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B OE (57 RERLEFRAFLEEKR, MAEMERE LK ZINEMEEN, PR ZKT L
FRIR o PR, AT R BB T B AR FACHE S B )R TR AT Lty HaER. [ B
89 Y KR ARAT LB R F- 0 Ay oA BT H & FEAT R AT e dh 6 TR A, o o K B i A2 3 A5 AF
F B B 89 % v BALE] A IRARA LT e 6 F 3R IR e RS AT KB R - 6 B A R R A
[F5%] V2K AHEZRARE QM6a FkIGRE T-1 AR BEEK, A5 EZFKGHATRTE
BABE, KB4 5REZ AN RACE R T BN SR A% R A F K (methylene blue, MB). [45 % ]
KRB TR T Y42 B AT ], A AR S s A ARAT E AT MB R R, faxd KAGAE AT B R R
B RRAER. RIBAE T-1 LB ZABFFZ 600 °CHAMEPTIFFEAT % (BaWS 600)% MB
(50 mg/L)#g B M 2 F AR R AEAT Z(BWS 600)48 5 53.6%. f B 3hH 3R TAH KAZ RN it
42, BaWS 600 4 -F-#77& i 2 kb BWS 600 A2 BWS 800 & 119.4%7%= 299.4%. Freundlich A2 =T #5 45
WA BBAM T, R MB ERATER DGR A 2 5 FERM, BAF LB LA R ILE
BRI 5 47.4%245.8% 1%, AT AR BASAERRAFE A, 2 MBRWMKXEF
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Fungal fermentation enhances organic pollutant adsorption
performance of straw biochar

XIU Jianghui, MA Kangting, XU Mengping, LIU Bingyang, WANG Qun’, SHAN Shengdao*,
LIU Shuchen, SHAO Juncheng

Key Laboratory of Recycling and Eco-treatment of Waste Biomass of Zhejiang Province, School of Environmental
and Natural Resources, Zhejiang University of Science and Technology, Hangzhou 310023, Zhejiang, China
Abstract: [Background] China has abundant waste straw. The incomplete transformation of
straw by microbial fermentation causes secondary pollution and resource wastes. The wastes
from straw fermentation can be carbonized to prepare the adsorbent for removing organic
pollutants from water. [Objective] To investigate the pollutant removal efficiency of biochar
prepared from fermented straw, clarify the effects of fermentation process on the properties of
straw biochar, and finally provide a theoretical basis for reusing the wastes from straw
fermentation and removing organic pollutants from water. [Methods] Solid-state fermentation
of wheat straw and rice straw was carried out with Trichoderma reesei QMé6a and T. asperellum
T-1, respectively. The fermentation residues were then pyrolyzed to adsorb methylene blue
(MB). [Results] The fermentation of straw effectively shortened the time to adsorption
equilibrium and improved the MB adsorption efficiency of wheat straw biochar. The adsorption
efficiency of MB (50 mg/L) by the biochar pyrolyzed at 600 °C from wheat straw pre-fermented
by T. asperellum T-1 (BaWS 600) was 53.6% higher than that from natural straw (BWS 600).
The pseudo-second-order model could well fit the adsorption process, and the MB adsorption
capacity of BaWS 600 was 119.4% and 299.4% higher than that of BWS 600 and BWS 800,
respectively. Freundlich isothermal adsorption equation could well characterize the isothermal
adsorption process, which indicated the multi-molecular layer adsorption of MB by straw
biochar. Straw fermentation increased the specific surface area of wheat straw biochar by 47.4%
to 245.8% and promoted the exposure of oxygen-containing functional groups, which might be
the main reasons for the improvement of MB adsorption efficiency. [Conclusion] Fermentation
can effectively improve the properties of straw biochar for pollutant removal. T. asperellum T-1
was identified to be more suitable for straw fermentation to improve the pollutant adsorption
performance of biochar because of its stronger cellulase-secreting ability.

Keywords: solid-state fermentation; straw biochar; adsorption of organic pollutants; filamentous
fungi; Trichoderma asperellum

PR FREAT 25 R AW B I, LB IR AT AT Rl Y B A 7 IR TR | 2Ry it
PRI RO SEUR | BREE | R R JRAE A RIS RR IR, T SeH R Ak A e S
HAaEEmE ., BAFMMERRDRER B SR, FEFFALIE H 55 2 A
WIEFFYICEME P IR R TB. R4, S A E SRR R 2l E

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



4374 A 2 AR

Microbiol. China

MR ) L3, a1 e 4 @ b,
TCTE SRS AT (LA , R IR 37 5% 8 ik iR
TR A DR A R A BRI [ L R SRRV 1 R Al 2 37
FEFF BT WAL FH 0 B | AR e A 4R
BN 15%—-40%Y & sk th R
W) AN AL, A KRR R
R ARSI A TR, WHEP) . £5(Ca)
ik (Fe)l™, Bl Ab B 253 i R I8 Y5 Y fn g
TR B o TR 9T R IR 3+ A SR AR HoA &
A PRI A 2S5 R IR ALY

IS ARG FEA ORI P 55 — B2
W 35 A 0 SO AE T S I AU SR 4 e T L A
HilFS B o = B LR AR . A E R
Z . I5Y Y S RE SR SO Y, W TS
V5 Y W B BRI IE R . & A T RE A
(ORI . BB FRILEF) . TOHLAL S (AR ERAR |
BT AR 55 ) S AL # , S HL R 440 Ye My A
FARYSCEEH 2 N R AW R TE IR IR 15 Y16 2
HRPERE, AFEE 3 H S R T e,
FRARCAPE | o E ARt L RTEE YRR bE L 1
BB BT RYORSESED Y SR, BobERRTY
BEIMSA | BRI . AP, WS T A
B —IRI5 G

I P RS T S T A% 185 ol 4 A= 0 o o 5 L 15
YLy LB T R LR — RSl L A5 A 25 R SAS AL
A5 IR BB 5 T B S ) T B DR AT 4
R AR RS SRR o B bR, (B
P 3 R v A 0 1 R o D T S BR SR RS AT I
B FEAGU s e LR b, RS AT R BEakih 4
IS AL T AR 1 A 1 e vk R A SRR AL - ik o
SRR KRG FF IR AR T 7 A 1) YA s 1 4
FEoic, PR HEFRTETR . SR RE A T R Y
Yy B BE X AR BA Skt . F U AR 2R
FEFFHENE KI5 , 2K e Th 1) i il 28 T e B
IME R FT A 9 e, HATS S e 5 A%, it

4 JE W R RE BRI 2 A%, TR AR AR
FEM, KEA4ERIBERE RS P A K FE
FROUE W& KIRIE A, vl o U ICHLIE R
M M HHALBREE G S ks, HAT B AF Ry
JKEETT, R IL R A L35k RMERE . SR LK
FrAE W) o TR U Oy D Rk 2 A T A 1 e P e
AW, TR BLTS S P B vt 2 B A O
o N O] R Ak JBT A 3 DR SR 1
P I TR A O VR e, IV TR AR R
FRFFET P B A HLYRL AR 2B, IR
BRI 2, HL AR RN B A 7 i e 28 Mo B Ak AT
TRFFE R B RCR , AT ARG RN
FH & 5 IR AA0TR W 2R ) e W IS 6 2 3R T T &
(ciprofloxacin hydrochloride, CIP), W Ff} 5 % vl =
ik 95.09%, AHABUAREKA ISR B
B I Ay RS T 4 3 DR AR IR R i 7 400 ) 3 5
AR HIRAE TR

TR GRHR W WL R AR LTS e, HAEY)
ZURN 3 AREEAT M v (14 SR S ol FH X B J5% i B 3 1l
R S0 Y R A B T SR
ARPENF N2 B fi 3 RS Z AR S I A 9
B PR REY G NI AE 53 ey S E R S
FIRE BR3P TR B S, AREFSE LKA
BT LTS Y —— B B GORDE H B S H AR,
PRI THEE W) T X6 A T o W B LT G P ik g
SRp=ALT

AT 5T 14 He X6t /N2 FK e 1 b L 70 o A )
R AT BEAT AR W A I, R 90 TR R 21 24 3R g 3 04
RE ST XA AE DI RE AT e AL B 52w 5 3F T8 2o P
AR, W R WIS 0 /N2 FOK B G A 647 4
b, TRZE™ W% W H R R A W 1k i s e e X
W2 86 2 1 s R G A ok R A7 T B RN 45 ) A
O3 ATT R P ok TR 5 Wi 55 A e 2 80 T P 25 P B )
B o AT FH A 0 I8 AN B A e A G e
F-Be, TR o Al 5 575 FF A FH 45 20 5Ll
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& TE A i DR Bl A W T B T P e o ) U A B35
[F R B (A L

R

1.1 sl
AR B4 AR E T-1 (Trichoderma asperellum

T-1) (CGMCC 9722)% & A W5 7% [ M bK + Bk
AU, R OKE QM6a (Trichoderma reesel
QM6a) (DSM  768) Il T 7k [ ff A5 1y T Fb £ 5
iL>(Deutsche Sammlung von Mikroorganismen und
Zellkulturen, DSMZ). &k B Y476 5 45 B4 45
WEUIE (potato dextrose agar, PDA)!' | {517 F
Ak

FifF: /NEFEFF (wheat straw, WS)R H L H#
B ZIMNHT(33°92'31"N, 115°83'36"E), KEGF5FF
(rice straw, RS FHUIM i s, FEFF2 T4
BRI R 07 f5 WLl 75-154 pm,

W, iR TARAR s Joker
BIR AT TR =8, i WAL R A PR A 7 5
WALER, Bpn TR (R A BR A

SHNAT W AT, Al B,
G HERHIREARAT IR A\ 5 34 i T R,
Phenom A w]; B M- AR #2140 ,
Fisher Scientific 2wl ; L 2% 1 1 70 A7 4,

Thermo

Micromeritics 2\ F) o

Mandel A (dMSS) (g/L): FeSO, 7H,0
5.0, MnSO4-H,0 1.6, ZnSO,2H,0 1.4, CoCl,
0.5, % 1:1 000 Hb % B 45 F
1.2 A%
1.2.1 ESEZEAE

KRR T-1 MR KAR QM6a #FT
PDA -t |, 28 °ClEIRIESE 5-7 d; RS
BN 0.1%0AY9 Tween-80 R AE T, B 3R15 )1+
BEIRWFEE 10° 1 /mL; 49 LL/NEFKREFS
FEMRRIE, AT EARF LR 1:3.5 M He @il in AR

FEHY dMSS, 7E 250 mL HEFI L 7 S L
KIERE N 28 °Co EBAREWT: (1) 5 ¢
WS+1 mL Bl KT T-1 - FEHK+17.5 mL
dMSS; (2) 5 g RS+1 mL B AR%E T-1 #F 2+
17.5 mL dMSS;(3) 5 g WS+1 mL H [ K% QM6a
72K +17.5 mL dMSS; (4) 5 g RS+1 mL B [%
AT QM6a 1 T-E W +17.5 mL dMSS. KT iG
JE55 4. 10, 16 REUFE, RAH3 MEEFM
122 MARGIREUR A4 REENE

[ [ 25 & B4R 22 H A 100 mL FPRRFRZR v
% (0.05 mol/L, pH 4.8), 30 °C. 150 r/min $£%
1 he BT 4 CARZGE.LOHLF 6 000 r/min #.L>
10 min 75 F I CRLBER ) o 43 59000 7 HH AR 7
1€ 48 1 35 P (filter paper cellulase activity,
FPAase) . W Y i & B B 15 ¥ (carboxymethyl
cellulase activity, CMCase) S i JsUp & F 12324
1.2.3 SRR &

UL | & T vkt A SR FE AT 2 BIAE A
JE ARV Tl s e e o IRk T IS, BGE
A, BT Rl E R
BN 5 °C/min, FSHFA 5 L/min, 7E 600 °C
P 2 hy FEE U TR R A B =R, BORAE
Wil , WG IRAER . RRKFEREFFFIR SR
INEFEFFArHIR 600 °CHI1 800 CCHAEIR il 7%
W TR LA E YR FE: 1) BRS
600/800: LhRKIRKFIFER J 5L, 7E 600 °C/
800 °CAF T il 4 AW i ; 2) BaRS 600: 7K
FERSFF MR T-1 KBS, 600 °CHil % /)4
YIS 3) BrRS 600 /K e HG AT 48 B G K%
QM6a K5, 600 °CHil & HEY) Bk ; 4) BWS
600/800 : LI K P& /N2 F A b R OB, TR
600 °C/800 °CZ1F M il &AM ik ; 5) BaWws
600: /NEFEFF L MAIA S T-1 &BEJS , 1E 600 °C
Hl AP Bk s 6) BrtWS 600: /NEFEFT4
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A QMéa KEE )5, 1E 600 °CHil & 1A= 4
JBT 7%
1.2.4 7 BA EC 5 IR B 06

DL b A= W I8 ¢ 53 i) 3 W B K s P ) I
FH JL 15 (methylene blue, MB)., 5 & W B 551 FH 50
2 g/L, ¥Ili MB ¥ A 100 mg/L, #50)hh pH
FIELEEXT MB 22 B2 52 10 o £ i3 ek B R e
iE pH T, WFFEAS [R) RS FF ¢ X5 W) 4 v B >h 50 mg/L
A1 100 mg/L MB Wi aE . FARERIE R .
50 mg WIS INZ 25 mL # MB 53, 150 1/min
fEIRIRS 6 h, MM, HorteRE e
ODygss WOGCAEFEIE MB 5% B8 M i

A2 (DI REAEFE 5 MB 19 R BRACE «

C,

E(%)=(1—C—jx100 (1)

0

Krf: Gy MB MG B (mg/L); C ol t i Z]
FE il MB 95k B3 W BE (mg/L)
1.2.5 RMLE

Xof AN ) 24 FRU R e W o6 ST PR 66 W ) 50 i i
FHAbBE,

1) WM 2= 3a

Fe A (D)4 T HE— 3l ) 24 FinfE —
R 1A ARHRALA 45 A FOXT R 1 3 )

STt

Q =Q.x(1-€e™) (1)
t 1 t
Q2 k' Q ©

Kk HHE—FH R H B(1/min); Kk AHE —Z%
HORE B (g/mg-min); t RN EFE](min); Q.
Qe 73Rt 2 ) R o AR A RS 3k 3] S 4 ) )
W B it (mg/g)

2) SR U A

Langmuir W [ 7Yy .

_ K L Ce Qmax

=7 K,C,

)

Freundlich W B #5784 .
Q. =Ky xC." 4)
KHr: Qe W B A B A% A o X 7 HR 66 1 1 i
P it (mg/g) 3 Ce Ay MR BHH~P 887 Fof 925 93 w7 HY R 1 1Y)
e (mg/L); Ky & Langmuir W5 %% (L/mg);
Kr oA Freundlich W B4 % (mg-L""/(mg'™g)); n
RGN
1.2.6 AR FfIFFIRAE

SR P4 4t L S0 T34 R 5 W2 RfF 591 1) T 35 A
RIEEH 5 >R F A B AR 421 A3 o A A 4 o
Be 2R MB B 1 B RE 22 1k,(400-4 000 cm )
K FH EL 32 TR FR 43 BT S0 5 W2 B 5910 7y b % 1D R

(specific surface area, SSAs),
2 ZXREW®

21 ABAUZEERBHREE

Bl 1 Sy A & W3k R rp PR 22 R L Y
FPase fll CMCase 2 fbia# . WE 1 s, B
KA T-1 HA BRI U E R ae ), H
H: FPase i 2% = F HL KRR 5 QM6a. B AR E T-1
K NEREFFFKFERSAT 4 d J5, H FPase Fll
CMCase 437l b LG K2 QMo6a 5 49.7% Fil
111.7%; M7EA M 10 d, H: FPase Fil CMCase 43
I 102.4%H1 113.1%. TCie & K MK AEFS
FFIE S /INZFEFT , AR SR T-1 AR ACHEIE FIR
HH L2 2 2R il 15 Y7 R RS 4 RIB RN, HOR
2 e RS 1] R 1G5, i BL G OR 2 QM6a
NS AT S 76 & B B rh AR fE AN I /T 1 S5
WY, BT 4 d B 1A A D B AT 5 22 AR EL R 43
WK AL LT L 2Rl , S 1 S 0T 21 48 2R Tl 43 s
HTIEEER . 1AL, M TR T-1 44
B0 T AT B B, nT A B A TR RS AT
R KSR G52
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—=— Wheat straw, 7. asperellum T-1
—e— Wheat straw, 7. reesei QM6a
—a—Rice straw, 7. asperellum T-1
—Rice straw, T. reesei QMo6a

54
(=)
T

FPase (FPU/mL)
&

—
(=]
T

<
h

4 10 16
Time (d)

W

—=— Wheat straw, 7. asperellum T-1
6 —o— Wheat straw, T. reesei QM6a
——Rice straw, T. asperellum T-1
—vRice straw, 7. reesei QM6a

CMCase (FPU/mL)

4 10 16
Time (d)

1 BESEBEEHETHEKEE A BIASE T-1 MEKAE QM6a 1 FPase. B: BiHIAZE T-1 1

H [CK%E: QM6a 1) CMCase

Figure 1
B: CMCase of T. asperellum T-1 and T. reesei.

WA T AR RIEAS FE o 0 7 2 A B, >4
PRI R 600 °CHT , KARKAFREFF AN FEFT
B A= ) ST BT R4 N 34.2%F1 37.3%; 4 I#
T EE 4R = 3] 800 °CHY , AE W it i 7™ 2243 3 B 2
28.9%F1 31.6%. TEMFREMFSMET, &
T 22 R B R T S RS AT T A AR W T R 1Y
135 RIRFEFF AR
2.2 ARRIBEFEF R} MB A E FA
g ft =

F5E B SE BB T 388 1 pH OGRS T e TR o I
H IR R, G55 3R 0, RS FF B MB 1
TR A 30 °C, i pH {E R 4.0-10.0. 7EH AL
W 25T, R T A FFREFF AT MB
W RSk, 25 SRR 2 TR o Bt T BB ] 34
fn, KERFEFEx BRS Fl BWS X MBI i %4
KA E L HAE 300 min PR Ik 2 0 BAF-
(K1 2A. 2B). 7EAHFIFAMEIREL T, BRS X} MB
F W fEBE 7758 F BWS. filln, 24 MB P UGk
7 100 mg/L B, BRS 600 F1 BWS 600 [ 54
RO 56.6%7F1 37.8%, BRS 800 Fil BWS 800
BRI R R A3 301l 75.5% 1 38.5%. [A]Ist & 3,

Enzyme activity of strains under solid-state fermentation. A. FPase of T. asperellum T-1 and T. reesei.

B AR I 600 °CHERTZ 800 °CHIA A &
BRS Xt MB 1243, EXT BWS 0z B g
T B R

SRy R 2 ) W 22 R T [ 285 A TR X e A 2 K
BB SZN , AF5E5HT T BaWs Hil BrWS X MB
W BRAFAE (] 2C—2F), BaWS A A 561 1
MB W B0 i ] TG A 2 B r(] 2C . 2D),
ZEEHS BWS 600/800 i ANF(K] 2A . 2B). filin,
U MB WA 50 mg/L B, BaWsS HWRIE
HrEHAIZ A 60 min; 11724 MB #IURHE A 100 mg/L
i, SEATF R[22k 150 min, HLFCAREE QM6a fE R
R TR DR RR A 7 [ 25 e TR ARE T DA v /N2 R
HXF MB B BFHPERE(E] 2B, 2F), (HRCRA i
HIATE T-1 B2, H BrwS Xf MB ARt 2 /07
B 180 min A WIKFEPEA, Ak, K& EEEEAXIFEFT
R MB EBERISZI AN 2C-2F PR, 4 d 1Y
R ESE P RS F A LA ) MBI BRE50%
FEA TR T T U XoF Aot 7 WU R T A R 2 BB TG 92
FHER . BUCRTAL, S & TS /INZE R R i B
AT A G AN T 2 SR, T R R AR 4
WA ST 2T At 2R Al R (R RF AR DG (T 1)
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120 - 120
—e— BRS 800
~ 100 | ——BRS 600 - s R
S ——BWS 800 £ 100 - ——BWS 800
= ——BWS 600 P ——BWS 600
g 80 t 5 80}
S S
£ 60 =
(5] [0}
f=) =] 60
S S
a 40 + é
3 S 40t
ﬁ 20 | 2
0 20
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Time (min) Time (min)
C D
1N e o2 - e e e . 1N
< < -
20 ‘/ . . ‘ ‘ ) . . 20 ‘ . . ‘ ) . . .
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Time (min) Time (min)
E F 120
120 r - BWS600 -~ BrWS600/10d [ —— BWS 600 —e— BrWS 600/10 d
20 |— l’ ‘ ‘ . . . ‘ ‘ 20 . . . ‘ ‘ ‘ . .
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Time (min) Time (min)

2 TEFFREY MB IRMIZE A .C A1 E:MB ¥R E N 50 mg/L. B.D Fl F: MB P4 E 4 100 mg/L
Figure 2 MB adsorption efficiency of straw biochars. A, C, and E: The initial concentration of MB is 50 mg/L.
B, D, and F: The initial concentration of MB is 100 mg/L.

WEFE e — 20 LA T AN R A B A RS FT &1 53.6%, 6 BWS 800 5 75%, 1ii Br'WS X} MB
HXT MB e R k3, R R R M R AR Bk 99.0%. HLIGKRE: QM6a
B A BORSFE R K MB 9 W2 B8 R A 4 (18] 3) VE R A e PR R L BB i /DN R AT X MBI
WK 3 s, 24 MB WG 50 mg/L i, W B8R, B HHCR A IR AR S T-1 B2, M
BaWS 600 Xf MB #yi KWL MR EL BWS 600 XK RSREFT 4% 10 5, RIR K REHS AT % 2 B H 404
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B3 FEFIRE MB & ARMIE
Figure 3 The maximum adsorption efficiency of
MB by straw biochars.

[ MB W BRI , $i PR it J32 B3 [ 25 e ko L
W 4 B A B VR AN 3 . 14N, BaRsS 600
BRI B CRAY HE BRS 600 5 27.5%, H BRS 800
5 8.6%

DL BRI S AR B, RE RT3 P R T
A AT BT IAR = ) (RS FT )0 A LTS e ) MB
AW HPERE o [RIE, ol B 5o RS A2 LE P i &
i 5% v ] — 25 AR Ay T vk e A B e e
R R, ASWFFE [ & ek 4 oo B T
VRl 4 7 6 A T o 7= ) R 6 1 8 1 5 il 1] BB 5
R gE R | P AERFRTR A 50 & i 22
SR, WikiE, LFYEETE 300-380 °CZ i) kA
AYR T AR T ZAE 200-500 °C2 1] 4 AE 432200
MBI E 5 T 500 °CHS}, 45 58 52 by 1 [ 5 Bk 1
TE Wk 2

T=) o5 5 ol P el A v 8 1 A 0 o R A
MB, Z5REM, 24 MB WA T N 80 mg/L i
Ho R R 19.59 mg/g®Y, TAHF5E BaWws
600/4 d XTHIERHE } 50 mg/L ) MB %7 W
M e ik 24.75 mglg. MR IEE M FH5CR b
GRS AE ) o T MB (160 mig/L) i HAg R
- 38.31 mg/g™, T BaWsS 600/4 d %k & Hy

100 mg/L [ MB W[ L iA 5] 44.06 mg/g. DA F44
TR, RRaCHASFT sl MB W R BE i A
PEA W e HA T B S A 8

Tl g P 2 1 B TR FRURI S s 1 i
iR THRRE A e, (HILRIEREE
A, FEFEALTE AL NG AL R KA BR . T Ak 7 )
FAAAN R s R k5 e, i HoK KRS T
il A, Xl T2 A Rt B Ry
STV TG R I AS FEX RS R o X LT,
R WERS A e Ak 7 00 A T G 4 e 66 500 6 1k 1 L
Wi Ban, AR E S H 2R
JEURL . BRI (H3PO4) A 1 1 751 i A5 493 bR 6 P 1
H R H A E X 701.95 mYg, ¥ MB AR
RfE 755~ 299.52 mg/g. ARTTASMEGE I il 51 /N
2 R EREFT 5 BaWS HLRTH MR 9.06 m?/g,
e FIRIETERI 1.3%; HIHXT MB B $5 Kt
2R 51.81 mg/g, RF| EIRTEERT 17.3%.

g AT, DMREEA | S T2 HilA
A FA5 YL W B BB A 5 T FL AT & AR A
FH & 53 Ry Uk 45 1 v Pk RE TS e B 51
AR B T RO A R AN T AR
BB 1 0 FH RIS (B
2.3 MB IRHMI#IE 4R
23.1 WM hEUE
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Figure 4 Adsorption kinetics of MB. A, B: Pseudo-first order kinetics. C, D: Pseudo-second order kinetics. A,
C: The initial concentration of MB is 50 mg/L. B, D: The initial concentration of MB is 100 mg/L.
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Table 1 Fitting parameters of kinetic models for methylene blue adsorption by different straw biochar

MB FEFF % Qecep  U—% 3 J12% Pseudo-first order kinetics A =2k 5} J12% Pseudo-second order kinetics

(mg/L) Straw biochar (mg/g) Q. (mg/g) k; (1/min) R? k; (g/(mg'min)) Q.. (mg/g) R

50 BWS 800 6.13 5.67 0.063 5 0.727 4 0.0116 6.33 0.996 6
BWS 600 11.48  10.88 0.5193 0.171 8 0.024 4 11.52 0.999 4
BaWs 600 23.63  23.19 0.034 0 0.965 1 0.002 2 25.28 0.997 1
Brws 600 15.41 19.19 0.0156 0.9553 0.001 1 17.78 0.9839

100 BWS 800 19.28 18.84 0.5187 0.4619 0.043 3 19.26 0.999 8
BWS 600 19.26 18.14 0.618 4 0.116 0 0.0139 19.08 0.998 8
BaWs 600 43.71  41.00 0.058 8 0.7050 0.001 5 46.08 0.997 9
BrwS 600 3227 25.71 0.094 5 0.3326 0.001 0 33.64 0.974 4
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Figure 5 Adsorption isotherms of MB by straw biochars. A—C: Isothermal adsorption fitting curves of biochar
prepared from natural and fermented rice straw. D—F: Isothermal adsorption fitting curves of biochar prepared

from natural and fermented wheat straw.
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Table 2 Fitting parameters of MB adsorption isotherms

FEFF R Langmuir Freundlich

Straw biochar Q.. (mg/g) K, (L/mg) R n Kp (mg-L"(mg'™g)) R
BRS 800 40.73 0.037 1 0.940 7 2.045 4 3.8933 0.967 5
BRS 600 40.12 0.0312 0.896 8 2.0101 3.460 6 0.962 3
BaRS 600 33.72 0.047 8 0.8279 2.478 4 4.861 5 0.9597
BWS 800 42.31 0.014 5 0.9320 1.626 0 1.570 6 0.967 6
BWS 600 22.21 0.073 8 0.773 6 2.808 5 4.258 0 0918 5
BaWs 600 51.81 0.0119 0.906 1 1.5358 1.491 6 0.9409
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% 3 AARFPRIEFEFF i R A H 3 3
FIAT, B A T ] 25 B A U B AT A R e
Py i) L TRRR , R AT A A e T Ak 3 T — o AR
A 5 e LG R TR, (HIE S R v A
FERTA AR . Fin, BRS 600, BaRS 600
Fl BrRS 600 LR EFSTF1H 4.26. 6.28 Fl
12.07 m/g, FWILUBHASE T-1 F1H AR QM6a
VER R TR T/K AR A [ A R I AT (R A 2
FERTER A B 47.4%F0 183.3%; {H Y
FH% 800 °CH, BRS Ay FL & HI R R 2 157.33 m7/g.
X /NZFRERF &, WA RE T-1 KRR
FERT A8 AR B e B T KA FE R TAIAR, Tk
3 fii7, BaWsS 600 Y SSA . BrWS 600 & 40.7%,
Al fEJE BaWS 1EW[ft MB A iaif T Brws )5

#3 WEHXRILRER

Table 3  Specific surface area of biochars

TR PRI H TR

Straw biochar Pyrolysis temperature  Specific surface
(°C) area (m*/g)

BRS? 800 157.33

BRS 600 4.26

BaRS® 600 6.28

BrRS° 600 12.07

BWs* 800 81.67

BWS 600 2.62

BaWws® 600 9.06

Brws’ 600 6.44

Yo AR IROKAEREFE N ORI & 1 A T s O DAL
B T-1 KB RKARAT U & i A= e < DLHLER
ARG QM6a K eI KFEREFF R JFURHER] 45 10 LE T 5 < L
RIR/NAERERT N JEORH A A A=W e s ©: DU AR EE T-1
RN/ NEREFE R R 4 1 AR T ks " DAL FROK R
QMo6a K T 1) /N R AT A ISR A 4 1) 2R 1) o e

A: Biochar prepared from natural rice straw; *: Biochar
prepared from rice straw fermented by T. asperellum T-1;
Biochar prepared from rice straw fermented by T. reesei
QM6a; * Biochar prepared from natural wheat straw;
Biochar prepared from wheat straw fermented by T.
asperellum T-1; * Biochar prepared from wheat straw
fermented by T. reesei QM6a.

Nz —. FEFFA BRI T A LR,
PETTHE R R R . SR TMZE AR 2-5 2 SR AT A,
FEFF AT MBI RE 1 5 LR TEFRIEAS Bl E
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i) e 14 d S BT NERs A i B S e s = i Rp A
MB BRI R, 55K 4. 5 ATAL, R
B 1G0 E RT ARG R B i, (2 R AT B
A HE S A7 F1 5218 A 0K N T B R i B
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1 060—1 080 cm ™" 4k Hi B {1 i C=0 e Fi sk
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Figure 6 FT-IR spectra of different straw biochar before and after MB adsorption. A: Biochar prepared from
natural and fermented wheat straw. B: Biochar prepared from natural and fermented rice straw. C: BaWS before
and after the adsorption of MB. D: BaRS before and after the adsorption of MB.
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Figure 7 Scanning electron microscopy images of biochar prepared from natural and fermented straws. A, B:

Biochar prepared from natural wheat straw. C, D: Biochar prepared from fermented wheat straw. E, F: Biochar
prepared from natural rice straw. G, H: Biochar prepared from fermented rice straw. Arrow: Filamentous

structure.
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Figure 8 Mechanism of MB adsorption by straw biochars.
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