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Cellulase Recycling via Vacuum Distillation During Cellulosic Ethanol
Production

Abstract

High cellulase cost is the main obstacle for commercialization of cellulosic ethanol
production. Cellulase recycling is the most efficient method to reduce enzyme cost and
ethanol production cost. However, the current reported cellulase recycling methods were
related to high enzyme dosage, low solids loading, pure cellulose etc, which were not feasible
in practice. In this study, cellulase recycling via vacuum distillation was used during cellulosic
ethanol production from delignified corncob residue and pretreated and biodetoxified corn
stover. Ethanol was pumped out at lower temperature under vacuum condition, and cellulase
activity remained at a high level. Following the first vacuum distillation operation, fresh
material was fed into the bioreactor, and the next SSF operation was initiated. This repeated
SSF process was conducted for 5 times with the delignified corncob residue and 3 times with
the pretreated and biodetoxified corn stover. Meanwhile, enzyme activities against feedstock,
PNPG, CMC were measured during the repeated SSF. Energy consumption was calculated
through flowsheet simulation model established using Aspen plus software for comparison of
ethanol production cost. 20-44% enzyme dosage was saved and 14-27% ethanol production
cost was decreased using repeated SSF. Considering the high price of cellulase, recycling via
vacuum distillation is a promising strategy.

In addition, delignified corncob residue (DCCR) was used as the feedstock of ethanol
production by simultaneous saccharification and fermentation (SSF). The ethanol titer and
yield reached 75.07 g/L and 89.38%, respectively, using a regular industrial yeast strain at
moderate cellulase dosage and high solids loading. The fermentation performance and cost of
DCCR and corn meal was compared as feedstock of ethanol fermentation. The result shows
that the DCCR is competitive to corn meal as ethanol production feedstock.

Keywords: Cellulosic ethanol; Cellulase recycling; Vacuum distillation; Simultaneous
saccharification and fermentation (SSF); Cost estimation.
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Table 1.1 Summary of different pretreatment for lignocellulosic biomass.
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JEAD B S B A, AN TS AN E . A SORR PR A AR BLAF4ER BE (CRoKETR
B FOKFEF, W ERIEERE S. cerevisiae #EAT [FIP MRS KA = 0 . B S SEbR
T A A5 A0 sk A5 2R 1) K ES AT S0 2 2R 1 R R BRI, R SFA 18 RIS,
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BT PR R A SO 7 ) 32 B AR N 55— 4 R B O AR « 78 SSF A2 7= i FE A,
SIS (R RCEE A7 Dok A T 7% R =) B, AN EEYI kL, Ak SSF 4k Sk AT, JEHAIF M AT
TR EATEFE N R I T I AT R, T30 AT FE X B2 Rk ot B S 36: LS5 415 AR FH 19045 &L
PE, B 8 BRIl B AR P RRRE AR, F DA LU 48 B A SR VA AR 3A
TG . BT

(1) FH 2RI B0 B A 5T 25 oK TR #E4T SSF AR/ 2 iR, A B A
Yl A B RO R BRI =TT 5 5, IS RO X e IR R AT SR
T RS S A 7 AR I HE A

(2) HISEIS =0k S. cerevisiae DQL X il A B & R K HRE BE1T SSF 2% K 1%,
TR EAS VIR I O, AMIET R, LT R E SR [FR S IE3F SSF i
T v ] 7 A R R B 2L 4 B AR A, AT E N E TR B B . ATV . pNPG g
7%+ CMC B35 .

(3) Hi'S. cerevisiae DQL X 5 9 KSR B FKAEF AT SSF LBEA %, @it 747 Ik
JERE TS ILAT 24 22 00 55 SR FH 5 [R5 8208 5 SSF 1ok 4 o [8] 9 9 A 5% BRI 2H 7 2 v
AL, [FIREAEMXTEEE . pNPG B§iE. CMC BHE .

(4) F#EAT: Aspen plus X & HoRE T U AG 18 OB AR, HEATRERE. BUACLL
B, AV 8RS TR S I IR £ 4 R B IG3R I &5 1
1.7.2 WIREX

TERRAFHER (BT E KRR FREEASE T, SCOer 4 REIIE3R
FIH; ¥ OB BRI E E R RO 5 R T 29, DUSEIAr 4R 2B
BT, R EEA ORI R AT
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F28 FMHABRARRZRERDKREEFSKEAHERCE

21 FF

KRIFEF R IRRL A EA T R AT, (E RS b AR 72 B T e 5 A S B 1 ) RATY H 2 7= 3R
BAR, FEKFEREERPE, ERZ T A4ER OB A AR R FEM R, TR EH
HE S afRk AL FEHAE, 1hkiES BN ARLsSSl gar, N ERE4EY
Wi Tolk O Rab g ar B, H B E (R A AR . AR . A SRR AR 45 v PRI 7
e X — RN TR T Z)E, FA4ERBERSFE, BT 7 ERETR X E
EIRFED . B, TR TV AR Hh AR BT 28 gt — 20 i A 2K 43 B 52 B, H T
AR RRIRAB INR J TR B A0, AR T R S AR R B R RO R
AL — P R R - BARFER TR SRE A4 RF RN & 2L 70%, 5%
KA R G R IEA T, RETAL G IR R 4R FR AR B 7 30, AR & Tk
BRI AT BGK 2 B0 A 75 ZEAT TAR BE

Z i CA 5 SCHRARGE 1 S % E AR 2R KR T G R B A T
Liut™ 0 Kt S 5 HEAT 7 MR M AL BB A I3 35 R ORIk, 7E 15% RS BN
BEAT AR R B A3 0 2B B 57.2 glL, 15383k 85.2%. ZhangY[RI#E I 5256 % 41
TS5 2R KR, 7E 19% |8 5 2% A Bt R B 20 B AL B R 3RS 69.2 g/L 1Y
OB, HAFZIL 81.2%. A1, VA AR AFER: (1) AHEE T S5 ok A AL 3
A H B B TRIE,  FRATTEE NAZ S H VPl Tolk TR S TRE R LB K EVERE; (2)
e ] B 1) RO IRE [FD B 5 R T 3 SR A I R, B 24t AT S B A ) IR B 28 15
Tt

ASCH FH T SR EURBE SR R 2R 5 ) B B P2 ) —— AR i 28 BRI, 755
PR I HIE A [ S R A RN A T, AT AN AR SR FE AL S O lE R XY
ARV R AP AL 2 At AT LU, S AT AR 5 AR B 7 TR 2% 52 LX) [R] A0 WA R T RR 2
PR 0T 25 T KOS TR T IR B e 1K 5 KR AT LA o AR SRR B R o1 3% oK%
X PR TG A BT A0 4 2= TR A B oK T 2R 72 AR S B B9 0

22 MHETE

2.2.1  J5EORE Rt

Jii A 5 2 ) oK Bk (Delignified corncob residues, LA R fEi#k DCCR) K H LA
WSTER AT CRE, B30, 1ZE R OB AR B R 2 T ORE AR R G A
AN, 38 ANKOM 200 2145 3 70 A A0l g JL AT 428 5 509 72.90%, 4T 4 3R 4.63%,
KRR AH 7.18%.

P i 2T 4E 21 Bl )51 Youtell #6 W TR U /R AEAL AR (L FHRHD, HERESE
> 90 mg EP/g, 5% JH 36 [E ] FAE g Y S5 % (National renewable energy laboratory, NREL)
T 2T 2 3 T A B 1) 7 18N s L e 4R i 9 135 FPUG, K FH Ghose Bl i 7 i
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[90n) sz FL 2T 4 — WEREE 9 344 1U/g.

KN (Corn meal) 7= H K, HIAR IR FL I FoK B L HUMAE S b IR, 48 Holm
PR O A 0N 5 FLE k) 5 B 76.89%.

ERVER AL HTAA (Lot number 7201455498) FllkE{L i GA-L NEW (Lot number
7201417190) M ERBERIAEM TEAR AR (FhE, T8H). PARTIEHEER AIRY),
HTAA F1 GA-L NEW ¥ 537124 22,000 U/mL A1 100,000 U/mL.

222 BiFEdk
A R 7R (SM medium): # & FE 20 B8 100 g/L, BERRHEEMI (YE) 1 g/L, KH,PO,
2 g/L, MgSO;7H,0 1g/L, (NH4),SO419/L, pH H%A.

[F WAL R e 97 2k B R B (YE)D 10 g/L, KH,PO, 2 g/L, MgSO, 7H,0 1 g/L,
(NH4)2S04 1 g/L, pH HAA

IK AR ES 77 4 ZIKBMEI@%rlzi%?%?ﬁi%ﬁibuﬁiﬂc&ﬁ%aﬁﬂ%ﬁﬁ@kﬁﬁ%%ﬁiﬁﬁ
Yk, 50%. 75%. 100%7K fiF il E5 T2 3k 53 A4 e AR FR A 25 B8 1K Mokg, I DL AR $%
SM 5775 CREFERE D FNEXT IR S 7L, pH % 6.0,

iR B FRIE 22 115 °C ZXI5KH 20 min.

JRLAR T 2% B KOS TR K AR 2 i i fﬂii?/‘?éﬁﬁfiﬁﬁ‘] 5L A& SIS 1R A S
s bt 4O B Sl 15% (Wiw)ff) DCCR k& & (F3£). 15 FPU/g DM (-4
DCCR) M4 4R B &, WL 50 °C, #iifEHEE 150 rpm, /KfE 48 hro /KfELLFEiE
it 2M ] H,SO4 2 5M 1) NaOH #3115 pH B % 4.8 (BRMWIHAINER, J5BARMED . 7K
R IKAE 9,000 ref #43# T B5.0 15 min, b5 A B8 4R P8R K MRV - 2 K AR 7 98.16
+0.70 g/L W& 6.49 £0.79 g/l AWE. 1% KM I T AS R BE /K SR 7R 3L 1)
C 1) 22 BT Fe A o
2.2.3 ALY

CTERBEE PTG 2 EE R AR (P E, 5B MEREEERE, WSy 5
S8 GuiS YA PR AR I 55 073k, FH /K SRR P8 B 2 3 v (R 5 3R B 1 ) I

. FHAPTRWT:

B RO FE : B 2 mL H e (A1 (-80 °COHE A 20 mL SM 15 3£ 3475 1k 15 hr(ODggo
~4); BEHLL10% (viv) #ERE (R 2 mL BEBD #3EN 20 mL 50% /K ks 33 ks
7% 15 hr; FELL 10%32 Rl E #5432 N 20 mL (1) 75% /K s 77 F h 55 9% 15 hry e BL 10%
BAbE (RP 20 mL) {8\ 200 mL [#) 100%7K fiffi 15 75 3 7 K597 15 hr (ODgoo = 6)
LA 6, HA s 6 hr Jz 12 hr 4b%3 51750 300 uL % 400 uL 5M NaOH LAiH5 pH % 5.5
A

STREZH CRYIME) BEAs s 2 B 2 mL H il 547 (-80°C) #2 A\ 20 mL SM %
FRHEAL 15 hr (ODggo ~ 4); £ LL 10% (viv) #EFhE (HI 20 mL WO {8\ 200 mL
) SM B Frdk (b & BEIR EE1E 9 100 g/L) w4 KK 97 15 hr (ODgoo = 5) LA#ir b
B, HLrR FREAESS 6 hr B 12 hr 443 5%5 0 300 uL A% 400 uL 5M NaOH LA™ pH £ 5.5
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FoA

DA b3 570 R B2 #4345 il 4E 30 °C, %% 1 180 rpm.
2.2.4  WIARFER FKCOTRE R 5 R B

DCCR ff] SSF 7528288 %5 [ L Wit i 5L B9 B s rh g 47, % S o 2o A —
IR P (AR IEIREIR w32 IR/ R AR KRR, &6 m RS EARR A 4R
JERH [E A R %

AW FEREAT I BL AR R KBS 73 AP B TOBE AR BN R 2D A0 R TR B
TOREAGE R, B Je NN P 75 6 A S 41 4 2 B AR L 8] 4 7 2 B b 78 I £ B 17K, 4R
J& DAAMEL 77 2NN Z K AR T 32 FOKOTRIE (B KR L1 67%, R SEIG RS
WE T ORI ED B EMEASE, &4 50°C. pH4.8. 150 rpm, 4ERF 12
hro TETREAGES AN RTINN A& SR B RS 7R bV, [RIRDIREE o 37 °C.
P (2220 mL) I SL AW BSids S, pH 8 Hshix6lE N 5M NaOH 4E+F
4.8, ZMBFSE 60 hr, PIFrELILGE 72 hr, RS REAL KR B R o s i EORE
225 T AKMMEE NS K

AT T (0 T K I A 7 1 B A TP R 25 77 46 1 e 07 s AT, Rl Bak
R FEA IR BL AR IR B A R EAT . O, EOKKY (WIEA S /KR L) 5%) TAZ 20%] &
&, H 5U/g DM &k EgiE4T 90 °C. 0.5 hr Ak, T 37.5 Ulg DM FifLEEZE 50 °C
TTUELL 5 hro [FEAELE TIOBE AL S5 /N RT DI & (1 Bk B 78 22 30V, TR
FERE N 37 °C, BIANRSETYMLHIF T, pH @I [ 305155 I 5M NaOH 4E§F 4.8,
ZH BRESE 60 hr,  AE[R]E AL R I A o I R
226 SHTE

FEALE 13,200 rpm 380 T B5.0 5 min, 3R H) EIE RS OE Y5O BE 4 0.22um
JENE L YE RIS R 50 LC-20AD WS ABAH % HPLC (HAR, By w]) s Tl
O M. ARE. FLER. ZFE. FEES K HMF ¥R W, HrhoRZ e 2g
RID-10A (AT, ¥ Aminex HPX-87H ¥t (3£[H, Bio-Rad A#]), MIE %
#7595 mmol/L HoSO4 fEiLaNAH, it 0.6 mL/min, #1iz 65 °C.

A 3 R PR P B0 2 s P A SR 2R T Kt R i B B, LT M4 43 S e
JPAEISE , AR AR 35 [ TT B A AU S 0 5 5 R AR A5 B 1 N IR vk O30 N 2 [
ANKOM 2 7] 21 4 25 73 M A i T e ik %), JE0RE AR 20 St 2 gl sz 000, ko
Hh R RS R 1 15 P U 2

FEAREY V2R AR AR AR (FC, S 3IREN. FHIRENSS) 7EmM 24 F T (Na,CO3)
W R EYIC )R R, WERR S RIER RGN ERIEL, RN A
CAREE R & TR, &R G R ELED IR 765 nm P AR AH
TEHARE:, FHLLE =R MBI I 2R SRR EE .

Ta BRI RN BRVEDRERTT . 72000 IR — PPV K AL L
FIFH ARG GG 2 AR L rh PR SE 5 274 (NDF). FRIE PRI 4E (ADF) K g ik
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HARZE (ADL) X =FH &R, BIEU T AN HEAER S ARG E:
Hemicellulose = NDF - ADF x NDF (2-1)
Cellulose = ADF x NDF - ADF x NDF x ADL (2-2)
WUEHENETER S ESE: 1 mL (2%) T AMBEMR (pH 6.0) 520 uL i &
TEMTALEE HTAA JRA, 90 °C WAL 3 hr, BEJSBEIRIFIN 8,880 uL 0.1M ZBREAZE M
(pH 4.0) F1 100 pL I4E{LES GA-L NEW, 7£ 58 °C ##{L 4 hr, /o B amiisE =i,
1€ JE 42 HPLC N 52 71 4 B B
K LEEAF R MM ISR E b, RIS 100% HHE AR, it
HALWF:
[Ethanol]xW 1
976.9 - 0.804x[Ethanol] "0.51xfx [Biomass]xmx1.111

U : [Ethanol], BEESE BT ZBEHIRE (9/L)s W, [FEBHEIL 5 KR R IR HKE (9)s
£, ARYEVE A YRR NE AR TRCRE T LT 45/ (9/9); [Biomass], #EfL
BURBHA R FRETRE B S E (%, wiw): m, BLEUREHA RIS E (9). %4
B R B VA S P T 27K AR R IR A B AR 08 25 R 2 5 i ZhangP ot U7 ik

23 GRS

2.3.1  JHARFUR EARCTRE L 4EH 73 M & &
®21 BARRRIKGRELD

Table 2.1 Composition of delignified corncob residue.

Ethanol yield = x100%  (2-3)

FRAC 5 21 TR HRAE AL 73 (%, wiw) 0 2R IE P2 R A
YR 72.90 +1.42 77.47 £1.79

PofYE R 4.63 £0.29 3.63 +0.25

NG 7.18 £2.10 N/A

Hr A > 13.24 +0.26 N/A

K5y 7.16 +£0.20 7.16 +0.20

* P PEBEER AL AR AT VA PR AR SERE L R G KR

®22 ARMEIKGZRE DB E&EHE

Table 2.2  Total phenolic content of different treated corncob residues.

JR R S & (mg/g DM)
FOKETRE (CCR) 21.25 +4.96
(e Ty KA 7.12 +158
LA i 3 R oK ik (DCCR) 7.79 +0.63

DCCR WA M4 R MK 2.1, HA bR iiis 3 2 M TIE 4 R M2 4R
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(8, YO ERPEIAI  AT DA 58 55 o 52 B4 ) DCCR ZH Ao ASHIF 708 % FH v 3 e 52
[¥) DCCR 4 itk AT W= it A3 261t 5o

R 448 MR 2 5 DCCR s By & & 7.79 +£0.63 mg/g DM (KT 5), MH4T
15% [ 475 5 R KO il 2% AR 7K BB B H A 1.38 g/ L YLy - 35 2.2 45 BB 7R B VI CCR
B E R, S OBREIER CCR BBy & ERK; 1MiEdmAHEM CCR, BIfiA
Ji 3R FOK R BBy & L OBV G CCR BBy & &, UL R At 3 75 15 AU
REFR B REARTIR, U 2/3 B, KRR T G2 N P50 R I v i 40
file X TIZMR P 4E R R DCCR, ABFFLE WA YL RS &b 5 K
TR =ANTT AT T %5
2.3.2 AP 3RI7 N RIS PGS K

A ST P YIRS A BRI 520 R 25 58, 6 22 B B TR B o2E PR AN [R) b1 15 9%
J (W7 A BB ST REP R SR . AR AR RIEAM TR B E. TR
HIATE LB R AL, DML AR A B 15%[E 14 & & DCCR il & [ K it 55 77 2k
HIA PR ST 100 g/L, WO CARYIME) Fh-Fil i & p e 2 22 100 g/, &3t
[ERER 15 hr £53%, S F2 P RV OB 8 15 pH . 78 TUREAL J5 156 12 hr CRIEFIRTD,
MBI AR, W52 FLBE R ODggo (=5) MIRFAMIERE (=50 g/L), AR
X PN FER T — 3, DABRAIRAT 46 B8 5 R 5k B o 6] R xo) [R) A M A T ) 52 0

100 5 Glucose —-—Control —e—Adapted yeast
90 ] Ethanol = Control —&- Adapted yeast

80 1
70 -
60 -
50 1
40 1
30 1
20 -
10 1

o+——=a ——=8—0

0 12 24 36 48 60 72
Time (hour)

B 21 AEEMEFRTT AT RARR EKOERER R DS KB
Fig. 2.1 Effect of short-term yeast adaptation on ethanol fermentation using delignified corncob residue.
Conditions: 20% solids loading, 15 FPU/g DM enzyme dosage, pH 4.8, 150 rpm, 10% yeast inoculation
ratio, prehydrolysis for 12 hr at 50 °C and SSF for 60 hr at 37 °C. The SSF experiments were duplicated
and the error ranges were given in figures.

Glucose and ethanol (g/L)
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g IR DY 20 7 ) BB A R R X R CRYNME), Y2 2B i 29K
g = TR A, (AR ESAK: YA CBRE. 1958, %5518 75.07 g/L.
89.38%. 1.04 g/L/h; XA R =F845r70 7 8. 72.79 g/l 84.47%. 1.01 g/L/h. HIT
WA 25 KOO TRIE S — e Wy 2RI, o0k =5 R B T i oh B /K S v 9 A 1) B b et
VIR NEE T 12 hr FIOREAL S (0 A FE M R4 ) B — 8 R 3&E B S 32 1, AH b
e T R AE KRR SR, BERS 12 hr 9 CEDER 12 hr 55 24 hr) (50K A b
PO AU AR (B 2.0 SIRAERIE IR TESE 24 /N A 3EN R S A 7
HH B, AR S ARG N 7 R B R R AT PR AR, BT AR AR E RIS, 15
TP 5341, DCCR KM ARG EIRRES . 5-52 HIRMRES . ZFRIXINH, (HEm
FEMIREE (1,95 +£0.16 g/L, EHARER), SRR T RIBLERA T 2 1) FKEIRE
IR &8 (5.31 +1.24 g/L) 8, 5t HAY Bl &b T4 i o KRB Fh R SR 2R K RIS, B
227 KRR AT RAAEY)

2.3.3  ANFEFEEEE T RFE SIS R

— MR E, B S BRI SRR L IR B OCE L, HBE TR AL AL
PO (R A 1) B S B B S R R T AN, A sz & st (A R TR R A
RN ARG G RS AR A YR A, 5L Ruston BYAAH LE 2 25 OG5 VR & I
8]

120 - Glucose —&15% ——20% —A—25% —e—30%
] Ethanol -5-15% —<—20% —4—25% —-5—30%
100 -
80 1
60 1

40 -

Glucose and ethanol (g/L)

20 1

Time (hour)

B 22 AFEBEFEESETEARRROORENEPRENS 288 R
Fig. 2.2 Effect of solids loadings on ethanol fermentation using delignified corncob residue.
Conditions: 15%, 20%, 25% and 30% solids loading, respectively, 15 FPU/g DM enzyme dosage, pH 4.8,
150 rpm, yeast seeds adapted, 10% yeast inoculation ratio, prehydrolysis for 12 hr at 50 °C and SSF for 60
hr at 37 °C.
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BT AT R KO TRIE YA & KR LN 67%, 52\ 15% 5 30% [ 447 7 X} [F] 5
P 52 . AN [FR] DCCR [k & & IR B i 5 ks 45 R ILIE 2.2, 458 %
TNBERE B 5B 15%. 20%36 & 25%0, 72 hr &b ZEFH E 2 M 56.64 g/L. 75.07 g/L
% 83.53 g/L, MMEE 30%H}, ZFEKEERSHL NREZ 80.36 g/L. MG EE L, 4
BEA R SUR R BE, 437N 96.41%. 89.38%. 78.24%. 57.37%.

Forr, B M SRR, WML 12 hr SR BRI BT (B 2.2)0 4]
S &R 30%H, LB REXT %44 R i A B AR T 22 B B 2%, TE2E 48 hr A k%
B v R 2 AR S T FE A KT, T LAt = 2 [ 5 B3 7R 56 24 hr 52 36 hr 2 [A){E44 6 45 b
THFEZRARAK o 3000 75 5 I 7 K 9 f 31 H IO A Bk P [0 7, L B e IR FE IR AR T
£ 25%[E & B4 A IR B B v LB RIR B o T AR 3 KR & — & 2k
PO, T B R B e WA AR B, 30% [ 44 7 B H My SIS 0 i A B T e
HEIE A SZ AR, S ECR IR I R kg . BAR R 25%[#H & DCCR K%
FiifG & B f i, 153 83.53 g/L, {HABEAFZAUA 78.24%., S5 AHLL, 20%[E & &I £
B3 RARR B, LEEWRE 1SR 3 N 75.07 g/L 1 89.38%. 15%[# & it 2. i3 %
i, HIRERAK. ZEH BN ENR, EREIRIE S CERE X CH s R EL T, &
W FCIEFEAE 20% 5 1 [ 4R 5 2% 1R T X g 2R (0 iR BE B s gk — 25 5 42
2.3.4  AIFEIFEACFD AR BRI LN I [F D AL S

T AR R TR AR AN N AT 4 RIS L R T, MeF4E R REEE (50 °C
KA SEREEKRGERE (30 °C £4) AULE, FIAESRIFED LS KB
FEEFE R —NTEN TR, R — AN EEIRE (45-55 °C) HITREILEN B, ZJaH)
[R5 Ak 2 B Y B4 1 30-37 OB SR T, £8 Tk KR % I e EAT IO BV 2 00 2 1,
IR AR S PR R G v 2 R, MBEAL IR BE 45-55 °C [ 2 K IR FE 30-37 °C (il f%
FEIFK, fERGERNG . RE T RZHORR A4 R R DR L S R I & — A TS
AN FA S, AHASHE 7T BT FH (1) DCCR J&— R io 1 B AL R Rk 47 4 R RORE, 7E3K
IR FOME AL RN R R R R A PT ReIA il — 3, A R0 M40 5 R B mT DAAE ]
—ANIREE N AT o AT ) C B R TR TR AR R FH P T b R T ) PR T AR T e B B
B T76 37 °C Fizfe A& Kok BEPE e i, 37 °C B AE N — AR, [ % E —4
BAKHT 30 °C EXTHE, 7E 37 °C A1 30 °C PAME e I N AT I [P B AL 5 R S IR
L5 FL 50 °C & 37 °C ARIR DML S R AT LA, 5 R LA 2.3,

K 2.3 LA T L4740 SSF S5 1H I SSF: AR+ JFE4T T 12 hr (¥ 50 °C TiibE{L
J% 60 hr [£) 37 °C [FE8EAL 5 K B, fe & 10 LR JE K AS 223X P8R4 A 75.07 glL.
89.38%; 37 °C fHIRZH 1 HiFAT 1 72 hr B[R HEA S e, WA RS RE, A& OB
PITER 7308 73.62 g/l 87.37%, %45 R 5L SRR AR AT A SR S 1H IR 2H %
N 30°C I, A& ZEEIPITERS 7 MIFE 4 66.47 g/L. 79.78%. {HIE 30 °C 414K 2B
IR R, (EAEIR 37 °C 245 &r4RAr 5 50 °C %8 37 °C ARIR4LAH Z L,
X A] BE 5 AT 70K & 21 4 K B ) DCCR JEURHE 3¢, /b AR i & Bt 47 4k R il
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100 - 50°C to 37°C —&-Glucose = Ethanol

90 _ Uniform 37°C —e—Glucose —=—Ethanol

80 Uniform 30°C —A—Glucose ——Ethanol
Q ]
o 70 —
S 60 ]
@ ]
o 50 —
'g ]
% ]
2 30 E
S 20 ]
o ]
10 —

0 : ‘ T T T T T T T T T T T T T T T

0 12 24 36 48 60 72
Time (hour)

B 23 AERETRARREKORER EPRENLS kB2
Fig. 2.3 Effect of temperature profiles in SSF on ethanol fermentation using delignified corncob residue.
Conditions: 20% solids loading, 15 FPU/g DM enzyme dosage, pH 4.8, 150 rpm, yeast seeds adapted, 10%
yeast inoculation ratio. Prehydrolysis for 12 hr at 50 °C and SSF for 60 hr at 37 °C in the temperature
shifting SSF process, while temperature in prehydrolysis and SSF stages was both kept at 37 °C or 30 °C in
the uniform temperature profile, respectively.

WL PSS, JCHRIEKBEG I, 4R eSO RAER, &IPS 37 °C 5L T
IR AEVSIEA KT 70 AR L 2K o XA G5 B A REAE TS & AR ML ARG T ol b 2R i it
50 °C [FiR % 37 °C, FERIFHIT I OBEKRE KRR 45K, 18R 37 °C BARZE —DNELFI)
HRE, ATENHUE AR, XA ORIE = I R B A R8s BERE, X Tl Ak 2 P2 iR 21 AH 2
FIARRAE
2.3.5 AT R B KA TRIE AN KM B[R]0 AL 5 o I b

RN A H BB FE DI RRL 2 A = 1) 2 B R . — RAE AT ek AR AR
FE T o T B E 5-10 Ulg starch, ¥ FE7E 90 °C LA I, BEAL BG40 H &
£ 25-100 U/g starch, 50-60 °C. i SE46 % A 1 =il Ve B i AL B HTAA KBEALEE GA-L
NEW 7£_F 3 i) F 530 BBl A 2R AT KM IR (R0 AL 5 R W A 77 B, SRABEAD, b A 77

PRI XUBRHE I 22 KM ek & BN 76.89% =2.14%. {EMIFE 20%[E & B 41T,
HHGE—ER ] (6 812 hr) BT, {F754)06% % K ik 2] 80-100 g/L, DA%
PRI a R DML S R TN O b2, B 2.4 BoR, fE45T 0.5 hr ) HTAA BERALK 5 hr
) GA-L NEW BkEfL 5, KR4l 774 100.50 g/L FA8 240, LL4eid 12 hr FiOREAL I i
KRR KRB L 7= A2 1 78.73 /L R LA &M = tH 20 21 g/l RIEZE bR, FOKE
VR ZH 3RAF 1) BV T2 4532893 318 75.07 g/l 89.38%, 1Ml K KMy 4145 2. ik 1 I 155
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120 Delignified corncob residue —&-Glucose —&-Ethanol

Corn meal -=—Glucose —-= Ethanol
100 4

80

S
o

Glucose and ethanol (g/L)
o)
S

N
o

0 12 24 36 48 60

Time (hour)

Bl 2.4 AR REKCRE S EX0 R FEL S REEXT
Fig. 2.4 Comparison of ethanol fermentation performance using delignified corncob residue and corn meal.
Conditions for both feedstock: 20% solids loading, 150 rpm. Prehydrolysis stage for DCCR: 15 FPU/g DM
cellulase enzyme, pH 4.8 for 12 hr at 50 °C, yeast seeds adapted; for corn meal: 5 U/g DM a-amylase
HTAA, pH natural (pH 6.3) for 0.5 hr at 90 °C, and followed 37.5 U/g DM glucoamylase GA-L NEW, pH
4.6 for 5 hr at 50 °C, yeast seeds non-adapted. SSF stage for both feedstock: 10% inoculation ratio, pH 4.8
for 60 hr at 37 °C. The initial point (0 hr) refers to the inoculation of the yeast seeds. The experiments were
duplicated and the error ranges were given in figures.

43979 82.95 g/l 92.20%. £ R0 R 2 B REAE PR R R BEVERE . LR PR T AR 52
UL, LEEAFRILE 0% LA . %45 KW, DCCR XA JER T £ B A& e 2 AT W LA
ERI, PEREHTIER JE k.
2.3.6  JBAC 2 R OKE TR A T KM AE S LB RA L

Nt — PR FKSE TR R OB LSRR, ASCEATYIP A, &
TR B B A AR B A B8, P A R AN A 2 BSOS IR SR AN TH B
2.3.6.1 WIRLATE (DA REMITEK ORE AR

1 ton
Feedstock consumed = 2-4
[Ethanol yield]x[theoretical ethanol from 1 ton feedstock] (2-4)

%t DCCR 4.
1 ton

DCCR consumed = =2.71ton (2-5)
89.38% x 1 x72.90% x 1.111 x 0.51

HABEA R AR Iy — P S O E R B AR TR, 3T R B R
FRETRE Casel: 271x0=0(Y) : MASHEK “PrEEE” 2RRWIE TG
www.1688.com _E A K T EE SO Y 600 I, X AR R TOK G R
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Case 2: 2.71 x600=1626.0 (¥)-
X TR KR 4 -
1 ton
Corn meal consumed = 92.20% % 1 % 76.89% x L111 < 0.51 =2.49 ton (2-6)
[FIFESE P B I Bl K0k IR~ & 2 i Y 2000 I, X1~ oK #r Case
3: 2.49 %2000 =4980.0 (Y¥)-
2.3.6.2 EERRATE (LA PR TE K B A 2R HED

[Enzyme dosage] x [Feedstock consumed]

Enzyme consumed = — (2-7)
[Enzyme activity]
*fT DCCR 4.
15 FPU x 2.71 ton
Cellulase consumed = =301.11 kg (2-8)
135 FPU

UG Youtell #6 MIESH R RAENAFER, HFELMAY 10/kg, N
A 2% T K5k (Cases 1and 2): 301.11 <10 = 3011.1 (¥).
X KA

Enzyme consumed = HTAA + GAL NEW =

5Ux249ton  37.5U x 2.49 ton
220000~ 100000 U
=0.57 kg(a-amylase HTAA)+ 0.93 kg(glucoamylase GALNEW)=1.50 kg~ (2-9)
SENGERIA TGS R, JTEMBLES a-amylase HTAA KBE{LEF GA-L NEW [()°F-36
SEM A AINY 20/kgs Y 30/kg, XS+ KRy (Case 3): 0.57 %20 +0.93 %30 = 39.3 (¥).
A7 A YR AR R B AR A, 1 LR 2.3,

23 BARRIKGRES TR R R L (Ykt B T5 D

Table 2.3 Comparison of ethanol production cost from delignified corncob residue and corn meal in view
of enzyme and feedstock.

DCCR (Case 1) DCCR (Case2) EiK¥r (Case3)

LEEREE (gL 75.07 +0.00 75.07 +0.00 82.95 +2.01
LB (%) 89.38 +1.90 89.38 +1.90 92.20 +2.40
¥kl (ton/ton ethanol) 2.71 2.71 2.49
fit (kgf/ton ethanol) 301.11 301.11 1.50
YRl EAS (¥ fton ethanol) 0 1626.0 4980.0
g A (¥ ton ethanol) 3011.1 3011.1 39.3
A FERA (¥ Iton ethanol) 3011.1 4637.1 5019.3

2.3 ai RN, AR K BI85 R, DCCR 7™ ZBE A S TRk
PRRAFRIL . B2 AL, WARAE AR I R RO AN FE O AR I 2 )5 f) #R. 4l
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R R R FY (Case 1) B9, KM KRR ZBEIIZE P iAS, KR4 (Case 3) 4
P2 TR RRARTTE T 40% . 1 SR AT 2% KOS TRIE (1 A04% 42% T 46 TR RS A i SR 15
(Case 2), ZEEATF A SE KN (Case3) /= ZEMiARIL. B4, Case2 1474
RS 5 AR P2 AR ) 65%, 1 Case 3 FR IR T A B BB AL B AR 5 A2 7 A A 2
1%.

TERR ARG T 2H, FHERMGI A E 2 KA /N i e 48 %=
B AP R AR, R BRI 2E 7 R, AT BRI A . Humbird ™t 76 2006 75
BN Q0%LFHE R A ZRFAT T A" OB, (GEBERANS 034G Ol (XEY 2.14/
A ). B R E 4 1Y, Case 1 vl AR 5 2K KO Tk A P A g
CIER AR ERY 714.04.

G A FAUN T L8 T kL B A K B B AS, LA ASIE B4 57
7. RERE. BVHLED . I RS HAD 7 T, L AR AN [ A JEUOR A P B,
T IR E A AR R R S AR AR PORE . MR A %, BUE SRS AE Y
[ CBER LR . T H, TS A B BB ACHE Ao 2 7= 4 A LIz 3 /= T oKk
TR EE FE T A3 B0 T K T RS R K vl %) (DDGS) FIME, FTlL, LK N R
TV HREAKE J5 () [ 44 PR 73— — AR 3R TRk (DCCR) RAEF= 48, AAH
REKM = REL S BERIE 77
2.4 NG

ARHIE TR A T 28 B KN TR 1 S B R B PR BB R AT 25 %%, iok 7 ) 2 B Rk L it
TR B S KB A = IRRL G, 3 MR R 4 i AR B = 5 T AT I A
5 F AR X Pl by J I TR R B REREAT LA S5 R I: B A YI{ELX DCCR M [F25
WAL 5 R T AT B R — T, (HEARZEFAR; BE& RN 20%0 255 i 15
I (89.38%), [FIN Z B EEL S 75.07 o/L, ZEEIKEEASRLIE R m=KT, %
HabritEs S5 MARRFEDHEL S K (50 °C>37°C) MLk, aidfEfEefE 37°C
THIFE LS KN OB R 5K R S AR H0E . 5 R R X Pk 8 ek
A7 R EEPE R EUA, EAH [R] [ 5 5 (209%) 2544 T, DCCR K E#MERE ( LI 24K 5 75.07 g/L)
5FoKk K FEERE (82.95 g/L) 4k, 193404, HAEYIP A Hrd, DCCR 4/=Z
BERI A S BACT Tk, B BRI KR A = BB B 78 7
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E3F EERBIRS A LI HE REBH EYEHILIRTEIRF A

31 ®E

AU O AE I R, YRR R — B PR R RIS, Zacchi B AT
HIBA 435 2002 4R, 2008 4RO 2012 ARG AT 47 4 25 200 A i AR vh 4T 4 2
A 5 LA P A L HEAT A1 : Galbe 73 I AR AR P £ BERLFE R Al B AT 4 R R
A, 5 OEEA P A 12%, XAE SSF B 5 K4 50%; Macrelli 78 fE i A2 5= 2, %
FIE ARG T PAN AT R 4E B A |5 SR B 2 1 22% . A LG T FoRTE R A2 7= 28
—RAW LT T BERAS (5 AP A E) 1%AH LI, o R A LA P R R AT R
it A A B P AL I B E R R 2 —

N T AR 4E R A, IR Sk 130 T oot i A 7 R L i v A A SR 2 —
TR ASHERE . V8 s 4 LR 3 100 i o B ) 0 7 o A 5 22 -4 5 2 1 TR el
KA T 2003, KRR T 4R 4E R B AP~ A, (I I BTG K SP IRz 2 A BE i 2
AW BEFAAGTI R & o« TEBUA BRSSP, 38 I A5 R F 41 4 21 A 15 2L il A B )
B — A 8 410,

1R 2 23 O AR R ET 4 KR 2 FPE FE 41 2 B R S P8RRI o 47 4k R 2
ZMEFH AR E G R, SHERE A E AN, SHEYRA A K
fRSERUG, YRS B I H A, JEAFI IR S0 =FiEat: (D
[ 2 5 R B3, (20 [ 2 5 RO ARG, (3) BLATRWR. H mi b ikiE r1E
INFI R 5 SO RN I 2 (@) IR IE it SR BLIE R F AR e R, (b) IR IR AR
B 5R ml U £ 2 2 s TR o BIINRTE (o) D5 V3R EA A FH AN s ] 4k 2 43 L7478
FE T 06 SR A2 TR R AR 4 B e P o e i OO 7 3 i (o) A3l I 75 2 [l i
VAR AP 42 . VRN ER b 80) AR B L0007 | gl i 7Y s e A 750 e 4
Y R BRI I T AR . IR () J7 VR X S 90 B e A i P 2% 4 1) AR e B
[l AL P T 4 25 il e 75 O B TS 000 75 T e, ELIX 2B VR R BB A/ E T A v, R FR A O,

Xt A SRR B R R AR A . AP AER BRI IEAA LT IS o — D EE R A AR
RIS Z L LT YR W) S BN 2, B2 To RO B 2T 2 2K I i o (LR il o A 21 4

FEHIRCR, MR Z 0GR 7775 7 38 20 BRAE A (R USO80 SR 1 AN o5 3 Ak B e AR DA A A J
SO E. A, BUE BE R AR B IR IR FH 71K 2 A2 A0 A [ B R B
Rtk R, R R S KIEAE T CBE R T, LR s B S B R, 4R
IG5 00 Je o B RIS Z D) SEATAT I 5 1S R WA S R e AR 7= Bt A2, T
HRmRY) & mA M TR RIEARA .

SSF SR REAT LI 4E R IEIA R, X T RN A4E 3R ARE R RS IE A =
Ghose T 1984 4F & S 4/ HH Vs HoAS TR AR AR 21 4 5 JFORIRG AT 3E4T SSF i A i iy v 1%,
i\ SSF ] LA R4 535 7K gt ek R A 1R 26 B 41 44 2 i 1) S i), AH AR B B
Nz B, X R CRE . — T, PR TR R TR T v ) L X B RN
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RYERBERINGE] 5 —J7 1, AN EEYRL AT DU 2 Fi A I BE 2 S AR R B 1)
O o B Tt — DAk AR R T [ S BRI, (43 2 R R AR, /T 40 g/L o),
IR AR bRig ATt HAFPYEREG 5 R TEAR R IR IR R 25CR e 4 ¢
PR RE R IE R MO — P T, G EFA A OCHRIE . T2 RIRRE], Sy
A AR, HEE AR P RE, BB AT ERSAE R, T
BB KNG BEAR, 3Ly 5 RS 187 s 15 4T 4k R B AR R 241 4E & SSF i F HR G 3 F] F /]
REI B A s AT 5

AT 7T K FH 5256 =5 0 e B Fth Saccharomyces cerevisiae DQ1 S A i 41 4 & R (045
FE A 5 2% T K0S Tl B v R Ak B 5 B B KA AT AT | I S E R R R L S R A
7RO, AR R RS T 2 Y SRR, ANHTERYDRL, IEF R RIGIR
AR AR TR, W B — R FP RS kW, DLSEILLT4E R BE T
TEIAFIH . FEMIPEEA SSF A2, 4R B Al RN =N ERETEIr R EEIE . pNPG
BEiE. CMC-Na BiE) 7 il e = MEAFH P R (KRR (W), BEARTTE (S,
RIEWAR (L) g, DB S AT Y R S A B A O3 B R B B R A D Wi
TEPE SSF It R kAT S5 FH &2 f = i FH & T Bt O R SIRe, DUSSIR 21 4 21 B 1 6 20 1
OB B a DA Sz B oy REal, 3@ Aspen plus TR AT 4E 2 2B G ol AR P
Y, St B RNk R T AT 4 R B IE IR T S I RERE SR A AT T A% . A0 2
BESr B S A R IE I B G B RP RS R T2, SCI A 4E R CRE e S A,
PR QR PR R TE, S AR = I R8T G I S SR PR 2T 4 2R B A
% LR E .

32 MR5EFE

3.2.1  JEARLAEE

i A 5 2% i) oK Bk (Delignified corncob residues, LA R fii#k DCCR) K H LA
WIERE AT CRE, S, ZEES 2.2.1 W91 DCCR A=t AN F 1M 5oy
BIAE, HAH NAYEER 81.63%, F414E% 3.12%, Az 1.69%, K4 6.69%.

F KA (Corn stover, PLREFR CS) K B B ¥EIN, JFEa641 7041 43K v 36.18%,
T Y2 19.83%. I AL E R W 0T RV IR AL #1175 °C 5 min, LR HTR
WEEH 2.5%, P25 AR S5 = i IR AR A A% 61 %5 5 Amorphotheca resinae ZN1 A=) it 75
7R, VMBI E, HAYEERH AN 39.98%, HIE&H.

R4 2 5T Youtell #6 14 T/ U /R AEAL AR CRE, &HFHD, TR 2.2.1 9.
3.22 Hiypdk

EEIREE (SM medium): FiZHE 20 g/L, KH,PO4 2 g/L, MgSO,4 7H,0 1 g/L,
(NH4),SO4 1 g/L, YE1g/L, pH H#R.

AL R IS IR Eh: KHPO, 2 g/L, MgSO, 7H0 1 g/L, (NH4)2S04 1 g/, EEE}
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P (YED 10 g/L (FF DCCR KEEAR) Bi# 2 g/L (T CS KIEEAR R, pH HAR.

DCCR 7K 5 7745 . AHIE 70 1) B b 3 7 421280 15 A 5 3% o K S HRS 7K A viAk
FEHATYIME . 50%. 75%. 100%7K i 3 77 5 53 4200 REAAR AR 25 B ok M ke, IFLLE
R SM B3R5 OREFEHE A FEXT Rk E FR2E, pH HE 6.0,

CS IKARBIEFREE: AWEITIN R AP ES FR4LB 0 BN TR AEF K A vk FE AT 9k
50%-. 50%-. 1009%7K ff i35 77 55 73 ol #e o0 NARFA F 26 B 1KMok, JF DALEARR % SM #5
FE CREFEEE R ANEXT PR EE LR, pH A 5.5,

iRREFRELL 2 115 °C 2875 K 20 min.

Fi AR 2% T KU BRI K AR 45 VE L 2.2.2 Y, izl S A 108.37 g/L, AW
5.63 g/L, FH MDA EMAG . /K AR 2 B FH A 1R B K AR s 7 258 P T 1) B B
FREIAL, o

T RAEFE K AR 25 IR TE 45 1F 5 2.2.2 15 DCCR /K AR il 46— 250, [ 25 &= 17 15%

(WIw), FITSR/K R & i i h 64.39 g/L, A 15.12 /L, LR 2.14 g/L, FALHNH Pk
FERAR . 1K AR IR ARE 2 B2 FH TS RV B /K A 5 77 22k R T 1) B TR A AL
323 WA AHIIMLISFE

T R T TR e R A SIZ 625 7 10 fY) Saccharomyces cerevisiae DQ1, £id##Eid 1000 /)
I K RS R A 12 hr RS 7R K T4

DCCR & ZH i PR VERASL 2.2.3 TR P YIS FE.

CS AR FIILEHRE: 5 DCCR & RFE MM P IRIEA—F, L2 mL HmE
fRFf (-80°C) #EA 20 mL SM $57%3E75 1L 15 hr (ODgoo = 4); $35LL 10% (viv) FEHf
& (Al 2 mL BEWD 4N 20 mL 50% K i3 72 i 97 12 hrs DL 109%4% Fh & i 4%
N 20 mL ) 50% K i s 7R 5 RS 37 12 hrs BJm L 10%3% R & (BRI 20 mL) 8]\ 200 mL
(1] 100% /K fE B 7725 9 KBE % 12 hr (ODgoo = 60 LA#% L.

DL b5 g AR 2 23 A 30 °C, H%# 180 rpm.

324 [FIBWENL R R A A

ARHF T SSF SEIGATTE SL56 % B AT Wi T 1) 5L AW s piag Rk T, SRR

SSF 7 g A A Al: (1) DCCR 1] SSF CINE fitkE{L); (20 CS Y SSF (& Tk fk T.BO .

(D EREINEFRBER, FENZMYE DCCR, MAFTTR A 4 H 1,
B e BN A (R O I ZID, 45445 37 °C. pH 4.2, 150 rpm, {E[RIB 1L A&
Tk FE H O B EURE

(2) 3 NWRAB B FNEAGRY BOF R BB R TR B . TR I R, B 2RI
IR, NPT TR A4 R, ARG DANE T MG KB 1) CS B E 1
RSB, 4549 50°C. pH 4.8, 150 rpm, 4E3F 12 hr. 7ETRKEAL 25 o BT 2 /N AT e &
ENBHIK, KiRERE N 37 °Co R (£1220 mL) EIN 5L AW N g8 )5, pH 4ifr
4.8, JFUA SSF BBy, 7E Rl K B A v I HURE
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3.2.5 B ML S R AT Y B REE IR ERD RS 1)

Recycling
Intermittent Vacuum Distillation in situ

Feeding ‘ Separation
Feedstock ||:> Product Ethanol
SSF
Cellulase ’

B 31 FEPREREES S REEIR A BRI

Fig. 3.1 Schematic diagram of cellulase recycling during cellulosic ethanol production.

I

FEAE ) RO A TSI SSF A 41 4 R IR M H (1 BAR P 3R«

(1) ZFYER CBEWAET": 0] OFE R N AR P IIARBLAF4ER 5ok 2R 4E R
TR, TR FP R S KA L

(2) [V R RE TR & Ol e N Es KB CEER R 3 — Bk, fERE
AT R R A T QBT A 2 s

(3) LYAEREEIIGIS: WEASIREE RS, AMIUH SRR R, TR 2
IES . W PR AR T B AN CBEAE = TR M A i, AkSR[FPHEL S KB R

(4 PEAHAT IR (2) M (3) PR, SSF AR R L4 R BRI 48 22 A A
326 A%

FEa i CRi&ibE. APE. LR, £FF. BRI & HMF 55 R T7i%. Rk
(R 21 24 35 40 53 B IR 53 Bl 5 T iR VE AR SC 2.2.6 76

TSI E Al 2% . ORI EEREOE M RdE s (GE45mL), FREE M, &
4,000 rcf &0 5 min, WHUAE LIERZE CAFRE R =08 Mg, FREE Mg. B, R
TR T E,

R (W): W=M,-M, (3-1)
B WAE (L: L=M,-M, (3-2)
[EARTTHE (S): S=W-L=M,-M, - M, +M,; (3-3)
WG IS R [31 %% E o A L 4300 0

L My-Ms
L% = — = ——— x100% (3-4)

W M,-M;

S M2 - M] - M4 + M3

S%=— = % 100% (3-5)

W M, - M;

% LR EER, HRRENI (pH4.8) K L X St e E5 W —EER)S,
2, RIFIE W Sy LA BEFIEES : AR B . B- IR EF A AEE . P9 D)-B-1,4-7 SR b
RS o
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Horp, MXTEEE GRIES MRS WE@id 10 mL Bk RN, HPaHEo05 g
FEdh, 0.45g Wkl 9 mL AP IR (pH 4.8) K 10 uL TUIR R . L/KIBHEIR 48
hr, 50 °C, 150 rpm R fiFI 757 4 B B o

B-HIME T EGHES CRAFFL RIS 1 pNPG 02 (fRiFx pNPG BiE ). 1%
ABR: #4750 mM pH 4.8 AT IR ZE ML, T HIZ 2 P RIEC 1] 8 mM X il = 4 - B-D- Atk e
HIEFEE (pNPG) ¥ HX 0.1 mL &3 3& U5 SOM BRI BRI, TN 0.4 mL AR IR 2%
PR 0.5 mL pNPG ¥, 7F 37 °C 7K 10 min, F 0 0.5 mL 1M Na,CO3 ¥R & 11 .
N, £ 13,200 rpm &0 5min, B R, e HAE 405 nm R RIOE1E .

A YI-B-1,4- %1 AR ERE  CRIES — A4 BHE) H CMC-Na 30 P10 (fafx
CMC BiE ). i30T &4 50 mM pH 4.8 FF IR 2L, FFZ 8 e 1 1%3% F
S 4R (CMC-Na) ¥ B 0.5 mL Zidid L 5B BB, A 05 mL
CMC-Na i##, 7t 50 °C F7Ki#t 30 min, F51 3 mL DNS ¥ FF& % 5 min, VKIGZikx
B, WHIEEL 0.4 mL WK, I 2 mL EBF/KMRE, 5 aillE HAE 540 nm T HROL
I

iR pNPG BgE & CMC B i il & T ik g s ROk &, =45 W. S, L 417
FRUEAWEMAE 1. S%. L%, 5l = E XN i SR E, HUERET
S B AR P AR AL

IR NN IR RN A, RIS 308 100 % tHE R . HEA
Ea v/

[Eth] x W 1
976.90.804~[Eth] 21 GV "0 1<t (mt $, my)x 1111

H: [Ethanol], KBS RN BTN CBEAREE (9/L); W, SSF 45 I & RI/KE (9),
R FE % e 78 Y S A N K2R SSF WIUAII/K &, BSAA ZRIFERIE; Ci, 5 i IR Tk
R CBERIE (9IL): Vie 25 1 IRIRZSSRA R ZRIRIATR (L): f, MEIE=sk
BAENEYIRI R A 4E R &8 (9/g); m, SSF AR RWIWEYIEITE (9); mi» 2B i AN
PRTE (9). ZBAARIEITERAE ZhanglBeaE T i a ke e MM UE I 7 12

fEIR SSF I IR ZE Al 5 T AT CBEV AT 57, iR ZE VG S 4 £ 5% N .

[Ethanol] x W = [Ethanol], x (W - V; ) + C;V; (3-7)

. [Ethanol], KIS H (RIURZERT) B OREHRE (g/L)s W, [FBHEHE K
AR RS HKE (9): Civ 56 0 DUREAEIRTAT 2R SRR E (9/L): Vi
551 RIS IRAT ) ZEARTBAAR (L) [Ethanol]y, 28 Ja CRMKAMELRND BB S B (g/L)

Ethanol yield=( x100% (3-6)
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33 GRS
3.3.0 SR 7 X R TR LT 4 g 47 4

32 TANREREREREE
Fig. 3.2 Schematic diagram of cellulase recycling during cellulosic ethanol production via in-situ vacuum
distallation. (1) Bioreactor for SSF, (2) helical impeller, (3) pH sensor, (4) temperature sensor, (5) feeding
inlet, (6) motor, (7) pressure gauge, (8) graham condenser, (9) receiving flask, (10) water ring vacuum
pump, (11) condensate inlet, (12) condensate outlet.

FELL IR TS B 3.2 o, B ARie ol : (O RS ES KD RN
a5, () B HEEE, (3) pH Bk, (4 \EHEN, (5 Prldtkir, 6 #HHl, (7
R, (8) WIRAEE, (9 B, (100 fEH/KIETE, (11 AEWBAM,
(12) AERH O,

JRER: JE AR ) R EROR A TR AR BRI (— MRS 55 °C) ¥4 SSF kK EERE
=W g7, A AE R BRAE MR T T T OR B 4B 70 Bl i, 4Rk R I A1) H 42
BERTERSFAE: AMIETEEYIRE,  SSF 44 2 b ik BRI 41 4t 25 Bl AR 70 B A 4l B ORI B
—% SSF IR .

Ut AR ST R FH 9 A TR A T AEAS 2R 4E S BRAE PR M F I PTAT 1, AR ST
CIED BRI A YRR CREREE e . XNTEERERRE0R, 3t 4 A5 TH

K 3.3a TR EMEIR BRI T 37 °C £ 55 °C (5 NMEE), 15 & 45 438 (3 AN
) ZAF T, WURKETE & OBERICR . R R AR IS 5 2B B (UK T
WeE) SIEASCES,  BE A IR TR T B B R B AR I TR R, 2T B AR R
iF, CEFWCRERE.
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110 ] (a) Effect on ethanol recovery
100 3 L370c @40°C ©45°C ®50°C @55°C
90 1
< 80
= 70
% 60
O
2 50
o]
g 40
=
w30
20
10
0 7
Distillation time (min)
120 _ (b) Effect on relative cellulase activities
O050°C without ethanol B50°C with ethanol
2 M0 1 m55°C with ethanol
é 100
=
S ]
% 0 | §
2 -
g §
£ 70 \
: 60 §

3
Distillation time (min)

B 3.3 VRN R Z AP A 4 R IR R A B AT AT Y (o) B RO RIS ot 2 I ]
Z (b) WA, IR 2B £ 4 2R B AR X B R
Fig. 3.3 Feasibility of cellulase recycling via vacuum distillation during ethanol production. (a) Effect on
ethanol recovery, (b) effect on relative cellulase activities.
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Ethanol in distillate (g/L)

120
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100
90
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Glucose and ethanol (g/L)
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(c) Effect of ethanol in feeding broth
OEthanol in distillate @Ethanol recovery

21.0 41.0 63.0 82.5
Ethanol in feeding broth (g/L)

(d) Effect on yeast fermentation in pure glucose

—5—Glucose - Ethanol —A— ODeno

- 30

£ 50
15
- 10

-5

D 0
1 T N1 1 1T =& 1 1 1 N1t 17 1\ T7 1 1 \J

6 12 18 24 30 36 42 48 54 60

Time (hour)

- 100
90

Ethanol recovery (%)

- 35

25

a}
o)

K33 JREREE LI Z A A 4 RIS E SR BRI A AT (o) BRZBIRER R

BEWRBE R IR (d) JRARTT S0 B RRE T R R

Fig. 3.3 Feasibility of cellulase recycling via vacuum distillation during ethanol production. (c) Effect of
ethanol in feeding broth, (d) effect on yeast fermentation in pure glucose.
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K 3.30 BoRFEL4ER B ROEIRIE (50 °C) VR, EAEBRMERK K& LBEAEE
AT Y RS 2 S A M. MR T 50°C & 55°C T, 15 & 45 min, NI LEESAR
I BLR, AR XS B o 25 BRI, RS TR 7 NI AS 20 £ 4 R Bl AR
FROIA . R B BOREX BEE S 90% LA F . 48 g/ K ) 2 BEAEAE I AN X A 4t K g s
A, HAE4IREM 50 °C #EE 55°C K, 4R B G R R .

K] 3.3c IR AT ) QKR FE S SRR FE IS KR FE B TEAH G, BEE R IEIE h £ 1%
WEETF 5y, AT B 28T ORI BE T FEAS R SRR B 2R, SBERIRCZR A7 70%
Fedi, FHFEAE PR,

K] 3.3d R RBRIA I BEAE G G IR Bt (WINEIREZ) 90 o/L) 3555, IR AS 1R 5 b 78
HiME, 215 ISR, RILEE R ODeoo (B BTG IR X EE i A Ard hn, 78 %]
R A R Je AR 7 TR FR S5 R SRS, W P B AT TR 52 A ST/ 248 () i K et
2.

2 FIRTATIEE S, BE AR AT PARVE PR FEDRE KRR I, Rl ik
TP\ 37 °C #1128 50 °C. HF B R /K LA 38, FT b 1), (s A9 P 2 OB D A o
MAE R S IZE R, HAEFIAR) 0.093 MPa. AT AE {5 iR B2 A S 3 7E [l — I a)ik
BIBRAA, SRR ERIZNNNE, LEEZEE, S8 NIRRT, iRk
BN O R ASAR A B T IR R, 4ERFZIRE ) LS B, 28408 30 min. J51%
IEJRERE T, BB REARA FHKET I, #ubioe b, il ETEEx L, hHERE. 8
FE AT AR 285 BRI F ML S ARG RRAE A RS B TR 45 1 hr 2 9 G R R T
TREAG TR 4% R i3k AT

FE UGBV A T R AR B ) 8 B AE AR VR SSF 1A a3, B 24 2 B2 IR Bk 40 g/L I,
THIBZIR A . HT 40 g/ SBERE — BN N2 L BT 2800 (REFERD) I ARk
JE R MOB2), 3t A SO I R ) — N HEHELR, DL s R R I B
3.3.2 AR E FOKETRIE A r= Ll R v 4 2 R i () R
3.3.2.1 I YR HRG T S IR O P S

KR E e 5T B A4 2R PR 0T 2 TR Ik, 3R A7 38 it ek K TR S B P 2
AERBEOE AP I KBS (LA RAREIA L) . T IR &R RAKORE A 4R &
Bk 81%, SSF EKE &= T (10%) FiihREW & LBERIE (40 g/L) R, HiZJR
BIRARBIA BT 2= & 8 9 A 4E 38 B AR PR RCR S BRI N4 ik aT et . 28 W30 IE 24 1)
MR, T SSF & THRAE %1, LSS A 4E RGP A . 4G SSF I s,
WIURTE & =R E 10%, #IUGEEH 5 20 FPU/g DM (B T-H1G0RT5), IR 37°C, pH
4.2, PiFEEE 150 rpm. %T 3.3.1 TSR AT AT AT, AR 4R I R AR AE 2
FERETRIRAE ST BB A KA i, MOMAS PRSI, 9828 5 AR NS5 W6 AH [F] 5T & R i
Yok, FRAMIE SR FA R AKATAS T N R BRI VAR AR R S 0 28 BT AR — 3, I8 1 hr, i
50 L/he JEBNHT—EAEIA, HAEH 5k, BT OMEMNEETE, RAMHENN4
FPU/g DM.
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Fig. 3.4 In-situ cellulase recycling during ethanol fermentation from delignified corncob residues. (a)
In-situ cellulase recycling via vacuum distillation, (b) ethanol fermentation without cellulase recycling at

same enzyme dosage.
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10 ; (c) Ethanol fermentation without cellulase recycling
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Fig. 3.4 In-situ cellulase recycling during ethanol fermentation from delignified corncob residues. (c)
Ethanol fermentation without cellulase recycling at high enzyme dosage, (d) effect on yeast cell viability.
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Kl 3.4a HEIR, YOBEREE 40 g/l B EATIRZS, SLOEHR 5 IR, SRR K
539 35, 35, 36+ 47. 83 hr, FrRANE IR B[] Jol A TR A BT TR o RO B
R, RUBERETRERIERT, CEERIMREE 78 41.27, 43.84. 41.45, 40.17. 41.16 g/L;
B DRG0, LR P R P PR, 5 P IEHE SSF B & M I+ . £ J5 T i
R R S HBOR R ST, FE: RN E AR BRGNS ik
. EFRENEZ %, REFZIER (240 hr), ZFEE1SERA 72.69%, AVERHSE WIS N
11.29%.
3.3.2.2  PHALAN[F]EE FH & 0T R SL S

2R BF 36 I 93 AR TR S B P A 4 SRR AR PR B ROR, B R SREG . KEER B
IR EYIRL K B AgERBEBIN, PrHEEESELN 24%, AT ZEMFT
otk R F B REAL S R . SSF 464 JRE 37°C, pH 4.2, Hidki:iE 150 rpm, A E
WAL T B, Wkl BRI PR P FOSERNZINA . A FEBEH S (4 FPU/Y
DM) &4 N7 IX A SEES, 18] 3.4b . A% SSF RS TibEfL T, 28 3hr sl
S AHRE R, 2GRS 12 hr BUREREIN, 2 B P52 B o5 I TR) 386 T 22 18 7 153, 7E 144 hr
bk B i K AH 56.96 g/L, ML ZEEAS AN 43.24%. {E= R & (20FPU/g DM) 414
NRHT RO R SEES, B 3.4c e 2B 3hr NS NIRRT, TE 49 hr N, IR L F
B KH 82.48 g/L, LI ZBEf5% K 66.43%, B SSF #t— L ittr, ZWEIREYER—2
JERSA N, BENHEIAPEITARFA R, 7E 108 hr 1A 19.97 /L.
3.3.2.3  AN[FFRAE T ARG K LB A = (1 EL AR

XTI SRR A LG, XONAE T 0K S0 B IR — RN, 115 2 2R
PIKL53 B SR N FHAE B A A A I 88 3 ek K 18 5 5 A B 3R B ) £

K 3.4d RoREIASLEE 50 B SR I0  p ATE PR B, SR ROR: AR A 0 R A
HIBERTE 24 hr AbiEHKAE 7.53X<007 W HEHUmL, 2 G Rl i I3 Nz 5 N i, FE7E
132 hr Gl F K. Sl B R4, 76 12 hr i A B K ME, 35 1.25510°% 35 4
HimL, HTBARR FKCHRERNAAERSER S, FRRACERER S, ke
) et B BEAG T E R P A P T S BRI, MAEIR IRl rh, JEH % CFU 453
SR, 1E O I ZI4 N EER T , 75 24 hr I 383 A B B KB, 35 1.45%10% V& HU/mL,
HBEE IR B IN, CFU {EE 0 BRI, HTE G A4 RRTE 240" N, AT LR B,
FLIFIA] (30 minD 98 A RSV R B BT R A BORRE ), TR REHE X T . B
JEAME TR~ 2. SabgHsAM0, IR AA MEM T mikE OBt
P R M PR

% 3.1 B SIS m i A E T A LR, BARIE RS0 1) LB A
AR S S5, fE R R AR (6 R  ZUBEK RE: (Ethanol mg/mg EP)D, T 2S5
HW 5.5 %, MEFHEAMRFIN, ik OB A d R, T2 RAL R ERE AN
BERRE, FEIASIG A FREAR R S IR AL 2 15, LSRR M IRALI 43.24% 82 5
ZAEIN SSF 1) 72.69%, gt @it, TEAFIREHEEN T, B AMe7 Xbg m
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K31 BARRREKCHEEANFBRIEFETE™ 2R HER
Table 3.1 Comparison of ethanol fermentation from delignified corncob residues under different
operating conditions.

ETFYRM Ol ETHMEAMNLE Ptz
7= (g/g DM) 775 (mg/mg EP) (g/L/h)

BAF AT LERR

1R SSF 72.69% 0.337 125.27 0.682
\/_, F
AR SS 43.24% 0.200 69.87 0.362
(4 FPU/g DM)
Vi
HEZk SSF 66.43% 0.308 22.60 1.572
(20 FPU/g DM)
AAERXBERIRI R, CEEF BT — &,

3.3.2.4  {EIRLG P AF Y R TR K5k B 5 oA

AN [E) T A SCRRE A SR 2T 4 X B AR & P AT g B & I B &, AR ST
UE R WG IR AL AE SSF I RE AR, #8738 IR B iR [0 B 13 By e SN £ 44 2R g e 1 X 5
WK o FEPRIA SSF A [FI AN 1 £ 4 3R 45 21 00 1) — A T A RIS (W)
FATTE (S). BiEHUAE (LD Sl HAXT RS . pNPG HgiE. CMC-Na Mg L5
e ZT A 2R T R B 73 B (R B S A I

20 1 (a) Cellulase activity against DCCR during recycling
5 5

36 72 109
Time (hour)
B 35 AR REAGRELLN B EIEI AL 28 AR R A 4E R EEREE 2Rk (a)
PABEA R 3R FOK IR AR AR X B 2 AIAE S BV [ ) B Rk 2H 4y F AR AL
Fig. 3.5 Cellulase activity during recycling-SSF via vacuum distillation from delignified corncob residues.
(a) Cellulase activity against DCCR in whole slurry, solid fraction and liquid fraction, respectively.
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Fig. 3.5 Cellulase activity during recycling-SSF via vacuum distillation from delignified corncob residues.
(b1) cellulase activity against pNPG, (b2) pNPG activity concentration in whole slurry, solid fraction and

liquid fraction, respectively.
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iR EoR: B 3.5a Frn BB (W) Ay (S) WAk (L) ik DCCR J&
FF AT B AR S5 N BT R 7 RO RE X G S B BB (WD) T B 1 A X T v {1 0 [ A4 243 (S)
A BV AE SRR 5y (LD XS ERVE(EZ A, 1005 i B AR iRk B 52 FR [
PR AR B A0 s B TS (A — B 2 . B IR R i, (WD #1 (LD 1A
BB T (S) (W) FIEAI B S

€1 3.5b1 Fr7s = 2H 43 et pNPG e 4l 52 1Y) B- 7 4 1 B g v, WO R 232 (S)
MRS (L) BEEEZ M. BEEERRER M, (W) (L) FIEREEZPRFE (9
BREEERE—E: (S o (W) LU BETE A A I AR K, G an gy MR — IR AT ER B
37.63%38 22 5 — IR IAIT ) 90.79%, 15t W 4T 4k 22 Il 4 i 1 i 02625 49t e o 1 [ A e v
Ho BT R BRE AR  i E REE IR B NS 2, AREUE (S) HEEIREAR
th, A (SO 5 (L) AR NBRAFEIKRE, Kl 3.502 Brs =205 I 57 15 1 B R
VAT, TV AT b A B Ay B AR B Y B O A I i BRI

K] 3.5¢c1 s =47 CMC-Na Al e it N 11-B-1,4- 4 R MR g v, (W)
L (S) BRES (L) B EM. BEEARXESE I, (W) A (L) KBS EZ
BRRAK, (S) BEEESH T (S) & (W) HBIBEIEIR BN As K, PaergE &
il P DR SRR B D P T AR R, (LD 5 (WD LB BRI, EanBgyg
MEE— IRIEINBT 47.89% % 22 25 — IR IAIT 11 7.88%. [ 3.5¢2 B —2H 43 I B P V) i
MRS RGVE RS, R =B IRIE S LR B BE EF B A vg vk 5 45 2L, S BEAE PR
DESE RS BT N D) SN B R v W e 7V, AR RS SRR R A R R T
LR R GREAD, BRENER W& E TS a5 R, MR R E FIFRE
INPRUEZE

B- 7 W EF il S P4 1) -B-1, 4] SO0 G LE [0 20 AT A B R X, Bl A R ER S A,
PR B B IR R IS8 % . BT DCCR XM EURHFIRR IR P, 7R 58 —IRIEFA R, HRD R
B (DR £ YL 2R B B A S5 TR 20 A3 5%, I, AHEG T [ B T A 3R (I
FRAEFR, BT R SR VRO A B IR 3A, B JFRD, SRR E R R 2
OB, TR E 2R 45 A 5 N A8

% SSF SIS | A7 4k WA BEBR IR R PR, AR ORHBPRAIK T A 4 i H =
WL T B, I RRAE BRI A RAS . BAN, RS CEEE ORI (— &
N 15-20%, viv) 5 A58 T B AR T BB Z Bk (20-30%, viv) $Ei,
BRI T DA, AR A7 98 A 1R 7 TR E I HR I T2 CRLE B #& %) SSF . 53X
Vi Bt Aspen plus s KL -5 46 40 LR T 20 TRERE LR, FE45 6194 1
FRAHEAT 21 2 A, ABS I 06k R K 18 7 XA SSF It 75 Hh 21 2 2 0 2401 FH 1 S gk 119
2B AT
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Fig. 3.6 In-situ cellulase recycling during ethanol fermentation from pretreated and biodetoxified corn
stover. (a) In-situ cellulase recycling via vacuum distillation, (b) ethanol fermentation without cellulase

recycling at same enzyme dosage.
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Fig. 3.6 In-situ cellulase recycling during ethanol fermentation from pretreated and biodetoxified corn
stover. (c) Ethanol fermentation without cellulase recycling at high enzyme dosage, (d) effect on yeast cell
viability.
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3.3.3.1 I Y A R S I B A S B

PRI 2 1T AR 2 KRB G IR SSF 45 S e 45 (P U, A AR R 10 7 Qs L 4F
AERBGOVIEIRI, AT RE RIS T TR RS AR S8 B A R SR AR B 40 4 2= S5O 6 25 [+
WS R OB . S VIHIE SR BER, e SSF & IR, DASEILEF
AERBGIITEIA R o

FFUATEPR SSF 256, HIUAE & B A 20%, ¥IUAEF ] & 20 FPU/g DM (B T-H1464
BIFED, #4750 °C pH 4.8, W+ 12 hr [ FPEIEFE, B RRIR 2 37 °C, # GBI Fh
T (10%FERP &), pH 4ERF 4.8, HidkELE 150 rpm, FFEEIA L ATEIREEIEL 40 g/L
2l BT ERE . BTl B R I, £F4EE B AR 2 e R R TR R AR S AT
R RS i v, AN FEAMIN, Dz 5 RN N S W46 AH [R] 53 & 108 5 FORFEFT0RE, A
JEBE— R IR 4E+F 50 °C pH 4.8 FRHAT 12 hr () FUHEAL ISR, Bl 5 PR 22 37 °C 1
ANHTEERD TR (LO%HEEFN &), 45 HE P R I BB VIR AR A4 AR 5 i 28 17 JER I BB VR AR AR AR
—35, W~ 1hr, ¥iiE 50 L/h.

K] 3.6a iom FoKFEFTIEFR SSF 34T 204 hr, 3Lt 3 %6, Mhi, JET 80BN EAR
T, &R HENN 6.7 FPU/gDM. 0 % 12 hr. 48 hr % 60 hr. 108 hr % 120 hr [T
XTI T B, 20k 12 hr BTREAL, BRI TT LR I AT B2 BE O 24 80 b
FEAIK, MK 63.90, 44.38, 40.84 g/L, £ 771 H &R FEWIBEA L FEAIC, s2na i i g,
BFGA YR REG . RRRR RS GIRIEARM, RIS TEERAET, CREMREEAKIR
79 40.73, 38.78, 37.29 g/L, FMK. LIRAWRFEAE 2 9/l (BHRER). SSF 204
hr 1L, ZEEA33 79 70.00%.
3.3.3.2 LA [F]EE FH & 0 BRI sE e

D Ut B 3 A TR S IR ) A1 A R R IR AR, BB IRSRES . KRR T BT
IR EYIRL K. B AR, PrHEEE&EL8 33%, T %A T
otk D REAL S % . SSF %At W E ML B, WL 50 °C, pH 4.8, ikt
150 rpm, 12 hr 5, B&IE 2 37 °C, pH 4EEF 4.8, #M BRI . £EAH [R5 F & (6.7 FPUIg
DM) 25 FiREAT RIS R SESG, B 3.6b SoR: 5 12 hr IaGHI A Mk 1A 87.31 g/L, 4
TSV B T 25 I () 39 I T 2208 T, 7E 144 hr Abik B 5 K {H 64.25 g/L, ML 25 %K
65.29%. fEmifHE (20 FPU/g DM) 25440 T AT HOXT IR SCES, ] 3.6¢ fon: 2f 12 hr
WIUA T % MR B IA 110.19 g/L, BEJG I 24 hr P, Z Bk BE G 3 in 31 60.78 g/L, 1E 120
hr i, ZEEARIEIE B i KAE 74.86 g/L, UL ZEEAS 5K 76.96%, [ifiE SSF #F—it17,
TE B AT R, 7F 144 hr IFIE 7.41 gL
3.3.3.3 AFEMEMET BARTE I & LBEA = B AR

XA SRR AR L, XOAE T R0 #0608 B IR — RN, 15 A R A
Yekr 3 S MM FFAE AR IR AE A A S0 38 3 ek K5 10 07 20 S I $R B ) LB

B 3.6d B IA SE IS 5 0T R S0 B AR TR PR B AR, A5 SR RN AR A S R 2

(6.7 FPU/g DM) FTERTE 48 hr kbik % KAE 1.07><10°% i s E/mL, 2 ) it 35 I T 186 in v
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T TR, T B 4L (20 FPU/g DM FBAATE S 24 hr {f% f K8 1.08>10°
TEEAUML, 2 5 BEE BT3GR . PRI SEER M) CFU 45 5 BoR, i Wibkik s
B IR AN N BT RERT T8, 76 SSF IFAAJE 1 12 hr P& B E0UE BZE B A B KAl 1.521.0°
AL, 2 J5BEAE SSF T, WA N (A LBk E, BEAETEIR IR
I, PEIARIANE A AE B P AR B DRI RGN, AR I N BRI B8O S
AT, U KB R 2 07 R E R B, S 4R R B H AR
W KBRMRR. BRI = MHIIKRETE.

K32 FKRFEFEAFRMERMGTAE ZRKHER
Table 3.2 Comparison of ethanol fermentation from pretreated and biodetoxified corn stover under
different operating conditions.

BT TPRAN O ETEHEANOE  Filfeg
7= (g/g DM) 778 (mg/mg EP) (g/L/h)

BAF AR AF LEHFER

1R SSF 70.00% 0.159 36.22 0.577
LIk SSF
(6.7 FPUJg DM) 56.67% 0.129 28.93 0.904
ik SSF
73.41% 0.167 12.50 1.158

(20 FPU/g DM)

XTREZHISEUES 72 hr Jy SSF 21k £l STEM LI HEAT S SRR IR . £ 3.2 &
N IS S T RR AL AR LU, EARIE I SEIG (1 RSP R PR A R G
{EL gl B SR B AR 6 S P AR 2B R & (Ethanol mg/mg EP) T &, B &5 &1 2.8
% FR R, ZEEHEXRSZIG R, 270 o/L (BRI FE AR5 AR M= A 5m &
PN, SSF JEIAFE AR BB E M E AR N 10 g/L), 1ZX RN L BEAS R
TR LI . A B AH R, gl SR 0T B A ) B R R ) L ) 2 B T
ME, JEASLIRRFabsi xR 1.2 15, ZEERZEMNFIRZLE) 56.67%4¢ 5 216
SSF 1] 70.00%. % E KAEFT SSF 8 P FI FH £ 2 22 Bl 1) RO A an B A Ji 28 oK S AR 1
SSF EHSLIR BB, TIRe S R A S A C: BT DCCR B> HIAR BT 2= ik B [ 15 41
LRGP TCAOR I, (EARFRG 2 T T JEME A 5 Ik, 2T FOKFEHT SSF R ) 3

Ko
3.3.3.4  EIASLEG A 4 R EEREE AR 5 A

[R] 5% FORFEAFE A SSF il FEAS I £ 2 25 g 25 2H 49 1 = VG FE A : 2 KB (WD
BATTHE (S) FIEWAE (L) #e HARXTEEE . pNPG i CMC-Na s DA% %2
ST A R A R ZE A A AR B A AR I
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Fig. 3.7 Cellulase activity during recycling-SSF via vacuum distillation from pretreated and biodetoxified
corn stover. (a) Cellulase activity against CS, (b1) cellulase activity against pNPG in whole slurry, solid

fraction and liquid fraction, respectively.
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Fig. 3.7 Cellulase activity during recycling-SSF via vacuum distillation from pretreated and biodetoxified
corn stover. (b2) pNPG activity concentration, (c1) cellulase activity against CMC in whole slurry, solid
fraction and liquid fraction, respectively.
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Fig. 3.7 Cellulase activity during recycling-SSF via vacuum distillation from pretreated and biodetoxified
corn stover. (c2) CMC activity concentration in whole slurry, solid fraction and liquid fraction, respectively.

ZiREIR: B 3.7a PR BB (W) [BRAs (S WiEH sy (L Julid £oKF:
F IR BEAT B AR B ST 2 7S B AFDO B s BEE IR PR i, (WO R (LD BB IE A %
ik, 1M (S & (W) FLLEIBH R0, 2B k3R DCCR PR S50 (1) AH X B e il 45
AR

K1 3.7b1 it =20 43 it pNPG g Jec il i 11 -7 4 1 BRI , (WO BB #E3E (S)
BES (L) BEEE M. BEIFRREIEm, (W) 1 (L) MBS EESEK, (9
BEEE AR —E; (S &7 (W) LLEFEIEH R I AE K, G an s b B M — XA
R (55 48 hr) 1) 36.16%M8 2 55 = (5 204 hr) [1] 66.04%, 15 BH 21 4k 2 s h 7 bl EF il
AW T ARG o H T R AR RS A B ot L BEE IR N EOE N £, ARET
B (S) HEEEKRERAR L, Al (S 5 (L) ARIEANRAFRERE, K 3.702 fir
—2H ) P RS R R T I VR B, T AT A I — 2 T AR S 30 T A0 T I B v B
k.

K] 3.7c1 s =4 7rilid CMC-Na AN E 1 N UI-B-1,4-71 SR MR R vE, (WD il
R (S) BRES (L) BREE M. BEER XSG, (W) A (L) KSR
BB, (S) BESELERF—2; (S & (W) HBIBEIEIR B InmAs K, HergeR
il P U707 SRR A0 IR BT AR R, (LD o QWO I B B A, bl CMC-Na
it 7% Lb 25 MBS — IR RIS Y 32.88% % 22 25 = IR 1) 5.68%. & 3.7¢2 At = 4143 B A7
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DI SRR R R R BT, R B = 420 B IR B Y A R v B g B . e 1 U S
B 5 00 5 v, BURE DN s i) PR 8058 T 25 A S IR AL, st AR I 9ok B o brifE
%o

B-7F1 A T g A P4 Y)-B-1,4- 71 S W G L (TR 0 AT FE A R X A, B R
P9 TR R IS 2, H 455 2 A DCCR IIACNARL. 26— XIG¥, D8k
B I SR T 4 R B R85, VA 0 A 4%, i, M EE T RS & 7 a3 (JH
FRAEER,  BUHTEE ) E R MR AR I R IR S, BRI HERD, R RE R LR R £
FOBES, R AE 2R 45 e BN R
3.3.4 JRIEAEIE (BROGIR) A FAS TR RE 2B A P oA 1 LU 3R

W ORI RAEPIE, |l KA 2 30-40% (viv) BIKIKEE Z
BEVET, PR IEESSE] 95% (viv) DL BRI iRk B 1) LB, B Bk 336
RS LEEE RS 5 T e — P KA R0 ToK 28 (99.5%) . H I, FHIRIEE AR
FERE R, AR BB LT 4 RIS, TR 7R BR8N IR S T Bt Re a8 148 275 21
BRI, T A AT 2 R AR A A AT RE . (R RR T IHRER 2 ARG AN, ok R T
T AR B S A 4R R R A R /7. Ak, d@id Aspen plus (AspenTech Co.,
Cambridge, MA, USA)LFEBAL AR 1 560 AT 28 FOK SR SSF I 3A A4 7 Ll 2
BEAT R, LIRS T AN NS TR e fEVH#E, DADG IR I8 Iyl R R T A SSF it fE 4
2L R BGIEIFI F SR K T AT 1
3.3.4.1 Aspen plus Bl ZEEAE i 2

BLALL R0 S AE AL R 200,000 ton/a (T-28) A5 26 T oKEHRIE , AF#AE N [A] 8,000 hr
WMA4ER OB T . W AR =R 3.8a Fian, R KL A= A2 a1 3.8b it
N, AR R BARGHRE (AR 2.1) 43 SSF (R404A/RA04B) J5, KB (Stream
27) HK¥EEE (T504) [RISH) LB WOR A 1 NFHIEES (T501), £ ik el R AR i El 3
JERH TR 5 #E RS 1RES (T502), )5 47011 (T503) Mt /K15 2] 67K £ 1% (Stream EtOH).
B IY) U B VS AR R 14, BERIBIRLL 4, WA BEs 8RR oy Ak, W B ARSI b
¥33, FERWLL 3.7, A ERgeSAINE A .

K] 3.8b oyl KT, A EERHEE IR E Y 15 °C, AR (T501) BTk
CO, HAALLHI 5 AR . CREZASNKIRIE (T50) i, it #Aas (HOD
B SRR EAACRSS, JEEE AR (PO ¥ LR A NS 1EES (T502); M
B4 T VR A S 0 5 2R 0] B R B RE (RA04A) wF, DUTEIA R H b 47 4 Kl (140
ARG D). 1R 3.3, AL R (1 S 30 NS AR BT R Y SEBR Se e B, o R
() BRI FEE 2 40 @i, I8 HRES TR ES R R ok R 110 DX 78 TR AR5 P 2 U F5E B v e
T EIAR, HARZSEIME, 93RS K /71X 0.008 MPa & 0.012 MPa >
il F T He . it Aspen plus THEL, ol H A0 TR T REL TR B FTORS TR 1 40 A7 A U A L3R
3.3,
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(a) Under atmospheric distillation

(b) Under vacuum distillation

K38 LFHERZELWAFIEMRE () HEBETR (b BESETR
Fig. 3.8 Flowsheet of industrial cellulosic ethanol production. (a) Under atmospheric distillation, (b)
under vacuum distillation.

3342 FEERHEMAITHE

H13% 3.3 WA, RN Case 1 ORI IRIZ F b # IRE R 42.1°C, A4 RBIEA
PRI BT IR B AR st . RNl S RERR VR 12,242 MJ IFARE, & T8 R g R
) 9,015 MJ. HRA IR 283 ) P AR A 2% A B 3,763 MU/ 331, 3l R s 1o A0 7 T
PR R AR 2 BT A A 2875 T & 0 N 12242+3763=3.25 i fll 9015+3763=2.40 Iifi, [E 4
TAVARE 2R (1.0 MPa) [IMMAR LAY 130/ 2635, RIS TR AR ks i Fie
B 2 BE RIS RERE R A 2 ) A 3.25130=Y 423 1 2.40x130=¥ 312.
3343 MHEMATHE

3 3.1 A1, E A0 3 R OK SR [F] 0 B A R el 15 rh gk AT 21 4 22 B A 24 FH I
AR PRI 2 R RS 2 88.7 kg MR AE M, T v HE S o AR 20 RS 22T FE 159.0 kg (AT
ﬁ%%o#ﬁmﬁ@@wm,ﬂ¢ﬁ%%%35 &N 90 mg EP/g:

VAR P 1 mg proteins () y9x 106kg youtell 10° kg youtell K
1 i H Ve : — 1252 6 —887 g (3'8)
125.27 mg ethanol ton ethanol 0.09x10%x125.27 ton ethanol
10
. 1 mg proteins 09«10 6kg youtell 10° kg youtell
H SR - & =159.0 kg (3-9)

69.87 mg cthanol 957 (o ethanol _0.09x10°x69.87 ton ethanol
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K33 R R A R RE ELER
Table 3.3 Comparison of energy consumption between cellulase recycling via vacuum distillation and
non cellulase recycling process.

J§ & Case 1 Ui & Case 2 % Case 3

R LR (g/L) 40 40 40
T501 2k ik} 2 B ot 2 35% 35% 35%
T501 #4EK 71 (MPa) 0.008 0.012 0.101
AEEARIRE (°C) 15 15 50
PR (°C) 37.9 44.9 92.7
T501 Ffh sl (°C) 42.1 49.5 100.1
T501 T4 (kglh) 435.55 377.03 330.66
T501 B THAARMAAR (m¥h) 3206.09 1776.86 211.63
T501 & TS A CO, AR 441 62.94% 74.98% 76.00%
HARANIIER (kW) 250 110 N/A
T501 ¥ ks tigy (MIhD -1963.50 -1597.88 -1407.56
T501 R tiqy (MI/hD 55939.97 62158.04 78101.34
HO1 ¥ s #utig (MIh) -49763.07 -49389.32 N/A
POL HLFE (KW) 1.35 1.30 N/A
T502 ¥ kds g (MIhD -42546.98 -42568.27 -42451.23
T502 FRfh s tigr (MIh) 58916.14 58241.47 6352.90
g (kgih) 9382.14 9382.14 9368.00
B 2 i 7 AL (MDD 12242.00 12832.84 9015.19
TEA VS KK A A AT (MDD -9838.91 -9801.35 -4681.77
R RS AST (MDD -209.28 -170.31 N/A
B CBERT R AR (KW h) 26.79 11.86 N/A

PRI 206 55 47 4E B RN S Y 13/kg Bk, £F4E 2R L BE A o 47 4k R A
3N 88.7x13=¥ 1,153 i1 159.0%13=¥ 2,067,
33.4.4 YEFRFETSRGMFEE AT

F IRV A TR I RV FE I AR BE LU RS TR, (R R R4 7 B4 R T R AU i
(o, e U 7 B H B A RIS T B s . A TR E R, BETER
THFELLER Z I RE, AT LA T el H W Ve P B 2 SR T FE 1 PR RE AT A5 5« JRE RS TR,
R T B RGP, I RSN R ik B ZR I A BV, 2 Jaimid 4t
FFRAEFE RS ARG E S E . 1T Aspen plus B0, RS 18 T BB S f2, 1
I 2 R YRR IR B DI FE

R4 Aspen plus BFUEE R, K 3.8b B KAG RN, BBV (Stream 13) iF AKHIH
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P& (T501) #HATALEE, 7 /D& CEEZSMAB A (Stream 23) MIETIHEH, fIRIHKAEE
() CEEFIK IR -GS (Stream 14) MEEMIHEHY, BEIE HURH & 4 4E R B 0 [ & 24K
=B (Stream 10).

7 3.3 Pk R AG T Case 1 H1, A4EREIE N AR CRLIEIE N T4 & 7774 0.08 atm, Bl 8 kPa),
FHIREE (T501) BETHANE W B R AW b HhE, #RYE Aspen plus B R, HH
B LR RE AR (Stream 23) MESTHHEHY, HAKFZS, 4 3,206 m¥/h. #RYE
I3 H FH PR IS AR S e B 3 B 1 0 2% JE AU it e B 9 &S, 1 10%, Sl UdE =R

S.=1.1S, =3526.6 m*/h (3-10)

BT T AR B, 1) AR i <R /2 20 °C, HE/KIRE N
15 °C. T ¥4 S R | HEAKUE 2540 T I UE 2SS, , AR B HiE/KIR AL 30 °C.

Ky K20l TARKIRE . SRR FERAR S RFEIE, BRI LT E

- p,(0.27Inp+0.543)-1.05p,  8(0.27In8+0.543)-1.05x4.2455

to p,(0.27Inp +0.543)-1.05[p,] ~ 8(0.27In8+0.543)-1.05x1.7056

066 (T;-20) _ 0.66x (15 - 20)
273 + Ty, 273 + 30

X, p NIRRT, kPas TONRIFSIRSL, °C; Ty, AR KR, °Cs py AT, FHY
KA, kPa;

WL,

=0.621 (3-11)

ko=1+ =0.989 (3-12)

g - Se _ _ 35266
© 7 kky  0.621 x 0.989

PR 3025 R SO AR sk, Phak Tl FH 2BEL BB GIA A3, 1%38) 2 H
TR & B, 98U E 2R BUK. T Rk4ge . 2R T 2R
A5 2BEL 403-0 I E SR 1 &, HEZHARSHCN: 7K 530 rpm, HHLIIZE N 250
KW. HAh <32 S 7F 8kPa Fik 7,750 m/h, IS

m*/h = 5742.1 m*h (3-13)

S0 s 3-14
S, 57421 (3-14)
S >(20-30%) S, (3-15)

e T2

NHEFFEAE, SRS TR ANIIZE 250 kW. HEE (T501) 44
BEZA A v s (HOL ¥k, FHEIHER (POL) Ry 35%[H) £ B i A4
NG (T502), @it Aspen plus BRI TR HNET (PO TN 1.35 kKW. 1%t
TR = H8 9.38 ton/h,  #(A: F= AEll £ B BT 75 FLFE N(250+1.35)+9.38 = 26.79 kW h.
RYE TV H A& Y 0.48/(kW h)it 5, JHFG 1 Case 1 LA NY 13,
3.3.45 LFEZES VA HII A AN A 1 AT B

IEAG TR R, RIS T AN G B COp, IR B IR W E N 15 °C.
NI RAZIREER, — M T F IR A HIK GRIE 33-37 °C) ANEEXT HH TV,
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7 PR U 0P A DX 40 R K CHRLE 4-16 °C) . kR B3 Case 1 2k P RRIE 2,8,
LA HIK CHAEFEM 33 °C 5 37°C, Bl-4 K IRIRAE%) ACHeH 51 99-0838.91
MJ, BV Z [ HIZK R
Q -9838.91 MJ
cAT 42 kI (kgK)! x (4 K)
AR (BRBR M 4°C 2809 15 °C, HI-11 K (IR BE ) A8 e ) #4471 17 9-209.28
MI. BT A ok By

mp = =585.6 ton (3-16)

Q, -209.28 MJ
my = = =4.5ton (3-17)
cATy  42kJ-(kgK)! x (-11 K)

WA A b 1 X3 23 Aok 28 I AR A A% e M, IR 3R V8 H1 K B v R K A 4 2 3 h
Y 0.32/ton }2¥ 4.5/ton, MR8 Case 1 HHAEFR A HIK . H KA 7> HIIN Y 187,
¥ 20,

TR A5 18 Case 2 yFAAA A S AR THR 77— 80, AEMAMIBE R . 25 b, AR
R RAKSTRIE A P2 REE K GBRER, 980 RS 5 R TR R T SRR A P an =R
3.4,
3.3.4.6  JBEKE RN N RAF 1R £ A 7 BUAS Y HL L

34 RARBRFAETRE RN BRI E 2 B A= A ) LB
Table 3.4 Comparison of ethanol production cost between cellulase recycling via vacuum distillation and
non cellulase recycling process from delignified corncob residues.

LIFAEFE A (¥ lton) Jk = Case 1 Y JE Case 2 W Case 3
IR 423 443 312

H 13 6 0

TEIRA K 187 187 89
ARIK 20 17 0

2F 4k R 1153 1153 2067

Mt 1796 1806 2468

ASCIEI BT Aspen plus BRI FOKFEATAE 7 SRR, BN GO e ab 7R
440,000 ton/a (T-3&) EKAEFT, SEBEVERTA] 8,000 hr LF4E R CBE ), & AR A =
FEEKE 3.8a fin—2, WA 2S5 E 3.8b Frm—8. 4ALhrscinsids, K
BERE CREIR BTN 40 glL, DMZIRFEH K, J5 72508 T2 M BEFE S A 5 DCCR 4= &
BEMFETE 2 —3, CRE=EI—8, AR RERARER 3.2 B T8, it
J71%5 DCCR 7= 2B i B B AR TH — 8, e AR « TR B FOKRFEFF2E 7=
FEMETCIK IS, YRS U85 0 RS TRt R oF AR FE M AR EL ik 3.5.
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35 TOKFEFFR R A RS AR 2 B A 7™ Bk H B
Table 3.5 Comparison of ethanol production cost between cellulase recycling via vacuum distillation and
non cellulase recycling process from pretreated and biodetoxified corn stover.

LB A (¥ Tton) 8% Case 1 %% Case 2 % Ik Case 3
IR 423 443 312

FE, 13 6 0
(EEZRERAININ 187 187 89
BRK 20 17 0
ANl 3988 3988 4993

Bt 4631 4641 5394

SRR, JEUE RG] e R RS R R /U M 0.008 MPa % 0.012 MPa,
WAL IR 42 °C F+ 22 50 °C B, ZIRFHERAIZDIG N, MFERAESIEIC, Wik
K BB D o 7 i A 4 2% Bl ) o e B — M AE 50 °C ety BB IR — T,
B S LT AR N, XS INAr4E R B B A, A PB4 A N .

IEAE TS W AL &, BT R R IS SR AR 1) 35% £ B 1 W I B IR
fanik NG VRIS Y PR ORI, R TS PR A AT v T R R TR R AT, SRR A
TR AR AT FE M B 2R B LU RS TR AT RE & (BER F A b, dasd V3 A TR A7 B )
Y RN, WORTL TR . WETHIKW R ASLHE R T2 —, SRR, EHRAEH
IKHERAREA =G BRI RS ESRE TSR 15 °C, ArFemdHK SR M
o, (HHEIEEAR. #i Bk ORA AT IR R FE, £ 3.4 Frshikimsz -
KR A 7= B, DRI SRR (AF4ERBEIE AR D B RAK T8 R 187
A CAFYERBEARTEIA R D, B ARG T 44%, LBFAE 77 AT ) LU s 27%:
# 3.5 Fin EARFEF A= A8, WERE T RO (AP 4ERBEE AR D TME T8
JERETE T R RA (Y RBEREAFID, BERARE T 20%, ZEEAEF AL
15 14%.

R A, FRATTE AE M, HH T A B KT R, ok H R TR G 8 2% 35 225Kk vy
FEAE = B E B0 B LR ARSI 2, SEPR AR RO A SOl o BRARME R, X
e AT ] BRI N4 FE I I OAS

ARSCIEE IR ARG AL SSF LR AR =il RE A 4 R A5 LA IR, AR 4 R T
& (4-6.7 FPU/g DM) 1£ TV LI R B (1) B & (10-15 FPU/g DMD H2EAl 544
T 20-44%HIRAS, ZEEAEFE AR T 14-27%. 1EBLA 5 T AT 4 K A R
T, BEEIRBRARN BT ARG B RE, R CAYERBGIEA 754 BT 1is Al

E=N
Ko
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34 /NG

AR FERE AL T BRI B RS AT 4 4 2 50k (LR i A T3 25 R K8 b B s A T A 22 5
0B TOKFEFT) HEAT S [ & B B R P WAL S R B A 77 I, 8 A A TR S R A 1 7 =X
=) CEER AN CHTEEYRL, PRI AR 2185 i BB 4R 4 =,
JEBE— R RPN S R, SCIRAAERBGOIIEIA R . SHEIOS IESCIGAR L, EPRSE
WA A 4E R B B R H 22 KRS s XS B . pNPG % . CMC-Na i il € 27,
W6 A1 R OB 0, [ AH 23 A7 5% B S BT 7 LB LA 0 s JE IS Aspen plus B 2B
AP FRRERE, 45 BRIIEIA SLI0 L DAL UK BE ) OB AE P2 RO PR T 14-27%, &
AR TIEI AR A R i TS
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FLE HLiL5RE
41 %

T2 KWl A i R AR R AT B A L2 R AL B, 8 5 IE BRI ) DA A il
FA A B A T BLe — o A FUE Ik 78 A7 [ &8 AR 13 7 =X S 300 R 9 7 R ¢ v [ 25
BARRAMERFER COREBRAR R E S TR . FbH I AV E £ R ol
A T YE RBEIEIA R, % 20 B SRR B SIS R T E W,
PR T AR A 75 i T I8 v R0 23 (R 15 LAOR R, M3 e JEC A DL FE 3 e B 21 4 2 1
NI 3 B33 — 56 R A5 T o 3 ) DS 30 B0 % SR A A H OV SRR T 208 K TR S B )
LR KB IA R LI BAR G AT . AR LSRR

(1) RBA T E F RS TR (DCCR) #HT [F itk 5 KB REMIR, 7E
20%[E & B N3 T 75.07 g/l [HEikE L1, UL 155K 89.38%; 74k, 1F 25%lH &
BAAE 3RS 83.53 g/L MK AW H AT CLRIE SR o R KR SRR R 15 1 5
W2 — ZIA R F RO TR R A W R e B DCCR KM R I, 5
P I TR A R R D AL S R R R E AR L, 37 °C EIR I TR AL IR D B 5
BERIEAR —B, 1% R EALrIE ANE, LA 9 I 2% 58 B0 i 7= A 1 Be FE s
DCCR REAMAE 5 T ARMEM R REMILL, 5 B A 241 L BERR A 35

(2) F DCCR HHAT SSF i #EH, i8Ik 76 A7 [F] sl R KG TRAE Sl 78, ATk,
T8 A PG IR 28 18 J5 5k BR AE BB (R 21 4 258, DL 8 — %6 SSFs B U0R I & 10%
[l {4 7 & 1) DCCR, LA#I4E 20 FPU/g DM B & FEFF 173k 5 Ik, m&MHERTEIN
4 FPU/g DM; S5XTHEHERSEES LA, BEETTA T 44%, [AIRF R IUIEEE SSF , A4E%
HEWRT = ABRE TR, B ZEA TE bR 7R KE8 0 BEE 3 OR B 75 SSF 14 & 15 LG 3R
FIH

(3) HH N AEMTRALEE S KFEFT (CS) #EAT _FIR BN () SSF 1E3R s, 4
THIMAIT & 20%[H & & (1) CS, LAWIEA 20 FPU/g DM g & FI63F 73k 3 7k, &G
HEITHACH 6.7 FPU/g DM, LUAH R HE SEI6G 1T 4 B & 20%, BEIG 25 & R bkl 45 1
5 _Ei& DCCR 153 SSF i FEFA .

(4) Aspen plus B 2B AP~ #E, Pl ML AR 5 0 0 ALV ) RERE, 0
5 U S OARTEATAZ SR, R IR SR RO P S5 1) T 26 77 A 20 3l B TP At vk
B RAS AR T 27% (LA DCCR NJERD K 14% (DL CS NIER.

(5) AL 53 )38 3 S50 T A AR HOV SR T e Ik 93 R TR S A SR 4 4 3 S5 kL SSF
W AT 2 R BRI 7 1R B R & T AT

42 R

2L YR CRERDRE SO R QI 00, (EAE DL AT, 5 BRI e T 98 75 B
LBFET AT P PR OB 4ER F R R A BB R Mk 5563 @4F
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