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Study on Lignocellulose Saccharification Mode to Hydrolysis Yield and

Scale up in Commercial Scale Biorefinery Process

Abstract

Increasing the solids loadings of saccharification is very important to improve a high
concentration of monosaccharides hydrolyzed, which can achieve the fermentation broth
contained high concentration products, so as to reduce the biorefinery processing costs. In
order to improve saccharification efficiency under high solid content, the efficient stirring
paddle is necessary. However, in the industrial production process of ethanol and biological
chemicals, the scale of the bioreactor may be in the hundreds or thousands of cubic meters,
using impeller is impractical. This paper developed a new kind of saccharification called
two-stage enzymatic hydrolysis, which make the efficient mixing to get along with industral
production. The results showed that the difference between two-stage enzymatic hydrolysis
and normal saccharification are smaller with increased of solid content, when the solid
content reach 30%, the difference of yield between two-stage enzymatic hydrolysis and
normal saccharification can be ignored. In the two-stage simultaneous saccharification and
fermentation(ts-SSF) experiment, enzyme dosage were 5,10 and 15 FPU DM/g, after 72 h,
the ethanol yield were 43.32%, 58.26% and 61.85% respectively, while the ethanol yield by
simultaneous saccharification and fermentation (SSF) experiment were 44.10%, 57.67% and
61.04% respectively. Compared with SSF, not only did not reduce the ethanol yield by ts-SSF,
but also reduced the stirring power, what's more, the bubbles broke easily, so two-stage SSF
will not form high foam layer what formed in the the entire mixing SSF, the foam flooding
was mitigated greatly with the two-stage mixing tactics, these advantage make ts-SSF more
appropriated to the industrial scale biorefinery plants.

In this thesis, the effect of particle size reduction on overall surface area and enzymatic
hydrolysis yield of corn stover was also investigated. It was found that the effective contact
area of cellulase and corn stover did not change with the decrease of particle size, which
cause the enzymatic hydrolysis rate did not change. This result provided a reference when a
proper size reduction of lignocellulose materials is considered in biorefining.

Keywords: corn stover, two-stage enzymatic hydrolysis, torque, particle size, specific surface
area.
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Fig. 1.1 The structure diagram of lignocellulose!™
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N 25%, KH SSF i}, =23 N 5-6%; IMfE SSF 2 AT 22 h Hibift, LB =%
PEmE 72%.
1.4.2  JEM) R LT 4 BRI SR

N T IREAEGER L ZMAE5HE, EmEE S E L 0B, FS s SR E
R A R B VR BE S N, AT B 5 5 B R B AR I SRR B o M LR B =T 4% (wiw)
I, P LUK KPR G 2k SRS TR BUAS, AR 4% (Wiw) 1) 22T 75 B4 A 5 vk B A
) 8% (W/w), M T i AR [ 2 B 7 KT 25T 20% (wiw) B8, SR i & B4tk — & 51 1]
A, N, BEEE S BT, RS R E KSR N, AT ] A A ez
BH, R FRGEESE DN, B0 EDhRe B2 miiR & 80R .

R 1L SRS R R AF 4 RSV b s )

Table 1.1 Substrate and enzyme application times for fed-batch hydrolysis.

Ry WKET BEEE AKERTRE RS JEst7/bi BRI AER

S i (h) (h) In SR g SR Rk
FoKFF Ml 25% 288 24h BIN— PREFAVELE gt 80%
) TN 15%
FoKFF &I 10% 72 0, 3, 6, 9 2.5%+2.5%+ A0 60%
2.5%+2.5%
TRH IR 30% 144 0,12,36 12%+6%+ A0 62%
60 6%+6%
INEFE EEAAN 30% 144 0,8,24,48 9%+8%-+ 4 35%
7%+6%
KEH AR 15% 72 0,6,24 5%-+5%-+ oyt 64%
5%
IR oK 15% 120 0,24,48 7.5%+3.75% o1tk 59%
+3.75%
R oK 20% 120 0,24,48 10%+5%+ o1tk 60%
5%
HE R oK 30% 120 0,24,48 15%+7.5% o1tk 54%
+7.5%
HEv FhliR 25% 72 0,6,12 10%+7.5% Eo! 74%
+7.5%
HiEdE SR 30% 144 0,8,24,48 9%+8%+ 4 51%
7%+6%
KEWE oK 25% 72 0,6,12 10%+7.5% i 74%
+7.5%

a B 4 BRI W 60 0\ AT B3 T84 4 R E
b 414 RTINS IE T GTI R T 4 MR A, 2™ Fom T V) M A TP 2T 4
PN 43t FRE UKL 512 L 10T S REFOZFAE 0, 00 R R L £ e
R P R
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H RN R AR G 0252 SR B H AN SR, A0 (0 7 B s 7 0 14 v 9 40
LA AR B LR (L) TR IN, WIRA BRI [ S R B o
I B ERBAR, TR N, SRR TR FE AR 2 4E R — MUK K P, 31X
FERT LIRSS A AR @ (2) - HEANEHAE 2 T — R a6 7 AR [ 5 & N adb AT /K i
XAAHIGIN T A iR &, A 2 N TR, HAR R B K S B2 KT RO
0 E K S &, NI N T B KRR .
MR AN SIS I, R T8 S B i AR 2 ANRHE TR, Alicia 2515 4

U AR Tl HAMRL SRS (R 1.1), BRI INSREE (AR, 2 2 25 G 09 I SR w4
BIAE . FE NPIFE, — MRV E BT A 4RI, 58 A2 R4
JEMANEL T AL LN o R BIR, —IRIIN B4 4 R i I v 10 RS A PR R AN B
A, TR HE 20 LML B R B 3R R 0 2 24 25 1 ) o] DU S b DR F B A 2 o 2 4 R
WEPE, SEMIR SR KRR M REL T AYEREG(C), AR LA B-Hi %
BRI (B) = PV 2 Bl o) A AR 2 mi 144, = Fh g R0 m G 181 9 27 4 2 - AR SR M il -
B-H A HETFEF=10: 3: 3. WAINEME IR (1) =FhEELEREL WA B — RN (CXB), (2)
eI YER MG, 7K — BRI 18] 5 0 AR SEWE B [ B-#6 % b8 1 g (C+XB), (3) PEiLYILG
BB (A AL KB, Ry K Af— B (] 5 1060 () — 4R 4E R 1 2 AR SR
B- 71 & WE B B — i I N (C+CXB) o BRI, Mg ()LF 4 B2 by, O 63%, R
1 (1) () F4 AR 737l N 38% 1 59%., LA A FL4h T R, AS[E B FLF- 2 R BN
T ] R vy ] A K R AT 4 R L AR = AR G, FER/K R, RS IE BN e
FME ARG BER

143 JMigsit

- = = =

(a) (b) (c) (d) (e)

K12 ATHESERKEOARRERHER. () BHFE, (b) fHE, (o) RERFRE, ()
KU BRI, (o) STRIBERER
Fig. 1.2 Different types of impellers studied for use with high-solids enzymatic hydrolysis. (a) Helical

RN

impeller, (b) Rushton impeller, (c) plate-and-frame impeller, (d) double-curved -blade impeller, (€) peg

mixer.

ARIFEYEZR S —MORAEIELED T, I UAERE KBTI E B, BEALBOR AR — B
I Tea) D ey B S A [ YR A T g [ 25 B S A A B AL EE R AR XER B A K. X 5Tk <5
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I T O REAG 56 A AN R], H0 R P 58 XU B 2% 56 A AN R 2 e ] 2 B R 41 4
REKRMER . BrbL, FRER—Fh A i MR S AR R R R AS , DLER e [ =
TRERE. BE, SESE TG e ans], AR, RS — R
), XS T R SN AT A R B DL BRI A, w1 I AL
L3S KRR (B 1.2),  LAJRES AL 1] R BE A (1 5 o

T IRFFRGAR B R B oy TAE 5 B Bl 26 N AT, FRAROK AR =X B ), E.
Viola Z5EFOM i 7 — g 720 i S Ak S TR I S e, 3R S 7 8 T DA [R] I BEAT B AL A
B%, H o BIAE S B Bod 0 [ N 61 Nt AT o XA RN 88 & AN SN IB, 43 BiEAT Bk
AR, H s P S SR AR BRI, Fo V0 2 S5 = DB AL b BB B, TR AS A
RIFAYER IS, HFAN SIS A5 FH A [R] B ZK HE DR DR U AR A 1 R R T il 43 ) 4 RF
£ 45 °C 130 °C. SLEh R EIR, ff bR BZEAT /N A AR AL R S5, AL T
B R TEAE [F)— %A N AT I AR 2485 T 20%.

W R G E, REEEE S ERM T, IEMMER, £HRNE— B2
Wi BEAL A B K . Henning 25 MOS0 T —FhEF QIR T 20RO N 2, I B 7 2
B A Bh AP AR BN R R, BRI 0 b AN E, BAVNESE 20em, B
160 cm, BA/NEHEHR—ANEH AT HR B, HidEEE M 2.5-16.5 rpm,
I HGTS St AN I St PR R 7 O B gk AT, s e mik. SeEn s R BN, RAE/N
FREFTRIGG 1 S Sk 2] 40%, 8 b e 07 88 B AT DA 0Ot AT iR &, JRAE 10 h A/
FREFT 2 b o /N EFEFT B S5 8N 40%, B &N 7 FPUIg DM B, #54k 96 h J5,
FEAE T 86 g/l M A . Zhang S5V LT T o R AR SRR, DAKE BN KA
FERRAL B A IR (I T R, 368 T 0 B AR A 5 PR R S B DO RE ORI AL, R IR 7 S PT LA
RIS IR A 5 R R EM A L TR R ERIR 2 . RNV ZEFER BT, A3
JRLAS AT LA Sl A5 3R 22, i B AR RE E A AN KR FRAIC, 1R mnd A st
PEo AU B 2% AR T URIESE M A e = i, (HR UKERERMAEAR, /A4
PR RN AR T HRELL RN, BB S BOR, $e L sebr R .

15 A& A a0 b B R AT M b

FEARAREERTZ0, EREE SR, B R B, B
IR R, T EL S R K, KR TR IR R A 3, (e
WEf T, WA, MIBAA I o ROdms, B AR, ik ok
B, VR FRE R R K . ORI, RIS A T A R B T S O A
Rk, FEEE AR T, JUIE 20 ARl L, BT R R, M
et SRS LA S AL B R FE (SRR R, BEUR A RIIS], SRR R R e A2 5
SO, T 75 A A, T2 AU 2 1 28 AR B 2 A
AR, SOk, I A R R B R TRy, Kristensen 25 A
FFLLE R, B T R s, P4 B 2T 4 2 1 RO 2 R (I, 17 5
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B G A J5L PR vy 10 o 2 W AR P2 X 2T 4 2R i P A O B 7 A T R, X2 33
e [ B MK AR RCR AR — DN EE R MBS E T, B HKRSRZ 2R S
R ANEEREER, FOVEFYER B KA R 4E R UK P AT, B Kb
ToRt 2 M LT YL XM B RS 1k o T B, B P KRl 2 s 5 WA 2 P 81 2 3 e A K% I
A7 5k, AT A Pk e £ P . A3t ) R 0 [ 5 oMb 26D 43R, (B
i, ARSI T AR F AT BRI v [ S L I 7T, X2y, MR
&, mESE TEKEEAERIIS. Bk, BEERERS, "I RO0R &
EIRER I, BRI & RIS BRI, (H RELE I AR T FH BT SRAS- 4 v O 81 26 RO
FE, V5 rT B o Ry —J5 T, IR £T 4 2 g FH 5 m] LRI 2T 4R B (1 AS s 55— T
T B P R m] AR R BRI ZREIR S, BT 240 1 i LI RG TR A, 11 s A T
FRASTEBEA AR BT ok 16 AR LA 35 O T LB o T 67 B B 2 B (g 152 53
M A IRER, ARG RIS, B HEKRD AT CUE A AR S A A N 2
HIARBRE4ER, MG T V3R E. H, B bKRE> A4 R e HE
%, B IR AN RERE, IF H A MoK BED . Rk, SR & & Bk
R R [, B HA PR & R BRI, V5wt 7o A AR R & o
N T v & BT R (R, % [ 2 AN EORE, PR, ML L2, MRS
ANTTHEANCASGE, AR O TREANREER . B, AR SN g ) AR A
N R [ ST m BT R RIS, RIS T R RIRCR s A TR A
— SRR PR AT DARAR i [ 5 RGP, SR AR AR

AR SR TACEE, TR B £ 4 R B AN N SRS LA I S e L s A i, R4 i vy 2
B B K AR AT 2 B R I I 82 1% 7% R L AT AT M BB A R0 o BF OB AL T AR A
PEALTG &, S SR RESE IR AL B Tk Ak, IR RATIE T 2 1.0 I E R b L
3255 THOR, WAREA Z I H7 G R &R S, AR TERE X in) o BT 1 2
eI

16 AHMAARKEX

1.6.1 HFANE

AR BB T AT THEE, SR — Mo B o Bl S —PAES L
A BT AR R I S B PRI AT AL, EEGR SR, R AF4E R R A4
FEGFEAATT A, B A R 2O B, B KA SR, B A A 4 K
FRREAT ,  BEALAR 28 b [ AW SRR AR, LI, RS AR 4E R AN WK g A2 SR
X REBRATIRZ WA AR AL, X — R BRI & RIEFERRAG; 28 DS
AR SN 25 BRI g — P A . TR AR

(1) fES AR R AP 5 L MR, B TR 25 4 22 08 A0 vCH R B A s
(B IR AN, T AT REAT i BB AT AR T [R] A

(2) WHRAFEE G ELEEHET, 5B eSS SRR b, RIS 2
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iff 8 — AN I [ B AT ] R

(3) B S i e TR SR AL A X 23 BB AL B2 IR, I LS 43 BORE AL I R 2

(4) > BOEGEEATREA, A T8 4, 8 N R I BRI P 4 S A TE B 3 2%
PR HEAT R E, BERE BRI RE .

ARSI SRR TR FEFFBEAR AT 2 5 AT T 050, RiARXT TR AR 4E R 1K
RECI — B AN 45 0 AN SCHEEE T AR TRAL B T KRS F L A2 0 Bl AR 45 2R P i) e SLJRUA
HARN B W

(1) HAAANFRGE T, FKFEFFEEARE R,

(2) X mEARA R R, WEEMRNE, BHESET THEE, e A FRAA
AT 2R 22 ) 15 R B TR A K

(3) XIAFIRLAR FRFEFF (0 A AL R AT T FE, Wb ki p A, Stk
AR AU

(4) I8 R S (SEM) B I WA R RLAT TORAE R 2201, FF it — D
SE RLAR A 1 2 0] BHAAAS 2277 A 5 0
1.6.2 WFFE X

BB, AT BRI A, A m RGO R S & em S E LR T E
R R FE SRR ER A R . TIX P& 1 O 2 00 L 25 2 AR ME AR 3 TR 2B 72 1Y
KA BE S BT 75 T AREE K, SN B8 b PRI o BT LB [ 8, AR SCHt e 7 — R 2 )
WAL TT R— 2 BeEAL . XA 7 U MR T B B0R A SO AR 2 T, G
FE /N Ry 80R G S 4 H ASAS BE A VRS, , S8 5 R B R Hh A AR BT FE AL
R — DR B, S BOWLAERE A AT UE B B AT R F A 1 = 00 A R 245
th, XS BT S s AT S R, ARIE T m S IR AR s Kk, 7ERE
ATBORE BE PR T AL RS I, K BB AR N R B TE b I L s it — 20 WAk, AUk T
TE RIS N 28 OISR M s B Jm, XML 7 308D T Bk BT TR], RORT54
T AT R IRERE, LT I FRRA . Ik X Ao Ak T 2R A R S AR R G T
At A=

T KA AL AR 7K R F 50 ) 5 R AT T, AR TRAL 3R B A S £ 4 2042 R/ AT
B /K AR B 52 M T L0, RNk AR B/ ERARIE I 1 AR LE R THIAN, H2 N LE R AR A
bEAE AT RN TR, BN EE R Tz K TR TR, X S BORAR /N FEAS BE A 3L
N LE R TR, 1T 200 Tl A B0 5 0 A 0 2T 4 35 DU AR T 4 44 3% P9 S 45 M 19 B RBR
AR T A LGERTIAR, AR B K AR R RIG 3 I . BT L, (AR T4 4 2 Ab 2R
RS, DEEARTRASE RIS, FOIX AR 803G NG 2E RS AE, Rf
BN T SRR WL IRT AT, HE TR, R MBS R Z AR, SRR
AR SRR AR FE L.
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F2F MMERESEAMEXRGHSEZIETELEEEAENZI

21 BRENEA

N T BRI T2 A, SR B R o 1 ] 5 R . KDy A
R ASE I S B2, 8T AR R il 0 B A . A7 SCRRAR H S 2 [ 2 A 20% 7= £ 30%
I, A AL 109%™, (H2, WESER LSRRI, B, AT
i, mE AR B KIS Z BN R, ARREF4E RS Rl BRI, ROKPER 58
RIRPRE, IX 3 SO e ] 5 B R 2R A AN BT B HH KA A, 110 £ 48 3 Mg K A A
AR HEAT, St SO K AR R R RRAIRP®, vk, o ] A 2l v 5 1o 1 7 200
CBEREE, TR P I vy e R 21 4 2R Bl S R B T AR A SRR L, St =4
RO EER T 15% (VI , st RIFRCR AR mCT, SRR, BEE SRR
H ERCYIIER B BEARIRE B R w, SRR LB AR 2 IR AR, A
AL S N AR R E AN —, AR TR IAZ BRI, SN RCR . AT EE T AT
Rl EERAT A IR, 25 ROR, 7R 1000 & &R, IX Rl B Y B A 20 g
IR EAE T, 22 AR 23R R 577 = AR K P s (ELREAE 0% & &, A
il B 45 70T DA O PRARAR SRS IR B 4 5/ As, T BB 348 = T 30% 5 44
XU R SRR, RO AR R A, DI, FRATI SR A A v [
B AR R IR AR RRE— MBI /KT, B 5 (RS B DU 1 FEAR B AR A 2K P B0,

SIAAMRHR e B S B i — AN R Y, R AU, SRR AT B
A7 R R ] 5 B AR AR P ey P 1), SRy A IR P R R (IR R R R W R
H R 15 2 0T 0203040 i v N B I TR A R0 A At v T L £ R BE L R K I S — AN
HOTiE, OSSR, KOV RS 80Tl e NV as N ER BIA RS, 25 T
J52 5 PR IR A R0 T AR ORI 58 A% Jo A FAis SR B RE R, (9 1B R P IR R i v o IR TR
L&A — R E AR & SOSLE, fE Rk 40% F, AXAX 4 h gl Al DAAT 800 5 A 5 21 4k 3R
ft, BAANELL 96 h Ja, BEALUS B EOIR, B R AAT RS AR SR P vy 1T 3 504
REA RLAIREAL, ELWFFUE I, TR MBS TR M AN K, RIS
(G PR3 T AR TG/ AR, BAIG " DRI T 28 ke i T el

FITCL,  BEOREF 5 B TR RS &, m IR SR A A . IR BL
B BB SR B NI R AN TS, Horb, TR ORI T 2 S A A e [
REEKAEHARIL IR RIS B B ATARAL TR s, Tk A, A
e BB AT SEBR Y, BOATER A BTS2 07 IR N A o, SRR B — MK
ONAERERIE RS, T2 RN R A 4 R AR R A T[S T, A
P IR AT R B KRR, AT 5 SR TR & 5 kAR 7 22 18] HR I 1 AN AT AT
T B BFXS UL R, AHE T I HIREAL T E BT 7 o, SEA AL SR KR
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IS I R T ORAE o B e, AR S0 S IR vt ST 1 S I 88 PP A5 A Sl 21 4 2 TR
e, (AR TBORG e PG, AR R — SR, Rtk S e MR AL VB AR e i 21 Tl
PR N F AT AL, 1 R AN 2R, DUUE PR R 34T R
BRI o X ARy Be b AL 7 sAES b g ok 1 R RO & SOBCR A P JE , IR 1A
PRI RERERE, S T AL A 7= BE i Bl

22 MRS

221 JiRL AR
2211 JEYE

A SEBGAE FH 1 JFORE A FORFERT, T TR R ERIR . 76 FORFEFF R & A K7, IOERSES:
Jii, 2R FOKFREFT o SL TRAL BE R B /K it B2 o Fir DAYE {8 FH 2 i 75 06 FOKR RS FH kAT 7
Vel RO RR I AR, BARTT N B RRFFT R A GRS, RGN
AR SO R S VE 40 min, SR JE B R FBON KR Hh i i K HEAT LG
AP R 25 FE R, IR A AT DA AS D BR DTN KR T T KRS FHEVF A KT b, RRiEse gt ol
JE K FORAEAT 17 H S PN BE A KL K FET o B FEF 5 1 R R AT 5T 38 R AR A e
T, AT R AR — 2D B 25K 4% o 1 F R 2R R LK T 455 1 KA AP R R 22 0.5-1
cm fEfE A o
2212 THALEE

BRI R TR AT 7 B AR S i = T AR AL BRI, Sorpr, FRALFR 461 IR
175 °C, MRHI= 2.5%, [tk 2:1, (FEEE 5 min, FACEEEACDE: BYRHImA I
bR S N A, FEIINAE R HoSO4 ¥R (PR UERR FH 54 2.5%), ££ 50 rpm T 44k 3min
A8 R KFEFT AN HoSOL W 78 73 1R A o IR 5 1) TRAL 38 I 7 25 HH ol 1 e 289, ORAIE 6-7 min
A3 TRAL R S5 2% I T 1) 175 °C, FRORFRIGIRE 5 min, Ry M 45 G Ok 128K
KA, FFHESIRHEH TR ER I S738 1) s R 28 VR O], K AL RS 1 FOK A FT
TN RS A R RAT -
22.1.3 HWidE

AW B AR S 5 AT AT I B R, D A R I KRS AT A AL B L)
f§iH 20% Ca(OH), 77 pH 2] 5 /47, #RJ54H A Amorphotheca resinae ZN1 i & 7 %k}
AT AT 7 K, IRERERE 28 °C. IH)E I T KA AT T 5 Sk Ak R Ak B s
0o Forh, TORAEFE b 41 4 3R B2 0 4k 2R I WD B i s, 45 43k & BN 41.49%,
PAYER T EN 2.18%. AR T HLF4EER N )y Youtell #6 [H4AT-#r, T JURF R
AEBR AT, I e B 4RHE > 135 FPU/g BN , B-7 4 Wl 1l 7% A 344 CBU/g B F7 ,
5 7 Bk 5 [ AT AR AR S 06 S (NREL) 20t 3 24 it
222 HrBFEL

53 BOREAL SR AR T G S BRI AR 4 2 WA 5 10, 8 ) 32 BRSO 0 IR A b
W R NP B ()5 —Br B bbbt (%8 B B, H%, AN
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UL, (BRI 4R MY RN A RS, T A, POk FEOREBORE B2, (45
PR RS —; LU, FEURIEAE ORI, RORE I N B S B P A AR
R e e Bt — D R

= Y
=

e
21 B TR A RIS L 5 KRR

Fig. 2.1 Bioreactor for SSF operation at high solids loading. The bioreactor includes (1) motor, (2) solid
feeding inlet, (3) thermometer port, (4) pH-meter port, (5) tank cap, (6) drive shaft, (7) tank wall, (8)
antifoaming impeller, (9) helical impeller, (10) turbine/aerofoil impeller, (11) bottom impeller, (12)
water-bath jacket, (13) water-bath jacket outlet, (14) water-bath jacket inlet, (15) gas disperser, (16)
discharge head, (17) gas inlet, and (18) stop valve.

PEPEREALAE 5 L M8 HEAT, BERERON AR S26 = AT W g R 7, it
PEPERAE A TR RIFIITRA R BN ONARR 3000 g, [
20%, 25%, 30%, ZF4E%M§HE 5, 10, 15 FPU/g T-¥0kl, Btk IR 50 °C, ikt ik
50, 100, 150, 200 rpm, FELEFE] 48 ho EARBE(L DR N: (1) BUD R E )G KT K
FEFFIONSPILAT, JBON 105 °C SR T EFE LT REE, WlE FOKRFEFF &K E: (2) IR
PR A E R TR R R 2, THMAE, REBTKEE; 3) HEAKRBHEY
Kl 258 FOKBON B K B Rt 47 KB, 5 L OSias Ui B e A7 K B 20 min, {# ] pH



AR T KFH+ 208 %15 10
ML bR E RO pH FUAREHATRR s (4) B2 POk A 4ERBEINA Sigs v, SR E A
FRFEFEYRE, HIT R PEEE % F 5M NaOH #%4 pH & 4.8. (5) Fifkid 2t 12 h Bt
FE—X, T 15700 rcf &0 5 min, HU E3E T-4°C UKFIRAE, A8 = 80 2 3% (HPLC)
BEATHE S 28T o

HE PG 100 mL #RfH AT, 20t RSB BRI S, B 25 g i
A 100 mL #EH, SRERCEAKBRERT, WEIRE 50 °C, AJFHiR:, HATEENE
o, BN SEEA 2 VAT AR B S RS TE B B EE 5 min SRR R AGIBIR 5355,
SRIGECH 1 mL &0, B EFE -4 °C UKEEIRAE, HTF HPLC 7347
2.2.3 HEIFEDHES K
2231 IR

TGS IR (MRS): £ FE 20 g/L, FERHZ M 1 o/l BREREE 1 g/L, BEIR — 54 2 g/L,
WRlRE: 1 g/, 43%% 100 mL &M, AR 20 mL, KE & H .

Yk 35 77 5 (25% 7K AE R AN 50% 7K M)« LA L 85 T KRS FT A J50R), 7 15%[E 7 &,
15 FPU/g 2541 T HEMK 48 h, BLECETE, & U BIEN 100%/K K. 7£ 100%7K fif il
HFIINE R EE T K, RIUE Vicowxmn: Vo ssrx=1: 3 8¢ 10 1, AT LARCAL 25%5% 50%
(RO R, FFA I 7008 5 8 60 B DR U K OB IR FEAE 50 /L A2 A, PRI\ — &8 2 g/L,
R 1g/L, WRIRE:E 1 9/L, FERRZH 1g/L.

R FREL: BB A A A RS, HALR MRS B985,
2232 FhrHiFE

2mL BRI B B A7 4 —20L> 20mL MRS 1% 95 5£(30°C, 180rpm K 5% 7% 18h)

—2mls 20mL 25%3I114, 55 3% 3£ (30°C, 180rpm T 4535 15h) —20L> 20mL 50%
YIr 55 5(30°C, 180rpm F 15 3% 15h) —2AmML>200mL 50%54k, 55 7% £ (30°C,

180rpm F#57% 15h)20MLs 5) o

2.2.3.3 FKFEF 5 BIFPHEN S K- 21

AR S 2R R I BRI 7 X, B ORAE 5 LR SRR SLAE o PR A, B
b Ay 4 B 30%, Mg 5, 10, 15 FPU/g, & 50 °C, bk 50 rpm, %
] 5M NaOH 75 pH 4.8, ¥E{LIFa] 5 h, BEARBIRU 2.2.2, {EELBORER AL,
R BIBEAIA R —, REEERRARG (RSL 26, — M5 h A nl i se4), FRfn
iR 242 37°C, AT pH %2 5.5, EAFFRERE M1 E5774E 200 mL, #iiHE Smin 245 {6
1S RE R SRR 78 IR S), AR Rk, HEATERE R . Hh R AR S &
30%, RgH & 5-15 FPU/g, i&J¥ 37 °C, #iHEi%d 0 rpm, KEFEI4E pH 5.5, KB FEH
AN pH,  KEETA] 67 h, IR FEARERE 12 h HURE I 5 i 2 WA P 2 R B
224 ST

I 0E . AORE A RE i I OB (4 3% (HPLC) (Bio-Rad HPX-87H itk kt:, 7Rz
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JeR & RID-10A)MISE . WaNAHAR A 5 mmol/L FIMERIR, Wiahi# &y 0.6 mL/min, &
ROBAH TS AR Y 65°C. Frillke i e il i A (54 (5 1%, 10 £, 20 fEk 50 £ 55) I Hh
FeJE I 0.22 pm AJUERRILNE, MR R Ja, EHFEENNEN RESH, #
FERIT B TP EAT I 2, M EREM TR 29 20 pl. FpREd IS A, ] HPLC
[ 117 10 A0 T TR R i B 2 BEAT R 7 A B, R MR AR o v o 2 B A5 A s b o 2 AT
B IR o

23 ZR51e

2.3.1 PEARE AR E

PG FE P RE EE I — A B LR b R AR R IR EEAR AL, BEE AL I AN AT
AT R P38 2 X P A o AELRAE SR B0 A P AR U W A R RS P2 R AT SR 5 , T
LA SIS = A A AR FRA IS A, A TRE AR A T HH AR 2 TR R A H R LR AR
RGEPEAAR R IR, FTROEE AR SRR, BTBL, AR ses il S il e p L
TR R S ARG R A SORE BE 1 22 Ea 35

oy BRGNP AT : 3820, SRIFHER AR R LT 4E R AR 2T 4R B
RN, 5500, (ZibsieE, BE0hEe. B, N T IRIEARB 4R R e RIE
BEATAL, LIS A I 2T e AN LT e s B e 70 i, AL BORG BE P AR, R R3S —,
BB S VE RS e, e N T FEREAL A v] ORI IEAT 75 WBE AL B i R AN —,
BACAIIR, (F I SRR R, BRI et%, ST 7%
JE, NI IEACE — DA PR I (] DLUORERE A BORAL 5E 45 5 — D7, O T ARITR
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A ML BETE 1 HLURT AR KT IR BERE M R B BERE . Jvitt, AT Bl Eik
K170 BOREALINS T8 £, A AL M B REAE 28— AR T BEAT A R i 3R] BLT 4 K
BEAE. 9 1 A d i 2 BOBEALINS 8] 5, XA [ [ 3% 5:(20%,  25%,  309%) K KA AT HE
WBHIEREAT 1R, XA RO B AT AR AL VBORG 2 2 TR) 2B AR G, P AT 5 B
AR R AL LR AR A AT LA SR HEORG FE AR A . BATT i =M A VL R P B R AR (E
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3.6 (c) 30% solids loading

33 &
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Fig. 2.2 Effect of solids loading and cellulase dosage on the torque of corn stover slurry during
enzymatic hydrolysis. (a) 20% solids loading; (b) 25% solids loading; (c) 30% solids loading. Conditions
in 5L bioreactor: cellulase 5, 10, and 15 FPU/ g DM, respectively; temperture 50 °C, time period 48 hours

at 150 rpm.
Bl 2.2 AT 3 h BRI E P, AAAS (] 3] 25 BB AR AR I s 45 R v LAt 72 20%
ST, BOMASYEREEZAT, FORRATREBEAEDY 1.15 Nm 24, IS4
Mo, 5, 10, 15 FPU/g =il & T AR R N R A2 AL AR 4R, Frp 10 A1 15 FPU/g
BT, HHAERERS AR SAE A, 15 FPU/g BEHIE T, A% 10 A1 15
FPU/g M & T A1, (HR=ABEHE T, 7R 15-30 min &, BEALBHIHHAHTT LA
FEAREIWIARTHRERT 10%; 7E 25%[H S & T, WIIAGAEREEZAT, EARITRERH
i 2.05 Nm Zids, MIMANAF4EZER G, 5, 10, 15 FPU/g =i & HLAE i i ) A2
WHaFA 20% A, =ABgHET, fEMIL 30-60 min 5, BEALIR AR A AT LARE
REIWILRHHAE ) 10%: 7E 300 & & T, WIMALYEREECH, FARREEREIHE
A 330 N'm Aty, BN S ERmE, UIMAG4E =5, 5 10, 15 FPU/g —FPlgH
N BEIN (A AR I BA 1B 20% 2 25% 8 ke (] £ 51 0.50 Nm LU, {H 2 NHAERE
MRAEXHE AT LUE Y, FERELTART B, O 2 B B3R AR B AR AP, #E
£ 120-180 min J&, BEALIRAIFHA AT AR B A AR4HAR Y 10%; 25 EAnd, 7E=AEE
BN, BORFEAT AL RE AL R P AR PR AR BE AR R PR, 20%, 25%, 30%HE1L i
FHHRE Y WIAE LA 9 1006 1 46/ 1] 73790 4 15-30 min, 30-60 min, 120-180 min. AW
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74%, 83%. fE 20%[E & E T, FKRATAL—X MmN, 18 2R SRR IR, If
A H IR [ ikmffﬁ/ﬁé R, L, 75 20%[E &8 T, AL R
A AL FE R ICRR IR IS .
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Fig. 2.3 Enzymatic hydrolysis process with agitation at a 5-L bioreactor level at 20% solids loading.
Conditions in 5L bioreactor: cellulase 5, 10, and 15 FPU/ g DM, respectively; solids content 20% (%, w/w),
temperture 50 °C, time period 48 hours at 150 rpm.
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Fig. 2.4 Enzymatic hydrolysis process with agitation at a 5-L bioreactor level at 25% solids loading.
Conditions in 5L bioreactor: cellulase 5, 10, and 15 FPU/ g DM, respectively; solids content 25% (%, w/w),
temperture 50 °C, time period 48 hours at 150 rpm.

£ 25%[E & & T, #idE 48 h J5, =B = T 1R & BER B 23 o8 74 g/L, 99 g/L,
111 g/L, BE55H1N 48%, 64%, 73%. HHLLT 209%[E & &5k Uk, 25% FHELWILRRT B,
PG I R TR 2, TR 3 IREL T 2 ) A iRk A ] DUR RRRE AL IR AR
MR A RIEEY—, AETHIKEREIRAED .
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Fig. 2.5 Enzymatic hydrolysis process with agitation at a 5-L bioreactor level at 30% solids loading.
Conditions in 5 L bioreactor: cellulase 5, 10, and 15 FPU/ g DM, respectively; solids content 30% (%,
w/w), temperture 50 °C, time period 48 hours at 150 rpm.

30%l[i & &, FFEEAL 48 h J5, =AM & B A B B 40 ) ek 87 g/L, 110 glL,
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B, IXFE AT LR R BELEJIN (8] P {543 BB A JBORS BE FAEAIS 21— MBI A 7K, SRt iiAb .
20%, 25%, 30%l[# & & AL R I WI AR HHAE(E 1) 10% AL ¥ 1] 733 4 15-30
min, 30-60 min, 120-180 min, JLRIEFKFEFF R TE A, T RAEE & & 15 B
R ST 56N DA SIS 8] g 5 6 7020 B T) )CBEATAIE 7« 82 1 SR DA Ay 23 BERE AL S 46 3 25 i (1]
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Fig. 2.6 Effect of agitation combinations on the enzymatic hydrolysis performance at 20% solids loading.

Conditions: solids content 20% (%, w/w), temperture 50 °C, time period 48 hours, 150 rpm.

H EEIRT DS R, R 55 20%sLdeh, H4ERMHE Y 5 FPU/g DM I, [E
3 PRI TR] PR RE K, 5 2278 6 0 (10 R T A S BB & 34 1), (EEERERS [R] /N T 12 h i,
o3 BOEAL SCRARG T A FE 0 P10 (48 h ZH) RV 2E, BRI (R /INT 12 h (1) %% 25 78 %
WIEAE 60 g/L Ay, HIAHEASRAE 50% 1T, (HA2AFEHRE(48 h 4L) 1% & Hi vk ik 2
69 g/L, HIZMIFEHEI 69%, MHEEFERE RAFRATCUE H, BEE BRET ]
WA, M4 RKEHE N 10 FPU/g DM N, BEEHRER T O IE K, B & %5 b
MR AT R e, Bk 3A A 5 FPU/g DM AL, FEEER AN 12 h (4%
YA AR EAE 77 o/l /o, M AT PEIS31E 66% LK, (HI2 & FEHHE(48 h 41) ) 4 i
WIERT LA S 87 g/L, HEMEIS RN 74%; M4 R EH &y 15 FPU/g DM i, it
BP0 h FF4h, ot O h REAATHH:, AR EEHEMNNL, HETLE
H, B BCRERT R ZE K, BEAL 48 h IR & bRk B 2B B s i3, FLIE R [A]
NF 12 0 (BB R TEAE 80 g/L AT, R A NEARRAE T0% A4, T AFEfiEpEfL
(48 h H)sat i, E &R IAE] 96 o/L, FIAIFET RN 83%. = ANEHE T, /B
B8 5 R P R R B4 FE T BE AL () 80%, FL =Nl &2 BOREAL T LAE Y, B
HPFERS AR, 7] 2 B9 238 8
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130 5 (c) 25% solids loading-15FPU/g DM
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2.7 25%EEET, Bk N EEERIE T . () 5FPU/g DM; (b) 10FPU/g DM; (c) 15FPU/g DM
Fig. 2.7 Effect of agitation combinations on the enzymatic hydrolysis performance at 25% solids loading.

Conditions: solids content 25% (%, w/w), temperture 50 °C, time period 48 hours, 150 rpm.

TEE 5 25%5L5:H, 5 FPU/g DM B &R, #FEmimA 3, 5, 7, 9, 12h 9%
SEIGAHREA 48 h 5, T ETHHKEHCN 67 o/lL, FETFESEN 44%, A FERiEE48 h 41)
(e & MR Bl 74 g/, I ATHETS 30N 48%; 10 FPU/g DM B &K, HEFRr A 3,
5, 7, 9, 12h &SI HNEL 48 h J5, HENERZHS A 94 g/L, Hi&HE1FZ N 60%,
T4 FE 3 PE (48 h 4H) 7 % BE R 2 Dy 99 g/L, i 2 KlEA5- 0 64%: 241 ] &1k 5 15 FPU/g
DM I, FE4k 48 h iF, 73 BObE AL 008 2T B IR BEAE 104 g/L ity , W& HE1S 26 4E 67% A,
A TR RERE AL S2 00 T, R AT HEIR AR 110 o/L, FHEBEIFZRA 73%. 1E7 I A]
BRI, 0.5, 1, 2h)Ai 20908 & &80, 4y BOVEAGAH LL T AR HERE Aok Ul %)
PR EEA LG . (ARG 7 P R B, S4B TRRT 3 h G, 0 Bobli A s8R B B
i, YA RO TEE 3 h FIRBEREIL, A BRI N B BRI A AL 2 B 1
WAL/, INEER AT, 25% [ 7 7 BOM A A5 26 A0 L T 2R B FEBE AL PRI T A 21 10%,
1M 20%0E & & T, o BobE A5 AH L T 2B R R AL BRI T 20% 7545, i 259% [ &
B BB AR L 20% 5 47
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Fig. 2.8 Effect of agitation combinations on the enzymatic hydrolysis performance at 30% solids loading.

Conditions: solids content 30% (%, w/w), temperture 50 °C, time period 48 hours, 150 rpm.

7E ] 55 7 30%SL4H, 5 FPU/g DM B =T, FdERah 5, 7, 9, 12 h 455
YHFELL 48 h 5, EIEFEIREE Y 86 g/L, HIEIMEASH N 43%, M AFEHFE(48h ) HIH
EIFERE RN 87 g/L, #i%iHifS3% )y 44%; 10 FPU/g DM FgHE~, fikmt N 5, 7, 9,
12 h &5 SRae H bEfL 48 h J5, M &I FEW EE#T / 110 g/L, Fii % HE 45 289 55%, 124
FF(48n A1) )8 & BRI 0 110 o/L, %) B 4538y 55%; 15 FPU/g DM BRFHE T, 7rE
PEAL AN A FEIEFEREAL(48 h )T Z ], R R AR LE 120 g/L Aihs, I &IHEAS
HAE 60% 4 4. 1 30%E &N, 4 BOME AL T 2R HE i L, BN E AP S
B2, AR, FEBIRR B MEATI R B G i 18] i3 b 3G n, 2% 18 214 BOsEAL b
R He, 38 T B BEA G BRI 7], 7R A B A B i sh M i it R &4
RIS — DR EOIN ], BT DLER& 5 R g e % 5 h 17 BOREALIN 18] i, fE79 684
WS ERATE A, A fo S BRI FE

Zitr LI 20%, 25% % 30%[H & sy, WATPTLUE H, B S ER G, 7B
15 AR HEE AR LU 27 B 15 28 22 0 R BRI, IX U B Bl A [ A 2R S, ERE LS
B, BRERBIAE AR, TR T S Ed E, IR R AR A E KR
L PR EE o BITRA, B SR IX MO I AT T AT



328 T HHEET KPR

140 1 (a) Effect of glucose on hydrolysis
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Fig. 2.9 Effect of glucose inhibition on the two-stage enzymatic hydrolysis performance. Conditions in

5L bioreactor: cellulase enzyme 15 FPU/ g DM, temperture 50 °C, time period 48 hours, 150 rpm.

I ERITTRBLE Y, 1E 20%[E & & T, Bk 48 h g, o Bobi S nr LUE t
PRI Y2200, 17 30%IE ST, BEAL 48 h Ja piaE 1) ZE 50 U B AT LLZS AN i
11 [l &5 BELYERFTE 20%, 7F 20%[E & & F, LJHWJCShF ) AR b 30 ofL A A B,
AT S IR A Y P 11 81 ) W VA SE AT 3000 35 5 A8 A B LA IR, XA AL AT 20 [ 5
I 309 [ R AEHEAL 5 h IR AR *BH SRJE 1 IS REAT S ELEAL, HEAL 48 h
Ja, TUAE Y, 20%[E & EAMIE E R B HE S 30% -, BRI BUREAL SRR RE(L 2
SRS A )N, AESR TSR, X ) S B sy, oy BORE A IR I R 1)
PRI 2R AN B B A o T AE 70 BOBEAL SR, bl T ] A5 ELREAL, 1S HEAL
WA BB BIR . X AR I AT AN 2], JRERIE & i, FFmi L e
AT Y e Al SR R AR, AT SO AR AT A PR T I SE R R P A O R
PATEIL, B S R AP, XA b B S B RO R LR SO LSS, N
HE I %%E*EXE?E’J%B#&E%I@%E’J%Fﬁ‘ﬁﬂﬁﬁ PR IS 73 BOREAC B RE I, 35 1
RREAS [ [ 25 &R 0 BOBE AL S 46 AL _E R BB 0 AR BEREAT 1 5E
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130 |(b) Effect of corn stover solids sedimentation on
120 -hydrolysis
110 - SSupernatant BSediment &Slurry

100
90 -
8 0 m ]

70 - £
60 -

50 -
40
30 -
20 -
10
0 s

Glucose concentration (g/L)

20% 25%
Solids loading (w/w)
210 BEALTRUTREST 2> BOREAL IR R

Fig. 2.10 Effect of solids sendimentation on the two-stage enzymatic hydrolysis performance. Conditions

-

in 5L bioreactor: cellulase enzyme 15 FPU/ g DM, temperture 50 °C, time period 48 hours, 150 rpm.

1ML 7> BOREAL R R, SRATTILER 2 b TR AL v B 250 7 BEAL U R IR
FFATRERZIA 7 BOPEAL AT 2 o BEXS LI B0t AN [R] [ 25 &K 70 BobE Ak 48 h Ja BORE L L
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TP AR il B S i vt 07 P R R AR P AR, T VR 0 i 1 2 R B T P 2 M)
W [ 5 R A SR R, VRS0 AR W I PR3 IO T AR, X W B [ R
ferm, EISHT AR L EORE N, R, B S RS, B ROk .
& X AP LR I J5 5 AT A2 TR S B3R . BEACVBORG BEAN TN, B kS &
AR, AR IR B IR, AN 5 A TR R
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(c) mixing with 150 rpm
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Fig. 2.11 Effect of agitation combinations on two-stage enzymatic hydrolysis performance at different

agitation speed at 25% solids loading. (a) 50 rpm; (b) 100 rpm; (c) 150 rpm; (d) 200 rpm. Conditions in 5L

bioreactor: solids loading 25%, cellulase enzyme 15 FPU/ g DM, temperture 50 °C, time period 48 hours.
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Fig.2.12 Scalling-up of two-stage enzymatic hydrolysis process to a 5-L bioreactor. Conditions: solids

loading 30%, cellulase enzyme 15 FPU/ g DM, temperture 50 °C, time period 72 hours, 50 rpm.
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B TRy BOBEAAE R D AL A e v RO, BSE A BRE g AT s B Ak, A AL TORS
FEBRAG, R —JG, BAMEEEITHEREE.

MWTFEFAT LR, BEHEAN 5 FPUIg MRS, BB RBRLERERAN
43.32%, PEFERIEN LIEIFHRAN 44.10%; BEFH &N 10 FPU/g R BESEIG . #fE R %
) L1330 58.26%, it K] L ME 4350 57.67%: B &y 15 FPU/g K B2 S2 50
H, B E ORI CEEAF 50N 61.85%, bl K L BE 35y 61.04%. £ 5. 10. 15 FPU/g
SAMHET, BEAE SR B RE CEEIREMREA ZR], HORE = E R bt
KA, MOESERRATUEY, 8 CBEREELE BRI PORE L, X nlag 2R
NIRRT FE A A B K R RE, TR AR B B AT ARK DM & Le i L3, X kR T R
R A B I SR PR IR I KBRS, R AR ORI R AR CO, AT
— ANV TR A, B bR T DR 5 (R FE I OB DTS 454 I 52 B ) 5 i o )
A

RS RO G R T 5 — MHBMIGR, SREHEER KBS, ERMEH
5-12h 2 Ju], KRR REAK, HULR RERSR A0S & LR E, Bl CBEA =
R, R B LK, PR COp ANRE KA O HEH R, ATt S UK B
PRFRRE I T R o X AE DR P R B S0 vp 8 AN s i AE R, 0 B RE A SR8 p 5 0%
AHIMPFEI G, WTETTUUE H, Bk R s SR B O A = I AR R, 1
I B 5 A2 3 R AR AL, TR AT 1A it P2 R EUR BT I R I R . T8
KPR — AT RERI IR R, fEFEE R FRE T, UREERH 4 CO, I, CO, 1E
REER BT B — NNV, RISV NS AT &, 78T 10 72 o R o
(AN BTk /NS4S /NI AN BT I O, 24000 3] A I T R i R e 5 BB 1T 7k 70 2 el
R, PRI RAAMEMER CO, WA ERTH Y . MER AR F, CO,
FIEAE EFAWAR KBS RE A, R B R BT ) AR SR W T, A — R
WA RN B 2 1) /NSIE, BT DA SR SRR AN T i, (R BRI R T A A AR AR 4
FRAE—NBUNERR, IXAESIRER T TR T A 28K, BT LRSS 21 i i 2 i < A
IRMEREZE, IXFEE S BURERR R CO, VLK HIHEH, 4 CO, Rit#|—we&h, His
W RTINS R BRI K, I3 8O BRI HEIL S
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(a) SSF at 5 FPU/g DM cellulase dosage
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60 1 (b) SSFat 10 FPU/g DM cellulase dosage
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70 5 (c) SSF at 15 FPU/g DM cellulase dosage
65 -
60
55 -
50 -
45 -
40 -
35 -
30 -
25 -
20 -
15
10 -

Glucose Ethanol

——=0rpm —A—0rpm

—-=-50 rpm —-50 rpm

Glucose and ethanol (g/L)

F7any F7any
Iulllul

0 6 12 18 24 30 36 42 48 54
Time (hour)

&l 2.13 30%[E & & T 4Bt SSF
Fig.2.13 Appliction of the two-stage mixing to the SSF process at 30% solids loading. Conditions:

S W

T .@
66 72

(1)enzymatic hydrolysis process: cellulase enzyme 5, 10, 15 FPU/ g DM, respectively; temperture 50 °C,
time period 5 hours, 50 rpm; (2)fermentation process: cellulase enzyme 5, 10, 15 FPU/ g DM, respectively;

temperture 37 °C, time period 5 hours, 0 rpm.

i LRNA, BRI T IR, 75 QRS20 AR 2EA b, 5B 1 HikE
ML) T DhRE, IRl 7R BEREBCTT &SI #RlE, 1y H R B R o A 2 b E M 15 %
B Infa i, Z5BR U IHIEFIRIAER o IR (LA AR 2T 4 3R AR A IO A 7 S e
Dl L
24 N

LB BLA kit 2 A B AW FUR B RO A P T R 2 i 2 — R 5 1), H
AL I RE 2 % 2 B AE VMR RE 75 ORI G0 3R 1 BB BB AL L 2 ANA T R A,
AR T 3 BEFEACIZ AT RS AL 7 ZORSEIUREAL AU TBORZE 77 o« ASHIE T4 B A i £F
UEFRNTRFEA, Gl A E R, FORFEAT R B B AR AR, e
a6 J L/ AR AT DARRAR 2] — MRARHME, AP R AR AR 3R, BEL SR
FHAE AT CARRAIG 50 ZoA7 o IX Ui B TORASAT AL — iRl 5 B AL BEAT A AR AL AR & R kL,
AT SCHRTE Y, PR T4 ZOR P AN UK, 52— R L R 20 BOREAL SRR

LR TCRIL, o B — RS AT OB T 3, BEE S RS e, 2 BoiE L
FIRCRANWTIG N, fEmE &SR, 2B SARAR AT Z . HAER S R+
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DR f52 LE AR TR BERE T 7 240 1 HERE B R REAE, D2 Br 1 BRI Rt 1 K ALRE I
AN NN e

FERBESIE T, HE KM T PR R, LR R LR AR IR P,
i HIg> 7R, WARERE; HARBESRE R A AR RIS, il 7R B
LI Nias it £3 b, o BOREA S BOR e T LAAT 00 A R RO A i DRI 1 i oK
T, RIS fa Al TR B, T L e A S BERE, DN AEIHRA kAL B E T2
fil
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EITF FRRENRERTH REEBREAF

31 3|8

AR AT 2 R IR B BUE S5 M AT A L R e LB A 4E R AT /K, o, 52 il
R RIR L, LY sy, iR LR IR, 45 W, A TR A4 R 1
BUg SN, ERBR AT, T ERRPLTYE 2 BT AT AL BE S FRALFE . Hir 4 P AL FE AR S5t 41 4
R JOE e S0 IR, A2 5 B 40 4 2t N B TACEE T B, AR 41 4E 5= 1)
FUB AT AT IT, IFE— B R AP 4E R R . AR RSt se e, A I R e
TALERZ BT, WARBAT4E R BAT I, FRARIL RS A A T J5 B AL 3 K Mg g 72, 3
et SRR, REAYER RIS, AR T )5 22 R 1AL 2 e B, R 9 BE
B RST BN, AR 2 JE AL AP YR & B PG, T B ARG iR A2 A B TR RS
YIRL IR os AR, 5 B s R B4R 4E = Bk e R e SE 2 18 n D,
ANRIT A BRI ) TR TBOK

BRI AR T2 A T AR RRR B BRI g, HaE BT, A9
TAIIEAR 22 1) B, 3 6 a) )™ = FHAG 1 A Rl ) T AL ERE o Jgtt, thE 575 [ 222 )
AW T2 I ) AT T IR ABIEAT, Hor, ORJ5T R4 3 IR T 2 5 0 A 1) 2
PR R —, HpFREQR.: KRNI RN A A RGIITEASER, A4eR4 M
TSR PE (RSN, LA S 2T 24 35 T 42 ioh 2 T AR A st Rt ot LAk JLAN J TG 6 AR
RYERMEFUEAT T A A .

RIARAE AR A YE 2R ) 3 ZE R 2 —, &R P A 4 R R R —.
— b B SRR Tk DGR Y, T4 R A 4 2R R A AT S AR SR AT 4 R
KB BRI IR — o MBEE AR BLF4ER RT B/, R SRR LEASKG I, {6
153 LU R THARANKTIG K, TSN 7 AR BT 41 4E 35 5 21 4E 2 By iR M TR AR, DT 8 0 e e 2k
K11, Rajesh 25 NI T WIABkA2 6 A T BEAR (540, 582 1 AEDUAPRIAE(33 pm < x
<75um, 150 pm <x <180 pm, 295 um <x <425 um 1 590 pm <x <850 pm) F~, AKJF
FEARVERE I Z 7, BEMRERm P2 T, B EN 15 FPU/g £F4E%, BRI 50°C, 1
P IE 200 rpme TEREAL T 72 h G, B/NRIARRIARIE (33 pm < x < 75 pm) A 1 A B
B iR KRR AR E (590 pm < x < 850 um) i T 50%. £ Pedersen A1 Meyer [ 7t L,
2RV AL A S N A FT , R A% N (53-149 pm) I AT HEAL SR IE B T BB 1E F
90%, T KLAE Hy(2-4 cm) ¥ 22 FFHE 1645 26U A BRI 26 1) 65%. 76 Yeh!™ Iy s o,
R3] 7RI, ESCIGAH AR SEER S5 IR, R, EH R EEE T ARKAG T, d4ER
BEAR BT AR 2 . INSEIRSEIRE H, BEERATIIIR/N, A4k 2K iR = A A 4 — g s %
Pemn 15 AL b, S 2 B 2 B AR B TR R 3 v

B RELI LY, ARPTL4ER NS A RAT P 0, (H2 A &8
SCHRTR Y AT A4 2 i AR 2R ARLAR 2 (R SRR R o Rivers Fl1 Emert 7EAth{] 1987
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KERCEPIE, B EREEERIRRZE M 0.25-0.47 mm FRYIEE SR IEAK A
AR, DL R g, B AN FDRAR AR TR cfr, DA SR AR ) i A 1) S
ifj Ballesteros 25 NVZEARATIRGSES0H, 1560 H 2-5, 5-8 Al 8-12 mm = Fikifz 5
FEMRELL Y, ARG AT 28 SR TIADBE, K PUAL R J5 Y RL AT B AR, 45 SR R RiAR )
WRLBE AL 152 I T L . Mansfield "7 Fosz 2, s 42 o6) B A S 3R HY T B A
flFa e, EIRR 2 SRR E AR 5T 21 4 2 B i S R B S R AR R0/ T 38 K, HEBE A it
(RIS, AR BTAF 42 I LR T AR 2 5 R AR AN A 25 H BRI S 3k B . — L8 30k
Fo L 72 T8l o o R R SRR AT 4E R LR MR B AR 5%, Nahzad 78 HL 4% iR
IR FE R I, B AN AW E A B AR, HORARAS W), HLRE AR = ke, 3t —
LA R I, BT R N RE ANt TR RN T SIS, Bl S AR AN B
K, FEGLEEMK, WNEREME B BIA IS B AT RORE I 7 H R AR, 15
fife i ZR AT LU, TRz A2 ek /s R R, #HA 2 F B E R ) EZ 5 A
CaFRZESe, RERBALRNTTHRERLRTA4ERIGR T, W4 R BEnT

PABE N2 SR AT I, JF HEEE SRR 2, WERmALZRET R, BedE R B 1,
WA (1 35/ AL A 5.1 nml7: 8081820,
DU SCIR B R B, 27 4R B AR AR SR AT 4R 2 (0 ELR AR 2 ARG . — 2830k

fath, BEERARECD, HERMARME R, FrUARg MRS R R, H2— ittt i, B
FRARARA, BEARER A AR AR RN o 38 BRI A 2 B 1 3 B SR R 2 T A
SCERHIE E (R OCVE AR R, REAR IR BRTE R, AR 4R 5, BRfR ok FIA T, #ia
SRR MG I FEZEM . i, X T RET IR RALER, wrENRD
AR 3-6 i, 4 T LA M i 22 55030, KA N BAR A AR WA RS LR R, ER
ANEWFE, A TRBE NIRRT A SR, F7ERNKERIIFEH T AR 4E R 18
W, IXTCBEL I A P2 A, AT AR A4 25 (0 AR W b (0 Tl Ak 5 7ok 1B 891, i 5
T LA T T AR ) 2 e FRD AL DA B R A (%) k2N 5 DI P 8 2 T ) A48T, 30 75 AR &
A o AR T BEE X RN B AR ) RE AT T 090, I RAR FIER AT, B8 KL
Pt B AR RO, 45 A SR £ 4 22 R URLAR SN I SR B AL B N K B8 52 m, U n] A4S 25
XA R Y 2R PP IR, FRARAE PRI 0 2R P2 A, A s, U AT BAF- R — A e
FIRifR, TEA G| REIIFEN R A R T )5 SR 72

AW AR AEFE N R, 52 TR RN FORREFT M 52 KRR AT R
W S5, I A RE I 0 43, 16 B 10 H, 20 H,40 B & 60 H (G R~ KN 591k 1.42, 0.69,
0.34, F1 0.21 mm)PY/MRiARYE I FORFEFE A R, i R, FERAR KR E
KFEFF AR R B Z 0, DA 8RR AR AL 3R R FE AT 15200

3.2 MKEETE

321 JExl
ASSEIGAS FH ) K FEFF A T B B3, U 2012 SEARK. FORFEFFEREL 2 7T 75
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BEAT 7K AR £ 46 73 B A2 SR, POAKRAY L WEBRSE 230 T K AE A AR BRI 22 0%
R B R = R o BTV 9 KRG AT 28 e e O AT Lk 1 22 J5TRE K /N oA 0.5 em
FeAr, SRIGFNIGEEAEH, RGN HTEBE 40 min, 28)5, B FRREFHUH & EIAK
RS LR SRR 40T, B o PR BEARHUBOK T, BT 5 B TR RSP T
AT, B A TERA T 105 °C M TAAfE & . i e ARSI 7
B, W R IR B FORFEFF TR RS, 8 F AR RER RE S 10 H, 20 H,
40 H, 60 H YA HE I ERFEFT&, 2536 s = B0 < )5 o BLAS Sz v 45 P
T KFEAT L 4R 58N 43.79%, P4 R 58N 33.11%.
322 RN

ASELS Bt 4T 462 Bl 9 Youtell #6 [ ATy, TR URr/RAEACAH IR A A, WlE
e ARBEIE A 135 FPU/Q BENS, B-HATREEF NS 9 344 CBU/g liEks, I kbR H
] ] P A A Y 5206 2 (NREL) JF 4003 24 ik
323 MfETENY

FORAEAT Egff SE 50 AE 100 mL R HEAT, RORMARRDY 20 mL, B AT 0Ky 10
H, 20 H, 40 H, 60 H £ KF5FT, BEMERE S & 5% (wWiv), £F4Ez b 15 FPU/g Y0kl f§
FAFF R MR pH 4.8, FEI0N 80 uL 10 mg/L PURR KB AEM A K, BN
TEAKIBPRIR P #E4T, JRJE 50°C, 538 150 rpm, 8 72 h, SR SZI0HR& A FAT AR,
S N EE R G RN REIEL 1 mL £ AE 15700 ref R B0 5 min, B TS T-4°C vKEE A %
17
324 T KREFRIZE. LK RIS

T RFEFF LN, 10 H. 20 H. 40 H X 60 H IUARLZ T KA FF R
17, AR, WAL S RTEFHEAT T 2047

8 FH HoRIEIE FKFEAT S IREE S5, BT Hok Ul e 2k, 20 H, 40 H,
60 H BT R T/ NARER 20l e e fLE K LRI, BT AARSZIGAUSGN 2 10 H 1)
FORFERF . ANERE F >R B S5 E e A =) A4 7= 142 E 8l 7R 1 Poremaster33, 771524
TR 10 B, BUGERE RN ERBCH, RSO TBONF IR G e — e ¥
P EH /N B DRZ A8 Tl I 77 FE 1 S5 2R N S 2 H v N RE i LB AR R AR AR A5 31 P9 FLAL
BEENKEZ B RN, @it iz gk, 5w BRFSFF R TR 54
i

o RAEFT A b 2R TH AR U)K FH 26 1 22 7 20 B A2 7= 1 4 E 3l H SR T AR B AF L A7 3
1% ASAP2020m HEAT I E , Ll s J5 TR SR A AR W BRI PR (B S A i, B4R 3
R AR BHE . BB AIRE T, REEANSHRAREGSUE, HTRESS
e, A RAAERINYBR T 512, XA A5 0k R B A 0S5 4 P o )
AR IEL, 8T R RS, AR IEA A S B 5 R AR .

U Fof s 425 110 6 KA FF 1 #8010 225K A H S A ] S-3400N A5 4 H - B ks
(SEM)BFAT WSS . TOKAEF 1 J6AE 105°C BT 2 E, SRJ5H FOKFEFTF 2 24 [ e DA



8540 T HHEET KPR

FIT WS BIREF AT . K[ 2 T FORFEFF LB AT S A0 B8, JT T e T
BEATMEE, gL RN 15 kV.
325 FEMAHTITE

HIERE . ARER BT i A % (¢ (Bio-Rad HPX-87H i, 7 Z=4mei il
#% RID-10A)MI5E . ANAHR A 5 mmol/L FIMGRER, WahE A 0.6 mL/min, =GR AH
TR Y 65°C. FRlIRE MR 20 1d A 152 (5 %, 10 £, 20 f%8k 50 1455 ke 5 If
F 0.22 pm FIJEREIEIE, FRBRMRL PR G, EFEEGENNER RS, KR
NBAHHEATIGE , FEAEEN 20 pLo FRFEML HIEEE S, 80 H 80l il B 1 A
PR T HOHRE i M 23R AT AR 20 A0 B, R 5 AR s v T 28 550 o AR DA o o o 26 0 R A Pk
i

33 &R5E5WN®

3.3.1  AN[APRLAR N KT RIORL 10 g K A A5 2 0 o

ARSI 43591 2 22 DU ki 4% 10 H , 20 H,40 H & 60 H (FLR~F K/l 1.42, 0.69,
0.34, Al 0.21 mm)F KAEFT BRI ZE . PR RTBVERR AL, B 5 00 KA
o Gadiise G KB E K REATL e 2 5 BN 43.79%, FLF 428800 33.11%. Hlifks:
IGAE 100 mL FEM P HEIT, BAA RN 20 mL, SEIG AN A 5%, & 15 FPU/g
Tkl BEARRFE 50°C, BibkH:E 150 rpm, EEARET 1A 72 h.

90% - Glucose 0O Xylose
40% 1
30% -

20% -

Glucose and xylose yields (%)

10% 1

0% -

1.42 0.63 0.34 0.21

Particle size (mm)

B 3.1 ARRAEFAREFTEEKRE
Figure. 3.1 Enzymatic hydrolysis of corn stover at different particle sizes. Conditions in flasks: solids

content 5% (w/w), cellulase enzyme 15 FPU/ g DM, temperture 50 °C, time period 72 hours at 150 rpm.
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DUFPRi4E(1.42, 0.69, 0.34, Al 0.21 mm) T KAEFTHEAL 72 h 5 &I 0, AKES
2 EE 3.1 Fn. MEIFRRTLUE 0 A AR 1S 28 (1 28 A4 Bl 25 R RS AR AL I
ARG, IR BEE RS BN TG K, 25 BAFAE RS R 22 M R KFEAT Hh AT REAFE AN
AIREAZR T R, AT LA BL B DOAS B 3R K REATREAL SR TC 22 51, 78 4 0 B AR R4S
RIFAZREE B HR G R m g m.

M R, ARBES R AT DUE B, AFRAR FORFEFF RIS R IR A 2 BB R 1
DTG R, RO ZEAR, R ATREA: (1) B, IR
HHPRRLAR PR 236 3 PR 0 e 22 S5 I 5 BT 1) PR B A TR 4 /), ) SR DR K 4 A e o [, )
HE - R0AR B AN )y SR P2 el B g B B ok, BT DA BEAE 3 TR IMSEG , B8
7] %) T g o TR R AN [R) R4 T K A AT R A B2 e, AR S AN [RIBEHRINF TR) R, AS[RDRLAR oK
BRI RE R B2 A 20 (2) B Rt s BE A RCR 1 F R R A R KR
/N, TR AR 2R, N /N 3 B 4R R B O R AR 0 BRI 2SS, UEEH =
A&, RIERIARIR/DN, BEfE FE AR R NsE, Bl SOz R4 R &, 515
LRk B I B, XRE R AT DA DRI 41 4 2R I i o SR R RE

I LA BT AR BRI ) S ] R 3 B AR AR 2R B R AR AN B SR ) 32
BRI, RS T E(2 hy 6 hy 12 h. 24 h. 48 h F1 72 h) K g & (7
15, 30 FPU/g TR} REAS [FPA AR 5 KA AT 1t A 4] 52 0]

—=-0.63mm
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30% - —-©-0.21Tmm
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@ J
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=
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40% 7 (b) Xylose ——1.42mm
j —-=-0.63mm
——0.34mm
30% - —-©-0.21mm
S
©
o i
> 20% -
o |
ke
=
>
10% - ;%
00/0 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
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Sampling time (hr)
Bl 32 ANERAEFKETRECARERFEN R, (a) Glucose; (b) Xylose
Figure. 3.2 Time courses of enzymatic hydrolysis of corn stover at different time points, (a) Glucose; (b)
Xylose. Conditions in flasks: solids content 5% (w/w), cellulase enzyme 15 FPU/g DM, temperture 50 °C,
time period 72 hours at 150 rpm.

M 3.2 (@)F(b)FTLAE i, ESRFEHILE T BRI EI0E, ACHEAS 2 [t 4 I [F) AR A4 LU
K, {HRZDYMRIAR(1.42, 0.69, 0.34, 1 0.21 mm) ) T KRS FTHE 14 75 2 [ s 1) 384 40 1) i 3
FHIF],  EHLAEAH RIS (8] 2 5 & B AR BEAS R 220 )L, Bk 72 h 5, DUk (1.42,
0.69, 0.34, F1 0.21 mm) ¥ FKAEFF 7= A= 111 % BB 152 733l 9 24.69%, 23.96%, 25.34%,
26.97%, AKEIFZSr51N 8.40%, 9.05%, 9.92%, 10.42%. AJAEE T Al AN s BUkE
Wi, 5 FREENEN 72 h MRS, B EHENUORFES R A TS, (H2A A HE
TR FEFFLEAS [FPHE AT (8] 76 45 BE A A BRI PR A ZE AR, BULIRATAT LA, B
WA B TE) B84, AN [RPRLAR KA FE RIBE AL IS 28 IR R AR A, Tl BN [RDREAR ROKFS
FEREAAT 2R TCZE 0 AN 2 B T R AL I (R ik 51 R 1
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50% Glucose : |

1 @ Xylose Cellulase: 7 FPU/g DM, Cellulase: 15 FPU/g DMl Cellulase: 30 FPU/g DM
) I
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30% A
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Glucose and xylose yields (%)
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0% -Hed ' ‘
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33 AFEEAHERT EXRFEFHEL
Figure. 3.3 Enzymatic hydrolysis of corn stover at different enzyme dosage. Conditions in flasks:
cellulase enzyme 7, 15, and 30 FPU/ g DM, respectively; solids content 5% (w/w), temperture 50 °C, time
period 72 hours at 150 rpm.

ERE ARSI (K 3.3), fE=MBEFFHET, MERAIIE/DN, A B RS
RIS IR, WED AR HER R, BEEEREG s, HEMEES
ik 30 FPU/GDM 26444 T, PUAS B #0F B KRG AT 4 B8 15 2 20 il 4 31.80%, 34.79%,
36.37%, 29.99%, AKESZFI>HIN 12.22%, 14.02%, 14.88%, 13.96%, VIRANZFEE
HHSEhnmsgm, A TeEE Mok (B R BE R 220 . 25 b, WAL TA) R i & 5F
A FEUAN R AR R 45 TR0 22 3 10 = BRI
3.3.2  RLAR N /K i 8 e 5 1 )5 (K] 43

R SEEG R, R & 3 Wl I 1) S g P R S F A SR A RO BR R ATHsA R I A
13 2R A RLAR (R ek N T 26 B 2R AL, Uk BDRLAR IR N AN BE A AU 32 =i B RS 22 . (R
ST 5 WL B RLAR N, AR THAR S AN i, — b sc ke 8 S ds i, AR
132 WA LU R AR B i 42 o (HARSCHE PRI, B RLAR k]S, MR AR AN KT
W0, (HREEMRAERIFRAN. — AR TR 2 —fh 2 SRk, BRAN
bl 2 TR i 5 R AR PRI/ T AN T 184 0, F2 P L %) b T AR B o R A% )l E1 AR AN K
1M L P R Rz e KT AR TR, AH 45 5 LU 3R T AR B 6 R AR Ik AD AA AN K  HA ARLA
O e =N AR A (1) RIS BRI N A R (2) PRI ZE K T4k
KA (3) WILEB K, W LMESA4E R N NFLR TS TR M. A 7 RIEX A
gl oo KRR RURL AR TEAR, WAL, SRIAREAT T iFE 5 IE .

B2, AT A FIRAR FKFEFF I SMR AR GEAT T I RATHE o (BRI TR R & — A
B S INIEA R, SRR m B FOKRER, BN p(A S8 =48 ) FOK A
&9 0.15 g/mL), EEFEFFRRAR RSERIE, 2R r(10 H, 20 H, 40 H,
60 H T KFEAT IOk 2422 504 0.710, 0.315, 0.170, 0.105m), N HHANRET S wy
AR IR A:
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7
S, = _LP

Ve 3
Sun=N « Sy = V@ Omm T dzrt =22 (2-1)
ik A nr Pr
HMEERTRR S AT LARIR A :
S 4=S ,g/m:i (2-2)
or

He, NFBRFEAN m IR EERE S mBnE NERIRTH, VR
AR m )RR AR, Vo R N BRI R

MAIFTUAFH, — @ S 1 ERAEFT, B RAE r AW/, AR BAROR R
TR RRZR T k2>, AEL RS FFABURL L BSOS T 38 I, B R T S0 1 2 TR R A A AN I 3 i ),
PR T B b B AR TR k2>, 414 2R i P W B e B 3 ) o Fh BB LR T AR T B A 5K
A%, 10 H, 20 H, 40 H, 60 H T AKREAFHILLRBBHIN: S 4104=0.0282 m*/g, S
420 5=0.0635 M?/g, S 440 1= 0.1176 /g, S 460 1=0.1905 m?/g.

FH 2 20 B ) DU R A2 1) 5 KA AT B 2 T R B 5 R 42 PR ik /I i S T 18, L34
INME FEAR K, X AN A2 FORAEFF AT 22 A B 2 0 IR AT o BT A oK
Xof DU ki A2 T KRS FF ) LU 3 T AR B P FLEAT T D2 o A5 ) 4 1 sl L 3R T AR A% LA 2R
W AR 10, 20 HARSFR SR IEAREAT 7€, e &5 H 10, 20 H AR 55
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Table. 3.1 Outside and total space surface area of corn stove particles with different size

Particles diameter (mm) 1.42 0.63 0.34 0.21
Outside surface area (m?/g) 0.0282 0.0635 0.1176 0.1905
Total surface area (m%/g) 2.8156 3.0729 N/A® N/A?
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