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4k b w /R E R % B T R (atmospheric and room temperature plasma, ARTP)#% & 3 K i 1% 5K AF it 5%
CRLARE AR, R EARANFH ARSI G EABGUAR, FRELBLAA S . [LR] LEATH)
KB RAKESHRS A EAAFRRIEZLRE, 4 Thermodesulfovibrio. Pseudothermotoga.
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Abstract: [Background] The sulfide in the produced water of offshore oilfield often exceeds
the limit, which affects the viscosity of the polymer-containing injection water. The efficiency
of biodesulfurization is poor due to the poor adaptability of conventional mesophilic
sulfide-removing bacteria to the high temperature of the produced water after oil removal.
[Objective] To analyze the changes of microbial consortium structure in the process of offshore
produced water treatment and acclimate a thermophilic bacterial consortium for desulfurization.
[Methods] Water samples were collected from Haisan Station of Shengli Oilfield, and 16S
rRNA gene sequencing was performed to reveal the structure of the bacterial consortium. The
acclimation was conducted in the inorganic medium at different temperatures (55, 60, and 65 °C)
for multiple rounds, and atmospheric and room temperature plasma (ARTP) was employed to
obtain the efficient thermophilic desulfurizing bacteria. Metagenome sequencing was employed
to study the composition of the enriched bacterial consortium and then the desulfurizing ability
of the consortium was determined. [Results] The produced water samples contained abundant
thermophilic bacteria and sulfate-reducing bacteria, such as Thermodesulfovibrio,
Pseudothermotoga, = Thermolithobacter,  Fervidobacterium,  Thermovenabulales, and
Pseudomonas. Hydrogenophilus became the most dominant bacteria in the effluent from the
nitrogen gas-floated oil removal. The relative abundance of Hydrogenophilus in the effluent
water of the central platform and the polymer injection platform was 76% and 84%,
respectively. After the enrichment and acclimation with increasing temperature, Thermus
became predominant, with the relative abundance of 89.4%, in addition to a few members of
Hydrogenophilus. The efficiency of desulfurization was further improved by ARTP. The
acclimated bacterial consortium could rapidly desulfurize the liquid containing 8.88 mg/L
sulfide at 65 °C, with a removal rate of 100% and a removal speed up to 0.49 mg/(L-h).
[Conclusion] An efficient desulfurizing bacterial consortium adapted to 65 °C was obtained,
which improved the desulfurization of polymer-containing injection water. This study would be
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helpful for the development of high-temperature oil fields.

Keywords:

thermophilic desulfurizing bacteria;

microbial consortium; sulfide oxidation;

polymer-containing injection water; atmospheric and room temperature plasma (ARTP)
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TG K S AR PR Y S AR, AR R A 5
[# (sulfate-reducing bacteria, SRB) K #54E, i
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W 2% B W Bk 0 kB R v R R AR
F i HH SR A W 9K A 7 T B AR Ak R —
o 2-10 mg/LP*, G4k, b FExFI5 K ik
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F, {45 87 HSTAI HoS M, B Wi A b
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i g T e B 2 K A o B AR T
TERRF Az IReE L, Elx T2
BRI V5K T YR A H Y A gk LU
il B A S HE s 2O S T A R T R

FHo AR HREVE AT 200 =28 22BN A
(filamentous sulfur bacteria, FSB). &Lt E
4 14 (photosynthetic sulfur bacteria, PSB)F1 TG4,
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WARSN A A G A R R 7RG BRI T 4E Ak
WA, 3 E S bR A BRI Ry BR A
U F A P a1 81 1 e A 2220 A ) S )
KN A B 0 1R 6 A DL K AR R i IR £
AR EK, 9T T JC i 40 T 22 BR K A
AT T 1, FE K BRAE YV B2 S 200 mg/L
oA BRALEI A BT R 12 kg/(m®-d) S5 T B
AP LR AT 5 90%, Krishnakumar 2521
FH—Fhr Y sz ) [ FAR s, e Bk 28
AU AL B A T TR R T RE A TR I A W, %
WAL A AL BRI T KA 43 85, 76 pH {EH 8.0,
TAkY sl 30 kg/(m’-d)i}, BifbP e LRk
#] 90%, FTHLEMCRN 65%. HHATCHREH
484k 18 £ 0 B AT 1 8 (Hal othiobacillus) 2> Tl
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JHk A vty R R B A X A Y B T R T
FRBOOCHISE, TERL T A B IA i R 3k 340 I 141
KR, AMUBEHNS] SRB F=A 5 itk 4, 1 H.
REMS 2 bR T5 K A I mi Ak, BLh 25 B A4
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TEIREY o A O 7 JF & 1T AR Ak 19 8137 )7
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JBEAKE2 ) R i B K A TR R A 60 °CHY T
O o SR H AT E R E A AR B A 0 AR I
e 3 Sy i BRI, FE IR B AR K
FIAT R AR, DRI, R A Tk vy Tk A4 M A 1 I A
B

AWEFER = IR R T %, SRAR A
P =l 2296 B 7E IR 5 451 KRR, R
16S rRNA & [K] 12 i PR 2 i il o U P He AR, 43
v SR R BRI 7K 3 I 6 [ K R A% i 4% 5 s B
BRI ZEAL) 5 A X 5 (PR JEE A A 0 )R HE 948 1]
PRI JR it e Tt JBd A 11 7)o ST 18, dad 258
i T B B 4 A s = IR SF B T 1K (atmospheric
and room temperature plasma, ARTP)iF5 48 7 K |
0 125 A A5 20 ey Uk v 200 B AL TR R, LA DA I
H B0 S AR 3245

1A

1.1 #R
1.1.1 #&

Bl ECE R 9 T 3R KA BRI AL A 2R
o, WNHE =l H =R B & CB22F ERE A
M 6 AT KRR, A3l iR B K
B JERIK(LS) . AhsE spE(WS) . 1 =l
(HSZ). Wb =¥ HKEZXF), Fb=F8H
AR (ZXW) L B R -5 (22F)iX 6 4L
R, BN PR, RS AL SRR 0.2 pm AR

WCEE TR A, FH AR5 45 739 m0R H 2K TR A A B 1Y)
Al Hidr LS Fl ZXF SR 23t Ny SRR T
ZANHL AOKFEAR . LS Ml ZXF AR ALk B
439k 2.5 mg/L #1 0.5 mg/L, % 22F EHRVE&
MR LU BE R 1.5 mg/L A4, ERKERILY
W BE AT AT AR o
1.1.2 IBHFE

TCHL B B IR 2k (/)P KH,PO, 2.0,
NH4Cl 0.5, Na,CO; 0.5, MgCl,6H,0 0.2,
Na,;S-9H,0 0.2, fE IR W 20.0 L, pH
7.0 o T i JC &R B W (mg/L) : EDTA 5.0,
FeSO,-7H,0 2.0, ZnSO,4-7H,0 100.0, MnCl,-4H,0
30.0, CoCl,'6H,0O 200.0, NiCl,-6H,0O 20.0,
Na,Mo0O,4-2H,0 30.0, CaCl,-2H,0 10.0, H3BO;
300.0,
1.1.3 FERH YR

Na,S-9H,0 Fl NaHCOs, B[ T 7 ()
AIRAE; NN-ZRBE R e —Eh sk, b
g o) AL ARG B2 W] FastDNA™ SPIN
Kit for Soil, MP Biomedicals 7\ A} ; MiSeq
Reagent Kit V3, Illumina 23 %); Qubit® dsDNA
HS Assay Kit, Thermo Fisher 23 ] ; DNB Kit,
HE LR . Qubit 4.0 ZERDEIEE 4y
Mri¥, Thermo Fisher /A F]; ARTP 28 H YL,
TeHWIE RARAEDFHL A R A A 2R 2100
AR, Agilent A F]

LS | ws| HSz|s—zxF | [ZXW] 20F
Id\htr.ate Haisan station Central
(;?tl:g Station
oil Air Effluent oil CB22k
l . Buffer| |Corundum Polymer
removal > flotation tank > filt r buffer removal niecti
tank unit an et tank Submarine tank Submarine H;Jet; ton
pipeline pipeline pratiorm

E1 HEARRREKERREMLS
Figure 1
sample.

Pl v R B AR R B

Sampling sites of oil field produced water. The black dots represent the collection sites of water
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1.2 WSERRREENILE

PO B8 JE K EES: 1 mL AR 50 mL
TCHLE SRS F: L0 100 mL IR, AT 3848
B RIER B B O, s SR E AR
TR A IR . 76 70 °C K557 3 h, RIGHZ3
55°C Kigt 3.d, 2 5 Y4 2R R ALY
b 35 3% J5 15 2 it s i A K A TR . PR AR
PR FRIELIGFE 60 °CHEFE, BEFEMLBACR M1
EAERFEY, AL 60 CHHTIE S LU R
RS fEE BRI, & 12 h BRI
AR B 77 B A B A 0 1 R PR BE T o 2 BB 4
EHERE A I W, 78 65 °CHFAT )G £21M & 46
MR K PIfb FE p A 24 /NI FE R — K,
30 Ao 08 e e R () () B, O 32 R 005 A e L 2%
PR P A K AT T - B A R SR e AT 4
21H.
1.3 EREREREE N7

PR 2L 0.22 pm P7K RIERELIE)S , SR
P R R 43 0606 BE R I B AL Pk BE L I E Dy
h52% QKRR AT ) GB 4 )P,
DIARE M Z A 2 B SER [R) R A rh it Ak 4 1 vk
JEE R BB 2
1.4 SRMBRENIEETSIFE

HFAE 65 °CHY il T F 8 L& 4 7 vk
SE DL IR B & 20 PR Ab W AR, Btk
ARTP J5 5% A B A A2 Ab BEP>T FT R
R, PRI N BB )4 0.15-0.20 MPa,
AR 15-20 min J&5 , OB RE 713850 1Y B FE
FiffW S mL, 4000xg 0> 5 min, 7% RIS
Je IMASEARFR 10% H i il 4 B, T4l 10 pL
TE& R R, WESEILFEY 8-12 SLM,
&k 100-120 W, 434t 0. 15, F1 30 s
B AR A B, 578 5 R A il e A G TR G 5
5, R 65 CCHT 2R R EE R . ’EAF
Ak ik E (8.88 . 26.66 F 53.32 mg/L) I K; 37

W, FERERREME N 1 mL, R E R
WEE, TR £ R
1.5 #HmEERNF D

JH TG T 108 B3 0 D o BT ) KR DS AR T
A, &M 3% [ BT 4R Fl FastDNA™ SPIN Kit for
Soil #Ff73EF 4] DNA MHEEL. FIFHE A5
341F (5-ATTACCGCGGCTGCTGG-3")#1 806R
(5'-CCTACGGGAGGCAGCAG-3") i 4l T4 3 [
41 16S rRNA FE[R ) V3-V4 K71, H
W T2 2 BEOSCHR (381 LAY 3 7 W) Sy A ik A 7
I[llumina MiSeq I 5 SCEHi 28, FFE4T Hlumina
MiSeq RGN, ¥ Ak 55 246 HilEsetid- vt
H AR A58, Principal co-ordinates analysis
(PCoA)Fl amplicon sequence variants (ASV)XI
G BARE RS BESCHR[39] AR AN 3 o3 AT 4 21
53 AE & KRR OKE B A R T B R, B
A 075 30 A 940 TR o 1 e 20058 A AT 1) R 2L
FERE IR AL R G R AR 6 MLAAE S A
YRR LA T PCoA 73, AR 2SR .

W w2 S5 HURE SRR 4] DNA F#EIF 3C
VS5 AT R R I e o B o SR U
P EEIN 4 DNA R Bifb ol 150-200 bp Ze A5 B F1
B, SRIEH A Bk DNA KuEE W A Ifi%
FEHRE FEASR IR T 5], M HE 07 7 DNA SCPE
KA Qubit 4.0 ZRIEE 4 HTCHT Qubit®
dsDNA HS Assay Kit Il & SCEHR T, R A 24
1€ 2100 A=W {SCFAR Rl e SCZE P Y DNA i
FERUA BRI, I DNB Kit —#:351il % DNA
(DNA 4HKEK) i 546 1Y SO 3E i MGISEQ-200
F-E AT, WP Ak 55 Z2 46 R ot S B BE 22 R
BAWRA A ZER . NHLEEE S5k Al FASTP
V0.21.0 #1 DustMasker V1.0.0 3R {42 5% &0 ¢
ek ARBT R 2R (K <40 bp) M AR A4 FE 1Y
4, KI5 kraken2 V2.1.1 3 {411 Bracken
V2.5 BAF AT YRR
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2 HEEEAN RALTRAG R BERERTE . 25 15 s %605 T Iki s
SR BRI, HLEARY) RBRR N 35.0%TH
21 RRERFRAREREFERLE 503,50, 7iiz 30 s G2 TA) HRE
O S SHAORACTRIR  FLNTRIEIE s gy ot 15380 66.4% . AFBCHZE 15 s 1
BE OIOIKE 3 OSREASBATI RN JE oot i i ol K o A B2
PAOKIEBUEAAAALS)ZEAL 0.22 m BEM e g, o BN R 26 KA 1 5 B .
IR HIRR L, U IR IR BRAEAS D B I 3 8 2w S 7570 7 5 1 T o — A T B N O 0k
HK ZRLR LR BORE M HACKREREAI RS o Hsimire S, Ik 3 Bk, AR dIL
AR KEE . IR 1 s, ARKIERE . U8 BT 8.88 me/L MBRILYITE 18 h o4
JEUEME 2 MREARRRIRE AR FIR WM ALY B, HREURIE 0.49 me/(L-h), BALYIKE
EBRBAR TR ELZSR, WA EBREYN 2666 mg/L iFEBEHZEN 0.36 mg/(L-h), i
99.4%, 55 °CIR LA T 43 7 d Ja T LUAEI5E  GAbpik B at— 3w 5 53.32 mg/L 2 BRi
DR MKFERA B BT 83.9%,  HREEMN 0.15 mg/(L-h). X{/REEH ALY
AR T AT . JERY AR R, i BB SR I 18] LA 25 m  Ai
22 BESFTHERSEBENBRE S KW RERE, HIRYER YRS R R
AN i 55 2 PR R AR AL B T 0 T R BRASORA — i S
BT AE A BER W, R 2 PR, 7 65°C4kK 2.3 ERKULERSGHEMNVEREMIMNE
TEF, B R REATALY KRR o T, MM
BALY) LBRAE T W E M98 . EARIN A, 5 e 2 7R, 168 rRNA JE DA fog i 0 1 4

R1 TERKFEHEASERERUDREREREITL
Table 1 Comparison of sulfide concentration and sulfide removal rate after enrichment of samples from
different sources

FRREA BB E S PXRERAYIIRE S5 eCREFRIK ERRE

Samples Measured sulfide Sulfide concentration Incubation time  Sulfide removal
concentration (mg/L) in CK (mg/L) under 55 °C (d)  rate (%)

Kok g 0.147 26 7 99.4

Filter sample of influent water

8 e IR 0.169 26 7 99.4

Filter sample of emery filtration

HeIKAKHE 4.216 26 7 83.9

Influent water sample

X2 AEFEFHFLRE TR ERIR

Table 2  Sulfide removal under different mutation time

i H FEAFEAR I B] Mutagenesis time (s)

Item 0 (%F B8 ZH Control) 15 30
FEFM PR AR IbY) Residual sulfide concentration (mg/L) 1.40 1.40 7.23
25 I B AL )k BE - Sulfide concentration in control (mg/L) 21.50 21.50 21.50
65 °CH: 571} [A] Incubation time under 65 °C (d) 4 4 4

£ B3 Sulfide removal rate (%) 35.0 93.5 66.4
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Table 3  Sulfide removal under different substrate concentration

WiH AL B
Item Sulfide concentration (mg/L)
8.88 26.66 53.32
B Incubation time (h) 18 36 312
AL Residual sulfide concentration (mg/L) 0.0 13.73 6.67
£ BR%E Sulfide removal rate (%) 100.0 48.5 87.5
FLBR#E Sulfide removal rate (mg/(L-h)) 0.49 0.36 0.15
100

------- M Others
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| | I
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Figure 2 Microbial community composition of samples from polymer injection water (genus level).
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HEEW], LS 5 ZXF MRS 5, e 5
FES AR Z2E S EOR, H LA ot A AT 4
BCARMLEE . EAh, LS Fil ZXF WA AOKEE S
A5 2 0 BRI R & (Thermodesul fovibrio) .
fi% #4417 J& (Pseudothermotoga) . #44 £1 #1 14 J&
(Thermolithobacter) . [AIRAT 14 (Fer vidobacterium,
{Y LS #), Thermovenabulales (f¢ LS H'). fi&H#
Jitd %1 )& (Pseudomonas, {X. ZXF #1); & LS Fl ZXF
Gi, HAh KR H 5 A 8 £ 1) Hydrogenophilus
(>70%)#1 Calditerrivibrio f4H 1 .
PRI PR GERAER) 6 ML AR Y
A D HEVE L L T PCoA 2 Hr. Wikl 3 By
N, LS 5 ZXF MEBFANRA ST, HefllSH
MR S TR A AL AR 22 S B R, T AR & 7 TR
HEL R w5 o D R BEA 7 B T 20/ Sk K
PR 55 2845wl s TR BRI A RS 04 K TR A 22
AT
24 EES5FTHEARSHERFERDH
XAk e A S B TR AR AT A R 2 D O
Mr, Z5RFEW, FEREAKVEEEFEA 4R
TR WA JE (Thermus)4i i, (5 89.4%, H
LA T e £ 475 {1 5 747 J& (Pseudomonas) | 4
75 141 )& (Sreptomyces) . Pseudothermotoga., L&
#1H (Rnodothermus) . V47 #4 14 J& (Mei other mus)
1 A I )& (Hydrogenophilus); 7E 1 K F I

02F
2 .
&= Site
v 00y ®22F
& o HSZ
z 00f= LS
Z wSs
501} e ZXF
o e ZXW
=02} . . J 3
-04 -02 00 02 04
PCoA axisl: 89.51%
3 GEBRKABRGHMSEEA PCoA 7H7E

Figure 3 PCoA analysis of microbial community
of samples from polymer injection water.

(Bl 4), & EiFH 0 5 FEAS v 2 8
A Thermus scotoductus, 7£ B £ H 5 i 82.9%,
AN, W JE I A g O R T (Thermus
A BL & T MG A TE (Thermus
parvatiensis). 7KZEAi# T (Thermus aquaticus) .
Thermus sp. CCB_US3 UF1., Thermus oshimai
FAi [CATG P4 2 (Thermus brockianus) 2541,
FEATE 6.5%. DA b 25 B U0 BH AR 53 1 e 1 e
VR, WAL T4 21 i AT TR LA T
iE, Hosp Thermus scotoductus 7T GE 2 T 7E Y
ALY AL D RE TR

thermophilus) .

W Thermus scotoductus
Thermus thermophilus

W Thermus parvatiensis

W Thermus aquaticus

B Thermus sp. CCB_US3 UF1
Thermus oshimai

W Thermus brockianus

B Hydrogenophilus thermoluteolus

B Rhodothermus marinus

M Pseudothermotoga hypogea

W Meiothermus silvanus

W Meiothermus ruber

1 Others
5 4 FLTEESEHEMKE LWEXNFEEE

Figure 4 Relative abundance map of enriched
microbial communities after mutagenesis at species
level.
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3 WREER

T E P AR e AR AT BUAAIG . B o8
AR, HHETZ R Z 0% IBakE A
FERI T H AR T A7 A 1 22 v i sl IR G
B 0 TR AR BT — B B &G AT R
(Thiobacillus denitrificans), 7£ 25-35 °CHJ 414
T, XFHERHE N 2.5 mg/L HIRRAL SR R 5
) 91%LA I, #EBRAZ RS K A B T
BT T — RIS A, SN
WEEN 30 °C. pH {E R 6.0, H,S #EITIRIE N
0.5-3.0 mg/L Bf, FERXT HoS By 2B n] {45
T 92%LA b o sREEAEWI 1 Ay B —
B A I (Thiobacillus), EXF IR IE K 45 °C. pH
H°M 9.0 B, FITE 72 h PR B AL s % 4L
M T, BRALEN T M 1.93%10° mg/L R E
200 mg/L, MiBRREE 89.2%. 5 FikiRiAK
PRIMRAR L, ASBIFS 5 2 15 28 0 15 AR AT 1 T 7 [+
FERENS w0 SR s R R Ak Ak, R
FLi = L RE T RB S B AE 65 °CAM N A AU
Brenibdn, A o s i m I B K e
Fe IR M VR RE

ARSCHFFTEE T, T R OK AL R G A RE
fits PR AR R ARG — LS PV R R A i sl A R
i, U35 Thermodesulfovibrio. Pseudothermotoga.
Thermolithobacter . b4k, X K Ab B R G b
i RERY ASVs i) PCoA 43#r M, LS 5 ZXF
FEA BB R AL S HoAb AR S 22 SRR, T
T AT 5 Yl Ak P it =2 T R AR LR R R
W, UG A ISR R A A B T2 T T AR KR
Bi, LR =S B S IR R 25 70 B U I A &
SRIREAE, AROME] T SRR E I R A 1 A
5 B TR TR 1 2 AR A

ARTP 578 H¢ A feff SR80 D' ik i ™ A= 1Y
FETHRETMAEYSEL, W FHAAEESH

WEETE TR . SRR . BoRds . A
WRAEZSRZREFENA, ORI AUE
FFBE, fEARRE Y, Zead— e i AR
TRBA IS, FEARXT ALY 1 25 bR B 2
P, M HZH 25w LY IL 5 ) &
PrEe 1S 20— T CAMRERY, F&
FRE A2 0 B AR P R % R i 2 TH A P AR
WA, SR CTERE. BN, Liu
SFPUE ] ARTP AR B AR IRAG T — MR R I A 18
A LLO16, RERSTEHL/DE IR oA 3s 57
o RS A A AR 3R R, HLA A B FE
R 5 PRI AR SR T A AR . H AT
IVRRER: - % N7 Ak s NS i = =0 T =R o R T
PR DT, A 5238 o 55 2 AR5 AR 1Y
TR T AR e AU A, B Ty
TR TR AR T8 A8 1 A R

WA B YIS AT 2N
J&(Thermus)fi*) Thermus scotoductus, Kristjansson
ST DK 8 T R — /N B FAOK A T IR S
B 4 Thermus scotoductus, M Skirnisdottir 25+
AIESY & B Thermus scotoductus A i A AL 45
PE, HRes LLBRACHL IR £ Ao R AR H it
T, DUE RS RR ERVE i T2 0K, R AN B A
R EN A Kitk, 785205 h B
ST B R IR R ORI B DO RE TR R, 0 BT L
Btk RE e P RE LR S, SE G b 1 g IS0 A 7 K
AR FAR AL AL, RO R A
R R K TR AR AL P (ST/HS ) B A= W A AL FR it
WEFE RS, T SRR LY AT bR B
B SEBR I A
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