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FORFEFFELA R ORI e, H 32245y
HEFHEER 36.17% . 2748 K 27.98% ., KJFi %
14.75% . FFEFFEGE BT ), i 20 Hiff,
EAETE B AP

IR B R (A B0h 88% ) R A ALAN (43
Bral) FIFF IR (53 B2l ) 340 F R HE T K KAk
RAVABRAE]; WARPAF 3,5- G EE KT IR
(DNS) ¥ M4 Mrdli, W4 1 1 i RN & A B
A A AR (TR Ok 30%) i 80 (43 HT
ali) LTk 2R AU SR 57 Hh T e e BH R e 1A
PRIt

AR - AL-204 B 7534 KF- (2500Y #Z
IHEEMTEHL  VELP RULT 4 200 % . 8—1] AL 3
W1 ZWY =240 BUFE IR R 5 4% . CFO80-S 7Y i #4i
AAHEF  RE-3000A HUiEHE7% %1  TU-1810 %I
EHNAT DL 6 G  Zeiss Gemini 300 % % 549
i B 7 AT Spectrum—2 AUAE B IH- 2T SR 45
7% D8 Advance % X SFZRATHMY .

1.2 FEERt

IR TALFE . 50 ¢ FOKFGFT5 500 mL IR 7
PR, TE 80 CIIV 4 h, R 2N g, ug ik 4k
SEEATIREE R 50 CRITEM KN 5 h, RN
SRR, SRR ECN 1% E 8%
WPRAIEE 1 h, Hhig)s FZEm Kt =k, T
105 CHEFRTPHET2 0 AR d ol F-R,

VSR BN AL B .50 ¢ KA FTF S 500 mL
0.7 mol/L IV SH IR MY W T /IR A, #E 70 “CRN
3 h, FRRENEIE , HZEMm K sk = p b, F 105
CHEF P HET2H  HEAIE N S-R,

Bl I AL S TR BE . 50 ¢ BOKAEFF S 500
mL 5%i3 EALE A 0.6 mol/L FAAMN T RS,
FEE RN RV 24 b, FRREEHE  FHZRIR/K vk
Zrp, T 105 CHEFA TP RL T 1T AR id oy H-
R,

FORFEFF B BLS MR . LS ¢
R E T 250 mL HEE T, A 50 mL #r& R
SO, I 25 FPU/g £ 4 E B A1 40 TU/g
AKEMERG , 75 pH (EH 4.8, IR K 50 °C, 5534 K
150 r/min BI554 RN 72 b,

BT ERL R 28 S50 % 48 4F 4 R il (6, 10,14, 18,
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22 FPU/g) AR Z B (10,20,30,40,50 TU/g) it
IR 80(10,20,30,40,50 mg/g) ¥ il HE X K A5 AT
T AR 3503 A M), A B R 2R ity I | T ET 4
R, ARBERGEAL IR 80 VE A i 1 % i1 A A8
i, B AR R SR 3 BRIER 3 7KF- A i iy
T3 T T AL T OKRFEFF BBl 251, B4 T 0
AL HRERKFRTHILER 1,

R 1 MmEE L E EKF R
Table 1 Coding of factors and levels for response

surface experiments

P2 4Ty wr
-1 0 1
LY R B/ FPU - g X, 14 18 22
AR ERBEEE/IU - g X, 20 30 40
i 80/mg- g™ X, 10 20 30

e [ B AL . Fe MR LT 4 K A RO A
T 80 Pk 5 BB N o — UM VS N B AT A T
SE PRI 250 mL HEIRIH, ZrAITE 6,12 ,24 h I
PR SR H-R, (R YR E A3 20%,
fift SUNAE pH ABA 4.8, %2R 50 °C,4%HH 150 vmin
SRR, 23000 48,72 ,96 , 120 h BURE 3T,
1.3 545 &iE

K 1 DNS 1222 1l 5 260 8 s o 11h 2 9 6 4 7420
& AR EA5FE =0.057 8x+0.002 6,R> F5 09997,
I 2 AR R Ao P ) 3 DR A B R
NREL I 72 FAL B 5 T ORFEFF AU £F 4 % 2
FRFZESATRSH,
SBTR m MR Y AR R

L=""""25100% (1)
n;

H=""""2%100% (2)
m

m=CxVxN (3)

y= m;“;’g «100% (4)

Ko AARMEFEFF AR R &R, g;n, AL
SRR R B, g5 my A AR FFSF
WA YER T, gy m, WP FEFF i 21 4
RIH, g; C BRI D A8 JFE & & g/mL; V
R AR AR TR mLy N N H B B0 M R KRS
FF g R AL AR B e

¥ J ZEISS Gemini SEM 300 % 9 4 t 4%
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(SEM ) FAE TIAL R T | J5 FF i 1) SO0 285 4 A 25
AR BORAEECH 2 000 1% 5 K Spetrum-2 #45
TR A FRAE T AL BRI | J5 A b A (e L AR 4 2T A1
T (FTIR) , F3 4 P %k 400~4 000 em™; 2% i D8
Advance B X SRS SCRAE AL BRRT | JHREM
() X SHRATHHERE (XRD) , AT 548 (26) Ky 5~50°,
RN 1.2°/min, ARIEATHT 1E 1S 58 B R
Segal WEITHEZE M EEHR AL (1) o
1&=%x100% (5)

K2 L, WICE IR B e/ MITHT SR, 2T 5T
1 20=18.7° B AT S5 B ; Loon M JGSE TR0 B e
RAGHTHR T, AT A 20=22°0F (AT S5 % |
2 BER55H
2.1 TR AR EA

TIRLBERT J5 FRREFFAILE AR 2 DR

Hi 2% 2 AT, 3 Ah Al BE O 2 38 RE AT RIRAR
FEFF R R e R R R R & i R AR RS
iw, Hrp IR TALPRAE & F-R BR A4 R 5 &
FEZE1.67% , FLF4E L BRI 97.55% ; W AABREN T
SEFRFE A S-R PR ER bR m, H98.19%;
Bl o A AL S P A i H-R PR A 4 R
B ARREEREN 93.72%, A G i #H
HLAEF K I AU A I 1 21 4 R 05 1
DRI, G o A o 28 A ) Tt ey Bl 380 280t 3
B, SRR HER SR
(36.17%) #H ,F-R,S-R #il H-R T4 £ &5
WERE, EE RSN 119.46% ,59.39% F
104.70%, #E—XF 3 Fhfiab # 5 i FEFF 251 7B
fift , F—R BIBEHERN 63.26% , B AR AR, 5
PRI TR T B9 R 5T 28 R BRI, B AR IR
J 2% K B 1 B R BELAS: T AR S A R AT

R2 FREITAMIERT SFEFFAR R EBREN SR

Table 2 Components of straw before and after different pretreatments and results of enzymatic saccharification

FE 214 R 1% LU % RITE % LT YER KRR % AR R ERF% T 21%

JERL 36.17 27.98 14.75

F-R 79.38 1.67 7.84 97.55 77.69 63.26

S-R 57.56 32.46 0.41 24.82 98.19 71.83

H-R 74.04 17.32 178 73.95 93.72 95.14
S-R THIARRBKMAZ BN OB . RITARTTERM BN,

FHA S ARG, 7T RE B S-R 1Y % 4%
IR, H-R ARG 05 5, N 95.14% A8 F-R I
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HO - )R435, 0 5 6 28 b 5 K 5 26 S 7, 1o
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GEL7/ U =K o= 1 VD O R S S i
Gy o KRR SE N I 28, R IREE R
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P, BB TR Yt T 25 o) R B 11 ok TEEA T It A et
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(d)H-R

1 ERFEFRLER . FHAMEEREER

Fig.1 SEM of corn stover before and after different pretreatments
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Fig.2 FTIR spectra of corn stover before and after
different pretreatments
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Fig.3 XRD patterns before and after different

pretreatments of corn stover
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JEREE A AU R 3 Al A BE 2 fh B RN
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i, WIER T X —2518
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B F-R,S-R Al H-R & i it K4 5 Ky
63.26%,71.83%F1 95.14% , [ 45 it 1) B K FEFF
25 Wik B  H-R,S—-R Il F-R 4553 f f bk
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Z FLARICR R A 5 I S R AN T A B i8R fe i H
AR A e A A FE I AR Bt
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23 RREHH G0 & EERAL

it R R LR A R AR ER A
I 80 WA N LT K AT MRS A 52, 45 R
WK 4 iR,
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130 mg/g MTENLT , 21 2 R WIS I X H-R il
R B AN 4(a) s, B K 4(a) AT £E ]
—LFHE RTINS, Bl BT B] 0 2 K | A
RIGWTE R, ML RSN 6 FPU/g, Wi
AT 24 h B 96 h B, AR 5K 37.99%
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Fig.4 Analysis of results from single—factor experiments
HA R 6,22 FPU/g, B IF[E] 96 h i, il fi%
RN 74.43% ,95.83% . “41HFE] K 60~96 h
B, Bt £ 4k ZE S I (0 3 K, Bl R T+ = 2218
HRET VRS ML RIS 00 14,18,22
FPU/g, Mf#BEAT 60 h B H-R A4 AR 5500 R
86.92%,9225%}% 93.35%, KL, LA AT,
SRl /U it P et R (R N AR A S R, B AT
Yk F iR AN 18 FPU/g, B 18] 47 60 h,

TE 21 4 2 W F1nk 3R 80 7R I 43 5 ok 18
FPU/g F1 30 mg/g, FEEATTE] R 60 h (UTEHLT K
SO VS X H-R AR 04 52 i &l 4(b) fir
7o HIFEL 4(b) AT Bl A SO BN I & i 35 m
it A7 LSBT A I 77.5% T & 92.86% . 24
RSN T 30 TU/g B, Bl R I K 2%
1, QURSBERGTS Nt 435124 30,40,50 1U/g 5,
H-R TR Z5 510 91.44% ,92.18% 1 92.86%
DKL, R 7154 P RAS | 33 AR SR 1) B AR5 in
24 30 1U/g,

YERZRTETEPER], i 80 wI A %k Bh# ,
VoS /U it ) FHY o DA T ARG A 7= BROAR £ 2 2L
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ARREWERGAS It 50k 18 FPU/g M1 30 1U/g, it firt
IHE A 60 h i, ntiE 80 A& X H-R FRfiE R (1)
AN 4(c) s, B 4(c) AT %0 Bl I 80
DRI PR, WA R ST T BRI,
80 R INHEL N 20 me/g B, B R A5 =, o 95.55%
PRt , e 80 SN N 20 me/g,

AR #E 1) W/ 17 Box—Behnken 25651 XF H-R
fitg i T Z VAT Ak AR 17 A0 a5l 7 T
TR ENEARERY | SRR K-, Box—Behnken
SEHREE R 3,

%3 LIS HAEREFON R AR R

Table 3 Experimental design matrix and response value

enzymatic hydrolysis yield

5L 21 Y i AR -5 80 fifg g%
7 FPU/g 1U/g me/e %

1 14 20 20 82.44
2 2 20 20 93.86
3 14 40 20 88.07
4 2 40 20 93.64
5 14 30 10 83.76
6 2 30 10 91.67
7 14 30 30 84.28
8 2 30 30 93.63
9 18 20 10 87.54
10 18 40 10 93.58
1 18 20 30 89.34
12 18 40 30 93.51
13 18 30 20 94.02
14 18 30 20 9338
15 18 30 20 9434
16 18 30 20 94.25
17 18 30 20 96.13

F H Box-Behnken X4 X} 5% 3 W A4 HE AT
ZIC IR IEE ST AR 270 R I 2
Y=94.42+4.28X +1.95X 1+0.53X-3.79X —1.13X. —

230X, 146X X+0.36X X0.47X X, (6)

M . 6 ] 0 7 R R AR T 25 50 BT L3R 4, H
FAn]AL, REREEANE) FAER 30.99,P<0.000 1,
FEINIZARELA 5 i g P ST P=0.500 5>
0.05, R A A 3, RIIZALR A B il {5
B SRR e 2L R*=0.975 550.80, R, =
0.944 0>0.80, #RE R ECHE I 1, Ui I IZ A AU Y Fil
45 5 55 S (B BT AL B, T RS R %)
LR Yk AR RHEEA IR 80 TR RIS T4 A
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Table 4 Analysis of variance of coefficients of response
surface regression equations

JPERIE P AmE ¥irz Bk PlE
A5y 285.28 9 31.70 3170 <0.000 1
X, 146.63 1 146.63  146.63  <0.000 1
X, 30.50 1 3050 30.50  0.0009
X, 2.22 1 2.22 2.22 0.184 6
XX, 8.56 1 8.56 8.56 0.023 2
X X5 0.52 1 0.52 0.52 0.499 6
XoX; 0.87 1 0.87 0.87 0.386 0
X2 60.46 1 60.46 6046  <0.000 1
X7 5.40 1 5.40 5.40 0.053 3
X7 22.26 1 2226 2226  0.0023
5k 7.16 7 1.02 1.02
JANI 2.96 3 0.99 0.99 0.500 5
alifRE 4.20 4 1.05 1.05
=¥l 292.44 16
R’ 09755
Ry 0.944 0

T, AL BB e W PR 30T T 55 MRl
FREER, AT LU Y, =R R A2 i RE i 41
AL 22 B> AR A>T 80,

FEF W T RIS SR AT, YA
ININEA 19.60 FPU/g, AREBHEERIN NS A 35.44
1U/g, 36 80 A ik 20.96 me/g B, g R i
i, T EE RN 95.97% ., Sk lEm it 5 A~ HE
A ST S G0 UE O fb S BORN T I il o3, S5 SRR B
TEARAL IS AR SRS, PR3 94.42%,
SN EE SRR ZE N 1.62% , BAE NS A X
BN S R EE

ENGIESESay i

RS H AN 5 7R

o —

4
]

L - e
4000 2200
35.00 \\ /,// 20.00
30.00 7 18.00

\»-. -
o, 2500 T 16.00 .
. ] § aol v ST Y2 ol
X KB WHREG/U - 20.0014.00 X1 ST YEZE[/FPU - g

(a) £ 2 Z Bl AR R il
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25.00 73500
20.00 .. _—"30.00

15.00 ™~ 25.00 e
10.00 20,00 Xo: A RBERGNU - g

X;: il 80/mg- g™
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Fig.5 Interaction of different factors on enzymatic

hydrolysis rate

HI I 5 (a) AT LAFE Y, £F 4 22 AR SROBE Al
S H AN B R0 B, AT R BRI
— BT, A 3 B A AR SR T et A3 K
EHEIN, SRR B A LT A 2Rl 3 ek
/N, B 5(b) T LAE 25 4 Z A 80 1928
HAEFX R fE R AN 3, TR 4 R N
— W, BRI 80 VNN pXE AT 3
B, {HMLFEREEER N KT 18 FPU/g i), 34
Tt iR 80 S X R A K, L, &
YR 80 T AR g , 8 o vk 1 2 Y
i FHRRAR A . B S(e) AT Y KRR E
it kY 80 YAC HAE HINT B A g ma AN i 2 Bifi
AR TEWERG AR 80 WS & A MK, W 3
HETN, Hou S WIPBR FH A 98 S RSO 43 Hr T T
iR 80 XA T 2K B AN HAE AR, BFIE A&

P FEAREE U (10 FPU/g) R, B8 hnnt- 9 80 J , 7
AR RN 26.6% = %) 99.6%, I HiLiE80 AJ
W T 2T 2 25 Bl 1 AT IR 75% 5 180 FE AT
RRMMAEEE R 34, WAL T XA
R AR,
24 & BB

SIAAT i TR PR R, SR Attt
AR R E AR, A SCHAE T AFERMRR
W CEVESPIHE A 20% ) X B AL RCR 1 52 M)
gERINER 5 R,

K5 BEBBELIBRER
Table 5 Results of high—solid enzymatic hydrolysis and

saccharification experiments

BIUh1% 9% 1%
Oh  6h 12h 24h 48h 72h 96h 120h
10 4 3 3 7061 8156 83.66 84.13
10 6 2 2 7253 8211 8647 86.86
8 4 4 4 7311 8321 8670 87.57
6 5 5 4 7032 77.10 7880 8347

HHF 5 ATAL, WL YR B X B R A TR K
B S, 5400 45 JES VR B2 SR 109 1), iy 30 4 sk ik
Z M FIBGAARRT )T B AR R, A (] — Rl
[0, WILR M A 8%t (i K fee i, 7E IR
— MR RF, B BT ] B35 0, TR A5 2
ARIFREE R B E S . Mukasekuru M R HH
WX H A T I, KR T ERYIR R 5
HEAMEHEFEAL , R R IR R 10%, 7 6,12,
24 h 730N 6% ,6%H1 8% MY, i E R E
KF) 30%, WM 720 5, WAHTE RN 70%,
Nwamba M CPU F &0 &0 A0 8 AT H I X H e v ik
FTHALEE, SRS AN I 5 B IR I ik
BEHN 8% ,7F 6,18,24 h 433G 4% Y, i
72 h 5, R E RN 83%, HILAT L HEEY)
W B AT LASRAS R Wk P Bl A, RISk B i v
2 TR AR R T2, RATHEFE, DT 52 m
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Research on enzymatic hydrolysis and saccharification process of

corn straw based on mild pretreatment

Zhang Huanhuan', Lin Yucheng', Wang Yuanyuan', Zhao Shigiang', Du Chaojun®, Zhao Zigao®,
Chang Chun'+

(1.School of Chemical Engineering, Zhengzhou University, Zhengzhou 450001, China; 2.Nanyang Research
Institute of Zhengzhou University, Nanyang Institute of Technology, Nanyang 473004, China; 3.National Key
Laboratory of Biobased Transport Fuel Technology, Nanyang 473000, China; 4.Henan Center for Outstanding
Overseas Scientists, Zhengzhou 450001, China)

Abstract: Pretreatment and enzymatic hydrolysis of straw —type biomass are among the key
technologies for its high — value conversion and utilization. Using corn stover as the raw material,
pretreatment methods with formic acid, sodium chlorite, and alkaline hydrogen peroxide were
studied and compared. Methods such as scanning electron microscopy, X -ray diffraction, and
Fourier—transform infrared spectroscopy were employed to analyze the composition, morphology,
crystal structure, and functional groups of corn straw before and after pretreatment. After
pretreatment with formic acid, sodium chlorite, and alkaline hydrogen peroxide, the lignin
removal rates were 66.71% , 97.12% , and 91.88% respectively, and the enzymatic hydrolysis rates
reached 63.26% , 71.83% , and 95.14% respectively. Under the conditions where the cellulase
dosage is 19.6 FPU/g, the xylanase dosage is 35.44 IU/g, and the Tween 80 dosage is 20.96 mg/g,
the predicted enzymatic hydrolysis rate of corn straw pretreated with alkaline hydrogen peroxide is
95.57% , while the actual enzymatic hydrolysis rate is 94.42%. The optimal feeding strategy for high
— solid enzymatic hydrolysis was an initial substrate concentration of 8%, with 4% of the substrate
added at 6, 12 h, and 24 h respectively. After 120 h of enzymatic hydrolysis, the enzymatic
hydrolysis rate reached 87.57%.

Keywords: corn stover; pretreatment; high solid enzymatic hydrolysis; fed-batch
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