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Study on heavy metals removal by extracellular polymeric substances extracted
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Abstract; Extracellular polymeric substances ( EPS) play a very important role in heavy metals removal from wastewater through adsorption. Bacillus
vallismortis has been found to be efficient in degradation of aniline aerofloat, however, its potential for heavy metal removal is still unexplored. In this
study, three methods were employed to extract EPS, and effects of pH, temperature, substrate concentration and time on removal efficiency of heavy
metals were investigated. The results show the highest extraction efficiency of EPS was achieved by using heat extraction method and pH played a greater
influence than other factors on heavy metals removal. The adsorption capacity of the EPS to heavy metals increased with pH under pH below 7, but the
effect of temperature was negligible. Cu?*/Zn?* removal by the EPS was found to be a rapid surface adsorption process. Cu®* and Zn>* were removed up to
90.7% and 52.3% within eight minutes respectively. The adsorption process of heavy metals onto EPS followed pseudo second order model. The maximum
adsorption capacity of Cu®* and Zn?* calculated from Langmuir isotherm model were 2.155 mg-mg™! and 0.508 mg-mg™! respectively, under single metal
system. The adsorption process of Cu®* was well fitted with Langmuir isotherm model, while the adsorption process of Zn?* was better fitted with Freundlich
isotherm model. Infrared spectrum analysis results demonstrate the presence of hydroxyl, amino, amide groups, carboxyl and C—0O—C group on the
surface of EPS which could be involved in the adsorption of heavy metals, and the Cu** and Zn?* adsorption siteson the EPS were almost the same. These
results will provide a theoretical guidance for practical application of using EPS to remove heavy metals from aqueous solution.
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1 5|5 (Introduction)

FEIARF R A — KT B EZi5 YRk
HhAIE T 10 Mo R AR B, bl a5 A A
BF (Shipley et al., 2013) 4 FFH = FEIR )2 IF
B RHR M T — R )™ 5 BRI ][]
I, B A 0 528 A R 55 H, Tt DA TG
R 33X 2 b TN AN S ) A B K 25 S B B
TSY A R 1 fE R B Ik B ( Kazemipour
et al., 2008) , iH T AR A= Wy B A R AR 2R, w3
T EYHEE R R R | Ao iy NS R R AR
FEE A E (Hadi et al., 2013) , H I, B AT7E SR 5
TR SR ™A b 4 R E — 2 199 L LA S A
A BEEFL (Abdolali et al., 2015).

1RGE bRaE B T IT e R 2B A A= |
Gy IR TG R PRI, G e Sk
FE 1~100 mg- L™ B 9y #4876 0 X6 42 @ 5 1 19 25 B sk
RIRE (Gupta et al., 2008 ; Lodeiro et al., 2006).—
SePR SR MR N AR AR ST RS A SR A
W 56t T ) FH 3 70 2 9 9€ ( De Luna et al., 2015;
Gwenzi et al., 2014) )48 X SEWg [ff 44 6L B A 1R 4
AW o 250 R, L 0 e Ui AL 3 AR R FE AR
FH DTS 38w REAE. 0 2 W B H T B e v A
fRBEFERI DL F T 5 B2 KRB 58 N B3 A R 2%
(Feng et al.,2013).

5 R U], AR5 W) (Extracellular Polymeric
Substances, EPS) % B /K b 8 4 & B8+ H A R 19
W2 it 4 BE ( Moon et al., 2006 ; Zhang et al., 2008 ;
A5, 2014) . Liu 55 (2001) $2HCT 4 Ff A [ 40 3
A 5K 0 W ot i 5 T, 295 R R B X [] — el
G I8 1 T 1Y g5 W B 3 i) LG A IR 83, 8%
92.5% .96.3% 1 64.8%. [ I, 47 KM 5N 3R G 1 1) B
FECIH N — AR (Guo, 2015).EPS E&H +
B A E B (AR AL Ak R AERIERILSE) | m] LA
KR IC R (Ans By RESE ) TS A S
REGEAH LA R K Hb 9 B 42 Jm (AR5, 2011) AR SK
R = I B ) TR AR W B A v BT AR R T
VLG50 (INA N PR 2 ) EAT T REWTSE  (H G miAY
FRF45 B B 0 e 2R K e i A LG5 T S B
b IR EK T B A R BRI Cu® Zn® R P
WAREZ WS SR AR EPS W B 4 @ E 47 7T
Z WS (BTELR G 25 Ik IR K i 8 BIL 24 5] A
AR TR AR S0 3 43 B Hh R i R 24

fi# 1 ( Bacillus vallismortis ) W [ 55 43 J& 7 T A58 18
Ao A, AR SCLAE A Bacillus vallismortis
(9 EPS A Sy — Fift A= Wy W B 50, 25 BR B — 1R R Y
Cu® \Zn®"  WFFE W B 2ok A v 0 52 o DAL 45T 0 Bf
SERZ NS g AL IR AT FTIR $E47 43 #7. U
RAEA IR K A B2 50 R G T Y (] I B R ARt
PR LA I il A — B [l i 25 BRE T R AK A L
2500 R 4 0 AR R R R S %

2 ## 57 % (Materials and methods)

2.1 BERE %

AR JHg P24 e S8 A T DA N T Y 9 K A B
IO I TS S R, T 2014 AR i SR E S B
alifb A5 B R At i 94k 5 R 20 g - LAY B
WRARAFAE 4 CUKFE A . R I 1 AT [ e MK Ak
PRI M DR AR 1 2% Mg T 24 et TR O 2, R SRR
2ER PRI N 649.7 nm , KEZ R 1.67 pm. &
16S rRNA ¥ | ff 2 12 A T R AL T4 Al s 2 SR AT
W Bacillus vallismortis (R TVEESE 2012, X K i B
A R R AR PERE.

e e
S3400N15.0kV 5.1 nn X20.0k SE _ 2.00 um

. I
S3400N15.0kV 5.1 nn X5.00 k SE 10.0 um

B RS AREEREAEERERR
Fig.1 SEM photos of Bacillus vallismortis, an aniline-degrading

bacterium

22 xR

TCHUERIG AL 1.6 ¢ BEIR 281 ,0.4 ¢ BEIR A
TH,0.06 g BRLEREE,0.001 g EALES, 1.0 g b
1L ZEIK.

WAL 125 o RN, 2.5 ¢ EAME, 1.25
g AL, 250 mL ZEHEK.
23 MARAHEHRRE N =

HLAN R AR R TS 0 (12000 1+ min™' ¥
FRESL 15 min, 2 ELJE R 0.45 wm JEAET )
(D’Abzac et al., 2010; Adav et al.,2008)  #H %
(80 C KB 2 h, 16800 remin ' B> 15 min, [
TEWBIHUE L 28 ) (Comte er al., 2006) 75 1%
(40 kHz 50 W #4788 /4 #E) (D’ Abzac et al.,
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2010)3 Fh7 i $2 8, $EHUAY EPS T -18 °C N7,
7% H.

EPS W22 o0 e 5 A%, {H H rh i Z2 W5 A,
B & a iR 3] 70% ~80% , AL, 134 EPS (4= H &
DLW RN 1 B IR R AE. o 2 R
T L €500 1, 2R T A ok B S st i G-250
P E (XISE5E,2007) , Fr A3 SLE 25 S 2k 3 IR
TR 1A
2.4 Cu™ Zn™ H R 3

B — R 48 2 TV R 10 mg - L™ A B
FRER (A3 T4l ) VAT, 2 18 EPS iR 5 4 8 B i
Feoh 2:1 I HLB) FE Cu™ Zn™ VT PN EPS; SRS
g3 AR pH L BE L B vk R B B ],
150 remin~" FHR¥% 3 h JA A &0 T4k B A 38 #r 4%
th 7RSSR 100 mL Z /K I BEAR AT 12 h, FH K
T IR 43 6 6 BE T DU S AR K R WY Cu™
Zn™ YR AR KA EPS, HA 2 A,
YER2s LS.

K Cu®™ | Zn® MR B SR A TR TR 53l
SEEE M R ( H A7 22000 &K HBR 0.001 mg- L7,
HAH AU AR ) pH I PHS-3C £ pH 31
B LR AN A

COVO - CtVt
r=——— (1)
GV
c,v, - CYV,
e (2)
m

Kb, r SR E T LB Q0 NN EPS W &
(mg~mg71) ,Cojj/i\ﬁ—%%@]ﬁﬁ/ﬁg( mg'Lil )i Vol
W BRFRT VA VR AR R (mL) 5 €, o 2 A 221 4 T o 1 ok
(mg-L™") sV, BB 2 AR (mL) ;m 4 EPS JiT
i (mg).
25 HMFEALR

EPS X Cu™ [ Zn™" 4 W B vl T e B 45 it 503
78, 1E 30 °C . pH=6.5+0.1 EPS JFifg 54 8 5 7%
HEHON 2:1 B B EPS 433 AR 8RB h
5.10.15.20.25 .30 .40 mg-L™' ) Cu™ . Zn™ ¥,
W2 B F 53 BT 4 i v B R R I LR IR R 5
P4 W et BT 0 o6 4 e 2 1 P v R R R Y
N (55 78 7 B2 8 Freundlich W2 [ 45 8 77 72 (3) A1
Langmuir W [ 55 R 7R (4) .

Q. =kC." (3)
bC,

A (4)

Ko, Q. R W B il B A EPS Y IR R
(mg-mg™); 0, K M EPS (4 £ K W &
(mg-mg ™) ;k.n.b AHEE(—BINHK 0.1<1/n<0.5
i 5 TR, 1/n>2 B DU LA B ) 5 AR AR5 XL
[R] AT
2.6 BIRHAFHE

H TR EPS WEFfE Cu®™ \Zn™ T 25470 ik
$£ 20,30 ,40 °C B AS B I o6 1 1550 2 B A T 25 2
£,Gibbs H HHAEZE (AG) J&25 (AH) KAHZE (AS) ]
I HRE(5) ~(7)THE.

AG =- RTInK (5)
AG = AH - TAS (6)
C. x 1000

AP K P E(L- g™ ) s R 9 BE R 8
(8.314 J-mol ™" K™") s T MRS (K) ; C, by W Bt V- iy
4 R B TR IE (mg- L"), HARFF & IR HT KA A8
AH J578 AS AT AG-T etk B Ak R AR iR 45
2.7 kg

B—E# 95% L BET-18 °C F#AF 2 h, K EPS
JRREE BN T 4R B R EPS 50K OB 1:5 L
BB  ARSEUE A -18 CHIZIE T 12 h HEH
BRVE , BCITVE DA TV VR T8 s SR 5 #4 VR T 19 EPS
JRRE S B T 4 Jm B 1 EPS A4 5 KBr i BE i
WA 1150 1R G, 7RI R th I | AR 5 3 o
PR AA R HLp FE47 R, 28, SR A
FEL A e 21 A8 6 15 A ( Nicolet380, 3E [ THERMO
Fisher Scientific ) 7EK %L 4000 ~ 400 cm ™" & [l N X £
AT AT

3 R 51Fi8 (Results and discussion)

3.1 ZARET E R R At

2 2.3 AR T EXT Bacillus vallismortis 34T
EPS $EHL, 3 Flv B 125 A9 RO X EE WL 2./ ] 2
A R N 20 g- L7V, B e i 4R IR R
e, PRBU EPS WREE N 71.659 mg- L7, Hoh | 24
17 86.4% , B AT 5 13.6% 5 15032 FER 7 I R L
() EPS ¥ B AH XT3 A%, 4 518 5.675 mg - L7 Al
41.303 mg- L™, Ui BHIZ M A LU ASEIE A PR TR FE L.
PRI J 2 S 50 R FH AR IR B L EPS R AR R 1 4%
JEASE ], e 35.83 mg-L7".
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Fig.2 Comparison of the extraction efficiency of EPS by three

different methods

3.2 pH X EPS £ Cu™ Zn™ #y % 7

pH S50 M AR5 Wy W 4 R i R R R
XF LA A ) 2 T B fE A1 (—COOH . —NH, |
=NH ,—SH.,—OH) & ¥ A & & & W ( Guibaud
et al., 2009) . & 3 A1, 24 pH="7 i}, EPS Xf Cu™
EBRRIAE R EH 96% , Wt~ 0.643 mg-mg™';
2 pH = 8 i}, EPS X Zn™ i 25 % %35 31 & 5
79.1% Wi B £ 4 0.527mg - mg ™" ; 24 pH =3 B}, Cu™
N Zn* I BRI AR, 23500 A 38% 1 20.9% , Wit
M50 LA 0.251 F10.139 mg-mg ™' 3X S A A 7E
fipH ZATF, BT REM H 5S8RSR
EPS 2 1 1YW 7 5 EPS 26 0 1R 13658 (i 4>
Ja& B XELURT EPS 2% T8I A9 7 R 2 AT 422 flly, S 1) 1
FEAIEAT s 24 pH 32 7 T = B, 25 B bl 2 T v,
Rt et Bl 2 R O R Ol EPS i AR FE H 2
T BT 2 EE B 608, Cu™ Fil Zn™ 5 EPS
Uik, Cu™ R Zn™ LB L, W o Bl 2

r 71.0

- Cu?t £HE
100% - ]
Tz Rk 109
90% ! —v- Cu®" U it 1
—a- 7o MR 108
80% |- 107 ~
70% - 1 olo @
- 60% 1 . &
& 105 <
#50% 1., B
4104 z
40% - 403 =
30%| 402
20% - 0.1
0, | i 1 1 | 1 | ! 1 1 1 1 1 0
10%— 4 5 6 7 8 9
pH

3 pH XM EREE BN
Fig.3 Effect of pH on heavy metals removal ration and adsorption by

the EPS

155 2 pH (B R A, 5 BRI, T TR S
OH FI4: @ B 145 & Ut iE M i (Comte et al. ,
2006) , MEE 4 8 B 19 L BREA(UAUZ EPS (11
BHVEF] T 524 pH =9 I, EPS XF Cu® Fl Zn*> EFR %5y
SR 31% F161.8% , W i &1 43 ) H A 0.207 Fl
0.412 mg-mg™". FIRZERULE  IEW pH 2™ HE 0
EPS X 8 4 & 25 1 W R, pH 2o i S AIG, 2ok
HA A T B X 5 H A 5T 3 AN EPS W
SRR 5 45 W) & (Pérez et al., 2008; Bhaskar
et al.,2006). 765 Sk g o T HERR pH i & 7= 4k
DUVE M) T, BB A pH 2 6.520.1.
3.3 EE T EPS R Cu™ Zn® Y %
AR T EPS XF Cu™ | Zn*" 19 25 Bk A% B
AN 4 Fros. B 4 a7 B R R 5 T T,
W R AR BB s, Ca® \Zn™ 55 EPS $fil
JUHRBBEZ Tt &, I SE N, EPS X Cu™ | Zn™
{18 2 B3k 23 AR B 20 9 T 5. Cu™ 25 BR 3 20 “C B
) 89.7% Ft & E| 40 °C A 91.9% , W& it =t
0.5978 mg-mg ' FFE ] 0.6127 mg-mg™' ; Zn™" EFRF
HH 20 CHTHY 45.8% F+ 5] 40 °C BF Y 51.8% , W FhY
HELEH 0.3053 mg-mg™ FHE E] 0.3453 mg-mg ™' Y
JEARLETHE 2 50 °C,EPS X} Cu®  Zn® LA
W B AR 46 R K, AT BE 2 KA EPS A% 3R B Y
U = N S s = 8 s 2 B R 05 A = R R i A N e B
JETLE] 60 C B, Cu™ 19 25 Bk 5 A g Bt 2 & A5 7+
15, T Zn® B 25 5 0 R o o AT A 22 Je AR 1Y 42.6%
F10.284 mg-mg ™" LRI FE HR R EXT EPS W 4 )R
BT 2 B AN R AR B

100% - -10
90%F =—-= — . 109
80% [ —n—Cu*" HHE —v— Cu* LK 708 ~

i —A—7n* IR —e— Zn>* WL Joo
70% 17 g
%60"/ v v Y v 06 &

o 4 <

g H0.5 ¥

E 50% - ‘/‘\‘ J =

S a— R (=
30%| 1., E

°L 102 4
20%1 H0.1
0, 1 1 1 1 1 O
10% =, 30 40 50 60
HE/C

El 4 BEX EPS R ERESENIE
Fig.4 Effect of temperature on heavy metals removal ration and

adsorption by the EPS

3.4 BMzhHFHR
3.4.1 B PEMRARENYE AL pH=6.5£0.1,
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T R R IR AR, Cu®  Zn® I 8 0 22 [ SR it i
BRF I ) A 28 Ak 56 2R DL T 5. Fn I8 5 ] 0 g o ek ]
FERZR EPS WL R Cu™  Zn™ BB Z N E | MR T30
AR BT 3 min N, Cu® Zn® AU 2[R 50 illik 3
T 70.1% ,28.6% ; Fifi 25 B[] (4 38 o, 5 25 B S A T
FE,8 min B Cu®™  Zn™ B2 BR R 43 5135 B B = 1Y
90.7% .52.3% ; (H I )5 2B FH5 A T %, 30 min )5,
BRI S B 500 397580 min &, EPS
X Cu®  Zn® WL B SE A 3K B SF- AR A, 6 BH EPS X
Cu® \Zn*" IR B2 — A PRk 2% 1 W B 3t 7, X6 Cu™
B W BFF A Zn ™ B by B Jeg . AN I o e A AR R E0mT A
G3R 3 A BE DR W -1 3 5 - o A A

100% 120
90% -

80% —u Q™" ERx
—a— Zn* EHER
—o— Cu* ¥k o

—v— Zn* Yk

70%
60%[

3 g

% 50%f 110 &
40% 108 i§
30%f 1o
20% 404
0%k A T v o2

0 6 210 410 610 Sb ll()() 150 14]10 1&0 1220 200
Fif ] /min
E 5 EPS k& & & FHIKRM EEE
Fig.5 Adsorption equilibrium of Cu®** and Zn**by the EPS

WA B 2 4 T A9 TP aX 3 AN B B IR R L 2
JVZRGE (Sag et al.,1996;San et al.,2009) , fishER
BYIE Co™ M Zn™ WP EEE LKA ES B T
LHAEE AT, B e A e x Fp oy 2R 8 4 R 2
BEARTEFEHKEARE R, UL, KB BT AR P,
PIREAR AR 1K 21 I FRF- i
3.42 WHEh A ¥ S5 B RS MR AR A sk
AL BRFNWL R HILER, J3 531 >R AP, — 2% 3 7 2 1 A0 (8)
FU Z 20 5 )12 A58 (9) KA & 3 ) 5.
1 k1
RN I
Q Qo 0.
t 1 t
N )
Ak L — G A EEL (min™" ) ¢ Ry W B A
(1] (min ) 5, AL "GN R H R (g mg ™ min ") ;
HAFF S LIRAT kM1 Q0T LIRYE 170~ 1/t A
£ YRR S BERAT 2 b, A1 QAT LURYE 1/Q ~ 1 U
A 2 ny Rl 5T 2.

H 3 1 AT EPS W Cu® \Zn™ A4 — I
FERI R* 735514 0.9374 Fi10.7942 1 K 8L — 9
VAR Y R M AUL 5 B0 ) 2= B , W Cu® Zn™ 1Y
R34 0.9897 F1 0.9998.EPS %f Cu®* Zn" W ff K
oy R 3 AR B S —Br BN 0~8 min B4 28
FI2EW B BE 25 i BEA 8 ~ 120 min Y 0k Bl 1% Bt
BB, 55 = B 120 min S AW RSP 465 B B

(8)

F1 EPSKH Cu* Zn* MBI NWFHFBERATRERE

Table 1  Kinetic equations and correlation coefficients of adsorption of Cu?*and Zn**on EPS

BT EIPIE Yy AR k R? Q./(mg-mg™")
Cu h—GF Sy y = 0.276x + 1.8521 0.149 0.9374 0.5390
W= B) 1 y = 1.8027x + 0.3912 8.308 0.9897 0.5547
Zn? h—GFh Sy y = 0.079%x + 1.9687 0.0403 0.7492 0.5079
W= B 1 y = 1.9243x + 0.1896 19.527 0.9998 0.5197

Wy A AUREST R AR 170 0/ Q 0 AT 1/0 a5k B XHU— BRI =G 3 J1 2 B SRR A &y A k.

3.5 BRM#HAFFR
351 £BBETWHEKREARMRENYH 1L
pH=6.5+0.1 AN 8 A& T, 2 48 5 )
LRV B2 J5 R R R B 1) 28 AR A7 DL UL I 6. 1R 5T 6
AR Bt 00 G 4 Ja 1 Y R ) o R o e Bt 2
W, H Cu® b Zn™ RIS B i

e W B3R5 T, A R o AR Y O
FH—ZRGih EPS X Cu™ | Zn™ 1 W B Hi 48 % A
Freundlich W fif 2515 5 F& R Langmuir g o6} 254955
KAUA  BUA HZanE 7.8 FiR.

Langmuir B8 32 2 FAF 5% 5 K 552 I FfE
it , Freundlich 155 7Y 38 5 fig 358 4 M4 38 K 35 W 1Yy
W B ( HE 2% %5, 2009) . % 2 45 £ BT, EPS Xt Cu™ |
Zn”* B AR BE %8 - ] Freundlich #1 Langmuir 2
TR B 75 R AUL B 5 Ui 2 Y RH 5C 2 BT s i [l )3 07
FETEE, Ho & 0 n 65 PR R 7)) 0 R ek AT o 5
JEREUIAROC b AR R R R AE W BR300 X 463 I 25 - 1Y
SRANST, W Cu™ I & {H 2 1.81, W EPS Xf Cu™
RIH AR ZEM ST n AHAR T 1~10 Z [, 15 A
Cu® Zn™ 7 EPS b 10 B2 1) 25 A3 1) T 1 Bf 14 75
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100%F ¥ 1% 08 4
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0% i 07 y=0.4641x+0.0956
80%/- ' R?=0.9765
- 114 ~ 06
To%er 12 2 705
L 2+ . |
¥ eoonl = Cu™ R T a 0
g 00%p / - EBE 10 £ o4
W so0- —C R | T
- —v— Zn%" WL T= Y 03
40%}- * n R {06 = s 0
3 »>
30%- /»—P/ | R 02
20% 10.2 0.1
0 5 10 15 20 25 30 35 40 43 of : : '
i&g /(mg'Lil) 0 0.5 1.0 1.5
Co/(mg-Lh)
6 ©EBETFREX EPS XMESENEMKME M 9 4
Fig.6 Effect of metal ion concentration on removal efficiency and sl
adsorption capacity of heavey metals by the EPS
7 -
T6F
O
04 a éﬂ sk
03 =0.4018x+0.2583 = _
, S 4 1=1.9677x+0.388
02 R*=0.9828 & R*=0.9929
= o1f 3
%D 0 2
2
S o1t 1
3 0af 0 . , ;
2 0 2 4 6
-03
Ce/(mg-L7h)
—04 |
-0.5 - E 8 Cu®*(a)#1 Zn*(b) A Langmuir IR ERH S 4R
-0.6 ]2 ll (I) Il Fig.8 Langmuir adsorption isotherm of Cu®*(a) and Zn**(b)
log[Co/(mg-L™H)]
0 b B H Langmuir J7 B4 & RORBAF. 7 B P i e R
W RS o QL S e 1 W RS9 PO 2 BT 38 7 IR B 57) 5 4
01 52,958 % 3
JR B T A AORRE I WA VA T R B TR R
— -02 | y=0.1443x-0.3903 uﬁ*%}_g( %B%% ) 2008 ) 5 [/y\ EPS uﬁ[}ﬁ‘é&\)ﬁ %?y‘j$‘
e R=09644 O3 J2 W B 3R i Langmuir J5 #2384 5] Cu®* |
g —03 |
< o e K 5y J2 WM 43 0 2,155, 0. 508
Qi
T 04 f . mg-mg .
05 %2 EPS X Cu™ 0 Zn™ RMMH A Z RIS RH
Table 2 Fitting coefficient of the thermodynamic equation of adsorption
-0.6 1 1 1 1 ]
N 24 2+
15 Z10 05 0 05 | of Cu”" and Zn“" on the EPS

log[Ce/(mg-L )]

B 7 Cu?*(a)® Zn*(b) &Y Freundlich IR iR & 4E R

Fig.7 Freundlich adsorption isotherm of Cu®*(a) and Zn**(b)

Iﬁﬂ:f/frf( Mishra et al.,2009) , X} Cu® W) R*E 53
Sk 0.982 A1 0.976, %} Zn* WL B (8 R* {8 43 531 A
0.964 1 0.992 , iIX FFALEA SIS J5 44, WM Cu® 52
I ] Freundlich J7 B2 4814 SR BE4F, WIE Zn® 52

N Freundlich 25 i W% fff 5 12 Langmuir 25508 Bt 7 72

K]

BT k n R? b Cu’ R?
(mg-mg™")

Cu** 1.81 2.494 0982  4.878 2.155 0.976
Zn** 0.41 6.944 0964 5.076 0.508 0.992

3.52 Bt hFHsH FHAKXROIEACHT
Z AR £, PRI T T 2R SHOR R 25 R 0L 3. R
3 AL, FEAS R RLRE (29315 .303.15 . 313.15K ) 4544
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TOPEAR AC<O, R, AG #AIK, PR
FE T = A T B B R T 5 7R TR R AR AR TE R N AH>
0, 22 I W2 FFF M Pt 7 5 AS A TE AR 156 I 1) 35 8% -
AR Z2 L ER RE A P 3 0 VR R 5 R 8 5 22 ) e
TP TC , W R J5T R BE R0 %) 45 48 P e R A T AR
(Feng et al., 2013; Guo et al.,2014) . S22 S5
(BT , % e F 24 w2 R A 1 EPS IR Cu™  Zn 1)
R E—A H & AR, BB T N . AG Rl i B
AR R R B AR R — B, AR A 3 5 i 5 45 2R 2
1 Guo, 2015) SR, % & S BN 4 XHE A T
Rk, SCHk T 308 K R ARTREIFIEG Cu™ W (80 ~
120 mg - L™") WL Bt i 72 A9 AG Sl - 8.46 ~ -9.38
kJ-mol™" ,AH 2} 13.86~46.2 k] -mol™",AS "40.074~
0.186 kJ-mol - K™, iX Wl GEJ& FH T B A A ) 4 45 )
B B R TR

x3 WHHRNESH

Table 3~ Thermodynamics parameters of biosorptionof heavy metals on
the EPS
AG/ AH/ AS/
HRE/K (kJ+mol™") (kJ-mol™") (kJ+mol K1)
Cut 72t Cut 2t Cu 72t

293.15 -18.99 -14.99
303.15 -19.92 -15.77 101.7 111.8 10.08 12.1
313.15 -20.97 -16.64

3.6 RIt4 B E T E EPS 44 i AT

S BRSBTS TR R
FHRIEPESE A, %o 0z ) o 4 J 25 10 )5 1Y EPS iF 4T
ZLAPETE (400 ~4000 em™ ) J3 AT, 5 R W0k 4 14 9
Jiin 9 M4k a AR — S8 1 T 2 SR L
VAT IO AL , B AT ) i e R AR 1) Y b A — i
A 55 i L P 3R B AE AR 2 DARR Mk sl P SR A A2 1Y

R4 FTIR WEEH EPS K EEEMA
Table 4 Main functional groups of EPS observed in FTIR spectra

P em™ FRENHEA HpH A
3404 OH fH%ifkzh —OH &3
2931.14  CH AN FRILA RS
1642.35 ¢ =0 il C—N fhZi{R3h Toefe 1( 2 1 B )
1552.17  C=0 M4atRsh it 11 2 TR ) FRHE
1383.36 ;l;\j?] iRz, C—N Pz 1L 25 11 Bl )
.44 ;E;O 5 il 4% 2, OH 1 45 5B
1064.80  C—O0—C ffiitiksh E2 3
<1000 fREX E B

JRIR , 1M1 EPS Hh— 265 B ARARAY 240 7, AR 2R A%
M, FELLANETE o0 A o — FR AR E A I 21, 7 8 B0
18— 0 Bt B 2 1 A% 19 4 Il ik A 2 — 110 W 1R 3 1Y)
FP1E.

45%
40%

3 35%

=)

;@J 30% j
25%
20%
15%
50%
45%

40% |-
i 35% - b 3430.46

2929.40 878.07

1630.29

W 30%
25%
20% 1632.18

15% ! ! | 1 1 |
4000 3500 3000 2500 2000 1500 1000 500

WL /em™!

877.79

l 1386.67

1 N
2967.72 1072.45

= 3433.63
!

B9 EPS FEHFMBH Cu®™ Zn™ J5 EPS B L5 iE E (a.
EPS,b.EPS-Zn ¢, EPS-Cu)

Fig.9 Fourier-transformed infrared ( FTIR ) spectra of unloaded
EPS (a), Cu**-loaded EPS (b) and Zn**-loaded EPS (¢)

T A G T LLAMGE B oW SR 21 EPS &
BLIEPH N 4 T o AT LIE W4 B B T,
— U R g R AE T IR B T %, 3404 em ™' Ab
F—OH & 3 &4 TIER, ] LLEWT O—H
N—H #2577 &8 5 7kt ;1552.17 em™ 2014
e 11 C =0 hgaiRshis gk, Wi S5 T X 48
BRI BE; 1222.44 em™ AR RS € =0 IR SN,
—OHARZE RSN T 5% | 3 A B () 2 5 B 2 - 3k (413
155 4 e PH S LA B 4 A i Y 3 R DL
T, REZFBRENE FE LSS KENELS TS
JE BT (RIH1,1994) .1642.35 em ™ 2 BEKE T Y
C=0F C—N {h 44z 2/ 5, 1383.36 cm™ Kb (1 ik
JiiE T B C—N 48R3l C—N 25 ih ik 3 % 4 5%
VLI Th 9 O Fil N JEF- X EPS W Fff 5 4 J@ 2 1
DTHRIR K5 1064.80 em™ &b F1E 2 M 1) C—0—C
AR IR S s It K A2 TR, PTG 11 3K 6 8 £ 3¢ B
4 )& BT EPS FR1H Ay F S & A T AL F RN,
X5 HABEFE #0245 2L ( Yahya et al., 2012).
EPS W Cu™ | Zn™ 2 FE/E I B BE AT 3 &
JE BRI FRIEA C—O0—C JEHAL.

&l 9 rft EPS W Cu® RN Zn™ J5 (43 &1 AH
o1, 220 EPS X 9 & i W AL SS AL, EPS th 2
R Cu™ BB RERILERS 5 T Zn™ B K.
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4 58 (Conclusions)

1) AR B0 75 TR 75 1%, AR e DI 24 e s %
f# 1 Bacillus vallismortis W) MLAN R & 4 FH A 1 42
USRI AR, YRR R 20 ¢« LB $2 U 9
AN A Mk B 71.659 mg- L7, Hovh A A ks
86.4% ,EH 5T i 13.6%.

2)EPS Xt Cu™ | Zn™ W WL B BE R 4T, 24 pH<7
B, BE pH 78 K 25 B3 238 AR R o k8 2 9 T o

3) ARSI HH IR T EPS W R4 R B T A S R A
B, 7 40 CH Cu™  Zn*" B2 BRI 4R 1k 2]
KA 91.9% 51.8% 11 0.6127 ,0.3453 mg-mg .

4)EPS XF Cu®  Zn*" (1) W B #5 Ja 2 17 DRk
BF, 43 A R A8 o ST 3 AN i B i A R BB 1]
TE 8 min 247, it Cu™ Zn™ I ERRE LR E T
B 1 90.7% 52.3%.

5) Wt Cu®* By AR Freundlich 77 B PG R -
B W Zn* 3 R Langmuir J5 RS BOR R
4 EPS XF Cu™ A9 B BB 7 | W B AR P SR A
AREARTF Zn™ , 1 Langmuir A FEITHEAY Co™ AR
W B A 2.155 mg-mg™", Zn™ F KB &R 0.508
mg-mg " I} Cu®™ Zn™ BN JE A K24 T RN,
IERY & YA

6) EPS Xf Cu™ \Zn* W LB L, =24
FHE B BE A2 5 | 2 |t e 2 AT R SRR
C—O—CHEH.
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