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RS T R e BEE TR R AEE
PR LA R ZE SR R — SRS G B S S ELPNP S
Y JE 1 ) HERUK AR T L PNP A 3 0 B (/R
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DN 55 52 BR i 22 B K e 7 TR I 25 4 T SRR
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2 HMESZR

2.1 iRKFIRALEE

X il 3 75 i ( p-nitrophenol, PNP, 4l & 98%) , i%
BALE AR T RS TR A G HEZERER BT
CTER T, W 18 R e T L Ak 2R A ) SRR
BEREF L (NH,),SO, ¥R 43 Hr 4, W [ K HE i B Bk
AR IF & ol s 25 K Oy — IR KB K.

FEALLSA UV2100 L5300 B2 1 (g e Je fi
N FL) R R TR KT B (g R S A BR A B R Y
W), 40 B KOF (g e - 48 R 24088 Dl A BR A
Al BERIES (M Z RS AERAGRA ), AL
SAEFE (g ——E R R A R F]) ,HC-3018
AL CLBUP R AR ARG A R A A o
22 HMRERE

B B« BRJE 21 40 5 (Rhodobacter sphaeroides) H
PR R ARG A AL AN OGS AN B, el Ll vE R A
JeB AN I S A B S R A

AR IR SRR 2.5 g BERETY 1.0 g (NH,),SO,
1.25 g.MgSO, 0.2 g, CaCl, 0.07 g.K,HPO, 0.9 g.
KH,PO, 0.6 g .Z£/% 7K 1000 mL.

YAk 5 % AL AR B B IR AL R A3 B PNP fiiZ
L 43 518 40,60,80,100 mg-L7" F1120 mg-L7's
2.3 XWHE
231 ML EMEESRS &

FEYIALRE F2He b 482 A 15% B9 H Bk, 76 30 CF
15 IR 38 B 3% 5E SN 2500 lux, 15 358 56 i PNP & 5 th
40,60,80,100 mg-L" 34 /m# 120 mg-L™", 5 FYI1L 5
AT . 7E L E R EC10 mL Yk S B R, 7
9500 r-min” F&.0> 10 min, 5% W5, % 2%
IV R R T, O TR R R T Al s R
#H .
2.3.2 ANEMEZRETPNPHIFERELE

T UE B H B RR A R AR PNP Y A BN Y
YR R AT 4 AT SR (1) & A 80 mg-L™' PNP
3G 75 FE AT H R PR (2) L& 80 mg-L™' PNP [ 55 3%
5 (3) A 80 mg-L™' PNP (115 3% 3 A1 K36 H B bk
(4) 7&K &4 80 mg-L™" PNP I H & bk, 38 it 4%
ol — 2 B A H BB 5% % T Y H R R AR ) i A B
OD., 4 0.182, FHAZR M ZE45 135 i %5 18 T 30 °CHY
N AR, L B3R 4 2500 lux, 75 [ 24 h BUEE
R, A A it T S I =, O 41
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F 9% 40 &% 2 FOG BRAS 10 X H R BR A= KRR R
PNP R B 52 00, 3 B 4 Bl 357 551 IR EDE I R &R
PRGSO BRI G SR YOG BRBE S 2500 lux, B4
A R K (4R 3% BB R 130 remin™') RIS &R
(U7 2 BATALHE) TR 24 h BUREARG I
2.3.3 HEMKMEEPNPHEAEREREZELR

P S i B R < 7E 20, 25,30,35,40 °CF,
pH{E N 7.0 & A 80 mg-L™" i PNP &% % 3t vp | 4% IR
15% I 42 P et 422 0 DR B, EAT R AR SE I A 9 . SR
2y 9% E pH{H 5.0.6.0.7.0.8.0.9.0, PNP 4] i % Ji&
60, 80, 100, 120 mg-L™", #Z F it 5% .10% . 15%.
20% . 25% , HEAT PR R S0 . TR 24 h LS mL A
W, E 9500 r-min” N &L 10 min, 7£ % K 400 nm 4b
T B BB R PNP Y&

SN TR R XS H T PR B A PNP Y B2, 53 51 D
0.45 g-L"MEEEEE A RNE R JRE ((NH,),SO,.
NH,NO, . KNO, 1 JJy 55 37 e v (%) 0, 32 52 ) Je K
1A AR B AT TE LA R B R L b i 25 AR O
Broxk H B bR B Al PNP B 20 . 5557 168 h 5 HURE , il
SE L E W BR B PNP R B K R R DO UE ) R R T
5 mLZEM KA, 7E I K 590 nm &bl OD 8, Fm HA:
Y.

2.3.4 MM EA HEHRFERE PNP R SLIE

MR LA - 5P 2R S0, 6 O H T PR [ % PNP Y
B3 S K2R AN RO B B 547w 1 1 Ak
gy BT 928 o Bl 1 Design Expert 10.0 1 Y
Box-Behnken A5 7Y 3k &% 310 17 181 (9 O £k 55 56 7 28, i
JECA) . pHAE (B) \PNP ) 4 v B2 (Ot B 7% &, 1 17 I
SHe PR SRR AR T,

R W R HORRR A PNP Y S5 3R KoK
Table 1
degradation of PNP by strain H

Response surface methodology for optimizing the

factor
levels

A B C
low(=1) 25 7.0 75
middle(0) 30 8.0 80
high(1) 35 9.0 85

R A4S TR AR A J5 %) 88 ik 45 A 06 A7 00 TR 2 56, DU
PNP {1 52, 6 J1F vl o7 T S A8 o 000 50 40 10 P Sk
2.3.5 HEMKEKSPNPEEHNHFLR

P d L A5 P R R AT H TR AR B PNP SE5G, B5 B9
24 h BU5 mL B, I 5E PNP ¥ B FIE A 4R Wi, OF %
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PN, FLALGR kG

£ PNP V& 3 F1 TR 1R A= 47 o I 1) [ 19 228 £k 15 50, [ B
BEADL H B R B i PNP B 3l 122 7
2.4 HHHIE

PNP ¥ JE 1 0 5

FHUV2100 B A] UL 43 O O JBE 5 I 8 PNP Y 3%
B,

PNP [ i R B A F
m=(C, - C)/C, % 100% (1)
A, n HFEMR, % CoN VIR E , mg- L™ C AT 4
W, mg-L7

FIFH #544F Design Expert 10.07° % i )b 1 % 1152
B 45 AT AT

3 BRELSW

3.1 {REX PNPRIFERRE R
A 2 X PNP B fif (09 52 i UL 1a. i & 1a Al AT,
[Fi) B A7 K5 9% B6 F0 H B B 19 7K 22 6F PNP i 32 35 51
89.0% , H: & 4K % vh PNP (% [ fit AU N 8.0% & 47 -
PRLIL , AT DA 52 H B AR T 200 2 A i PNP A 1R
WA (HE MO R R T, A [t 406 I8 & 14 X PNP

100

80r

60

—&— with R.sphaeroides
—e— without R.sphaeroides
—a— with dead cells

—v— distilled water with R.sphaeroides

401
201

degradation rate of PNP / %

ot

0 24 48 72 96 120 144 168

incubation time / h
a. different systems
100

= g0t
o
=
& 60t
S
L
s 40
é —=— anaerobic and illumination
3 20t —®— anaerobic and darkness
g —4A— aerobic and illumination
S 0Of —¥—aerobic and darkness

0 24 48 72 9% 120 144 168
incubation time / h

b. different oxygen supply and illumination

BT R AU B X PNP R fiff ) 52 1
Fig.1 Effects of different systems and oxygen supplyand illu-
mination on PNP degradation
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Rt A B 52 WL b FR I b Bl a0, [ A 51 168 h A fi
FEEARTRE  H BARAE A [F AL 0O B ST 0] DLRE
fitt PNP. 75 IR 4806 B 2% 4 8 B fiff 56 e 7l LA 3A )
89.0% , 4 %A R S5 PR B i % 82.1% A X 8¢ . H
AR T DL O BB B A 1k 27 RE ATP, 45 241 i £ it A it
R WA S PNP T AS [ 25 480 6 T RE 51 k2 PNP By AR i
AN [A], F B fff  p AE — g g B H
PRI G 75 IR SO0 IS5 R T B i PNP, 55 50 A > S5 A
FEHIC A AN TR PSB-1D Xt 2-58 7% 1y 1) W5 gk 4 1k A0F 9 &%
w3, L UEW H B RE 0 AR KR EE B I PNP
1) I fif 20C%, #E IR SO IR IR T PNP 1 B i b s
3.2 EBREZEXPNPEFEHFNE
3.2.1  PNP #1947 B X B fiR B9 %2 )

PNP ] 4 He B T B fff 10 52 ) 0L 181 2 fly &1 2 W)
1, PNP ] b6 v B 110 78 A 0T B3 ik 1Y) 52 e 38R . 24 PNP
W4 1 R 60~80 mg- L™ H B R 1 B i R AL T, PNP
W14 W BE Sl 80 mg- L I R iR A8OR B AR L 89.0% , 4%
PNP 47 4 ¥ £ 384 Jn £ 100 mg-L7" #1120 mg- L', F& i
FHBRLERFE 50.1% A4 o A Bl AL, AT g J2 > PNP
W Uh W B T 100 mg- LB, PNP X H B RR = AR 5k
F 75 AE T 2 2k 0 H R R S O SR L, e T
IEH B AR AR . B 515 PNP Y 5238 S 9 W R
80 mg- L™, %4 5 #H /NG % \BFIE B Pseudomo-
nas sp. PDS-7 i K PNP B REME Y 2518 JE AR — 3,

100
= gof
o
=
% 601
i)
S 40r
é —=—60mgL’
% 201 —eo—80mg.L"
> —4—100 mgL"
@ | .
s 0 —v—120 mg-L

0 24 48 72 9% 120 144 168
incubation time / h
B2 PNP ) URHe X 5 i (4 52

Fig.2 Effects of initial concentration of PNP on the degradation

3.2.2 EFEXT PNP M

oz o X PNP R i 0 52 ) DL &1 3, i BT 3R]
PR RN 5% .10% .20% M 25% I, [ i 5 53 51 Ry
76.1% .86.0% .80.2% H1 74.1% , 4R/ J 15% I, [
fift IR B B fE R 89.0% 0 A AT A, 2 AR H
PRI, BE 0535 N7 PNP 2 Pk 19 H B AR 0, 5 80 H 1 bk
ARME A BEH . A2 H R BRI, B 3R 3 b B 3R
JL A3 B 22 1 F T H R R AR K TR 2 B i PNPY
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1, 3 B3 o 15% 45 X1 5 3 AF R A A 4 b i
Xof 24 9 A I T R MR 45 R — 2
100

80t
60}
a0t

—|—5%

degradation rate of PNP / %

201 —o—10%
—A—15%

—¥—20%

ok ——25%
0 24 48 72 9 120 144 168

incubation time / h

B3 BEFh X PNP R 4 52 0
Fig.3 Effects of inoculation quantity on PNP degradation rate
3.2.3 pHEXT PNP P& K % I

pH {E XF PNP B i (19 5% i UL 1 4. f & 4 0] %0, pH
{24 5.0.6.0.7.0.8.0.9.0 H B ¥k B PNP (91550, 45
IR pH (B A S AL X H TR B PNP A7 7E 2 35 1 52
M. pH 7.0~9.0 A F T PNP [ A5 By A | [ fife AR
B 4 9 89.0% . 83.1% , Fl 80.2% , 7E pH 6.0 Al
pH 5.0 i £ 1 T B it 6 4K 50 0K 34.1% F1129.0% .
— 5 T Ji PR 2 R R A 1 RS T PNP R RE T, A EE N A
AR T i R R 1 28 Al W 1 R BE pH B8 T i T D
55, B A S F R (pH>7.0) H A W) T RE Mg P3G K. 55
— 77 THI AT BE 2 TR AN ] A PR B 4% 18 T, R i B 3R ik rh Ay
PLYI A B 7 AL AR B, 51 R H T R 20 i 58 6 T T Y Ay
KRR 72 A Y H i i I 20 B R AL P B Y
PR IR L K il 2 I HL AT, R H R R A T Bh

I (1 775 P , B AIC PP (1 B fige 3220
100

—®—pH5
80} —*—PH6
—4A—pH7

60F ¥ PH8
—&—pH9

a0}
20}

degradation rate of PNP / %

oF

0 24 48 72 9% 120 144 168
incubation time / h

B4 pHEXT PNP i i 52

Fig.4 Effects of pH value on PNP degradation

3.2.4 REX PNPEBEHIRIN

T FE 6T PNP [ fiff (9 52 e UL 1€ 5 | 1815 AT IR
BEXT PNP 1 R i 52 i 55K o H R R 7E 25~30 “CHg 4%
U 1) K f PNP, JT LBl B IR B 19 T =, H OB R X PNP
[ & fift R N 78.1%~89.0% & E T #a # , 7F 30 Ci}
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H T R X PNP R A 56 B, 2 T 3k 31 40 °CHT RF fi#
REEAG, PR, 5 fife 56 0 R 2% il 25 38 3 19 T 8 i G PR
TR A TEE Y Y TR B A R 8 4 OF g S L 1
SR H TE RIS | A i PNP Y BE J1, i 3k B IR
T I B 30 C AR gk R AEE 5 I R R BRI
—5,

100

80f
60f
40t
20t

degradation rate of PNP / %

oF

0 24 48 72 96 120 144 168
incubation time / h

B 5 i PNP R 0 B0

Fig.5 Effects of temperature on PNP degradation

3.2.5 ANEFEFIFEIT PNP B E RS0

RN H B RR AR K R PNP R T % % &
B RS, S P 5K T AN R R S IR B 4 A RIR
H B AR B it PNP Y 52, 25 1 LIl ba. i 1l 6a T4,
AL IR T R I AR R R A R e, TP AR
H1(NH,),SO, 1 NH,NO,, Xt PNP it [ fift 5 Fi1 4 4
FEA R RCR B R R 2] . e O = R R R i — 2P
THF 5 2B S0 TR T 6 i 23 R H T AR A I AR B ), 4%
WIE 6b, i1 & 6b T AT, (NH,),SO, Fl % £ 24 4 %507
B,
3.3 MO R B H B #k &2 PNP B9 06 o 47

FI 3 F Design Expert 10.0 "' i Box-Behnken
D SN I IVATTESE R Ao S sy IR TR UN- NS S )
e HUXT H B B [ 8 PNP B2 i 8 3 0 IR 2L T (A) |
pH . (B) \PNP 47 4 v i (C) i 1 78 1, i [ 1 S5 56 1%
RWSEE e

i i FAF Design Expert 10.0 Xt 0 b i 5 72 1 17
D5 2550 M, A R R T e [ A R O 25 43 AT Ak L 4
L 30 Hoh g 227 05 L, 48 BE A S RE AR S {1
a2 7 M EL B RIS Y 25 . FIE %
REE LA F oA FR B B R/ [ 00 A A5 8 22 )
EIFEAHSE . PIERR 5B E MR KN, 2 P<0.01 B3
W32 DR 28 0o i S5 Al B35 (R R, 24 P<0.05 A i3t
2 DR 3R X T T bR 0 B R AR A E R, Y
P>0.05 B i3t B 12 PR 38 5% B bk 1) e 0 T B 3 1Y
M MR P<0.0001, PR I 2 45 70 Ot S5 AR R
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VIR 200, TR

100

X1 PNP degradation / % B2 cell density(OD, 0.25

590 nm)

80 0.20

60 0.15

40 0.10

cell denSitY(ODsgo nm)

20 0.05

degradation rate of PNP / %

0 KNO,  NHNO, (NH,),SO, Peptone yeast extract urea Beefpasteo'oo
nitrogen sources

a. different nitrogen sources

100 0.25

< 9[ KXY degradation rate of PNP / %

= sof A cell density(OD, ;) 0.20

& 70} <+

S 60} 015 &

2 [

© 50 Q;

é 40 + 0.10 ‘é

S 30f g

5 0f 005 %
0 0.00

yeast extract / NH,NO, yeast extract /(NH,),SO,

b. different combinati on nitrogen sources
Bl 6 AN [ b 2 U U5 RS ] 265 05 X PINP R fif 1) 5 Tl
Fig.6 Effect of different nitrogen sources and different combi-

nation nitrogen sources on PNP degradation rate

R2 MRS BT A R

Table 2 Design and results of response surface experiment

No. A B C degradation rate/%
1 0 0 89.0
2 1 1 0 85.4
3 1 0 =1 84.4
4 =1 1 0 84.0
5 1 0 1 86.4
6 =1 1 0 82.9
7 1 -1 0 84.3
8 0 0 0 89.0
9 -1 0 =1 83.2

10 0 =1 =1 85.8

11 0 1 =1 85.1

12 =1 0 1 85.1

13 0 0 0 89.0

14 0 -1 1 85.8

15 0 1 1 87.0

16 0 0 89.0

17 0 0 89.0

HARPUEN 0.5010 A 2 . = AH K RE R Fom i
AU ) S 56 235 SR R S R ) A 5 56 25 SR 2 (R B HUA
R*=0.9906 & W J5 PR AL By 40L& B R4 AT A5 B2 =y L g
fig % PNP B B fige 47 G BT
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M 3 ] R BE  pH (E L PNP ) 46 vk B Y P(E
43 %124 0.0007,0.0011 1 0.0305, [H 1t 3 )& F1 pH {i
X PNP (14 5 i A7 A & 25 19 52 0 L PINP ) 46 Vi 8 ) [
ff A7 B 5 R, O LT (pH (B PNP ) bR v X =4~
PP ZE X PNP Y B A 52 ma AR R sk 55 . = AR I
EH AR, R EE A pH (B R EE AT PNP ®) 46 e R  pH (B
F1PNP ) 4 W B2 40 4 5 PAE 4> %)~ 0.0310.0.8914
1.0000, Jid B2 F1 pH {E X PNP () 9 A7 .35 52 0, T 8
I PNP ] 45 & B | pH (B 1 PNP %7 46 ¥k B ) 41 &
P>0.05 ¥J5%F PNP (1) [ i TGtk 3 5 1)

3 WA G [ A T AR T 2% S M A R
Table 3  Analysis of variance of response surface binary re-

gression equation

sum of degrees of mean

ftems squares  freedom square r i
model 109.63 9 12.18 97.72 <0.0001
A 3.51 1 3.51 28.17 0.0007
B 0.91 1 0.91 7.31 0.0011
C 4.20 1 4.20 33.74 0.0305
AB 3.35 1 3.35 2.13 0.0310
AC 7.43 1 7.43 6.24 0.8914
BC 0.90 1 0.90 7.24 1.0000
A? 53.06 1 53.06 425.72 <0.0001
B? 24.25 1 24.25 194.58 <0.0001
e 13.27 1 13.27 106.43 <0.0001
residual 0.87 7 0.12

lack of fit 0.87 3 0.29 0.94 0.5010
pure error 0 4 0.00

cor total 110.50 16

R? 0.9906

i 3 K F Design Expert 10.0 8248, i A7 ifi 7] DL B
N HE T H L pH L PNP R i v B 3 — > PR A2 HLAE
JH X figt SR B S i), 245 SR LR 7 PR e gl T IR 2
7 3K A 2R — AR FH T H OB AR B A PNP 1Y) 52 i
JE, OIRE  K 2% mm AE FH ARSR Z  Z BRgs . H R 7
AL I R pH X PNP A [ ik 5 i d5 5 A I R RN
PNP 4] ff ¥ 2 XoF [ fift 5% Wi 42 /1, pH R PNP %) 16 Wk )3
BT XoF e figt (14 5 1 /0N o

3T B BT S 56 HCHE I S0 H B B B A PNP
) e e 2 S5 SR N3 4 B

Shy 56 IE D 7 T ST 0 K5 A 1 T S A T S Y B
P4 F T (PNP I BA e 81.01 mg-L™' .pH 8.09 IR FF
h30.49 °C)HEAT B0 SE 56, B F I W 52 PNP i R figt
R SRR SR E BB R N 911 % , B R T
At
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I e B AR SR R 92.3% (6 4) , SEFR{E FE TIINE /N 1.2%
(< 2% ), IR I g 107 oo #5030 £%) PG Ak 45 1 5500 vl 58

degradation rate / %

initial concentration

of PNP / mg-L" temperature / °C

3 / P
79 = _ D
7w

a. initial concentration of PNP and temperature

degradation rate / %

b. temperature and pH

degradation rate / %

Q
79 < 5 o
77 75 19 B

initial concentration

of PNP / mg.L" pHivalue

c. initial concentration of PNP and pH

Bl 7 L pH PNP IR e A B AR X [ i ) 52
Fig.7 Influence of temperature, pH value and initial concen-
tration of PNP on degradation

R4 H BB IR N T A T 45

Table 4 Prediction of strain H by response surface optimization

initial concentration
of PNP / mg-L™"

degradation

temperature / °C  pH value
b b rate / %

30.49 8.09 81.01 92.3

3.4 PNPHEMEEMKEKNXRREMUNNEFTRE
3.4.1 PNPHIKERMEEHKREKHNXER

TE S5 DL B A 2500 T B H B AR 2B ORI i PNP 1Y
M WL 8. HiE 8 AT, FE 45 5% 96 h 5 H B bk Ab T 1E
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NI A K S48 B e H B A A R i A B K
168 h Jim 5 95 5 P8 F= W b K B A H bR AE Kl
TRIFRE . 7E96 h N PNP P M 81.01 mg-L7' &
K F] 20.33 mg-L™", X 0] B8 S th F 40 L X PNP 9 0% i
o W BR800 78 120 ~ 168 h N Bl H B
PR AR KR 2L BE i PNP, 2 £ 1) 5 ODyp B3 2.0 LA
Jo H B bR AR KGR T EL PNP A [ it 35 A R 58 IV it
HIRBIR KA 91.1%

90 25

— ™ —concentration of PNP — ® —0D_

> 0 \\E 1o
o 60f S
2z {15 2
£ sof 8

o -

5 40 41.0 §

® 301 S
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Degradation of p-nitrophenol by Rhodobacter Spheroides and Optimization of Response Surface Methodology

SUN Hui-min, BAI Hong-juan, ZHANG Qing
(School of Environment and Safety Engineering , North University of China , Taiyuan 030051, China)

Abstract: With p-nitrophenol (PNP) as the target pollutant, the degradation characteristics of PNP by Rhodobacter sphaeroides
H strain were studied. The degradation conditions were optimized by single factor test and response surface analysis, and the
degradation ability of H strain to PNP was improved. Different reaction systems have been set up to prove that H strain living
cells are the main body of degrading PNP, and can degrade PNP under anaerobic light, anaerobic darkness, aerobic light and
aerobic darkness. The single factor experiments show that the significant influencing factors are initial concentration of PNP, pH
value and temperature. The optimal degradation conditions after response surface optimization are: initial concentration of PNP
is 81.01 mg-L™", pH value is 8.09 and temperature is 30.49 °C. The predicted value of PNP degradation rate is 92.3% , which is
1.2% (<2%) different from the actual value(91.1%). Under the optimum conditions, the relationship between the growth of H
strain and the concentration of PNP with time shows that the concentration of PNP decreased from 81.01 mg-L™ to 20.33 mg-L™
within 96 hours of the growth adaptation period of H strain, and the corresponding degradation rate is 74.9%. Then, in the expo-
nential growth period of 96-168 hours, PNP is rapidly degraded, and the degradation rate reaches 91.1%. At the same time, the
first-order kinetic equation of PNP degradation of H strain under this condition was fitted.
Key words: p-nitrophenol (PNP); Rhodobacter sphaeroides;degradation characteristics; response surface optimization
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