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Studies on the Key Technologies of Cellulosic Ethanol Production Processes
Using Lignocellulosic Feedstock

Abstract

Cellulosic ethanol production from abundant and renewable lignocellulosic biomass is
the leading and dominant technology trend in the current global bioenergy industry. This
technology provided a practical option for resolving energy crisis, global warming, and
environmental pollution etc. The major processing steps in the bioconversion pathway from
lignocellulose to ethanol through the sugar platform technology includes pretreatment,
inhibitor removal (or detoxification), enzymatic hydrolysis, ethanol fermentation, and product
recovery. Although numbers of cellulosic ethanol pilot or demonstration plants have been
established in the world, the high cost of cellulosic ethanol is significantly blocking its
commercialization steps. The high cost comes from various aspects, including the high energy
consumption during pretreatment and distillation process; the massive environmental cost of
waste water treatment from the pretreatment, detoxification and fermentation steps; the
expensive cellulase cost and the low ethanol yield of bioconversion etc. In this PhD
dissertation, the overall cellulosic ethanol processes were revolutionized by targeting the
energy-saving and waste water reduction problems, and a key process technology strategy in
the process was proposed with a novel resource-conservation concept. The major novelties
and breakthroughs of the dissertation were summaried as follows:

Firstly, two very important but rarely concerned parameters, the feedstock filling ratio to
the pretreatment reactor and the solid/liquid presoaking ratio were investigated during
pretreatment. Based on maintaining the pretreatment efficiency at a satisfactory level, the
solid/liquid ratio during pretreatment was reduced to 1:1 (the total water usage was less than
the dry weight of the lignocellulose, and either the dilute-acid usage or the steam consumption
was no more than half of the dry lignocellulose weight) by regulating the above two
parameters and the water concentration of the materials after pretreatment was less than 50%
(w/w). There was no free water released from the current pretreatment. Comparing with the
conventional dilute-acid pretreatment, the fresh water usage and the steam consumption were
decreased at least by 80% and 50%, respectively. This “dry” pretreatment process realized the
low steam consumption and approximately zero waste water discharge.

Secondly, a newly isolated kerosene fungus, Amorphotheca resinae ZN1, was applied to
the biodetoxification unit. During the solid-state biodetoxification, the toxic products in the
pretreated lignocellulose, including formic acid, acetic acid, furfural and HMF etc. were
degraded thoroughly and quickly without cellulose and hemicellulose degradation. The
biodetoxification process was conducted at ambient temperature and static conditions, so
there was no need for water and energy use. Furthermore, the water content of the detoxified
materials was less than 45% (w/w) and the A. resinae ZN1 fungus ceased to growth
spontaneously in the subsequent simultaneous saccharification and fermentation (SSF)
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process without a specific sterilization treatment.

Thirdly, a new helical stirring bioreactor was designed and operated for the simultaneous
saccharification and fermentation of biodetoxified feedstock at an extremely high solid
loading up to 40% (w/w). The fermentation slurry contained 8.0% (v/v) of ethanol and the
cellulose conversion rate of 70% were obtained with relatively low cellulase dosage. No
fresh-water was added into the extremely high solid loading SSF process besides the liquid
cellulase and the yeast seeds. The stirring energy consumption of the helical stirring
bioreactor during the SSF process was decreased by 80-90% comparing to the conventional
bioreactor.

Finally, over 90% of the ethanol in the fermentation broth was recovered directly by a
simple vacuum distillation at 37 °C and the ethanol was also concentrated by 2-3 folds to 23%
(v/v) in the distillate, which was greater than that of starch or sugar-based ethanol. At the
same time, over 80% of the cellulase activity in the distillation stillage was preserved. Both
the high ethanol recovery and the high cellulase recovery could greatly decrease the
subsequent distillation energy demand and the cellulase usage. The vacuum distillation
provides a practical method for continuous or semi-continuous ethanol fermentation from
lignocellulose at high solids loading.

Conclusively, in this dissertation, the resource-saving cellulosic ethanol production
process proposed realized the goals of significantly energy-saving and waste water reduction
while maintaining the ethanol yield and production efficiency. The cellulosic ethanol cost was
significantly redeuced using the proposed processing technology by cutting the energy
consumption and waste water emission to a large extent and paved the way of fundamental
and engineering researches for the future commercialization of cellulosic ethanol industry.
Keywords: Cellulosic ethanol; dry dilute acid pretreatment technology; biodetoxification;
simultaneous saccharification and fermentation at high solids loading; vacuum distillation.
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Table 1.1 Top nine global ethanol producers in 2009

Country Ethanol (millions of gallons)

United States 10602

Brazil 6579
China 542
Canada 356
France 330
Germany 198
Spain 123
Thailand 106
India 92

Source: data from the Biofuels Platform.
(Http://wvww.biofuels-platform.ch/en/infos/production.php?id=bioethanol)
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Table 1.2  Six cellulosic-ethanol refineries sponsored by the US Department of Energy

Size (Million

Company Location Feedstock Funds (Million $)
gallons per year)
Corn stover (cobs
Broin Emmetsburg, lowa 31 ( 80
and stalks)
. Southern
BlueFire Ethanol . 19 Waste wood 40
California
. . Wood, agricultural
Alico LaBelle, Florida 20 33
waste
Abengoa Corn stover, wheat
. g Colwich,Kansas 11.4 76
Bioenergy straw, etc
logen Biorefinery Shelley, Idaho 18 Agricultural waste 80
Waste wood,
Range Fuels Soperton, Georgia 50 76
energy crops
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TR H V2 E BURF 120 5 BT H B8 B W4 T K R AR A 77 Gl T80 PR 4E
FA TSR] 7SR EGRYEEE 1500 /735 70 H % B H T I RAR A (1) £ 4 2% I ; 7% [ 1) Direvo
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Fig. 1.1 The leading cellulosic ethanol production process via bioconversion of biomass. The feedstock
biomass is pretreated with dilute sulfuric acid; pretreated material is mixed with lime to raise pH and
remove compounds inhibitory to downstream bioconversion; ethanol is purified by two-column distillation
and molecular sieve adsorption; residual solids are removed from the distillation bottoms liquid and fed to a
power plant boiler; distillation bottoms liquid is concentrated by evaporation with the resulting syrup also
being fed to the boiler; remaining wastewater is treated onsite by anaerobic digestion then recycled to the
process.
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Fig. 1.2  Average composition of lignocellulosic biomass and main derived hydrolysis products.
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Fig. 1.3 Energy demand in the distillation step, where ethanol is concentrated to 94%, as a function of the
ethanol feed concentration. The step was assumed to consist of two stripper columns (25 trays each) and a
rectification column (35 trays) heat integrated by operating at different pressures. The inlet feed
temperature was increased from 80 °C to the boiling temperature before entering each stripper column.
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Fig. 1.4 Heat duty of energy-demanding process steps in ethanol production from biomass. The white
bars represent the primary steam demand while the gray bars represent the amount of secondary steam that
is generated. The black bars are the difference between the primary steam demand and the generated
secondary steam. The sum of the black bars is equal to the overall process heat duty.
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Fig. 1.5 The cellulase recovery strategy for the corn stover enzymatic systems at 2% (w/w) solids loading
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Fig. 1.6 The research core thread of this dissertation

FETIIK S T RELIR B 56 A N AT AR BT 4 3R SR AV A A P iR B L A 18
MHFZ. N, R SCEELE LT U TT TR T BONER N BB -
(1) B ARmR Al 2 AR JEoRE S /K sy Had AR e it s i 1) A, R B R AT AT 1 itk
N 2R} 2 SE AR AN IR [ Bt A PO AR REAE L /KRB S TRAL B AR (R 2, £ H
TR R T MR UL B AR, FFRTT 1 RAZ 8RN T AN R A 27 4 21 SR ]
171
(2) i T — MR B B, TS T 208 0 AR B R PR RO S P 1 B A 66 0
FER T — b TR B T B 5 A o7 21 24 2% R AT [ A5 AR M 2 BT RO s
(3) WAt IR 7 — P BR A i P R A S B2, e T LA B 40% (wiw) ] 4425 58
R REAT R AL S K o I SRR BEPERE  PEHE BERE LS L& N IR =5 T B9 23
A3 W FLAE A 3 s ] 4 5 AR AT [F) 20 WAL 5 R I A 7 LRI Rushiton 4 E2K [ B
ar BT WEIT T SRR AR AEAS [F) [ AR & s AN [R) Bl & T HEAT R DR 5 R I A AT 2R
P2 ORI IPERE: RN ORBUL B — PR KR T LR AT AT
(4) R 7 3 I I 28 PR R SE A T £ 4 31 JsURE vy [ A & AT R L i S 2
BEor I AEARRE S BRI ATV, 20 BT TE 1 B 28RN A ORIV L 40% (wiw) [l 45 & T
FITASAAT K BB LIS URT 40% (wiw) [ 4 25 5 T P SRS AT A I B 4188 v I B 70 B 2K
Ry YR BEREE AR VIR, JySEI m RS BT AR LR RE S B E S
WA BLE T RS kA



5516 71 HEME T KFHE A0

B2EF ARAEZREMNTARRERTLIENR

21 ®E

FER AR R AT R JFORH A P 2T 4R 2 RE R T2, TACBR IR m BB B IR RE 1R o
PREFEATs MH, TR B RE NS S B R A VAT R 2 B (AR JEURL T AL 2E
B K. P B IRV EME VIR A A ) AR AR 4E R R AEY)
Lo T2l Bar, BA 2RI A, AR, Ak,
YIRS AE S (B2 R AR 2 5 AL B 5 V54 e S KRE JEE IR A o 2T 4
RMEH LM, TR SRR 2 Bg 12,

Mkt B AL B H AT BRI TAC BT iR —, WRRA TR IR R 45 L0 T
bR R F P AR 32 1234280 L R A B S 2 RS R R A R £ 4 R
JEURMAE P2 Z R (1) T2 24120 129099 R i R R R A BRATAE I R B,
JRAS AN R (1) AR 2 KT K RE O IR T L5 AR S 21 4 3% iR Jo B b — B
6-10:1) AREMIERKIIHEG (2) M RRIRERE A 2897 B i ROk 45 i 4k
B A R IR EEAE 200 °C Zi47); (3) KEMGIMINE, OifaiRE (2R, #
M, CBEARRAITERER), WRIEIS ORREEAN 5-F2 AL, Mk (& =K, @AIK
PR AN A-FR oK FRE ) RO Ik o 1 755 o BRI, PR TRAL BES AR /K AEARERE, TR
D PR HE AR A, X T IR R A B R BRI, BRRET4E R SRR A )
A, HESNA YR LI Tl A B B S

UAE ] 7 R TUAR B (AT 98 32 B A R Il i (04 H R AL B2 A (I AL BRI E
I TR AR BRI B ) SR IT R B GBS R, I D PRUAL B A 7 A (R 4, kI3 i TUA B2
SRR 2B P 2520 18 R T ) S R ER AR, TRNTFAE T A A B T S 5 A s
PALHE AT (FARER S B 8% (PR AR TR [ LD X BRIl B RE REAE . /KA
AR FRALBEASCR RGN, N7 1 — MR BEFEAIRKFE R “ T30 Wil A2 )5 i%, Jf
R X AP T I BB B 2 2 A R B4R R b, 3D 5 7 2 W
AR RE T (DRI R L 5 i 25 R 1T A0 WA 5 R I R T,

22 MES5HZE

221 SEEEL
2211 RFRL4ER GRS T
S T AR R A 4 31 JEURHES = B R R R AR, s Ak, TR . I ARSE, R
Az BRF M, AR 2.0 . BRE R ERFEFFSGET 2007 4£4k, He
7 ORISR T 2008 AEAK . IR JFURMGR S, FH SF-300 YA BEAT LR R et 7 Ak
18 5-10 mm. G543 5 BIRSFT 4K Belk 2590 £, 105 °C Mt 1 F 5 % B T RS R 4
T ARSI Vb1 @ S 3, SFIRE N 0.3-1.7 mm. 105 °C BT /5
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F2: 8 F/KEL 101 AR EE (wiw)iEATIR ) 2 H - IREAIEWD FRIEMEE A 1120
kg/m®. THAL R S 37 B8 A VD T 1 BB 208 10 kg.

K21 BMARRAERFR LI

Table 2.1 The lignocellulosic biomass and its production area

Materials Origin place (province)
Corn stover | (CS-1) Jilin
Corn stover Il (CS- 1) Shandong
Corn stover 11 (CS- 111) Henan
Wheat straw | (WS-I) Shandong
Wheat straw 11 (WS-I1) Henan
Rice straw (RiceS) Jiangxi
Cotton straw (CottonS) Henan
Rape straw (RapeS) Henan

2.2.1.2 LTYE KRG N E R

TRAL PR J5 A ot 41 24 2= J5 6L R e FH 21 4E 2 Accellerase 1000 ()6 H A BEBHE BrA PR
/~ 7, Genencor International ), 41 2 2 g A 4T 4k — Wi BB 15 43731 A 65.8 FPU/mI A1 152.0
U/,

AW EE BT A B PR R AR S = H AT I Ok B B K % B Amorphotheca resinae
ZNAPSTIE gt [ AR AL BE R TR A IR I, AR LR . R, IR
B, FLOHGE ik R R AR B M S LA 3

T R T T P T o Dy A SI2 36 25 175 738 7 0 4 1) PR NS v T 00 o1 A %) TR 7% B R
Saccharomyces cerevisiae DQ1, 7] LL{E 37 °C HEAT 1% I AE K AR
2.2.1.3  FEEGH S E IR

(1 FEEGH

VYRR Z 6 [ EL AN Acros Organics 46224 7

T2 TR P A ) 5 [l Amresco /A A o

IR H i e kA R A Al .

(2) F B AL

0.1 mol/L. pH4.8 FIFTIERR-FTIEBRINZEMT: /7 HIBCEF 0.1 mol/L HIFF AR IR FIFT 15
BN, R R TR IR IS IR 2 I BT R BRI i b ek 29 50, H pH I E 2
H pH {EixF] 4.8.

10 mg/ml PUIRE VAW : FREXVUFF K 0.1000 g T 10 ml B &R, IO 75%(VIV)HI Z.
BRI E 2, FH 0.22 pm JEMEE JERR B J5 R A7 T--20°C UKAE R 45 H

10 mo/ml T TR : FRE 0.1000 g PUFF R T 10 ml &, NGB ALK iR
FER, H0.22 pm JEFLIERR R 5 T 4 °C UKAE & H
22.1.4 ¥EFEE
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PDA #5753k U2 82 200 g, VIR, hisk 1L, ¥k 1h, A8 ELmid
JE, ANEAOKE 1L, JRURINH#ENE 20 g, ZRER 209, pH B

B IR L KHoPO, 2.0 g/L, MgSO4+7H,0 1.0 /L, (NH4);S04 1.0 g/L, EZEER 1.0
o/L, Hi%iH%20.0g/L, pH HR, 73T =M+ 20 mL/100 mL.

25% 11 50% 1) /K AR 773« K5 30.0% (wiw) [l 44 B N B AR AT 21 1K K SRR S & B
FEFEAFHILL 1:3 F LAV ELBIVE A, pH TR#E % 5.0, B 153] 25%F1 50% 7K ik
BrFedk, 3T =4 20 mL/100 mL. 30.0%(wi/w) [ 445 5 T 7K R R ) 4 0 A
2.2.2.5,

Pl FREFR5E: B[R] 50%IH K R 1 77 2 .

iREEFRIEZ 115 °C. 20 0 Bh K G 4% .

WAL, FEHEAT R HEAL 5 R BRI, IR R v g FR SRR - KHoPO, 2.0 g/L,
MgSO4+7H,0 1.0 g/L, (NH4),SO, 1.0 g/L, EEEH 1.0 g/L.

2215 FESLIGAE KK
(1) o il A T TR 38 s 7 2%

H 2.1 EEARBRITGCHER NS

Fig. 2.1 The self-made reactor for dilute sulfuric acid pretreatment

F T iR A e TRA FE 1) S N 28 8 B AT Wi I R TE AN AN e i gs (LA 2.1), Hfk
FRZ110 L (NARZ) 180 mm, /=% 400 mm). AL FE Sz W 28 5 4 R T 308 R RS 3 38 PR 22



AT KEFM 00T 5519 1

W, EIE = Edeq — AN EIR S AL MR R B AR T2 150 mm
(RS SR IRHNE 20 BT — NIRRT A, SERRAESEE; IREEA=
e HHRRE . BRSNS T — T, MPGTAN A AR, DR KRG
HHIN O IE R . RN, fESMEERTINAAT 2 (A 22 — AN TS, AL BRI AT [E]
MR ANERE . W, Va8 NI EEARBEIR S 4 5-10 °C, {H LU B A8 iR
Ji e,
(2) HRE A N gs CH TR RS & T I RE R 5 KRR
Hahih) J EARF Y EVE LS 4 &=
(3) HELRBANAT
Thermo scientific Forma -86C 1K 7KF 3£ [E Thermo scientific A FR A #]
HZz-9212S M fEIR/KIHR G %5 LIRS g 45 |
YXQ-LS-SH 857 A e J1 28970 K 1 o I A R A A RS R S
DHG-9140A 7Y it P iff s X T 48 bl ER A A PR A F]

SF-300 UK AL BRI R T

AL104 i F R i EARREEFE R 2 AR A PR A ]
PL602-L % H1L T K i EARREEIFE R 2R A PR A
BIOTECH-5L A=) 2 . 2% R A S TREA R A

5415D /MR iErE B L i [E Eppendorf /A )

Avanti J-26 1 5 AR Ol 2 [H Backman Coulter G R A 7]

Milli-Q 4k 4litk R4t 2% [ Millipore 2 7

B G AR (R4 (Bio-Rad HPX-87H a4, RID-10A /R ZHresilles) HA B
]

222 SEETTE
2221 EimMGIR AL EE

AR A2 3 R ) S AR R PUAL B 3 240 MNP IR JEURH TR A TAL BE . 15 5%
FREC—E BT 3E ERE, 4% — 5 [V EE (wiw) N A 58 T B B0 HoSO4 VAW, THIR 12-16
NI o SRR TR I I SRR N — DMAF A TE N E (N8 EARRS/N T TRAL 3 B 2%
MAE) H, R IO TRA S B A8, B T AN R v == IR RN R /1N
3.0 MPa FIE IR Z8VR . 24 bi2% IR EIA ) 100 °C B, B AR VRSO TR HE A IR AT 345
AR 2] 5 B8, FEH AR KPR, BN ZIR B BOERE)S,
THEA TN IR GERE— BN IA] . IRIRES G, S84 4T T Pildh B s S 2 T ) HIF U, A8 )
MEFEEEE. BUHEBEENE, B EIREE E AN ST A2 =G,
BNIBRES T, 4°CIRIFHH . /b AL FE I R ) IRe 30 RE, R B REFUL I 2
() AR IED )R o teAh, FEEAT 28 —HETRAL I SE56 2 A, X HUAR BRI R8s HEAT Ak CANm
AARJREFHE L R 1,
2.2.2.2  TRALEE 5 A5 AR 4k & JERHE AR i B
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MARAFREM BT A, resinae ZN1 PR} I#E— 31T PDA 55325 R}iT, 25 °C ##E
BL9% 3 REATIEA, SRJGH 20 mL JEEZKKE R B HEH, A 200 g FEER
AR HLF 20%(wWiw) i) Ca(OH), ¥ pH HEEZE 5.0 245 RS FT I ZE Y [ i 28 vh , 4EFF 25
°C. 50-60%1) F /K EFAT R 15 3 Ko )54 200 g 4 B5 4 1) & Bl 25 B AR
2 kg pH I E 5.0 /247 & /KB4 50%(wiw) K AL B 5 AS FT o, Ve & 485, T 25°C.
50-60% 11 & K B FREAT AN EE 7 K%, Bids s M RHEAET-20 °C UkAf & 0T,
2.2.2.3 RJFTAYER F R B R PP

W, FHBER AL R 55 AT LU SRR T REAEDA, (ERAE AT 7T (1 b
Seae, AT AETAC IR SRR S [R5 B 408 50%(wiw), A TFEAKD, )
AR “BREERT” SRRAE. FE R EE 5 RIBGAR 5 IRETS R CELRER 2143 R AR
PEAF ) T T A 3 s = A 1 00 ) A7 A A o] SRAUE SRk ) o Ac 2 P AT A8 2R o

X TAL B S OR AR 4E 2 R B G AR 2 36 [ 0T AR AR R SC IS = (NREL) 1
LAP-009M%,  EABB 4N R 7F 100 ml BI= MMk NN 1.0 g TRALEE S el
10 ml 0.1 M. pH4.8 FIFT B IR- AR ER NG PP, SRJG N 25 B8 7R A 2 1) [ 4 25 21
B 5.0%(wWiw), FHI4 pH EHHAZE 4.8, [FEIA 0.06 ml PYFAZ(10 mg/ml)F1 0.08 ml
J 2% 1 B (10 mg/ml), F N\ 274k 2 Accellerase 1000, 114 & [ &% 15.0 FPU/g DM,
RIGH =MINE T /KGR E, 50 °C. 180 rpm fffiF 72 /Nif . BEARZE S, B 1 ml#f
dir, 10000 rpm 5.0 10 Z38f, X _EIEWEEAT HPLC 08T, BEANSRIG /N PAT, i £l
NHETHME.
2.2.2.4 TERER YL

ORI FE AL 5 R TS0 R AT 1, BRIFEERE(S. cerevisiae DQL)TE A iids 77 b
K577 4% ODegoo N 4 e A S5HM LA 7:3 BILL BRI G 43 25N 2.0 ml ¥R A7 4, -70°C A7
BT I —3, #Rh % 20 ml & R FREEH, 30°C, 150 rpm 3537 18 /Mt SR )5
PL 10%(V/V) (Rl B R 2 25% (1) /K i, 30 °C, 150 rpm K57% 15 /NI, 4R 5 ez
2 50%HIK AR T, AHE RIS 359 15 /NI, 2 K YN LF (0 e R B A 42 2 135
FREFFERIFER A T3 FR 12 /. BJa, B Y0 e RE 0 22 T4 TR 12
NI R R S5 R R, FFARHEAT D REAG S R B A
2225 AKJFLFY4ER FURHE 30.0% (Wiw)[E A5 &R i [H 5 AL ok i

30.00%(w/w) [l 442 & T B [F P BB 5 R AR AE AR 5250 = | AT WE R IR 22 A2 )
RN 2& AT o AR I BN IR AR R D B A S R B AR A AN B, R TIER AR B B
FFEE S R B B TRBE MR BEAI 261448 50 °C. 150 rpm, 15.0 FPU/g DM (1) £ 4
FhE, DIANELE T UAE 12 /NI IO R TiUAL B HL 28 A W B )5 PR o3 2 4 2 S50k
2[R SRR 30.0%(Wiw) . A5 R I N AR E 2R 37 °C. pH 5.0, LL 10%(v/v) F R
NI EEREE, TFREHT FEP RS R EHRE, %M BFRS: 48 5 60 51 72 /)
i TEREAFRDHEL S KBS RS, AR B pH AER 20%(w/w) 1) Ca(OH), %I /E 5.0 /&
Fio FEBE 8 /NETHUEE, 10000 rpm 5.0 5435, B IEEAT HPLC 4047,
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30.0% (wi/w) [El 1A E B /K ARV I ) 2% = 515 R0 R AL 5 % et A2 A TG AR By B 1 4
PEFAIE], (R &K RIS B e, BB SRR 48 /NiF. AR5 KRR
J& FIRAE 8000 rpm 26 AF T 250 10 235, WedE i i I 45 21 30.0%(wiw) il /& & & T
17K AR o
223 STk
2231 LY RBEANLT2E — WEBERG IS 100 2 J7 v

2 Y F W I 28 7922 HR 55 1 AT AR BRI SR = (NREL) 1) LAP-006, K 1 /N Py
4L 50.0 mg Whatman JE4RAE AR 2.0 mg I8 S FE I 214 R B 2 XOR 1 AN JEARERVE 507
(one unit of filter paper cellulase, FPU). %%, W44 R BEMRESIE 154, B 0.5 ml N
AEH 1.0 ml 50 mM FF BRI - FTRR R N 22 4 AT 50.0 mg Whatman JE4RHRE , 50 °C
I RE 1 /NI, S i A 2R 3 SRR B FH DINS 325t s B4

2T WEREE I E 7V 6] 1.0 ml 80 mM AL 4E —kEvAETR (FH pH 4.8, 50 mM
(kTR IR AT IR AN 2R R BT D TN 1.0 mil Fiske 2 A& R B 4T 4 =W, 50 °C /K
BN 10 438, ARG Tl B 2 A Bh &Il N, N R AR FR R 4 W FE R 2 b
RAVEIE . 4 1 7% N AL 80 pmol £F-4E — 5l A= AR 2.0 wmol 7 % 4 1 41 4k — Wi g i 2
XA 4 R B 2 A2 4% (one unit of cellobiase activity, CBU).

2232 YR, PAERGENNE

AR AT 4 3R 5Ok} R 2 2 31 A A1 4 2R A B0 E S R 36 1 AT AR AR IR SR8 = 1N
BRI AR, BB RN : e R 100 mg 584w (IR 2285 1K (4
IR E B 50-100 %) BEFAI A4 2R M G T a3 FRHET (0 50BN
AR R RE S, A L ml 72%(wiw) IR IR, K HLEERE E T 30 °C KB R 1
NI FERCEFRES, FBEEE AR IR SR ARG . R)E, T RERE,
TN 28 ml 53K, FEEIEFIHEL, T 121 °C KM 1 /M. A CaCOs ¥y A H A1
G IR A YA pH 2rhE, 10000 rpm 250 10 20545, BU_EIEWEE T HPLC 20 #7445
BRERIACKHIR P o [EJISE, PR 2 B AT A A ket IR, - B A S R A7 B T AR P 51 2 3
HXER AT I
2.2.3.3  TRACER 5 VRN 5 PR R P K SRR B B Bl E

AR A4 2R JFUR 2 Tl 22 5 BAE M R IS A S B4 50%(wiw) i fa, A i
BSIKAFAE o 0 Ffr 2 B4 58 I B R - 1 ekl i D IOAL B S R o 41 4 2% Rk
FKE, WRJGFRE 5.0 g TIACER 5B EE /5 I RE, TN 45 ml 2555F7K, T 30°C. 150
rpm RIS TR 2 /N, BUHEA Y, 10000 rpm B0 5 204b, B EIEWEET HPLC
IINT o AR TR B Ji5 AR 4T 4 25 TR R 5 /K i, s B M B o7 o S ) o 5 A 2 2 1) 5

Wl v SR B I 5 2 R O [ AT P AR BEVR SO0 S 1K CYRAHZL R oE . B E ARE
fE I s i A,
2.2.3.4 HEWNE. KWE. FLETNE SBELANHIPDA S E

AR, RKE. 2Pk 0. 2B, 2R, ZFRTABR. RREREAT 5-38 LR RS @ i Ak
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WO TE A 52 . 45144 Bio-Rad HPX-87H #:, s A 5 mmol/L KRR, WikA
0.6 mL/min, FEiff 65 °C, /R ZJT A 2% (RID-10A)KE » #% T FiR: A& I 500E A 0.22
um M8, HEFERN 20 pL.
2.2.35 TRFERIL. PREEER . FBRERIRE . /KFE & BEFERTE X

THIR ] L 2 Fi TR 2 Hh 1 5 ORI R -5 Bl P A B R VA L | 2 L (wilw) s )
B RIRE WAL H L FE , TRAL BRI S48 BT AWIRLS e B SR AR 2 Ei(viv, %); Tkt
PR 2% A AR IR 1R B 2 T R R R VA M TR 5 R R M i = 5 T R E 2 L
(Wiw, %), TRALERSFE K REFERR AR EE 5 R e i & 5 TR 5 Rk r e i s 2, |
FETRAR R AR R AR BT A L 2R PR O T o FOUA B L 2 1 7 R A2 4 AL 35 5 R U
5 R 25 TR B N () TRk 0 o i, LS TR A 2 114 ) /K R T A B 2 VA Tk ) /K

=]

B o
2.23.6 KWE. HEBEAN LR THE

AKE HETHE & CBEAFER T4 3 22 JESCHR 128, 136 A 137028 1504371,

AHEFFH= ([xylose] ) / (1.136 f x[biomass] ) x100%

7] ) BEAS+ %= ([glucose] + 1.053 x[cellobiose] ) / ( 1.111 f < [biomass] ) x100%

RS %= ([EtOH]; — [EtOH]o)/ (0.51 f x[biomass] x1.111) x100%

[xylose]. [glucose]#1[cellobiose] /3745 A it £1-4E 2 i A} FHUAL 21/l A 5 1A % B AR |
G LTYE BRI, o/l fRRARBL4ER ERI LT 4E = 5 &, g/g: [biomass]4E 14k
RO A S, o/l [EtOH]s A[EtOH]o 73 Jll i A 1 45 AURT A I T G IR 4R 2R 1) 21 Ak
JE, glL. 1.136 j2 P 4E 3 AL A RBER R4 1.053 J2 148 WAL i & 0K ) R AL
1,111 s 2T e 3R Ay T ) B ) 2R 2

23 SRS

2.3.1  JFERHETRAL P s 878 s 2 AT DA 225 BRI T Ak 2 2 1 e

TEAR TR YE 2 JFORH iRy iR ARG B TAG B FE 0 Ah B e 2 268 P A Ak 2 3 ) T A 2
A FEKHE . REAETN AL BEAICR 52— B — M RIS BT T, AR5 4 B R X A 1]
i
2.3.1.1 AMHREIFTRAEF AT, PRk 28] Fab 3 i 52 REFE A KHE 1 52

W, RS T (FURER LN 2.0, 2.5%((wiw) iR &, 190 °C 4k
3 8D, FEAE RS ERS A B FE RERERUKFE IR (LA 2.2), W
2.2 SyHTAl AN, EPUACIRIE RS, BEEVIRIREIEZ RGN (N 12.5%3] 100%(viv)),
A7 2T A5 (100 g) /K FEFN BERERT B 2 SR PRI . SUbIRIRS, Pl B FE 7K FE Y FEAIC
WAL FE 5 KRR o A5 B 0 R ME RS I (AN 27.1%38 51 31 50.1%(wiw)) .
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240
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Steam usage and total water generation
(g/100g DM)
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0

O Total water O Steam usage M Solids content

_I_
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Feedstock filling ratio (%, viv)

100%

B 2.2 PIRREEER TAL B AR K AR REAE IR
Fig. 2.2 Effect of the feedstock filling ratio on the steam consumption and waste water generation. The
feedstock was CS with the solids/liquid presoaking ration of 2.0. The pretreatment conditions were 2.5%
(w/w) dilute sulfuric acid, 190 °C for 3 minutes.
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23T
r 100
80
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al
o
Solids content (w/w, %)

2.3.1.2 AFBALEFAT, DREEER S HAL R RERE . AR R I B ACR K5
B, NHEE THEARRHAEBEZEA T (FAEBEZ K 2.3), AR BYIE
HR (400 g TAGFT CHHZ T3 BIYRIAIHERTN 50%(viv)) #1800 g TAGF (A= T

TED) XA BT R g

Steam usage and total water generation
(9/200g DM)

240
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200
180
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60
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0

v KEE (L 2.3) RHUARFRACR (WK 2.2) HIREHA .

O Total water O Steam usage

190°C, 1.0%,
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3min
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100%
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Bl 2.3 AEBACEFZATYRRE RN seFE KRR RIS
Fig. 2.3 Effect of the feedstock filling ratio on the steam consumption and waste water generation at the
different pretreatment conditions. The pretreatment conditions on the figure legend indicate temperature,
sulfuric acid concentration, and time.
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K 2.3 g 5K 2.2 500, BI7ETRACEE SRR, AL R TAEFT (100 g)fRERER
TKFE AR Bl A Ak R AR P 38 I i B AKG,  f TA R S MR [ R B BB 2 T (AE 2T
[¥) 40%(wiw) Tt i B 2 (1) 50%(Wiw)) o R 2.2 0T AT AL, PIRIEIHERTN, kG
FORFERF ALY 2 & B 22 BN K s B IS T KRS FT 1608 46 W FL AR A5 2 1 Bl 2 Tl Ak
PRIGEE « B [A) FOAR B BRVR BE I Ak T AR Ak, T ASBE A kR IR AR A 5 250 . [RIRERY,
THAL BRIV T T . AR L S SRR MR S R DL N — SR 4Ly (g, R
Fis AR R RS ) BRI AN K I R MT AT S, FETRAC R AR A, A
B AMEARFZIE R TR R AR, T HLRE R OK PRI FR A REAEFI/KFE, $m TR B 5
PRk ) [ 44 2 £

ML RSBt 2 BT ORI — N H BB . fERUCE R, 2R FEREEY)
ol TEAR (P 1Y 07 FAEARS, B 28k B o I 2% Hh RS & e i B s, (HL AL A (1Y)
FEFF I REMZR IR EE R I — 2, XL AAH L

— ] BE B AR A TlA B I AR AR R AAIURE (i B 2878 B I B3 BE VA BB T VH FE I
2050 BTG RIS, RO E B, ZARA B LRI, AR R
Ko Rk, HITHDFRE TR, EHEAMTGNEZG S (BUREW N 10.0, T
TREE AN, 190 °C Ab¥E 3 438l JHHATAEL, FBRAFRLEHEE (25%%] 100%(viv)) Xt
LREFENIFZMT (MR 2.3). HTEK 2.3 AT, AN 2E3E R 6 TAL B /T J5 V0110 B & 5
AV AT RN, 3% IH FAL HE I R H DR 28R VA B O AARRE AR /D CRITIAL R g o7 3 R ) AR
ML), FEATHT DL

23 BIEEWR B ERRFEAKFERIR

Table 2.3 Steam and water consumption in the mock-up pretreatment using sand as the feedstock

Feedstock filling ratio Sand before pretreatment Sand after pretreatment
(%, VIV) (kg) (k)
25% 2.60 £0.05 2.62 +0.04
50% 5.47 0.0 5.45 +0.01
100% 10.01 0.0 9.82 +0.30

The conditions for the mock-up pretreatment were at 190 °C for 3 minutes at the pressure of 1.2 MPa. The
sand before mock-up experiment was presoaked with water at a solids/liquid presoaking ratio of 10.0 (w/w).

TR . AR S 2T 4 3R JEURE EAT AR 58 X R AR PE AN ZE RS P, RT AR R
AR T H B B ER 10 (5L ERKD . ERUCEERE T, 2 JFURNEAT i Tl AL B e
Ay, PR BT B BOR M E B A AR TS, I RS AT IR R IR 1R 28R
PEREMUIARBL R, FEAT AW RSCRIR, R RIS T FRAIR, AR 2N 2 i 2810k 4E
FPR R B IR o X — BN & — B SR 2 TUAL B S NS5 R, T 32 Bl e ) 2830 78 5
A THAL B S LA T NS 5 JE N R T AR TR RN RS AT IR AT F05 P P ) R L 81 o =
R, WA ZRKE RA RS2 RERRTH IR, R FENED K
FRIURYESR AR R AT P fa R3S . L3 EFTiR, ARBREF4ER R B SRR IO RS,
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s | RS TAL B R REFE A K A RE R R AR AL I 2 R . Ak, AT B A
TRFF S NS AL T BOIR S, WESR2e 25 A B S, Bl (REEAE R UAEEACR, 3
RESR i S ML A 8 P 2%, PRAR AL B R A REAR AT /KA, oAb AL BRI RE e B 1
2.3.2 FURERLEX AL B FERERE . ZKFE A AL PR AR A 52

FE R AR AR R AL BRI FE A, ST R B IR IR I RO JEURL HEAT TR AL B o 1 il
RIE L (FREFT SR RS R BT EE L), AT DU 2 PRI TUAL B R /K K8, {H AT BE
o BUR A R AN 8 70 T B D0 AL BRI R A 280 S, BB S BACR . A
% E G TR IR L AL B AR RE A « 7K S T B CR (15 m (L] 2.4 M13% 2.4).

O Waterusage O Steamusage M Solids content

300 . 100
|

. 270 200°C, 1.0%, 3min | 190°C, 2.5%, 3min 90
o |
8 240 l 80
(] |
S |
> 210 : 70 _
g . 2
<180 : 60 3
%2 . : = S
8 o 150 I 50 =
EE : g
s 2120 | 40 §
()] | (%]
g | o
] 90 : 30 5
£ | n
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Fig. 2.4 Effect of the solids/liquid presoaking ratio on the steam consumption and waste water generation
at the different pretreatment conditions. The feedstock was CS with the filling ratio to the pretreatment
reactor of 100% (v/v). The pretreatment conditions on the figure legend indicate temperature, sulfuric acid
concentration, and time and were listed detailedly in Table 2.4.
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Table 2.2 Effect of the feedstock filling ratio on the pretreatment efficiency

Filling ratio Cellulose Hemicellulose Glucose  Xylose Composition of pretreatment liquor
Parameters yield yield Glucose  Xylose  Acetate HMF  Furfural O-Cel O-Xyl
(%) (%, wiw) (%, wiw)
(%) (%) (9/100g DM)

190°C: 1.0%: 6min 50% 33.32 6.75 60.4 57.0 0.46 2.74 0.71 0.07 0.18 2.08 11.6
' ' 100% 32.38 8.54 62.0 58.2 0.41 1.76 0.58 0.11 0.17 221 9.91
100°C: 2.5%: 3min 50% 36.62 3.19 89.3 54.3 1.67 8.17 1.37 0.33 0.66 0.87 3.21
’ ’ 100% 33.72 3.70 85.1 51.5 1.58 8.02 1.20 0.21 0.90 1.57 4.29

O, o 50% 35.37 5.48 73.9 60.8 0.49 3.54 0.88 0.11 0.36 2.33 10.8
200°C; 1.0%: 3min 100% 32.73 7.44 723 584 044 227 067 006 018 174  7.44

Data in the parameters column indicate the temperature, sulfuric acid concentration, and time; the solids/liquid presoaking ratio was 2.0; The calculation of the cellulose
and hemicellulose was based on the dry solids matter (DM). The enzymatic hydrolysis conditions were: 5.0% (w/w) solids loading (without washing), pH 4.8 adjusted
with 100 mM citrate acid buffer (pH 4.8), 15.0 FPU/g DM, 50 °C, 150 rpm in a water-bath shaking incubator. All the tests were performed twice and averaged.
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Table 2.4 Effect of the solids/liquid presoaking ratio on the pretreatment efficiency

Composition of pretreatment liquor

Solids/liquid Glucose yield Xylose yield

Parameters Glucose Xylose Acetate HMF Furfural O-Cel O-Xyl

ratio (%) (%) (g/100g DM)
200°C: 1.0%: 3min 1.0 75.54 65.75 0.36 2.17 0.44 0.05 0.07 2.4 12.8
' ' 2.0 72.34 58.45 0.44 2.14 0.67 0.06 0.18 2.2 11.7
0.5 82.74 68.35 2.20 19.3 1.84 0.31 0.54 4.2 13.6
190°C; 2.5%; 3min 1.0 83.07 59.42 1.29 8.99 0.86 0.24 0.52 2.0 5.4
2.0 84.50 49.74 1.57 8.13 1.20 0.37 0.82 15 4.4

Data in the parameters column indicate the temperature, sulfuric acid concentration, and time; the feedstock filling ratio to the pretreatment reactor was 100% (v/v). The
enzymatic hydrolysis conditions for different pretreated CS were: 5.0% (w/w) solids loading (without washing), pH 4.8 adjusted with 100 mM citrate acid buffer (pH 4.8),
15.0 FPU/g DM, 50 °C, 150 rpm in a water-bath shaking incubator. All the tests were performed twice and averaged.
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Table 2.5 Optimization of pretreatment parameters on the steam consumption and waste water generation

Consumption Composition of pretreated CS Composition of pretreatment liquor
Solids Cellulose Hemi-
Parameters Total Water ~ Steam Glucose Xylose Acetate HMF Furfural O-Cel  O-Xyl
content content cellulose
(9/100g DM) (%, wiw) (9/100g DM)
190°C; 0.75%; 6min 107.3 54.1 46.8 32.36 9.08 0.29 1.30 0.54 0.07 0.12 2.21 10.41
190°C; 1.0 %; 6min 101.0 49.9 49.2 32.38 8.54 0.41 1.76 0.58 0.11 0.17 2.21 9.91
190°C; 1.25%; 6min 100.6 47.7 48.4 34.54 6.84 0.49 3.03 0.70 0.11 0.25 2.12 9.07
190°C; 1.5 %; 6min 103.2 49.8 47.6 31.34 4.74 0.79 4.94 1.00 0.23 0.56 1.90 6.34
190°C; 1.75%; 3min 98.9 44.7 48.3 32.01 7.80 0.51 2.94 0.49 0.12 0.22 2.21 9.91
190°C; 2.0 %; 3min 954 44.0 50.5 33.39 5.56 0.88 5.88 0.77 0.25 0.50 2.27 7.55
190°C; 2.5 %; 3min 97.8 41.9 50.1 33.72 3.70 1.58 8.02 1.20 0.21 0.90 1.57 4.29
190°C; 3.0 %; 3min 97.3 44.0 49.0 33.89 1.91 3.96 10.71 2.36 0.41 1.12 0.97 1.88
200°C; 0.75%; 3min 109.4 55.9 46.2 32.50 8.11 0.30 1.54 0.67 0.05 0.15 1.74 7.18
200°C; 1.0 %; 3min 101.5 47.9 47.9 32.73 7.44 0.44 2.27 0.67 0.06 0.18 1.74 7.44

Data in the parameters column indicate the temperature, sulfuric acid concentration, and time; the feedstock was filling into the pretreatment reactor fully 100% (v/v) and
the solids/liquid presoaking ratio was 2.0; The calculation of the cellulose and hemicellulose was based on the dry solids matter (DM). The enzymatic hydrolysis
conditions for different pretreated CS were: 5.0% (w/w) solids loading (without washing), pH 4.8 adjusted with 100 mM citrate acid buffer (pH 4.8), 15.0 FPU/g DM, 50
°C, 150 rpm in a water-bath shaking incubator. All the tests were performed twice and averaged.
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Fig. 2.5 Glucose and xylose yields of CS in the pretreatment and hydrolysis steps. (a) glucose yield; (b)
xylose yield. The pretreatment and enzymatic hydrolysis conditions were listed in Table 2.5.
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Fig. 2.6 Steam consumption and waste water generation during different feedstocks pretreatment. The
abbreviation of the feedstocks and the pretreatment conditions were listed in Tables 2.1 and 2.6.
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Table 2.6 Compositions of the feedstock and the pretreatment liquors of the different lignocellulose materials

Cellulose Hemicellulose Glucose Xylose Composition of pretreatment liquor
Feedstocks (%, wiw) (%, wiw) yield yield Glucose Xylose Acetate HMF Furfural O-Cel O-Xyl

Before After Before After (%) (%) (9/100g DM)
CS-l 34.1 33.7 24.6 3.7 85.1 515 1.58 8.02 1.20 0.21 0.90 1.57 4.29
CS-li 354 374 23.5 5.2 74.7 60.8 1.55 8.50 1.46 0.32 0.38 0.76 5.23
CS-11l 36.3 36.3 215 4.7 72.9 64.5 1.82 8.35 1.48 0.35 0.37 0.65 4.13
WS- 334 33.0 26.5 4.3 94.6 65.3 1.09 12.5 1.26 0.23 0.33 1.01 5.56
WS-II 31.7 32.7 23.2 35 95.7 73.2 1.86 13.3 2.01 0.47 0.40 0.88 4.19
RiceS 35.4 36.5 22.8 4.7 99.5 67.3 0.93 8.08 0.65 0.12 0.19 1.31 5.34
CottonS 38.2 31.0 18.8 45 41.5 575 0.52 4.15 1.04 0.07 0.10 0.48 6.08
RapeS 33.9 33.0 19.9 7.1 43.3 62.8 0.65 4.58 0.83 0.08 0.15 0.69 8.89

The calculation of the cellulose and hemicellulose was based on the dry solids matter (DM). CS-I, CS-11 and CS-I111: Corn stover from Jilin, Shandong, and Henan, China,
respectively; WS-I and WS- 1l: Wheat straw from Shandong and Henan, China, respectively; RiceS: Rice straw from Jiangxi, China; CottonS: Cotton stalk from Hubei,
China; RapeS: Rape straw from Henan, China. The pretreatment was carried out at the full feedstock filling ratio and the solids/liquid presoaking ratio of 2.0. The
enzymatic hydrolysis were carried out at 5.0% (w/w) solids loading (without washing), pH 4.8 adjusted with 100 mM citrate acid buffer (pH 4.8), 15.0 FPU/g DM, 50 °C,
150 rpm in a water-bath shaking incubator. All the tests were performed twice and averaged.
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Fig. 2.7 Simultaneous saccharification and ethanol fermentation of different pretreated lignocellulose
feedstocks at the high solids loading. (a) SSF process; (b) ethanol yield. Conditions: 30.0% (w/w) solids
loading, 15.0 FPU/g DM, pH 5.0 in the helical stirring bioreactor at 150 rpm. The abbreviation of the
feedstocks were listed in Table 5. The ethanol yield was based on the % of the theoretical ethanol yield.
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322 SEETTE
3221 JFEM AL
AR A4 25 R = e A B B TR BE AR AT D TOUAL 38 S M 3 i A, TR [ LG
2:1, f#H 2.5%(W/w) IR ERIK S, 7E 190 °C 2k N ALEE 3 5. FE4ITIALE S IR 2 1R
2.2.2.1, Ak, G AR B 2877 A BRI R OK A5 FT (steam explosion pretreated corn
stover, SEPCS). — ity rhRR id 2 Al % (SEPCS1), TALHLAF N F Ml AR VUIE RS
FFIOFAE] 210 °C, 2.2 MPa [ NYERE 4 70h, AR5 RS N 88 1 s /7. Tk
B FORFEF I AR & 2008 50%(Wiwy); s —Fi A A A i 2 ARAERRL 2 B A PR A =] 1
#%(SEPCS2), WALFEZLATHy: H il 2R AT N# 3] 200 °C, 2.0 MPa (1) 5644 T 4E+F
4 575, SR JE ORI N A I B ) . TRAL B JS FORAE AT I [ A & 84909 50%(Wiw) .
3.2.2.2 VIR PRI T
SEPCS2 #ig T2 2 )G, AW RIFEI R T 4°C UK E A, R
Ja MEMIZIER B, RN, BB LEEFEEKNT S, L5k IE 2 X
LERL L, GLLR =AD BIRR S 2.
(LD kDS
FRE 10 g B R EFEFAEM, BT 90 ml LE/KH, 30°C. 180 rpm I TIRTE
2 /NI, 15 10 fERREESN, FRRRE SRR 10° f% . 10° {540 10° 1% . SRk Rk 107
FERIREIRAT T PDA PR, T 25 °C #ATE 4R 9%, 5 RJa, RS PDA il Eid4)
V& TS IKIRAT PDA i, 4 3-5 KRG, BIAERHREE. HERIN
AR IS AE PDA AR ERFATARAR SRS, AR5 U5, RIRTIA N0 B 15 2 26 ) L ik
(2) I
B (LD B BRI R EEIRA T YIRS R AR B, 25°C # BRI 5 R, RiE
BRI T TS T /N R W 75 06 R AR EAT N — 2P i
(3) TR
N TR (2) DIk RINER R A MRS, B2 (2) B B3I Bk 2
VR IEIR I B KFEAT L (SEPCSL) Tl di Ab B . EAAR#REW . FX&E 10 g SEPCS1 O
FEFT pH A4 3 5.0 /£ 4B T 250 ml =i, B0 1 ml 4050 Bk 1071 B (4 1<10°
ANmD, R EZRE 5T 25°C 5535 4 Ko R, M=MAIRFKIKINAN 44 ml pH 4.8,
100 mM HIFT B R —F7 1 BR N 22 i AN 1.25 ml 274k 15 Accellerase 1000, {5144 £ [ 14
S EA% 10.0% (wiw), M 15.0 FPU/g DM, K =% T 50 °C. 150 rpm /K%
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RIRPIRG G 12 /NS BEARAE RS, BURE IR R AT PR MY & 2. [
I, FAAREZR ) SEPCSL AE as FIXt MR . ARIBSLIR 25 R, e Bl 470 B At B8 10 5 1 BT ok
BT T —P s .
3223 IrEBERIID THMS S E

W4 8 mg R4 BRI R T B 2244, F “Qiagen DNeasy Tissue Kit” (Qiagen,
Valencia, CA, USA)fh#2 LK 2H DNA, FFZ R G Bt e 11 “ B REJE R 40 DNA 4fifh 75
157 4k DNA. SR 5 FH J0 R A% 0 A B PR 5 5% [R]RE [X (Internal transcribed spacer, ITS)id
514 1TS1(5’-TCCGTAGGTGAACCTGCGG-3’) 1 ITS4(5°-TCCTCCGCTTAGATATGC-3)
48 H 5> B TR A 1Y) 18S rDNA [ 1TS 741, X734 (1 75 51 A7 44k IR0 7 . 3235 FH Bioedit
A M ITS A EJETME, 7€ NCBI(National Center for Biotechnology Information
database) I #1T BLAST LbX} /5, FIH Mega 4 B4+ 111488232 (Neighbor-joining method)
P8 25 HrRbIR K (Phylogenetic trees), 33 10 W B3 B fR AN R
3224 SrEERIAEKFA LT

PR B0 K 22 B E RN pH AR T, DAV R AL B )5 (1
FOKFEFF (SEPCSL) ARGFREETMAERKEN . BACTIRIN: B 1 ml 5B @k fT
B (29 108 AN mD) #2813 10 g SEPCS1 |, 25°C ## & #:9% 3 K. #RJF, A 90 ml
FoH K, 25°C. 180 rpm #&¥% 2 /NI, I EHEACK IR A FiR 10° A 10° 5. HL 0.1 ml
AR IR AT PDA SR, 25 °C 1597 4 RJa, #HATFARITE. IR, 5087 7 FAS [F
UK R A ERKER, —MAZAHE = Al SR ESE RO, 55k
— PPl R O
3225 7y B A BRI AR A SE LS

M550y B TR R LAAS [k B 0 e — BRI AR KA O, B e LRV AE Kl . FL ik
JBW R ¥ DAPCS B P /KR e 4% (LBl sk Z/~F 0.01
oL, BT FRE 39 MTERNTREFSAFRMERNLEY EMRIET R
TARF) REKIL, RIEEEA 2 ml BRI TR (1X10° A/mD, {25 °C
FAF TR 9K, IS0 S BRI AR KA
3.2.2.6  ZrESTE RN ML

SR ) KGR S BREAT SR IS AT I, SRR s s AR I EE R . B
AL RUN : & 5 g TREFF SRS, TN 8 ml EHE/KHMLL, #5E, A
1ml BB TR (1X10° A/mD), 25°C #3: 5 KJ5, M pH 4.8, 100 mM
PRI R R -7 A BN R R R 41 4 R AR R 1% pH o 4.8, [l & 508 10%(wiw), B
4 15.0 FPU/g DM, T 50 °C. 150 rpm FIZKGFEIR R EGAE 12 /N, SR 5 KR RE 22 37 °C
F LA 10%(wiw) F) R B AN YIS ERPSE% RE DQL, 7E 150 rpm FI&&AF T R HEL S
RWE 12 /NEF . BERR 12 /NEFTEORE, FEAHTRE SR Y. AR O S . SRi
INMIEIERE L8R PR CEENER. RREA 5-52 SRR . 1 e 5 520 B ikt
B JMHI I B EE 1, SRR IR 2 AN R TR A 0 ) A BE T
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3.2.2.7 WG AR AT 4 R AR S R R N RE RS KT
282225,

323 ik
28 2.2.3,

33 #R5W®

3.3.1 ‘EWIMERMRIITEIL S %

M SEPCS2 FILpES%| 14 BRAFIFRAME, Kikar4 oy ZN1-ZN14, SRIEHIX
14 PREE AT VIR 5250

T B8 AR 52 R BRI 2 T KA AT Tl A P 0o it o = A %) =P 32 B 4100 1
W, T ELE AT R B M 3 A P A e O, IRk, AR RS AL R R N iR 3
PR, T LA A0 W7 70 B R R A 52 Ve K — AN R bR . R 3.1 FIH T 14 Bk
B B TE PDA SPHURI e i 752 52 AR A KB AT 3R 3.1 AT %0, ZN1, ZN2 Fil ZN3
SRR ISR R ECPAR AR R THE 11 PR, PR = PR 4k 82T
BRI . X =HRERAE PDA AR BB TEA WK 3.1, ZN1 (V& T S, 2%
W, R WA nT S A RE 2 AR TR i 7 3k, TRAK TR
2 AFEVRTRR, BAABTREANTLEESRE: ZN2 WEERV 206, —H
JE B TE RO ARG, AR, WA ECPRE, odbY . B RT iR
WEMRRIE 2, e AR, B EHEENESRE: ZN3 FIEEER, W
B HE . K EE TR A, 1] & 25 A R A RO AR, S 1 T 7 B S B 5o

F 31 14 K5 BB PDA BiFrZEAIfm i RE EAKENR

Table 3.1 Growth behaviors of the 14 isolates on the PDA medium and the screening medium

Isolates Growth on PDA medium Growth on screening medium
ZN1 +++ +++
ZN2 +++ ++
ZN3 +++ +++
ZN4 +++ +
ZN5 +++ -
ZN6 +++ -
ZN7 ++ -
ZN8 ++ +
ZN9 +++ -
ZN10 ++ -
ZN11 +++ -
ZN12 +++ +
ZN13 +++ +
ZN14 ++ -

- indicates there is no mycelium growth on the CS, + indicates the fungal mycelium was observable but
minimum; ++ indicates the fungal mycelium grew fast and covered the surface of the solids medium of the
flask; +++ indicates the fungal mycelium grew vigorously and full of the flask. Culture conditions: The PDA
plates with inocula suspension were cultured at 25 °C for 5 days in the static incubator.
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ZN2

Bl 31 =t B RREE
Fig. 3.1 Morphology of the isolates with toxins degradation property. Culture conditions: 25 °C for 5 days
in the static incubator.

FEREETRIE T, K B HE PR ZNL. ZN2 A1 ZN3 i1 Bl B 4% R 3 SEPCS1 |
BT 4 RIFEASRFE. )5, KIS RIFSFECE 50 °C. 150 rpm [F7KIG HEGHE 12 /N,
Sy BTSRRI A ) AR MR B . [, SRR 1) SEPCSL AE Xt iR (4558 W3R
3.2). MK 32 AI%0, Btk ZNL XY B e 77 AR T ZN2 F1 ZN3; BfiRfs, 5
XTREAH LG, F ZNL o83 (A5 FH 8 AT BB 2208 0 1 53.7%, 1 FH ZN2 F1 ZN3 i8¢ A5
ST 28.0%F1 34.6%. [FIRSIEKIL, ZN1 FIAEKERITERT ZN2 F1 ZN3 (4
ZN1. ZN2 F1 ZN3 DI EJR A Ja Rt T SEPCSL ER:3% 1 Km, HAEM%F] ZN1 (14
Ko, 100 55 A0 PR T DA A 38 I S AR KD o T ZN DI s it 2 1k R R DG 1 A K
71, Wi ZNL N EGE A AT A VI35 B B AR -

R 32 =BRA BRI TORFEFT MY i AR RE F7 B X 5 SL B I AR B

Table 3.2 Glucose yield and toxins derived from the pretreated CS detoxified by the three isolates

Fungal strains Acetic acid Levulinic acid Furfural HMF G!ucose
(g9/L) (9/L) (g/L) (9/L) Yield (%)
Control 2.540.2 3.04.3 0.640.1 0.9#.0 21.440.8
ZN1 0.640.1 0.640.1 0 0 32.9#1.2
ZN2 1.840.2 1.840.1 0.640.1 09#.0 27.6H+.3
ZN3 1.440.1 1.4140.1 0.1#0.0 0.40.0 28.8#.0

Conditions: Biodetoxification was carried out in flasks at 25 °C for 4 days in the static incubator. Enzymatic
hydrolysis: 10.0% (w/w) solids loading, 15.0 FPU/g DM enzyme dosage, 50 °C, 150 rpm in the water-bath
shaking incubator for 12 hours. FPU, unit of filter paper cellulase.

e, SOW ZBREHT T AN ST, HOTS [FHINER 3.3. VI airdR
#8. ZN1 5 Amorphotheca resinae AY251067.1 ( X #:#k >N Hormoconis resinae Al
Cladosporium resinae )1 Cladosporium breviramosum AF39684.2 E. 7 98%t) ¢ 51) [F] Y 14: .
i A. resinae & —FPECE, XM, A B A R E, ZN2 5
Penicillium polonicum E.A 98%f /¥ 51 [F ¥ "3, ZN3 5 Eupenicillium baarnense
AY213679 HA 99% 1 7 41 [FIEIENS, 25 ot W94 2 RUBRAE . A7 BRI 47 1 91
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PR JE, FATE = AN B Rk 2 5l dir 4 9 Amorphotheca resinae ZN1, Penicillium polonicum
ZN2 F1 Eupenicillium baarnense ZN3.

£33 3INMEBEKRKITS 751

Table 3.3 ITS sequences of the three isolates

Amorphotheca resinae ZN1

GGCTCGGAGTCTGCCTTACGGGTAGATCTCCCACCCTGTGC
CATCGTTACCTTTGTTGCTTTGGCGGGCCGCCTTCGGCCGCC
GGCTCACGCTGGCGCGCGCCCGCCAGAGGACCTCAACTCTT
GTTTTTTAGTGTCGTCTGAGTACTATACAATCGTTAAAACTTT
CAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCA
GCGAAATGCGATAAGTAATGCGAATTGCAGAATTCAGTGAG
TCATCGAATCTTTGAACGCACATTGCGCCCTGTGGTATTCCG
CAGGGCATGCCTGTTCGAGCGTCATTTCAACCCTCAAGCTCT
GCTTGGTGTTGGGCCCTGCCCGTCGCGGCCGGCCCTAAAAT
CAGTGGCGGTGCCGCTGGGCTCTGAGCGTAGTACATCTCTC
GCTCCAGCGCCCCGCGGTGGCTTGCCAGAACCCCAACTTCT
GTGGTTGACCTCGGATCAGGTAGGGATACCCGCTGAACTTA
AGCATATCTAA

Penicillium polonicum ZN2

ACGAGCGAGGGGCTTTGGGTCCACCTCCCACCCGTGTTTAT
TTTACCTTGTTGCTTCGGCGGGCCCGCCTTTACTGGCCGCCG
GGGGGCTCACGCCCCCGGGCCCGCGCCCGCCGAAGACACC
CCCGAACTCTGTCTGAAGATTGAAGTCTGAGTGAAAATATA
AATTATTTAAAACTTTCAACAACGGATCTCTTGGTTCCGGCA
TCGATGAAGAACGCAGCGAAATGCGATACGTAATGTGAATT
GCAAATTCAGTGAATCATCGAGTCTTTGAACGCACATTGCGC
CCCCTGGTATTCCGGGGGGCATGCCTGTCCGAGCGTCATTGC
TGCCCTCAAGCCCGGCTTGTGTGTTGGGCCCCGTCCTCCGAT
TCCGGGGGACGGGCCCGAAAGGCAGCGGCGGCACCGCGTC
CGGTCCTCGAGCGTATGGGGCTTTGTCACCCGCTCTGTAGG
CCCGGCCGGCGCTTGCCGATCAACCCAAATTTTTATCCAGGT
TGACCTCGGATCAGGTAGGGATACCCGCTGAACTTAAGCATA
TCTAAGGCGGAGGAATTA

Eupenicillium baarnense ZN3

CATTCACTGAGGCCTCTGGGTCCACCTCCCACCCGTGTTTAT
TGTACCTTGTTGCTTCGGCGGGCCCGCCTTTATGGCCGCCGG
GGGGCTCACGCCCCCGGGCCCGCGCCCGCCGAAGACACCT
CGAACTCTGTCTGAAGATTGTAGTCTGAGTGAAAATATAAAT
TATTTAAAACTTTCAACAACGGATCTCTTGGTTCCGGCATCG
ATGAAGAACGCAGCGAAATGCGATACGTAATGTGAATTGCA
GAATTCAGTGAATCATCGAGTCTTTGAACGCACATTGCGCCC
CCTGGTATTCCGGGGGGCATGCCTGTCCGAGCGTCATTGCTG
CCCTCAAGCACGGCTTGTGTGTTGGGCCCCGTCCTCCGATTC
CGGGGGACGGGCCCGAAAGGCAGCGGCGGCACCGLGTCCG
GTCCTCGAGCGTATGGGGCTTTGTCACCCGCTCTGTAGGCCC
GGCCGGCGCTTGCCGATCAACCCAAATTTTTATCCAGGTTGA
CCTCGGATCAGGTAGGGATACCCGCTGAACTTAAGCATATCT
AAGGCGAAGA
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3.3.2 JEWMZEE A. resinae ZN1 FIBRIR A K S2L6
3321 HELMERE A. resinae ZN1 LAFSFF R4 W AT [ 28 55 7% AR 3
TEREDIE SR IR, 2 AR M RME N S . XTI A, resinae
ZN1, 83PN IS I R SRS AR N H S AT AR R e AT M. 5, B
THEMEE A A resinae ZN1 7E BRI FR OO FORFEFT R 4F4E R SR . 45 R,
it 75 Bl S RS AT P 2T 4E R 10 B 8040 A 33.44.4%F1 32.64.1%, BIZE [ 75 1 A% o M it 25 1
A. resinae ZN1 HAEMREAYER, AIREIRE B AT M IEMBAG RN R. Hik, &
TR A resinae ZN1 RS EMIRIG T M) TR Ed TAEK . R EKMH, £
JEIS Y FORFEFT L1595 0 KRG, WEAZE] A resinae ZN1 F 224K ik, 7ERFF
A. resinae ZNZ1 PRI AR Ktk AT 25 14 B i mT DA FH A5 JECT e 1) KRS AT N Sk ik
BT ARG 77
3.3.2.2 A resinae ZN1 DATRALER A5 A Y 50 Dy E— B i) A= KA
ARG ARE RS H ERE AR R AR A T £ 4 21 JEURE TlAL B 4 AR
R E R, WK 3.4 TTUAE . A resinae ZNL 1] DUF BTG WA ) B0 4 g e — ik
WK, REAMEEEZERZE, A resinae ZN1 B 2o FH Wi Ab 2 o A2 Fb A Rl f A 2 1O S b
BN, RETRERIRRE, BRSSP FUREANH B R AR R 2

R34 BEMER A resinae ZN1 UATRANEL LR A= 9 BB D ME—BRIR AR KB DL

Table 3.4 Growth behaviors of A. resinae ZN1 using lignocellulose derived sugars as the sole carbon

sources?
Time .
Glucose  Xylose  Mannose  Arabinose Galactose
(day)
1
2 +
3 ++ -
4 ++ ++ +
5 +++ +++ ++ ++ +
7 +++ +++ +++ ++ +
9 +++ +++ +++ ++ +

®All the sugars were set at 160 mg/g DM. - indicates there is no mycelium growth on the CS, + indicates the
fungal mycelium was observable but minimum; ++ indicates the fungal mycelium grew fast and covered the
surface of the solids medium of the flask. Culture conditions: The thoroughly washed dilute-acid pretreated
CS with fungal inocula in the flasks were cultured at 25 °C for 9 days in the static incubator.

3.3.2.3 A resinae ZN1 DATH A B 5ok A 7 Ax 50 P D E— B R 1 A KA 1L
FETAE B AR, ARBTAF4E 3R k) T AR Ad2E pomiime . 5-32 MRS, 2R, WIR.
BTERIR KR, HZER. ZRE . 4-RBEERFEE., BOIRMACKER S &Y. RTE
HHELL A, resinae ZN1 DX Eeqlk| M4 7 A ME— bR B A K oL (L3R 3.5, 3.6, 3.7).
M 3.5 FTLLE i, A. resinae ZN1 DA Fh 5 2 [ B RE A A A0 1) 77— A [ A0 A2 s P Bk 1
RIS 760 W A At 2 ) - F e g e — BRI A K R AP . 40477 3.6 AT A1, A resinae
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ZN1 o m] AR B (R AR5 21 2 3 PR BRI R b= 2R A HLBR TR e — B, B35 2
M, W, FTERRAUKEEE. M3 3.7 AN, A. resinae ZN1 A LATE—ANBON 56 vz (IR
VU FELR AR o B AL AL S WO ME— B, B 2R 2By 40K HEE
EEIREY AR o 10 H, SL56 R A0 O 2z i 1 P AL B A o 7 A 3
VAL o

# 3.5 A. resinae ZN1 PABREAT A VI A ME—BRIR KA KB DL

Table 3.5 Growth behaviors of Amorphotheca resinae ZN1 using furan-derivative toxins as sole carbon

sources?
Time Furfural HMF
(days) 3.9 116 19.3 16.7 333 66.7
1 - - - - - -
2 - - - - -
3 + - + - -
4 ++ ++ - + + -
5 +++ ++ + ++ + +
7 +++ +++ + +++ ++ +
9 +++ +++ ++ +++ ++ +

®Substrate loading units are mg/g DM. - indicates no mycelium growth on the CS; + indicates fungal
mycelium was observable but minimal; ++ indicates the fungal mycelium grew quickly and covered the
surface of solids medium of the flask. Thoroughly washed dilute acid-pretreated CS with fungal inocula in
the flasks were cultured at 25 T for 9 days in the static incubator.

# 3.6 A. resinae ZN1 A AR M0 M —BRIR A KB VL
Table 3.6  Growth behaviors of Amorphotheca resinae ZN1 using organic acid toxins as the sole carbon
sources”

Time Acetate acid Formic acid Ferulic acid Salicylic acid

(days) 347 520 693 363 727 109.0 5.0 20.0 400 1.7 3.3

1 - - - - - - - - - -

2 - - - - - - - - + -
3 - - - - - - + - - + +
4 - - - - - - + + - + +
5 + - - + - - + + - ++ +
7 ++ + + ++ + - + + + +++ ++
9 +++ ++ + +++ + - ++ + + +++ ++

“Substrate loading units are mg/g DM.- indicates no mycelium growth on the CS; + indicates the fungal
mycelium was observable but minimal; ++ indicates the fungal mycelium grew quickly and covered the
surface of the solids medium of the flask. Thoroughly washed dilute acid-pretreated CS with fungal inocula
in the flasks was cultured at 25 <T for 9 days in the static incubator.
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Table 3.7 Growth behaviors of Amorphotheca resinae ZN1 using lignin derivative toxins as the sole carbon

sources®
Time Vanillin Sesamol 4-hydroxybenzaldehyde Guaiacol Phenol
(days) 1.7 3.3 5.0 1.7 3.3 1.7 3.3 1.9 3.7 1.7 3.3
1 - - - - - - - - - -
2 - - - + - + - + + + -
3 + + + + + + + + + +
4 ++ + + + + + + + + +
5 ++ ++ + ++ + ++ + ++ + ++ +
7 +++ ++ + +++ +++ +++ ++ +++ +++ +++ ++
9 +++ ++ + +++ +++ +++ ++ +++ +++ +++ ++

Substrate loading unit: mg/g DM. - indicates no mycelium growth on the CS; + indicates the fungal
mycelium was observable but minimal; ++ indicates the fungal mycelium grew quickly and covered the
surface of the solids medium of the flask. Thoroughly washed dilute acid-pretreated CS with fungal inocula
in the flasks was cultured at 25 <C for 9 days in the static incubator.

3.3.2.4 A resinae ZN1 4351 DU A1 — e A ME— By (1 A KA v

A5 PRV SEID A — B KR MM AR B R PE, PR AI5 558 T AL resinae ZN1
43 B DU+ o e — TR E A K (3% 3.8). 2SR FRUCHE R T ML 2 (1
g, BURERE LUSEM AT+ e g ME— i A s X o2 R 18S rDAN Ap 3 —MIEWI L
T M A A 5 1 2R A A,

# 3.8 A. resinae ZN1 45 A A+ e o ME—BRIR A KB

Table 3.8 Growth behaviors of Amorphotheca resinae ZN1 using hydrocarbons as the sole carbon sources®

Time Kerosene Dodecane (C12 alkane)
(days) 267 247 494 741
1 - - - -

2 - - - -
3 - - - -
4 - - - -
5 - - - -
7 + + + -
9 ++ + + +

Substrate loading unit: mg/g DM. - indicates no mycelium growth on the CS; + indicates the fungal
mycelium was observable but minimal; ++ indicates the fungal mycelium grew quickly and covered the
surface of the solids medium of the flask. Thoroughly washed dilute acid-pretreated CS with fungal inocula
in the flasks was cultured at 25 <T for 9 days in the static incubator.

3.3.3 MMM A. resinae ZN1 HIHIHI B e /)
3.3.3.1 FEFRFFMRIEMEE R A. resinae ZN1 52

REFR A E I A K AR AR R B2, Rk, Ee B T AR E. pH
WEEIKEXT A resinae ZN1 34T B A58 7= K520 UL 3.2). A 3.2 AT 4, A. resinae ZN1
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[P A KL BE Y R 78 20-32 °C, & AE KR 5K B AHIA], 9 25-28 °C. [AIFERY,
A. resinae ZN1 ] AZE— N ATz ) pH SR N AEK RIF, &IEAK pH N 4-6. A
[A] (9 S8 KX AL resinae ZN1 (AR K2 AN K, (HAE] 3.2(c)rT LA H, A. resinae ZN1
10 A= AR B i 1) T B4R AE K

8 1 (a) Effectof temperature (at pH 6.0, aerobic cultivation)
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Bl 3.2 REFREMENT A resinae ZN1 KK
Fig. 3.2 Effect of culture conditions on the growth of Amorphotheca resinae ZN1. (a) Effect of temperature
(b) pH (c) Oxygen level. Growth conditions on pretreated corn stover (CS) material: The solid content of the
pretreated CS was 40% (w/w), and the culture lasted for 3 days in the static incubator. Culture conditions on
potato-dextrose-agar (PDA) plates: 25 <C for 4 days in the static incubator.
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3.3.3.2 MEMEEE A. resinae ZN1 X EE— I B AR BE ) BN G BRI D R A 5 R )
Al

B —IHNE Y CFE 2R IR BREEFN 5-52 H RIS v B4 RIS P £k
FEfF b, SRFEEZE A, resinae ZNL X HE—HMIW) I REARRE 77, 236 0 B8 5 1 FOKFE ARk
TR AL 5ok, 45U 3.3, MK 3.3(@) AT LA, EAFM ORIRERE T, 5
XTREAH LG, AR 85 o A AT H I BRI FE R OR FRAIC, Bl 2 T R ) 7 1 6 B AN £ Bk B2 1)
KIEFE o A2 ST b Z BRI FE A %) 8.0 g/L B, FIFH A. resinae ZN1 X T KAk AT it
1T EE O AT D BB, RO RE IR RS B LT 0, Bl ZFR5E 4
e TR E A KA R EE . [FRER), B 3.3(b). (C)FI(d)7r I ZE B A. resinae ZN1 X} He
PR BRI RN 5~ Y SRR 1) vy A I e 00 LA RO AR AR VR FH o G AR 4
W R B 2644, H AL resinae ZN1 % T KRG A EAT it B AT DAAROR B4R 312F £ B9 A o
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25 7 (c) Changing furfural level W Furfural  OGlucose O Ethanol
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Fig. 3.3 Degradation of single toxin with changing concentrations on the pretreated CS by A. resinae ZN1
and the effect on the consequent simultaneous saccharification and ethanol fermentation (SSF). (a) Changing
acetic acid level. (b) Changing formic acid level. (c) Changing furfural level. (d) Changing
5-hydromethylfurfural (HMF) level. Degradation conditions were 5 days at 25<C in the static incubator. SSF
conditions were 10% (wt/wt) of the solid loading, 15.0 FPU/g dry solid matter (DM), at pH 5.0, 50 <C at the
first 12-h prehydrolysis stage and 37 <C at the sequential SSF stage, 150 rpm, 50 m1/250 ml flask, incubated
in the water bath shaking incubator. FPU, unit of filter paper cellulase.
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Fig. 3.4 Degradation of complex toxins on the pretreated CS by A. resinae ZN1 and the effect on the
consequent SSF. (a) Acetic acid and furfural. (b) Acetic acid and HMF. (c) Acetic acid, furfural, and HMF.
Degradation conditions: 5 days at 25 <C in the static incubator. SSF conditions: 10% (wt/wt) of the solids
(DM) loading, 15.0 FPU/g DM, at pH 5.0, 50<C at the first 12-h prehydrolysis stage and 37 <C at the
sequential SSF stage, 150 rpm, 50 ml/250 ml flask, incubated in the water bath shaking incubator.
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Fig. 3.5 SSF of different pretreated CS materials. (a) Steam explosion-pretreated CS after 4 days of
biodetoxification®. (b) Dilute sulfuric acid-pretreated CS after 4 days of biodetoxification. (c) Dilute sulfuric
acid-pretreated CS after water-washing detoxification at different liquid-to-solids ratios. Biodetoxification
conditions for different pretreated CS: 4 days at 25 <C in the static incubator. The detailed water-washing
detoxification procedure was listed in Table 3.9. SSF conditions: 30.0% (wt/wt) solids loading, 15.0 FPU/g
DM, pH 5.0, in the helical stirring bioreactor at 150 rpm. FPU, unit of filter paper.
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Fig. 3.6 Application of the biodetoxification method to various lignocellulose feedstocks. (a) Food crop
residues. (b) Oil and fiber crop residues. Biodetoxification conditions for various lignocellulose feedstocks: 3
days at 25 T in the static incubator. SSF conditions: 30.0% (wt/wt) solids loading, 15.0 FPU/g DM, pH 5.0,
in the helical stirring bioreactor at 150 rpm. FPU, unit of filter paper cellulase.
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Table 3.9 Comparison of the two detoxification methods for pretreated CS
Glucose Xylose Acetic acid Levulinic acid HMF Furfural DM loss Ethanol yield Water usage

(mg/g DM) (%) (%, wiw) (kg/kg DM)
Original 10.7 52.6 12.3 2.2 4.1 6.2 0.0 10.3 0.0
Biodetoxified 4.0 22.1 0.1 0.6 34 0.0 0.0 56.5 0.0
Water washing
L/S ratio 1:1 3.1 15.3 3.3 0.6 0.8 1.1 18.5 47.4 2.0
L/S ratio 3:1 2.0 7.6 2.1 0.5 0.7 0.9 21.3 49.3 6.0
L/S ratio 5:1 1.2 6.1 1.4 0.2 0.4 0.8 27.2 459 10.0

L/S ratio indicates the fresh water usage vs. the weight of the pretreated CS (w/w) during the washing step. Conditions for biodetoxification: 25 °C for 4 days in a static
incubator; Water-washing detoxification was operated as follows. First, different amounts of tap water were added to the DAPCS and stirred for 1 hour at 25 °C. Then
squeezed out of the slurry until the solid content rose to 50% (w/w, dry base) by a hydraulic press machine at 15 MPa for SSF use. Conditions for SSF: 30.0% (w/w)
solids loading, 15.0 FPU/g DM, pH 5.0, in the helical stirring bioreactor at 150 rpm.
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Fig. 4.1 Bioreactor for SSF operation at high solids loading. Bioreactor description: (a) Diagram of the
bioreactor with the helical impeller system, (b) Rushton impeller, and (c) Helical impeller. 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 intlet; (15) Gas
disperser; (16) Discharge head; (17) Gas inlet; (18) Stop valve.
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Fig. 4.2 Simultaneous saccharification and fermentation at high pretreated CS (corn stover) loading using
different stirring impellers. (a) Glucose consumption and ethanol production with helical and Rushton
impellers; (b) Xylose and acetic acid formation with helical and Rushton impellers; (c) Stirring energy
consumption using helical and Rushton impellers. Dotted arrows indicate inoculation time. Conditions:
Pretreated CS at 30.0% DM (w/w), Accellerase 1000 dosage 15.0 FPU/g DM, inoculation ratio of 10% (v/v),

50 °C for prehydrolysis (before inoculation) and 37 °C for SSF (after inoculation), 120 rpm stirring rate for
helical and 200 rpm for Rushton.
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Fig. 4.3 Fluid field distribution of bioreactors with helical impeller and Rushton impeller using CFD
software. (a) Fluid field distribution with helical impeller; (b) Fluid field distribution with Rushton impeller.
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Fig. 4.4 Effect of inoculation time and ratio on SSF performance at high pretreated CS loading at (a)
different inoculation time, and (b) different inoculation ratio. Dotted arrows indicate inoculation time.
Conditions: Pretreated CS loading at 29.0% DM (w/w), Accellerase 1000 dosage 15.0 FPU/g DM, 50 °C for
prehydrolysis (before inoculation) and 37 °C for SSF (after inoculation), 120 rpm stirring rate.
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Table 4.1 Materials feeding in the SSF operations at different pretreated CS loadings

Required solids loading (%, w/w) 15.0 20.0 25.0 30.0
Total pretredated CS (g) (Al) 1000.0 1300.0 1800.0 2000.0
Moisture of the pretreated CS (%, wiw) (A2) 64.8 63.9 65.4 65.6
Deionized water (ml) (A3) 1280.0 970.0 600.0 200.0
Enzyme dosage (FPU/g DM) 7.0 7.0 7.0 7.0
Enzyme (ml) (A4) 38.0 50.0 67.0 74.0
Inoculum (ml) (A5) 20.0 20.0 20.0 20.0
True solids loading (%, w/w) 15.1 20.1 24.9 30.0

Solids loading calculation: A1 x(1 - A2/100) / (Al + A3 + A4 + A5) x100%. For instance, the solids loading
30.0% was calculated by 2000.0 > (1 - 65.6/100) / (2000.0 + 200.0 + 74.0 + 20.0) = 30.0%.
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I 7] 2 ] A 2 2 3G o SR BT RERIR M A S BN 25.0%38 nE] 30.0%(w/w)
IF,  SONEAS R AR AT R R RAE,  DroRb it ] D) A SR e 5



%5 60 7T HEME T KFHE A0

® 42 AFIEEEETHT SSF I A IEHE
Table 4.2 Feeding time of pretreated CS at different CS loadings.
Solid CS loading (% wi/w) 15.0 20.0 25.0 30.0
Feeding time (hours) 0.5 2.0 5.0 10.0
Conditions: Accellerase 1000 dosage 7.0 FPU/g DM, 50 °C for prehydrolysis (before inoculation) and 37 °C
for SSF (after inoculation), 120 rpm stirring rate.
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68.0%, 64.8%H152.1%., L FEE1FERMEAE 1A S & 03 N %, KW/ A4ER
AT PRAIG, 32 22 S DT ] R 2 A ) Tt SR 5 o o ] 5 & (100 184 A v A A1 o

TEARFIRE A S & T, SSF A RIREEALILE 4.5(c). MK 45(c)rTLLE H, K&
PR R R AT BT 8l (AR R T R 2 o T it v P S 3 e o A OR3P, {HLE
HFEAS BN, AR ERAR &S, UL SEMEHRN B R, BEK
BTG, RSB SRR, B A5(d)RREARMERESET, RAEMAEIIRNEL.
MR CUE W, SR D 2R 02840 54k R ARG BE AR AL & 38 2L, BBl A 8] 445 & 1) 3
PEFEDhZ 2RI IN: B SSFIFERIFAa AT, B SRR, I HE DI 5%
FEARA ) — B HEWT AT 20, fE SSFad R, HiREIBRAT 3 2R IR B AR RIVRE L . AR,
T P DT T AR 0 o e PR AER A 2 PR B R P T 26



AR T K LSBT

61 7

Ethanol (g/L)

Viscosity (x10° Pa s)

60 - @ Glucose Ethanol
] | ——15% —A— 15%
50 + | —0—20% ——20%
o) ] ¥ -0 25% - 25%
> 40 3 —0-30%  -—30%
G
S
< 30
c
[
(]
2 20
(&]
3
U}
10
0
Time (hr)
100 7 (b) ---O---Theoretical ethanol concentration - 100
—@— Practical ethanol concentration
i —a— Practical ethanol yield .
S
80 - -80 =
<
O
. ©
o
(0]
60 - - 60 =
=]
o
) o
2
40 - 40 2
[
=
1 |
20 T T T T T T T T T T T T T T T T T T T T T T T T 20
10 15 20 25 30 35
Pretreated CS (%, wiw)
10000 -
1 (c) Viscosity —0—30%
i ——25%
8000 - -0 20%
—0—15%
6000 A
4000 -
2000 -
0 T T T T T T T T T T T 1
0 12 24 36 48 60 72

Time (hr)



962 71 HEME T KFHE A0

10

30 - . .
(d) Stirring power consumption - 30%
%) ——25%
O 25 A o
- —0—20%
s ——15%
s 20
C
il
g 15
35
(%3]
[y
o
(8]
o
=
[e]
a

7\
0 12 24 36 48 60 72
Time (hr)

Bl 45 BRHIRIR DA N B S B T FEFT I SSF 1R
Fig. 4.5 SSF at different pretreated CS loading. (a) Time courses of glucose consumption and ethanol yield;
(b) Ethanol concentration and yield change with pretreated CS; (c) Time courses of the viscosity at the real
SSF shear rate; (d) Time courses of the stirring power consumption. Dotted arrows indicate inoculation time.
Conditions: Accellerase 1000 dosage 7.0 FPU/g DM, 50 °C for prehydrolysis (before inoculation) and 37 °C
for SSF (after inoculation), 120 rpm stirring rate. The material feeding and the solids loading calculation
were shown in Table 4.1.

4.3.4 RSN AR R N R RS AT R DR S A R

/D AEAT SSF S RERI LT B &, X T BRARET 4k LI I A4 AR B K
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Table 4.3 Material feeding during the SSF operations at different enzyme dosages

Required enzyme dosage (FPU/g DM) 7.0 15.0 30.0
Required Solids loading (%, w/w) 30.0 30.0 30.0
Total pretreated CS (g) (A1) 2000.0 2000.0 2000.0
Moisture of the pretreated CS (%, wiw) (A2) 65.6 64.0 63.7
Deionized water (ml) (A3) 200.0 210.0 57.0
Enzyme (ml) (A4) 74.0 165.0 300.0
Inoculum (ml) (A5) 20.0 20.0 20.0
True solids loading (%, w/w) 30.0 30.0 30.6

Solids loading calculation was same to Table 4.1.
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Table 4.4 Feeding time of pretreated CS at different Accellerase 1000 enzyme dosages.
Accellerase 1000 enzyme dosage (FPU/g DM) 7.0 15.0 30.0
Feeding time (hours) 10.0 8.5 7.0
Conditions: Pretreated CS loading 30.0% (w/w), 50 °C for prehydrolysis (before inoculation) and 37 °C for
SSF (after inoculation), 120 rpm stirring rate.
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&, Tl AR BN BRI R EE 18 /N N B 4 b AR R 2 B, Bl S — B R RS
AR E . N 4.6(b) T LUE i, 4F4Ez i &= M\ 7.0 FPU/g DM 5% 15.0 FPU/g DM
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Fig. 4.6 SSF at different Accellerase 1000 enzyme dosage. (a) Time courses of glucose consumption and
ethanol yield; (b) Ethanol concentration and yield change with enzyme dosage; (c) Time courses of the
viscosity at the real SSF shear rate; (d) Time courses of the stirring power consumption. Dotted arrows
indicate inoculation time. Conditions: Pretreated CS loading 30.0% (w/w), 50 °C for prehydrolysis (before

inoculation) and 37 °C for SSF (after inoculation), 120 rpm stirring rate. The material feeding and the solids
loading calculation were shown in Table 4.3.
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Table 4.5 Mixing energy consumption during the SSF operations at different solids loadings

Solids loading Mixing energy Thermal energy in the E1/E2
(%, wiw) consumption (E1) ethanol produced (E2) (%)
(MJfton slurry) (MJ/ton slurry)

15.0 79.5 854.9 9.3
20.0 113.6 1150.8 9.9
25.0 340.5 1551.3 21.9
30.0 1009.2 1723.2 58.6

The material feeding and the SSF operation conditions referred to Table 4.1 and Fig. 4.5. The unit MJ/ton
slurry here refers to the energy per ton of SSF slurry used. The HHV (higher heating value) for ethanol is 23.4
MJ/liter, and the ethanol density (average) is 790 kg/liter.
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Table 4.6 Mixing energy consumption during the SSF operations at different enzyme dosage

Enzyme dosage Mixing energy Thermal energy in the E1/E2
(FPU/g DM) consumption (E1) ethanol produced (E2) (%)
(MJfton slurry) (MJ/ton slurry)

7.0 1009.2 1723.2 58.6
15.0 424.7 25115 17.0
30.0 347.0 2738.2 12.7

The material feeding and the SSF operation conditions referred to Table 4.3 and Fig. 4.6. The unit MJ/ton
slurry here refers to the energy per ton of the SSF slurry used. The HHV (higher heating value) for ethanol is
23.4 MJ/liter, and the ethanol density (average) is 789 kg/liter.
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Table 4.7 Fermentation performance® of CS at very high solids loading
Ethanol yield (%, of theoretical
ethanol yield)

Solids loading (%,w/w) Final ethanol concentration (g/L)

30.0 53.4 71.1
35.0 65.3 69.2
40.0 68.1 60.3

*The SSF conditions were listed in the Fig. 4.7.
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Fig. 4.7 Effect of extremely high solids loading CS on the SSF performance. Dotted arrows indicate
inoculation time. Conditions: Pretreated CS loading 30.0%, 35.0 and 40.0% (w/w), 15.0 FPU/g DM
cellulase, 50 °C for prehydrolysis (before inoculation) and 37 °C for SSF (after inoculation), 150 rpm stirring
rate. The CS was pretreated by the “dry” dilute-acid pretreatment and detoxified for 7 days.
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Table 4.8 Effect of different CS and cellulase feeding modes® on the SSF performance at 35% (w/w) solids

loading.

Ethanol yield (% of theoretical

Case Final ethanol concentration (g/L) ethanol yield)
1 65.3 69.2
2 66.1 70.2
3 69.1 735
4 67.0 711

*The detailed feeding modes and the SSF conditions were listed in the Fig. 4.8.
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Fig. 4.8 Effect of different CS and cellulase feeding modes on the SSF performance at 35.0% (w/w)
solids loading. (a) Case 1: cellulase was totally put into the bioreactor before CS feeding, and the CS was
fed into the bioreactor to reach 35% (w/w) within 12 hours; (b) Case 2: Half of the cellulase dosage was fed
before CS feeding, then CS was fed to 30.0% (w/w) within 12 hours; the remaining CS was fed four times
in the next 18 hours (every 4.5 hours), and 1/16 (v/v) of the cellulase dosage was fed following each CS
feeding. In addition, 1/8 (v/v) of the cellulase dosage was fed at 36th hour and 48th hour, respectively. (c)
Case 3: Half of the cellulase dosage was fed before CS feeding, and the other half was fed at 36th hour and
48th with 1/4 (v/v) of the cellulase dosage, respectively; the CS feeding mode was same as that in Case 2.
(d) Case 4: Half of the cellulase dosage was fed before CS feeding, and CS was fed to 35.0% (w/w) within
14 hours; the other cellulase was fed at 24th, 36th, and 48th hour with 1/6 (v/v) of the cellulsae dosage
every time, respectively. Black dotted arrows indicated the CS feeding time and the green dotted arrows
indicated the cellulase feeding time. Conditions: CS solids loading 35.0% (w/w), 15.0 FPU/g DM cellulase,
50 °C for prehydrolysis (before inoculation) and 37 °C for SSF (after inoculation), 150 rpm stirring rate. The
CS was pretreated by the “dry” dilute-acid pretreatment method and biodetoxified for 7 days.
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Fig. 5.1 Effect of vacuum distillation conditions on the ethanol separation of the synthetic fermentation
liquid (a) ethanol in the stillage (b)ethanol in the distillate (c)volume fraction of the distillate (d)ethanol
recovery. The distillation conditions were: the water-bath temperature were 37, 45, 50 and 55 °C for heating
the distillation flasks, and the distillation time was 3, 5, 10, 15, 20 and 30 min respectively, at the
approximate absolute vacuum conditions.
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Fig. 5.2 Effect of vacuum distillation on the cellulase activity in the synthetic fermentation liquid (a) the
digestibility for the Whatman filter paper of the remaining cellulase in distillate; (b) the digestibility for the
CS of the remaining cellulase in the distillate at 5% solids loading. The vacuum distillation conditions were
listed in Fig. 5.1. The CS used here were pretreated at the optimum “dry” pretreatment conditions discussed
in section 2.3.3. And the CS after pretreatment were water-washed at a liquid to CS solids ratio of 12:1
(w/w), then squeezed out of the water with the final water content of 60% (w/w).
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Fig. 5.3 Effect of vacuum distillation on ethanol separation in the fermentation slurry liquid after SSF for
96 hours at 40.0% (w/w) solids loading (a) ethanol concentration in the stillage and distillate; (b) distillate
volume fraction; (c) ethanol recovery; (d) acetic acid in the stillage. The distillation conditions were: the
water-bath temperature were 37 °C for heating the distillation flasks, and the distillation time was 5, 10 and
15 min respectively, at the approximate absolute vacuum conditions.
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Fig. 5.4 Effect of vacuum distillation on cellulase activity in the fermentation slurry liquid after SSF for
96 hours at 40.0% (w/w) solids loading (a) digestibility of the remaining cellulase in distillate for the
Whatman filter paper; (b) digestibility of the remaining cellulase in distillate for the CS at 5% solids
loading. The distillation conditions were listed in Fig. 5.3. Control in Fig. 5.4(a) was the glucose released
after enzymatic hydrolysis of the Whatman filter paper catalized by Accellerase 1000 with 50 folds dilution.
Control in Fig. 5.4(b) was the glucose released after enzymatic hydrolysis of the CS at a dosage of 7.0
FPU/g DM.
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