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Application of biomanufacturing in polymer flooding

ZHOU Junping"*?, PAN Qilu"*?, HUANG Lianggang"*’, ZHAN Kan"**, TANG Heng"*”,
JIN Liqun'*?, ZHENG Yuguo'**

1 College of Biotechnology and Bioengineering, Zhejiang University of Technology, Hangzhou 310014, Zhejiang,
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2 The National and Local Joint Engineering Research Center for Biomanufacturing of Chiral Chemicals, Hangzhou
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3 Key Laboratory of Bioorganic Synthesis of Zhejiang Province, Hangzhou 310014, Zhejiang, China

Abstract: In China, the crude oil supply is highly dependent on overseas countries, and thus
strengthening crude oil self-sufficiency has become an important issue of the national energy
security. Tertiary oil recovery, especially polymer flooding, has been widely applied in large oil
fields in China, which can increase the recovery rate by 15%-20% compared with water flooding.
However, the widely used oil flooding polymers show poor thermal stability and salinity tolerance,
complicated synthesis ways of monomers, and environmental unfriendliness. Moreover, the
polymer flooding induces problems including pore plugging, heterogeneity intensification, high
dispersion of remaining oil resources, pressure rise in injection wells, and low efficiency circulation
of injection medium, which restrict the subsequent recovery of old oil fields. Here, we
systematically review the developing and current situations of polymer flooding, introduce the
innovative biomanufacturing of oil flooding polymers and their monomers or precursors as well as
low-cost bio-based chemical raw materials for multiple compound flooding. The comprehensive
study of the relationships between microbial fermentation metabolites and polymer flooding will
reveal the green and low-carbon paths for polymer flooding. Such study will enable the application
of enzymes produced by microorganisms in polymer production and polymer plugging removal
after polymer flooding as well as the application of microbial metabolites such as biosurfactants,
organic acids, alcohols, biogas, and amino acids in enhancing oil recovery. This review suggests
that incorporating biomanufacturing into polymer flooding will ensure the high productivity and
stability for crude oil production in China.

Keywords: polymer flooding; biomanufacturing; acrylamide-based polymers; biopolymers;
biosurfactants
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Table 1

Polymer flooding agent system and its characteristics

Types of EOR polymers Characteristics

References

Polyacrylamide (PAMs)

PAMs, the first polymer used as the thickening material for aqueous solutions, showed — [15]

relatively high molecular weight (>1x10° g/mol) and thickening characteristics caused

by chain expansion due to rejection of ionic groups on polymer chains.

Hydrolytic HPAMs, one type of the most widely used polymers, were used as viscosity agent or [16]
polyacrylamides wettability modifier in high-pressure oil reservoirs. The copolymerization of HPAM
(HPAMs) with hydrophobic monomers, thermal monomers, and cation resistant monomers
could increase the stiffness and rigidity of polymer chains and thus expand the
applications of acrylamide-based polymers.
Alkaline-surfactant-poly ASP used for oil flooding usually contained alkalis, surfactants, polymers. ASP [17]
mers (ASP) could enhance the oil recovery by decreasing the interfacial tensions of oil-water

even at low concentrations.

Novel acrylamide-based Novel acrylamide-based copolymers, usually achieved by the copolymerization of  [18]

2-acrylamide-2-methylpropane sulfonic acid (AMPS), showed improved heat

resistance and salt resistance characteristics, which would be suitable for high

HAPAMs, developed by incorporating different types of hydrophobic groups [19]
(usually 2.0-5.0 wt%) into the HAMP hydro soluble skeletons, were used to

copolymers acrylamide and other salt/temperature resistant monomers such as
temperature and high heterogeneous oil fields.

Hydrophobically

associated

polyacrylamide enhance heat resistance and salt resistance characteristics. HAPAMs would

polymers (HAPAMs)

self-assemble into hydrophobic microdomains and structures when their non-polar

groups were exposure, which would effectively thicken the water phase and show

lee sensitive to salinities than HPAMs.

Thermo-viscosifying
polymers (TVPs)

TVPs, achieved by the incorporation of thermo-sensitive “blocks” or “grafts” with the [20]
character of lower critical solution temperature (LCST) onto the hydro soluble skeletons of

HPAMs, behaved as fairly water soluble and thermo-sensitive self-aggregations to form

hydrophobic micro-domains at a critical association temperature (T,s), which would

reversibly switch off hydrophobic interactions at temperature below T,. The viscosities

of TVP solutions would accordingly rise with temperature.

Biopolymers

Biopolymers referred to the direct fermentation polymers of microorganisms or the [21]

polymerization of fermentation product monomers, such as xanthan gum and

polylactic acid. They were usually rich in —OH, —COOH, and —NH, group, which

helped them the heat resistance and salt resistance.

Nanoparticle reinforced
polymers

Use of the nanoparticle reinforced polymers would improve the polymer resistance [22]
to high temperature, high salinity and heavy oil, and would also reduce interfacial

tensions, etc., compared with the polymer solutions, so as to achieve higher oil

recovery efficiencies.

K 244 cEOR KA W#R & PAM M EEIE
HAR PAM FEE I T A KA, {H PAM HEFER
A5 T e o P 7 e YR B pHL R AT LUK i . 1981 4F
Muller WLZZ £ PAM WK ff, LA RHRT 2 AbFE
AP EREA pH ARk MM SE A K i 5 B0R
MR SLMTE B, E 5 U A, PAM 3l &

http://journals.im.ac.cn/cjben

W ARG KA, KRS AR IR
fif BT o0 F T HE R AR R 8 & T R G WK
MG, TE RISy K i PAM A 8% FF ¢cEOR
PERCRISCR , HEB /KR PAM s AR 25 gt
L T S RPN T e R TN s R R 1 L R
X —RAG W PR HPAM,
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Figure 2  Oil flooding polymers (partially hydrolyzed polyacrylamide, acrylamide copolymers, hydrophobic
association polymers and nanoparticle reinforced polymers) and the application of biomanufacturing on the
synthesis of novel oil flooding polymer monomer (AMPS, 2-acrylamido-2-methylpropane sulfonic acid;
HAAM, hydrophobic associated acrylamide; NVP, N-vinylpyrrolidone; HAWP, hydrophobically associating

water-soluble polymer).
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BT, SEIE ZE IR .
MYROR AR R EWIRR BB, A
PITARZEEERG TN, 2 T8 LE Ik,
ML T R R U3, i 9K R 2 4
&ALy, RS imA Sio, .
AlLOs. ZnO Fl TiO, SEA KR F 1] DA R Kb
FEREYIMEE, MM IKMa% ., Sharma
U SiO, YRR F AT R R A -
PR W R %) S TG P )-SR G W, BT AR
AT 16%25%. HARANK KL - 15 1
-G P UK B RCR AR BT T, AR gk
B MASE— LI T RGN A, A
B, XF IR I R KR T A ORI R B A T
e Ak BF 98 S A W % ) . Bayat 25 1% 3
ALO;. TiO; Fll SiO; GHAKLF WL FHAIE 53 5]
H8.2%. 27.8%F143.4%, FH ALO; 4 KK T
TE 2 AL A7 WA ot v B I o 1 9K 28R
Keykhosravi 2“0 TiO, 44Kk T 5] A 5 5
K&, ArHT T TiO, 44K - X A 4 [ml &2 14 e il
WASFEVER SR, I TiO, AR+ I I
RN T IR, AT AR 25%Riha, g
9 R ISR 32 TR TR O o e A B TR
TiO, AL+ i B IR R RR e M. it
RE Y- T B AR TR AT LA 8508 & AT
PERWCE, ZIR R IR R AR F 2 a5
W JL 7 T R, B R A R L R ARk
FRIEMESE, HEREEY -9 TR R BA
DA AE v ik ek ST A LA S it IR S
AT HE— D WAR T . — e B 9K R A
W% T . KA WEE RS SR ROR B AL, 3R
1538 — Mk R AT A 9K R, A B o I AR T
EWE AR RIS E R, 24
BRI A L B AR T2
PR AT . . BRI A )
AT AR, 3K BB SR AN KRR 40 ZnO A
TiO, 435 52E T I Periconium sp FIfRGER) 2
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fi T 74 (Bacillus amyloliquefaciens) & i, 4
Kok RS Y AERAE 1698 nm Z (8], B/
R A RT3 —1k, {H LA BOL R 3 I 3 o i
AW, AT S — 2 98 & ik A v X 4
A 28 S5AERK S, ARELMAEY S
JSCHIK I P B4 38 i N K R B R RRASE AR 7 vy FH B
QIS 94
1.2.2 EHEREY

JE HPAM AR AAS | A R A R
FHRTE SRR T E HWImESY, H
SEHAE Z S AR B L AR L BT D) SRR
&, HIPNZRE Y G i 72 rh i i TE Rk B
Sy 3t JI AN B 2 1 B B0 M T R e R B Y A EE
Z N, ARG Y R A A S S ER
SR 2R S )y, BAEMREYE A
B 4 A o i A, el G B o R (RT aA
135 °C). Tt Eh (AT #ik 220 g/L)F-HA F ik
ROEMEFERH, H IR A Y R A YA
BB RREE . SF4ER . WA, MAh, 45
RO SRR AR A M) R At BE R FH UK
U, PR AR B T A PR T 5 4
KAEBEE G BAEYFHEAR LR, X —Fax
0 AT ER AR A W B E W S AR RS IR AL
HER, NITE SR & Pk G s vh KA AT

(1) #K

RS, AP, 2 B S
B (Xanthomonas campestris) % % 4= 7= 1) 4 B Jifd
ShERE . AL HMERE . 'TH NMR F X A7 4
AR b T R A2z iy, B e o
— S BT E R ARSI R AR, 4 p-
WA . D-T M. DA MR . LRRATN
WiR . BRI RE YA —. = =RAS
My, YeE T R PR T, R R IR B
THERE . R DL XA U] .
/B M B R B B AR . I, B
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JRRETE R . 2 ARl . WL g 4k
7 it AL i Tl S A B T N

B EAA U S AR AR R e
e B v e A AR = i G B, B L W
A B A T B G R ek, T R A
IR DA R SCHEAE T, A A R LA
KT ) N 52 0 2 4 HAR A, e iR
(80-102 °C). Fiih(10%)LL fe iy K45 3R s, &
R B — B 2 A Fh A A IR R R G B
PRIME,  FLA P S R 1 8 D M S A X A A 1 i
¥ . Ghoumrassi-Barr ZPH R MAERE R 4UE T,
TR W B B EEAE 720 h S ANFER . FHE
TR , )RR B R e, ik
BRI 7E 25 0GR )2 55T, B e B SRt A B
EIHY EOR ZUR . 1994 AE5KAA S 450 i i)y
I ek FE L DX R AT T B e BT 93k
WY R W R R BE AT T S e D e
VRN IS B BRIR A E K RN i R o)
AYREWRE A RAFR LY, 5258 A
TIE B B g R B K ) R AT AR . DR A
A PR BT 2E 5 5 R S AL g %, F %
Jir DRI R 5 i P 22 00 SR 5 0 0 JE LR e, DA
T3 A 5% B 1 TR AR BRI BT, i [n) R RR | T
KA o [FIE, 2 D R V5 R P =l A i i A4
TR W FH s 2R - A 2 o 1) AR Y B8 B AR FL R
PRSI b 43 BT 1 6 U R I A
BT, EDTEARSY IR T R, SHEFE, H
MV 7 B P BT U1 A R s, L7 TRk
R AT I ) FLHE 0P B R R A5, s T
£ EOR H g RMUAEN A, X o B i A 7k 2
PR K Ok . AR IR L U AR AR
I A5,y R R B L B )P R AR L L
FAMAEDY . [ sk U5 Tk 15 7 T 498 5 8 50 e ¥ TR
R T A RE L Al AR R A,
I 10% AL PR JS 7E 180 °CAFT 170/s BY
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Y1 90 min FPREAREMIEA R 3 mPa-s 45 3
45 mPa-s™ AL, A EEAN RIS R B K
PR TRE R #E Xan, XanAF, XanAFG 4§ A]5C
BT U S E AL S N AR AL, R N B D e
oy 2 v SR P 28 DT 472 1 o0 I IS O RS E 1R, o
PRI REDS,

(2) JIIR

JIUR B (guar gum, GG), XNREREMR, 2
— MR AR FLER IR K . BT
BRI AR R Z 0, 4 F i 1x10°-2x10° g/mol.,
IR A 45 6 B TT Hh H S i S LB e, A
I T RAREZLH 8 R0, AR
— PP SCEER LR Y, R D-m e T R
I B-1,4-WEH B S, T D-2EFLEIE T o-1,6-
T B34 0 B SR AE DT TR AT R AT
AR IRV, FEARUR L T RIRETE Bt s 26
JERIRREMEKIR I, ek /KN 60%NaCl Hi
IRASRE , DB Dy S AR 500 | A 57 A 5 77
SR TR W2 AL, A
WHseaiE, JRIEEA IO MR RR e, 1Em
M. AR SN BRI YRR E M,
7E 20% NaCl } 87 °CLLNHY 444 T REORHF R 47
MIZGME, AR ACEAR T TR IR = T 16%,
B 2505 o — 20 b R R e, HAk
Dy W R R, N it — 2P R T AR A
Py I v i S,

INRIE S 5% — M DA BB 72 m, HAE s
I N WATEE , Hy 5% 4 T B B W 28110 A% 2R A
175 BRI H FEAR Y, R R
IR AT e, Sl HOR SR AL | TR
B AL S5 R S BB M, e d e HLTE A L T
b AT A A T R P T 2R 5 W i 4
SCHRHRIE TR 2,3- 2R AN ik = SR Ik g
(glycidyl trimethyl ammonium chloride, GTA)X}
TR BE AT e, il A 1 PHES 1 IR I (13 R
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GG-GTA), FH TR EZ0E, KA
A RAFmHE . WL R . A R A S
FRIHERARE 1, AT 120 °C, [A) A% 2L g
JEe st e Je, STk AR ISk K, B R
ik, XAO0BBEROMEIRR/N, e H A
LA A g 114 1oy R 310 R R 0 TR T 2 U
T AR TR S 5 A7 0 AT 42 e L 3 P it
Wk, R AR AR PR AR T, Hen A A
H JE ZL U R B BN TR IS iR A 7 AN 7] 2 0 Jk B
REEAREI G, SRS A MR B
M et P L i R M RE BEPERE . 7E 90 °CHI
80 000 mg/L F B A1F T 9K R % DBt FH
JRIR IS 27.7%3E 5 3] 47.7% GG-g-AM&MMA
OB MMA 5 methyl methacrylate) 2
55.5% GG-g-AM, MMA& TEVS #1 %} (H
TEVS N triethoxyvinylsilane)!®, # 7 JR/R K
S| TR AMPS, o n] 345 HAe K p
R il B e R M, SCRRIREE TR R IS
2 PO [ ER YN I TG AM T 2- P9 J 19k Jrg -2 -
LN LR AMPS #2474, FEDL NON'-IF
FH I XU TR s Tk % (NLN’-Methylenebisacrylamide,
MBA) N 2 B0 6 A7 28 3k, il A5 4R A5 e
FIKEEE GG-g-poly(AM-AMPS) (& Fk GH)HI
GG-g-poly(AM-AMPS)/Biochar (fij# GBH & &
AL, GH Fil GHB 444 834 IR 5 A9 55 B8
RN, JEREAE R IR A KR VE R
XA A KRBT R ROYERIE R, &2 GH
(5 g/L)F GHB (2 g/L)HYyRULH /> Hlsse T
13.69%7F11 8.95%,

(3) 4%

AR RHAAYAE N ER Fi T E nH
D- ] A 4 BT R A T o] PR AR R A
AR . SR BTSSR TEA R
TER A B v fit P 0 2 4 28 58 i E R AR O
21 4 & (carboxymethyl cellulose, CMC)Fl1% [H

http://journals.im.ac.cn/cjben

BT 414E % (poly anioniccellulose, PAC)!®!, £
SCHRARGE K 0.3-0.5 wt% i+ 8 3L I sk R A
150.2-0.5 wt%l) CMC E & )5, ARG EAF 1Y)
FHEAPEREIF ORI IR R FLIR A AR E , S
AR AHE T 14%-20%Y DR £F 4 A0 TR T A%
BR—MRAE 135-149 °Cz i), HZ 5 KHEAMT
it , I I Rb I P K R R 22 T L S K
AR TR PR RE , DRSO 3 Ao o 7 4 2R e AL AN oK 27
R AR E M A R ),

PR Rl g — o2l 2- N E -
2- H L T BE B R (AMPS) B8 57 7K it A 46 M 55 52
W, BEABARSAYERY B AL AL BE
A P B0 e P45 ) ol B IR e, A STk
1 1 30 2 W 2T 4 TR AT 22 R AT NON- T
N #5 Bt % (N,N-dimethylacrylamide, DMA)5 N
MR T BB E M, JER IR BR Bl B A 5 &
S B R G RS 4R
CNF-g-PDMA-PBA (CNF: cellulose nanofibril;
PDMA: polymeric N,N-dimethylacrylamide; PBA:
polymeric butyl acrylate), HMfERPEREM 1 wt%
e s 8 wt%, MEREMNW R ERIT, &
105 °CRCE 7 d JE AR R VIIRF L Y 33.3%,
T A i PR 2T 24 2 TR S50 450 R 00 AR 266 1)
99.3%, Vil CNF-g-PDMA-PBA &G HTER
EERIM WA SRR, 8 R R A PR R
FRAIE AT 4 22 PR B R R TR R AL AT 4 2 4
K, HIBBERN 30.13x10° pn’, FEHAPEEHIKS)
ALK S (interfacial tension, IFT)R% 4 0.03 mN/m,
IR A PR R IR R R T 20.2%7
i i £ AE R A A RS R e EF 4R R B
E R O NN T 2 I (A T AT QA 4= M e
I TR G W aam e, ek EOR HyZr(t %
Ji& K T PR A B R e ORI o

(4) FEH

VERY S — 2 th M A R G MR A RS



FGT % | EmsERAEEA MIEHR R R TSR

Y1, NN HEETER RSB TER, 1B EYIH
FEORWE, H5AEKHEEIEEA5r, KIER
N FREYIR G, TS PAM 9KiH
W R IOCR, — BRI T 6%-8%, K4k
TR Ay B 700 A 7ol S 3 1 o 32 B U
[ N B N DI R B S G G (I =T N =1 D & 1
A D7 T BRI, 8 A X T R ) ek e B E
— AR T HIKMPERE, & RSB T WMtk
By, BEALTER . BETE R ILRY . SBE R
T A A Wy VOV A R v A Tk SR R T A
o W5 R SRR T A eh A5 | 500 52 BRGE # 1 TN
WA, o — 207 W ORI O R SR e A TR
T, L R (N e Tk e /R R TN S TR &
F/1- 0 B -2-mb g Be i) = oo S Ry S B FL A
RE T &SRB NERLER-g- — oL RY), %
RE Witz = 80 °C. = fLE 80 000 mg/L
MBI AR, TORRICESE R 49%, )
FEHE, PSR SR N s R A IR,
FE S IR TN s T A6 T A 3 3R S 9K Pk g 0 1
9R, AN AL TE R -g- IR N I IR R SCBR IR B 1)
HLHETE 70 °C Xz 80 000 mg/L "1k B 444 ¥ %
R 46%72, SR, EARBETR AR )4
ST, B IERAE R B OB T 1 I 1
FHT B, FHARIIR Z ik

FrUL LM SR Z SRR G 2
Gh, —sAYIE RGBS TREY
S, G B AR FME A IR HL AT I RAR RS
Y——rc M, BHANR B ALtk W
Mk BURE . SR ATYME L MUEEE . WK
BFPESERE AL, BT T KA . B
Hib. B S MEmay, WitATREGY
By @ik, e AT A A ik R L A T
PR, AT 2 1 I R R — 2 I A
o B S amaEs Az, AR SRR, gh sk,
Zhang EPIERIE FEIL T, RATES I
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WS WA TR A IR R A T —F
BB BH By F 42 B g R B 3 R W) (cationic-
modified chitosan copolymer, CDC), "] T A
MR AR B KR, HBRIMARIE 90.5%;
77 B AT T & (Alcaligenes) & T 77 A 1Y BH &5 - 5
IKIEPERIRB G — N, 45tE2EH D-
AN . D-EIMEEERR . D-EA A L- AR
BATCA Y, MG R Y L BN B Y L
AL, TEmR . SR T AA R0
HASPERETY /M T R (Scerotiums) Y 220k B
WG LA W R T A ) 2 i —— R R, AR
AT 52 ik . Tt vE pH VSl (pH 1-11)FE 0 =1
REUSY, M VA A IR S A W SR A R
1.3 ISR AR N X B &40 H I m
& A kAR
TEREYE T, & MREWNEITEAEY
REWY, FEEEMEREGYEA MDA K AEK
WA IER R R, (AN Z M mikss
SAFRCRAAET, R, A RUOR A A AR
By, MR S e EE R, HIRHA S
YIS SR T A . G, R A
il 38 e AT & SR 3R A ) B A B A SR Y AR
WG A, TR ) A v 20 48 A L T 5 R AR
5 15 A W 3 At %) A2 P L 3R 6 1 1 FH T K v 42
R HAEER L R, APl ARERS
Py ok B AR B FH TR G 2 PR AR, Horp i o
IR A SR . YRR
ST S T 1) B9 P L R A B 3 o % () R
REWAEI)Z el Be 252 B HCAE Y B B A
DAL K At A 7™ 0 04 52 e, DT 2 i) 0K S 2%
Mo HWR, USRI ) M 254 . K
Tk S5 PR 58 DR 3 0 SR W R R AR 5
XS] 7R — o AR BRI T AR RS YK
HARMTZ R s iox sepk b, 752k —
AR A Wil AR, B AR SR I A R A 7
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A, VGG IR A 0 BT S P SR IR M RE
WaE G BUEY A E R R T, X TRt A
A = R BRI 3R A A R TR E O K
— R R (B 3). Bk, FHXTRAE E
UMY R G T 2L, N[0 I R AT Il R Y
Fek, WORTE R SRR W A anig i e . 1t
SN A FNRE SRS Bl B 22 50T, R
£} (Saccharomyces cerevisiae) XP 7] 7 pH {X T 3
Lo 30% e W A B 25 1 ARG, HEH BT
Ml P T B P AR AR A R SR, R 2 2 A
ARG HT B, HAE A K 38 40 i R ey
R EL A el e AN DB A K PR R il A i
BEXTACIE ™ ) B AR 43 B e R A3 L Y
5 EICALANM . FERfE RS FAMESE, il

T ~ s w1
I.‘I ) Ny % B = EW': .
A oL e 19
‘ 7 L
otk = T\ranscnptomms
| S— +
T ! 1

N 1
1 Enterobacterium |
i Pseudomonas etc. |

Enhance synthetic pathway
Weaken byproduct pathway etc.

| Medium optimization
| Fermentation control etc. !

'Multi-enzyme colocalization
iIncrease mass transfer etc.
1

Fermentation
pilot scale up

r Seed

Protein scaffold

Mediunf

|
Steam +

Air ——
Agitation
etc.

Waste

Product

Construction of robust chassis cells using synthetic biology

for oil flooding polymer applications

XT 776 B A AR g s Ak 5 ARE
BEAR R A 3 R A b B 0 AR 3 R D R
DERRACH ISR, 2RSS 24
AR A BB AR O A Y S SR DR R AT A
25 9 PR 8 25 B8 O X6 L R A7 i i) o s B0 3R A
srAk, SR G . TEMIERZ B, AT LA
— 2% G O A SR AT AR L, A PR
#7 DNA iR BER S M B A a5 R &
& Helicase-AID AR, FERAYLt R AT
N G o ) R e s PR 2 R DR S AR SR T
2.5%10° f%, {NFE 4 509 %E 5wk 1 = 3
371.4%0 B-#H 3 N R A=, XLk
T F R I FH 485 G e 38 S O 328 5 R R R 4
o7 FH 5K 3 3R 4 B B 3k 1) TR TR e A A B

i T .1’1 I“u I,

= Redundancy gene
Genomics Metabolomics

knockout
Genome
minimization

1 < [
i CRISPR system construction |
| Improve efficiencies etc.

I
Rational engineering |
Direct evolution etc.

Gene
manipulation

3 AREMFREARE S KIKHE S YRR X RER SRR £ 48 508 R

Figure 3 Strategies for the construction of robust chassis cells using synthetic biology for oil flooding

polymer applications.
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] oE— A4 A TR AL R R SRR
W EE S IE MR R = A, SEREAX
A5 SR 1) I FH 5 Ak o AR BRI R
HAE BRCR BRI B RITE A, A S
J e PR R SR s AL, SEE A W i R AR
I AR W) LR B ) U ) S e P R R
MR, W R AR R A P UK S ) 1
AT B AR R B 50, BT E %
BABANE., Bk, edwhlEs R
AP RCR R G, Wik E AR L 5IASE
PR A IR H ikt R g, WA i
PR BRI IR PR BE VR THAE , AT R AR 7= i
A HK, BEAREUR AR t 2 B R A i E 7
A BB A, AT DL R A R B AR )
R TR I 2R B AR SR RIS R AR .
B T3R5 Wy oK A v Oy 2 R 5 Ak S SR
FR LR 0] Fr S il £ R, R A YIRS 1 I 2
ki, 2 KBREYIRE, REWHERH
IRE Y ok N F AR . SEEE s
07 5 3R R R W R, T U R B
IR R 2 /K 22 K A i 7K 3K R
REYIRE, Z2PEE&EBREE, FEFEA
A0 5 B AR  JC R G IR ,  IHRE A J2 7] 7 I N )2
PIOT I, T i s B o B RAA IR 5 8L
WM E EFE H 2w Em N Ry, BREWWE
N i — A 38 T i b R AT 18R 37 O B A
EAIE B ARFK cEOR KE#H, (HEEL
GO AR, JTF R Sk R ORI ok e A A
AR E e oG, Q0 1A T 7R A 0 ik K
5 RE W R AT B H— ek S T A
58T A E AN [v) b 7 5 2 T B3R

2 AEYHESARE EORREH
BRI )G o
e U A P IR 4 T 2 AT B
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PR KR . B . bR . BLBT )
PE L BOMBHE . 2 AL B v S A AR R 2
PR 25 4R a5, RETIR A ok b A B &2 ™
b T 2% A 0 e R v AR T A L R B, TR A
JE R MREWIBE&E S TAEREEY. &
VIR W B 52 UK T 5 2 T 3 e 7 S 7 SR ok
B o DAAE il e R 25 Tk AR 48 5 R &
Yok A Gl B . AR LS, kG
B 114 5 A5 ) PR IR L i 8 v o A R TR e 4
B RRE IR R, Ak 5 ) B - F A GBI
KT B W 7 D T AR B B D
Tk R A, i o v 1 R AL R Pk 2 A
BRI TERE , e AT PAM R AT AE IR
A HAEE T HARR I BB AL FE R )32 1 P
A= il B AR F 0 K KRR HL5) A R i 1
Az ) IR A B A SR SR L AN (U
FARHE T FRBE AU B RN 48 (0 AR Ak PR 3 () S B
B Ak 2R W K AR R R de LB BT T 1
R . EIEE ., TURIR . 4% | 4
EYREY, TRIK. R ENES5E A 2w
TR Ko A= oy Tt S A 0 30 18 S B 580 6 o T 3K
MR, ARG AR R, X—k
DAAT FAE B0 U R R 25 1 2 B AR A= W SR
Y SEBAR A IAAL LR, 12 N T3
B YIRS, LA, ARG T APl
W ARTE EOR RAWIK i HA 4), AT
W T A R 6 BB IR T B K A
PETHRIBCRFNIY, WA — SRk
AR CR AR X R A YRS
RO A T EA T B R AR S B AR AR L T A A
B
2.1 S4Es

B T B REVEAE N T cEOR i #& 5
B RRIE . GF4E R, AYidE TAEYRE
Wy — R, o] LR S TR A SRR B

B<: cjb@im.ac.cn



162

ISSN 1000-3061 CN 11-1998/Q =4 T #2244  Chin J Biotech

TE AR AR Tl =2 F s e 1936
L, bBzg 90 AR AU T U6 BT T A ik T
Ko HTHFRIAORYE . FTRRAEYE . AT AR Y A
PE UL SAE = 2R A i I PR S Rl ke, K
AR TR TE B = SRSy TRV 7, FR I
1 5 K £ R (enzyme enhanced oil recovery,
EEOR) , 7E #F 43 i 5 Hb 2 o 1 H fig 55 3
10%-20%72 47 R ORI T, (HXT TRE & 2L
W ARG TR AN BB Al e A
N Tl 2 MBI B K, TR i AR AR T
Gy ULVE SR T o 7] B A= ) il 348 B S B X vl <O
fif st , DA i SR SRR B A il i g o 2
o, AW T LA K TR K T, SR A A
P RRRE J1, B & 7 A A R TH A RN I
B, ] LR RS RE h i aieb .
TE A1 -V R 570 T S n 26 ) Tl R A s i R
WA T, A A AT R R DA TR 3 1 A SR K
Mk, LPEL Wk A sk IREAR T 77.78%, UK
THERICRAT /K IR I — 24 m T 11.5% ™, 4
K, WA FERERESUTIE (enzyme induced carbonate
precipitation, EICP)H AR T4 mRICE . £
BRAE DB A W FF AL A T 75 B A2 ot
FIEREE | W AN E DA T, AT LA AU
WL AR P A R E . e e TP kL
PR HE R LA % A7 AR 1] 4 2 ok 2 [ A7
22 HHIREEMST

A ) T R DR ISR TR 5K ) L R
IS K FLAYE BE L Bk RE BRI AR
ERRIE, EAERERE . JEAk. BElE. B
FEAL 2 W S5 TE N 1) 228 Sl IR ARy 2k
HYERIE 2R T LRI 40 {2360™), B
SR WA TR PSRRI B L RS R
H 2 A v B AR 7 AR BR ) 1 A Rt B T2
Jof R, G v A5V A5k 24 I AR AT HL A ) Bl AR
SR OCERE R L A TR SR IS DL R R A
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KA GEH AR, @alm ks RihRER
L, RGN . AT, R X
SR OIS | U IC S R e SR R Y
Ab TV RS, 458 TF kB SRR R B
TR it TR 3R T T 7R R I R AR X A
(4 1 24 ) L, L SEER) P ZE AORE BR L PR
BRI B T A TP 9 200 L £ ST 5 2 W 2 1
T PR A 0 R 1
221 RZEVERE

B2 i S — Pl 3l {1 PP A 1 o G
WS AR A B A N TR A, B
SERI LS BRI (R AT O (I ) 2 A
W5y o FERAYH 1 A FEk 2 A R o
o-1,2- 0 1 8% 1, AR B0 1) 43 7 B0Hs I
3R BEORE TR RN OO RIS DR L ELAT K T A 5
vk, AT EREOKE W R ST, S
AR WA YREAIE . RS S
Yo, BIFEAMmATI A Z N, XAt
b YRR ER BT R ELAT R

S S AT LA RS A T 5 25 A Z (B B SR
I1, WL AE SR AR T BT SR Sy, B0 T
BTk ek, FEKIR R, AR L
REACAL DR AR . S ORI R, 0 5 4R e S
PR % . Zhao 5L i 2 B A IR BT 1Y
BRI, FFE T IRESME T S8 A = IR 1Y
R A it I {E BRL MY TR (Pseudomonas stutzeri)
Rhl, ZFRER TR 500 L5 50 E124 42
FE 74%, WAL, fEE O F, Rhl &
HMETINT 9.8% M IR ICH . PHAL K 2E B & Ak
HBis L TR B, M T ™ IR s
TR, TEE A I UOTT R AR B R il A
¥, B s e, AT 1:3.5,
NI ERS . RSB B SO AR T
AT, R, S — 0 R
FATEPER G, B AE 0.1%—1%
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i, Bk A 8.4-17.3 mN/m, JoukSEEE
VR T SR AR R R SRR RV MG S5 A
-7k V-l LTk ) A shAs Fm k1 kiR bR,
ST ERZEWHAR - MM -k R a0 5 Ok IR &, A
THEREIME , RIBCE AT 22.80%-30.30%,
87 R Bl A A 3 TG e 7R A A KR 45038 )
RPN RIS . e A fb R, B bEg
A A Sy — Tl 225 i 590 ok 688 AP 5 26 1 ik 4 43
FBEE A, 7 IR ZEARTE T AT s AR SE BT, M
PR A T ORI S b s i MR . Ik Ab,
LA . R L B K S S R S R
LR EA R ALE B R RN REES
QR P S TR T e S Y RN D LD R N
FAVELL F 280ttt RAEER-— ik sk
F R R M A R PRGN K A (biological-
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