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DL K A AT RURE P 55 B LR R B SR AR A, R0 0T A s AR 2R £
TR 22 PR AR A Rk RE S, DAL I 1R A2 06 3R A
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1 #MR5REZE

1.1 #R5RF

FARZ 3054, WML KL R E H L
TR RO 3R BORFEFF. £8h. AR, AF, HW
FEMRBKETE L 4 a8k, WTREAS4L
HIRAF,

PRI R R AR IR (MY G WA 7R 3E): £
BE 10 g/L. BERHR K 5 /L. W& BE S g/L, /KGR E
A 1L, pH7~8. [ERRFEE IR EIRIN 1.5 g/L
g .
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FRAF]; TGA-4000 #E /AT,  FRARSE 4= AL Hh B BT it
fils bRk E R, LR
1.3 BEREFFHG TERLEKIRAOSE &

1.3.1 EFafia fpit

¥ 30mL R Z AR R SEM T KE &M
150 g FORFEFF AR FRE A, FE DRSO 5 50E TE
RIEFRAER, WHEIRE 25°C, RE9% 5. 10, 15, 20.
25, 30d, RIETHNHAE PR o R AR 160 T
5MPa [ /7, #JE 25 min, Hi] 8% R 2 AR 4NHR . A 2R
10 AN AEARAE
132 AT G ik

B FKFEAF AT 2 T AR 3 . il LR KR
2.000. 0.600. 0.250. 0.165 mm i1, & A F kK
FEFT [R5 22 2 (150 g), fHIRKEFR 25 °C, K9k 20d
Ji 1) % A 2 AR AR . BRALIE ] 10 ANARBREE S, R .
133 RBHR0EHiL

TERAT TR I FKRFEFFE AR TR E (150 g) 4RI
0% 3% L 8 B0 N 1.0% 2.5%. 5.0% [ SR b .
TR RS FR 25 °C, 1598 20 d Jo il % i 2 1R 40 b . 4R
il 10 MAREE S, P
1.4 EXRRE

kBB IR TR 200 25, 30d, A AT UKL 0.600~
2.000. 0.250~0.600. 0.165~0.250 mm, 5&HE 7RI Jifi &

ST 1.0%. 2.5%. 5.0%. 57 Ly3%) IEAC 5,
DL GE R ZfiEfE . il ot BN VRN e bn, 1 e i
FETZ, SN EHEES 6 Ik, A,
1.5 HEZLEKRAMERENK
1.5.1 AJESRE MK

M4 [ 5 bR GB/T 6546-1998 ( FLIS 4R I2 s 58 J&F
WY, FIAH BZL-YH 4002 F MR AL I 5 B 22 J: 40HR
52 f g i 58 5 o REG AR LA 12.5 mm/min [
SER N, MR JMES 1 OB B i i R T i 28 R e
I PRI EE BRI o 2 B8 22 R 4RAR AR 3 Ik M .
1.5.2  #wi%E AT 3K

Z 6 E K AR GB/T 23144-2008 (4N ARH 5 A 25 h
HERE I m R , R WDW-5A J5 g 50 A%
FR 22 AR AR 55 2 7 AR AT 5 i o R gt 4 5 A
PRIG AR BA 10 mm/min f 38 B 50 S8 it K Fy . AR R 22
PRACAR AR 3 IR F7.
1.53  HoKZEREK

WA RIFE TR 0] AR RS AR BE AN [R] S5
1) % () TR 22 AR ARAR R S D) B R FE XN 5 em [ 1E 7 %
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= 100% (D
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K my IR AR &, g5 omy, MIRIE WA
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1.5.4 BEBKERRX
FERARTRE 1.5.3, HIERBUREE #2132 S AE
RIEEENEL, AR 3 K, EEEKETELA (2.
=21 100% 2)
1)
K o NIRZ ATAFEAR R, mm; 4, IR SE
AL AR, mm; T AREEEKE, %.
1.6 HREHH
FIFH TGA-4 000 #REAL, WAL BT IR, AR
i N 10~15 mg, R E N 30~600 'C, FHiffiE
FE29 10 C/min, RN EAEES, HEHN 50 mL/min,
MR S5 6 BHE AT 74T
1.7 BUESH
FIF Excel 2010 %% 4 i3k 47 # 9% 45 1F 47 #t » SPSS
2019 BAFEAT R R 7 Z . Origin 2022 A4 K .
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Fig.1 Growth morphology of mycelium on substrate for 0~30 days

2,12 3EIRETIARTE LRGBS F A0 Bk Fi (B 2e), 5~15dmT S i ERAEERS

AN TR) B 77 B 18] 1) 4% 100 B 22 AR AR 00 TR B B . e il (P>0.05), BKBANVLE, 20~30d K, = Hi#EEF
SRPE. BHEELS RWE 2 s, 3R FEEREME 00 RERE (P<005, RRELMHAK. £ 3040,
FHE RIS R RN oK. R REE R R A AR SREN 7.51 N/mm, AR T 5 AR 9 2 B 40HR 30 JE
B EEHER “S” & (K2, 10~15dH, FE (1278 N/mm) ;s #f #l 58 FE 5 9.57 MPa, 5 4= [z 4K
B REMEL ETF, 25~30d 0, HHRARPE., b Mr # il 9ROEF B2 E (1024 MPa) 5 ol HE FE N
o E AR T (P<0.05) (K 2b), M 5~30d 08, 16.63 mN/m, #H LT 2 f7 4000 ##E /% (13.10 mN/m)
—HELMM KBS, SHEEML 1SdEN N0 ]I 21.2%.
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B AANESFRRRAFAMEREZE (P<0.05) ., TH.

Note: Different lowercase letters indicate that the different cultivation time is significant different (P<<0.05). The same below.
A2 R B ARG ) S A
Fig.2 Mechanical properties of mycelium paperboard at different cultivation times

2.1.3  FEIREE )3 B AR ARAR B K R 69 %o BN, AN 1.27% F11.68%. B 2K S5 A RN

AR BE FRIN AR B 22 AR SRAROBOR R MBI R S AR 2 LA, B BKEIK, I B2k
mE 1w, mTPKMEREEMAK W Lkee WREdmiRAE, — &5 R A &0 45 #) 5n 2
B FAET, W2 AR RN ER R E %, BORMERAIINE. BEREIFN TR, HL
AL B DL BCAEAS 7 20 d 2 )5 B T 22 AR ARARGEEAT TN TR Dy BEMR AR BT, AE ROKR RS AT R BUBURL 2 18] 72 1
o B E L2 AR ARSI I () R SEAG, WROKPEANEBE 4%, o R FE AT 2 1) 55 KRR 2% B2 BB B 25 /1 ) TR 5
MK 26 R B I IR PR AR B a3, ARARI B KRR DK TR ON (RN T 22 90 2% e 5 R 4 A 3R T
The HEFRISIAIA30d I, 24h EHIBOKEMERZIK PRk

R 1 AEIEF A E)E 22 R 4UAR IR 7k 3= 0 2 BT B A 2R

Table 1 Water absorption and thickness expansion rate of mycelium paperboard at different cultivation times

B FRI [A] % 7K Z& Water absorption /% JEEE ik % Water thickness expansion /%
Time/d 4h Sh 12h 24h 4h Sh 12h 24h
20 2.79+0.51° 3.19+0.33" 3.42+0.64° 3.9240.45° 1.95+0.31%® 2.58+0.43" 2.7240.34° 2.8240.21°
25 1.31£0.36° 1.37+0.25° 1.40+0.24° 1.45+0.44° 1.05£0.16¢ 1.38+0.28" 1.64+0.23" 1.79+0.32°
30 1.06+0.33° 1.14+0.65° 1.20+0.53° 1.27+0.22° 1.10£0.27° 1.23+0.16™ 1.32+40.33% 1.68+0.23°

e BTz . TR

Note: The data were means. The same below.
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2.1.4  FIRET IR E LARSAR AR 69 F R

AN [ 85 F7 ) 8] B 22 AR ARARCREE 2R AP 3 s e AN
IF) TR 22 AR AR LA AR L) F P A T 28 (thermo gravimetric
analysis, TGA), KEH /M3 MHrE (B 3a): H—
Mr BRI IAIRE R 170 °C, B BORE SR B TS
WBUKI AR .. 5 BON 170~420 'C. X—MrBUR &
PURZRIERR . 20, LT RSN k. 5=
BN 420 'C 25, FEREKRFEDEIE.
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Fig.3 Thermogravimetric analysis of mycelium paperboard with
different cultivation times
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DTG) (Kl 3b) tHIl 3 Mg, 55 1 MIEXFR 170 C it
TR AW E K. 52 NEXT N 280 'C A4, F
TR YRR T, 1535 5 d 30 d Hl % IR
B 23 51 9—0.405%/min 5—-0.314%/min. 5 3 4>
U 350 °C JEAT, BRARKT AT YE R IREMFE . B59E S d
il & I ARARAE 348 °C I, #A M 2 55 K 8—0.733%/min,
B 9% 30 d il %% I 4R B FE 355 °C I, PR R KON
—0.586%/min. Z5 FFTIR, R5FR ] PR T AR R A
FREMEH — 2 B
2.2 RERMEXNE AR RN

HE W2 EAE KIS, HAREERMTES, M
FESE R E R o G0 A B 22 e B I 1A i O\ — L8 22 AT
CLE BRI FH 7% 0y, AT DA Bh s 22 P e i, i v]
PLR K46 R A L 2 I 1R] . S5 40, [ Y ANFE 4% BF 90k
P AMIEE F= 90 00 0N K B 22 4R 526 R TR 5 TH A
WSS A Fe R A TR 46 R R, JERE L R AR L
5 TR R S () 0 S BB P 1 AR A K R R N, AR
FUIEPE R MEAE NS TR, Dh R SRR s I X B 22
PRAMR 124 RE L Bl 7K MR DL R B B 7 THI IR R2 ) .«
22.1 RAERAEXTE LAREKIR ) F AL Fm

AN 17 SRR V25 0 2 1) % P T 2 PR AR R B e
SR, THEE L R 4 . BEES RS, 3 R
JIEEREII IR S . RHER I E S HON 5.0% (1T 2 AR 4K
BRI RSBy 8.19 N/mm (& 4a), AN M 2F J 4840
JE5RE (12,78 N/mm); i ilisiE N 11.78 MPa (& 4b),
FH LG T4 B 48A 5 fh R (10.24 MPa) 25 15.0%; =
i & FEA 18.87 mN/m (B 4c) , #H Mk F 4 B 48 ik
(13.10 mN/m) $275 30.5%. 00 HE AT LA R T B
AR T F RS, IR EON 5.0% B R BER,
D15 R U

. 20 .
~ 85} a & 12} N i - 2
£ w0 t = ¢ {/ E 8t b
z i) _— z
& b g f &
EERR]! EER SR ¢
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BE 70} £2 4| =25,
K= & E fr &
2] | © | d 5]
: 65t 4 o 8 7 g2t d
o I 8 =
m 6.0 @ Tt [
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B4 TR RABRAE LRI R

Fig.4 Mechanical properties of mycelium paperboard with different fructose addition

222 RABRA0FTXE LKA KM 6 R

AN T SR R 5 100 2 1 TR 2 R AR BRI 7K 3R R P M ik R
Wk 2 fron. B RHEEINER, oK 24 h 5%
IKEFNE IR R ik B NS, H IR K 2R B AR
/D, R R AR . S SRR INE N 5.0% I,

24 h JE WK Z R 0.90%, EFERZIK N 0.90%. T
RFES 8 1.0%, oK 24 h )5 0 22 R 4R K AR
TR 223 /N 7 0.09 F11.81 AN 20 . B BB HITR
m, BEFRFmIEEE, ARLREERNER, W
KR, R KR .
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Table 2 Water absorption and thickness expansion rate of mycelium paperboard at different fructose addition

T %7K % Water absorption /% JEFERE K % Water thickness expansion /%
Levulose additive amount/% 4h 8h 12h 24 h 4h 8h 12h 24 h
1.0 0.75+0.55° 0.83+0.34% 0.88+0.48% 0.99+0.26" 2.09+0.22° 2.27+0.43" 2.50+0.38° 2.71£0.41°
25 0.62+0.13¢ 0.81+0.32% 0.75+0.26" 0.92+0.34° 0.52+0.19¢ 0.58+0.23¢ 0.66+0.37* 1.02+0.32°
5.0 0.65+0.25° 0.70+0.21° 0.74+0.23° 0.90+0.13" 0.60:£0.27° 0.78+0.28° 0.93£0.31% 0.90+0.33*

223 RAERm 3@ LRBRAMER G0

AN ) SR WE AN N 8 A 22 AR AR ) #EE i 2k an B S BT
PR — 3L N 3 AN B (B 52), 85— BONE A TR
BEE172°C, HMBN 172~428 °C, H=MBhN 428 C,
BIRNEER . DTG #izkh (K 5b), FH—ANEXRN 279 C
FeAi, BRBERINE N 1.0% Fl 5.0% B4 4 i kb # i s
FN—0.341%/min 5-0.344%/min. % 2 AN 352 C
A, HRBERMEN 1.0%, HAEEER KN
—0.670%/min, FH L EFERIEA 5.0% B4R 7 fif 5
F (-0.710%/min) P&EAK—0.560%/min. /N [&] 50 7 &
PRI REA R, Bl SRR IR 3G N, SRR
WAEREIN, AT T B 22 R AR A Fa e 1 .
2.3 FEFFEURIE TR LA KR M RSN

Hl & W 2 MR R EE AR R, —PMEWL,
F— AR . B BT B R AT S IR
Z /D IX AN Z A, A ORI R R A WA
YRR BRI .
231 AEATHAL AT B LARBARI GG R

W 6 Fron, AN[RIRSFFRIURE B B 22 A4 4R AR 40 W 765
ZEFIRK o BEAE WURLEEI)S, B 22 AR AR SR TH & 11
WHR AT WL 22 5 REFFAF 4R G35, MEMFHE 2K E
GMBIEINECE, P AEERNEAER . ASFEBRAM DI
B, B, BAEBAEREA, ERARESH
BlERD B8 RS WL R R AR, 5] 5 A g 8 PO

a. RS

a. Unscreened

b. 0.600~2.000 mm

0.165~0.250 mm IR B il B B 22 AR 4Rk (&l 6 d) 11
AN TR A A B AR

SR &
Fructose addition/%
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= N
2 o PR
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H 50}
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W BtStage 2 T
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a. AR AT 2

a. Thermogravimetric analysis (TGA)

=1

(=

&
Derivative weight/(%-min")
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Fig.5 Thermogravimetric analysis of mycelium paperboard with

500 600

different fructose addition

c. 0.250~0.600 mm

d. 0.165~0.250 mm

B 6 REARATIALE A& 09 5 LIRKMII

Fig.6 Appearance of mycelium-based paperboard prepared with different straw particle sizes

232 RATRUKL AT E LR S F AL R

A [ SR 1) 46 T B 22 MR AR I e B e
SRPE. WL W 7 Fis. AARORL, RS RN
FERN, & ARER 1) 3 B g 2R R T . Bl A R
RN, BEREEWHERELZL BT, 0165~
0.250 mm P B 22 AR LRAR IR R SR FE B R, O 15.48 N/mm,
FIEE A4 4R HR (1278 N/mm) $E5 T 17.4% (& 7a) »
i o i 5 I o ORE B ek i 26 2 “S” B, AL 0.600~

2.000 mm T4, SGKIEENE K, 2 0.165~0.250 mm B
N 11.77 MPa, A8 T4 B2 40HR & i 32 FE (10.24 MPa)
PemT 149% (K 7b) o 2 dh 4 FE A 0.600~2.000 mm
TFE R EZ& BTF, 5R 00 Bos HE W B 2 &
(P<0.05), 4WikiEH 0.165~0.250 mm 4y 30.7 mN/m,
T4 40 (13.10 mN/m) #2757 57.3% (& 7¢) .
T3 8 P A e i 5 B AR, R 43 9% 5 0.165~0.250 mm
WA REER EEWMER S, K40 0.600~
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2.000 mm LREZER (P>0.05), F10.250~0.600 mm.
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Fig.7 Mechanical properties of mycelium paperboard with different straw particle sizes
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Table 3 Water absorption and thickness expansion rate of mycelium paperboard at different straw particle sizes

T FEAORL 52 7K % Water absorption /% JEFE K % Water thickness expansion /%

Straw particle sizes /mm 4h 8h 12h 24h 4h 8h 12h 24h
0.600~2.000 1.97+0.31% 2.16+0.45° 2.30+0.39° 2.41+0.42° 1.29+0.24% 1.63£0.36° 1.724£0.23 1.90+£0.36°
0.250~0.600 1.70+0.23" 1.90£0.26"™ 2.07£0.21% 2.26+0.31° 0.99+0.37° 1.11£0.34™ 1.24+0.22% 1.37+0.14™
0.165~0.250 0.71£0.17° 0.77+£0.15¢ 0.8120.19° 0.8620.13° 0.28+0.15¢ 0.43+0.17° 0.49+0.23% 0.59+0.23%
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5% (A;B5Cy) « B EHEE AN 14.36 N/mm, & E LT H
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Table 4 Orthogonal test result table

' I ] SR PSS SR ki il R
No. Time 4/d Granularity B/mm Fructose C/% Edgewise strenght/(N-mm ") Flexural stiffness/MPa Static bending strength/(mN-m ")
1 20 0.600~2.000 1.0 6.65+0.55" 20.67+0.69* 7.510.54°
2 20 0.250~0.600 5.0 8.51+0.53¢ 21.93+1.61¢ 8.48+0.47"
3 20 0.165~0.250 25 10.79+0.61° 30.87£1.13° 10.81+0.73
4 25 0.600~2.000 5.0 8.88+0.11 28.84+1.43" 7.3240.80°
5 25 0.250~0.600 25 8.80+0.17% 28.11+1.95° 8.22:+0.72"
6 25 0.165~0.250 1.0 10.88+0.85" 33.09+0.03" 9.41+1.09°
7 30 0.600~2.000 2.5 7.51£0.45° 21.80+0.54¢ 8.04:0.70%
8 30 0.250~0.600 1.0 9.57+0.29° 29.52+1.99™ 9.06+0.37°
9 30 0.165~0.250 5.0 14.36+0.34° 30.64+0.24° 10.89+1.24°
#5 EXREHERIER
Table 5 Analysis table of orthogonal test results
Jeby _ UNE . % R . ' ﬁ%ﬁﬂ%fﬁ
Indicators Edgewise strenght/(N-mm ) Flexural stiffness/(mN-m ") Static bending strength/MPa
A B C A B C A B C

K, 25.96 23.04 27.10 73.47 71.31 83.28 26.8 22.87 25.98

K, 29.56 27.88 28.10 90.04 79.56 80.79 24.94 25.76 27.07

K; 31.43 36.04 31.75 81.96 94.61 81.40 27.99 31.09 26.67

k 8.65 7.68 9.03 24.49 23.77 27.76 8.93 7.62 8.66

k, 9.85 9.29 9.36 30.01 26.52 26.93 8.31 8.58 9.02

ks 10.47 12.01 10.58 27.32 31.53 27.13 9.33 10.36 8.89

W% R Range R 1.82 4.33 1.54 5.524 7.76 0.83 1.01 2.74 0.36

T RAZEK Primary and secondary factors B>A>C B>A4>C B>A>C
414 Optimal combination A3B;C,y A,B,C, A3B,C,
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Preparation and performance study of Ganoderma weberianum/corn
straw mycelium paperboard

DONG Ziwei' , LI Yuhang' , LI Fanyu' , WANG Zhenggi' , LI Yu'? , HAN Xuerong"**

(1. Engineering Research Center of Edible and Medicinal Fungi, Ministry of Education, Jilin Agricultural University, Changchun 130118,
China; 2. Jilin Province Key Laboratory of Fungal Phenomics, Jilin Agricultural University, Changchun 130118, China)

Abstract: Environmental pollution has posed serious harm to human health. The use of adhesives has also caused in the
traditional paperboard. It can be expected to develop the environmentally friendly mycelium paperboard. Among them, the
hyphae can form clamp-shape connection structures for the nutrient reproduction and transfer. A natural biocomposite material
can grow on the natural agricultural waste, due to the high dipole moment and hydrogen bonding between macromolecules. In
this study, the combination of Ganoderma weberianum/corn straw was determined to design the single-factor cultivation
conditions, such as the cultivation time, straw particle size, and fructose addition. A systematic investigation was also
implemented to explore the effects on the mechanical properties, waterproof properties, and thermal decomposition
performance of the hyphal paperboard formed by hot pressing. The optimal cultivation was obtained after orthogonal
experiments. The experimental results indicate that the various factors were varied in the influence on the edgewise strength,
flexural stiffness, and static bending strength and waterproofness of paperboard. Firstly, the flexural stiffness reached
16.63 mN/m, which was 21.2% higher than that of kraft study (13.10 mN/m), when the cultivation time was 30 days.
Moreover, the water absorption (24 hours) also decreased from 3.92% to 1.27% with the increase of cultivation time. Secondly,
previous studies showed that the addition of fructose, glucose, and sucrose increased the biomass growth rate of strains. The
fructose was chosen as an exogenous nutrient. Once the mass fraction of 5% fructose was added, the mechanical properties
were the best with a flexural stiffness of 18.87 mN/m, which was 30.5% higher than that of kraft study (13.10 mN/m).
Thirdly, the particle size of substrate shared the significant impact on the appearance and properties of the material.
Furthermore, the mycelium paperboard made of 0.165-0.250 mm particle size was the closest appearance and feel to kraft
paper. At the same time, the mycelium paperboard made of 0.165-0.250 mm straw was the least prone to deformation and
loosening during testing. The molding was significantly improved, compared with the rest components. In terms of mechanical
properties, the edgewise strength, the static bending strength, and the flexural stiffness increased by 17.4%, 14.9%, and 57.3%,
respectively. The influence level of various factors was also ranked in the descending order of the particle size, cultivation time,
fructose addition amount. Once the particle size was 0.165-0.250 mm, the cultivation time was 30 days, and the fructose
addition was 5.0%. The edgewise strength, static bending strength and flexural stiffness of prepared paperboard were 14.36 N/mm,
10.89 MPa, and 33.09 mN/m, respectively. The water absorption rate and water thickness expansion rate of paperboard after 24
hours of water absorption decreased to 0.86 and 0.59%, respectively, as the particle size decreased. The mycelium paperboard
prepared by different single factors shared the same thermal decomposition, starting at around 150 ‘C and reaching its the
maximum at 350 ‘C. This finding can provide a strong reference basis to develop and apply the mycelium composite materials
in the future.

Keywords: mycelium; complex material; mechanical properties; waterproof performance; biomass
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