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BB M BE 8 7 v B, A IKART AT Fe M) 6 B A TR An AR AT K BE R F- 4 09 B AR RAE A,
[F5i5] A2 kABEZRAE QM6a FRIERE T-1 ARBEE K, 535 ZFRAGHRAFHATE
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KA IR T LR 45 R PR ], R AKIR & A AEAT B AT MB R RCE, A2t KAGAE AT R A M
R RRAMER. BRIBAE T-1 LB ZABFFZ 600 °CHMEFTIFFEAT % (BaWS 600)% MB
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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 QMo6a 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. 7. 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 FRERT 25 R AW B I, LB RS AT AT Rl Y A B A - IR TR | 2Ry it
PRI MR BER | R8RS R JRAF A R VERE IR AR, AT SeH R Ak A e S
HA @i . BN ECERRRR N SR, REFFHEATIE F a5 5 2 fEA i
WIEFFYICFE AP IR R TBL. R4, S A E SRR R TR 2 E e
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IS ARG FEA ORI P 55 — B2
W 35 A 0 ST AE T SR I AU S 4 e T L A
HAF 0 R = A R R . R R
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YLy LB T RE LR — RS L AR5 A 25 RN AR AL
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P A TR A M VR e, IV TR A
FERFFNE P B A HLYR AR 2B, IR
AR I 2, HL AR RN B A A i e 28 Mo B Ak AT
RFFE R B RCR , AT ARG £ RN
FH & i IR AA0TR W 2R 1) e W B 6 2 3R T T &R
(ciprofloxacin hydrochloride, CIP), W Ff} 5 % vl =
B 95.09%, AMANBLARPEKAL PR T35 b
B I Ay RS T 4 3 DR AR IR i 7 ) ) R R
& IVEE S T

ARG W WL AR LTS Y, HAEY)
SR ARAEA Tl Hh A I i FH X B 45 {32 ol
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ARPENF N2 0 1 3 SRR Z AR . I A W
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& TE A i DR Bl A W T B T P e o ) U A B35
[Fa] R B (A L

1 MRETE

1.1 ##
R AR EE T-1 (Trichoderma asperellum

T-1) (CGMCC 9722)% & A W& 2% [ M bK + B
AU, B RAKE QM6éa (Irichoderma reesei
QM6a) (DSM  768)Il T 7k [ ff A5 1y TR Fb 5
iL>(Deutsche Sammlung von Mikroorganismen und
Zellkulturen, DSMZ). WIAE B 32 75 B 45 1) 4
WEIUIE (potato dextrose agar, PDA)!' | {577 F
Ak

FifF: /NEFEFF (wheat straw, WS)R H L H#
B =M (33°92'31"N, 115°83'36"E), /KAEFEFT
(rice straw, RS FHUIM i b, FEFF2 T4
BREEFNRL06 5, RiAR Sk 75154 um.

W, iR TARA R Joker
BIR AR =8, i WAL R A PR A 7 5
WRALER, BRL TR (R A BR A

SHNRT AT, Al B,
B HERHRRARAT R w5 33 i T R,
Phenom A w]; B AR 21 AR 03 ,
Fisher Scientific 2 7] ; b 2 1 L 70 #r 4L,

Thermo

Micromeritics 2\ F) o

Mandel £ (dMSS) (g/L): FeSO4-7H,0
5.0, MnSO,-H,0 1.6, ZnSO,2H,0 1.4, CoCl,
0.5, Fi 1:1 000 HfF5 B4 .
1.2 7%k
1.2.1 BIES&ERARE

WS T-1 MR KRAR QM6a #FT
PDA VA I, 28 °ClEIEEEFE 5-7 d; KRB
H0H 0.1%019 Tween-80 PEMGAL T, W5 3RA5 1AL T
BEIRWRFEE 10° 1 /mL; 49BN FKREFS
FFRaIR, DABTRARFIEL R 1:3.5 09 EL il hin A%

FEAHY dMSS, 7E 250 mL HEFEIR A 73S L
RIEERE N 28 °Co KEEAWBEWT: (1) 5 ¢
WS+1 mL B AKE T-1 - FEHK+17.5 mL
dMSS; (2) 5 g RS+1 mL B A%E: T-1 o FE i+
17.5 mL dMSS;(3) 5 g WS+1 mL H [ A% QM6a
1 ¥ EWi+17.5 mL dMSS; (4) 5 g RS+1 mL H[%
K% QM6a il FE#+17.5 mL dMSS. &It
JEH 4. 10, 16 REUFE, R4 3 MEEFH M
1.2.2 HARGRER A4 REENE

lia] [ 25 K R 22 PO A 100 mL Ay A5 fR 2% n
#(0.05 mol/L, pH 4.8), 30 °C. 150 r/min $£%
1 he BT 4 °CARGEE.LHLF 6 000 r/min B>
10 min PRAF_ I CHLERR) o 43590000 5 KLtV 1
IE 48 W 75 F (filter paper cellulase activity,
FPAase) . W Y % & B B 15 ¥ (carboxymethyl
cellulase activity, CMCase) M i JsUp 5 F 12324
123 $£¥MERREH&

PO | & T okt AR FE AT 2 BIAE A
JE ARV T Hl s L e o IRt T IS, BGE
A, B TE AR RE TR
BN 5 °C/min, FSHFA 5 L/min, 7E 600 °C
P 2 hy FEE U R R A B =R, BGRAE
Wi, WIS RAFE o RARKFEREFT AR SR
INFEFRERTA3 IR FH 600 °CHl 800 CHAAR IR FE il 45
YIS TR A I i d : 1) BRS
600/800: LhKIRKFIFERF J kL, 7E 600 °C/
800 °CHF T il # A Fisic ; 2) BaRS 600: 7K
FEREFF 2B AR S T-1 ZBEIS, 600 °CHil £ 1 4=
YR 7% ; 3) BrRS 600: 7KFEHEFF 2 B R K%
QM6a K5, 600 °CHil & HILEY)Bisc; 4) BWS
600/800 : LA K 4K /N2 # FF o K, TR
600 °C/800 °Co1F M il & A Bisc; 5) BaWws
600: /NEFEFF LM AR S T-1 &BEJS , 7E 600 °C
Hil# AP Bk s 6) BrtWS 600: /NEFEFTZ4
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HIRAKZE QMéa KBEfG, TE 600 °Ciil & 4= ¥)
JBT 7%
1.2.4 T EREIEIN MR TG

DL b A= W 5 53 i) D 3 W 8 K s A v %) I
FH JL 15 (methylene blue, MB)., 5 & W B 551 FH 180
2 g/L, ¥Ili MB ¥ A 100 mg/L, #50)hh pH
FELEXT MB 22 BRI A 5200 o 75 fie 3 T A e
iE pH R, WFFEAS [R) RS FF 5 X W 4 v B >h 50 mg/L
F1 100 mg/L MB Bt EaE . FHARERIE R .
50 mg WIS Z 25 mL B9 MB ¥ , 150 t/min
fEIRIRS 6 h, MM, MR E
ODgss W OGIEFEME MB 5% B8 e i

HEFFF BT MB A EBRBCK -

G

E(%) :(1—3}100

0

Krp: Cooy MB MR B (mg/L); C oM ¢ BFZ]
FE il MB A5k B3 W BE (mg/L)
1.2.5 WM&

Xof AN ) 24 TR e W o6 ST PR 66 W ) 50 i i
FHAbER

1) WMl 2= 4E

Foe A (D)) A7 HE— 23l ) 24 FinfE —
R I ARHRALA 45 i FOXT N 1 3 )

L

0, =0, x(1-e™") (1)
t 1 t
0 wo’ o ?)

AP ke UE— G A B (1/min) ;s ke WHE 2
HAH M (g/mg min); ¢ AR E](min); O,
Oc 53R ¢ BsF 200 (A WA ek RITRE 86 35 380~ s 174
W Fff 2 (mg/g) -

2) S BHEE

Langmuir W [ 7Yy .

_ K L Ce Qmax

= 3
1+K,C, G)

O,

Freundlich W B #5754 .
Q. =K xC" 4)
KHr: O W B A B A5 A e 0o 7 HR 66 1 7 i
B it (mg/g) 5 Ce Ay MR BHHF A8 Eof 95 98 o 7 HY R 1 1Y)
W (mg/L); K. & Langmuir W5 %% (L/mg);
Ky A Freundlich W& B4 £ (mg-L""/(mg'™ g)); n
RGN
1.2.6  WRPBI37SRAE

SR P4 4t L S0 T34 R 5 W2 RfF 591 1) T 35 A
FIEEH 5 >R F A B AR 421 A3 o A A ) o
Be 2R MB B 1 H RE 122 1k,(400-4 000 cm )
K FH EL 3 TR RR 43 BT S0 5 W2 B 5910 7y b 2% T R

(specific surface area, SSAs),
2 ZXREW®

2.1 ABAYRREERBEHKSTER

1 Sy A & W3k e rp PR 22 R L Y
FPase fll CMCase 2 fbita#% . WE 1 s, B
KA T-1 HA BRI U R ae ), H
H: FPase i 2% = T HL R K 5 QM6a. BifI AR E T-1
K NEREFFFKFERSAT 4 d J5, H FPase fll
CMCase 437 b LG K2 QMo6a 5 49.7% Fil
111.7%; TMFEA 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 ACHETE FIR
HH 27 2 2R il 15 Y7 R RS 4 SRR RN, HOR
2 K RS [a] R 1G5 , i BLEGOR #: QM6a
NS AT S 76 & B B rh AR fE AN I /T 1 S5
WY, BT 4 d B 1S A e B AT 5 22 AR EL R 43
WK AL LT L 2Rl , S K I S 0T 21 41 2R Tl 43 s
T EMER . 1Ah, TR T-1 44
B0 T A B B AR, 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
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W
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Time (d)

1 BESLXEEXGTHEREE A BUEARSE T-1 fE KA QM6a 1) FPase. B: AR T-1 f1

H G K% QMe6a 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 , KARKAFREFT RN FEFT
B A= ) SR BT 3R A3 N 34.2%F1 37.3%; 4 H#
T EE 4 = 3] 800 °CHY , AE M it i 7™ 2243 3 B 2
28.9%F1 31.6%. TEMFIREMFSIT, &
b 22 R B R T S R RS AT T A AR W T R 1Y
135 RIRFEFF AR
2.2 ARERIEFEFRST MB AR
R Bt =

F9E B SE BB T 388 1 pH OGRS T e TR oI
H SRR R, G52 3R 0, RS FF 2B MB 1
TEIRE A 30 °C, i pH {E R 4.0-10.0. 7EHAL
W R 2T, R T A FFREFF 4 MB
W RSk, 25 SRR 2 TR o Bt BB ] 34
fn, RERFEFFx BRS Fl BWS X MB 1 W Ffif %4
KA R, HAE 300 min PR Ik 2 0% BAF-
(K1 2A. 2B). 7EAH[FIFAMEIREL T, BRS X MB
F W B BE 7758 F BWS. filln, 24 MB P UGk E
7 100 mg/L B, BRS 600 F1 BWS 600 [ 54
ROrHH 56.6%7F1 37.8%, BRS 800 Fil BWS 800
BRI R R A3 301l 75.5% 1 38.5%. [R]Ist & 3,

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

W PRI I 600 °CHERTZE 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 , S50 T BaWs Hil BrWS X MB
W B AFAE (] 2C—2F), BaWS A AW 56
MB W B0 i ] TR A 2 B fir(&] 2C . 2D),
ZEEHS BWS 600/800 i ANF(K] 2A.2B). filin,
U MB WA 50 mg/L B, BaWsS HWIE
HrHAIZ A 60 min; 124 MB #IUAME R 100 mg/L
i, SEATFR] 2R 150 min, HLFCAREE QM6a fE R
R DR RR A 7 [ 25 R e TR RE T DA v /N2 R A
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& EEEIAXIFEFT
R MB BERISZI AN 2C-2F PR, 4 d 1Y
R ESE P (RS A LA 1) MBI BRE50%
FEAR T4 T T X6 Aot 7 WU RS T A R P BB TG 92
FHER . HULRTAL, AR RS /INZREFT e
RE T A AN T A e SR, T 5 R IR R AR 40
WA ST 2T At 2R Al AR (R RR AR DG (T 1)
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2 FEFPREY MB RBHSIER A .CHl E:MB#UGWE N 50 mg/L. B.D 1 F: MB ¥4l 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.

WEIEE— 20 LA T AR ISR R A RS AT & 53.6%, tb BWS 800 5 75%, Tii BrWS Xf MB
B MB IR KW B33, R LR BERG AT Rt BB R RCR L &5 99.0%. HLIRAKEE QM6a
LR RS FF 2 X MB W B3O B4 3). VBN R T AR R BB iR N AR AT cr MB. 1Y
Wik 3 Bios, 4 MB BIUGHIE D 50 mg/L i, W R, (B HSCRAN IBRALAR RE T-1 B 1
BaWS 600 Xt MB 5 KB R BWS 600 XT/KREFGFE AN & . RIRAKAEFEFE e F B0 54
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Figure 3 The maximum adsorption efficiency of
MB by straw biochars.

[ MB W BRI, $i e PR fife it 32 B3 [ 25 e e L
W 4 B A B VR AN 25 . 14N, BaRsS 600
FR 2 B CRAY HE BRS 600 5 27.5%, H BRS 800
5 8.6%.

DL BRI S AR B, REFT A P R Tl
A AT R THIAR ) (RS FT )0 A BT e ) MB
AW HPERE o [RIE, ol B 5o RS A2 LE P i &
i 5% v ]k — 25 AR Ay ) vk e A B e B
R R, ASWFZE [ & B ol 4 o A i
VR0 34 78 ) A T 7™ 0 0 o 8 194 5 i) T i
R qE R | P gERFRTR A 50 & i 22
AR PaikiE, YERLE 300-380 cCZ A LA
A3 AT ZAE 200-500 °C2 1] 4 AE 432200
PRI 5 T 500 °CHS}, 45 58 Sz by [ 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/gY, TASHF5E BaWws
600/4 d XTHIEAHE } S0 mg/L i) MB %7 W%
M e ik 24.75 mglg. R R
GRS AR ) o T MB (160 mig/L) i HAp R
R 38.31 mg/g™, T BaWsS 600/4 d %k Hy

100 mg/L [ MB W[ e 2L iA 5] 44.06 mg/g. DA F44
TR, RRaCHRSAT e MB IR B4 RE H Bk
PEA W HAT T B S A 8

Tl g P 2 1 B TR FRURI S s 1 i
R TR o, (HILRIEREE
A, FEAEALTE AL NG AL PR KA BR . T Ak 7 () (8
FAAAN R s R k5 e, i HoR KR & T
il AR, Xl A8 T2 R S AR AL Sy Y
TG R I IAS X RS R o X LT,
R RS A e Ak 7 ) A 1 G A e 66 500 1 1 1 L
Wi Flan, AR E S M H 2
JEURL . BT (H3PO4) A 1 1 751 i 45 493 bR P 2
H R E A E L 701.95 mYg, X MB AR
RfE 755~ 299.52 mg/g. ARTTAMEGE I il 751 /)N
% R TEREFT o BaWS HLRTH MR 9.06 m?/g,
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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 T FF % Oceep  A—Z3N1 7127 Pseudo-first order kinetics Il =251 772 Pseudo-second order kinetics

(mg/L) Straw biochar (mg/g) Q. (mg/g) ki (1/min) R? ky (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 0.983 9

100 BWS 800 19.28 18.84 0.518 7 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 4371  41.00 0.058 8 0.7050 0.001 5 46.08 0.9979
BrwS 600 32.27  25.71 0.094 5 0.3326 0.001 0 33.64 0974 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 O, (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 2478 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 42580 09185
BaWs 600 51.81 0.0119 0.906 1 1.5358 1.491 6 0.940 9
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% 3 AARFBRIEFREFF i e R A H 3 3
FIAT, B A T o ] 25 B A O B T AR e
Py i) e TR, R AT A A e T Ak 3 TT — o AR
0 AR 5 e e LG R TR, (HIE S B v A
FERTA AR . B, BRS 600, BaRS 600
il BrRS 600 LR EFS>F1h 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
FER TR B 47.4%F0 183.3%; {H YR
Ft% 800 °CH, BRS fY FL R HI R R 2 157.33 m7/g.
X /NZFRERF &, W AR T-1 KRR
FERT A8 AR B e B T KA FE R TAIAR, Tk
3 fitz, BaWs 600 fit) SSA [ BrWS 600 /& 40.7%,
Al fEJE BaWsS 1EWM[ft MB A iaif T Brws )5

*®3 WIREERER

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 R RKAERAT N Uk & i A= e < DLHLER
ARG QM6a K IR FERSFF R JFURHR] 45 10 LR BT 5 < L
RIR/NAERERT N JEORH B A A=W e s ©: DU AR EE T-1
RIEM /N REFE R JEORN R & i A P e s T DL RROR A
QMo6a K i 1) /N Rl AT A ISR i 48 1) £ ) Jo e

A: Biochar prepared from natural rice straw; *: Biochar
prepared from rice straw fermented by 7. asperellum T-1; ©
Biochar prepared from rice straw fermented by 7. 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 7. reesei QM6a.
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FEFF AT MBI EHRE 1 5 LR THFRIEAS B E
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A E S A7 1 5218 A 0K N T B 5 i B
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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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