dm?® not detected not detected not detected not detected not detected
Bicarbonates (HCO;"), mg/dm? 439,2 463,6 451,4 658,8 610,0
Ferrous iron (Fe**), mg/dm? 20,3 18,9 19,6 6,3
Ferric iron (Fe**), mg/dm® 0,7 0,7 0,7 1,4 -
Total dissolved solids, mg/dm?® 27937,5 28327,8 28623,1 38627,9 36064,1
Total water hardness, mg-eq./dm? 90,0 85,0 10°,0 135,0 110,0
\Water type according to Sulin Cl-Ca Cl-Ca Cl-Ca Cl-Ca Cl-Ca

Results and Discussion

The study of the abundance of all sulfidogenic bac-
teria revealed a high level of contamination by fer-
mentative bacteria (TSB, S°RB), with the highest
level observed for S°RB at most facilities. This may
be due to the significant sulfur content of the oil
at the field and the flexible metabolic capabilities
of the bacteria.

It should be noted that a high abundance of sul-
fidogenic bacteria was observed at site G (GI-7),
where waterflooding is being conducted.

Data analysis showed that there is no direct cor-
relation between the method of field development
and bacterial abundance. The study of the metabolic
activity of sulfidogenic bacteria revealed that SRB
contribute the most to hydrogen sulfide formation,
while S°RB contribute the least. However, fermenta-
tive bacteria, due to their high abundance under fa-
vorable conditions, can produce a significant amount
of hydrogen sulfide, and the combined contribution
of all sulfidogens makes a substantial contribution
to the sulfide generation process at the field (Fig. 2).
Therefore, during microbiological monitoring of pro-
duced waters, both SRB and fermentative bacteria
should be studied.

Figure 2. Amount of hydrogen sulfide formed
by different physiological groups of bacteria
from various field facilities, individually
and collectively, mg/l

To analyze the causes of corrosion processes
at the field facilities, the spectrum of investigated
corrosive factors was compared with the metal cor-
rosion rate (Tab. 7).

At the investigated field, a corrosion inhibitor
is used for protection: at BCPS-1 and BCPS-2,
it is applied at a dosage of 7.5-8 g/t, and at BCPS-3
and BCPS-4, at a dosage of 20-25 g/t, which allows
controlling the corrosion rate at BCPS-1, BCPS-2,
and BCPS-4.

All facilities exhibit high levels of planktonic
(10°-108 cells/mL) and adherent (10°-108 cells/mL)
sulfidogenic bacteria.

The water in VST-3 was characterized by a high
abundance of sulfidogenic bacteria and a high cor-
rosion rate, which results from the simultaneous
combination of several factors: the formation of a fa-
vorable environment for microbial growth in stagnant
conditions, prolonged water stagnation (10 days),
high concentrations of carbon dioxide and hydrogen
sulfide, and, most importantly, the absence of cor-
rosion inhibitor protection. The factors listed above
indicate that stagnant conditions promote the inten-
sification of corrosion processes compared to envi-
ronments with a continuous flow of produced fluids.
According to the process flow scheme, produced
water from GI-7 (G), GMU-1 (A), and GI-8 (B) is di-
rected to the oil preliminary treatment unit, and then
to BCPS-1, 2, and 3. Produced water from GI-3, 4,
5, 6 at site B and GI-2 at the adjacent site B flows
into VST-3, and subsequently to BCPS-4.

In the waters of VST-3 and BCPS-4, where the wa-
ter is primarily from site B, high concentrations of
carbon dioxide, hydrogen sulfide, and mechanical
impurities were observed. These components may
cause hydrogen sulfide corrosion, CO, corrosion,
and abrasive wear of the lower sections of metal
pipes, respectively.
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Table 7. Range of corrosion factors and corrosion rate at field facilities

Parameter name Sampling location
BCPS-1 BCPS-2 BCPS-3 BCPS-4 VST-3 (background)

Corrosion rate, mm/g 0,66 0,49 - 0,31 9,78
Number of planktonic sulphidogens, cells/ml 10° 107 108 108 108
Number of adhered sulfides, cells/cm? 107 108 107 108 10
pH 6,4 6,4 6,4 6,4 6,5
Total dissolved solids, mg/dm? 27937,5 28327,8 28623,1 38627,9 36064,1
Chlorides (CI7), mg/dm? 170071 17175,5 17512,3 23574,3 21890,4
Sulfates (SO427), mg/dm? not detected 23,0 28,8 35,4 28,8
Bicarbonates (HCO;~), mg/dm? 439,2 463,6 4514 658,8 610,0
CO, in water, mg/dm? 78,0 87,0 80,0 82,5 102,5
H.S in water, mg/dm?® not more than 0.8 | not more than 0.8 [ not more than 0.8 | not more than 0.8 2,8
O, in water, mg/dm? 0,05 0,05 0,05 0,05 -
Mechanical impurities, mg/dm? 14,4 15,6 55 44,3 37,3
Temperature, °C 36 38 35 34 34
Ferrous iron (Fe?*), mg/dm? 20,3 18,9 19,6 6,3 -
Ferric iron (Fe**), mg/dm? 0,7 0,7 0,7 1,4 -

Conclusion

The analysis of the results of the study of corrosive
factors showed that site B of the field has the high-
est corrosion potential. It is known that thermal
recovery technology is applied at site B. At sites A
and B, production is carried out using alternating
thermal recovery and waterflooding with produced
water. At site G, production is carried out solely
by waterflooding with prouced water. At all sites,
particularly at site B, viable mesophilic bacte-
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