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PAEFE (200 °C, 2h) , SV R A MRS T <0.3%, [FINEISREH I R 12% wR R R, &) Al JEEe
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Table 1 Comparison of oily sludge treatment technologies
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AL TR *E*Eiﬂi“rfggffgﬁi%ﬁﬁ} A e e 4%??{;1;;??}%;1 N
PR AR, AR ﬁgiigﬁﬂiﬁ CUNETT T U Ve e i
i R e RRAHITE B, B i e T
sepert %%ﬁiﬁm > %j"—‘igfﬁﬁ‘ T T MR
i ﬁmwigimﬁﬁ R BoRWA, R HLBERIR

e TPH 38/ T 60% A47. SUGANTHI 55" WSS A MITA R ( Shewanalla chilikensis . Bacillus firmus il
Halomonas hamiltonii ) "= RIRGE AW G TER], 78 28 d BB w57 nDE R Im e i pk = Ak
BYRE S8 KPR 95% Aidy . KA WF oY Z B AR R0t TPH R s, ReffdioR S 11
NaCl ¥R G, BT E AR IRM I AT B 20U S —Le it e, SR AR AL B Rl HoA
THEBRAIIRAEREL, PRI & S Ramie b B Y BAAT 5 R

FEIBR - OCTEimis Je b BRAHEROhRIEZE S B I RBRIEAI I ZE Dy 2SR IS g 3 R A1
MDA/ NT 2%, AF EAZHERC A T SO A MY R S AR T 5%, EIEEAH R AThiE<
291", FREAIMEE 2018 4F ( SO E S M s P RS EbaE (7)) el —2KT
AP I RIE, SR <0.5%; 2RI, SAME<0.9%. EAMAMLT TAIKE 2
2020 AER AT SimiG TR AL BN EEAMNEAER B AR ) B 20K St <2%, B TABoER . fi
W, REEFMRHOFREA, fFild <03%, SFKFE<3%., FREMIEALIETT IS R &R <
0.3% WIRbIRARE, BELSAIVIRIE S FIRPRERY B HIEOR . ST AEPSFIRIR A EAE —SEHOR B , eEYikie
SR ME G AL FREARAAAE R I ER (A idad i DA HRBAL I B el ahle. ( Lhan&imes
3%~5% ) , HFEEEUR SOV PR, AR SIS e RS 2 BB B SR S N B B
(FoRE) 1), AihbEE s Gz sh A A RS MR 0 38 . SERAEYRIAIEE, AR
SR B E AR s SRS s PR A AR AR, R S8 ) ) |, Al 4n
L B0 17 368 2 240 L PN S A e e T e L PN Tl S I ek 2 5 e ik T 35 400 B -0 i ™ 1 /K
CO,M ™, ALK E b ISR o B BB, e NS S B EAESS G, BOFRER RIRB M TEEY)
AL ERRR], [R5 gaie A S E A, (HRA S A A

ABIFE LIAT A= A IR A SIS Ve AL BT 5, A LU IR B R N I A A T
T, W URMCERME A MR R AIE A BEOR , i PR A S AR R R, LTRSS L
W, FZEIMAIPREE R XA B TR R AL BRACR 52 s i, A T MR i< P2 -Fenton 484625001
KA A TR R, /MR B AREAIE, WIS T 2817850

1 SEMRSRE

1.1 SCIedRy

MUeRER . 1) BRI YA R AL B s LR AT BT RE SR A AR E SR S e 38
THERREE, SKER 35%, FIERHR 29%. 2) IMIBHUEYIEEINRSEER | RN R A T 2 /INA S
RS RIRUERES, B R AL ISR IS IR IS, SRR 96%, ERGHRM, J5IREAH
WOkIZi/N, KGR HBUKSER 2, BAMEERN 10%~30% (L5 TEIT) .
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GRRNER [ S Es, PEHAT S8 K TAR HRESE X A e B A Lk A E IR TR, 4322
Bir (Alcanivorax dieselolei ) . AN ( Cycloclasticus pugetii ) . eI ANEFFH ( Acinetobacter
venetiana) . Z= L 5 B¢ I8 W £ ( Pichia guilliermondii) . B% %& W FF W ( Marinobacter
hydrocarbonoclasticus) L FENEHA A (Bacilluspumilus) o N T HHE TR R, PERGE
Bioworld 23 &) BRI =i ( BioWorld Hydrocarbon Treatment products ) , W Bioworld ‘B’ . 1%/ i
Hi 2 B4, —H o RATR . SEEE MITE GRE AT (ISR ) EIHEE ). Ji—dRar 2 m A
W AR AR

SeiErber R EAEIR R RIS R R 22168 {53735 ZMREN (CH,COONa) 5 g R
5g. WERHEHUY) 1.0 g, FrPAEIR%EL ( Ferric Citrate ) 0.1 g, S L#1 (NaCl) 1945 g, & LEE (MgCl,)
598 g, HilfRH (Na,S0O,) 3.24 g, FfLH5 (CaCl,) 1.8 g, S LHF (KC1) 0.55 g, WFR%H ( NaHCO, )
0.16 g. WRALAN (KBr) 0.08 g. ZfkEE (SrCl,) 0.034 g, #lifZ (H,BO,) 0.022 g. fikfZ4N ( Na,0-nSiO,)
0.004 g. FALEN (NaF ) 0.002 4 g. fi§fizél (NaNO;) 0.001 6 g. % 44 (Na,HPO,) 0.008 g, 1 L 7%
WK, pHAE 7.6+0.2. BUBHIASIITE . /N AW SRR R R IRR T LB Btk A R
10 g, BERHEEW) 5 g, SfkEh (NaCl) 10 g, | L ZZ8/K. pH {H 7.0£0.1. JCRHRIERRN DRRRT KRR
FRIE, FEMEIRIGIEA 28 °C. 150 rrmin” }55F 3d, ODg, 24 2.2, SEIERRAL FAE KA, BTG IE KAk
AT HRAERS
1.2 &N7EE

1) SR, ZERMIERER R (A7 WEEE ), BRI E R AR, KRR
ar T (105+5) °C F/REMA 4 h BfaH, TEEGSSAEIEN AR my; FHBGE S et
HRROARENEESST, WELSTE m; Bl m e s et —IF ARG, 78 (105+5) CF
REMET 4h 2IEE, BT TSR, P57 B s 255 s Mt MR BT my. e EKETT
B (1) R, MESEARRHZE 0.1%.

W= nm,—nt,

x100% (1)

my, —my

2) MAE . BRI TR 225, FREL 0.5 ¢ KUTB0imUeresh, DHEBUBIR, FE4IFRI 3 ¢
TCKBRERENAN 3 g FERRBEIBFSR T 100 mL HLIEEEIEHH . EHIEMP A 20 mL AR LG, B TR
B, L4200 rmin”! PRIGAEEL 20 min, #RE 10 min 5, FEBEESHRS- LOCE —2 B T UE A A O A B
TYEELR, KRBT IEE 50 mL HIEH @S, B 20 mL WA OEEE IR, B FdiRfE, &
JEFER 10 mL DU 2P . SRR . SR EFZIAM R E 2 930, 2960, 3030 cm™
b DU Z M A ORI, BRI RS B I e —LT AN Ot ) (HI 1051-
2019) P, BAE S p, (mg L) Wk 2) B, R EATHE Rwy WX 3) B (LIMIBTEIT) o

A
P1740.6XAso30158.3X ApgepT572.8% (A303o - %) 2
p2xV % 100% 3)

Wil = i 1000 % 1000 % (1 — W)
X p, ARG, me- L V ONREBGRIARL, mL; m AKTHMIERER TR, g5 W oKl
TRER IR, %,

3) RAHGE, B, ke, JEPLEERE (NMHC ) BURIIARTE B Eis Yeli RS sk s AndlE i be
BRI E—S A% ) (HY 38-2017 ) B % Thermofisher Tracel310-ISQLT S AH i GHAT /0 o
OIEHIAM R OIEHRRE 80 °C, KMZHERE 220 °C, HHBIIMAXIERE 100 °C, & <HiE 40 mL-min',
2 400 mL-min o ARFU AR =R S - e . EERYAREZINE (4)~(5) P, HERY
PRI NS (6)~(7) R

f(x)=8 870.11xx,+0 4)
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R2=0.9999 (@)
£(x,)=9 442.19xx,+0 (6)
R>=0.9999 @

A M) MR x R R OMHIE REL

4) EEEIT . B2 e e oK iERERe, — 0 EIRRES, S — BN BRI AN
BOMAER TR 3 d B, $HE RBEEH EWEL A FETNT.. BRI ELEEY A5
( https://cloud.majorbio.com ) I #47, EH KT : R A mothur K {4 ( http://www.mothur.org/wiki/
Calculators ) 1194 Alpha ZHEEFREL.
1.3 A

1) BRI A= AR A Bog i AT . ShUeRE o A SRR Bs e 4, &K% 35%,
TR 29% . RAFERCIGHA TS, BRILEHREiBsr, IR 75 mL BRI, 175 mL 7805
K, 5 g TAMMIE, 121 °C K 20 min, THEEIRK 28 °C. 150 r-min ™ ZbH 7-do S3HT AL B e &
iF, MFBHEL 50 mL BESL, KTRESLEFREL 0.5 g JRREREFTo0briein . FRg et dad 3 K.

ANTRIGEFRE TR BRACR LA . BEESCIRE 6 Flsisla MR g, 3 BINEUC AR . ZRthZEEeaR
TERERR . BRESHEFTTE . R/NZEAUATTR . S berd . e IR ERGT, 5 i B 36 B A TR AR AR A T LA . 1
Gb, XTRESZEGMHIN . 2SS A CRBOMBRERA . 8. BEEETREE) o A% B (A OMER, A%
I B BREEETRER) .

FEFP A B IR R TR AN o BEEUE AR A TR E LB PEHE, S MR T RATT (PR
F) 2 M1 K 50% SEIIHERER+50% B2 EMRIAE; M2 R 75% S B e +25% K IR R ; M3 Sl 25% 4
THELEH+75% K [ICFHIATE; M4 25% BUCHIASIFTIA+25% SR AR IR +25% BRIGHIATIE+25% Ji
INZERIFFIR ;. MS N 6 FEERPEE FL il

XN R BRI o B REE, % s TR B SEPRER, T BOREE R 10~
40 °C, JREEBREEA S Co EPCTANERRTE], AP NIREMAR R 500 mL, L 150 mL B, 350 mL 78
WK, 10 g TAMYE, FHEIESER 28 °C. 150 r-min ' AbFR 15 d, 4ERE 3 d B 25 mL BESHELT S IlE TG
W AR AR, MFEARESE 100 mL SOV 1, 2, 3. 5, 7. 10 g T2 TR
53T o

2) IR NS E . SN B, SRR B MohTheE. INAEEAMAR 2L, K
N RGT K 20 em> 5 10 emx @& 15 omo AP ESR FPGETT, MR MER —KERA, RIFR
FEOUAIR SR, AR R, A IR, PRAE/K T (72 e AR . Wt AR
THEH], ARAFRARERT 2 mg- L' B 100 rmin ™'y FiETT (20~25C) .

3) YRR R E B 2 AR N AR SRR R B R IRE, —d R R s N 2 20K 7

i
Fi AR s
I Heah i !\I )2
\
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Fig. 1 Schematic diagram of oily sludge microbial treatment device
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PEATHAEAGIECRE, o5 — AN BORLE R MR AN
BRI, sl 2 i, 2 EE R 2 AR
AILEDIIEIBZE N, DRI 2 FLIECR RS ) [
€, FESUERRLE MR Z . 2 UKz
BEENRAEINA S, S K AR R R AR 25 B
Ao RNLAREE, A REHIE 18 min, 4bH
3d, MRS 500 mL-min', JURARHERER N #REA:
AR AR AR U A it . SRR
(Y HURE SR AE SV e ke A 1B A 7 — B 18] J5 PR T
BE. IURE R ARSI, B i

PR BES 1. 2. 3 d AMRIEGHES DA A O Fig. 2 Deodorization device with oil-removing microbial agent
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1) FRSLE . SRSt 7 d 5, A SR RhTe SR, AR 3 (B ) Fin. 2 HER
A PLEATIMERRRN 5.9% , JAEAREM R HEABIETL.  THRRZEDS, —aiha lahiemii
B, JERGIETE TR AHELZT, ZSE%E B AR AT RSO SBeRs A e, 55 11.2%. AlfE
SEMEAR S S — L+ 2FR, TR IRYIT R A IE T RENS SOAH - SRR s e fd A b e e m b . -
EFERHAORERIIRE, (R AR, (OIS TR A I A REBA R R, X
HWRE AR (Biostimulation ) P RCRAIR, TR/t (Biogaugmentation ) ™, PIH I ASNE
B

Sl Ee

AN N
[ e VAT TR N
JH/NEFRTTA N
PATH oAl 5% BE R RS TR
A (AINEFEE) N
2B (gL ) N
= [H N

BUEHT A ST BAER R

M1 N
M2 N
AR M3 Y
M4 N
M5 \

0% 10% 20% 30% 40% 50% 60% 70%
EiNid
El3 BRHREETIERE

Fig. 3 Optimization of oil-removing microbial agent
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5] 503%; MICHIVEANERY, KRN 43.4%; FHREEEA, ZREH 33.9%, HAMERRNT
30%. SEEEAMRSIRAIIEE, A E R SRR, M R TEAL S R P it £
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TR e S RIAL L

2) BEWK. AT PR EMIRARCR, Sl T RSCI T AR AL 2 A (S
R A T AR EC AR R A A ) HEATANR] LU ROIR &, NI E SR RIS A IC L . R ANIE 3 (B8 RR).
BEF ST EBE AN A 5 HLAOEIN, BT RERR R, BT R M2 (SR A S 75% ) iR
TMEBRFRA 52% SRIN0, 4 6 PRSEHLERRATT (55 M5) |, BONRBUSEM Ebe s A 5 FAf A 240 e o
EERGE IS, SEUCPSCREDE . SSRAIREN], SEmEbe M A AL O &, S e Ay
B, A TR TR AR AR LA 32, A B KA i AL AR B, L RS
gl TN £ 52 ) 6 VA P ey s 2 /= S R i =4 (i =90 Ry i ) DR s ERR L L L A S N ey
AERAAC PRI, BCHOTT S M2 BRI EBRRIETHA IR, (EURIZ07 S Stk i s B i ek, 0
12mg L™, B SS e bem AL BE R T 60% .

i LRk, Feihieh i, Gy Rl B EAA R B, ITTSEBLEIS 70% AL mlieR.
FESGEEgE ey, IR PR BRI R T2 M2, B 75% SEh e MR +25% e EARIRpRANE .
2.2 BREREMEIE RSN E R

OrA MR  ARBEISTEL, SPRAE IR 3 AR R A B TR, 25 RN 4 R,
Jo, BEEUMRERITIE, ArMERREARR T Ia NI, AR ERH R ARl & A 25 C IRk, X3
SUEPUBIR SR R A A TR A B0, (RIS A, JE HAR A AR AR TG P20 2
IREEREZE 15 °C I, MU CERE JIREA, e A% 2 B AT BRI A TR RS ), TR
FRES S B s HIREERER 10 C, BREE TR i, AR SR EAM S, A BSCR TR W]
2, PRI AR IR B TR, ARUCRICENERAE, DI IR BE, SR 35 °C &
Z I, OERMRCE AR . 25 EERE IR AR T, fod A KIEEE 20~30 °C, Sl
A PR ARV FRIREAS — 2 VAT, Sl B BRI A a2 RO B IR R, SEARAT5 AR IR
IR

TR /g
0 2 4 6 8 10
22% . . . . . 22%
/°
o
20% |- / 120%
g e
iﬁé 18% @ . 18%
e
= 6% %\ 116%
* ]
14% - / 0— o 1 14%
Q-9
12% 1 1 1 1 1 1 12%
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@il n AR /g L/
(a) M EREARR (b) B E &

4 HEYMEREFIMER

Fig. 4 Influencing factors of microbial treatment of oil sludge

R T RhBR R A5, i PRI TR TR, BOMM BRI B 1T K S M A2 i s 1571
RIHANEE 3 d J5H S TR RSCRART AR, 355 36.2%; 6 d BHEAIMERERA WEETF, 55 46.2%; b
JE ARSI IR ], RBRRIRTIEENS T Z 5, TR PR A R O 2K e - 25 2 W AR it () e 3 T RS R
R, PSR ZAWUARR S B = R ECEAR ST I = A . A LUSAIE . JE - Ri5 YL
VERI AL, (Al PR RMIT K . A R, SECEBR AR ZE8, A R A 2
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FE BN R, AR A A AR, SRS BRAY AL (] REAS I8 DA AR, AR TR At
BEWE . SEAAHCRAANBRRR], 7 d A2 B E B R SRR SR

WAL, LA T AR F I X BRI B A A A5 . 4% 100 mL RBORBImMe iR 3 g M
DI, AbFE 7 d JS Al 2BRRCRES S, Sl bRl 50% Aty, RIS R/TE 13% i, Akasm
B, S AR T, BEZ 25% oth. BEETEBOME g hn, A3 R bR aR 2naba
AR, RIRETULE 7 d RHRIAS R LA SRR AL oy . Wl RER, BfEZImie i & R 24a E Y s m
BTG, WREETESZ 2SR, FEgRe S LA, R F 2 IO AR B S A e IS MY)
JT. % REENZHCRIN T 2R Km0, AR FERE R Emis e 84%, A REAFTRED LR
EERBFEEIY N ESRE T A, AREARTRER SAHRI L BRI B, et ool
FACFRRE I AESATIR A, 5 100 mL SRR EINRTE 3 g LA T dRdE,
2.3 HRRMEINIENARENIET

T, XSS BRI R M T Alpha ZHREMEMT, Alpha ZFEME PR E5E I 222k
HEFGFCR AR EAS R E D REE 5 B2, W A E R A Sobs. Ace. Chao. Shannon,
Simpson fll Coverage %%, % 2 W' A1 MBS ATAYELRITERE, A2 A{GEEERSANHE 3 d J5 AR EER
FHorfr, PIZLRESD Coverage IR T 0.99, RIZ B IR 2 (1 5 (K 751 B A AR AT b A QR T A= WU REV% - Sobs
Ace. Chao 88ICHFIREYRFAM B, MAIXTLE A1 A A2 R EERECRI, USRS R
YIRETE e BEREAR,  XPTRERH TR DI T PR EIRA, IR i ST AN RBIS 500, B
B R e s R BUHAE Y T BRI . RIS A
Shannon 1 Simpson 84U AT LI MU HE i 24
PEAERR S 2 3 R %, Shannon FEH R
INZFEVERRC, Simpson = ZFEMERAL, 3d )5 -
Shannon #Elﬁﬁ}‘}\ 5.065 1 F%i 3.820 4, Simpson 3’5‘ FE Coverage  Sobs Ace Chao  Shannon Simpson
BN 0.015 61 B9%E 0.101 37, AL, it iwimiaE Al 1 4277 4277 4277 50651 0.01561
Wt AR S E D e R A R A2 ! 4085 4085 4085 38204 010137
YIIEACRATR, X EARE S MRS A 2%
I AT IR A R T A

HU, B0 S ERAA L EHSE WA b BRAE ST, /3 BRI S AR 2: 10 101, 1:2,
1:3, ZEZHXNMIEEEECR M . I 5(a) FIAL, YRR SRRy 2:1, 1:1 B, S kERE
RS, ST 50%. RSEROMMIRIART L, Sa TR BRBCR SR TR . SRS e AR R
1:2 B, EATMEBRRMERE 20%; FR-SIMIBIARILL 1:3 i, BAmERRER 12%. meAssn, it
YRL PRGN , AN BETHABSS I S g iy, SEUCHRCR T, HIBIZ T A S BIRCR, Hik
IR SRR R 1 1

=2 BESITHREMEYIERERISZM
Table 2 Effects of aeration on microbial communities of
oily sludge

60% r 60% -
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(a) IR ST (b) BES A

Els SERvAFImER

Fig. 5 Factors influencing the small-scale test of oily sludge
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B, ISR SRR R S AN RS FESER, IR S R 101, ARFERE] 7 d, 255N
K 5(b) FiR. BESABRS AR RIHE, B TMEBRRNZE 20% ., B RERE P LI AETH
BRIZi, RIS AR S AR RE . MRS RERGR BN IREFLVE N, 3 d BB AL L JC R
e, MIARBE LA ARSNGB AT 45 b TRt R) , FReR, FEMRAME T ANER 3 d B9vRih Rl eR
12% FeA, TABESACEE 7 d AR RICRIUCE 4%
2.4 EAETEYEHRREMERITE

R T BRI A TR AT e R R R R
Ji, AT 14X BRSCES, SCES B Nk 3 T
o 2 R NAFHIAR SRS —2, kA R—hie
Ab PR AL I e P A B R, IR 1L 2, 3d

R 3 BMEFSARRMETNRS NMHC [EFERE
Table 3 Degradation performance of NMHC in odors with and
without microbial agents

SRR G R HeRR, TR sp | SEERMIC L TTIE - MM
111) NMHC M B0 S TR, e I i i il
HES NMHC WEEAIRORBL T, 55 L d ) R s 25 3507
LR NMHC HREER 109 mgm™, TiARSINE WIMEEH 523 109 79.16
FI4H 1 S, NMHC ¥ B8 4 235 mgrm™, NMHC , ANBS I ) 385 231 40
REAR N 55.07% $2T+2E 79.16%; 45 2. 3 d #hn VR 385 04 75.58
BEFIZHATZE 30 T =AY NMHC PR3, R RES I 217 150 30.87
SN 40% [THZE 76.16% . 30.87% T2 64.06%, M )17 78 6406
VB B A B sE 2 T+ 25% LA I i) NMHC B¢

PR A s T B E (29 10d) , B rHORE T, WniEl 6 s, #FSORIH AR, NMHC &
AV EE S A BUEASE, R AR S RIS NMHC & &RRE, AP AES RS NMHC &
I —ERNZEE, P B, T U USSR NMHC £E RSP b7 Fe i %
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Fig. 6 Evaluation of deodorization operation of biological trickling filter
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Fig. 9 Performance of oily sludge treatment at the pilot scale

R4 HEPINAIEER
Table 4 Results of oily sludge treatment by pilot-scale device

N TN %
i BRI R BRI L R IR A B
1 1.1250 0.21
2 09375 0.07

RS WMEIBRRS U ESHREMET ZHERMESHEVE
Table 5 Suggested values of operational parameters in the combined process of microbial degradation and chemical oxidation
for oily sludge treatment
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Optimization of oil-removing microbial agents and establishment of a novel
oily sludge treatment process
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Abstract Traditional physicochemical treatment methods of oily sludge such-as incineration and pyrolysis,
tend to result in secondary pollution and high operational costs. The adoption of bioremediation, characterized
by lower investment and operational cost, has become a research focus in the oily sludge treatment industry.
This study focused on utilizing highly efficient ocean-sourced petroleum-degrading bacteria to develop a
microbial agent for treating oily sludge. The petroleum degradation capabilities of the microbial agent and its
effectiveness in treating petroleum hydrocarbon odors was investigated. To achieve innocent treatment of oily
sludge, a combined treatment process was established, of ‘microbial ‘degradation —air flotation —Fenton
oxidation —centrifugal dewatering —low-temperature heat treatment. Preliminary optimization of process
parameters was conducted. The results indicated that the optimal composition ratio of the efficient microbial
agent for oily sludge treatment was 75% Alcanivorax dieselolei strains and 25% Cycloclasticus pugetii strains.
Under the conditions of 20 °C to 30 °C and treatment time of 7 d, with an initial oil content of 29% in the oily
sludge, the total petroleum removal rate=50%: In the treatment of odors from oily sludge by biofilter consisted
of oil removing microbial agent and granular activated carbon, the removal efficiency of non-methane
hydrocarbon (NMHC) ranged between 60% and 80% with effluent NMHC below 120 mg-m . The operating
parameters for the combined treatment process were as follows: microbial agent dosage of 10% oily sludge
volume, microbial treatment for 3 d; Fenton oxidation for 2 h with H,0, dosage of 11 000 mg-L™" and H,0,/Fe*
molar ratio of 20; centrifugal dewatering for 20 min at 1 500 r'min'; followed by low-temperature heat
treatment at 200 °C for 2 h. After the overall treatment, the total petroleum hydrocarbon content in the oily
sludge was reduced to<0.3%, with a significant recovery of floating oil at approximately 12% of initial oily
sludge volume. The microbial agent demonstrated consistent performance even after being recycled four times,
resulting in a significant reduction in the operational cost of oily sludge treatment. The results give a novel
combined process that focuses on microbial degradation for the innocent treatment of oily sludge, and a valuable
reference for advances of biological treatment technologies for oily sludge.

Keywords oily sludge; petroleum-degrading microbial agent; innocent treatment of oily sludge; combined
treatment process
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