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Immobilization of mixed white rot fungi and it application in
the treatment of lead-contaminated wastewater

MAO Xuanwen, LI Yiwen, JIANG Xiaoyu, WANG Yanhe, WU Nan, JIANG Yunjie,
LIU Yue, YOU Wei, WANG Tingshu, XIAO Yincui, FANG Fang, LIU Peng*

Botany Laboratory, College of Life Sciences, Zhejiang Normal University, Jinhua 321004, Zhejiang, China

Abstract: [Objective] To mitigate the threat of heavy metal pollution in wastewater to global
food safety and human health, reduce the accumulation of lead (Pb) in soil, plants, and animals,
and improve the removal rate of heavy metals by immobilizing microbial strains. [Methods]
We carried out mixed strain test to select the white rot fungal strains with strong Pb*" removal
effects and excellent compatibility and explored the optimal strains and ratio for combination.
Furthermore, we optimized the formula of the fungal strain composite and explored the optimal
adsorption conditions of the composite in application. [Results] Phanerochaete chrysosporium,
Coriolus versicolor, Lentinus sajor-caju, and Pleurotus ostreatus with good compatibility were
selected for subsequent experiments. C. versicolor mixed with L. sajor-caju at a volume ratio
of 1:1 outperformed the single strains in removing Pb**. The fungal strain composite composed
of 20.0 g/L sodium alginate, 15.0 g/L biochar, 2.0x10° CFU/mL white rot fungi, silica, and
zeolite showed the Pb®" removal rate of 90.63% within 96 h. Moreover, this composite had
higher mechanical strength and strong resistance to mechanical shear. At the addition amount
of 8.35 g/L and pH 5.64, the composite demonstrated the Pb>" removal rate of 97.45% within
96 h. Moreover, this composite can be reused 7 times after adsorption-desorption-readsorption
and maintained high Pb®>" removal capacity. [Conclusion] The immobilized white rot fungal
strain composite can significantly improve the microbial utilization rate and wastewater
treatment efficiency compared with single strains. It can greatly adsorb Pb*" in wastewater
under appropriate conditions within a short time and reduce the environmental threat caused by
heavy metal pollutants. Therefore, the promotion of environmental protection greatly benefits
from the use of immobilized mixed white rot fungal strains in the treatment of heavy
metal-contaminated wastewater.

Keywords: lead pollution; white rot fungi; immobilization of mixed fungi; component variations
of extracellular polymeric substances
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TCEARHE PY*, AR A AR E 4 IR 5 e
HAT, F= 2R R R AR | B S AR A
A 16 5 F AR S A T K B A M o
WG H AR A BRI | s LRSI
MBS s, BN R EE AR
K M e g B A 25k s i | b
PRACRAE KRBT K AP RE R S Y, e 4R
KA B RN R 5
[ )& EL 1A (white rot fungi)t&— 2 0] L B fi#
FAFFEI AR TR, 5 EAR B0 A 22k 1
PRAE AR, BFFE A, I B A R 4
JEWZ T RE ST, A S Ry AR i A A SR
&) (extracellular polymeric substances, EPS)"!, 7]
PRI R RP R B RE A R 5L . WRMESE . Bl
Ak B AR AL A5 ) B AR I TS
B4R B AR MR T E iU SIS S, T
i K i B 4 R B, PR, RSN
FAABERSELREWEER TGS
K EIE PR, A E HT A SO 58 0 1178 L LA —
WM, 8 M 2 A BIEE A AR E K
HIRORIRTT o WeAh, TER U B Sl Ak WAk 3% K
AR, W RIBUIR Y | RS Rt DL 3R = B R
W ot AR RRAR LR (R R v &) 7 AR AL
YY1, B R Y A R T RO AR R e
P, NS L R REDY, 454 [ 2 b A e
B A A v TR AR () T R B A R P
fi] 5 A2 1 R R T BRIl 2 ik
Py 81 7 T AR R 2 125 1] X3, 4 A 2 H i
BRE R A RN 2 RA M TFBZ
— U0 B 2 R A R A AT DU iR
HI R, B —E mdiep i e Be T, ket T
=GR RRE I S 9k i i o 0 L1 1 i A
A A I RE A% 11 2 W B 5510 A BT Ao 32 R 52 1k

TEARARUER AR B 2R A KRS R R, P4
Y e WK 2 P A BT, RERSIE N 421
1AM B S A vk DA B A8k
L, Horp sk LA R R .
o R PG RN AR R R R, R AR
ey A Y R E RO R R
WA BRI, AR rl it AL b A 2
A, T H R EPS HAREIEM, M
77 7043 2% #4235 o v e A= 0 R B ) v e
R4 (sodium alginate, SA)NIFEAE H S 4% Bk | o
Lo RIS, DRI AR LR, 2
SRR R AT 2R (W) B T8 T SR T PR
A K KO A B g R
3R] 5 KRR B e 4 T S AR . sk e e &
BRI AR AR BAR AT el D A IR X S LT
B, ABTE— & T2 25/ N A K i
ARORF, T2 HACFACR . Bk, Ay R
PRAF 1 AL TR R BTG PR SHeE I, T i — R
X SA . AWK TR E S R B AR
s A A, LS 22 PR 30 7K AR ) 5 i 2 Ab AT
BREAEMIRE S5 . AT UL B 5, AW EiE
J8 FLTAT H R 4 i WIS R T A i A B A i T
& (Phanerochaete chrysosporium) ., = 2 (Coriolus
versicolor) ., JXUEE i (Lentinus sajor-caju) Fl1 - 4%
(Pleurotus ostreatus)/f: i HFr#ikk, LA Pb* kR
RN LAAEIR, IR B AKIR WA R H
@, FFOCE et AR AR e A Ty, BT
PE R P R R 2R DL R 5 B R K A B3 DA
BA o T 4 Jm K A6 B AR W B IR A R 4R
HEHR PR

1 ARG
1.1 #rR AL F

1.1.1 E#
KU % (Lentinus sajor-caju) (50112)F1z 2

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



286

MAO Xuanwen et al. | Acta Microbiologica Sinica, 2024, 64(1)

(Coriolus versicolor) (14001 B A [E Tl i A=
Yy PR JEE PP 0y (China Center of Industrial
Culture Collection, CICC), #% {5l € F 4

(Phanerochaete chrysosporium) (CCTCC AF
96007)F1~F % (Pleurotus ostreatus) (CCTCC HF

2008087) 1 [ Ff [ it 7Y 1% 55 4 4% 38K 7 > (China
Center for Type Culture Collection, CCTCC),
1.1.2 EERKF

R TE ARG R Rk . Th R A A b IR
(potato dextrose agar, PDA)EFRIEM H ™ AL
WMAEYIRH A R A S48 S48 % B A1 (potato
dextrose broth, PDB)};#= 3L B It it R K =R
ARAE; B, SA. NaHLPO, [ FIHRYE
TR A A A 3500 25 A 43 B 4 2R AR
Pb(NO;), ALgksti, ¥ A E 255 H]
1.2 {{EFEMg&E

UV3000 55 a] WAoot BT A F kR
SV A B F] 5 JIDI-17D A8 i i 2 LI B
JUIN AR A PR A F] ;s AHLTER e A
REVEIT(EE)ARA R B Rk A
T AR AR A U B ARG BR 2 ]
1.3 ERAEIE

FAJCTE W A W H 0.3—0.4 mL Y PDA i {AL:
FiH, WA &4 Phanerochaete chrysosporium,
Coriolus versicolor . Lentinus sajor-caju #lI
Pleurotus ostreatus fit) 4 MNEFEHRESE 12 h
(150 t/min, 30 °C), LA 5.00% M EF &0 F
PDB }iFR B4k S 1557 (160 r/min, 35 °C).

BRI . 6T 600 nm T
W2 P ) OD fE, T ODgoo M 0.5 JEHU BT
4 °C. 8000 r/min £ &§.L> 10 min, 7 EJH,
PR ZVERBET 10 mL JCE/KP, RIERHL
T

TRGTERER: KR Z a7 d,

<l actamicro@im.ac.cn, & 010-64807516

FEFRIASCIRAE A, Hedn TR A HL A B — 7 Ak
TR 1105 B0TR B — TR AR TR, T8 LR & TR R &
W, JeseERfER b

1.4 ELBEHBITEEREKBE SR Pb>
R E

EWIPREL 1.598 5 g g2l Pb(NOs), TH
PR, i 5.00% (R4 %0 HNOs k)5, %
A 1000 mL Za0frh, MBRZIE, %5, [
#1451 000 mg/L () Po” bR &im W, WAFT
ORI 4 °)CFEOBEAE,

PO> M BEN 7E : B 1 000 mg/L Pb> i £5 ,
FARSBRYAR (L 1 mL 2> Hr 4l il BRVE RESZ 18 i A
499 mL WAUKH)FEN 5 mg/L, ¥ pH {EN
6, BIfSFER PO BLRUE K . 5 iR ER 5B
FA4 100 mL BRI K = MMRHS, JEE
F37°C. 150 v/min FEIRIRGE -4+, T4
0, 12, 24, 36, 48, 72, 96, 120, 144 h B2 mL
PIBIE K, BT B O ELG 10 min, BRI
W IIE G EE T E 448 nm ) OD A,
MRAEARHE M T3 PO> R

Pb* Yy LB AR A (DI

W(%):%XIOO (1)

X, Wk PO RBRR, %; Co 1 P WA Mk
J, mg/L; CHPb™ & HE, mg/L,
1.5 BEEKRE—FHRIEELE PbIR
it BE 230 E

IR A AN TR) 11 68 A1 P VB b 28 K B L
& 5 mg/L Pb> iy PDB ¥4 EU'Y, B F 28 °C,
150 r/min YRFFRA HRDERT R 120 he 55 0.
12, 24, 48, 72, 96. 120 /I id i WA 7%
TET R 2 R AR A A L

¥ 4 MRE AR B IE A Bl P A
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UK A (LS mg/L P> 484 7K 100 mL, & T
250 mL #ETENE ), BRFEFD 2 mL RER, R
JEET35°C. AR pH MRZFELIE 1200, If
MiE Po™ LpRR (A ).
1.6 EEIRAMLE R ERFEELFITFEL

TR SLE . BORAEN 4 Fh S BB
WEERNZE S 5 mg/L Pb* ) PDB i [, %
FZ AR 3 cme 7EFARHYREAN 0.5 mol/L )
2,2-HRA - (3- LB -TR T HE ML -6-fiff 1R ) —#2 £h
28 °C., 150 r/min #EHEFE 120 h, FH 0. 12,
24, 48, 72, 96. 120 /NF R RE o)
2K B E AR R A O

RARIGGE . DL E AR v 328 Bk i TR
A AR, B2 mL AN FE MRS
B, RHEA S mg/L POTRERUE KT, BT
35°C., H#kpH FRIZHEALFL 96 h, JIl5E Pb™
2B A ). DAP EBRF AN IIAER, 5T
FUA e AW B Po> B T B9 52 A TR

BRI B 0f e . JL TR & BRI k45
B, B PYURENRE AR, BB
TR TR HL B (B RRARFR L), IR & R R =
5 mg/L PO BERIEAKF, T 0. 12, 24,
36, 48, 60, 72, 84, 96 /NEHNE Pb T EER
2, MEIER b
1.7 [EBlEX/NEKAY I &

S SCHR181M ik, ARG . MEMFR
B SA FlART 80 °CHF 100 mL JCH K,
115 °CKF 15 min, BHEE, RIESEH
HF 1188 LT 2 (ODgoo=5.0) Fll SA-A= W) i 5 T
DIAEXS R LR G, FEAARHR 4 mm MTCH
BRI BUR A, 7EMEVRT 10 om &4k,
BARA WS ETEHA CaCly T Gl inid #re
Wit EoEn), TR, [k 30 min,
ToR 2 B F /KR LB ER R MY CaCly, 4 °CHK
e g

1.8 BEIEM /DB IIBMRENE . TR
KSR

K RPEARCT B . R . R ek
TRUON A A AL/ NERER B R . B HERU
JE RN LR THFRE BT S R S48

MU BE DU = PRI T )5 B R/NE
ARABER 5 kL, B TR 1208 5k
MEMEER, WEREREEHEANEKE N
1k, B R My, AR A S 2) M B
BROF- YA S o

M =M,/5 2)

JLE N BF CER201M 5k, FIA T
RPN E B E L EER €. H. O N LR S
EIFEREE TSR I ERR I A .
1.9 [EBlEXEIKHER S REFZHRIRE

TIVERL A (ERR . SR IEASSLSS, Bl
RGN 43510 15.0, 20.0 F125.0 g/L, AWMk
JEJ 10,0, 15.0 F1 20.0 g/L, HEEFEM TR
1.5x10°, 2.0x10° 1 2.5x10°4~/mL HY[# & 1k 1185
B /NER, HE 27 41, 43BN E L P ABREL
PRIT IR [ 5 A0 T R A 53 10 e A0 i

HIVESIFRERE . A SA A el Efb
JEETR, FETHSCEE SR 5 e sC BT A (0.5
1. 2. 3 F1 4 h), PRAFIIERURIRAE . NaH,PO,
TRV TRARAT . IRV R PR-AF . 5 mg/L
B PO 5 Y K R RAT), RN — 4 Ak
(SiO) I Ay o XA ] [ b A B A T ERATL
PR EE 5 PO BRI A, A L
1.10 TR EE Rk R EFR

BT FARSIG T A ) e R E AR A
HH =NER =KF 15 41k, ARG
EALHERF (@ 1.0, 2.5, 40, 8.0, 120,
16.0 g/L). ¥t EAKH PO WE®Db: 0. 25,
50, 75. 100 mg/L), ¥ 5EpH (c: 3. 4. 5. 6. 7)
3 ANEZE, A 0.1 mol/L HNO; #1 0.1 mol/L
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NaOH &5 1% K AR pH {E, LA 96 h Pb™
FBRAR A AR, R TR L I A BT LR, A
TR 5 TR 35K A 445 5 AR WA R AR BT A R B 45 178
Pb” LR E 7k A Lo
.11 [EEXEBKE EPS F-2 KN MItERE
BT BRI, E PO IRIEMEN
0. 25, 50, 75. 100 mg/L, FFA[FFLE Pb**
15 YR KT [ E AL B ERAY BPS 7= 5 W ik B
FIRZIE o ) B b 7572 Lowry 352
e LBk 20 S R A iR ; EPS U RS
ZHE . BT R R FE 0 AR DL
K3)EH; BN EPS FHERE S P> bR
FEK EPS B AR OC R AR LT AKX (4)

(CEIS
P=m/m, 3
a=R/R 4)

A, P AR EHEERE EPS j” i (product,
mg/g), P, N EEFEBRK E EPS 7= 4 (total
product, mg/g); my A [EEMFE RS &N
JR B Z Fl(mass, mg), my A [EE LR ER 1 T
i (mass, g); qfCEEHAFH EPS 1Y Pb™ £k
K(%); RAVEIE KB MR Pb™ % B % (total
removal rate, %),
1.12 HEEMTHTINEES

R A2 A B BRI BT Po™ A 32 B BB
PR, i e B A e 21 A0 S AN M 3 BT TR
BRI B B T B BRI A9 AE A . B 20 mg LTy
il ALk T ER R, A 2 g AL ER(KBr), A
V& JE e 2 B P IR Oy I S W BE R, FERE R
= T AR ST RSB AR 21 A1 S50
ELLAMEERY, SGIEEE S 400-4 000 cm '
1.13 HFEACERBERENEECEKESRE
FA M RIS

A ER 1 eom BWEREATILAGIE 5 A
B, BABEA 50 mg/L Po* B K9 250 mL
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MR, F35°CHS pH MEZHE 96 h 5
WIE PO WREE . WRBoE RS, RIS Y S
HEES, REMEEEWRE 4, FELmn
AZFEA 50 mL 500 mg/L HNO; (USRI T, T
35°C., 200 r/min (TR AR BT F-40 AR 2 B>,
5 MR R ) PHT

TIE [ fL T ER 96 h Po> WEBfHRL(F] 1), FF
MRS RE , O T e ALK, A%
# 50 mL 500 mg/L HNO; (FEEH, T 35°C.
200 r/min MTEIRIRZ R FRAG AL 2 W, J5E
MR PO MR, 2 )5 FHRBAKIEVE Fid /N
AT, FEREEA 100 mL 50 mg/L Pb> H)
PSR . AR UET 10 IR, BRI
- e - PR B [0 22 AR BRI BR X Pb™ 22 BRASUR
1.14 HIENLIE

I SR Excel 2022 JEfr4iitass,
ffi 1 SPSS 26.0 HfF 4T B IR &= Uy 22 43 A
(one-way ANOVA), Ducan ¥ #i17 £ & L
(0=0.05), Design-Expert 8.0 #K{F30w b 1L
b 525K, Omnic 9.0 4 Hrer4hGiEEl . Origin
2021 FAFHEATIERL, A B LT B bR o
WEFRIR . BEAHEARIE e 3 P17

2 EREM

2.1 EHRTEE
2.1.1 BH P IRMIEESIBD PO KRR ENE
WE TR, 4 FET Po> i Bl R 34 1
PRAL TR A W B L B, B S R B R AR X REE
) B 1) P 25 160 i P R X PO W A
FHfci®, 1E96 h il k%] 36.52% (K 1A), K2
Xt P> [ A R R, 7E 36 h RIVAT ik # W (E
I 2 R e A AR RS (B 1B) . 45 A AR
JE . OR[RIB )25 08 T BSE 56, HE I A o vk
JE K] R AR B AR R TR B
P’ G BB S , HLAR R SR B
], MBS A XK
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Variation of Pb®" removal rate by four species of white-rot fungus with time. A: Phanerochaete

chrysosporium. B: Lentinus sajor-caju. C: Coriolus versicolor. D: Pleurotus ostreatus. Error bars in figures

represent standard deviation.

RERS MR

W R 4 FhE R R A EAZ
[ HeZs M, & 2 A L 4 R R s B S 1
THIVER, BRI BLEB AR, Ui 4 Rk
ZIRA KB RLT, W IRERRE &, HAh,
MARAMRBATE, 4 FIRMRARSSAEY, Hhe
WK BXTEFIIOEES, A KRR
2.1.3  HIEIRH P RS AER S Btk

ZERLFRWI(ER 1), TREXT Pb™ LBRFEI G
BT POY I bR MBI BT
P PR A FR R ARRR | HBK, TR B YT PbY
ERRFMAL; =2 KUBEEAR Y s, Pb™
LBRBEF S GG, Hi =2 5RUB K

2.1.2

3. Pleurotus ostreatus

\

. 'Coriolus versicolor

~

1. Phanerochaete ¢

B2 REFRFAMRIEER
Figure 2 Compatibility test results of mixed

white-rot fungus plate.
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UM 11 B, P™ Z5pRkaRim i, H48.23%, M
VLRI UL, B H0 BV B 5 P E B P 7
FEFEPUE, XU 5 A 2= 2 (W i ) 1 R i
Xt Po™ RBRF ML IEROR B, Wk 5 Lkt
5 AV TR PR
2.14 THERESEMRAIRERTRELG

BT Eidgh R, —B IR R 2 5 R
FAEIERE P> BRI AL AR LB, 5B

R B 2 KU 1:3,1:2, 101, 2:1., 3:1,
ZERNFR 2 n . TEIRBARBULGIN 11 4444 F
R SRR R PO™ LBR R T A,
Hh 96 h BFBERIE K H PO 1 K BR AT A F]
46.80% , FHAE T[] B 7] B L A TR 7R 4 P 2 4G
10.25%, W] Uiz He il Il F R AR aCR

Zi b, WEB PO RALIR R R RN = 2 5 X
Fasi, AR 2 KRN 1:1 (KRR ).

®1 MMHABERLEEERFAEFILGIA 96 h Pb* KRE

Table 1 Pb*" removal rate of four species of white-rot fungi in mixed fungal systems at 96 h
Experimental Phanerochaete Coriolusversicolor Lentinus sajor-caju Pleurotus Pb** removal rate (%)
No. chrysosporium ostreatus

1 0.250 0.250 0.250 0.250 29.37+0.15
2 0.125 0.625 0.125 0.125 35.83+0.67
3 0.125 0.125 0.625 0.125 32.89+0.89
4 0.125 0.125 0.125 0.625 27.10+0.21
5 0.625 0.125 0.125 0.125 21.92+0.37
6 1.000 0.000 0.000 0.000 36.12+0.09
7 0.000 1.000 0.000 0.000 39.23+0.17
8 0.000 0.000 1.000 0.000 37.29+0.23
9 0.000 0.000 0.000 1.000 28.39+0.81
10 0.500 0.500 0.000 0.000 32.26+0.34
11 0.500 0.000 0.500 0.000 34.33+0.14
12 0.500 0.000 0.000 0.500 18.81+0.26
13 0.000 0.500 0.500 0.000 48.23+0.31
14 0.000 0.500 0.000 0.500 33.94+0.42
15 0.000 0.000 0.500 0.500 30.21+0.10
x2 RE(EZ:REHAFEEFLGI TEKF Pb* KRR FER E AL

Table 2 The change of Pb>" removal rate in wastewater with time for different volume ratios of mixed

white-rot fungus (Coriolus versicolor:Lentinus sajor-caju)

Volume Removal rate (%)

ratios

12h 24 h 36h 48 h 60 h 72 h 84 h 96 h
1:3 13.19+£0.66d 16.33+£0.48¢c 21.50+0.35b  26.71+0.33c  30.80+0.32c 35.34+0.32c¢  36.11£0.36c 37.20+0.43c
1:2 11.5240.96¢c  17.63+£0.58c 25.10+0.24a 29.89+0.53b 33.41+0.28b 36.00+0.38c 38.16+0.74b 38.54+0.09b
1:1 23.14+0.04a 24.92+0.72a 25.32+0.44a 31.60+0.20a 38.17+0.08a 41.51+0.88a 43.42+0.94a 46.80+0.22a
2:1 17.38+0.66b 19.17+0.98b 22.27+0.55b 27.00+0.58c 31.92+0.78c 37.81+0.18b 38.91+0.44b 39.20+0.58b
3:1 6.33+0.24e  9.51+0.32d  12.71+0.21c 16.77+0.61d 21.31+0.82d 27.54+0.12d 30.79+0.76d 31.34+0.29d

Different lower case letters indicate significant differences between different treatment groups for the same period (P<0.05).
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2.2 BEEREBREEIE
221 BEEKEFFEERDKENHE

M5 SAL AEWHe . MR 3 s xt
[ 2 AL P BRI B PO R A 2, G [ 2 AL
BRAGERAER 5 2514, 1EE PO™ 2[R R HARME
P TIEACIRE . X HLAS R A R A 3),
3 T30 i 2 bR Nk M R A A AL i
FANHEF R . SA iR EE> P18 B A >
Whe SRR . B 3 Al A1, Bl SA JRRRE
BITRE, RERSCR I Po™ il 5B A i ETT,
fHY SA R E Lt 200 g/L, TS
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Table 3 The orthogonal experiment (3%) factor level for immobilized mixed white-rot fungus

Biochar mass
concentration (g/L)

Experimental SA mass
No./Factors concentration (g/L)

White rot fungus spore 96 h Pb?* removal rate
volume (x10° CFU/mL) (%)

1 15.0 10.0
2 15.0 15.0
3 15.0 20.0
4 20.0 10.0
5 20.0 15.0
6 20.0 20.0
7 25.0 10.0
8 25.0 15.0
9 25.0 20.0
ki/% 80.34 86.39
ko/% 85.34 88.14
ks/% 79.16 84.73
R/% 6.18 3.41

1.5 86.65+0.16b
2.0 90.42+0.35a
2.5 83.07+0.01c
2.5 90.54+0.56a
2.0 90.63+0.74a
1.5 89.59+0.21b
2.5 84.21£1.47c¢
1.5 86.99+0.83b
2.0 87.29+0.82a
85.66 /
89.98 /
86.61 /
4.32 /

k, means Pb*" removal rate of white-rot fungus at different factor
levels; k3 means Pb>" removal rate of biochar at different factor levels. R means measures of variation by k;, k and k3 The
larger the R, the more effect of a change of that factor on the indicator for that experiment, means the more important the factor is;
Conversely, the smaller the R, the less important the factor. Different lower case letters indicate significant differences between
different treatment groups for the same period (P<0.05). /: No data (except “/” in parentheses).

k, means Pb*>" removal rate of SA at different factor levels;
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x4 BIEWEIRERSIEE 5 REERFRIERE

Table 4 Selection of the remaining recipes and conditions for the production of immobilized bacteriophages

Projects Specific treatments Mechanical strengths (mN) 96 h Pb** removal rate (%)
Crosslinking time 0.5h 1 531+47.49¢ 90.45+1.77b
1h 1 944+64.40d 93.32+0.55a
2h 2 024+44.92¢ 89.85+1.59b
3h 2 103+85.02b 75.55+1.62¢
4h 2 388+41.54a 73.3342.15d
Storage methods Freezing 2 054+64.23d 80.67+0.51c
0.2 mol/L NaH,PO, in saturated boric acid 2 411+45.41b 83.54+1.03b
Humid and refrigeration 2 326+06.43c 84.34+1.27b
Refrigeration in 5 mg/L Pb*" wastewater 2 513+56.65a 91.44+1.35a
Si0, and zeolite addition Without SiO, and modified zeolite 2 294+31.46¢ 71.504+2.96¢
No Si0O, added, 5 g modified zeolite 2 3214+36.32b 84.65£1.79b
10 g SiO, added, no modified zeolite 2 362+42.68a 85.65+0.47b
10 g SiO, added, 5 g modified zeolite 2 376+12.54a 92.12+1.68a

Different lower case letters indicate significant differences between different treatment groups for the same period (P<0.05).
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Bl 3A AT UL/NERBCBRTE R AT . #PER, JEEIES
HIoK % . RIS, RifEY 34 mm. ¥ @
R ERE FTHMBES T, 7L E L ek ok
SABENE, WESSA SIRW M ZAHEATH, HEYx
B AH (B 3B). HILIERT, 3 FPR 3 [H
RYERON, 845 FE A i BRI RE A B B
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SiO, ¥IA M T &Y e, Pk
BT A [ Ak TR R SR FE A B 7 T A7
23 BRI BREERE SEIRMIEEIRF
23.1 PbHME TEEWEIKA EPS F7 &

R B Po™ 22 ik (I B =k EPS (K
4), &4 EPS JrwfEMbEw M EF, T
96 h B3k BUEAE 5 FF4A A Br R e, o 50 mg/L
Pb> Kb R EPS 7=k B (5 4R fe o Hx
A5 BB EPS 77 i3 W i i T At vk B e
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x5 BEEUEKKRIESH
Table 5 Characterisation parameters of immobilized
bacteriophages

Indicators Results

Load capacity (CFU/mL) (5.48+0.02)x10°
True density (g/L) 1.376+0.013
Bulk density (g/L) 0.782+0.001
Water content multiplication (%) 52.40+2.46
Water content (%) 1.10+0.04
Specific surface area (m*/g) 332.89+4.23
Diameter(cm) 0.413+0.028
Broken ratio (%) 39.71+1.24
Transmissibility (%) 79.44+3.09
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E 3 [ElEHEBKIELEA)RERALSEFEE(B)
Figure 3 Filter-out diagram (A) and electron micrograph of the magnified structure (B) of immobilized
bacteriophages.

F®6 FHIRAITTRAM

Table 6 The elemental composition of biochar

Item C (%) H (%) N (%) 0 (%) H/C 0/C (N+0)/C
BC 68.21 3.22 1.24 17.91 0.047 0.26 0.28
MB-SA  56.44 3.12 0.64 14.21 0.055 0.25 0.26
MB-Bas  45.58 2.18 0.77 9.45 0.049 0.21 0.22
MB-SiO,  43.20 2.25 0.79 11.76 0.052 0.27 0.29

BC means native biochar; MB-SA means biochar containing sodium alginate; MB-Bas means biochar containing saturated boric
acid solution; MB-SiO, means biochar containing SiO,.

EFXFHRZH(0 mg/L Pb™). HtAlfE, P> 7efnf
VI AR EPS (94300, BB MHARTRIER:, Pb™
Xif EPS j i HoAg —E R, 17 50 mg/L Pb* i [
TEACHER M EPS HoA RREL I e v E
232 PbEME T ENIRE EPS RN &E
mE 5 i, #ACPRZPAL R EPS 1Y
Pb?" 2% b 23 [ Ak FHL RS [ ) S 4K 552 B2 348 5 R 1)
e, FOIG K HR NS, 72 h BF EPS By
PERE W& 58, HET 120 h A FIE(E. 25 mg/L
Pb* AbFEZH N 50 me/L Pb> b FHZH ) Pb> 2R RAE 0 24 48 72 95 120 144 168
25 I BEY 3 T A AL BRAE, HiP 50 mg/L th
Pb> il e A A FHE S P> EBRR . T 75 mg/L
Pb>Fll 100 mg/L Pb> M2 Bfii EPS X} Pb**

-0 mg/L —*-25 mg/L—+-50 mg/L

30 L 75 mg/L+-100 mg/L

20r ?ii:if%\$4

10 | —

EPS production under Pb** stress (mg/g)

4 PbURMETEE W EBRA EPS 8
Figure 4 EPS production of immobilized

MMERRE J) o AR, &R P> A
RE RS BT 4 b R 4 1B BT X PO> I B AE T

bacteriophages under Pb>" stress. Error bars in figure
represent standard deviation.
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Figure 5 Pb>" removal rate per unit mass of EPS in
immobilized bacteriophages under Pb>" stress. Error
bars in figure represent standard deviation.
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Figure 6 The FTIR spectra of IMFA before and after
biosorption of Pb*". 1 to 9 indicates the characteristic
absorption peaks of different functional groups.
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*£7 BEEWEIKRH P HIER FTIR $HEIETE IR
Table 7 FTIR spectra variations of IMFA before and after biosorption of Pb*"

Experimental No. Before biosorption (cm ™) After biosorption (cm™") Types of functional groups
1 3735 - —NH,

2 3412 3401 —-OH

3 2938 - —CH,

4 2360 2356 —PH

5 2325 2319 -PH

6 1 644 1 641 —C=0

7 1376 - —CH;

8 1104 1102 -C-0

9 616 - Metal-O

Number 1-9 indicates the characteristic absorption peaks of different functional group; — means not observed.
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a. Qo 3]
= 0]
e 5 ; ; 3 B 3 .
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a: Dosage of immobilized a: Dosage of immobilized b: Pb*" initial concentration (mg/L)
bacteriophages (g/L) bacteriophages (g/L)

B 7 [EENEBRAIE 5 M0 R AL 2 B R F S 4k E

Figure 7 Response surface optimisation graphs and contour plots for removal conditions of immobilized
bacteriophages. A: The removal rate graph for a, b interaction. B: The removal rate graph for a, ¢ interaction. C:
The removal rate graph for b, ¢ interaction. D: The contour plot of removal rates for a, b interaction. E: The
contour plot of removal rates for a, c interaction. F: The contour plot of removal rates for b, ¢ interaction.
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Figure 8  Pb*" removal rate of immobilized
bacteriophages at different times under optimal
conditions. Error bars in figure represent standard
deviation.
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Figure 9 Pb** adsorption and desorption of free white rot fungus (A) and immobilized bacteriophages (B) at

96 h. Error bars in figure represent standard deviation
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