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W OF TR K TC T HE 2 X PR i O K S, R IV B 2 R 2R T S BE R SR A A ) Y o A 4 ke
SCERR Wy K Al B LSRR R B AT E R S W, WFSE T /INER B SR W TH SZ M AR ERE s SRS, M
T 5 8] B 2E MUAT T Bacillus simplex WAL G FRR Z s deJa, MR T S 0A BU | 78 DR 4 i VR R R RS I v A XN
Bl A K BRI [ RS2 . ZE SRR . NER R AE T 32 400 mg L7 AR, {H XS 100~600 mg L FE B Y [ A
UM 1.21%~11.66%; XF TEEILEFRER, B E/NREZMEE N 021", BELN 1441 FXUT,
3~5 dSEA MM T 400 mg L IFEEY, NERIEM R E (ath) SR A A M T 0.14~221 1%, H BEE % 1E L
I, S I A R S/ INER B A i B A0 i TR T BE B B ey /BRSO B 2 R U B R 0.05~0.4 gL' Sk A
T, 4~5d 58 M 400 mg L 280, HAEMIEMWIE 02 oL 40T, /IR RA Km0 ERKER, 5%
AEFIREE 02 gL' BEE I 1:1 &2, 6dNSE2REM 500 mg L™ 28 M,  H 7% 45 4 % < & (200~600 mg-L™")
T, NERBEM LR (atb) & EBW A ERE N T 1.54~4.71 1% . 15 a7 5028 JOAT B L 855 55 v] DUGR ok /N BR 9 A KO
i LR Ty R A 0, A AR I K v A B VR A R P A8 e B T — s B I L T

KHRIR  NEREE; BETAALIEIR; R SUREOREEOK; MY R

AW e — RO IR TS Y S RGNS Y, AR T AR R RE . AT
MKt ORI R TR BRI BT, T LA A R . REIR EREE AR, v B R T 4
BEAE, kA E A BOUED . A, ARERIENIA B0 . SR . BRI, gt
2 ) E AR B HLTS e 2 — B S K B AL BT VA AT oy Ak s AR . Herb, Wik
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R, RS SRR RS WS T TIZ

A Wy I ik 200 TR R 22 B AT B B . R I T 52 e o R A O i SRR R T R I R K Ak
B, OJRHUS T RAFRYRCR . (BHAEAN B AR AR AR SE PR, RSO . A CO, FHIRE SR
TR ROXEAL B 15 PR 450 R LB SR XS K RIS e g BRI A &, HEA LN MesE
A ™ A 5 55 20 R R A LD BT 55 1 O, BCA TR AL BB R 15 48 T B S AS I 020 ¥ e ) 1) 45
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AWy S5 ATk — A T T A v BRI, B AR R AL AR O RY'U AU A R A o R S
AR K, R BB R LS 3R T T 144 h N 98 4 B IR0 45 Wk BE Ol 24~120 mg- L™ A 2R My, 1717 B 3
TR ZRAE 144 h s 5 1o 04 Wik AN R 27.3% (00 B R 3 ¥k % 24 mg-L™"). MAZA-MARQUEZ %) Fi] ] 4}
H M D /N BR 5 1y 2 W) SR A7 T Raoultella terrigena Fl Pantoea agglomerans, ¥4 1 ¥ AR K 2
FI7E 48 h N £ Bk 99% LA E /288 (50, 100, 150 mg-L™),

JUAE T L8 R A ORI PR K B AR T AT — e L, (H B HT AR S R vk BE AT AR A .
JEOR W SR e A R AR A I S M RE . NS T AR B SR . FIEE, K E
TIF 5% 5 T i T L 05 % X6 2 M 1 7K A Ak BSOS, T ko Ak Bl R o e R K B AR AR G TR R A, (ER R
AT AR AT AT B B B R Ut B AR A o AT SR 2E AT A OB IE 2 — i RIOR 9 B A
B o AR ZE S B 1 Rk S A B R AR 1 TYO1, L 16S tDNA F51 5 Bacillus simplex (AM9216370)
B9 AR L A 99.01%, 7E 2K B ¥ By 1 100 mg-L ™' F1 1 300 mg-L ™" i, 3% B ¥k 30 h P 7T 4 1) ¢ it
99.16% F1 74.76% W) 7KW . AW 5T B 76 #6) S/INER 35 17 B0 28 IOAT 0 0 e 15 95 AR 3R T v v B R B I
KA PR, R 2 A B v v B R I R K RS B A R BT T, RO BT EL L R R R R R
Ty R T M % 3 AR 2R S I R A 1 T RN Bl A R AR I, DB A R 8 3 A B R I R K [ i A R
EEA Y i — DR R LS
1 #MRl5RE%

1.1 IR

/NERFEFER T K (121 °C, 30 min) £ BG11 8535 3:07 v | FAEE G AE W R 2% (55 40 em., B
7 4.5 cm, RFH 350 mL) HRFEOE K IR 2 X HOE K, SbiE -l 8% 8 150 pmol-(m*s)”, &
FE R (25+2) C, W ARFECH 1% 1) CO, IR se A K o

fi] B 28 MO AT B4 Bacillus simplex(NO.1.3471) ) o A W e AR 0 o AR R R T K E RS
FRGIEFRE EAR10g L FARERY 3L, A SgL". XEFKIL), T250mL ¥
IR R 92 EXEOE K, WA (30£2) C . FEIRFE N 150 rmin',

SEIY B K R S AR AL K, BIAE K BGL1 55 35 3L NN — E W B 2R . 4R 7 1
SoF 540 B 3 VRN TR R 43 9 28 4 000 r-min ! 2.0 5 min A1 8 000 rmin ! B5.0> 10 min, {3 bG35
BRFBEUE, HRBEKBUE 3 IR AR IR, B FARB AL K
1.2 XWHE

Ry 2 B/ INBR X A B T 2 M, BB T 100, 200, 300, 400, 500, 600 mg LAY A i MR BB
B, JFUBCE VAR IMR W B IR /NEREE R R T BCUOR B K, T 250 mL #ER I (TAEIR R
100 mL) ¥R 1R, BERIRERRE (LT B 0.2 g L7, S F@l % N 110 pmol-(m*s) ™,
W N (25+2) °C, F5# M 150 rmin', MK 3ANERE . A HEEENE T REERE . HaR
(atb) & . FJF, (F/F, %mn~ PSR ROLfb & 1 &, F, Wal2et, F, M R5OE &),
AR B

TE /INER B U b ViR B R I B 43 9 h 0.2 g L7 R 400 mg L' S E R, S [ 9 1 HE A
My R i L/ INER B AR R RS I, IRE WL (TRTE L) 41, 201, 1:1, 1:2, 1:4, HFERE1HH
FEA /N ER G AN T T B 2 IO T 7 Ak B2 A Sy X R

FERUR TR L 121, KB 400 mg L' 20 T, 25 55N [R)47) fy 42 ol e J5 % 24 I3y o3 e AR /N ok o
ARSI, TR/ INBR RN A7 R 25 M AT R ) 4R B Rk 2 O 005, 0.1, 0.2, 0.3, 0.4g L™,

FEVIIRBEE LN 1:1 (0.2 g L7002 g L7 55T, 75 5[] % I Mk J3 0T 24 1 o8 fige P /N Bk i A
B2, BEE T 200, 300, 400, 500, 600 mg-L™" [ REHREREE . FESCER, ¥ . HHEMT 250 mL
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HETE M (PR 100 mL) HR % 19, 454 R 110 pmol-(m>s)™ . (25+2) °C . 150 rmin”", % H BUREN
TE RV B I 4% 3R (ath) i, ALK IANELR .
1.3 S E

o B R v B SR EE R U E B R 4T 4E AL OB B (90=0.45 um), HLAE IR B 105 °C
FJF, A8 38 i FMS-2 {8 485 ik wfr i ] =02 A U I 5 BE W I 4 3R (atb) & 1 R 43 606 B L PO
L, B R 13 400 rrmint, FEEGLKCH HEE, WE KN 652, 665, 750 nm. 7F AL SR I
AW, UUMEE (atb) F A8 (L IEAL Sl A KRBT, Il il =X (1) TRl o 2R K iR

InN,—1nN,

= )

K w MHARKBR, d' N, N, SRR ¢ F1 0 B2 3 (atb) i, mgL'
IR BE I 2 S IR 4-S R B LM S B Y, ORI R BRI (2) T
C,-Cy
=
Kb r RRE KRR C 1 C) 20 A i BE IR R ¢ 0 B AR B B, mgL'
2 #HR512
2.1 FEVRES/NEKCEEKHZMN

WE 1(a) frzx, 78 100, 200, 300, 400 mg-L™' ARy iR JE T, /NBREETE 3~4 d I 3] 35 520 407,
4 d Ip/INBR 9 o 3 0 S R BB ZH VR 26.67% . 22.22% . 20.00% . 13.33%. X 156 W /NBR i N A RE T A2 %5
R BE (<400 mg- L") 28 Wy, I H ARV B 2R B R 4 01 ifE /N BR G AR 4 o {HL B 8 4% 1 Ak 32 40k 282 348 i &9)
500~600 mg-L™", /NEREEAE RO BRME , /NIREVR BE N 2~3 d I TT AR T R, 4 d I /NER R T 45 33
BN HRZAAIL 35.56% . 51.11%, X Ut W s vl FE R By i) T/ BRpe 2B o ARAESERY R, MRk B R
By (<100 mg-L™") 7T LA R 00 o A 4, T I 3 BE TR (200, 300 mg- L) X i e AR KA I 4
FH o 288 T RS B 2RI A W FEY 24 AT 00, FEARMR B T RIS/ ER B AR, 76 Rk EE T I/
B A KA,

TR I 2R 2R (atb) 19 5 & AT DS W AOE i A OIR B0 RN A i A= AERE T o Bl 1(b) B, PSR
(a+b) Fr &= WAL B /N ER B MR B 1) B b A — 3. 7 4 d B, 100~400 mg L' KR EE T, 1
L EK (atb) B RN IR R 16.96%~33.46%; 1M 7E KB B A 500, 600 mg-L™" B, MF4R3E (athb) & &
I3 B FRZA AL 30.14% . 45.86%. RYU SEU BF5E &8, VU REMHBEAE 60% . 80% . 100% MY £E1L % 7K
TFAERES, MR a T EE 20%. 40% ALK NK, SAMIRA R, X 0T EE i T AE S

x 100% )

_ - <L <L
0.7+ 100mg- LT ‘2‘88 me - %1 22 100 ms - nx 42188 ﬁﬁ . %“
~ 06_+500m§'L’1+600m§'L’1 3 20 —+500mg - L' < 600 mg - L.
L[ >0mg-Lt 1g [ > 0me LY
s 051 ER
g 041 . 2 14
% s Ll
B 03 & 12
% % 10}
< 02f =
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0.1 — : ' : ‘ 6 — : ' , '
0 1 2 3 4 0 1 2 3 4
WAt/ W)/ B/
(a) /NBR I (b) M43 (atb) (c) F/F,

1 FRIEBKRE T NKERE, HEER (ath) 88, F/F, T
Fig. 1 Change of dry weight, chlorophyll(a+b) content, F,/F,, at different phenol concentrations
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MR ARIE T, SAAE KRBTSR, PR STGE AR o, FIRHIHEDECSER, X RoRmrER

AR,

FJF, A LA B 23t €6 4 ) V5 AE e KOG A ME I 910 A&l 1(e) Bt s, 76 AR A 4 19 ok 8
(<400 mg'L™"), F/F, 7E 0~1 d A /Mg BE T B (4.21%~18.20%), SR J5 I B & I 4E R i i K P . 3%
A B2 B T FE W AR B B ol A A TR, AN YE A TR K 500, 600 mg-L! A L Uk B A
T, F/F (616 | dJa M FEAR, 78 4 d 40 50 2 0.17+0.05, 0.07+0.02, B HILRIE /5 F M T
73.61%. 89.29%. XMW A5E T /INER B A I M SURI AR, oo v B8 2R I o /N i LA 2 M R

2.2 INERERVRER PERR T BE

AN [R] 2R g e 5 2 M % e 23 B ) (1] 1) 22 £k
WK 2 s, 4d ik, 100, 200, 300, 400, 500,
600 mg-L™' K By S5 4T, 2R W B A R 5 i
11.66% . 8.99% . 8.17% . 7.33% . 2.03% . 1.21%. iX
T I /DN B S 0T 25 W B R I 1) S BR e D Bk, HL
Bl R BE BN, BEARRBEIL. i SCRAGG
S AR, Chlorella VT-1 78 14 d 9% 100~400
mg L™ R W (1 B i AN 1%~10%, X 54t
FE T/ INER G I A R T Y BB A X
2.3 EBRIEMLL TN BRGE A K F AR ER PR AR Y
A

TR P LU 18] 2 R i 8 TR AR R ) P RO R
G Y W S BRI R 2 — P72, EAR

—
w
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Fig.2 Change of phenol removal rate at
different phenol concentrations

[l PR LR, 2R vk B B S B) A9 A A AN 8] 3(a) T o FTLAE Y, X R AR B A e 0 41K, 72 3. 4.
S5ABF, RMALREE T 6.63%. 738%. 8.62%. PEW LR 1:4, 1:2, 1:1, 2:1, 4:1 0, 45078 3.
3. 4. 4, 5d5C LR 400 mg L KBy, X FRW, AR R IEIAT R B TR ACE, B
Bl 5 200 P S0 S B, ORI R AR RCR B R R . BTN, AR SR SRR R ORI R A R A

B 5T K

2% 2K (atb) S BERT A A ZEFL QN & 3(b) T . FERIHR/NER BE SR A I BEAH IR OB L T, B L
Kf/NER 2 R (atb) & R A9 ZS AL EA 2E (P<0.05), RN 1:4,0 1:20 1:1, 2:1, 4:1 0, /NEK
WL (atb) S (4 d) A IR N T 2.21, 1.57. 0.83. 0.36. 0.14 1%, Al UL, 6% 4078 ik
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Fig. 3 Change of phenol concentration and chlorophyll(a+b) content at different algal-bacteria inoculation ratios
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JERE N, ERE (atb) i, R AR pEZ N . AR I, RS E R e
ARAUIRIE , ANFE 20% FI 40% B EEAL KT, 516 PR TS e 2 0% 7 09 DU R A i i 2% 35 a 5 1 0 i) A
PO 163 A5 A 2 450, FEARBEIE R, W 1:4, 1:2, 1B, BEAMT S E (ath) SRR
BELH PTHE N 0.83~2.21 £ o X 1hd W ML 35 AT A 65 AT OIR SCBE AR W T RV 0 o RO R O TR D L LA
15 1) A Ty A A AR R B A o, (L A e B A S B I P s 1 0 A R AR T R S S A B RUAS
L, AP B L 11— 55,
2.4 SEEVIRERIKE T /NBRCREE KRR B R 80 S0

W 8 DR A LU B A, e 5 20 O T ) e 0 P e X S T R i A B E B TE A (R T )
TRAEFIREETS , R vk B2 Bl I (] 19 28 AL TN 8] 4(a) Fros o FTRAER Y, 0.1~0.4 gL BYH) b He A ik Ji 7T
TE4d N SE MRS, T 0.05 gL' 76 5d N SE MM AR . 2k E (atb) 7 BE I A 09 48 4L
B 4b) fin. ATLLAEH, 01, 02, 03, 04 gL' AR ABEE B Rt R A N, &4 M 5%
(atb) FraLEN, 1M 0.05 g L R AL N 4R 5K (atb) TG INE A 4d B, BILRERHRIE N 0.05.
0.1, 02, 0.3, 0.4g L7 5MTF, AR T AR KRS8 022, 039, 041, 025, 0.24d7",
W HEFP R BE 0.2 g L™ I BAT e o 0 b AR R 8 . 250 fOE A6 A TR T3 86 A 280 38, 76 08 R 4
BE A B2 0 0.2 g L7 i B U3 . CHENG 2527 358 , 78 /N 85 22 36 ) Uh 15 Fh vk i oy
3gL7'. 6dm, BIBUEIK T 250 mg- L™ ZR M A BEfFE 2R 94.6%. LEE 55 R 0.8 g L™ (1% 45 e B 7
6 d N AT K 400 mg L' AR W3 B A 97% 2o 47 o W UL, ASHIF 98 R FH AV %) Bl R A o 2 Frove B, ml LA
TR B 1o 1) R Ty o 80 SO e A E

400 50 -
~ 40}
=~ 300 0
7 &
2 g 30f
= 200 E
® % 20 +
5 %
® 100f :“j
= 10t
0 0 L
0 1 2 3 4
[ et 1a1/d At (a]/d
(a) ZREMR R (b) M4¢ZK (atb)

4 FEEEVNEEMRETERREMMEER ath) BENTK
Fig. 4 Change of phenol concentration and chlorophyll (a+b) content at different initial
inoculation concentrations of algae/bacteria

2.5 WIIAEERKE ST NERCRE A KK EN PR AR A2

A7) s S By W 3 ) R I A PR BB B, ORI VR R R, XU E R B RO . MR R
BERE N 11, MR 0.2 g L7 ME I R Wy R 1A 2R, AN [ DR e B X 32 1R 2 RS Mg I ik 1 18 1) 5%
W AN & 5(a) s, FTLAE B, 200, 300, 400, 500 mg-L ™' ¥ BERYA I > WIFE 3. 3. 4. 5d NHEsE
AR, 600 mg L' A ZE T 6 d B R T 29.8%. Bl & 2K I ik BE 0 FH i, 2 T 5 4 9 figk i 1) 386 0m
FHEGF L3R R AL BB T 52 400 mg L', 4 d %Wy B A AR 7.33%, R4 5 AT 58 4 B i 400
500 mg- L7 KWy, FEH I OR B PR RE . R FREY M T 4 R (avb) & AR L RS an &
5(b) iz e TTLAE Y, TEAEBIW B (200~600 mg L) K, /NERBEEM 44K (atb) & R G2 Fh(E 1
T 1.54~4.71 4%, X AT B8 2 B T 4H TR = A 2 193 88 i 1k R AR IR 17 A I X I e i Jih e 5 TRl B, 4 AT R
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ORI A CO,, A PRI, SR RO AR YR, SCEUR I Ak 1) ] o AR R e 2R W
UEAEAC, 023 A R T L B SR AL BRI R OK BRI ST AT R AN 1 s . ATRUE Y, ABFSEE R
(8 PR R E S, B T B IR R AR AR, P SEBL RO AR B AR, XL T R
SER5 IR T Ak BER B 1 K [R] Ak B 2R Gl A ) o e v AL B

650 50

600 - ¢ * . *

550 |
500+ N 40
T, 450t -
L, 400 g 3l
g 350 | —=—200mg-L"! =
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Fig. 5 Change of phenol concentration and chlorophyll(a+b) content at different initial phenol concentrations
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Table 1 Comparison of culture conditions and research results on phenol wastewater treatment by
microalgae alone and co-culture with bacteria
WEY Higraetr EEES KU
Chiorell » BN (25~200 mg L) A 0E—BRIRIFog st I hk;  BUMBK T, 6 dNTERREM AR ; SEBriRil .
orellapyrenotdose g BRARALHEK (23,33 meeL AR PR WK, 7 AR T 3832060 ) Bl

BRI B2 G Y. 1475 ¢ L), BEHEERY BSIETRYINS, 7 dINFEIR T95% 1048 ; K

Chlorellapyrenoidose  grq gL', M SATRMEAIIK . REWFTIE  FNEHIIN, 7 aHbem T aoeiosm 07
INEREE0.6 g L HZd Yk, TAPEGFRIEEFIRIZEE 2 B 500 mg- L', 7 dP9 S8 i

Chlorella sp. 1000mgL!, 4Hithsz fy; 700 mg-L7'HF, 8 dPIFRAHE T 86% 7Ky} (331

Seened BG1 I FRIER IR TR M EON 9% M A K IR B3 440 mg- L™, 11 dPI A% T 229%H9 »
cenedesnmuts sp. K CEBYRFE}440 mgrL ™), SHLE ) B34

Scenedesmus quadricauda S HRERE(20%~100%) 1 FEALIE K CRI IR, R T <96 mg-L ', 94 hNZEEYSE 2 1

IR 24-120mg'L ), SMIEEE s 120mg'L ', 144 hise kgm0

Scenedesmus obliquus

Chlorella vulgaris | PIZEBH (50, 100, 150 mg L") AME—RRIFABINNE K50, 100, 150 mg L',

Raoultella terrigena MK, BE/BEE(10" cell-mL™/10° CFU-mL™) 48 hN [ S T 99% Ry 1} [15]

Pantoea agglomerans

Chlorella sp.. Bacillus VIR FpE—BRIEAIBG LS IR 3, WIURSEE HL oA HEHE 400 me LI, 4 AN e 4R NI

simplex 1:1(02 g'L:0.2 gL, ZEEHHE200~600 mg-L™ fifts 500 mg L', 6 dPZEES 52 kit o

3 it

1) ABF SRR A T /N Bk T B 2F BT R 1 I SR AR R T W B OR B K AL B, iR R AE AL
PR e R O 1 R K TR sk B T AR SRR A Y B H Y .

2) /NER M BETH 32 400 mg- L' 2K, {HXF 100~600 mg-L™" # 2K f (5 it 5RA K 1.219%~11.66%., {E%
FEWETA LU L W TR WD A P MR R A b R A e R I B R AR R 0 SR 0 B TR R A IR (0.2 gL A
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02g' L), 7EMAMT, BEREMAR 6d NIELRFEE 500 mg L™ AY7RM;, HAES RV (200~600 mg-L™")
T, DRI SRR (atb) SRR A EIE N T 1.54~4.71 4%,

3) /INER BRI TR] A2 AT B 6 5 97 AT LA SR g 2 M 6 i B 0 T fie /N BB AR IS, AEOR ) K VA
LB PR AR T R B T — € 9V .

2 % X ®|
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Effect of algae-bacteria co-culture on Chlorella sp. growth and phenol
degradation
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Abstract The discharge of industrial phenol wastewater has caused great harm to the environment. This study
aims to construct one microalgae-bacteria consortium for simultaneous phenol removal and microalgae biomass
accumulation, which has great significance for purification and resource utilization of phenol wastewater.
Firstly, the tolerance and degradation performance of Chlorella sp. to phenol were investigated. Secondly, one
consortium was constructed using Chlorella sp. and Bacillus simplex, and then the effects of microalgae to
bacteria ratio, microalgae and bacteria inoculation concentrations and initial phenol concentration on phenol
degradation and microalgae growth were investigated. The results showed that Chlorella sp. could tolerate 400
mg L™ phenol, while it only had degradation rates of 1.21%~11.66% for 100~600 mg-L™" phenol. For the
consortium with Chlorella sp. (0.2 g-L™") to B. simple ratios ranging from 1:4 to 4:1, 400 mg-L™' phenol was
completely degraded within 3~5 d, and the contents of chlorophyll (a+b) increased by 0.14~2.21 times compared
to Chlorella sp. Monoculture. The phenol degradation efficiency and microalgae biomass gradually increased
with the decrease of Chlorella sp. to B. simplex ratio. For the consortium with fixed Chlorella sp. and B. simplex
ratio of 1:1, and Chlorella sp. inoculation concentrations of 0.05~0.4 g-L™', 400 mg-L' phenol was completely
degraded within 4~5 d, and the specific growth rate of Chlorella sp. was highest at the inoculation concentration
of 0.2 gL', For the consortium with fixed Chlorella sp. and B. simplex ratio of 1:1, and Chlorella sp.
inoculation concentrations of 0.2 g-L™', 500 mg-L™" phenol was completely degraded within 6 d. The content of
chlorophyll (a+b) increased by 1.54 to 4.71 times compared to initial inoculation value at phenol concentrations
of 200~600 mg-L™". The above results show that the consortium could significantly improve phenol degradation
efficiency and Chlorella sp. growth, and has a certain application potential in the field of phenol wastewater
purification and resource utilization.

Keywords Chlorella sp.; algae-bacteria co-culture; phenol degradation; high concentration phenol
wastewater; microalgae biomass
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