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Expansion and Iterative Upgrading of Key Technologies for Dry
Biorefining Toward Industrial Applications

Abstract

Dry biorefining of lignocellulose comprises key steps including dry acid pretreatment,
biological detoxification, and high-solids loading enzymatic saccharification coupled with
fermentation. Currently, this technology has demonstrated conversion metrics comparable
to those of corn dry milling in the production of liquid biofuels such as cellulosic ethanol
and microbial lipids, as well as bio-based polymer monomers like chiral lactic acid, along
with promising techno-economic indicators. It also offers multiple advantages, including
zero wastewater and toxic inhibitor discharge, low energy and water consumption, minimal
corrosion, and stable storage of biomass feedstocks. In advancing dry biorefining toward
industrial applications, systematic expansion and iterative upgrading are required to address
several critical issues, such as the low rate and poor controllability of biodetoxification, the
lack of fully continuous operation in the overall biorefinery process, and temperature
mismatches among multiple bioconversion steps. This study achieved key technological
expansions and iterative upgrades for industrial applications of dry biorefining through the
development of liquid-phase biodetoxification and its detection method, realization of fully
continuous biorefining, and thermotolerance enhancement of engineering strains. These
advancements have collectively propelled the technology toward industrial implementation.

In the first part, the solid-state biodetoxification—characterized by low rates and
difficulty in precisely controlling the detoxification endpoint—was upgraded. Based on the
unique metabolic features of detoxifying microorganisms, an online method for identifying
the detoxification endpoint was established, enabling precise, rapid, and low
sugar-consumption  liquid-phase  biodetoxification = of  high-sugar-concentration
lignocellulosic hydrolysate slurries. Firstly, it was observed that the pH of pretreated
lignocellulosic hydrolysate slurry underwent a shift during liquid-phase detoxification due
to the consumption of organic acid inhibitors and the production of fatty acid metabolites.
Secondly, by using online monitoring of pH peak as a clear, detectable indicator of the
biodetoxification endpoint, inhibitors in high-solids loading, high-sugar-concentration
biomass hydrolysates were rapidly and efficiently removed while maximally retaining
fermentable sugars (sugar loss < 2%). This allowed the integration of the original dry
biorefining chain (dry acid pretreatment — solid-state biodetoxification — high-solids
loading enzymatic saccharification and fermentation) into a new chain: dry acid
pretreatment — enzymatic saccharification — liquid-phase biodetoxification — high-solids
loading fermentation. Finally, the effectiveness of this new chain was verified for producing
typical lignocellulose-derived products such as chiral L-lactic acid, ethanol, and sugar acids,
achieving high product concentrations, yields, and bioconversion rates. Compared with
solid-state  biodetoxification, liquid-phase biodetoxification offers comprehensive
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advantages including faster detoxification rate (completed within 12-24 h), minimal sugar
loss (<2%), smaller reactor volume, easier operation, lower energy consumption, and more
convenient material handling, thereby providing an ideal solution for continuous operation
in dry biorefining.

In the second part, based on the new dry biorefining platform, rapid fluidization and
continuous bioconversion were studied in detail using wheat straw as feedstock and L-lactic
acid as the target product. Firstly, a simple mixing and neutralization mechanism enabled
rapid fluidization of dry solid pretreated materials without enzyme addition, allowing fluid
transport via conventional mechanical equipment. Secondly, continuous enzymatic
saccharification, continuous liquid-phase detoxification, and continuous simultaneous
saccharification and co-fermentation for L-lactic acid were performed on fluidized
pretreated materials at high solid content under the same dilution rate. Finally, under the
premise of zero wastewater, zero solid waste, and zero toxic emissions, continuous
biorefining was achieved with conversion and techno-economic indicators approaching
those of corn dry milling. These results provide important technical support for
industrial-scale continuous production of L-lactic acid or other bio-based products.

The third part addressed the wide temperature variations (50 °C — 37 °C — 42 °C)
among the three stages of enzymatic saccharification, biodetoxification, and L-lactic acid
fermentation in the dry biorefining chain. To improve process efficiency and reduce energy
and time costs, thermotolerant engineering was applied to both the detoxification strain and
the L-lactic acid fermentation strain, enabling a temperature-consistent process for
saccharification, detoxification, and fermentation. Firstly, high-temperature adaptive
evolution of the detoxification strain Paecilomyces variotii FN89 in inhibitor-containing
wheat straw hydrolysate yielded the engineered strain Byssochlamys spectabilis HT45,
which tolerates 45 °C and maintains good detoxification capability. Secondly, long-term
high-temperature adaptive evolution of the lactic acid bacterium Pediococcus
acidilactici ZB220 generated P. acidilactici HT150, which stably ferments at 45 °C. Finally,
a high-temperature biorefinery process for L-lactic acid production was constructed using
these two thermotolerant strains, achieving temperature consistency across all three stages.
Compared with the conventional temperature-switching mode, this temperature-uniform
high-temperature process further improved L-lactic acid conversion metrics. This approach
offers a simple and efficient model for industrial application of dry biorefining, avoiding the
energy and time costs associated with frequent temperature adjustments in large bioreactors.

In the fourth part, detailed process studies and techno-economic analysis were
conducted on the production of fermentable straw syrup via dry biorefining. Firstly, through
dry acid pretreatment, enzymatic saccharification, liquid-phase biodetoxification,
solid-liquid separation, and vacuum evaporation under conditions of zero wastewater
generation, zero inhibitor emission, and zero external heat input, a fermentable mixed-sugar
straw syrup was obtained with total sugar concentration > 600 g/L and no residual inhibitors
such as furfural or 5-hydroxymethylfurfural. The straw syrup contained no solid impurities,
remained stable during long-term storage, could be stored mold-free for six months at 4 °C,
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and exhibited an apparent viscosity <50 cP at room temperature, meeting requirements for
tank transportation. Secondly, fermentations of ethanol, L-lactic acid, and microbial lipids
using this straw syrup demonstrated performance comparable or superior to that of
starch-based sugars. Finally, rigorous process simulation-based mass/energy balances and
techno-economic analysis showed that the production cost of the straw syrup is significantly
lower than that of corn-derived glucose. The proposed technology for producing straw syrup
from non-food lignocellulosic biomass achieves carbon-neutral fermentable sugar
production under zero-emission conditions, providing a low-cost, low-carbon, and
sustainable sugar feedstock for synthetic biology-based production of liquid biofuels,
biodegradable polymer monomers, and bio-based chemicals.

In summary, the findings of this dissertation provide important technical solutions for
the industrial application of dry biorefining, offering substantial scientific value and
application prospects for advancing biorefinery industrialization and promoting the efficient
utilization of non-food biomass resources. With growing global emphasis on sustainable
development and carbon neutrality, dry biorefining is poised to play an increasingly
significant role in the future bioeconomy.

Keywords: dry biorefining; liquid-phase biodetoxification; continuous biorefining

high-temperature biorefining; straw syrup
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T P ] S A 2T 248 2R JEURL G AR RSO S K AR, ARG EE R L Il SRR 2%
R BB UE A BB T, RSV EE . deik, S EYIIR
LA SR e P S A T B e i (D BEACAI S R 7 — DM EY) OB 2s,
WO T RN BRI RS RA: G TR T WA AL R B 4T,
MMEAAAFLASGE, SRR R, AR T AR Emr ™), Gid B/ 8
IKFRRAE S A% EITEAR Iz, 7AWy b2 s 4.

SR, SEPRBOBES E VDI B AF U T e — > FORRI kAR, RIS 2R3 —Fh B
M2 RUHE bR, DARA ORAEARAR AT A IR W 457 2 O 52 T TR VR B . X2 Ry
— 7T, EVIREATE 7 2 R ECR R KNI AR S S ACD IR, (R
BEVEREANEE: STy, I EAEMI BRI 2 S SO 0 B R AT R B ) AR AR T R R
PRI, i AR 175 100 A A2 P B B B S AE A 42 58 4V i L A 5 B R 43 K T 2 s ANt
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FITEOL N IGE I I B AR R B 0 IRIU T &2 — P LR Bk ME 1, A7 AE T T3,
Y. A b, JFREEAREAIA L R A KIPOL Z5 S T Rk 2 o)
SRR T AR A, (EEEA OC T BRI AR . HMF . LR AN 45 R AR
JRET Y R AL BEATAE IR VI IIROE . AT 1 LT 3275 S AL B TR AL AT
RLrb oy B B5E IR % FNS9, JRENL 1 FIZ A 1 Se RS At &5 05 1% . 1@
AL S, BATRIA R pH EHZL SR B AR e X N AR
pH fELK BWEAR = , A8 F o MY O 5 428 B, I H ] B B R 48 2K ) LS AN
VRIS A= PR 2 B B RE S S I B R BB B, AT R DN T L-FLAR . LB AN
RS A A A Bk, EFATHCES LY SN, KR pH WEE R BLEN A
W B2 75 SE N AN 5 TS HOT S BN A 28 i bn i . Bk, TS AP A
TER R E — N E Kb BRI 2] PP B (i 2 2% mOAE bR S O ok .

22 MRlEHE

22,1 SER R A

INEREF S BRI A R BH T, IR T 2021 4 5 H . EIT S AL = 2 R, &
FFOAE AT 7 AR5, Qi R RN 0 4, R ZORIE RSB — BT
A (FBERYN 10 ZKAE5) o 2 s U2 5 1 656 1 [E 5K 0] F AR RRIR S g0 =
(NREL) [ 2H 433 5 77 32 13OVFI K 43I 7 77 32140V ReAffy 5 12247 v T BH /N 22 R 1 = 22
Moy GERER, ZMDEREITEH 35.6% + 0.4% M4 24.3% + 0.2% AR,
18.7% + 0.1% AR ZEF 9.7% + 0.3% K4y GHETF&E) .
222 PgAAH)

e RBER W 4EE CHED AR A R A A 4771 Cellic CTec 2.0. HE, 1R
P NREL [JE4NRE 15 2 7% (LAP-006) , JHJE4NEFIE N 203 FPU/mL. Ik, R4
RGN B AR A B E J7i% (Brandford v5) 141, HEFE A SE N 863+4.4
mg/mL. )5, FHEEMEMHMNIZE 4 mg BEA/g FYRFEFATRN.
VRS CREILER) RAARER CPED AV TRERAF A1 GA-L NEW. 4§
AR, HEFIEAN 103,900 U/mL. (12804 5T E i3 e AL R B G R
NF . BERHREY) (BUEERRR) A F RIS ET Oxoid AR (PCEAR, HED . it
B — KR A B AN FAth 24 i BRI I S B i 25 4R L R R FR A A
223 MR IR

TSR 0 25 B AR P 220K B % IR AU 75 8 P variotii FN89. 1% 1 {78 T+ [ 4t
RHAEM R G, S CGMCC 1766571421, IEXM T, S5k P variotii FN89 7
+ G- E BB AR (PDA) 55755 (45 200 g/L 25 7 -5, 22 o/L —/KF &) HE A1 25 g/L
BUIEAD SRR 3SR 2 WK, SRIGME T 0.05%(w/w) I E-80 T R e T A b 7+ 3k
BT, e B A TR R T b () SM U & B R e h EAT RS 9%, DASRAS B
(%) P. variotii FN89 BLEEM T . SM RIRA G IR 30045 2 o/L BRS04, 1 o/L Bk



LHEET RS L% %15 W

FRAG . 1 g/l BilRER. 1 o/L B RHEEW. 1 o/ BBREE-L/K AWM 22 o/l —/KHE &b
L-FLIR [P R 3L kB (SSCF) It R Tk 4o i AR T RR 50E I FLIR v 3R A
Pediococcus acidilactici ZY271 (CGMCC 13611) ™ 431, 3% 5 n] FI| Fl 22 Fih A J5fi 21 4
FORIRENE (A akE. ACHE. BB AApE. HERAEAN) . ZEKH R REKE P
acidilactici DQ2U, 2 JJj ldhD 2 H kR 2 Ja i %N P acidilactici TY 112041, SR )5,
BN ARE R Oold) « KBEEEE (piB)  FENG (ko) FVETERE (tal)
VUSR], 5 RHEE R %12 (PPP) A2 P acidilactici TY112 &R, FEiE i
PRSI NE (pkt) BEDRRPBHBIERRZEIRE RIS (PKD , MM/ SR I A1,
FLIR W P, acidilactici ZY271 WIF115 77K | Man-Rogosa-Sharp (MRS) & & B 77
. FRIFREHEE 10 g/L EBEAMR. 10 g/L BERHEERW). 5 gL LR, 2 o/L FIFIR
Sh%. 2.6 g/L BEREAE AT = K&, 0.58 g/l MiREEL/KE. 025 g/L Filgsh—/K
B 22 g/L — /KA ENE . FLBR KBRS, BT K BERT B IR P 20 g BERESEHL
Y. 2 g FrIEIRE LN 0.25 ¢ IRE — K &Y

T R T I R R T A R O 4 o AR i T R s e S R
cerevisiae XHTU o 1% 5 & 18K G A AHE T MBI Ru-xyld 2R i PRI A B B 3
B i) XKST JEIR DL R AR S A b T R I A3 w14 DU A ik DR 45 281 B A TR Y9 TR 1
BSIF Wi 3R1F1 . thbh, JmbResiit 5B GRE3 &= KIAN g i B 1t B R B 1) PHOI 3
FRW B EERTY. S, cerevisiae XHT 1EH 10 g/L BERHERY) . 20 g/L S H A1 22 g/L
— 7K 28 W A RS ) B R SR Y- B R AT S (YPDD WK A O TR B AT IR AL
LIRS, R R BT T E RV TS 10 g BERHEIW. 2.6 g BRIRE 81 =K &
Y. 2 g BRERARAN | g BRERBE-L/KEW.

FH T 00 2 W T R A I A 7 P A T B o S 220 08 7 P 3 A T 15 280 P 4 7
WEMRFF B Gluconobacter oxydans RM7 (CGMCC 14801) , 1%t H &k B A A2 M A [ ik
A5 A B IR AR 0 (DSMZ, AiAE E 70, B2 ED WA G. oxydans DSM 20031871,
Fh 7R R i & 20 g/L BERHEEYI. 1.5 g/L IBEBR S 41 1.5 g/L MR .0.5 g/L
IRIREE LK AW K 80 o/L HILLIALEE . WERR K EERT, AR ERET 7 S F- ) i A
5 20 g BERHEEY. 1.5 g BEERE B0, 1.5 g MRE LI 0.5 g BiFREE-L/K AW,
224 FIRWiIALE

FERARN 20 L I TRAL IR S B 2% AR /N2 A AT AT TR TRUAR BRI 1401, fp 4 N 32
FFHTEE N 1200 g, Ff)E44HE 38 mg/g TEF R ZRINRE (FRRR) , £
A TALFRAR RIS B N~T0% (wiw), BIFRERRERLL 2:1. TR AL EE 2 B 2% N
A ISR AL, AT LI R BLAS AT . BRIBAB A 2RI T R i & . iR
SEBRAERF A VIR E 175 °C. JE /7 0.8-1.0 MPa Al HEH:53# 50 rpm, 4P 5 min J53HT
HORHEAE, W] LA B i E~2 kg FLIE & E~50% (w/w) B FAL BE 2 A RE . IR /INERE AT
WS T ZRVRA BRI T A 7K Sy, AR T H R AF IR, SO H1 5 A7) R RITREIR o
PRI PSR AL (TP-510-42618) HEATFRUEALLE 32139, TR FlAL 5 i 22 F T4

Saccharomyces
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BHA FE B 4S: B TR 3502 £ 8.2 mg 4F4E K. 14.0 = 5.7 mg ARFEFE.
36.7+ 0.8 mg F & i 136.8 £2.6 mg APE. 22.9+£03 mg L& 5.4+ 1.0 mg 5-F2 15
Wl (HMF) LLK 2.8 +0.5 mg FRERS .
225 PEAEFECARESEY R

15 SL MBI ROSLES PN TRAL 3R G 22 AR AT B R RE A, DR n] Kk
B BE . BT PR BT (pH N 2~3) HEAIMBRIENFIL KL LR CBENIRSE IR,
R S SR FH o 2 0 20%(w/w) N B ES CE  FEAT Fe r h oR, B ZEYIRLE pH A
F5.0~5.5. BEJGTE 30%(w/w)IIMR RIE & & 50 °C. 150 rpm {2515 T X R G 16 71
SEFRZZ AT AT G MEREAL, F52 12 h (JRZEH T OB L-ALRR R S5) 548 h (JE4E
TR AR RS 58) o 7 L-ALRR A SR P2 LS, BEARpE AL 2 7
NFLHEAT . DR/ N BB (BT , bR FEIDbE
SR EE (SSCF) o TERERR A= IIEM T, BRI RE R — D (48h)
It H R T A 18] = 4 3 2 BB R -5 PN B GE 41 4 2 I PR A SR F A i 4 147 1981 R e A
KB — XM I A R AT e =Bl . A PR SEI P AT 4E R B E 350N 4
mg MR H/g TR, KEEFE R FASMN N 4 25 1

WAL ZE 5, FTERAE I R K R ST 20 e 8 2854 Rushton FiEFEIZ 1) 3L K%
AT EDNL R . HE, REBAEVIR M T, TATE P variotii FN89 (1)1
TR (T EHLN 103FZTH) LU 10%((v/v) I LB Rh 2] SM A & Rl 75 ik
H, SRJGAE 37 °CAHI 300 rpm HIZRAF T HEFEEEE TR 20~24 /N, S Fh 30 T 40 B =
H(DCW)OZINEES g/L A LI AP LD 1%(w/w) < 5% (w/w)~ 10%(w/w)BX 20%(w/w)
[ L) 2 Fh B K fR i P G S AE I B AR, FEES AR Y B FE ) HoAth 2% A 2=
Bt T4k, HFEVIEE pH M (3.5, 4.0. 4.6, 5.0 805.5)  Htdk#EE (300, 500 B
750 rpm) FLESEZE (0.5, 1.0 8L 1.5 vwm) 525 WA EWIR S 4 AR AR AT AT
BV, A REIRE A R — & B RVHIE A ORISR T2 7K AR R AR AR
0.5%) o PiaEMAMELES /> HIER pH HAR (D09120016, FRIHIUR /AL Bgs A PR
A FIAF N (CH7402, Hi-LrG Lt BT A D RN pH BRIV R
Ao BRI TS 2T KRR A T AT T L 50 °CHT 100 rpm ZEHF 12
INEE, DVETERE P ovariotii FN89 Jii142), P variotii FN89 {EI&E IR E (<37 °C)
FE E AT DL 28 T AR AR 2 B BOR LB MK AR K, (BAE = TR 3R 5
IR/ B =R (50 °C) ) R LU 71 s A7 g 1421,
22.6 CFE. L-FLERFUNER WA 7=

TR KB AE A Rushton BRI 3L A TEE P o8 BCS AE VI DB ) » BLA%AE
BLEAT Z R AR I ) R B A = . b, T IREUR AR P2 AR ) AN L-FLIR 1)
RIEFRBLE RIS PEA S LR (SSCE) ;5 T FH T I S8 A T A 77 41 6 W R AN A BB R 1
BRI D B % (SHE)

T ORI, BB IR S cerevisiae XHT Wi (2] 2 mL) # A 20 mL
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YPD ;7R FE R THIE AL, AL PL 10%((vv) IR R 2 5% (wiw) [l & &1 B
B 2 AT K AR R AT 55 9%, R — P Tl B S 1% R RE (3P ol — S Fh 1V 4%
FRZE 10%(w/w) ] 7 5 1 OB 85 22 A /K R R AT 35 7%, 3R1S —gph 1. BT 5
IR B IN T 10 g/L BERHERWY). 2.6 g/L B A 4T =/K &Y. 2 g/L BFERE M 1
g/L RE-L/KED . FraM FIIME 30 °C. 180 rpm 1251 N 5% 24 he )5, #
TR TIRLL 20%(viv) EER RN ~1 L AR K AR ) 3L R IEEEEN , ARINTE
FEF R _E3RE 2905 46 30 °C. 300 rpm. pH5.5 CEHBIEIN 5 M NaOH % i pH)
264 T IREUK % 48 he

XTFE L-ABRAKEE, &R A RN P acidilactici ZY271 W (%12 mL)
FEZN 20 mL MRS #5575 T3 9%, IR — 0P 1. Bl S HEI0 10%(v/v) IRl & 4%
FRZ BT 6F (1Y) 100 mL MRS 8572 5 AT 35 7% CRIRRIN 1.2 g BRERES AT 1 mL BEALERD |
RIS T RA R FILE 42 °Cy 150 rpm I FR59% 6 he o, BHLFRHE
TR FICA 10%(viv) RN B NS ~1 L I B K AR ) 3L R IERE N , 7E 42 °C.
300 rpm- pHS.5 CH BN 20%(w/w) ] Ca(OH): W% i H1 pHD HI4544 N IRE KB 72 ho

XTI A PERR AR BERR K%, K 7 Bk (SHE) 7. X2HN
T 22 W TR R TR I R v 2 77 A — b 44 DR i 2 B TR -0~ AL TS ) R T = AR A i 26 B R A
WAL RN A, B S B ORKARERCHEI ATREIR D, IX P 2 R B A 4t K
PEo D, TR LT e R B Rr e R A KARVE R 1) SSE (R BB AN &% ) LK SSCF ([A]
RS IR 7 NIAE R T A R R A B 190 FEARRR T, AT ROKIREE
iy TR A B 22 AT PR R TEOH TR TR, IR AL T R) 2 2 A 48 ho AN AT BB TR
i G. oxydans RMT7 IR SO BETTIEWTR . B9, HAGRIET G. oxydans
RM7 ¥ (292 mL) #2220 mL FpF35 3L 4178 30 °C. 200 rpm 26 1F F557% 24 h,
PR =P TG B, TR 10%(v/v) R SR 2B 100 mL FiFRE a5
FERAFZRAT T HESR 24 h, ARG BJ5, KA AR & PEIRAT 181 1) — b 11K
PL 10%(v/v) IRl B N2 ~1 L i Bk A 28 1 3L KB, 7E 30 °C. 500 rpm.
2.4 vvm Fl pH5.5C E %301 5 M NaOH F1 2 M HaSO4 $241 pH) I 264 N 178 K % 24 he
227 SAMHEIE-FUEKA (GC-MS) 4t

KH GC-MS XHEAS AV EE I v G = AL R YEYI . CInfE WG RRSS) HEAT Pk
FSrUs0- 15U FERE AL, ShyE G g 7 B AT A A 855 77 H i U Vit S I PN S AR
TH, R TEER- SRR RGE (—FhIEfTAt ) U9, BAKT S, Sk il 25 HA 1)
IR B O BT (500 ul) 5 50%(w/w)BREE (50 uL) FI/K 28k (200 pl)
fE EP EWHHTIRA (LN 10:1:4) , SRIGHIERIEG #&IR% 20 30 rH e E T
HELOHLFE L (12000 rpm, Smin) , FRE T 4 °CUKFE R E A A 30 708 HJaH
B /NI 2 2 BRI T GC-MS A&l .

A TR A 2L % Agilent DB-WAX B4HE #E (30 m x 250 pm x 0.25 um) )%
AR 6890N-59751 SAH A iE- o ik e A A (R E ZHERRHEAIRAFD , XL Eh
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NTSTO5. it I ES NE/S, THETE A 1.0 mL/min. 5K Fsh3ERERIAFA 1.0 uL,
SN 51 WEFILEIR S E] 3 min. f#H 50-500 m/z HHETEFEILE 70 eV R LUy
(ED AR A0, SRR T FHE: WG 60 °C, fR%F 2 70dh; R )5 LA
7380 10 °C/min FIETHE 170 °C, fRFF 2 708 &G 60 °C/min HEZTH 2
280 °C, PREF S 4rhe #EFE AN BI B YR AL 40 ) & B h 280 °CHl 230 °C.
22.8 HTTE
o WA PR < I A it v (%) 7 2 B AN A B I R 265 HPX-87P 4143 (Biorad, 38 ED .
LC-20AD a4 (HARHE) Al RID-10A RZEPOERINEE (HARE &R0
ik (HPLC) , JahRH A K A5 4K, FEA 0.6 mL/min, iR
j\j 80 oC[147]O
G 2 A ol P 8 28 0 15 R AW % B K Biorad Aminex HPX-87H i 4
(Biorad, 3£[H) . LC-20AD i 4 ( H A EE) A UV/VIS filll %% SPD-20A ] HPLC.
Rl 264 JishAEA 5 mM HaSO4, iLi# 0.4 mL/min, i 55°C, #4210 nm!>,
FRAER R I = AR ORE S b, Rl HARRE S R N T AN & RE . R, &
IR BRI . 5-HMF. LBEFALIRSE) B, ¥IRA A LC-20AD 134 . Bio-Rad Aminex
HPX-87H 4 3% 13 F1 RID-10A 7~ 2= H Y6 Il 85 (1) HPLC o Aar il 2% 4« Ji 3 4H 5 mM HaSOs,
JMIE 0.6 mL/min, FEiF 65 °C.

23 SRESW

231 AHE LR AT AT VR KN R A R e

A& & (~30%, wiw) BNERFREIBEIR N IR EE, VP T I P variotii
FN89 F T A LW 25 (W T AT PR AN 3 o /N ZEREFT /K AR HP i = AR P S
Yoy e i . HMF M TR . WA 5 1) 2 mi e SONBRIE A HMF 584 2B H.
LR F: BR~80% I [A] i o B 1 47040 B4 i ik S8R 2 b, AT T3 44 Byt 5 300 1) o 26 3 A A
R 55 T A T 1) 400 % 2R e (IR B 3 W AT PR 28 ANV 484

Kl 2.1 R, fERHEE (750 pm) FUES (1.5 vwwm) 44T, 23t 12.5 h Bl
SAEVIFACEE, FEEEA HMF 2> 5 M 0.47 £ 0.04 /L A1 1.03 + 0.02 g/L FaZ K6 A 5]
(KK, ZFRM 6.02+0.38 g/L f&E 1.08 £0.30 g/L (E[REEK 82.1%) (K 2.1a) . R
P 2% m0E 3 B 2.1 WS AR VI RE 26 RS TB] DM 12.5 ho TR O h B AEP I 35 2% 51 (12.5
h o, BTV E AR SRR KRR, T E R M PTLE ) 68.21 + 0.30 g/L 4
n#) 82.93 + 1.32 g/L, MK EARREEAZL (K] 2.1b) « WERAEAEDI M 4 R (12,5
NI Z R AR EEEAT A R, BRSO T RGN, X M S B S K
WL I ZFERT AR S (B 2.10 AE 2.2) o ZSEIIAEN, EiRFIEYNEEL S
ZHI, HBLEEE P variotii FN89 5| I v K FEENEH 2 v] ZWE AT (RT- 2 HE 2%)
INFEREFE KRR 1) S & B2 2~3 /L, 1] P, variotii FN89 ARG LE AWMt 751 F v
RIS 80% IR I i 134, bl T B AT A S5 ot i FH R B B ) B PR A S, iR
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SEK ARG 75 I 1) DA 25 R Bk B B 2R o A (R SCAS KT HL 3 2 S S50mT A B i ) o P v
Mo SIAN, FESEPRINE MY TR EERS, BT R R 2R B B AR AR, AL
BEATHERAISE , PRSI 738 5 e = b = EEAI I (208 . AN HMF) (221K

TR B .
(a) Inhibitor removal
8.0 —A—Acetate —6—Furfural -8—HMF
. 7 1
Ending point—»i
1
__ 6.0 A i
< i
2 i
1) 1
5 4.0 A i
) i
e 1
£ 20 A i
E =
HEHA
0.0 HrrmTrmmrrr cr e Y
0 2 4 6 8 1 12 14 16
Detoxification time (h)
(b) Sugar consumption
—A—Glucose —@—Xylose —— Glucose trendline
100 Ending point —>i
80
-
2 60
@
[
2 40
n
20
0 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 2 4 6 8 10 12 14 16
Detoxification time (h)
(c) pH change
7.5

Ending point —bi
1

0 2 4 6 8 10 12 14 16
Detoxification time (h)

B 2.1 RESERZTRCBORERS YRS HR MR R BEFAER pH E22

Fig. 2.1 Inhibitors degradation, fermentable sugars consumption, and pH value change during

liquid-phase biodetoxification in high-solids loading wheat straw hydrolysate
T (I EMRIESL: (D)FEFERS I (&R pH ZAUAEIL . R 30%(w/w)E & & 2 FHRE
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% (50 °CFHELL 12 h) 7 3L i e bias Wit AT S AN . BEEFT-WCN P variotii FN89 [
PR, WA E R B 20%(viv), TRFEN 37 °C, BAEENY 1.5 vwm, PiEEEHE
A 750 rpm.

(a) Inhibitor removal ——Acetate’
—e—Furfural'
12.0 Control group _5 pvE
—A— Acetate
10.0

Experimental group —e—Furfural

-
)
@
2
Q
<
£
0 4 8 12 16 20 24
Detoxification time (h)
(b) Sugar consumption
140 Control group —#—Glucose' —&-Xylose'
120 Experimental group —a—Glucose —B-Xylose
-
&) 100
% 80 Ending point — i
2
? 60
40
20
0 4 8 12 16 20 24
Detoxification time (h)
(c) pH change
7.0 I
Control group —©—pH'
6.5 Experimental group —@-pH
6.0 Ending point
L 55

5.0
4.5
4.0

0 4 8 12 16 20 24
Detoxification time (h)

B 22 BSEVBBNBREMRERERYUEE FNS Mt TiE GHRED UREMIER
FERSE RINEE FN89 Fh Pt T iss (i)

Fig. 2.2 Liquid-phase biodetoxification with inoculation of inactivated P. variotii FN89 seed (Control

group) and of activated P. variotii FN89 seed (Experimental group)
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e RS DL (O)FEFERENL; (R R pH 241G, XTREZHFNSZIG IR H 30%(w/w)
FENEEE (50 °CFHEfL 12 h) 18 3L B R N TS AN EE, Bdsfh 7l
A P, variotii FN89 [ BTl (S B BAE T, SRR K P FI0E 121 °CTF K% Ab#E 20 43
BhISEED , DS E LN 10%(v/v), BiEREEds pH ¥I350T 4.5, SN 37°C, @
SIEEYN 1.0 vwm, $FEFEIEIA 750 rpm.

TSSO TNEER] TR R pH [HE2MA RIS .. fEREL
RUET (0-12.5h) , pH EMNHILAI 4.64 +0.05 Z#i ETHEI8MH 6.82 £0.01; LN )G,
pH 1HT 4.5 N/ IEAE 6.82 + 0.01 BUIE FRFZE 5.93 £ 0.01 (& 2.1¢) . LE4h,
BAVEMEAR RZ V146 pH {EM 4.6 2 5.5, FMEM 1% (W/w)Fl 20% (w/w)\ TiFEER
M 300 rpm £ 750 rpm. S EAMM 0.5 vvm F| 1.5 vvm 2N F A RS SV 8
SRS SR T IX— IR

X —Bl%, FATE HPLC. GC-MS XA i #8372 HH R ME L B W A
WiEAT 7t (1 2.3) , BAXE pH B A2 R IR B 30 1) SR DR IR AT AR o ASHIE 70 P I 2R
VI EE AR P, variotii FN89 FAT Rk ISR P , 5 8% D0 S8 447 1 7 CRe e . HMF
IR 1ERIRY), TARR & HAARET, i 2.3 s, IAFIRAEL A (1250 2
BT, TERE CWE P ovariotii FNS9 Fe g {HFEH R IARMRIRE KT (41 g/L) T3 pH
ERZEE T (B 23a) o RBIGFLAE, BRI GC-MS /g R (K 23b) , £
P, variotii FN89 #HAT WAV FE i B b4 7 2 M a LR, S RRIR (R F IR
MZER, LSJUAMKEERGITER, TN heRA -+ )\ iR . X LA IR LIS B I 75
2 R AT B ORI, (HAEIA B2 1 5 AS AE TR BG N 24 =K~ ARSI . AR,
I EE 2 m /N E RS KRR pH B T 2 tH T IX G LR AR R (] 2.3b) o« [,
AWM AELE pH E AR T LUR 2 50 b A WIS 24 5. /KRR & pH HIE
FIEAERT, AW i FE A5 vT AR 25 5y b A AE 47 i B3 B B 3 7 21 ke B B R D B AL 5 3%
K% (SSCF) WrBt. BT 2 a2 R T ik R B AN S R5 8 2 A B BR ), i H &
TR YR KRR R AT BB I — G 0. teAh, RBTAF4ER b F I AR 1) 218
AR AR R R ORI R I H ARSI ORR A4 R 1) LB 5 ARk A= )
HEM 2%-3%) , S HMF B4 0 LRI R . X5 R T1E P variotii
FN89 X A5 £ 4 22 /K e AT AR W il 25 (1) S B, B SRRV AE, pH (2T
H—HH, —HLR. BEA HMF 5 EZMHYI8E P variotii FN89 [#f#5E4:, P
variotii FN89 84> 4= OB AR R SE BRI ML, FF N7 20 %% v ) FH mT R TR 55 Re s 44
FE A A PR KA A W E BRI AR B N B AR TR < R AL &4, it
I B R pH E TP,



5022 HL

i 8 0 - (R S 2 DATES'S

Abundance

Abundance

232

(a) Acetic acid degradation during biodetoxification

Acetic acid at 0 h, pH 4.64
Acetic acid at 4 h, pH 4.87
Acetic acidat 8 h, pH 5.05
Acetic acid at 10 h, pH 5.67

14.5

15.5
Time (min)

(b) Aliphatic acid formation after biodetoxification

o

/\/\/\/\/\/\/\)Lon

/ ? A OH OH
_— oH \ i

OH
Furfuryl alcohol Furoic acid Benzoic acid 3,5-Di-tert-butylphenol

n-Hexadecanoic acid [

[

[ /\/\/\/\/\/\/\/\)L

Octadecanoic acid

.

ot 24 h, pH 5.15

47 h, pH 5.77

12 h, pH 6.76

T T T T T T 1
8 12 16

Time (min)

B U —

1
20

B 2.3 WA LB RS AR S W B A B L

Fig. 2.3 Acetic acid degradation and acidic components formation during the liquid-phase

biodetoxification
o (a) MESBLEERI ZERBR MRS L (HPLC 2 T45 5 o (b) RASHLE 5 AR BR I A4 ik
fHOL (GC-MS 735 8 o BT EE&A: R [ 2 & 30%(w/w) T B AT B (50 °CF
Witk 120, B E R E N E R 20%(v/v), BHEFN 1.5 vwm, BEEEFEE 750 rpm, pH
H 4R . HPLC &5 KIS TSR 0hy 4 h, 8h. 10 h Al 12 h B4 _EIBEWRIOAISE R . HPLC
T BRI A AT AR BIA SmM HaSO4+ Y3 0.6 mL/min AIAEIR 65 °Co GC-MS 3 556k = Fft i #1R
AN IR RE SR BEAT R . AR EA S (<12 h, pH=6.76) ; BB FFILE (~17 h, pH=5.77) ;
FEE AR (~24 h, pH=5.15)
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BT A AN R 5 G 75 88 FN89 REEARAAKCT N A K R TE T FE AT R BEME 2 AT
Bee g s 77> 1102 1361 7 i ] 5 A AT K AR AR 3 BRGS0 AR AT T e A
EOREPE R BAAS, 5 SR R AMEIEA RBY. N T IS ED MR ROE,
FRATTR 2 i 355 77 A0 - - B AR A DG 26 A S 0T T AL, BRI EE R R
pH {E. WiEM TR R HiPki oRE R RS (W 2.4 Fios) o WA E
A AL SR X5 A5 FH 3] 55 5 30%(w/w) I AR B ZZ AT HEALIE (50 °C R HEML 12 1)
Kl 2.4a R B IAS BRI R (AR A6 pH B Il F R 5e e . w0, S i
fRa R pH AMEALAT ARG CEIORRE pH B4R, UL pH~4.6) , JHLEE5E BN A1 A
14.5 ho LM EWIIE pH 2 5.0 A1 5.5 I8, FH R i 25 58 B TR 23591 9 13.5 h
A 16 ho PRI, 4W)UA pH ¥ A% S 3.5 F14.0 F, MaEd R AHEAT. RATEI: 24
B LG pH o 3.5 F14.0 I, JBLEE AR 4R R pH AR FrEE, HF%4:4 HPLC £
WS R IUEE 24 h (F0ERIPKFEEA SIS 0 h BORRF— 8. X UK pH %4 F P
variotii FN89 NEEIEH 5E A 8 TAE. [EAERNZ, “RSHEYIMS pH & T
5.0 i, BEEMLEEREEAT, KR pH BRI 7. HT AN TREAERP pH K
I} 18] v TR PR 2T 4k K CTec 2.0 K& B pH (~4.8) , WHARKFLRE |21 4 KB
TEPEIE ORI R, R AR T 5 2 R B R R R R B RE 0 DR B, X T P
variotii FN89 Z 5 [\ ML R 1M 5, BONGE IR pH B KECN 4.5~5.0.
B 2.4b HE] DUE Y, B0 E BRI 4 b B KN o) I B T B s AR K i A N
20%(v/V)I] P variotii FN89 M AT S BN, AN 7T 22 12.5 h Ao 45 (YIS [R) 5 gt
A 2 B EIA L B e 4, T RIS O R &N 10% (viv)IF R 2E 14.5 h 245 1)
A A e BR e 4, BERhE N 5% (viv)ER 1% (v/v)i U 75 R KRS [a] (435108 26 h
M 31h) o RN P variotii FN89 (W3R s AE8 I 818 2, (25 18 21 pliA AN
VIR B B RRRE ) @, PR B B4 A I N 10% (v/v) e
WAV R T AR, FERREIR AR F AR . X
MEERFIBWZN TS P ovariotii FN89 FIAEKFACHHZ AL E B A E. K 2.4¢c A
2.4d TR T IR I8 A R A R 2 0] LR A R A A . AN R AR
—FIRE AR I RE, S KEARTR R B ARBR  IX S (R 15 S NS IEAE 8 B A
HHORE 24 PR 84 1560 1 i A< R B P T e 38 e S IR E R, RS AR
DAV EERNPOEER R AT IE S AR RIE R s B EEE 2, AT E
KF 500-750 rpm G LA K 1.0 vwm BB S EAFE AN G SRS DR S A 564
BEAk, SN T RS A YRR A B R A & A EOKCEE R, BATTERT T —E
IFLE 7 AT o 30%(wW/w) I ZZ BB AERERT T 10%(viv)BLEE P TS, 1R R & 2k
FRER 27%(wiw) i AT, ARAE Hou SEXFAC I £ 4 2 TOME A 1) 80 A% a3 B PR ATT 2 1841,
TAWNA H— %AV A B R (kea) BEBLER @B LL, WKl 2.5 Bios. W]
LB, RS EAN 27%(wiw) Bkl B Z AR GIA R, iR B B R o
500~750 rpm HIES & 1.0 vwm B, BEEFH kea KEE 10-40 hle Kk, RTINS,
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Fig. 2.4 Endpoints and related pH changes during liquid-phase biodetoxification at varying operation
parameters
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E: (a)iftlh pH. 7S pHME (3.5, 4.0, 4.6, 5.0, 55 B, #HHIHAZAERLE: 1.5vwm .
750 rpm A1 10%(v/v)$EFTE; () FEEME. WAEME (vv: 1%, 5%, 10%, 20%) I, i
HABLEHFAAE: 1.5 vwm. 750 rpm A E SR pH; ()i FEFES . RTTHEFEFEE (300 rpm, 500 rpm,
750 rpm) B, FEHIHARZEAAE: 1.5 vwm. 20%(vAV)EMERE R pH; (d)EAEEK. HAES
A (0.5 vwm, 1.0 vwm, 1.5 vvm) B, #HIHAMKAFAL: 750 rpm. 20%(v/v) HFEHE R pHe.
T AS I 8 2 A A S B0 38 A5 30%(w/w) TRALBRZE FFREALIR (50 °C FHEfL 12h)
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Fig. 2.5 The fitting variation relationship between the gas-liquid oxygen transfer coefficients (kpa

values) and the rotational speed under the aeration condition of wheat straw hydrolysate!®4
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K 2.6a SR T/NEREFFAE TRRTRALEE . BEMAEREIL . WS AW 3 A SSCF J 1)
L-FLERA = 1% 283t 72 h 1 SSCF 1A 2] 7 110.1 £ 0.7 g/L [ L-FLERIRJE, a5k B wk
52407 g/l CE%RE33+07gL, KKE1.8+06gL) , L-FLIREZH N 0.760 g L
Mg /g FEATRE, FHEAER 99.5%. L-FLERHI BT A 754 L- N HE & R 2
K, HHEEAEYGRRE A L-ALRR SR (0.775 g FiR/g FEFHHD FFHEalifE
(99.6%) tH4M, K 2.6b o, FAIEARFRIAEYESRIIN TPE T, 45t 48 h 1) SSCF
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WIS () 2 B4R 28400 T AR W) i A =X AH [R R B TR 1Y) B3 26 (~0.3 g Ll /g
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Fig. 2.6 Evaluation of the fermentation performance of wheat straw hydrolysate after liquid-phase

biodetoxification
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#: (a) L-ALRAREEVERETAN: (b) LFERIFMEREVEN: (o BERRRBEVERETN . L-FLRR R B 5¢
FGRASEEET 30 % (w/w)ZEFEHEAIE (50 °CRHEL 12 h) , R BRI S22 Il <L PRI
PEPEEE R 300 rpm,  [FIRS FHEL S 42 °CHEM L- AR K E Tl P, acidilactici ZY271, K% &
H10% (vIv), KIEEEFE 42 °C, pHS.5, FHEFEIHE 300 rpm, K% 72 he LB R B H 5€ GRS
T 30% (W/wW)E AL (50 °CRBEIL 12 h) , IABIMR TR SIS 25 1@ R . PRI R E
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F# 24 h.
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(a) Mass balance of cellulosic L-lactic acid production

H,SO,: 0.033 t
H,0: 0.287 t

Enzymes protein: 3.21X1073t
lHZO: 1.161t

Detoxification seed: 0.026 t
Oxygen: 0.012t
Nutrients: 6.22X103t

Fermentation seed: 0.029 t
Water: 0.830 t
Ca(OH),: 0.180 t

Steam: 0.309 t Ca(OH),: 0.0281 H,O: 0.260t Nutrients: 0.064 t
Dry Acid Enzymatic Biological 5| High Solids N
. N . 7 N 7

Virgin 1.000 t Pretreatment | protreated: 1.538 t Hydrolysis Hydrolyzed: 2.730 t |_Detoxification | poyoyified: 3.018 ¢ L_L02ding SSCF |/ ented: 4.121 ¢
(Solid) (Solid) (Slurry) (Slurry) (Slurry)
H,0: 0.142 t H,O: 0.669 t H,0: 1.955 1 H,0:2.215t H,O: 3.044 t
Glucan: 0.305 t Glucan+0O-Glu: 0.280 t Glucan+0O-Glu: 0.107 t Glucan+0-Glu: 0.062 t Ca-L-lactate: 0.530 t
Xylan: 0.208 t Xylan+O-Xyl: 0.011 t Xylan+O-Xyl : 0.000 t Xylan+O-Xyl: 0.000 t Lignin: 0.161 t
Lignin: 0.161 t Lignin: 0.161 t Lignin: 0.161t Lignin: 0.161t Glucose: 0.013 t
Ash: 0.083 t Glucose: 0.029 t Glucose: 0.221t Glucose: 0.271 t Xylose: 0.007 t

Others: 0.100 t

Xylose: 0.109 t
Furfural: 2.28 X103 t

HMF: 4.36 X103t
Acetic acid: 0.018 t
Others: 0.253 t

Dry matter loss: 0.091 t

Xylose: 0.122 t
Furfural: 1.48 X103 t

HMF: 3.35X103t
Acetic acid: 0.021 t
CaSO,: 0.052t
Others: 0.086 t

Xylose: 0.117 t
Furfural: 0.000 t

HMF: 0.000 t

Acetic acid: 0.002 t
CaS0O,: 0.052t

Others: 0.137 t

CO, (Gaseous): 0.016 t

Furfural: 0.000 t
HMF: 0.000 t
Acetic acid: 0.001 t
CaS0O,: 0.052t
Others: 0.312t
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(b) Mass balance of cellulosic ethanol production

H,SO,: 0.033 t
H,O: 0.287 t

Fermentation seed: 0.058 t
Water: 0.644 t
NaOH: 0.013 t

Detoxification seed: 0.024 t
Oxygen: 0.012 t
Nutrients: 6.23 X103

Enzymes protein: 3.21 X103 t
H,0: 1.161t

Steam: 0.309 t Ca(OH),: 0.028 t H,O: 0.244 t Nutrients: 0.043 t
Dry Acid Enzymatic > Biological | High Solids -
. g . Vd H Vd

Virgin 1.000t  L_Pretreatment [o otreated: 1.538 t L_HYIrosis | pHydrolysed: 2.730 ¢ | Detoxification [p ooy ified: 3.000¢ L_-029IN9SSCF |- ented: 3.588 t
(Solid) (Solid) (Slurry) (Slurry) (Slurry)
H,0: 0.142 H,0: 0.669 t H,0: 1.955t H,0: 2.199t H,0: 2.842 t
Glucan: 0.305 t Glucan+0O-Glu: 0.280 t Glucan+0O-Glu: 0.107 t Glucan+O-Glu: 0.053 t Ethanol: 0.178 t
Xylan: 0.208 t Xylan+O-Xyl: 0.011 t Xylan+O-Xyl: 0.000 t Xylan+O-Xyl: 0.000 t Lignin: 0.161t
Lignin: 0.161t Lignin: 0.161 t Lignin: 0.161 t Lignin: 0.161t Glucose: 0.005 t
Ash: 0.083 t Glucose: 0.029 t Glucose: 0.221 t Glucose: 0.277 t Xylose: 0.012 t

Others: 0.100 t

Xylose: 0.109 t
Furfural: 2.28 X103 t

HMF: 4.36 X103t
Acetic acid: 0.018 t
Others: 0.253 t

Dry matter loss: 0.091 t

Xylose: 0.122 t
Furfural: 1.42X103t

HMF: 2.96 X103 t
Acetic acid: 0.023 t
CaSO,: 0.052t
Others: 0.084 t

Xylose: 0.122 t
Furfural: 0.000 t

HMF: 0.000 t

Acetic acid: 0.004 t
CaSQO,: 0.052t

Others: 0.132 t

CO, (Gaseous): 0.016 t

Furfural: 0.000 t

HMF: 0.000 t

Acetic acid: 0.009 t
CaS0,: 0.052t

Others: 0.328 t

CO, (Gaseous) :0.170 t
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Fermentation seed: 0.029 t
Oxygen: 0.066 t

Water: 0.750 t

NaOH: 0.093 t

(c) Mass balance of cellulosic sugar acids production

H,SO,: 0.033 t
H,0: 0.287 t
Steam: 0.309 t

Detoxification seed: 0.028 t
Oxygen: 0.012 t
Nutrients: 7.19X 103 t

Enzymes protein: 3.21 X103t
H,0: 1.161 t

Ca(OH),: 0.028 t H,0:0.282 t Nutrients: 0.303 t
Dry Acid Enzymatic > Biological 5| High Solids 5
N g " Vd : V.
Virgin 1.000t L_Pretreatment | b, oireated: 1.538 ¢ [ HYdrolysis | Hydrolysed: 2.730 t |_Detoxification [ o ified: 3.043 ¢ L_t02diNgSHF | ented: 4.208 ¢
(Solid) (Solid) (Slurry) (Slurry) (Slurry)
H,0: 0.142 t H,0O: 0.669 t H,O: 1.946 t H,0:2.228 t H,0: 2.977 t
Glucan: 0.305t Glucan+0O-Glu: 0.280 t Glucan+0O-Glu: 0.023 t Glucan+0O-Glu: 0.022 t Na-gluconate: 0.392 t
Xylan: 0.208 t Xylan+O-Xyl: 0.011t Xylan+O-Xyl: 0.000 t Xylan+0O-Xyl: 0.000 t Na-xylonate: 0.139 t
Lignin: 0.161t Lignin: 0.161 t Lignin: 0.161 t Lignin: 0.161t Lignin: 0.161 t
Ash: 0.083 t Glucose: 0.029 t Glucose: 0.315 t Glucose: 0.311 t Glucose: 0.012 t

Others: 0.100 t

Xylose: 0.109 t
Furfural: 2.28 X103 t

HMF: 4.36 X103 t
Acetic acid: 0.018 t
Others: 0.253 t

Dry matter loss:0.091 t

Xylose: 0.122 t
Furfural: 1.58 X103 t

HMF: 3.44 X103t
Acetic acid: 0.021 t
CaSO,: 0.052t
Others: 0.086t

Xylose: 0.119t
Furfural: 0.000 t

HMF: 0.000 t

Acetic acid: 0.002 t

CaSO0,: 0.052t
Others: 0.148 t

CO, (Gaseous): 0.016 t

Xylose: 0.001 t
Furfural: 0.000 t

HMF: 0.000 t

CaS0O,: 0.052t

Others: 0.474 t

CO, (Gaseous): 0.075 t

B 27 RATEZGER L-FLR). FEREY LI O)MAERER (oK BALEYREIn DI R eH 5

Fig. 2.7 Mass balances of overall biorefining chain for production of cellulosic L-lactic acid (a), cellulosic bioethanol (b) and cellulosic sugar acids (c)
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Table 2.1 Production performances of lignocellulosic biorefinery involving liquid-state or solid-state biodetoxification.

Biodetoxification methods Products & feedstocks Initial solids® Detoxification + Titer Yield® Productivity ° Sources
(%, w/w) fermentation (h) (g/L) (g/2) (g/L/h)
Liquid-state b L-lacti id usi
fquie-state 5y actic acld using ~25% 90 (18 + 72) 110.1 0.76 1.22 This study
P, variotii FN89 wheat straw
Solid-state by L-lactic acid using
. ~27% 132 (72 + 72) 129.4 0.77 0.98 4]
A. resinae ZN1 wheat straw
Liquid-state b Ethanol usi
tquic-state By anotusing ~23% 66 (18 + 48) 51.9 0.29 0.79 This study
P variotii FN89 wheat straw
Solid-state by Ethanol using
oo ~27% 96 (48 +48) 56.5 0.28 0.59 (7]
P, variotii FN89 corn stover
Liquid-state by Sugar acids using )
Lo ~25% 42 (18 +24) 139.7 0.76 3.33 This study
P, variotii FN89 wheat straw
lid- . .
Solid-state by Sugar acids using ~27% 64 (32 + 32) 148.4 0.78 231 [57)
A. resinae ZN1 corn stover

TE: TR TR BRI/ BB R R T SRS 30%(wiw) IR R B S B AN PR ER 2y AER IS A s K A M R R R, PR R T
WEIIN AR R S A a3 M AR R, ORI BERD T30 © 1SR RARIERE e R ATE T RE ™ AL (0 PLIR . L BOME IR 1Y) R R TS © 2B
R EARYE BB AU (B SSCF) JYI1a] P25 /NN 3T A Bt ™ AR RO PR - I BB IR I B B R B
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2.4 RE/PG

AR B TR AR A 0 e RS L DAY B 42 1 P B % R ) [ S AR D 7 45
ARBEAT T EARTE o RGP AR RFRACIRAE, 3L 1Rl AR
L RISERITTE, SEDL T IR L KR DR HAR AR FE RS 2L Y B2

(1) BSG, RO AL G AR5 T 4 5K AR AL It 75 14 58 IR 75 %% FN89 2 55
HIBAS LV S R T ) pH B 2 B A LR SIS 40 ) TS AR AN A QO = P R R 2 1 s
P A 2B R T e A e A P AR A LR

(2) Hik, @ AL pH {E A BN AE D W oA . IR 10 i 23 2% R S
& AMUEIL TR i B RS B A BUK G R AHIY) Ol . HMF. L8R &%)
RPRE A R, 1 HORIR AR B 1 H o (R el CREUR IR T 2%) » M
TRE TR AP MR N T A T IR THUAL PR — [ 25 AR W B — v ] 35 WS 1 5 50,
BEN YRR T4E, BT IR B — B R A — WS A e — v [ 5
BRI

(3) ffa, Wk B AR I TR TR T AR SRR SR
AR LT YE A A RE, SRAF T RIRIE . R . 1
SEVIBEAIL, BESEYI SR A SN AR AR ML AR . BRI
SO B sl % m Wi REFERRAR. 75 4R R DL R R id T (5 47 15
ATARAN PR SR B M AR 1 — ol B L e 0 A R ] 2 P ) 00 ) 0 25 A R 7
E 9
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BITF  FIEREVERHIRYRIE RS A E L

31 3&

HELRAE I S AT AR AR T P51, AT B8 A VMR R ) S T R A 2
ARJFEFAE R AP )5 Al i R A Gl B TE L R IR A s AT LR Bl
AN LA AR 2O T T IE 7 o AWk 1 20 A T A SRR A W [ ) A Jo 21 4
REMITG, )R AT BRERE AL nUR BN, s RERTUCE AR I HI, kB
(ER[A IR, SSCE) A=/ HARr™dh, R )5 245 B 6 H AR il 70581, 24
I ZE PRI L (0 558 WOES IR TiUA B ) fe A AU AL A0 OR 5 [ & B0IRAS, DASKELE A
PR R R AR R AR e R AL B AN RE G S K (17 A, DAL
PRI AL ER R, i ELE R KR BER 5 K« A B o HE TIOR8 88 ReAs
(62,89, 901, SR, FHALHH S LA (AT A7 AL AR BT 2T 2 3 WD RHAR o0 4 S E etk
AR AL R EL R BRAR

ST O% TS A W) 1 R ORI 9T 32 AR v A B RS AL PO B RE DT S ek
BOTONERy BN BR I BERIF FE ) T2 R R 2 — R R 2 RIS, IXAN Rl A 3 B0 )
WPEMA P KA, FFP R RBEIRIK . 1 A e A& B2 N SE DS AE M i A
AL P P[] A A 5T 21 4 2% JEURE N, A TIA B s 7 sk H i (3 SRR AL it ik 2. 1
PR AR BB SRORE AT LB 5 7/ IR AR 2 P T8 B a8 TR AT 3, A
SCER T W RRS I B 2 B EAE ], JF HabRA R TG SIS SR R4 . T RE
KRR IR S R R B A AR e . Oy 1 S e S R AL B R A T AR AT 4E R
JEURHH PO S A5 SHELL AT, T 2R Okl 2 D RS LU LR () 4
AR il PAL BR A VDEL (100-110 °C) PRIERA VB ST SR (i) RIS
Vil it RE AT AE AR AR R] A IR M AR 5% RO HIT B T SEBAMR M0 e = KBy (did) AngeT
FEIE B WD A9 3 AN S RS 7T B [ eyl 5 e F A FH

TAREYI R R AR 4R 1) T R AL HD BR 2] 5 S B AL« A=Wt w5 AU 8
YR EAT e A B R, AR MR 2 B PERE S DL KON ORI T
N TEARA TS 7T, AT LR LIRS AN TR &, BTN AT
JEURIAE 7 L-FLIR R PRI it S AU AR B E WAL SRR 00, S5 505R W] T IR TIAL 2 )5 1)
i, 22 AT [ AARURE MR AT AAE AN AR A Bl O 1 00 T e (e O W] R IR AR B
Ja, MNZIASACIORE AT A VLRGSR WE AL . S5 75 M 82 A e i A ST sy
TRPRI L-FLIR AIESEAE ™ o ANHIE TN AR A i 21 4 2 SR AT Tl ) L-FLIR
B A A HE 7 i R EE SR MR N 2R SR 1 — S I BORSEE

32 MEEFE
32.1 JER

AINEFRERF#1 WO T 2022 5 8 AL ZR BT, 20 R A AL BE 2 J0ky K 10 mm



AT KE WLArie L W35 7

T AR ORAT o ISR 1B [ X T AR AR S0 = (NREL) [P Mg AI- 1400, /a2
FEF#l (T THE) KRR YER 32.33% + 0.13%, AR 21.25% £1.78%, &K
JRE 19.27% + 4.85%, K53 10.63% + 1.89%.

INERERF#2 WORT 2022 SERKEMLTERA T, HRELSREDEAREGRAFA LTS
SR X B T RG] $84, i, A E 22N K LA 10-30 mm, HAH
WREFEF4ER 35.42% £ 0.31%, ARFEHE 24.91% + 0.34%, KFEE 19.20% + 1.23%, &K
73 9.57% + 1.74%.

3.2.2 BRI

P4 R Cellic CTec3 HS, MWH LS CHED AMHEHAGR AR, HEAWKE
A 90.1 £ 4.4 mg/mLI41,

PEALEE CHIEPECREE) GA-LNEW WA NGER (hED AV THEAR AR, 1R
A s, HEEE N 103,900 U/mL. 2B T AR #E A FR R d /R Gig
By 1B ZEERE D T,

FEEPR AR H RIS E Oxoid aw] (PUEER, Se[E) o — 7K & M0 2035
W H EigZIARE R A R A A
323 B SR

A=W B R N5 EC I 55 P variotii FN89(CCGMCC 17665177801 44 1% i 7E PDA
AR EiE1E 2~3 KJE, F 0.05% Tween-80 ¥y PE T HAA T, K 7P i N Fp 155
FrHEPLE 37 °Cy 300 rpm T 3557 24 h EPWVE A 8 M TV - P variotii FN89 [#) 4
FREFREATRE: 2 g/L KHPOs. 1 g/L CaCOs+ (NH4)2SO0s 1 /L 1 /L FERERY. 1 g/L
MgSO4-TH0. 22 g/L — /K % # .

L- L& A5 77 B AR K FLER BR8P, acidilactici ZB220 (CGMCC M 2023151) [161,
H5-80 CCARIE IR (292 mL) 7£ MRS KA 572341 L 45 °C. 150 rpm K
FAHEA 6 h JE, FELL 10%(v/v) P SR 28T 1K) MRS & B% 77 25 N 4k 22 78 A1 [H]
A TR 6 h, EIVIERAG L-FLRRAKBERIRD . FLIR K BEFNFRE R B0 5. 22 g/
—IKHE &R 10 g/L BREAME. 10 g/L BERHEEU). 5 g /L LBREN. 2 o/L IR A 8%
2.6 g/L BERRE —H —/KEW. 0.58 g/L MfREE LK EW). 0.25 ¢ /L i — KA.
il 53 R R e RN 1%(vv) O BEAL AT 12 o/L BRI ES . K s 2 s 85 B Ak 10
g/L. FEREERU) 15 g/L M RRE % 2 /L AR — /K &4 0.25 g/L.

324 TR

KH/NEREF#1 950k, S = /N FIAR B J RE A% (RN 20 L) WiEAT
TALEE, BT S TALIRYI R N T BN 2R AT #1 (PWSH#HD) o BARTIANER %R BRIR
F& 8 38 mg/g TAEFF, FEREL 2:1(w/w), SEFR4ERFIRE N 175 £0.5°C, N5 BB
()24 5 minl®! 1461, A R AT S0P 3 DL SO rpm Fs b AT 04, RS AR FF 289 TN
1.0 MPa. WZBTRfAE (TP-510-42618) MIE 4R iR, ZETFH (DM) , PWSH#] [
MRS HRBE 30.07% + 0.39% ARZEHE 1.39% + 0.33%. i H-5% 29.20 + 0.21 mg/g
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DM. AHHE 129.10 £ 11.89 mg/g DM, ZF& 17.73 = 2.80 mg/g DM. 5-¥% H ZLHEE 1.94
+1.28 mg/g DM. & 1.40 + 1.26 mg/g DMU!¥I,

KA/ NEFRERT#2 ERL, AEIFREMHE AR R A F A T I ZReUIX T 1) 10 m?
Tl R T AL B Js S 8 N EAT, BT/ TRACER R A TR B /N2 REFT#2 (PWSH2) o B
EIRAL B %A R TR BN 40 mg/g THREAF, [V LG 2:1(w/iw), SERR4ERRRE R 175
+1°C, NAFEENEDN 5 min, 8RR HHER L) 10 rpm Bl b AT HidE, [N R fR
FFZRVREJ18 1.0 MPa. Tk s B 25 TRALBE BT 151 PWS#2 (4 B 4G 75 580 32.42%
+£0.95% ARZEHE 4.39% £ 0.33%, LLIH FHE 30.83 £ 0.57 mg/g DM, AHLHE 136.70 =
1.98 mg/g DM. 5 5.67 £ 0.68 mg/g DM, ARZEHE 20.38 + 0.58 mg/g DM. [ 30.46
+0.23 mg/g DM. HMF 3.62 + 0.01 mg/g DM. & 8.94 + 0.06 mg/g DM,

3.2.5  FALEEE AR PR R A

FMH—EBERERE (RLPHMERBEAI AR AR S myil P B Rk
TP AR CERFERR. AL BAS) o TEIZEET, H o RWEIERAN,
—RPFRFRAKK (~25°C) 3 2P AR R EEMEEIK (20%(w/w),
~25°C) 3 =k E AR B N 28 I R AL B 22 AR (<100 °C) o WX =Pk}
[ ) 3 5 L P N BB AT VR S AL, AT DO A, AR B & B 20°H 30% (w/w) pH {E
2159 5.1 WS/ N R L
3.2.6 VA EF B IES: B iR 5L

fE SL B IERE S B 2% R T IE SR AR pE A RS, Bl IS R 8 /N A R
He AL S ARG, ARSI B RS AT OB N A 4 Rk s 4
B FEAL AR RIMFREEE N 0.0375 W, [ S E4E 30%(wiw), REA 50 °C, #iEH
200 rpm, ZF4EREGNINE N 4 mg B /g T-RAF. Mtk 8 h J5, FFLRITE —IKEL
ARHEAE, BRI R S BUORE A AR R ST B 30% BB R Y T T35 5 /N f
R AR RS 3.75%) » WG LR RSN8P AN A 22 F TR LR 4 4
i (R R ESETANRL SR E) - 5905 8 h EREZIUMNEEEE, FFRFEEDT.
LA IR IR] G0 R FH B A A 22 ORI R B S50 28 TIAL 34 5 . 25 1) £ 1R TR A B
BE (PWS#1) 3872 TV FRALHE 2 B 25 ) 2% U FAL BEARL (PWSH2) 25193 DR 4R AH 7]
PRELEREACANEERAE . FREULIIZE, T 5050 = 5 BRI 2L 5250 A K,
TeAEIE B 2% B i 1) e iR A B R E TR S A A 3 AR KR 63 °CUME AESpi{L
FEM R, BERbr AR RS S R, FRATE R (RIAE 8 h) BT AN
BT HRET I J9AH B FiAL B2 F PR (2T pH~5.5) FK, FF H ol fE 46
MK REIR FAI A 63 °CUL . (B IEE#, iR 65°Chiti) , “HIHIRS
ZJE AT AR, DU IR S LA BE BT A5 F IR 218 63 CCRITRSILZFT LKL .
3.2.7  FHAHEAG R IE B S A YILEE

FE 3L B R SO 2% O SR BN A SRS I 2 AT BRI A T S S AR Y i B
AbFE , SESLE AR R RIRE N 37 °C, N 750 rpm, BSEN 1 vwm, %



LRAT RF WL ¥ 037 W

10%(w/w) IR AEFN IR B 56 P variotii FN89 HI3 Bkl 7 3 shik S A Wi 25 . M1
WRLEE— RN, 5 28 0 85 B A PR A IR -V HL B B3 2 A2 0 R IS AT AT 5 7%
the EIELLMEIREF, NELRMANRREAR pH K0 EMEY, BT pH
XA R pH EBHTAELNIE (D09120016, FrMPUESHEKERARATD « HAEM
pH SRk b THEE 5 2208 b T I B B R 2 B T B, LI A R o
A HMF CRABS 4, VR4 0~3 g/L (L8R, BNa] TR E S BAMEE .

XTTKH PWSH] S A AL EE . FELEBEMENE AL 5 3RS 1 PWSHL BEAGRIN S, H
B RN 8 NI E R IR AP IR B 2 S HE A S T SR R TR 60% 122 FT AL
W GRS TN 7.5%, BRFEFER 0.075 ht) , BEJERMINZE R B E i PWS#1
WAL, SRR E R ZIRE. X TR PWSH2 LA EE . JES:BEL 5 3RS
PWS#2 WEAGT &, FOES st EA A E, AR 8 /N ER IR AN 8 2 sHEH
FH4 T A4 201 B 30% [ 22 FFRAL VR A 24 TR /NI HET 3.75%, BRI BE %6 0.0375 h D),
B J 2 SR AN 2 5 B HR P BRI 37 °CIRBi i PWSH2 WAL, Jo 48 i3,
3.2.8 COMEREFHEEN 2 RIES: L-FLIR K9

W T 2 i B SN AR A AR ) R R AT AR T 2 s L-FLIR K% . 1 H
AR S L RE R TR, RIFIRE . pH FIFEH /370 45 °Cy 5.5 F1 180 rpm. A
TPOE LI LE PR K R A, SR — A — GO EREAN — AN K A R B[Rl I 1s 4T
ok (ZH KRR 30, R 10%(w/w) PV &R P acidilactici ZB220 Fh-1
WG A BN LR K B R o R RAENIFF AR — RN, JEEEA A 7R3
— PR EEANAN FRHEISAT 24 h JEHF AR AR, BG83 2 R B — SR B E P K
T T AAR 3R U I 2 1Y) 30% DA B 78 B PR R R A7 R A I 2 1Y) 50% F A3 1 358 23 i B 3
FININ R B o B i ) — 25 BEEE PO AN AR R B ) LR 45 °Ci s
PRI QR R R S BCRIRTARIE )  FFUIN— & BRI A S 7% 3 DA 2 b 1A
ARKFAFRAE =T R AR REEAT TN . fr =K BEREIZAT 8 h )G,
MBS EZ I R FERE N AR RS TE 30%M R BEROF N =RORBEREN , R b
FRHHE AT AR IR R TR 4 T e N = R T FE R b e i o HH T Im) =0 R B3R A7 b
B 38 O R I R B 7 400, W B — R BRI R TR AT kb 78, B
EE 8 h AR B — G FEE ) HAH S T — SR T & BT & 30% I KEE . 2 )5,
B0 — G R TR DRI ORI 7 B R0 7 AT ANEHEAE (R E 55 TAMNENR 2D, MR
oK T3 21 I EE i ) OB B R A YRR 3 REANEMARR BT IR I — 2 E R KBRS 7R 8k (BR
FIE 10 g/L BERREE) 15 ¢/L #rEBEIRE 4 2 g/l Wil — /K& 0.25 g/L) .

— G RN — I R BTy IR 24 h A 32 h FTHEERHAT S BOMEHRIE (4 8
NI B FEAMIIAR R B 30%) £ = R B I R BRI 5 — R TREE P %
AT B PN = 2 R R AT [RIRE SR AR I SR, NS = A I B2 HE H IR R B A R B
KR, ST RE PWS#1 1 PWSH2 [ L& FMEIL I, —F o nlitir 2%
232 3 W 1 RSN PR AR R (R4 E 0.0375 ! F 24 T BAAS 2 I8 381 1) R T 1) 26.7 h,
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=N BRI AR P 35 A I ] 80.0 h)
32.9 Wk

IR S RTIRIE (ORI 7k @701, fdi ] HPLC REuxmiami. KB, 2. M.
HMF FIFLRBEATINE . % RSl % LC-20AD {4542 . Bio-Rad Aminex HPX-87H &
FERRZE 6K 28 RID-10A, LA 5 mM H.SOSE BN AN, ii#E 0.6 mL/min, #F
I 65 °C 470,

FERFIK ARBRE (i i 2 WUk P 48 ] Brookfield DV2TLVTIO ¥4/t (Stoughton, 2
D g7, FEAR S mL, BYUIEE 43.5 7. BEEEEIT BOUK RS AT
VUK B2 € I ()W iR BE DN 50 °C, LM FRIN A 37 °C, SELL RN ¥y 45 °C.

X T AR R R P ) L-ALRR TP, ] Megazyme D-/L-FLER K M55 &
(Megazyme, %/R=2) #EATMEN,

3.2.10 Aspen Plus JiiFEAEFIL

BT BE T Aspen Plus B3 1621 FRATT4 57 7 — /N 1) Aspen Plus B H 1157
Tl FRAL 3R R R 2% (10 m? FASD) HHEH R[] R Tl B2 2 FF P BLE 55 Ca(OH)- MK AK
TRA AT PR AL R R I #GS ¥ . KRS TR S BB SR 5 TR EI
SIS R BE AT T LR, B RO 2 R ) S R mT AT PR R N ) AT

BRI N FERT SRR BN B 2R S5 00 A B0 B (WS-FEED) JFaf. B %6, Kl
PRIETR (Wit H2SO4SOL, ~4% w/w) R 7K i3y 2 T b B e M (R201) H /)N
FREFTERL (P202) |, MR AR 2:1 (wiw). Hk, ¥ 7&K (STEAM-IN, ~1.6
MPa) W55 555 31| P b B s 824 o (8] /N2 R AT Tk} b o A B o R v 1 = S B AL AR A B
T JSE A AR R RS 1 267 W I P P AR A HMIF, DL - 21 24 3R 41 o K SRR 2 B A6 R R
ba)E, Aid Wb S 22 ARl I PR A 25 (S201 AT S202) TR WA 47 o
e, AR TER AR (M205) JEIIRA Ca(OH) S UR 7K [F] 44 4 22 52 A ek ik
AT PR A AL BRI A IS AR R R AR TR A S S (R202) 5 ARG 2838 IS N T
TP, REUIIRE, BRIEARE SRS R P RS Ol

33 ER5M8

3.3.1  TERTALE N REAT I PRE i &S

BT TREYIFRRIBOR, JATBCT 7 — R ARRGE SRS E WAL K A1)
Prls, i 3.0a Pros. WARRRITS: (1) TERHALER S 22 AT b A0 M FiAL
P N AR A TE AR (i) BB AREE D N IR TR & & TRt AT e s Ae, RN
PR — 8 e 5 S AR AR AT IR &« PRI DAL M, RATE A — iRl
YRR IR (i) WA ZE AT G i 5 0 252 B HL Aol P 5 v Rl B VA R 14
SV VIR R E A SN, JRAE AT AR R B ] R BT IE SRR AL s (iv) 2
FEREAL VB G T 2 0o 2R B Al 5 e s A A A R BT SN Ay, EER I P
variotii FN89 1 FI N X4 2 i MM M) AT JE S LE MDA (v) R ERIHIY A 2
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FEWEAC TR R I B 0 2% B H A S Tl v % P TE ik R 2R R T I B 2%, TEFLIRE P
acidilactici ZB220 W FH N HF A4 & A 0 a] R BENE HEAT 2 G 2k L- AL R A 77

FH T TV 37 A 7 P A B S AT R R B 1 AN RS 1, B4 1T Aspen Plus A4
BT AR A S TR IR AT SORHIR L, Wil 3.1 Fos. I EHE, A
TRALER S RE#s (R201) HEH A A PR 22 AP RHE EE N 102 °C, X5 Tk Filab B
Wy SBe IR R (98 +£3 °C) KREBWIA, MIMIESE 7R KBRS . S 2 BB,
RS REIR: TRAGCEE SN ERZHYEES Ca(OH) RIBAKHATIRS
(M204 A1 M205) Al (R202) A jEdmikt (P203 A1 P204) Jo Frfs Him St 22 41
WK PR LR 63 °C (RIEEN 5 2 SR BEAL R RE 2% IR BHR DD

PR AR TR EE — MR PRI G CRILEHMS BB R %A R A
F)) BT R TIAL PR S ) E iR AR (100-130 °C) #A6N E & B 208 30% (w/w) ]
B IEIREHA I FE o & 3.2a WoR 1 TRAL I 22 FT [ ARV RLE PRSI A PG HT 5 M AR B0k T
BEAR NP RTE S AT . B 3.2b Bs 12 PR A4 PRk 7R A 1 0
WA, PTUCE W RN (23 580D Falf8 278 0RAe B3 BRI 0/ R
FF3Rl . IS EF R E A S F~30% (wiw) » T3 pH fH~5.1 , S#idF
BRGNS AR 22 AT HORE S RERE St I AR & A0 pH AR 2. B 3.2¢ IR,
ADACHT G UL B FTRE ) BB AR P & B AR AR, R EAI D H ke
R, BA, ARG G REH B K RS 305 T IR A 13 BUR BHE
AFEAR B, XL R —HUER . A PURRAS ARG, AN R R EL RS
PV T & A T E BHE S B IRAS i Rk e [ A4 SRR 4 A R vl ik
FORARIROIR, TR 8 ~T0% (wiw) 2 ~30% (w/w), i fEM~110 °C A H~63 °C,
pH M~2.4 AFH~5.1,

WEME, ERAAERESEMNEOT, A EE AR 24k 2 J50R A DL
B A ROk T SR A4 A Tk AR R T R A A U MR . H AT T SRR R4
AR TGO PRIEAANE L 55 °C, T HE H I AL BRA 5T 41 4 2 Rk H 1R
e Tk LRR (B 3.1b, ~100 °C) o Kk, H Al i 25 24 & Bl ok sSE I S A
IAEADE FIRRG 1 EAERAR sk, AT, SR 5 s
BHE D Peg maA R R R AT REA LT LA (1) TRACEFE AV R & A R E B
FApEI Yy, EFERRE ORPE, 13%-14%; &M, 2%-3%) « B (1%-3%) . B
(0.5%-1%) « HMF (0.1%-0.5%) « LR (1%-3%) %5, HT TR A A& Z K
PR BRI R, O R AT ) P AR I B AR R O3 76 T B R A T A
T AR AIK Z A B S5 700, AT A R 46 RS ARV s (D) R s 1 93
A B [ R BT AR FE R CRg T 100 °C), 7K R 15 [ A & =i (A~70% 2] ~30%),
e LT YE Z N A Y 25 AE TR BRI R} o 6l 4 PRV B TR e A4 7 P b A0 T — A 7K e RS T i
W5 (iil) IRBEVR AR TR R (4R KRS SrIiErErs . B ).
B R RN AU AL, TR T A3 20 0 B T S I AR e M R RS AR S
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AR I B 2%
JEREE: 175°C

AR E#: 0.8-0.9 Mpa

B 2.40 tons/h

Tt fE EFT

EHBR S KRR
RERSAFE

FRIER
SEAEBEE
g HERW i =
e T EEHTH | _gempys | —GaBRRS
Q E s H A IIIII]]IIII RFTRILH A I TR IR IW Illll]]llll
Hﬂﬂfﬂ}ﬁ: "'63 °C 1 N Q
I?VK 3 3 JEE . ?
164 fonsTh HREE: 4.26 tons/h = — zgg

4 ; GRERR g .
BE: 50~55°C BE: ~37°C, BE: ~45°C
SmiE: 4.31tons/h RiE: 4.31tons/h iE: 5.88 tons/h

FigEEATE: 26.7h  FIYEBRE: ~26.7h

F{E8EnfE: ~80.0h

=REER R

L-ALBR AR
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m H202

Experimental: 175+3°C /1
Simulated: 175 °C /

= H2S04SOL /
$202 [

Experimental: 110+£5°C
Simulated: 114 °C 102

-
-
-

Experimental: 98+£3°C
Simulated: 102 °C Y

(63
o0 )
’ A

| Simulated: 63 °C |

B 3.1 DIEFAER TR AR AT L-ALRAEL RSB AR REE
Fig. 3.1 Diagram of continuous fluidization and bioconversion flowsheet of dry biorefining process for production of L-lactic acid from wheat straw feedstock
e (477 L-FLIRI 5 A | L2 s Y AR B (o) F TR0 T S 1R Tl b 38 22 T ] AR ) IR A8 A0 D 22 RS MR I RR I FE A2 ALY Aspen Plus Vi
R T ZMAER . SEIR A WA RN R 2. PUACERIR FERE T 10 m® Tk [ S8 M sicillia FE s, SRR FE AR (LT 5 L (s == /N ) N ds
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(a)
Before fluidization After fluidization
(b)
S 40% - 6.0
H . 1299% 30.1% 304% 29.7% 5.5 5.16 5.17
= 30% 1 o T R 50 oo AT
= | Ee Ratid o EoE Lt
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= ] Rk 5 A i
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kel 0 EEeE s Fe
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Fig. 3.2 Morphology and property changes of dry acid pretreated wheat straw solids before and after

fast fluidization
W (@EEE; OIBFHRA SR (BRI AR . DL MY i3 S S 2 T i) 2 1 BR T3
AL TR FF(PWS #2) A JERFEAT IR AL S8 76 9 min Y4 PWSH2 i iiw [E AR08 (~100 °C, pH ~2.4)
A (20%,w/w) FIEKIK (~25°C) [FIFIELLINNRETR A 4 H 3T IS sLss . 5 3 4
PPORAE— B G JG BIRESY, BRIR 1 kg, RJEHHTZ S (B 10 20 B HT, AHERE &=/
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pH LA 2 o ] 25 e FD 00 2 ST P 22 B (105 CCRE MET) « 58 AR B S0 F A IR & PWSH2.
IR SANAS S R RN 500 g) FiHR IR ZFNCE . BRI CHERRARD KT
B, EEEE RN 20% (wiw) « TN 50 °C. #5334 200 rpm. 274k T2 4 mg BFE
/g DM [MET, WA A T GERRERMPSERAE) Frdrse o TR .
332 VAEF B IES: B i s
T RS R T YR 2 A A S BT AR 2R RRL (~63 °C) Re TG
SERES YA RE, e R SR SR BT SRR AT . FRATIAE S g
PN g BT T IESEAL SRR, E R RIMEERE N 0.0375 b, [ EERE
30% (w/w), IR 50 °C, $3# K 200 rpm, LF4EREHAINE AN 4 mg BEE A/g TR
K 3.3a TR TS E IR (~63 °C) [FELEBNKHHL A 2R IR 28 1k 1) H
TGOl G R R TIRAMENG, 7R RIEE BIRIRGE EFF 3 °C /ifi (<50 °C — ~53 °C),
{EAPRAE LT Yk RBEROE IR VLR 2 N (50~55 °C) ,  HA8 I a] P a] DL 0] 31 47 4k R i
EOE I (<50 °C) o Bk, w] LARIAE 2 W s iR T B R 2 S A A AL 35 A5 1)
~63 °C I ZZ AT HBHE IE SR AL T 18] H AN S AR MR J7 TR 2T 4 22 B R 36 A 07 T 52 P
K 3.3b Eon 7l RS AL B I Tk N RS AL B FT (PWSH2) (EFFER
0.0375 h'' 4T FIIBEILAT [H]~26.7 h) 254 NIIESRE SN . ELETE~24 h
RBNRRAS, PRI S A ~96 g/L Hi &I BE . ~61 g/L K. ~12 g/lL L& ~0.9 g/L
HEREA~0.9 ¢/L HMF, E£MKEEZIN 0.2 Pass. & 3.3¢ SR 18 RS AT G 52
06 =5 N J B B TRAL FRAZ AT R (PWS#1) fEAHFEIREREZ 0.0375 h' N RIS
o ELHRAEAE~36 h JEIEBIRRAS, TS MM IR & ~85 o/L Hi &I BE . ~46 g/L AHE.
~8 g/L TR ~0.6 g/L MEREF1~0.7 g/L HMF, F£MALELIN 0.3 Pas. KT PWS#2
(BRI AR, P15 OB A IR A AR 82 v P BB R TSR PR AT RE O A ) UG i
XRHRMEEAFIRIESECT, TR R PR EESR P (BN 27 4 2 R
AR WES TSR = N AS, XA H TS0 = AR 4 sl nl Jo itk . Tl P i
FER R R A T AR B KRR Tk Mias (10 m?) Eu/hARISEIR = e wids (20 L) #)
A D NI B SLAS AT 35000 BE o AT S ey o SR SRR AL J5 IS I 22 AP AL TR
FIREEA 0.2~0.3 Pa-s, X3 AE05 @ I bRiE B0 (e Al i% I ARG £ ~0.5
Pas) HHATHEERNE, FEMIRESIGEGR T 25 S M SR B . SR
FRAS TR, A Z 0 e 2 B AACHE IR FE 1A 31)~152 g/L (] 3.3b) Bi~131 g/L (B 3.3¢) ,
X5 5E e LRI R 85 R CEBRREE~135 g/L) AH U7 1631640 R B 7E i
] B E S I AR A, A KT o A 2 2% T RO AL SR B S ] RSN
gx b, mR ALY R 2 RS AN B G BAA RS (~63 °C) M T A4 RIE
PEALIRE (50~55 °C) , HAMEL ] L B4 2R il B2 AR A AN 20 JE S AL I AR R AN
SN, T DAE 24~36 h P PR SEILE SR IS R B AARRES,  FF FARSR VRS B i p 4k
K% (0.2~0.3 Pa-s) 584 Al MEHBOEE CAIiERE /N T 0.5 Pa-s IR &5 h
HEAT 2 P S A 2 Ui, AT A R TSI EIURHE 14 R ) 32 482 5t 2 B BB P Rl e S8 A e
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Fig. 3.3 Continuous saccharification of the fluidized wheat straw slurry
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e (QEESN AN RS FIRI PR AR R IR AR (0) T TR YRR SIS I ZE R AT 2 SRR AR (0 . ) P R0 R R 52 o B (1)
Ak s () SEHG: 5 /N 2 I 2% T AL B AL A5 A0 5 O 22 FRIIE SAEA T 346 S W A 300 1) PR S U0 ok 420 R 38 UKE 2 B T ) AR Ak o 3 3l DR 7 A 15 B 22 RS 3
B 3.2 Fion. fEMFER 0.0375 h's 30% (w/w) [EAE R, 50 °C. HEFEESE 200 rpm. £F4E KB INEN 4 mg AL /g DM I N T IELERE(L
e, IRNASECA pH AR ERHEE, DUIEH PR, Ok () RRESIRERERIAE s, BRI aEHE R 5 i 2 RS (H
BD IFMARSHETRR GMED o Ja2E48 8 h R IGAMNEHERAE, SRIUIMAFIHE B R 5T 2 0] G AR RS TR 30% (wiw) o
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3.3.3  FHAHEGR BESRAS E YN

HH T B TRAL B AR R P2 AR AT AT B /KA, BT 147035 £ w2 T4k 34 ] 444)
Bl OB RS EEGE S BRI CR P AR T RE LR R AT
HMF %5 ™ 5 5200 e B2 G AR 0 R B (R 4l 1), o 200 3k I 2 ) IR 4 b AT i Bk . A
SCAER P variotii FN89U* T SR AV, J5 BT RAS B AL AT T SRS Y 3,
DA I A I A AT DO RN S A (R AR W R A o R 1 5 P O SR I 35 5 VR e AT PR
HEIGI AR e — IR AW RE T DR UE S ) 1) J2 A M ok 5 A R R U AT R e R
A5 TURAERTE AT UL 0T N B 2% a5 8 G Ik B I B BT I A A AR MR RE

Kl 3.4 JRORTHE 3 L ARV 3 I Ak HR o6 ok F SR BE LB B 1 22 TR I 2R AT
LAY R 25 R  JE B AW M T A AE IR T AR AR B B AT 10%(v/v)IF P, variotii FN89
TR IR, AEFE BRI EAE 37 °C I A %M < B A B S P kea /T
10 h'ls il 3.4a Fos, f8HKE PWSH2 FIZZAFREAI (HIHI 0o AR D) 10T
HEEE BRI R ARRE RSN 0.0375 h! OIS TPt B 1] ~26.7 h) , @ik %F 8 h HE
R R E 30% 1 I B 22 AT BE AR I B8 Hh 78 B i 1) S5 T B 1I~37 °C BEALIIR S
o KH PWSH2 FEALIRIS, WIGEMEIART&H 1029 g/L LR 1.11 g/L #EEEF 0.92
g/L ¥2 FJLRERS . @I IR 2R pH UGB R AR 52 M B 4K A 80 1951, pH ZELEE 24 h BIA
WEfE (pH 4.44 — pH 6.88) , 1 Bif B4 10 HH S M ee 110 Mo ok 58 4= DA SR B 3.82 /L 1)
LR . BLH R BE N 8 2 S LR (T E ghrEs R fE) %) i i
PAMIIAH R BT 2 PWSH2 BEALI, FI A8 — RO EE 26 s 3 v 30 4 1) i B B AL E R
it B A I AT 2 IRAEI L EE, 20T 8h K R pH FRIR BRI (BRI FIRBE N #2&
RO, BRI IIAS B R R, R E) 3.39 o/L MZRR. MEEE bk
I EE MR, SE4ERF 168 h IRIELE i g [A]

i 3.4b o, EHSKRE PWSH#HL BIZEATREAGIE IR FEARG IR #R47
SEM R AR RSN 0.075 bt (A TP 80 A~13.3 h) , JEid A 8 h HE ik
R 60% [ A I 75 22 AT BE AL - 21 3T b 70 8 i () S5 5 == 1 ~37 °C BEAL VBRI HL .
K PWS#H1 HEALIRIS, PIABLEAR R EH 6.65 ¢/l ZFR 0.54 g/L FEEEF 0.69 g/L
P F MR o [FIREM, 8T MR IAR R pH UEAE KA E BB AL, pH FEMLEE 15 h BikIE
B (pH 4.71 — pH 6.51) , ¥ BERRES A2 H S0 1 IO ok 56 42 DA S 7R B 0.68 g/L 1 4
P o SR 2IA B EE 24 s PR TR . (H TR SIS g R B AE) , FESZIHMn AR
[F) i PWSH2 AL, IR 28— 000 25 28 a0 2 P R R TR I B AL VL S Tl 23 0 7
WHHT 2 W AEIEE, 200 8h R R pH FRXBIAIE(E (R RBIERRL A , It
ISP AT ARSI AS SRR R 0 PR SR, RSN 3 0.41 o/L I TR . IEJE A RIABEEHCH
BHEME, SE4ERF 183 h (IS i F 0 [H]

WAL, FRATTR I 56 B S IR < fa AT T S E U M &N WA
XRS5 R A T . X 2 BR R AIT 5 & SRR A A2 SE PR ER AR
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BRI AR, ASRENE S A 4k 2R 2 KR, AT 4 22 i A A O R PR 1 452
AV EERY B TR ERR SRR AR E R . i — 71, 5520 3 /N TAL 38 s B A Ak
HZZA (PWSHD AHEL, A Tk R BASFUACBEZZ AT (PWS#2) 15 2111 I 75 Jo B AL
A BB R AL BE, Wi 25 B ik 28 J5 BRI 4 R I A%

FHXIT 5, PWSH2 FEAL L PWSH#HI BEAH & A 5 = ARk g OLHE IR,
IS 11~13 g/L) , M R 25 PWSHI HE AR 0 I 2 0 R IR 1T 25 1 R 25 B 21
AR (<1g/L) , BUTEEZWGER A, SEPhr b, A THR PWSH2 PERIES:
A U 25 B 18] ()32 SR AR AR AT R 320 A 8 /NN, 5 UCHE ) 00 25 S B AL R A Sk R T 2-4
g/L TR Ak, ZIKREKF NI SBRA B AN A0 K 22 HUR 19 T AR 4 i AR AN
W =BG . ERERERE, BRI CiHRER pH B 5k, e i
RPEAETBER TSR BT DLZREATE (<Rl 2%) B0, X B fd F % IR 4L 75 8 FN89
[ 53 S A A i B 4 SR ARBAISO- 1421,
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(a) Industrial reactor pretreated wheat straw hydrolysate
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(b) Bench reactor pretreated wheat straw hydrolysate
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Fig. 3.4 Continuous biodetoxification of the saccharified wheat straw hydrolysate
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PE: () TALR B HUCTRAAT (PWSHD) HRACHAEES P S A RORE . 0600, pH ALK ERERS A . FRESK 0.0375 b, 43 8 NHILE
i B 1R 2R SSUE 30% (wiw): (b)SESG /N S S g AL AT (PWSHID) BEALRAE RS LI BRI KO . #0070, pH BRI VUK BE BRI (8] ()38 4k . 7
FE 0075 11, 45 8 /MM ECHMI B U R S8R 60% (wiw)e LTk (1) FomRIBl i ARIGHER A R AL R E S P B R e )
Wae T L AR, SRIT 2 AN B | AN, TR A Ar~30% (wiw) | 37°C. SEAU£ 1.0 v, SEFEEEE 750 rpm B
AR THLBRIR 10% (viv) 2 AF THEAT I R
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3.3.4  JiEEE EFOKARIR I 2 BIES: L-FLIR K

EE X TIAC BRI E TR AS A A 38 | SR WE AL B 5 J5 7 AR 1 DU B 2 AT K AR
DA L-FLER A 7= R R A5 0 HE B R T It e AT 1 VPl o E VPN I 2R LI R T (1) P AT PR I
FHEMBU TR OESIARKFERE SRR RIS @R SBlH &/
RIEEREE IR W R TEARAR . MR B (B3 DLRARERIE K i 4 LR K
T it o

2 PSR R T I AE T A WA IR ) SL ORBERE AT, SR AN R IR
HR IR S R B 0 7 S AT , FLIR BEM U AE R B G I s 0, R e Ui B2 35 4 il A
45 °C, X MEE— AR BHEREA LI BRE ZB220 1. FTA = AN I IR R R %
Bd7i 2 0.0375 bty i A 8 NI MBS — AN R I REHETS 30% 1) B KBRS
W, HZRHG—NKEE, HEIIACRENZT KBRS — R+ . KT
LR RIS R, 6 T =N K EEGE R IR — 200 26.7 /N, AN R IRERE IR 5 K 9%
I IE] 224 80.0 /N

Kl 3.5 IR PR TRAC BRI R (PWS#1 Il PWSH2) 7 BIFE AL AL ER . S0
o ESNEE AT QORI KGR . B 3.5a BRI R PWSH2 %4k
FRKEESE R . — SRR 64 h JEEBIREES, L-ABRIREREE 111 g/L A4, FREM
BRI AR B> DR E 2 6 /L M 42 g/L KA, K¥EEENIFESE & 0.029 Pars A4 —
P R IENAE R T 56 h JG IR RIS, L-FLRIRFERSE 2 137 g/L Aeda, 5 B 1 26 A
AR 3 FaE 2 6 g/L F 12 g/L Fefq, MRS E 2 0.015 Pars ifi; — K EF(E
56 h JEREANEERS, L-ALBRIKERAEE 143 /L o4, BRER IR & Bl A ACH R BT 23 ) A2
EE 6 g/L 7.7 g/L KA, KiENEE S 0.014 Pa-s 47, M3 L2 & B R
N 1.79 g/L/h, e 205 55 B 0 B AR W e AL 1t BE FE AR (IR FEE 143.0 g/L, 32 1.79 g/L/h,
BE 78.8%) 5 L-AB ot kB GREZ 130.8 g/L, #E 1.82 g/L/h, 15K 67.7%) %4
U5, g 24 e et v L-FLIR TP 2h Il 52 2974 99.3%. ] 3.5b Jg 7 (/& K H PWS#1
FES LR K BELE I . — AN ) L-FLBR K BEAE KB 112 h (B8 12 (AR 2 JEIE K
BERaRS, “HARKFBEMEREE 1040 (55 10 KEUHD) 2 )Ja ik kEfas. —HRER
AME, L-FLBRIKIE N 118 g/L Jity, Bk B B3 & B A AR B2 70 il 72 4 /L F1 14 g/L
A, RiEAE 0.15 Pass Iidys URBERRAS AR, L-FLRRIKEE N 125 ¢/L £ 47, WRH
P48 26 BRI AR P 43 I AE 4 /L RN 8 g/L /i, EPEAE 0.13 Pass /A = ALR K B
RS A TR], 5 B 1 o6 6] B MR BV FE 3 I AE 4 /L B 6 /L Jida, K BEAE 0.11 Pars i,
AR L-FLRA =% N 1.61 g/L/h, 18354 0.800 g L-FLER/g M. Fe& K EREF L-FLIR K
T2 W 5 2908 99.5% .

PLEZEREY . OLRRAFET T TACEEYIRNE & SLih = FULFERL, — %S
FLIR A T S IR E FLRRIR P2« Bl ORGP 55 07 T 5077 A 1 B 2. BN TR iR 50
@A /DT PO EEFLIRA B IRD X P ZLE BN 7 A I AR AR R B A R AR S AE R
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I 18] Y SR AT RE s @ T DL TACER YR (PWSH#2) AT M = W ATRIEL K
B2, YIRS SRR N (IFREREE 56 h) SEITEFLERTE R FRIE KRR
K FE 55 2 3007 VBN FR0E R SLFL TR R T iR RAaAS T 26 T 525 = Tl ik 2R 4 k1
(PWSH#1) AT M =R ARELKEE, /DT 104-112 h A RESLHUARIERRES
R @FET = WA 2o B R AT IE S IR R B, R T W3R MR B AH X G
(0.01-0.03 Pa-s vs 0.11-0.15 Pa-s) , [R5 A H T 7E 7R 2 PR B (155 2 Hh g AT P
ik .

i LRTR, DL L-FURRAEFZANB, iR P EE YRR SO ER . L L. ES:
Wi JE e e nete T LR R I FE It HAUREE 56 h (HREPUE SR R RN
o AL, ARFHIET T HACEYIRIE 2 R AR KSR R —HARK
MEFRA I AR RN 60.73%, —RILBKEBEREN 76.24%, =RHARKHEEREN
78.83%. PRIMARXS —ZRKBE 5, K 2> g UL b 1 R Il g A0dk AT 3% S 7L R R %
Wi R T B A B . AT, ML ALRR K RSN — N =2
I, ALRRKBAS RIS T 2.59%, WAR BAXFERHREE Q=% k8> RIATLL
PR R E ). SRR AR . R AR . S KA 2 DL AR K (1 S LR
RGP i, [k 1 T s 8Lt () W 8 43 B8 AR o D SR R IR 0% Jl AR SR VR I 0
N T BB SR A AP FRIMESE, W] LUK F = 0B 2L 7L K W DL — B PR IS
R B TR BE KT o
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(a) Industrial reactor pretreated wheat straw hydrolysate
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(b) Bench reactor pretreated wheat straw hydrolysate
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B 3.5 BB KEBKNSRELFDEUAILRE (SSCP) £/ L-AR
Fig. 3.5 Multi-stage continuous simultaneous saccharification and co-fermentation of the biodetoxified wheat straw hydrolysate for L-lactic acid production
(@A DAL A B AT (PWSH2) I B /KARVRUIEAT 2 P8 SLIR A A IR OB . L -FLER AR ULRE BE 0324 (b) RS9 S UL B2 AT (PWSHL) i
BKRBOHAT 2 RES AT R BN S L -FLRFA RV R o aEFsk (D RV FHK BB RUR BAR L EBESLIZ 1T T 46 -
AL 8 /NI HERLATH B 5B A RS BT 30% (wiw) o ZOELLAIR SSCF AR AE =AM BH) SL A RN (L& IR it ki,
KRR R & E~30% (wiw) , IE 45 °C, ¥k 180 rpm, FLRRE 7 HHEME 10% (v/v) , pH 5.5, REEIELER H BTN 25%(w/w) Ca(OH), K%
& & pH.
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3.3.5 MM E] L-FLER K B IE B A e A R Rl Al A

KA FFEH T M E R TS BRI A B L- LR R I 1 % B AR ) A A
TR N TR AT AT BV, BATEAT 7R 2 R 5,
3.6 . M 1000 kg BRUGZZFT HUR, ARIGHAT TR TIALEE CR A Tl FiAb BRI Ri2%)
AWK, LRGN . LR 2 RELE L- AR K. Hrh, KT Es:
e e B AL AR SR AR W i B 0 A AR obE L H e P 1 T B A AR ) o R T IR AR AN I 1 AN 410
VDS IGP IR s T 2 JoE s KT R BE . 0 A FLER P 2= (LIRS )
0 o A B U B T R AL R B (=R BT IR BIFRASHT B Sk A FL R
(R S50~ 3R

WK 3.6 A, 1000 kg JEIGZZ AT RR T E S5 2] 1752 kg I sl AL 3 52 41
CFREAE R 53.71%) , TR T 47 kg BT B S T~5%M T/ N RS FFERL
SXof N7 )71 260 W/ SR BB IR 99.64%, ARKE/AR ZERE IS 3y 73.14%, SRERIGE A
88.56%. Bfi 5 min AL EEZ A imaSth (BFERER . PRAEMRES) EIERIRES
W R, IRIGRIL BEENET B, 193 3072 kg MIZEATREALIR (A
36.49%) o EZHEI AT AEREEIAER T, 69.72% I & HE R &) CHii S pE A
ISR LUK 65.45% I ARBERGY) ORBENERIARTENE) oK iy AH LK ] & % 5p% .
ELENEAY K B 8 2] 4/ S0 [ SR NS R SR S 2243 ) 4 99.63% A1 72.78%,
SPEEICEN 88.40% . XT LU TIALIE 5 A BE R (88.56%) » AN T 0.16%, i
PR FASAE S B B S ER R TA R I . Bl S, 3072 kg A R BRI
FIFR F LA I S (V& B O N T S B B, TE 18 P, variotii FN89 [
VEF R IBR 1 A0 iR A R AR DA % 70% 1) 1R, 7= T 3358 kg MR BE AL
W BB G, A E SRR R AR/ A SR [ UAg 2 R [T 2 3
RIS T FE, 258 99.53%. 72.24%F1 87.41%, 1X/&H T E P, variotii FN89
FEMLEE AR T 75 YR B S A K TS AR — fi ] e, A i bisE s kA4
PES ] R EENEH R ~1%. S5, MR G MBI IR 2 2 JUE S IR K T
B AT SR LR R AR 7 o DASERR R IR S 00 BT 15 1) 58 = L IR R I ) e &5 SR ol ik
ITTHE, L3 4497 kg 1) L-ALBR KB, FHob L-ZLER DA L-FLIRES e A2 4E, JEh
564 kg (FH4T~466 kg 40 L-FLIR) , Bk I 2 BEFIACHE 2 4 21 kg A1 25 kg.
SRR KRS AR FLIR IR LIS B 7 143.1 g/L, KEFS3IAF] T 0.788 g L-
FUIR/g FEFTRE, H9THIE L-AREG RN 78.83%.
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H,SO,: 0.035t
H,0:0.311t
Steam: 0.453 t

v

H,0: 1.247t
Ca(OH),: 0.037t

Enzymes protein: 3.60 X103t

H,0: 0.038t

Detoxification seed: 0.026 t
Oxygen: 0.012 t

Nutrients: 6.58 X103t
H,O: 0.257t

------- e e U

Continuous

”’| saccharification

Continuous

Fermentation seed: 0.028 t
Water: 0.861 t

Ca(OH),: 0.180 t

Nutrients: 0.064 t

Continuous L-lactic 3

Biodetoxification

1
1
3 Dry Acid 1 Continuous
Protreatment H Fluidization
1
Virgin 1.000 t After pretreatment: 1.752 t
(Solid)
H,0: 0.126 t H,0:0.811t
Glucan: 0.309 t Glucan+0O-Glu: 0.284 t
Xylan: 0.218 t Xylan+O-Xyl: 0.055 t
Lignin: 0.168 t Lignin: 0.168 t
Ash: 0.084 t Glucose: 0.027 t
Others: 0.095 t Xylose: 0.118 t

Furfural: 7.71 X103 t
HMF: 3.12X 103t
Acetic acid: 0.026 t
Others: 0.252 t

Dry matter loss: 0.047 t

Glucose/glucan recovery: 99.64%
Xylose/xylan recovery : 73.14%
Total sugar recovery : 88.56%

After fluidization
(Slurry)

H,0: 1.951 t
Glucan+O-Glu :0.086 t
Xylan+O-Xyl: 0.019 t
Lignin: 0.168 t
Glucose: 0.247 t
Xylose: 0.158 t
Furfural: 2.30 X103 t
HMF: 2.40X 103t
Acetic acid: 0.031 t
CaS0O,: 0.068 t
Others: 0.339 t
Inhibitors loss: 0.006 t

Glucose/glucan recovery : 99.63%
Xylose/xylan recovery : 72.78%
Total sugar recovery : 88.40%

H,0: 2.209 t
Glucan+O-Glu: 0.045 t
Xylan+O-Xyl: 0.005 t
Lignin: 0.168 t
Glucose: 0.288 t
Xylose: 0.173 t
Furfural: 0.000 t

HMF: 0.000 t

acid fermentation

After detoxification: 3.358 t

After saccharification: 3.072 t

After fermentation: 4.497 t
(Slurry)

H,0: 3.066 t

Ca-lactate : 0.564 t

Lignin: 0.168 t
Glucose:0.021 t

Xylose: 0.025 t

Furfural: 0.000 t

HMF: 0.000 t

Acetic acid: 8.47 X103t

Acetic acid: 9.34 X103 t CaS0O,: 0.068 t

CaSO0,: 0.068 t
Others: 0.393 t
CO, (Gas): 0.016 t

Glucose/glucan recovery : 98.31%
Xylose/xylan recovery : 72.24%
Total sugar recovery : 87.41%

B 3.6 A7 L-FZRKBEEEAYRCIEYEHEE

Fig. 3.6 Mass balance of the overall continuous bioconversion for L-lactic acid production

Others: 0.577t
L-lactic acid yield: 78.83%

TE: KR A TR Db S NS FRAC B ZEAT (PWSH2) BEATIES R A R I A BURGAS B B (1 S A8 Kcdia o 360 467 /48 OB RIACRE /R M O [l e o
SITIEA X BRTAF ARk v 1 R 2 0 AR B Bk LB UR 22 FT R R SR AR SR B R S (SRR SRS B Ay AT D o RORE RN
AITHSRTES X T BT AR b LS B DUR GG ZE AT T LS B BOKAL SV AL D o L- ARSI 502 B = RALRKIE N
BRI L-FUIR SR DA R AR 22 AT b B & B T AL B8 L - (BTE oKL B TETH BRI #R A O ) .
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3.4 EAEBNG

A FE DB AR R e CED BRI AL 38— B R B A — VS AR i B — K
B NHAE- G, WER T 2T /N EREAT 2 L-FURRAE P2 I D i A A A& S A= WAk
AR E BRI

(D EEEIRA 48 LKA AR, AT E AT (T B A% L g 42
s T TR I T TR T Ak TR A S AT RE (<100 °C) R AL A AT 2R 3 IR AL 2 R
(~63 °C. pH~5.1. [H&E~30%(wW/w)) , AFTIHELER KRG RE HES ks
Ja B SRLE AL B

(23 Bt AT 2P PR I A5 A A B 58 438 G T TRAR BRAARL A SR 41 0 1 SR 5ORT
PRI, TR R AKAR T A -

(3) ER T YR 2 TS AL B G IS BN 2RO, R HIRE (~63°C)
T AT R BEE B RLIR T (50~55 °C) , {HIESAMEL 5] E M R iR AR LA 2
o VSR AY R R ASFIRLN, T LAAE 24~36 h A BREE S S0 Ak 5o A ) B AR R s

(4) 7 1o ] & R SR BE AR A TATR], S0 A 7K ST o) 2 24 25 Il v 1 AR A 280 1
SO AT ZEANTE AR FR IR A R A AR R B ik ~152 g/l 8i~131 g/L, I HIXFK
TR P (1 LB AL (0.2~0.3 Pars) 584 AT DU FH B0 22 CRTHRHE AL BE /T 0.5 Pass
A IRk T % PR A 2 =ik, WA R T SEEURE AR 1) 2% 42 B B2 o B 11
PUE A tb . ESALGER,

(5) AW AR SEIL T oo ] & S S AR R R U e S i 2, JE AT LS 0%E
SEREACANE L R B B BTG . T %0 [IRILE 5 FN89 2 5 AV SHHIAR,
AMXAT AIESE . i AR HE 2% Bt S Ak T A3 22 AT B AL A RS A HMIF, [ B H
LRI R BARIKT, T LT S0 23 1A 8] ) i B ¢ R T4 11, ] DIdad W 5 A 14
(1) pH ARk X 328 252 it 75 2% fUBEAT HERA 1R 01 I PRod St 22 tHoRLRIRINEHER A, AROR ERAIE
TSR AR AR T R BRI AR A, SRRV SR B RO R R T AL
FRREACFE S FLRR R B B — 2, AR T-3H47 40 FLUUAC (A2 e e S WAk

(6) i =AHREORBAHE T 2 RSt EE8. MW L-ALR AR A,
ARG T FHARY L-FLBRIKE (>140 g/L) Ml L-FLERAS R GHH4 T RS 15511 78.8%)
PAS AR BB KF (<14 g/L) , 1 A &SRR M FLIR R AR 1Y) L-FLER TR 2l =
T 99.3%, HFIT FEAK G S FLER 2l Ak A5 T8 1) e P A TR B A0 45 5
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F4EF EYESIERTSREEES TEEMESIZENSERN

41 3|8

HAT, PAFLERX TP AR i oA T 0] AR 0T £ 4 2 T EAE MRl A2 32 B T
SR REAL . WESAEYINEE . FLER K TS D IRIS- 801051 FeE b B, 5 RSB R L R
2T 4k R B A RS A 50~55 °C, WG & BB AR 75 ZLE B AR LR VS R 2 N .
RS EYI B, A BV 250 KA H % (P variotii) FN89 8L ZW70,
HFE IR N~37 °C, b A D E T KR MBEIR (2D 13 °C) A il
JE I B B ) BB PR ()L R 3. 80.1681 - S Ak H AT AFLER T (U1 P acidilactici
ZY271 8L ZB220) )i A 240 B I o A R B i AR BRI R — A /b 42 °C L) RN, i Ag
SN R BRI RE, RS R 2D B AR R I TR S °CRL b HIBRT I, 4RT4F
YR IR TILE IR A 77, fETACEE 2 J5 AL B (k. s AR
1775 35 WA 55 HLOK VO Rl AR e il /B (50 °CHEfL — 37 °CliidE — 42 °CHLIR A ) -
AT DB (A2, FLIRRSE R SR B AR W = it (R Ao b A B A = 38 5 AR 5 2 K I
VRS (BDBETTK) o I, QSRR Fh R T A ) e B A% 3R AT 2 48 H.
R Bl ) B R A P HR A B A =22 BRI RERERLAS, 1K E 2 12 [ A R 1 i 72
P LR BRSBTS, EH 38 2o AR R A3 FLIR 9 V5 R W ) A 7 3R

DRI, 9 7 F R R RS AR TS T Jl AR T3 v ik AR W ) o 5 ) A 2 77 R
A Wb HEE I A ) B R T e 1 R A S5 T B S 4 T VRS AR Y i B A LR R
T2, DURRT R A A= ) 5 5 A0 FLIR i st R 1) T AR IR X ) 1) 2 4 25 B M A R 1 T
PRI X (A1 5EH, NI — A B R s M AL A Ve A 72 . A0 708 B A& R
BEPEREMISE RN TE B P, variotii FNS9 1E AW I 25 FE MR MR B Ak B R B bk, J6 2
o I v L 6 AT WD AR T AR e HL iR B PR, SRS CAURIR B NSRRI E (5
SREIRWIHREILE) , EEAEMEY (LR, FEEEA HMF 25) AR F 4k 2Kk
AN AT K AR S iR E N E AL 256 . DUIAAS B — bk H E 2 bR AN UAT DL 52
~50 °Crapili RN AR/ il =R . 2 i AR T A 4 F K AR AR &R T S
I A P b 5 4 B AR miR A AR B ik . e Ah, FRATTHE A& 00 R R B e BLfe
{8 ey O FH 22 PR ot 21 4E 2 K USRS ) LR BR1IE P acidilactici ZB220 1E JyFLER L FE Y
TSR tH R RAR,  7E OB EE AR ST 2F 4 2 /K BRI 3 R0 A7 ) el i
PEHEA LSS, DUATS B — R 2 2 A AT LY 52~50 °CHY /& i R R e Sl =
PR . ST B B AR A 4 K AR 2R T SC R P IR e . R KB SRR
FRRAR TR AR K 0 v A FLBR R B T Ak o AR 0 A B 30 3 56 24 2 A0 M ) B e PO T O
PEHEAT SRAL, AR — iR A LR A A RS, T E — 2P HE B Tk AR P il 4
ARIA =R KREFE AR B Ak 2 BRI 3
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42 MHESEHB

42.1 J5k

AHIEFE A R R o 2T 4E 2 SRR /N 22 REFT, SR E H EA s B B PE T, T 2023
S AR N T IRFEEAT I EA R, AMEERAPEE, RMBIREERERA 10
ZZRITIN,  fJa A Z iR N A T IR b DL R RAT o AR 56 1 [ 5 m] AR
REJRSEL S (NREL) KT ARBAER SR A ME ik, 222 5 J5URHE T B
filt b B A 4E SR 35.60% + 0.41%, AREEHE 24.29% = 0.21%, KK 18.75% £ 0.07%,
KAy 9.70% + 0.28%.
422  FEEFEGT)

YR Cellic CTec 2.0, FHTEgHELERE, WH Novozymes (b5, H[E) .
I YE R MG Cellic CTec 2.0 HUMIE S RE M, JEAUEYE. 4 —HETEME A TTES &0
A4 256.0 + 2.5 FPU/mL. 4653.3 + 18.1 FPU/mL 1 86.3 + 4.4 mg/mL. ¥#{L§ GA-L
NEW JlJ H Genencor (dbnt, HE) , HAEFE N 103,900 U/mL. FZEEE A HFR3E
H Oxoid 2w] (PCEAR, S o —/KE &SR0 B Eig R IR R H
FRAF], EHNorHrat.
423 BRI IR EE

A=) B I R IR 1 SR IR R B RS KA B (P variotii) FN89UT. JEALFY
B PDA 573 AH 550 B BT FH B SMBAAR & il 7 2 G 7 1 L 2.2.3

L - LR A Pk R i it 1 s A ) o R B AR N ALBR Fr BR B (P acidilactici) ZB220
(CGMCC M 2023151) Mo, Fh-p3EA0 i Be oir i MRS 3772 500 77 M1 3L SSCF By Bt
s IR BT VR 2.2.3.
424 TERTALEE

NFEREAT TR TIAL B R () HAR AR A SR AR TR L 3.2.4, TRUAL I 22 7T (1) 26 43D i€ J7 72
NP BRIK L (TP-510-42618) U391, il 45 521, See = /N TRAL B I Ri A (4%
120 L) il BT RR AL E /N FEFT A B EE: IR BE 30.07% £ 0.39%. AKEME
1.39% £ 0.33%- i HE 29.20 £ 0.21 mg/g DM, AHHE 129.10 + 11.89 mg/g DM. L&
17.73 £2.80 mg/g DM. 5-%% FHELHERS (HMF) 1.94 + 1.28 mg/g DM FfEE 1.40 +1.26
mg/g DM,
42.5  BEMRBEALANZEFT K MBI 1) 25

TRALBEZZ AT BRI AE SL iy A MR P 22 HOREAL S N4 N AT o TR BEZZ AT
FEBFARMEALET, SEH CaCOs My KiIHZE pH 5.0-5.5 JadkirBER . FHGIRIEREILIK R
30%(w/w)[E|F B R 1) SL AN 3% I\ TRAL 322 TR K RN 4T 4k R B (JZ R 4 mg
B g E /g TYRNAIND o 2R KM & S A iR E 50 °C, %0 150 rpm, AL
(] 12-48 ho FENRHEFE h 75 B SN ACR, TR BRI R IR AAE 1 h N5
Fo PR R BRI NP HE AL FT AR BEAT 75 1 10%(wiw) AT 20%(w/w) [l 5 & 1S i 2
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FE 7K AR5 72 1885 TG BT K A R B S«
4.2.6 WA

15 3L B 2R3 ROSLEE o0 B AR RS AL J5 B 22K AT AE M B A . B 75
AR AR RN 37 °Cy 42 °C 8 45 °C, %3374 750 rpm, EHSEAN 1 vwm, %M
10%(w/w) M E R P variotii FN89 H K Bk B H: mriii b4 R AR 98 85 b7 1U5 30
BEEYINF . MRS LHTRIMEME IR ERSEDRFIES, ETELR
M Z pH WEAE I 7 ¥R I B 2 R
427 L-FLIR K

FE417 6 Rushton FHE3L 0 3L K IEHE N ZEAT L-FLER KB SEES . M-80°CUKFE
B P acidilactici ZB220 s @il L E VR P acidilactici HT150 R RIS (48
2mL B » BEEEARE S I AN 20 mL MRS 53250 38 T 42 °C. 150 rpm
E 6 h (BN —KIE) o K 10 mL 55— RIS AT E N\ 100 mL #iff MRS
Rigrstrh, FRIN 1.0% (viv) I8 R BREREER 1.2 ¢ (0.6 g/g B HIRRIRESH A,
SR i CE AR RV IR RN RS 9% 6 h (RUNEE —kiEtk) o B 58 UGS AL s ARh e A
L-FLIR K BEIIFR T 7] 3L R I P BIA AR I 85 28 )10 1 L ZEFP/K AR R AR N
FLIR K 8 7R SR AN LR R B — & M1, 7 42~48 °C. pH 5.5, 300 rpm BT
BEAT 72 h W L-FALRR IR UK % . R B SRR @ H 28N 25(w/w) Ca(OH), IR K AR FF14
ZpH NS5,
42.8 %ERINTEE FNS9 [ i id v 3tk

BT PN 0 2 FF K IR0 58 IR PN B3 (P variotii FN89 BEAT ey LIE M1t 14K o
32 N 1 3R A TR AR R IR N 42 °C 45 °C AT 48 °C. HiT AT F 10 2 M 40 22 FF /K Al
[ 2 [ 25 B A 10%(w/w) Rl 20%(w/w) R, T BIRET T 2 30%(w/iw). EVIR 55 1
P T R I A R I R R AERR IR A 100 mL =AM O D@ =) thigkiriy, 3%
WA 20 mL 24, HIIAEAREERI BN 10% (viv), JE8EE 5 R E 15%. 20%A1 25%
(VIV) o EE B e il DL P AL FE AN pH BEAT 1R, {5 A 1) 48 PR 2 3 4 5 4 300 rpm.
42.9 FLERFEREE ZB220 H i d B 34k

BTG R R M WS Y. B0 (12000 rpms 15 min) « &R
i€ (5%-10%(W/V)I N 60 °C. 1-2 h)) « 5 BT822 FF /K fftii O FLER F Bk
(P, acidilactici) ZB220 AT mlu@& R R . BT F ARG s R B 46 10 g/L
EAME, 15 g/L BERHEEYI, 5 ¢/L CH;COONa, 2 g/L 7B IRA 4%, 2 g/L KoHPO4,
0.58 g/L MgS04-7H0, 0.25 g/L MnSO4-H20, 70 g/L & HEF 40 g/L AKE. /NEREFF
IKAEB AL AN T 5 & IS 752 L — R RE R, RN & REARE .

TN AL IR AR RIS 45 °C. FLIR R 1A 1) ey il o B PR A F R e 3
RIE) 100 mL =il O ETmgE) Ty, FmERN 20 mL i, EARERES
10%-25% (v/v)o FLIR R il B ik Aok R a8 o 7S Ik IR 5 4 AR 9 pHL, A8 FH ()4
PRI 318 %€ 9 300 rpm.
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4.2.10 53Hr 7 ¥

AR RME. R, WREE. 5-5 R MR AN FLIR B I E 2 R DU #8177 1R
KH RO S (HPLC) AR ZFuRillds RID-10A (HED 1 MCI GELTM
Hwt: (CRS1I0W) , 7£25°C NE L -FLERM T4 . FishHA 2 mM CuSOs,
JE AN 0.5 mL/min.

WAL, 38 I SRR R TR AT 2 R VA T R iR 1 R AR A S P R4S 1) R iR R B T b
Byssochlamys spectabilis HT45 F & i FLIE K B bk P acidilactici HT150 75 FLER &K Fgit
PR IL AR BT HEPRS A SM Ble kel MRS iRt (BN &
N 1%-2%)

43 SRMNR

4.3.1 5 IAUL 5 %5 H R B B0 e et ot 75 DA

DAt it i P AR ER 7 20 98 IRH S B tH K WAk P variotii FN89 AT it il M &
o L& P variotii FN89 W& B #5ilt B 37 °C, 4 T 45 5 SR i 35 i Pk 94k,
I FR I B — A5 3 I P P A B AR FE 2, FRATTE SRAE 42 °C (IR KR A
WL 2540 T AT 7 REI A 00 00 8 S 30 M. 3 PR R GBI BT 5 & (10%(w/w)
A1 20%(w/iw)) B AMEI 2 AKBRIR, J3 ) B R R AR P ovariotii FN89 7 i [ 7K
fE AR 2 R AR RS . BERERI AR KAB O

W 4.1 Fos, £E 42 °Criid FZ K ERIA R T, HRKE P variotii FN89 584 1]
PABERR 10%(w/w)ZZ AT K AR ) S8 BRI AN HMF, i3 24 h A8 A JHFE 90% LA Fi)
R A 100% 48RS , {H HMF B27E 48 h /245 A W e 4, I Hi& T LA RS i g o2
A JEHEFERAE . F34h, 1E 42 °C. 20%(W/w)ZFT KRR R T, R R P variotii FN89
BRI AT SE A BR R R A I SRR ARRRE , (EAR MEXHA R A ) HMF 31T IRR, T 48
NI FE T 20%00 HMF (0.57 g/L—0.45 g/L) « Aid, (EAFENE, RE 50 K
F5 N KFER P variotii FN89 T4 b T 42 °CiX ANAHXTANIE B B E IR EE N, (H AR
AR IFEERATE R TR A2, (E 42 °C. 20%(wW/iw)ZZFT K I 2 48 h I, 3RAT]
M FEAR R A ECH T 5B K ARTRORE i 72 PDA AR ERIZR )5 BT 42 °CHE 3% 48 h, &
L P, variotii FN89 YR K R i (4nf&l 4.1b Fron)

BE )=, FRATH 0.05%(w/w) )i iR -80 ¥ % PDA R L[] P. variotii FN89 i1
REGeH, FE AN FRu Ty 55408, PAdk—BIliZ B TE 45 °Cy 20%(w/w)
FFAKIERA R N7 =i AR R S R . BEAEIS 0L, SR WA 4.2 . 7]
PLE Y, “PARRIZTH 1) P variotii FN89 REWEIE M. 45 °CH I 8:iR fE, H H AT LAfE 48 h
N TERBEER 20%(w/w) /KR I SR BRI HMF. A A ZH2, M 24h2)5
ERIFIR IS (FE AR K8k, N R 64% (6.45 g/L —4.13 g/L) ,
HMF %% 8 12% (0.59 g/L—0.07 g/L ) . {HfFFZERIZ, M 45°C. 20%(w/w)ZZF K fiE
T I (A1 L 350 20 /K AV R AE PDA PR L RIZRJG B T 45 °CH53% 48 h, P variotii
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059 T

FN89 Al f7i% , (H BRSO R 22 TAHE S AE T 42 cCRIAK L (B 4.10) .
BRI, 28 [CIL T 2 FN89 HY R B vk 1T LAY 32 42 °CHI i HLAE 42 CRAREK
LRI, (HIZBETE 42 °C 20%(wW/w)ZFFK AR 2 T X HMF BRI IR 12 . &
it 42 °CRyiR M #AIYE PDA AR AT mim s 9% S5, R B RO TR 35 ek 0 e 253 1k e 3R
BT —EHRIRTE, HETLUE 45 °C. 20%(w/w)ZEFF K SRR 22 T 58 B 420 1 i 4
AR EERKIERALE, I SBT3 — D s 75 A R R AR KB L

(a) 10% (w/w) wheat straw hydrolysate

Inhibitor removal

Sugar consumption

OGlucose  BXylose

i ]

0 24
Time (hr)
Sugar consumption

OGlucose B Xylose

—E—

0 36
Time (hr)

Bl 4.1 42 °CFAET P variotii FN89 Wy R BEMFERFT /KR T B BREMA KB

Detoxification and sugar consumption of the starting strain P. variotii FN89 under 42 °C in

4.0 @ Acetic acid Furfural @HMF 60
] 50
_. 3.0 1
3 ] 3 40
2 20 ] ‘Z” 30
2 5
£ ] » 20
= 1.0 A1
] 10
0.0 1 Z 0
0 24 48
Time (hr)
(b) 20% (w/w) wheat straw hydrolysate
Inhibitor removal

8.0 BAcetic acid ' Furfural EHMF 120

7.0 100
_ 6.0 ~ 80
—
3 50 B
[%2]
_é 4.0 § 60
2 30 g 40
£ 20

1.0 20

0.0 3 ' e etk 0 1

0 36 48
Time (hr)

Fig. 4.1

wheat straw hydrolysates with different solid contents

TE: (a) 10% (W/wW)ZFT KR (b) 20% (Wiw)ZZFF KRR (c) 42 °CFRAF T P variotii FN89 HIAEK
Lo BEE AR : BRI 15%(v/v), IR 42 °C, #53# 300 rpm, 25 & 20 mL/100 mL. ¥ 42 °C.
20% 7K R 75 48 h /KRR IR VRTE PDA ~FAR B XRIZE I BT 42 °CRE 3% 48 h Je M H A KA L
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Inhibitor removal Sugar consumption
8.0 B Acetic acid Furfural BHMF 120 OGlucose  BXylose
100 B ]
4 J 80
= =)
~ 2
s 2 60
o o
= >
£ @a 40
20
— 0 T T E—
0 36 48 0 36
Time (hr) Time (hr)

Growth under 45 °C

.“:_' %,

42 42 °CHLEHIIRB M P variotii FN89 1E 45 )CEFT KB PRI . FEREMA KB
Fig. 4.2 Detoxification, sugar consumption, and growth of P. variotii FN89 in wheat straw hydrolysate
under 45 °C obtained during the detoxification period at 42 °C
B 42°C, 20% (wiw) ZEFF /KRR i 25 B TR R 22 55 77 5 15 2/ P variotii FN89 “Fii (& 4.1b)
KPR EVEUR R TE T SM BiFREE, 7E 42 °C. 300 rpm 51 NEEIR 24 he BEEEARAFUIR
P EFIELRE 45 °C, PP & 15%(v/v), 53 300 rpm, ZEWE 20 mL. K 45 °C. 20% /K@ EE 48 h

HIKRE AT PDA ~PHR_ERIZIFE T 42 °CHE I 48 h e A K ARG
4.3.2 P variotii FN89 ] r=riliids W 1A it A4 S ey i M 25 1 e ik

R E P variotii FN89 7E 45 °C 20%(w/w)ZE AT /K AR Z2 T I 2 B A ) A K
HEMAEE (K 4.2) , CBEMEERE, 36 h IUhikR T 36% (6.45 g/L—4.13 g/L)
PLRAE 36 h 22 48 h JITRNH B 1 W AORBREAT 9, JRATIHE 45 °CH A Pl & B =
TR IR L ZE AT IR AR B2 TR R B AT 7RI NV A SE S, ] 4.3 Pl

A T B e U MR R 2 — BT BORAE 45 °C 20%(w/w) Z AT K A Z R
BEAT T — N RIE 20 RER G M AVEREAL SR 9e Lt 1 10 A0 o 84X P variotii FN89
TEFHR 2 N — RO I AT K ARV TR A 33T DO R R P R . RIS FT HMF it
R AT (<0.1 g/L) , FF HAEZI A AR BEAT 1B B 5 i a3 (18 4.4a For) o

PR R R R TS M HEAL B S B B AE 45 °C 30%(w/w) ZE AT KR R T
BEAT T —NKIE 20 RERE G MR SRS G T 1040 o HE B BERL,
BRI R R IR AR 1€ 3T, (IR B R w] DURE P i 420 it
FREMKF (<01 g/L) , HBHE I AL RIGARRE RIF (A1l 4.4b fos) o ik
b, EBTEE N SE BB, FATRT LA H & BV AR AR AR B, X
P & A DD TE LA R RV E W P variotii FN89 BT MR, WK I3E R 1t A vt
I RERE D HIR M Rl BRERSE T BUS ], Wbk O RAERE (R R AR
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CEMEIIAELE) , IR RE G 2 0 SR b BE R S AR REXT P variotii FN89
ML EERE 1= A B AR A, FRATTRE L4 A] M\ 48 h 45 #7224 he

AR B S MY E AR B = B (21-56 48D IR TE 45 °C. 30%(w/w)ZZ T
IKARBAR 2R T AT . B TAEARIS TR IR4E %2 (48 h—24 h) , P variotii FN89 B 14
A KABBAE LI B ATH I TR A . (Kl 4.4c Frs) o ik, ST R
AR 8 R B PR AE G (R A HMF, A BB L I S AR K7, (EAE R A Bk
H AN AR R . XU P variotii FN89 fEAEACKTAIE 2 24 h 2 )5, W23 1 &
TEATF R e, (R B Ha0 B 2 A S0 I  TR B AR A AT T &, AR RRE
GEAT FIE B —MEONFEE PIRAS o 7E 45 °C 30%2 FT /K AR 22 N 4k 84554 24 h
FEAR— IR Ze S — B )5, el fE ik 40 Rz 5, FRATAR LAY & &
AR AR B R A KA L B R T s (Bl 4.4¢ i) o HRITIE R IUKA#E
TR 22 PR BRI B KT AEEAL 46 AR 2S5 UL 1 32T T BRI A, 6 BH LI 4R &R A 4
HIDIR BEKSE O 2 T AR = A 8 A E T, BERRLEAL SR S i 47 P s
Z G FFUERI AT R BEREAE R, WA E M SRR R 4. HMF. RS 4>
PO SR 3 R A5 L 2R A R v TR B A SR T AR AT I B L T R I BRI
BRNVEAE 45 CCEFFKIRRAR R R IEMN L 56 )5 AT3RB 0N 52 45 )CHEA R
U I B3 B T I B B Ak oy 4 M 22K 55 Byssochlamys spectabilis HT45 (CCTCC M
20251081) , FF¥HH T 5 8 s A VGRS AL R .

(a) Inhibitor removal (b) Sugar consumption
100 - —A-Aceticacid —e-Furfural -B-HMF 200 “A-Clucose  -5-Xylose
Q ~ 150 _“A‘Q‘uge‘q—?‘“““
2 >
p 2
g g 100
= o X
£ 3
= 50 A il ! a V |
IL 1
(o 1 @ ® @
Sy 0 m‘l’. b ‘l’ — l’
0 5 10 15 20 25 30 35 40 45 50 55 0 5 10 15 20 25 30 35 40 45 50 55

Transfer number Transfer number

Bl.4.3 P variotii FN89 715 it 351 N A kb 00 [A) F-490 1) 0 o Bk 19 S A B #6220
Fig. 4.3 Inhibitors removal and sugar consumption during adaptive evolution of P. variotii FN89 for
high-temperature detoxification

e @IHEIYIBERIE L OGRS T B (55 1-10 X)) : 1E 45 °C. 20%(w/w)ZZ FTF K f i 1A
AT, B 48 h AR, BERERN 15%vv): T BB 5 1120 /%)« 7£ 45 °C. 30%(w/w)
FAPKAERAAR R AT, B 48 h A —AR, R EN 20%((viv)s T BB (58 21-56 A% : 7£ 45 °C.
30%(w/w)ZEAT KA R P AT, B 24 h iH—A, RN 25%((viv). Hik@ B 4 ) -
o E e EE 4 AR P variotii FN89 £ 3L KB HEAT 45 cCHBe i, 28 21 85 2% s i D S
P 7K fETRAE PDA TR ERIZERE3% (45 °C) 48 h 5 HSF AR b i3 B kAT 5 SR @ b &7
k@ 5 21 ARAL) « MALAREF IR AN 48 h 250y 24 h i), EE 37 R ShidE R ME L S8, #7k® (5F 35
AL = BB 3E NS5, K LR Ak B AR HEAT TIRIR O 7k @ 56 56 1RAL) -
{5 138 M HEAL 5256, IR AR 56 AR HEAL T MR AT (IR AR



B 62 W BABEIT KRS WL%00T

(a) Growth of Paecilomyces variotii at adaptive evolution stage I
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(b) Growth of Paecilomyces variotii at adaptive evolution stage II
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(c) Growth of Paecilomyces variotii at adaptive evolution stage Il
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Fig. 4.4 Growth status of P. variotii FN89 during adaptive evolution for high-temperature detoxification
TE: ()% 1T BB (55 1-10 O MRS ()2 I BrEe GF 11220 10O MIBEEEREDN: (o) 58 I Brie CGF 21-56 0 KMREARERREIL. Bkt
S0 5] Bt 7 K AR BT AR A K AR 10°~10° £ J5 7E PDA ~FAR LA, SRS E T 45 °C T HEFR 24 h CRefl: 55 4 ARAT G AE PR BB IR 1 48 )
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(a) Oringal strain of P. variotii FN89 under 37 °C (b) Oringal strain of P. variotii FN89 under 45 °C (c) Adaptive evolution 4th generations of P. variotii FN89
—3—PV (4th generation)
7.5 1 Ending p0|nt——> 7.5 1 7.5 Ending point ,
7.0 A o 7.0 A 7.0 ,
- ]
6.5 - 6.5 A 6.5 73
%
6.0 A 6.0 - 6.0
z 3 3
< 55 55 - 55
50 Hig 50 5.0 [
45 p 45 ] delrd L <4 4 VAT A AN 0 H 45
40 +—+—F—""—7F—"—"T"—"T"—TT—TT—T—T—1+ 4.0 — T 40 +—+—7FT——7—"""—"7"—"T"—"T"—"T—"—T"—T"
0 2 4 6 8 10 12 14 16 18 0 8 16 24 32 40 48 0 4 8 12 16 20 24 28 32 36
Detoxification time (hr) Detoxification time (hr) Detoxification time (hr)
(d) Adaptive evolution 10th generations of P. variotii FN89 (e) Adaptive evolution 35th generations of P. variotii FN89 (f) Adaptive evolution 56th generations of P. variotii FN89
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Fig. 4.5 Growth status of P. variotii FN89 during adaptive evolution for high-temperature detoxification
7E: (a) P variotii FN89 JFUG T FETE 37 °C. 30%Z2 FT /K IR R B2 15 UL s (b) P variotii FN89 JR IR FRLE 45 °C 30%ZFT K S I 2505 () P, variotii
FN89 i1k 25 4 ARERRTE 45 °C. 30% AT /KR R L B 1500 (d) P, variotii FN89 iR L 55 10 AR KKLE 45 °C. 30% 2 FT KM H IR FF 500 (e)
P, variotii FN89 =it LSS 35 AAEIRLE 45 °C. 30%Z AT /KRR IR #1E OL; () P, variotii FN89 il HEAL S 56 A PRAE 45 °C 30% 2 FF7K A 1 e
BTG DL o T A TR VRS A Pt 25 1 RE DA ZE 76 1 1 Rushton FHEZEAT 1 ANH AR 3L Bise S B 28 W REAT , I 85I BE 37-45 °C, P &N 10%(v/v),
BN 750 pm, FEERRIIN 1 L.
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Ak, FRATHE P variotii FN89 BEAT il I 2E A IR AN [B] B BOGS 14X TR PR AE il
(45 °C) A T MEEYEREIEAT T REEBORIMNK, IF5 B MREAT 1 LA, 45 R
4.5 P o ARHEFRANT 2 HTBH T2 PR A 5 21 4 22 7K SR 4 35 mh BT A 2 A I 23 2% R I 7 v
(801, R[1 5t 25 $5 ) 14 B pHL 0 A R R M B ¢ i (PSRN, FRATTR I (D) P variotii FN89
JRAERARLE 37 °C 30%(w/w)ZE /K RAA &R T I Bl R AR &, A 17 h Rk &R
WL 6-7 g/L I 4R ~1.2 /L HIREREA~1.0 g/L i) HMF 4538 i B o 4, Aidi% 54k
PR TGIELE 45 °C 30%(W/w)ZHT KRR A R N T e (B 4.5b, AR 4 &
pH RELEZM) o (i) P variotii FN89 1EIE N MBS — M BL 45 °C. 30%(w/w)
TR R PAUE TR DUAR, EReVID LBl s i 8 (B 4.5¢, 33 h A A 2kl &
AR o RiFRES P BCE 10 R0, miR B E ey — P, AR T~31.5h
HRLIEBI AL S (WK 4.5d) o 1E P variotii FN89 il B AL i Bt AT £ 55 =
BB EE 35 ARFNEE 56 4RI, RIFEF IR 45 °Cy 30%(w/w) 2 FT K A 2 43 iYL
TR 2L 24 h F1 22 h [ERESCIANHIMI IR E 2Bl (B 4.5¢D) , [URBIRKE R 418
(<2g/L) o XBEWELEYEE P variotii FN89 {E2 1 1 KWK s & N v k4 b 2
JEAMR ZE P T RIS IEE,  T H A SR T AR B 1 R R T AR
eI, It HA B R IG W ARTEIE BIRE T A ISR (K] 4.5a FATE 4.50) .
43.3 P acidilactici ZB220 ) fayiaid B A% 40 M e iim & T B
W 4.6 Fizs, SR MRS & s 77 35 022 FF /K BB O 24 01525 P Mk il i FH 1
FLIR R EEIR GG W IR P acidilactici ZB220 3T 738 150 Ry =& Mk . 303 —
BB (1-64 X0 R A& MRS ARG i 72k, ATKIN P, acidilactici ZB220 1E 45 °C
EN R (1~4 £%) , FUERIREA SV NI H A4, APk L, 2 9 1%
F 64 1%, FLIR . I H M AIAKE I B K pH R R e s LSS B B (65 fR~110 10D ,
FLIR IR B DA S B A FE e BN B R o FRATTR I, P, acidilactici ZB220 1t 45 °Ci& R %
B R — B Y 2 BSR4 F KRR R T (BRI RS AT IE N
PEHEEE TR, 2RI BERE A ZLIR A P2 AT B, SIRATIFE 28 I BERH T A Rk
BRFREERNZREFT K S IB I AR R B A TT X, RS AR E P acidilactici
ZB220 1wyl T A 3SR 5T 21 4 38 7K AR 52 1t AN FLIR R VR e . E AL S B B
(111 £8~150 £X) , ¥ 45 °CTF DAL B HEFE M EE 110 AR RV 2 F KRS R
HEAT SR E R, R IR P B AR U HAR M K TR PRk e, A
¥ P, acidilactici ZB220 347 =i iE RPEHEAL 150 AR5 BT it b i ik 4 S FLIR B
P, acidilactici HT150 (CCTCC M 20251092) , F¥HH T /58200 miE L-FLER &
VAR
5 5 FCFLER AR TR T 1) i & PR HEA 2 5, BT AL B AR AN IR AR TR AR AE 45 °C
TR BEMEREREAT TX L, WK 4.7 Fion. S5REW, M TARKERIGEE P
acidilactici ZB220 1. 45 °CHJFLIR KEFYERE, 280 45 cCKIWIE ML P acidilactici
HT150 7£ 45 °C T 1) L-FLER K T LA W 30 BAR 3, AU A LR K e bn i, H
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Bl 4.6 P acidilactici ZB220 &N AL LI K pH. FLERFTFER B I3 1L
Fig. 4.6 Changes in pH, lactic acid, and sugar concentrations during high-temperature adaptive
evolution of P. acidilactici ZB220

¥ P acidilactici ZB220 i id SR AR A B 752 B RN 2 RS K B, AR R A A 1 4y
SN 45 °CH1 300 rpm, P2 A EARFUN 20 mL, BRERESASINE N 2.4 go i ML
1B B (1-64 10« RA MRS WA G i R g AT 8L (FEACRA 25% (viv)ERED © il
GRS 2 BB (65-110 XD = R G s IR BN K ARIE S B & ML (AR A
25% (viv)EEFRNED 5 ERE R PEEEES 3 B (111-150 4% = 111 R )5, KAt )G i 8K
FERAT IE NEREE. (FRARR A 25% (viv)EeFhiE) o BEFik: M 83 Rz e M 24 h i
HR 48 hy k. RBEEEEN L, RS EHITGEE N 120 RIF8ED « BiRE
R FREE: 10 /L E AR, 15 g/L BERHEEMW, 5 ¢/L CH;COONa, 2 g/L FPE RS 4%, 2 g/L KoHPO,
0.58 g/L MgS04-7H,0, 0.25 g/L MnSO4-H,0, 70 g/L of Hi&iME, 40 g/L AKE. /NEFEFTKMIE R
ORI T 56 SR B — R E TR, R AN AR .

(a) Before high-temperature adaptive evolution (b) After high-temperature adaptive evolution
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Bl 4.7 P acidilactici ZB220 FHRER MEFHALET A B L-ZLER R Bk REXT LE

Fig.4.7 Comparison of L-lactic acid fermentation by P. acidilactici ZB220 before and after
high-temperature adaptive evolution

e FERT KRR &8 h 30%(w/w), 18] P variotii FN89 JRIAHEFRLE 37 °Cy 750 rpm. 1 vvm.
MR 10% 0956 1F AT RS YN EE . TA B 2528 mUG 700 B R M R AR P, acidilactici
ZB220 A&t 45 CRMBE MBI P acidilactici HT150 £ 45 °Co14+ FibT L-AL B K. L-3
R R WK AT 0 45 °C 300 rpm. FEAME 10%41 pH 5.5,
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434 iR S i LR B E LR R B A I AR RS T I S 4P VT A

2ok ey it R I B 3R A S P A 1R A P o B R A MM 24K % Byssochlamys
spectabilis HT45 OV H 2% 7 B E 0O w1t ae, I H I 5265 5 6 A0 LI K P B —
B (BN 45 °C) , WON TR AT SRR R 2 20 5 S S im LR R I AR A AN
Flszm, JUH W H 215 = A m s N E M LR KB (P acidilactici
HT150) SE5n] KNS IIAT N, BRAVES IR 2 G717 e AL K Ik, I
XX Pl B R R AT JUITA] B AE R DU AT 1 R AL, SR 4.8 B ] 4.8a 20
MRAH, o3 IR A2 el I 1 A T P AR P ) Bt 75 iR AN PL R K B (BB N IR AR TR A%
FEALR KIS ARIRES T LR K B 15 LA R AR AR KAS O, IF HLr AT AL R A
Fetb AR AR i S DI KR (50 °CHEtL—37 °Clit & —42 °CR ) - [ 4.8b /5K
B, RO i N A S B AR R B (B. spectabilis HT45) FFLIR K
M (P acidilactici HT150) 75 7L K IRESHIAN FARRE T () LR A BE S LA B AR AR K
50, I BT AT B FLRR AE A i e IR AR FE DI (1) A2 (50 °CHEfL—45 °Cit
FF—45 CCRIPE) o IATRIN, ARARIRE V)5 20T SR vy iliod B 1 kA R PR AE LR K
Pt P ], U8 TR R R EREE R (72 h LR K B B I8 137.87 g/L) 130, i
Hog A AL IR o P B S B AR AR 34 . Xtz T, s B Uit X i, K
P S A) LR T R B AR KL, (B “AIGIR 7 MiEE 2 JaE KB MR 1% T ~7 ¢/L W%
PERI~5 o/l ARl SAMFLIR KB IR 28T S5 5 4H~10 g/L.

R EPTIR, AEVIER P variotii FN89 7£ 4 [ K i W i i& B Ak 2 fe,  BIAE
WA T R s im e MR RE, WA e 5 v iR E I 1 A ) FL IR i SR AT
)L R I SO B0 L R A P R b e SRAS R SE R, I L 75 11 1 A K 2 52 31 7L R 1 1) 3
FA0lo HeAh, LI ARAT 0 T O ) SR B S R AR AIE B T X A3 et A
R MR AT i e s A CRriRo@E SRR T S ) LT 20 R D) 48 (1) AR ) i AL A =
(50 °CHffE 1L —45 cCAEMMLEE— 45 CCAIRKEE) , R ZENT H AT THEE G
AL R B ORYE FELR B DI X (50 °CREfGREL— 37 CHEYINLEE— 42 °CILIR K
BE) o &I FEAMON AR ) 77 AR S B A B3 4 4 22 A 0 tiE T s AL A
AL AR RAL T RAKYE, ORISR EEA A A A SR T A A
Wit A% B PR AN E AR B4t
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(a) Before high-temperature adaptive evolution Growth on PDA plate

L-lactic acid fermentation

160 —&—Glucose -©-Xylose -#-Lactic acid
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(b) After high-temperature adaptive evolution . Growth on PDA plate

L-lactic acid fermentation
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—
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y B
5
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Bl 4.8 WiEEMEETE B EE 5 A REELRKBERARIERE TR F LA
Fig.4.8 Competitive evaluation of biodetoxification strain and lactic acid bacteria during co-cultivation
in lactic acid fermentation before and after high-temperature adaptive evolution

T (a) AW EE AN FLIR R R B ARAE FLIR R IR 8] A S5 4 PEPPAR:  (b) eilid S VEREAL S5 1) 2R
V0 I R LR TR A R TE LR R B IR P 5 A PR DPAN o TSR 30% (w/w) AT BRI, (S P
variotii FN89 JRUGWAKLE 37 °Cy 750 rpm. 1 vvm. #EFhE 10% M40 FIHMTHESEDBE, A
Jie5 25 mUR BRI 10%(vv) R M B LR A BRI P acidilactici ZB220 FIF-TIRAE
42°C. 300 rpm. pH 5.5 %M NREE. 57 RH 30%(w/w)IRIZE AR, A3 22 3o v i 17 Pt
05 3RS i iR I 5 T MOH W 224K 55 B. spectabilis HT45 7E 45 °C. 750 rpm. 1 vvm. FEFE 10%
25T T TS IR RE, BIA B 2 AR BLEALIR 10%(v/v) Bt B 225 ey i i b gk
GRS AR R EEH P P, acidilactici HT150 [AFHFRATE 45°C. 300 rpm. pH 5.5 %41~ K%, &
V0 Pl 5 T R PR A T T S A 0 ) BB P R KA s BB 4K AR 103-10° 1% )5 20 JUFE PDA Al
A1 MRS “FAR_FREAT i A, B 5K PDA SPARE T 37 °CHEF5 24 h TR S ISR, 1% MRS
PHRE T 42 °CHiF* 48 h JG AT IR A M ST i

Hwnwo

48
Time (hr)
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4.4 KE/PNG

KRER T DG ATAR BT AR 3R R AR R A 7 FUIR I A I 22 T BGR FEAN
UG R 1) R, BROBE AL .t 75 R0 7L R R B X = AN B B AR AE 1) DR 5 [l iR B2 7] 46k i) 7t
(50 °C—37 °C—42 °C) , X H HiI B A 40 M ] B 25 T A R 2L A T2 o P R A28 2 il
BT T 5EAk, DASEIUREARIE R L SR AGIR T — B R LR R B AR TR
AR T B IRUR:

(1) 56, 155G TNHI B 22 FF AR A 2 dd vy il v P 1 B 1 gk A 1 77 =R
8 A O AR VIR R B bR — %0 R4 % P, variotii FN89 AT w5k, FaHS
BN Gl 56 4%, 3L 75 RO ER3R1G—FREEMY 52 45 cC X H % RUFMEERE J1 10 44
it 75 =LA B

(2) FIR, LS B gk A i 77 2058 B 0 A & s 77 4k R AN DU 2 22 4T
IS W R0 LR R BB IR P, acidilactici ZB220 3T S stk (G#4k 150 4€,
218 KD, WAL T —FRalisZ 45 cCHEBIEREMN FHIARE P acidilactici
HT150.

(3) FIHIX PR Z I I PR A A B AR VDR BT AR EA T L- LR ) sl AR W il AR
77, JLFSEIL T O B AR RE AL B AE Y i B B L- LR K I B B R I R ) — B
(50 °C—45 °C—45 °C) . BRIt LLSL, 5 HRIE Bl T DI =0T i AR P bk i A%
FHEG, X PP AR ARGHR FE DI A5 2T 3 B SR AR AR R v [ LR A2 P~ F 8 A

(43X A 3 3 2 A A 0o A A e o B R 1 T ol A2 SIS B s 1 T Bk — 2P e 1
FAEE R BESAL . P HERE, AR T 38 S K AR A ) S 2 DR A B iR R 4 1T
72 AR R B K B AR RN (] B4
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B5E IIEREERGRRAATEFIERN T EEESG £~

51 3|8

N T SEBLR R A2 AR G 5 N AR, RRARZ BIRUAEY R T KA
FBCRAAT W ATE I 51 5 T B 47 4E Z R I ml R lehl (i) VR VR .
ARTEAE 2R AV 0 T8E — MO AR RS S . TALEE . BEAL. BLEE. KA
$5L 4af 42 4] 18165, 80, 167-169]

F A A o7 21 4 21 JEOREAE 77 ) R B S 1 B 9 B B Pk R AR (D T4
PRT B eyt e KA B PR K I HEC. 5 R0 IUAL B BR8] 5 S AR AR i 7= A2 R
A7 55 R K HETBCB?- 3% 1701730, I 2 T R B 2 v M PR R PR K AE AR AR B L il ok . K
EANHI YA = RERE LA SR T b 1v) L, AN T A RS2 e i) T M P ) L 4 P
(i) /N VH A P A IR R T4 T 30 6 1k ) 400 A P A R0 25 B o A TR R o o 25 e VA BE ) A1 o)
Py W) 2 52 e FL R A BB PRI AZ o R b, 0 2040 5t I 5 Vi) . TR ) 4100 o 4 A A5 G 4
A STERBEM R BT A BEPERE: (i) MR EM AR ARG R H 4 .
XFARBRAHERERAE, TEEGDEZEE LY JUHEER N ERNIRIKT
BO 5 WERPIT R B BERE 4 BT K EE S0 B B A AR RO e e B R IR AR P A .
P BRI LT 4E BB A TR AR A B R o DA B X e B bl R4 B & b 2
S AEE B AN O B B F, R 41 4 20 2K 10 i A 7 RO

N TR — AR EA TR AR PR, AT K F 2 AR P Bkl BOR i
v [ 5 B TR TOAL BB SR G KA B PR K BRI 700, o, R TUAL B Y [
WmIE 2:1 O AR RS E~70%) , & ATk, TR, Kk EA
I FE AT AU 18 K A ek, FRR UL B RRANE AT A A 228 71, A 2D
BRI (20-40 mg/g T FIEAIZEIR, FF H BT BR (A0 770 DL K B R A [
7 AR R A ) i 24T 1) ) o3 A T TRAL B S B R RE 2, A2 AR AT RV AR B
[P A AH B 35 210, BT I AR T 4% TR Tt K 1 0 AR A fy 62 08, 80, 81 16 1731 B,
TR A 248 3R rORE A 7 AT R IR I, A FIAL PR B T IR AL PR 15K € 42 T LA
et e KB 7 IR K HET

N TR AN HI VI R BBk, AT 7R A AR SR B A
Pt #9800, 5, FRATTR A R — e 00 S M R 0k 0 T AS o R R TR ) v U B
WAEY) Canye KA 5 ZW70 AWM 224K % HT45 55 Ik, XL ERED 6
{3 3 HU0 8] P 4 A0 e Dy — AR BORT K i A i R R SR P B R ARBR IR RS s
BAMEN Y Bl B — MR BT g 82, BRI E F= 5, AU
BIARRE (12~36h) , 1 H B4 fi il pH AR AORSEI I, PR AT K
R bR A1) 420 25 5 i B 1K) T R TR 0 2 42 o E AR AIG A - 1801,
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N TRV =GR B A MR, AT 7L R R AR 4 2R R AR )
sk A B = A 1 EL A R PR I A S5 2 B SR W R R R A AR T I R Y RN
HLBEVH FE . 1 B AT b I RE R G IR ORI A TR R PR R 2R [ Ak R v
FEA R R AR RS (AR TR OB AN B #2873 7R 2 IR A Wk il FE A0 7K
SRR EWTERETRRG, LREEFIMIRERH (BT R (DM) 7~
A2 1.098 ~4.772 GI) 162, ARIEREE SR, | GIAH ST 277.8 kWh FIH, R
T R P R I8 2% 2 80% T A I AR 85% K A5, IXH J #vBE AT LA™ A 207.4~901.4 kWh
fry e 113 49 1751 Byt T TR AR DR I AR (R R A 7 2 AR B R i R
FRIE R S RE R H 4 -

B, AHEFURRYE BT IR RS FERE SR AR Pe B R g o ), AR FE AT T
VRN e B AT SN AR GBI MT, 15 Tl b5 0 00 880 46 0 2 7 T2 A i AT L
B RINGE R BT L . BRI, AT T RT3 A 00 RS F R S AR 7 R B A R B 2R 1
AATYE R, G 7 R FER AT AV IR . PROR . TR AR 77 m T B AT R ARG
FERER , IF BB A2 7= RS A1 R85 0T DURE A T %% 28 AR W A 25 i AU AA 08 ) e v A
AR,

52 MESHE
52.1 JE#l

BT A AL F R BT 4T 4E R TR R Dy N Z AT, B a B, 3k T 2024
o BEFAEYIREDHE ARG RA T AT (L VELEIX T 1 10 m® Tl R b 2
LA A AT TEE AL B AE 2 J5 T i AR AL I0 % . #% B NREL B 2D R i ik
(TP-510-42618) XM THALER Z A2 4 b AT e 139, 5 IR HnT R mem 2
I3 J S BN R ME 34.85% + 0.94% . ARIEHE 2.80% + 0.29%. HiFEHE 4.50 + 3.30 mg/g
DM. AKZEHE 1533 + 7.71 mg/g DM. & HE 63.94 + 0.21 mg/g DM FIAKE 123.90 +
0.56 mg/g DM; FEBEHMHIH 7> &8N LR 26.95 £ 3.91 mg/g DM, 5-F FJEf g
4.17 £ 0.13 mg/g DM FIHERE 11.47 £ 0.29 mg/g DM,

HEEEEA T, WT 202543 H. BHERE G 47.49% +£0.45%, H
HH R B T B L 38.98% £ 0.17%, 1 467 W A SRR S50 TR W 1Y) R 2 EE AN 8.51% +
0.28%. A5 FH Ll FE RN 75 H 1 0 2 AL B IR AR A N BE N 1,423 £ 0.004 g/em?.

FoAT 2024 FHEFYEK TP EEKREKET, T8, 460 H, MER
0.3 mm) JEREKMERNEEBEREE R M. TR IER & 24 Ewers ffRi%
CHH BrARE % ISO 105200358 N 76.9%, & i & 4 Bradford £ %2 N 16.1%
(W HTFE) M,

522 FEAEGH

“1- 4k F B Cellic CTec 3.0, 4 H Novozymes(db 5, H[E), HEAFIKE N 90.1

mg/mLMY . i @R o-TE K B HTAA FUREICES (I ATFEVE R ) GA-L NEW 33 5
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Genencor (YL.7%, HE) , JHEEE 4714 22,000 U/mL A1 103,900 U/mL CHR &4 7=
T D77 A B

B REE S F R E Oxoid AR (PCHAR, FE)D . %4 hE &A=l 50y 5
g RBRHERA G RA A .

e T 0 2 3K R SR I A R B 75 N AR BB AR A IR A A .
5.2.3  RFPAITRE R

AE W) 5B BT FE ) 5 B B AR R SE RTS8 Paecilomyces variotii ZW70 (CCTCC M
20241863) , 1% A H K B R SE IRHL TS B P variotii FN89 (CGMCC 17665) K #i4b
T PR R AT B A S 15 B AL B RS Povariotii ZWT0 JE1E PDA
PR3EFRIP AR B TYEE &L (37 °CHE 9% 2~3 KD, RS TESGER SM iR & Ak
B FRH ALl 37 °Cy 300 rpm AR — 2095 P variotii ZW70. WARIY B F2 4
: (i) F 10 mL 0.05%(w/w) ] Tween-80 ¥ B /it PDA ~F-#R 1 P. variotii ZW70 18
1, A HFEA 100 mL SM AR FRE R 500 mL A (i) BT 37 °C. 300
rpm U RE9R 24 h, NTSRAG N P ovariotii ZWT70 Fh-F . i B B F ) Fh-1
BiFRBEUNTR . (1) PDA [EfRRE 7758 2 44 200 g/L, —/KHi &M 22 ¢/L, g 25
g/L; (2) HUGEN SM ARG il 773 : KHoPOs 2 g/L. CaCO;s 1 g/L. (NH4)SO4 1
g/L. FREN 1 g/L. MgSO4-7TH,0 1 g/L. — /K% % ¥ 22 g/L.

TR TR Pt F %) R T TR PR R AE S FE /K A 28 91 DRk B8 3 I 1 A ) TR P T
Saccharomyces cerevisiae Z1001'2), o & B bk N B % Z FhpE LRI H B8 01 S.
cerevisiae XH74 1761, 480 °CUKFAIRAEI] S. cerevisiae Z100 B FREH I H YPD 15 5%
FIEW 240 (30°C, 200 rpm REIRNEEFR) , B HUH 10%(v/v) FHR T VRAE BT 6 1
YPD 35 7R R N 4k 8215 4K 24 h (30 °C, 200 rpm $ER N B 55D M1 = UIEALI B,
K 15% 8 & & 0 W5 o RS AR UE N R T s B R 2k, M E R
10%(v/v), A1E 30 °C. 200 rpm $EIRNIEFE 24 he LEERERIM 5 IR BRI E
FRERMTW T (DM FIEH B YPD HiFR BElL 7. 22 /L — /KM & H%. 10 g/L HEH
[l 20 g/L B¢ ERRy: (2) 1% SSCF BrBCE TR B RNy 10 g/L. iR A~ =K&
) 2.6 g/lL. BRBRE: 2 g/l BREREE-L/KEY 1 g/L.

L-FL IR A % It FH 1R T8 8 ok ol 28 3ot v iR 3 B M 346 R LR v BR B Pedliococcus
acidilactici HT150 (CCTCC M 20251092). % B WMt KM Z P acidilactici ZY271
(CGMCC #1361, 5 Je 1 2 Fh Al L A7 AR & il s 7R 3646 2= T 64T 220 AR
& NN, SRS BT 45 CCHZE AT Il B /K A HRadiAT 150 AR I B 2 4k ) 3k
%R R o % — R T DLSE 4 W R R FH A 03 4 4 35 3 A 1 mT R T B SR v K
G L-ALIRHI K AR« K4 -80°CUKFEIRAEIN P acidilactici HT150 B ik 3 H I H
MRS 723050 6 h - (42 °C, 150 rpm FEPRANREFE) , G ECH 10%(v/v) i — 25 Fb
TURAE B L MRS 5555 3L N4k 8%k 6 h - (42°C, 150 rpm FRIRNIEFE) o (EFhT
TURIEAET B, N 1%(v/v) BIREAGEG DAB 1B R B R B R A, RIS T IR
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TR IR TR BB B 60% MR IR A5 K K« FLIR K B I Fh T B R R A R B S IR S D
FWR: (1) FhFistbr Bt MRS 55985500 7. 22 g/L ~7J<%%*ﬁ? 10 g/L & Ak

10 g/L B EER . 5 o/l SR, 2 o/L iR IR 4 2.6 g/L B A 4 =/K&M.
0.58 g/L J.Lﬂa%itm/\% 0.25 g/L Wik th—/K&%; (2) FLIR SSCF lluﬁﬁ*; T
B RENY 20 /L. FPEERRE 8% 2 g/L. WiREGE—/K&W 0.25 g/L.

?EEHEJE@F)T)EHEﬁﬁﬁilﬂiﬁg\:k_f%‘uﬁﬁ,ﬁﬂ & PR E AL I R IR 22 f e R
Trichosporon cutaneum YY52E. $4-80°CUKFIRAEI T. cutaneum YYS52E BARELH IF
F YPD [EAR: F#E AU 2 K (30 °CEFRAAETE) , Bl o PR ECA B V& 758 B 1
YPD AR 75 R N IE1L 12 h (30 °C, 200 rpm #ER N EFE) o BEJE LA 10%(v/v)iEFh
B TR G B TR, IRAE 30 °C, 200 rpm #RIR NG TR 5 R, SRJE T 3L 6
KW, KREEFIEN 30°C. 600 rpm. 1 vvme. AR R BRI FD T 55 77 L R0 K e 9% Eh I
HWF: (1) Mt B YPD $5 373 M 5. 22 g/L — /K& HE. 20 o/L B AR,
10 g/L FERERS; (2) FhFimABh BORAR G BOEFREEIL 7 : 110 g/L — /K& FE. 1.0
g/L KHaoPOs, 1.0 g/L F#BER, 1 g/L MgSO47 H20, and 0.44 g/L (NH4)2SO4; (3) i/l
R BUE FEY i 1.0 g/L KHaPO4, 1.0 g/L BE RN}, 1 g/L MgSO04-7H,0, and 0.44 g/L
(NH4)2SO4.

524 TR

TR AL B A EAE LB AR A PR A R AL T 1L 78 KR e X 1) 1) W4T, BT A
TRAL R S 28 AR 10 m®, A& — Mgy A pEe B . i Ik pH VEmf i Tk
R TR (BRER) RN 38 mg/g T-REFFE, FRACFE M E WL, B
TRALE fs B 5w B 4438 4 CTRE AT D 5304450 43 CRE AT Fh R 7K 40 R R V8 R0 ) Joit & L
B 2:0(wiw) 5 SEFR TAER [N 8% N BRI A R 30T 100%.. B X Tl 4 BE &5 O] 45 5]
800~900 kg HIFALEEY KL, [ES EIFTE 50% L4 (HARN 53.40%) - TALE T ZH)
FAAAVESHOy: SEPREFRIRIE N 175 °C £ 1 °C, SEZFrgEdrE /128 0.8-0.9 MPa, X
J 455 B I 6] 9 3 min, MRS BEPEEEREH N 10 rpm, WITAZEVINLAERTE S 1.1 MPal®!
146]

525 Fef@pEiL

FE SL R A FE SN 28 O TRAL B 22 AT 1R AT B Al B AL . BEAL 2 AT, FH 20%(w/w)

[f) Ca(OH) T3 K FAL FE 22 FF G pH P E 5.5 Z 4, SRJG AR TR AL 4 28 B 23k 21 1 [
SRR (15%~30%((w/w)) » THENECIERE P AR EE YR, KFNAF 4k X B &
BEALIR 9 50 °C, 1804 200 rpm, ZF4EREGIHE N 4 mg B H/g T2 . £
A FERL B IURLT R R S RN, —MRAE 1~2 h WSERUIE}, S

(B HILE 72 he

1 1L HETE A0 TR #E AT BR/K . (1R R[S 80N 20%-25%(wiw)) , BLHERAL
A PSP ER . Horr, WA FERH o-TEMEE HTAA, B &N 44 FPU/mL, fE
90 °C. 200 rpm 554 T NV 12 hy BEACERE R FH 1 &1 050 R B GA-L NEW, B &4
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200 FPU/mL, 7£ 60 °C. 200 rpm {4 F 53 24 ht"7,
52.6 WALV

£ 3L 7S EL M- Rushton $i#:28 [ B 4 HOM AL 72h 5 BT AR 0) & F R BRI A HMF
SN AL AT AEM R . SR P variotii ZWT0 Ve NAEVIRTRH, AR &
SHAEE: B 37 °C, Hﬁa%ﬁ 750 rpm, LT IEAUEE 1 vwm, FEFEN 10%

(vv) 5 pH AMEAETAEE AN S e e R BA SHRRE G, N 58 [
%8 P variotii FN89 5 M3, JAahSAEIME . W FEH sent ik & pH
A5 4k, DL pH RPKR IR BB AE 9 85 28 s A W bR 0, 3 pH b il id H —
BU TA) J5 BTy, Bk pH BDEGERIELY, BRI LS g R,

5.2.7 FERIMIKEH

ST B I 5 2 R IR R K RREAT B O A, B0 R TN 8000 rpm,  BSCo I
()24 15 mino 80 FH e i 28 R AXCC 45 0 2 FR 0 5 o i SR A5 IR W VAR B 1375 VR BE A 7 93 s 78
R DA 7 i B FE RS AT o ek 28 R I I e 28 B A AR 3 L (A I
IR RR A L), BRI ANIAARR A 1L, ERE 28 Kk IR IR BE 110 °C, f#
AT AR A, AR SIE] R K A TR N 4a ) s 7 0.003-0.005 MPa e 45
528 LW, FLIER S iE R 9

CIERKBEAE 3L 7N B Rushton $HE3 S R 2% HROEEAT o 6 Ed I i) 45 BRI i A A0
W TC R KRR 22 BB IR B 9~180 /L JE NN 3L, ZSARUN 1L, WE R
&30 °C. #%3% 300 rpm, SHFE G NN LB K TS 77 SRR B BF 1 1 — s Ak b
T, U6 CIEREE. (E OB OB R, R SRR B8 1 pH . (5.5
H 3h¥8 il 6M NaOH ¥4 -

L-FLER K BEAE 3L /N ELM Rushton FiHEE S RL#S HHgEAT o B 0 Bl 49 IR 4 RS FT
W2 FH C K AR 2 IR v 180 /L JE NN 3L i, 2R REUN 1L, WE KB
TR 45 °C. ¥%3H 300 rpm, ZEFe 0 o M FLER KIS 5% h A FLIR 1 1 — s b+
W, JFIRFLIR K. ALK R, R RGURARIEBOE R pHE (5.5 H
RN 25(w/w) Ca(OH)2 W

TR K EAE 3L /NS B Rushton 5 HE 28 [ B 88 T dEAT 4 E IR PIT il 45 (R W 4 R AT b
FHTCR KM 2 AR N 180 /L JE A 3L #fEd, ZEMARUN 1L, W E KR
J% 30 °C. #3# 600 rpm, ZEA2E JG IR KIS FR M T cutaneum YYS52E 1 —
TIEP T, PG R . IR O BRI R, KR SRR € pH
i (5.0) EFIN2 M HSO4 Al 6 M NaOH.

529 FEHHER KA AL

BRI EATRER CRBRIZ~600 g/L) 1RGS2 HT 6 MR N~2 L HFALA
O MR B E R OEEERR (K 157 mmx 5 104 mmx7 203 mm) , &A% 1 kg A
LRE, BEEIT RS TER AT 4 °CUKFE N AT A 6 AN H A7 . A7 R 5R%
1 A ABH — R AT IR EE RSB RE) JFmifticsx, 5 RH HPLC
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XPHEIR AT AR CRETAT R AARRE) IR BEFEATINE, TR pH 10 bL H I 43 716 b
) pH AN FEEATINE CF LN E 7775225 e N REATE EFR GB 5009.2-2024)
I Ja KRS (Brookfield, DV2TLVTIO) Sif HEMUKLBESEAT I E (RESE 5 mL.
B R 43.5571) 102,

52.10 3k

{8 F HPLC 5 H R WE 38 S HOR BERE RS . i hE . SRR . B 1
7& LC-20AD 052, RID-10A 7R ZHT AL #5 F1 HPX-87P t4i%4E  (Biorad, Hercules,
CA, USA) , mzhtHRAMAIK (DEiEKi AR , #iEN 0.6 mL/min, A
T 80 °C. HABRE S P I A NE . ARBE. ZB2. MRS, S-R W EOMERE . ALERA 2
U FE 35038 0 = OB e AT e 4 7O, BT ) HPLC $6/CH LC-20AD A3l 5= (&
A HA . Aminex HPX-87H it 4 (Bio-Rad) 1 RID-10A 7R ZFr el gs (S,
HAD o FshAHRH SmM HaSO4, RIHEN 0.6 mL/min, iR 65 °C.

FLIR K TEURE i AR I L-FLIR 7 508 i =y RO v a5 o AR ik A AL 5o
SPD-20A (55, HA) , FHEEMRR S N MCI GEL CRS10W (HA =3%, 4.6 mmx50
mm), UV F #0098 254 nm, FEESH 25 °C, s 2 mM [ CuSO4 KIFR,
JE AN 0.5 mL/min.

4 10 mL AR 22 H3 W B): Trichosporon cutaneum Y'Y 52E i g & B AE 12,000 rpm 1]
ZAT R B 3 min, BEJERAEBAUKBERFEA G BT 65 cC4&M ML R IHE, W52
M8 (DCW) o XTSI /7%, B 10 mL REFRAE 80 °C R IN#A 3 h, BlJE K
FHAE P P A AL (JY92-TIN, T B Z AR M AR AFD 78360 W, Ih%E
60%- 20 °C. “ZHEF B AT 6 mm WIS N ST MAIE . BFF 6 min 5N 14 mL 5
{51 7 mL HEELE 30 °C. 200 rpm #EPRHRY 3 h J5 &0 (12,000 rpm, 3 min) , RJ5UK
RN R G HAT B W28 FOBE - o AR I i Jot 2/ R BB VA RA AT 1 Bt R TR ) ek A ik
EEfabR (/L) , ARFEIMABFE E/DCW x 100% ] i HE S & (%) .

WCEEREA . TiEE [ AY B8 Ja B A R EK A ORI R ki . 1 50 FH 255 7K
FAT VRS G TR OV, B SRR REE T 65 CHAMRIEE, &EKHM®T
Ja WIRRVE T B ARy 5 e . AR b [ [E X bR GB/T 30727-2014, i A i 20
F= I (MMC 274 multi-module, Netzsch Co, Fresitaat Bayerm, Germany) il € A Jfi 2
BRI (1) R Y
5211 IREBEHMEARSE W E

K-F Aspen Plus X FFFHE 2 AL 7= T2 A FE I EFE R A HEAT 20 A 11 62) - SRt 7
RS AEFERE S AR PR I LR P O IR B L BEAL . EEE. B 3. BRIRGS SR, Hh,
ATACEE (A100) . TVEEWGS] (A200) FILF4ERERA = (A400) 5[ B AR
W22 1 Wang EBF AL 45 R, @S <, A100 (Pre-handling) BHEEHREL. ¥y
W, BRAEDER, ®RASEEIRES 10mm BT A200 (Dry biorefining) 3% TH&
TRALER . BRARVEAL . WOSEMNLE . B B0 ER, RAAR BRI R IRE 2B
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140 I HE IR BE RS AT /KI5 W ; A400 (Enzyme production) $H 414 2B A= 7= B AR 11
R AR, il & A4 R B AR . AS00 AT A600 73 il FSEAUL FR) A WA il ik A2 A1 A S5t
RIREIR LA A B . & T Aspen Plus (AR, A DAV FFRE R AL 5= 1T
A FE T BN AR 2R REFE

53 ZR5iTe

5.3.1  FEFTHEIR A PR H R B 2R I A FE A R i B

AR FLHEH T — 5% /N2 REAT R A 7= ] R B 22 A W 1 T3 AR ) o AR
Lk, FEAFETERTGE. BEEL. MASEIE. B 8. WE ARk
SO0, WK S Fir. BARTE: () S aribE (U mEfgRe) 5 RN EREFT R
FF5 B BRI N5 G WA 450 P 44 1) TR BRI DL 8% 1N, B S i A TR 28 VR 7E~175 °C
NHHT TR TACER, 15 2T EURORCIR i TSR AR ([ & B R ia~50%) o AN
FER A HR I AR A AT R ECE B G, [FIB 3E E AT AT 2 KR
FEAE, DRI AR T TR AR = 3 — kAR, RO SEAnilEfa T TAL3E T KB A &L
IKITHE. (i) TR AR B 5 B ZZF TR ARG R BE RS, 5 A E A R KR &
JEAE A4 MG 0AE N 34T 78 23 MO BG AR BE AL LUBEICRT A I 200, 15 30— 5 AT K I
R LU R IR 20 (R TR S W A VLo (i) 25 BRI S00 1) 00 F B A YR0HE N B S L Y
0025 B0 B 11 P T Sge A3 P b i AT 00 1 470 ) R o e, 43 280) D Pk 440 k| 0 7 B PRI
B EE AT, L0 25 U TR 2 S ARG o v )RR A P W AT 28 3 AR I 90 5 1 4 5
F- B G B R FRIE FPIE B K AR . (v) AR RFRBALE U185 R AR &M
EAEIRBERVE R4 T R IRBEE, 20.9 GI/ton) 19177, af DL T 2875 42 P2 AL He
o (vi) MBI KER A TS 2 R R IRAG G HE IR T BAS B s FEAS AR, H T a4k
(1) B FLER NI N S5 A P A 25 b IR A IR A 72

TR T B RS FTRE IR AR R LA ATHE VAN, BRATTEAT T 58 R ) S5 = AR
(RS AT I 2 P2 5288 o i o, W TR UG ER S 22 AT IEAT 9 3 R IR AR 1 S8 R
AR RIS HIN 15% 20%. 25%F1 30%(w/w)) : BEJG, SATSRIGAS [E 1R & [ &
B AR D BT HES YRR . R B seIn e &a, @R ARk
AR SIS RIRAS 4 4 SR BE R8I 600 g/L (2 FFHES .

W J5 72 T R4S R S IR KR BR At 2 B X AR R A 7 2 A R AT P B R A
B, BRI 5.2 Fiome LA 15%(w/w) TR AR RS A A 2 18] 5 2 9 91 K 15t BH RS AR R FH A K
AP T2 R R A R . IR IR/ N EZFERT (B7KE 20%, FEFFENE LG 47.3%)
ok, AT, BEfEiEtt (72 ) MBESAEMILE (25h) J515 2.228 kg BT i e
W, R A RE AN A BE AR 2850 ) o A FE AT SR 94.4% 1 64.8%. i f5 20t [l VR
I B AN IR B2 22 AT /K AR W 1.748 kg DASGBAR T 3R 5RIE 0.476 kg, SHESRIEILE
70%, 294 14%FIFEFFRBEEN TR ERIRE H, Toi% MR AR 1T B AT USRI o
2, 1.748 kg W 15%/KIRHIG IR A 28 KR Ai15 21 0.292 kg WRAFBEK N 1.448 kg 72818K,
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BT A B 2% () b8 B 20N 46.82%, T & BEFIACHE & &40 A 34.72%F1 12.10%.

N T AERERTWE IR A = 2 SR AR AR B e R R, BRATTTH I LR T AN A
PREAL R R B fE 26 B AT AR = RS TR BE USR5 5.2 Bk
AL (D) O AERE AR IR BCR R R [ 2 &, AR FRF BE 3 2 400 R R AT
[1I~10% (LA EFRARBERIIL, 205 8BEPURR 98%) 5 (i) ML ARESA
P 83 B B ASFE S R I LU AUIG, 20 0 R 1%-2%H1 1.5%-3.5%; (i) [ER 5
B R BN FEATHE R A L2 R AR R om B B (R FE AT SR
14%-27%) , F HBE & AR AP BB AR R B S B0 &, B BB B A = AR 1)
BRI R R A AE IR T o B0, SBR[ S RN 15%(wiw)i, 870043 25 B B
P N 14.2%, 1172455 A 30%((w/w)iN &5 27%. BATN R AX — G =H A
AR J0R 2 TR AR Z A R ] R N B R IR R R T, HA 0T 2 58 = A R o A ]
BRI Th ETEGA,  WR BRAE FE R  ER t BE  H

BRI S, AHFTCHE H B ZEFERE TR AR IR A 7 i 2R SR v 1 B SR A 2 1Y)
B, BPsealE e 7 PR TEBREA R ROKIHEG  IF HANR SR A AT Fi g A
P 2 ] S AT R AR =, B [V 20 8 7 AR A IR R BRI R B AT RS R A&
G, POAIXFEAN 38 AR AN 1 7 BD IR AR E AR, T HLIG 25 K s34 I e 7k 5%
NFIRKAC TR AR . Ak, Bl BRI B 2 BRAG,  BARAE P RS FTHE IR 1 S 0% ]
L 28 2 AT v (L [ B 10 2 I 18 46 31 52 % 1 89 0 R 228 R VR 40 I BB e B 0 189 i D
SARBUAR IR ,  RUTE B AR R I 2 5 003 B LR BB AR AE — S L s [l i
AR AR P AR () 1) 38 P18 o
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Fig. 5.1 Schematic diagram of straw syrup production process based on dry biorefining process
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(A) Wheat straw sugar syrup production by dry biorefining under 15% (w/w) solids loading of saccharification

Mass balance of the overall process

Lignin residue: 476.1+4.8 g (solid) Water vapor: 1431.5+7.8 g (gas)

H,0: 1431.5¢g
Glucose: 0.0 g
Xylose: 0.0 g
Acetic acid: 0.0 g
Furfural: 0.0 g
HMF: 0.0 g
Others: 0.0 g

Evaporation
& Concentration

N,
>

Hydrolysate: 1747.5+4.8 g (liquid) Sugar syrup: 308.2+7.8 g (liquid)

H,0: 307.7 g
Glucose: 20.4 g
Xylose: 7.5 g
Acetic acid: 0.0 g
H,S0,:12.0 g Cellulase: 15.0¢g Detoxification seed: 223.0g Furfural: 0.0 g
H,0:67.1g H,0O: 1390.0g HMF: 0.0 g
Steam: 114.8 g 20%Ca(OH),: 61.5¢g Others: 140.5 g
> Dry Acid Enzymatic N Biological Solid/Liquid
Pretreatment Saccharification Detoxification Separation
Wheat straw: 396.2 g (solid) Pretreated: 558.5 g (solid) Saccharified: 2014.8+10.2 g (slurry)  Detoxified: 2228.4+9.4 g (slurry)
H,0:79.3 g H,0:260.2 g H,0: 1690.9 g H,O: 1904.9 g H,0: 1593.1 g
Glucan: 122.9g Glucan+O-Glu: 105.3 g Glucose: 133.6 g Glucose: 128.9 g Glucose: 108.2g
Xylan: 64.5 g Glucose: 19.1g Xylose: 49.9 g Xylose: 47.5¢g Xylose: 38.5 g
Lignin: 56.4 g Xylan+O-Xyl: 12.9 g Acetic acid: 8.9 g Acetic acid: 0.0 g Acetic acid: 0.0 g
Ash:24.1g Xylose: 37.0 g Furfural: 2.8 g Furfural: 0.0 g Furfural: 0.0 g
Others: 49.0 g Acetic acid: 8.0 g HMF: 1.3 g HMF: 0.0g HMF: 0.0 g
Furfural: 3.4 g Others: 127.4 g Others: 147.1g Others: 7.7 g
HMF:1.2g

Others: 111.4 g
Volatile gases: 31.6 g

Total sugar yields at each stage

100% 100.0%
0
89.5%
87.5%
< 90% = 84.1%
5 80% )
.g 69.9% 68.8%
- 70% Dry acid Enzymatic Biological Solid/liquid ¥ Evaporation & —F
g Pretreatment Saccharification Detoxification Separation concentration
o = = o || D =
n
©
s 50%
|9 o
40% + T T T T T

Wheat straw

feedstock straw

Pretreated wheat Saccharified wheat Biodetoxified wheat

Wheat straw

straw wtraw hydrolysate

Wheat straw sugar
syrup

H,0: 160.2 g
Glucose: 107.0 g
Xylose: 37.3 g
Acetic acid: 0.0 g
Furfural: 0.0 g
HMF:0.0g
Others: 3.7 g
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(B) Wheat straw sugar syrup production by dry biorefining under 20% (w/w) solids loading of saccharification
Mass balance of the overall process

Lignin residue: 576.7+3.1 g (solid)

Water vapor: 1251.0+6.2 g (gas)

H,0:361.6g H,0:1251.0g
Glucose: 37.7 g Glucose: 0.0 g
Xylose: 13.9 g Xylose: 0.0 g
Acetic acid: 0.0 g Acetic acid: 0.0 g
H,S0,: 16.2¢g Cellulase: 21.0g Detoxification seed: 223.5¢g Furfural: 0.0 g Furfural: 0.0 g
H,0:90.4 g H,O: 1200.0 g HMF: 0.0 g HMF: 0.0 g
Steam: 154.6 g 20%Ca(OH),:82.9g Others: 163.5g Others: 0.0 g
> Dry Acid Enzymatic Biological Solid/Liquid Evaporation 3
Pretreatment Saccharification Detoxification Separation & Concentration
Wheat straw: 533.6 g (solid)  Pretreated: 752.1 g (solid) Saccharified: 2029.5£26.5 g (slurry)  Detoxified: 2227.1+25.9 g (slurry) Hydrolysate: 1647.3£3.1 g (liquid) Sugar syrup: 390.1+6.2 g (liquid)
H,0: 106.8 g H,0:350.5¢g H,0: 1595.9 g H,0: 1797.5g H,0:1433.5¢g H,0:179.9¢
Glucan: 165.5g Glucan+0-Glu: 141.8 g Glucose: 183.0g Glucose: 176.7 g Glucose: 138.4 g Glucose: 135.8 g
Xylan: 86.9 g Glucose: 25.7 g Xylose: 66.6 g Xylose: 64.4 g Xylose: 48.4 g Xylose: 47.1g
Lignin: 76.0 g Xylan+O-Xyl: 17.4 g Acetic acid: 12.5g Acetic acid: 0.0 g Acetic acid: 0.0 g Acetic acid: 0.0 g
Ash:32.4 g Xylose: 49.8 g Furfural: 2.3 g Furfural: 0.0 g Furfural: 0.0 g Furfural: 0.0 g
Others: 66.0 g Acetic acid: 10.8 g HMF: 1.3 g HMF: 0.0 g HMF:0.0g HMF: 0.0 g
Furfural: 4.6 g Others: 167.9g Others: 188.5g Others: 27.0 g Others: 27.3 g
HMF: 1.7 g

Others: 149.8 g
Volatile gases: 42.7 g

Total sugar yields at each stage

100 100.0%
(]
89.5% o

S 90% ; 88.3% 85.3%
T 80%
K} o
g 70% Dry acid Enzymatic Biological Solid/liquid 66.1% Evaporation & 64.7%
Ef 60% Pretreatment Saccharification Detoxification Separation conpontration =

(]
g o L L ) >
S 50%

40% 1 . : :

Wheat straw
feedstock

Pretreated wheat
straw

Saccharified wheat Biodetoxified wheat
straw wtraw

Wheat straw
hydrolysate

Wheat straw sugar
syrup
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(C) Wheat straw sugar syrup production by dry biorefining under 25% (w/w) solids loading of saccharification

Mass balance of the overall process Lignin residue: 678.3+5.3 g (solid) Water vapor: 1086.8+4.6 g (gas)

H,0: 396.3 g H,O: 1086.8 g
Glucose: 53.1g Glucose: 0.0 g
Xylose: 20.0 g Xylose: 0.0 g
Acetic acid: 0.0 g Acetic acid: 0.0 g
H,$0,4:20.0g Cellulase: 25.0 g Detoxification seed: 223.6 g Furfural: 0.0 g Furfural: 0.0 g
H,O: 111.5¢g H,O: 980 g HMF:0.0g HMF: 0.0 g
Steam: 190.6 g 20%Ca(OH),: 102.2 g Others: 208.9 g Others: 0.0 g
> Dry Acid Enzymatic Biological Solid/Liquid Evaporation -
Pretreatment Saccharification Detoxification Separation & Concentration 4
Wheat straw: 658.3 g (solid) Pretreated: 927.8 g (solid) Saccharified: 2029.1+5.9 g (slurry) Detoxified: 2236.4+16.3 g (slurry) Hydrolysate: 1552.8+5.3 g (liquid) Sugar syrup: 461.424.6 g (liquid)
H,0: 131.8g H,0:432.3¢g H,0O: 1489.8 g H,0: 1700.0 g H,0:1299.7 g H,0:212.2¢g
Glucan: 204.2 g Glucan+0-Glu: 174.9 g Glucose: 222.8 g Glucose: 215.4 g Glucose: 160.7 g Glucose: 157.9g
Xylan: 107.2 g Glucose: 31.7g Xylose: 82.6 g Xylose: 79.4 g Xylose: 56.5 g Xylose: 55.2g
Lignin: 93.7 g Xylan+O-Xyl: 21.5¢g Acetic acid: 15.8 g Acetic acid: 0.0 g Acetic acid: 0.0 g Aceticacid: 0.0g
Ash:40.0g Xylose: 61.4g Furfural: 3.3 g Furfural: 0.0 g Furfural: 0.0 g Furfural: 0.0 g
Others: 81.4 g Acetic acid: 13.4 g HMF: 2.1 g HMF: 0.0 g HMF: 0.0 g HMF:0.0g
Furfural: 5.7 g Others: 212.7 g Others: 241.6 g Others: 359 g Others: 36.1g
HMF:2.1g

Others: 184.8 g
Volatile gases: 52.6 g

Total sugar yields at each stage

100.0%
100%
89.5%

o 90% . 87.6% 84.6%
5 80%
[
S 70% Dry acid Enzymatic Biological Solid/liquid Evaporation &
g Pretreatment Saccharification Detoxification Separation 62.73% concentration 61.1%
3 60% I:> I:> I:> I:> T l:> £
n
©
< 50%
L

40% + T T T

Wheat straw Pretreated wheat Saccharified wheat Biodetoxified wheat

Wheat straw Wheat straw sugar
feedstock straw straw wtraw

hydrolysate syrup
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(D) Wheat straw sugar syrup production by dry biorefining under 30% (w/w) solids loading of saccharification
Mass balance of the overall process

H,S0,:24.3 g
H,0:135.3¢g
Steam: 231.4 g

—

Cellulase: 30.0g
H,O: 780.0g
20%Ca(0OH),: 124.1g

Lignin residue: 783.0+6.3 g (solid)

Water vapor: 887.1+3.4 g (gas)

H,O: 423.7¢g
Glucose: 76.8 g

Xylose: 28.2 g
Acetic acid: 0.9 g

HMF: 0.0 g
Others: 253.4 g

Dry Acid
Pretreatment

Enzymatic

l Detoxification seed: 228.9 g T Furfural: 0.0 g

H,0: 887.1g
Glucose: 0.0 g

Xylose: 0.0 g
Acetic acid: 0.0 g

Furfural: 0.0 g
HMF: 0.0g

Others: 0.0 g

Biological

Saccharification

Wheat straw: 798.8 g (solid)

Detoxification

Pretreated: 1125.9 g (solid)

Saccharified: 2007.0+53.0 g (slurry)

H,0: 159.9g
Glucan: 247.8 g
Xylan: 130.0 g
Lignin: 113.7 g
Ash: 48.6 g
Others: 98.8 g

H,0:524.7 g H,0: 1367.8 g
Glucan+0O-Glu: 212.3 g Glucose: 267.5g
Glucose: 38.5g Xylose: 102.0 g
Xylan+O-Xyl: 26.1 g Acetic acid: 21.1g
Xylose: 74.5g Furfural: 3.8 g
Acetic acid: 16.2 g HMF: 2.3 g
Furfural: 6.9 g Others: 242.5¢g
HMF:2.5¢g

Others: 224.2 g
Volatile gases: 63.9 g

Total sugar yields at each stage

100% 100.0%
0
89.5%

~ 90% . 87.4% 85.7%
R
5 80%
]
:. 70% Dry acid Enzyr_n_atic_ Biolf)_gicall Solidllig_uid Evaporation &
© Pretreatment Saccharification Detoxification Separation concentration
o 58.7% 57.3%
3 60% |:> |:> |:> |:> b 3%
(7} = x
£ s50%
L

40% + T T

Solid/Liquid

Separation

Evaporation
& Concentration

>

Detoxified: 2183.3+52.6 g (slurry) Hydrolysate: 1394.0+6.3 g (liquid) Sugar syrup: 503.5+3.4 g (liquid)

H,0: 1558.2 g
Glucose: 262.8 g
Xylose: 99.9 g
Acetic acid: 1.6 g
Furfural: 0.0 g
HMF: 0.0g
Others: 260.8 g

H,O: 1129.9¢g

Glucose: 182.6 g
Xylose: 65.9 g
Acetic acid: 0.6 g
Furfural: 0.0 g
HMF: 0.0 g
Others: 15.0g

Wheat straw
feedstock

T

Pretreated wheat
straw

Saccharified wheat Biodetoxified wheat

straw wtraw

Wheat straw
hydrolysate

Wheat straw sugar
syrup

H,0:240.1g
Xylose: 65.1g
Acetic acid: 0.6 g
Furfural: 0.0 g
HMF: 0.0g
Others: 20.2 g

B 52 AEEEEESEFMT 0BT AR A K 2 R YR 3 K % T BB R

Fig. 5.2 Whole-process mass balance and sugar yields at each stage during wheat straw syrup production with varied solid content saccharification system

(A) 15%(w/w)E & AT N AEYDIRTIAE P~ 22 R (B) 20%(w/w) [ & BB AL 25 1F N AR AE = 22 FEHE I s (C) 25% (wi/w) ] & B b Ak 2% 4F T 2=

PR IA P ZATHE R s (D) 30%(wiw) [ & B A AT T AR A P~ AP . BARSCIR 26 . () 26T SL R SRS URHE S N 28 4E 50 °C 200 rpm. £F
YL & 4 mg BEEE /g TR A X T RR IR BLS (0 22 AT REAT J 3 3 RV B AR 10 a6 OREAL AR R &5 823 0 15%. 20%. 25%H1 30%(w/w))
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ARAFAN [F A FEE AN PR L 1) 22 AR AR OR8] Pk P2 B A A 2R ] 5 b A ) 5 (i) 2T 3L /N B3R A 53 S B2 85 K FH B B 35 141 Paecilomyces
variotii ZW70 FEFEFE 10%(v/v)~ 37 °C+ 750 rpm. JETEZ 1 vvm I T 70 AR LA BOEAT S BV RS, SRAS TR R P 7 B FA0 AN R AR P2
MU AP EE: (i) 25T a8 B0 HLAE 8,000 rpm. 15 min A4 43 %o b3 2 T i 25 v BEAT [V 23 S 4R A, SRATANIRDNH A F52 0 22 T 0 2 37 VORI AR S 14
ARBTRIAE: (iv) TR AR A AR RAE 110 °C. TARMIE RN 2 FE RS NZEXT IS /7 0.003-0.005 MPa [R5 1 73 hs _E 3 24T Jit #6355 V2 A7 8
ERIRAGRAE, BN BERAT 4 40 B WK LI 600 /L IZEATHESR . THHEIE— DIRNLEWER 2, BRI 52 2o b BRAS B Bkl b wil SR 0E /4] ) HE AN
AR TR/ AN 1R 2 o 2 RV A2 AT o o SR/ 2 6 R ATA SRR AR ) B B 2 A
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5.3.2 FEAFREIKIUREEMERE . FRoE MR AT S RE VR

T VAN BT AR 0 R R AT RS B R R R R, AT L S H R E . A
B CRE T R RBKMED 855 WA SREAT R EE, 23 31 AT =] e [ k) g L il
WRIEAT OB R e FUER R B AIM IR KB (U 5.3abe i) , BHJG MKEER IR K
7 2 DL SR AR 280X = AN YEFE R R B PN R AR 0 R BEVERE o B BT )45 B RS FT-0%
KT EH AR MR 2 BRI A 180 g/L 4B T 2B R, FLIR KBS
R, KK N B 20%-25% 144 5 8 & BT EE K (152)~180 g/L #i%iH%) J5 1
[FREREAT iR = Fh R B 72

nfE 5.3a i, DLOBERBENG], FEFFREIR S TH RN 2 DS T KM 7K AR ) R T
PEREIEAR B, R S QKT 2 BE AR T R I 2 BRI AT 10%, REFS R
(g LEE/g B8 MZEBEAEE 7%. Ak, B®FERIEEEE 2100 ER H &5 % AR T
FIFHBAHIERE, (FAHEACU e SRR SS, T REFTHE SR b 0 AR 1R FH 3 38 AF 0T
WA S FIR 2, HRMARARNEA 11.3 g/L 5. i 5.3b fox, DL L-
FLER RN, FEFFHES 5 E RN KR L-FLER R I MR REAR G e, AU seBl T
130+ g/L 1) L-FLERVK FE LK ik ~1.85 g/L/h IR TR R, 1 HIEREIR15~0.8 ¢ AR/
PR RS R (BRI HIR RN 80%) o AN, Fodl 1 Bl LAH b 25 A JE Rl & TR,
FORMEVEREAR T, aX B2 R H b 2 o = MR O e, T FRAT TR FH ) LR
MEp (RIFLER A EKERD Sk = AHRIRRERE 2 AR B &, WOGIEHT misbn ILIR K. W]
5.3c fion, CAMARREENG, 15 120 h (R BT (] Py DLRSFEAE 2% 8 JE Al R B RIR 35 A5
T AR R R EEYERE AR AR . AMUERAS TR 46.7 g/L IR PP & DL AL 0.389 g/L/h ()
AR R BEER, 1 HIRR T EE 0257 g MifE/g MR BEER, =N KRR 5
B TR 2N R Koy ZK AR e HH~28% M1~21 %

T VPN B A 6 R B ZE AT R AR e MR T aE d v e, FRATTEL 15%(w/w)
FIRIUEBEACAR RAR P2 AT REIR T o B 2 A5 1 R B R BE RS AT R vk FE~600
g/ E TIEEMRN, a5 )5 1E 4 °CHEE NI T8 6 AN H BI477%(2024.11.1-2025.5.1) ,
WAV RERE — A AT R, WSS ATRE R R S e i AT f IR %, (RIS PR i mp
RIEEERE CRIETRERAKE) WREE. SR NI pH AN R DL RS AR BT FRORS B A7
E, ERWE 5.4 s, BATKI, 1288 6 S HREFIAR], FEFERER R K AT
ML S, ELRERAE SR A T P R B MEVR . pH %5 B DA S SRR P AR AR
UbAh, BATEARIN, FITA = 1 i R P55 22 FE R S 1R 2 VRS 55 Tt B B s AR A T A2 4k
IR FE MR (5 °C) A8 i (50 °C) B, 22 WUk FE B S P4 (~100 cP—~30 cP) .
F4h, WRPESEE K T3t R AT ANSI/HI 9.6.7-2015 (e 2 77 32 HUAA R B o1k R
SRR, AHE T A P IR B AT R AE IR (25 °C) A N HUREEEANE
i 50 P, [RG584S FARSIE 752K o 5 ARRIEFEA RAATHE IR )i, AN 752
8 F S A R N A B DAY RE— i (A T S IR RO AT o AHIE 78 B A 77 Hh 1) v W A B T
REELEFRER B T S AR B RE S 24, S A MERNE . Ko FNEDIR
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5%, FbETIEFmmA GIURMAED o SN T PRI AR X A IR A TR
PRP= AR FER AL (1 5°C) Hik A2 AR (B0 B R ERY
ma, FRATARYE Yu ZEU7S0C T AR A im AoRh B B O R PERE I AL 45 IRAUE T B0 IR R
ERCRBE L TARRE E AR R i 2k (i 5.4d BT o ECERP AT E LR S H A
FEENE 1 N 1450 rpm. BUE W] RIEFLE A 80 m/h FMIFUEHFE N 28 m 5455, W LLE
H, BB R D 40% LA FIAUE PR IE R RS RG E~100 P MR AR (n
5°CTMIZEFRED BATIENE, HIZEBCRREIA 84%-90% CF 25 0o I 3 12% /K )
FIRCR N 100%) 5 #7 FIFESAF T AR EE~50 P MIFEAREniiik (an 25 °C R B A4k
W) HHATIRIERIE, HIEENCREIE 90%-96%. LA g5 RE, AHTF T A 1) ik
FE AR B R AR e PRI n] S k.

BINEZ, FETAM R AN T2, kBT IH Y A 2Lk
Z Ja BT A PE iR A 22 AT R B s I T R R S (BB IR E~600 g/L) , AV
A R RR e (nTDAE 4 °C& M N &M 6 NHD , 1 HHE stk
Ret 70 RIF, #76 Bl EAZ R OVEER R, P ek 2
FHPEIRE B4 R IR R evE e (LT H&RE , ATRU T ZH T OB, IR WY
TR SR 2 BUEDEE = I AE I R BEAE T . Bk, R 4ER ] R IR A 7 1
55 APk C R R v
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(a) Ethanol fermentation

Sugars (g/L)

Glucose
-©-Glucose -B-Ethanol
180 1 r 100
160 C 78.7 78.0
140 4 F] 80
120+ 55.3
100 4 p 60
80 1 L 40
60
40 A N)
20
b A————————— )
0 12 24 36 48 60 72
Time (h)

(b) L-lactic acid fermentation

Sugars (g/L)

Glucose
—-©-Glucose -B-L-lactic acid
180 160
160 124.7 140
140 120
120 100
100
80
80
60 60
40 40
20 20
0 T T T T T = 0
0 12 24 36 48 60 72

Time (h)

Ethanol (g/L)

glL)

L-lactic acid (

Sugars (g/L)

Sugars (g/L)

Sugarcane molasses

—©-Sucrose —A- Glucose+Fructose -8-Ethanol
180

160
140
120
100
80
60
40
20

86.2

r 100
87.7

Time (h)

Sugarcane molasses
—©-Sucrose —A-Glucose+Fructose -8-L-lactic acid

Ethanol (g/L)

L-lactic acid (g/L)

180
160
140
120
100
80
60
40
20

Sugars (g/L)

Wheat straw sugar syrup
-©-Glucose —A—Xylose —&-Ethanol

74.9

80.0

Wheat straw sugar syrup

—©-Glucose

115.8

—A—Xylose

—8-L-lactic acid

131.8

133.6

Time (h)

- 160
140
- 120
- 100
- 80
- 60
- 40

- 20

Ethanol (g/L)

L-lacti acid (g/L)
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(c) Microbial lipid fermentation

Glucose Sugarcane molasses Wheat straw sugar syrup
-©-Glucose -B-Lipid —©-Sucrose —A- Glucose+Fructose -8-Lipid -©-Glucose -A—Xylose -8-Lipid

180 (G - 60 180 60 180 r 60
160 - L 5o
140 -
I 120 1 -:]40 = = ~
()] = S =
% 100 [0 2 2 C
B 2 3 g
S 80 A a _IQ' 2
» 60 1 L 20 3
407 10
20 A
o[B : L
0 24 48 72 96 120
Time (h)

Bl 5.3 ETRHTER. HREENEERENCEREE. L-FURRBEA R B RE PRI
Fig. 5.3  Evaluation of ethanol fermentation, L-lactic acid fermentation, and lipid fermentation performance using wheat straw syrup, sugarcane molasses,
and glucose
e A FETREATRER . HREMEE MM AR OB KR B: JETREIATHER .. HIER =N & M L- AR AN C. JETREATRER .. H R & A
GIHERI AR R . ORI PR RO BRI BE XHT7, AN 10%((viv), KEFIRE N 30 °C, pH Jy 5.5, SKEEISE Y 72 hy L-FLER A B 0 1 Fl
FLIR v BRTA HT150, FeM N 10%(v/v), KB E DY 42 °C, pH N 5.5, SR BET 18] 9 72 s i I I8 14 T i Dy B AR 22 f B B YY S2E, 808 10%(v/v),
R E N 30 °C, pH N 5.0, b KFEERE]N 120 ho
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(a) Morphology change during wheat straw sugar syrup storage

1

Fresh wheat straw After 1 month After 2 months After 3 months After 4 months After 5 months After 6 months
sugar syrup

(b) Property change during wheat straw sugar syrup storage

N 600 Sugars 7.0 1 pH value 16 Density
%)1 500 1 @ Glucose m Xylose 1
- - 6.0 | 12
E 400 A —_ g
= E \I, ~
X' 300 - I 50 { 208 -
g = z
S 200 A 2
3 1 4.0 A ] 04 A
O 100 -

0 - 3.0 - 0.0 A

0 1 2 3 4 5 6 0 1 2 3 4 5 6 0 1 2 3 4 5 6

Storage time (month) Storage time (month) Storage time (month)
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(c) Viscosity change under varying storage temperature (d) Influence of fluid viscosity on the performance of centrifugal pump
120 1 -©~Fresh wheat straw sugar syrup 100%
1 —A—After 3 months 90% 1
~ 100 -B-After 6 months o]
% 1 5~ 80% ]
Z 80 ] 5 70% 1
;] 2 60% ]
2 60 f 2 50%
z ] g 40%
S 40 ] s ]
g ] g 30% 1 _o Flow rate Q/Qd=0.2 Flow rate Q/Qd=0.4
Z 0 1 < 20% { —o—Flowrate Q/Qd=0.6  —&—Flow rate Q/Qd=0.8
] 10% 4  —e—Flow rate Q/Qd=1
0 —— 0% +—— T T T T T
0 5 10 15 20 25 30 35 40 45 50 0 100 200 300 400 500 600 700 800
Ambient temperature (°C) Apparent viscosity (cP)

B 5.4 FFFRERK MR K fe e A v IS Sk Be PP AT
Fig. 5.4 Evaluation of the stability and transportability of wheat straw syrup during long-term storage

E: (a) FATRER KA IRIES 22, (b) FEATPER KA P et (Rl IERE . BB, pHD 5 (o) FHATHEIRZ A I A7 301 1m) 2R MRS
FEAAk s (d) AR AR B0 B0 R A BE BRI 78], B AR AF A B ZE AT R CRUBEIR FE~600 /L) 52 M 15%(w/w) Bl 14 & [ & 3047 %
EVVERI AT K HIAF1)~6 kg ZATHER 702 T 6 MR (BM%E | kg Z2ARBER) JHTERESH T, BEE T 4 COKFENFRE A6 ™ H . WilE
BERR 1N B4, SRR RIS SN CBEREEE) JFmids, /5 KM HPLC X ZiR MR I al R IEME (R & A ARE) ik ik
A7ISE, PR pH UHATEE B 23 i SR SRR pH AN BEEATINRE , 5 e SR ARG BE 0 B AR AN [RIIRLBE N B RS FEHEAT I E o AR Yu SE178)
ST AR AR AR BT B0 MR RE R FU A RALG T B L IR AR (GRRIRIKI IR E N 100%) Bl S5 ARG BE AR ot 2k, AR B9 00 2 S B {8 FH IR
7 Q HHUE s K IR E Qu W HLERM ARG T 5 5B L REBCERMAILTARR AL (Flow rate Q/Qq B Iy 0.2~1.00 5 FrfHE LIRS H
BAHHUEFE N 1450 rpm. FUE KT AIE TR 80 m*/h MAUE N 28 m 554,
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53.3  FEFFREIRA R 2RI RERE T4

N T RIS AR FUHR HH )RS AN 2R A R I 2k e 5 S BT 7R AN R E N IR e
BH%, ALK Aspen Plus XAk T Z i FE P RNR A GE B MEAT TR, WK
5.5 ine Hdr, FIAbEE (A100)  FVEAEWES] (A2000 FILH4EREEA " (A400)
LT BRI FE AU S T R N R e 45 103, {5 2, A100 BLFE FURMR AL MR
PRSP IR, A HIEER 10 mm KR A200 GG TERTUALEE . BRAEREL1L .
DEVIME . R BEDTR, S 245 3R T 3R F Rl 22 B4 i) 40 (G B oA 2 R A
IKEIETR: A400 ELFG A4k 22 Bl A2 7 TR R I 55 TR AR I, 1] % 21 4 22 Wi H B 10 170

AT i A FR R T B R R AR A M B b (A600) DL RRE R HE e 72
(A500) [F)REEIIELLE BT (& 5.6bc) « AS00 LN AR R H A200 I
BV RS FE /K RIS AT 2 R IR AR BRI M FE. EMBERA T2 & E
BB R IR BeFE s R W] 5.6 Frvm o mTLUE HH, AREME ST JORE H & 28 72 7
FTH8 5 (R AR AR 2R 1 & B R H 20%(wiw)), BT AL FECA100) 3L 75 EAEHL 27.11 kWh;
TAEAMIES] (A200) SLFEFER 41.56 kWh b FlAC B BN FEHL 33.44 kWh
FZEVK 0.59 G, BEALTEZHFEH 0.44 kWh, I8 7 ZAEH 4.89 kWh, [V 5 59 75 2 FE
H 2.79 kWh) 5 RHAZREZER RS B (A500) 75 ZyHAEH 3.23 kWh 175
2.40 GJo AHRIML, TZERE AR RIRB L AV B (A600) BRI ™ A
9.12 GJo RIIRUL, MWEEMIZZF R (T3 HREFZ AR LT ZHFEE 71.90
kWh F17%75 2.99 GJ, [FRIBFEC=#E 9.12 GI; FHg A — i Z R CGEF T8
KE GHEERZ) 2.24 WiFH 1 MR , R ZEHEFER 161.32 kWh FIZ80R
6.70 GJ, [FIRTIE=#& 20.46 GJ. {HAFEERZE, KH A600 [#EEIEN A500 )5k
THTF 2R (BEFEL) S HREN 26%) « ANFETALHL T 75 KR E 4IRS /1A 5
1.6 MPa (REFEL) i A AREERT 0.4%) FIBEEHIR (L) 4 BIEERT 20%) 24k, EFIR
M —3 o #vee CHRIAEER 53.21%) , WK 5.6c Fin. RIFREEE A (1
kWh=3.6x10°1) , i [ 1 GJ M#EFH ST ~277.8 kWh FIHLEE. 5829 iR
PRBE R (80%) A Ao R AR AT K FL B R AL (85%) U731, sitfr | 1
GJ HJ#E AT P24 277.8%85%%80%~188.9 kWh FHEEENS 41, [, F&MRAEF=—miz
FERER CGEFTH KE, FI4R 10.89 GI FI#HEE (20.46 GIx53.21%~10.89 GI) T %%
169 2057.12 kWh Y (10.89%x188.9 kWh=2057.12 kWh) , &4 fEus S ¥R HE
WA= T LI EFE(161.32 kWh) , JFHAESLI AR B4 JFEF A& 1895.80
kWh [ R AT AT A5 S

g5 TR, A FEAR RS FTRE IR AR 7 T2 58 A R I I T R 5 2R R
Ml T2 R RN =M A MR H Y, SUSIIMR T AR 2 4 3= 0] R B b
KA EE = APk sbAh, Aspen MRS H AR B, Bl ER A" TZ
AR RE N SEIL R K TGN . B KHERAI D& T 2K Hir, #— BT
FERER A i R b KA K AR
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(a) Aspen simulation of the mass and energy flows for the overall straw syrup production process.

D Duty (M/hr)

A400 A800
Enzyme production Storage
= HIERARCHY HIERARCHY
—
[ROPEFLOV ] —> o)
[ ToT] ENZIE ]
METALFL -
v
CO—{CSIRT}
AL00 A200 A500
Pre-handling {CSTEED] >Dry biorefining Sugar refining ({30314 /]
2> MoCs] HIERARCHY HIERARCHY HIERARCHY | (TR E T o B
A
[H20-DRY}—>
A600
— LA Biomass boilef LS5
o> [ATR-BOIL] HIERARCHY [ASIST——C
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(b) Aspen simulation of the mass and energy flows for a biomass boiler utilizing lignin residue.

A600
Biomass boiler

LIG-SOL(IN) WET-CAKE

57025
ST HS-1 (0UT)
G920 ?(
B11

DRY-LIG

ATR-BOTL (IN) ';

D Duty (M3/hr)

{T20-DRY} 1 H20-DRY (OUT) }

[OT=FLTE

TSRO} 43831

> D803

SR 21916
Q
| moo1
e — —
LT {S—ASH | ASIESW (OUT) P
FLUE-GAS (OUT) P>
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(c) Aspen simulation of the mass and energy flows for the straw syrup refining process.

A500 .
HS-LOSSI o

Sugar refining e

H20-L1Q H20-REC(OUT) b

H804

;Q [TP-STEAN} [STEAM-RE (0UT) >

SUGARSEL (IN) H-STEAM

HS-HIGHP

CO\ 11405 SSS-PROD (OUT)
LESIE E STl

o AS—L0S52 &

D Duty (MJ/hr) $810 V

B 55 RFERAESTER Aspen Plus JRFEREL

Fig. 5.5 Process simulation of straw syrup production using Aspen Plus
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(a) Based on one metric ton of wheat straw (dry base): Electricity: 71.90 kWh /ton WS (dry), Steam: 2.99 GJ/ton (dry)

Steam: 0.59 GJ/ton Steam: 2.40 GJ/ton
Electricity: 27.11 kWh  Electricity: 33.44 kWh /ton Electricity: 0.44 kWh /ton Electricity: 4.89 kWh /ton Electricity: 2.79 kWh/ton Electricity: 3.23 kWh/ton

1 1 L l 1 1 !
Wheat | Feed P Dry Acid Enzymatic Submerged Liquid Solid/liquid Pt Multi-effect i Straw
straw H Prehandling " Pretreatment Saccharification Biodetoxification Separation o evaporation 1 syrup
L 1L 1L

A100 (Pre-handling) A200 (Dry biorefining)

Lignin

residue L P
—‘)‘, Combustion i—'—), Heat: 9.12 GJ/ton
1 1
L

A600 (Biomass boiler)

(b) Based on one metric ton of wheat straw sugar syrup (dry base): Electricity: 161.32 kWh /ton Syrup (dry), Steam: 6.70 GJ/ton (dry)

Steam: 1.32 GJ/ton® Steam: 5.38 GJ/ton
Electricity: 60.83 kWh  Electricity: 75.03 kWh /ton  Electricity: 0.99 kWh /ton Electricity: 10.96 kWh /ton Electricity: 6.26 kWh/ton Electricity: 7.25 kWh/ton

[ i N R — "L' """" ¥
Wheat | Feed P Dry Acid Enzymatic Submerged Liquid Solid/liquid Pl Multi-effect i Straw
straw H Prehandling " Pretreatment Saccharification Biodetoxification Separation o evaporation ! syrup
| S ———————— 1 L

A100 (Pre-handling) A200 (Dry biorefining) Lignin

residue ! !
"———:-)[ Combustion ]—}—) Heat: 20.46 GJ/ton
1 1
L

A600 (Biomass boiler)

(c) Distribution of thermal energy generated from lignin combustion

Heat for selling to grid _ 53.21%

Heat used for high pressure steam | 0.44%

Heat used for sugar concentration - 26.35%

Heat loss 20.00%

Total heat generation from lignin |
combustion 100%

0% 20% 40% 60% 80% 100%
B 5.6 FEATHERA L ENRE K BAZIRIEFE A RR R R R P iT

Fig. 5.6 Electricity and steam consumption in the production process of straw syrup and the utilization of thermal energy from the combustion of lignin residue
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e () AR 1 MEFAT (BT TE) TRERA SRR AERERE: () A7 1 BEEARER GRT D JREMEBERZERERE:; (o KR
RIRE IR BB R R FC L o B IR A 7 2 R I B AR AL ] 2 B 20%(w/w) 5 RTARIE. TRARER. BEAL. JBEEERN [ B8 T B AH S kR
HW2% 7 Wang SFERIEHRIY . R 2 88 KRR B (AS00) WIHFETHE S TR HFEE NI SCEERD™, B2 280k 4 1 MK #E &
N 1.2kWhe FET Aspen AEBUEIE THE, QT AT E N 6.250 t/h I, AN FBES 77 B 9~5.804 t/h, T8 ~2.786 t/h, LR KK
FEEN 16.835 t/h, AR AL B — I 22 FFAE 22 R0R R R HL R N ~3.23 kWh ((16.835 t/h)/ (6.250 t/h)*1.2 kWh=~3.23 kWh) , i#id 2% K= 1 Wipk
W (FETTHE) MIFEHEE N~7.25 kWh ((16.835 t/h)/ (2.786 t/h)*1.2 kWh~=7.25 kWh) . Heat for selling to grid: fit & [H 45 )5 F & Al &L AdE (Al
TA B ELZIR) ; Heat used for high pressure steam: 5 B #2 F+ #i 4k B[ B 28950 J) &2 1.6 MPa JIT 75 [ #4HE; Heat used for sugar concentration: HE¥K
R IR B 75 4 BE: Heat loss: #AAEMIH512%; Total heat generation from lignin combustion: 5 A 7= i B b B 77 K 57 £ 4 2 7R () IR B BB
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53.4 FEFFRESE AP T2 MBARE BN

TR A, PN E T 2Z2EENEREFEZ CHEE ., K65
20%(w/w) IR A6 [ 2 B AERE AL AR ROV G, XHZzif i T 5 i A R AT AT bl
KA TEERRMIBAREFERAT T 00, Zl AR ERFEAT R A T F A
BRI AR SR BE 7 AR SE & AR RO e . B A8, IR SERE T, AT
DA 32 n) R FFBE S A = 200 A e 2KV B 1) T B R AR AL P 7 1 2R AN
AR BT R, FERERESHE. 2R SR TR BRERA . [H e8I kA
MU BAE AR 5.1 Frows

B, RS0 a BRIRMERAF N EERESH. AT E T BITHERN 10
T, AR S JIMITAEFE, ERAERTE N 8000 ho AR¥E Aspen VRAEMEALIIGLE R,
FRAERT LA™ 46429.68 W PIHESR, AH R B T-HE 5= 84 22286.25 Wi/ (FRERFEN
0.446 ton/ton THEFT) , FFFEE™ TR FRIRA 25952.96 I (15374 0.519 ton/ton
TR .

510 BRI BEEBENIA (BiF 7661.3 Jion) , HH 5K 2
[ 8 R PERN A (4714.64 JI70, dtk 61.54%) , HIE 10 FRHAE (1767.99
JioG, (b 23.08%), BRG] b i Bt e S H A A (1178.66 Ji TG, ikt 15.38%) .
[F] 52 %5 77 AR N A AR M B IS 4622.2 J o MRS AR 92.44 Fiot. MEER
KHEFAXNEE SRR, BEMEBRAN RSN, B RA 45
S5 E A RA, SR EBERAR 2%. FX NGS5 2R RA Y T T B
AL T Bt BEALANIE S T B, MRS TR AV TR R4 R e T
BUP T W8 T ST 4 e e A CLe e AR 8 NI ORI 20%) « T 384T
10 SFHF-HE =28 222862.5 Wi, KA BEERAMA (&1t 76613 Jijt) PRSI
M b, RSN AN 343.77 0/ T4 .

5.0 ¢ PIRRIIR T EEERARI AR, SREEEIGE, F4ERmmaEAEr,
Tilg . AEAES . T 2K LB SA, G118 107034 Jo/MiTpE. Hd
JEORHR 27 4t 22 Bl 5 W] AR R AR U B 4R 50 o FH T A AT R SR A 7 L2 A AR AT IR
KA, WMUR KRR AN . ERERNE, B HERERAN R RS S
Tl A2 ) 53.21% Ao 28 55 12 100 B S RV SRRV 38 A 45 A eAs OR o 22 R B A 5 4
AEEAE Y, SO IR I A T B S o Rk, R4EIE 5.6 B BIHLFETHE
GERL, AR L MR AR 161.32 kWh, I8 Tl & TA i X I 60 it B A
Hr (0.59 Jo/kWh) SR, HHH A N~95 Jo/0ETHE .

F 5.1 d BRI A [ R AR AL HH T RS FERE SR A 7= T s T R K.
IR FAR TR A RENRFITBAN AR ILRZ Y, §EEE ST IR LN G
B MR 1 MR, [BE BRAERCA N 116.22 Ju/MiT-HE . SERMERCAR (7]
AP A B BRVE A SN 1186.56 T/ HE

5.1 e BRI FEARE R A - e AR B R UL, AR RESR AL A
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PR R, — NRESEN, 57— AR EHE AR A B RN 2 A AR (1 g
VERAS . TLUE Y, $MaEAE 7 1 AR (BT RE, Be Al 343.77
JC/MEFRE, SRR Y 1186.56 Jo/METHE, SURAS Y 1530.33 Jo/MiHHE . SR E
brilidm B &0 Gl e —/KEE D Mg (24> 400 $/ton) , FIu it AR T
RE 7.2, MEBRTS EMEERENEEDAE NRT 2880 Jo. A WAH T RS FHE 2K
AP R EACT B ATE PR B0 R AS . U T ASHIE T B S RS AT R
AP T2 RARRA B AT IR . R, FRREFRR M CGETTD mEN
SENFERERT RS (N 2880 70D , MR FIRAFEIR B, %8 RN
2.55 % CRH 20%(w/w) e UG [ & S 3T Z AR R AR =) .

® 5.1 BARZBFESTH

Table 5.1 Technical and economic analysis

(a) EERFSH

(a) Main Operation parameters

BIESH

SERRIER & (4R, B 20%) 62500.000
FIREH & (/5 50000.000
VESR = (/) 46429.680
ThEr= &g (/) 22286.250
AR5 2R [ AR = e (/) 25952.960
FERASAR (WD IR /T S R 0.929
THEAR R R/ R 0.446
KRIFESR (AR /M R 0.519
SEHERAERTE] (h) 8000.000

T B TR (5 10.000

e PR TR 2N 48%, Aspen B o 2 T HE1S %4 0.446 ton/ton T2 FT,
55268 (0.429 ton/ton T-ZEHFF) AW A o BIAUELIE 1 5 T B 15 2 0% 5 1 92 56 K 14 J IR
TET: AT Aspen BEALLIS 3825 RS 1 B 5 v I Ath S DA R 2 SR IR A7 AR (S8 50 1 25 RS e 455 i N
ARBE) , W THEAE R 98% (Bh. MEWTRRSEZIT & 2%) , b &7 MR A 3L &7 5
92%, HERAH BT ABE R LB S R 2 L SRR 6%, WOEE TR LR 1) d 8 5
R =L B 15 30 0.437 ton/ton T-ZF 5T -
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(b) BEEEAN
(b) Total capital investment
ARSI B (Jion) B S (Jion)
A AL B T B
P& 6.25 ton/h 20 1 24.00
PRl 6.25 ton/h 10 1 12.00
T EAL 6.25 ton/h 100 1 120.00
RNV 6.25 ton/h 20 1 24.00
3ot 6.25 ton/h 50 1 60.00
Jie R0 S A 6.25 ton/h 20 1 24.00
&t 228.00
TRALFE T B
TIALPE f2 W 2% 10 m? 60 5 360.00
Jiim A 10 ton/h 10 5 60.00
T T PR fis 500 L 5 1 6.00
TEE 5 m?h 5 5 30.00
&t 456.00
WEAL 5 0 T B
THAL BRI A i e 20 m? 20 1 24.00
VAL HR A s N 15 ton/h 30 1 36.00
PEA SN 2% 200 m? 120 7.5 1152.00
5t B S B A 150 m? 100 7.2 960.00
e EMY 5 KRR 10 m3 30 4 144.00
FEFHHL 12.5 ton/h 20 1 22.00
20%Ca(OH), fi i 500 L 10 1 12.00
THEE 5 m3/h 5 8 48.00
&t 2398.00
WA ) T B
WEAL I fits 200 m3 20 2 48.00
A R JE L 40 ton/h 80 1 96.00
EZ Ve 20 ton/h 100 1 120.00
W At T 250 m? 30 1 36.00
&t 300.00
W R AR B 400.00
ARG T B 300.00
FIX N %5 w3 A 4082.00
THTEE RS 100 Nm3/min 40 2 120.00
Hhs 40 t 10 1 12.00
&t 132.00
R S B BB AR 4214.00
T FX WG ZEERA 5% 204.10
EIERS FX WG ZEERA 5% 204.10
IS EZ I PN 4622.20
e 55 B SEBERA 2% 92.44
] 5E B AN 4714.64
IR [ 52 RS AN 20% 942.93
JE 4 [ 52 B R RN 5% 235.73
MEEHRN (REFED) 5893.31
PR S FEFE 3% , HHEEK 10 1767.99
T B4 R 10 4 7661.30
MEEHRN (EFIED 343.77

VE: REATREIR AL P it P M AR 0 AL A R ] 5 B Oh 20%(wiw). 0% 2 R U 1.2 tHE
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(c) TVIZRHBAERA
(c) Variable Operating Costs

Wi e (kg/h) By o) A (o/h) A /B
EFF () 6250.00 300.00 1875.00 673.06
Ao R 25.00 57500.00 1437.50 516.01
iR 191.33 360.00 68.88 24.72
A 141.77 400.00 56.71 20.36
T2K 7017.50 1.50 10.53 3.78
AR JRRIRE 1726.20 -425.00 -733.63 -263.35
TR K AL EE 0.00 40.00 0.00 0.00
F FEHE (kWh/h)  HEM (Jo/kWh) A (Jt/h) A Go/mFRED
449.40 0.59 266.77 95.76
S ] AR A A 1070.34

T A AL 50000 M /NZEFREFE (GETTE) | IB84THE 8000 h #H47 115, AHEER &N 6250
kg/hs AR 4 BN MR b AR P AR ORleAR kA 75%) B89, RS INARE N 4mg B A /g T
Yrkl, BEHIF AN N 23 70/ kg, BEEEEIREAN 10%; © TIACHE6EL A &8 30 mg/g T4k (RJ
FPIRIE 3%) , K F 5t 70 20 98% I i At BR A B e il s 4 S0 A R I T AL BE DR, A%
N 400 JT/M ;s © T 2Kk B RER AR T2 H SEIA A LS B N BT K s TR 3 R I A
H S ARMERREAR Y, SO AR A TH S LM, AL, R0 2RI B MR e A BB 7E 56 Ak
TZHRREREAS (FERERAS) FRAR 5321%M#MEE, SOt 5 EAE AR R G &
95 JE R R 11 53.21% 1 Ao 3 5% v 1 B SR SR HRTH 38 2 AR s e AT BRI 2R 7 T2 AR AT Al
R, MUK KA PR A N 0, MELFEN 161.32 kWh/IE T8 (HRIER 5.6 (B) [ HLFETTH5H 45
F) o, B E RN 0.59 J0/kWh, IXJE—NEA D Tk R IA b XCH L 1)~ i B EL Al AR
(d) [BEEHERE
(d) Fixed Operating Costs

it 2 N WA OoE)  FMATT Oua
EWANER S 1 200,000 200,000.00
ZE R EAT 1 150,000 150,000.00
T ETFEIM 3 150,000 450,000.00
Bt LAREIT 3 150,000 450,000.00
A3t AR 2 120,000 240,000.00
AR ERAE T 10 100,000 1,000,000.00
TN R 1 100,000 100,000.00
S E BRAE BUAR (TT/AF) 2,590,000.00
[i] 5 B A A Co/MF-hED 116.22
MPEAE A o/l 5D 1186.56
(e) BRAMHE
(e) Total Cost Estimation
TE A o35 343.77
BRERRA o250 1186.56
SURA /M35 1530.33
HIEFENAS (o/miD 2880.00
THEEM o) # 2880.00
I HERE - oD 1349.67
SEFHERE oD 30079135.91
BT A () GEAHEEED 2.55

VE: BERIET THERE N 275 1 [H bl &) 8 89 & ks (400 oo/, &0 i AR MBULEE 7.2)
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54 AENG

R 5T £ 4 3R R BORE I A 77 2 /0 B RE S L2 R KR, ARARKERE S5 AT T £ B
i, LTZAEREAS, SOREFE, BRI M mAcsi . e M E ik
HE e 45 T A B o A T b s W AR P8 T A I AR AT S 11 T3k AR W M ) A 7
2, IEX TR IRBIBORE T Al R BERS AT AR AT 1 VRN I I RE W SR R
27 R

(D) Bk, BT RRMAEE., MR BESEIEE, DSR2 28
KRGS TR, AT T BB 600 g/L LA b JOHREEAN 5-%2 B RLAIE S5 10 i P ok i
Rl R B SRS AT, HA A SR EASRb. KIVEER SRR, ATLfE4°C
ST TR 6 N, HAEZEFM TR <S0 P, 5E4RENS T 2 HERIZ
o AT FH 8 0 2R S5 LR R a8 ARG P 25K

(2) H, CLRRRERSAT R OV Rk, R AR, L-FLIR. Sl g5 g
PG EE B I R BT TN, OF S H BB E AR AR OR B IORKED 1k
WL RBEAT XS b, SRR B RE AP R4 S ek A ) 2 SE LR X ] A B i

(3D, W REAPRE S A (M A R AT 1 P AR U AR A AU Al [ TR AR o A 5
RE BT BAR G T b, R AUR RS e 267 S R v Pl K 7 ) AR It 3K B
T IR MR e A BE (8 RE SEBLRS AT B TR 2B MR A - e RE I RE R E 45, JERG A B
=i, JF HBEE A% )5 R R AGEE AT DUB R 20808 A 7 UM T 32 & W)
BORZGEE DT 45 R B RS ARE SR I TR AR ) A2 7 A D9~1530 Jo/miflie (3
T, RE T IORIE MR AR F (2880 Jo/mE) .

CAAR L7 R ARARA o £ 4 2 AR W o R A P A AT R S A R B 2R S B 1 H
THEBATSE T R BERE B TR AR, N E IEIBORE P AR A IReL . aT A=W F
RGP AR EAC SR fh SR O 1 AR L (IR HL AT Rp AR I R B TR
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BoE HZS5RE

6.1 %58

TEFEAEDIE R B PR R, REE S A AP — R H
B BT RAE IR AEART o KBS 7= b AR 8 FH = A= 3 KRR 1 ) AL 35 A2 )
JBL B A R R A R VAR . AR AE AR R AN RS A EY A FR R AL AL
o AOCEITBESAEYINEE RS A SRR R AV e RIS
Y] AR BRI SR e iR A S TE NS, S 1 TR AR AR AR T 1) A Y
(1130 R AT kAR

A AR SO T ZE R S SR B S5 T

COARSICEE — 855 X6 T2 A0 el R o () v e A ELAE LIORS it 2 o i 75 2% ) 7
DEMBEEHAT THART G, RIS R R AU RRAE, 57 7 —Fhal 7
LAY EE L SRS i, SEBLT A B K AR DR ELAR AR FE R S AR
YIliEE. 5, RILT TRACIERJE AR B4 4E 3 KRR AR BGES AV s B 1) pH
Sl A LR M 10 (0 Y FE AN 7= M0 N I R 1) A BT R AR e 4 AL B s
R, AT AL IR pH (R BE(E /R ARG . Rl B Bl 8 4% SRR A, AMNSE
I X v [ A B A 0 ot 7K A 2w O o A R R v ek B, LA K BIR AR R
THAMATREENE CREBURIET 2%) » A2 AP 0 88 16 R Bk 2 —
A R R — [ AR LS R B, AN A T, BT
TRALBE— B AR AL TSI B — i [ R | a, JouE 7 AR Yamn TaE
T A F1% L-AR . SRR IR S AR R4 4 = 56 A 8, 95 1 =4
WEE MRV EAESRE . SESEBEEML, WS EYNEEA R34
N FRRAME RS BRAERIE. 5 TORF A, &R, BRRERRIC. T5 5
JABSAG CA B R 5 B S5 25 A3, NIRRTk S S it 7 —Fh 5
LG R 425 4 () 40 0 D B g R T R

(2) ARSCEE A B R A s N T & b, seBl 7 TR B 2 22514
BHA PRI G 821 L-FURES A AR 1%, R W IR -G Fdh ApL
i, TEAS T I AT B 17 L T 56 4% B8 % ST T ] 0k T 28 (1) ey L T AL 22 22 #1 k)
(100-110 °C) PER AL, FHZLAAREEES (£)63°C) « pHEH (£5.1)
[R5 5T AT SR AR HORE, AT DUIE S & BN B & AT A ik s R, FEAH R AR R
BR[O IR AW AT RRNIEAT T IR SR AR R A SRS YR, TR
HEURRMREE (0.2~0.3 Pa-s) I FWEIRE CHIATFE+ARE, 130~170 /L) HI/NEERE
KRG e, TEMFRIRRRER TIAT 2 90%8: L-FLEE SSCF, N =S8 IR I
R CASEIL T L-FLIR M AR An A7, BIREEN 143 g/L, EF=H#% N 1.79 g/L/h, 2
N 78.8%, FVEALEEL) 99.3% . XIATAE JARRATLFLE 2R Aot i A 2L 4



%0102 7 BEET RS 120005

PIRATIRRA L-FLER IS FLER (PLAD AR =3t T HoR Bl

(3) ASCE = FB oAt 5t Tk AR D TBE B bE AL . LEM R AN L-ARK
B85 = AN BUAFLE B B G IR BE V)36 i (50 °C—37 °C—42 °C) , X MR
AV AR L-FLIR R T T AR AT 1 R P S = e AL, SeBL T IR — B b
o BEE. L-FLIRAKIE. &5, 155G RIZZF KRR A 2T DA s B I B
BEAL 77 O 5 55 14 58 KI5 % P variotii FN89 HEATIN mniR ME stk (b 56 48, 3%
75 KD, G TR LA 2 45 )CH R & RIFME R I 0 TR W2 KE B.
spectabilis HT45; Uk, VL@ ROk 0 77 A8 B R & s 7e 8 R 2
W EE AT 7K FRTE AR R0 LR Bk LAZ MR P, acidilactici ZB220 AT & M58
Gt 150 A, 3k 218 KD, JAF T —HRvIi3Z 45 CH KRR E AR E P
acidilactici HT150; ftJa, VAPIARZG I m i amib (0 2E P e B AR A 2 T L-FLERAE = 1)
ER ARSI AR, AR IRRE T R RELL . ARV LU R R B IR R U
(50 °C—45 °C—45 °C) . HH IR E VAT WAV RS AR A L, MR L
TS IR AE AR R BB, e LA E S R T DR T, 2k
AEA R ) S B TP S SR 7 — AR v A e s A 2, T G R AR I B 2
RT3 P VR 42 170 7 A2 1 5K RERE IR [R] B AR

(A AR VY40 %o TR A PR AR A 7= o] R B RS AT R I AR AT T VR
AR FAAFEARZTFE . Bk, B TR, WAL, BSEYIE, L
FE T B D28 RIRAR G IR, 3R T K E 600 /L LA F. JoREREAN 5-%5
BRI SN IR B AT R R A BERS AT RE IR, Hh A SR AR . KRS ETE
SRE, WTLAE 4 °CHM N EFEEMWAF 6 NMH, HAEZEERZM FIIERMKE<SO P,
HCRE A FESS IS ARG R BEOR s ok, DAL REFFRESR N R RL, fE4RE. L-FLER.
A=y AR S B B A A S S I IR AT TR, R BARE AT BE K R A5 5 TR B A [
PRFAAER ] KBRS BJa, XRSFERER AR B AR AT T A AR R I A
FIVELH T AT . Re R H AR RSP T, 45 R AW AR RS FTRE IR %
VDGR BB 2R e ] LISt A R E R AN Re B A Re = A 25, FF HASFIRER
GEFTHE AEF= AR (1530.33 /M) S 2B T R K SRIE 031 47 B8 &0 4% (2880
TC/MED o AR H ) AR KR A 0T 21 4 2 A W R A P RS AT B R B B 2 ST T
FHORHTEE T 0] R B B AR =, A BRI A AR A R T AR
R S A D PR AR R AR W A 2 AR AL T R AICHIR ELPTRRSE (1) W] R T Sk

6.2 BIFT A

CD) ARIEA W B B CE D R PR AT A, 85T 1 — b W 78 2 1R 1) ot B 4K A ) s
R8s, 2Bl 7 mE S, B AR R 474k 2K R RS v . P . A AR
TS YII TR . NI AW AR T 1) P LAk N P SR A R AR T BRAR B H0 1) )
It B FA R 2
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(2) BT HHBE 5 0 R T EA YR T8 (TRALIE — BE AL — RS A1)
B~ B S ERKED TG, UGB IR IR G 7 2SI T s AL B 22 )
BHOPOER AL, HAE SRR (0.0375h") 20 RS2l 7 J54: L-FLIRiES:AEY)
AL R bR B Aers, AR AT Y 2 A W05 1) s Ml Ak 3% 22 A P M | A A1 K
A L-FLRAIE IR (PLA) A4t T H R IR .

(3D DAKJA] 3 v it R P 2 A0 PR 77 X0 24 00 A P o I B BT R A L- LR K T
AR EAT T i e AL, SCE T IR — 20 L- LR A AL IS AR (50 °CRfEbE
th — 45 °CEEMTEE — 45 °C L-ALR KD , AR TERRE T A A4 R it
A7 T ML ARZE B2 AR b A = LR P T A 5 v R e A8 e N PRI BB AN N (] AR
AR 17 P P AR F AR 5t £ 4E 22 A= 0k B 3 e il A A 3 A A P e it 7 A R
W, HONARSRI SR BB A A A AL T E B R AR YA TR RN R
Hehit

(OB REFERE R TR AW PR AR 2% 48 576 42 nT LS EL A I F2 TG 75 AM i e =
AWIREE B 45 NI PTR BERE BB A A 77, IF HRSFT BB IR B0 A2 7 A 2 I8 T ROk ok
PRIRTETRE, AT DA B AL AR =R A ik k) . AT AR B AR SR A ) A R A )
P22 S B AR DR SR BE B« AR EL ] R B2 1 m R e b R

63 BHE

AR SN AR LT A 2 2 JFURH TR AL W PR 7 AR A 77 T REAT T 50K T (1 HE
B EWFFRERE T, FEEEOR G T A AR AR R T ERIBOR LBl s A7 5 A
AEZAL o TRIE TR AR R SE B B I AT e B Pk, BILEAT e S0 2

IO 1 BE— 25 S il A ol B B85 LR SRS 25 301 18 ) 5 el Al A = 1
FER R /ME,  ARRATAAE CAN = AN D5 kAT 250 gt OXS AT i3 T IR AT it 75
P fE 58 A B SR G a2 T (0 ol 2 e 2 HL L R O B35 Y . Q4R BRI T pH
A A 2 i, S T A A 2 o T S AR IR R & R, W TTIR
TIFSE A b pH WM e 2 SR SE R o AT DA AR A A, R0 SR F IR
FEAE I BT O ZL A S8 AR 20 A DO il B R i AR 1 02 A CO & B AT 2
e, ABVE— H g T £ ol B 30 W) A YR A R A ZE DI e (ol an A D) s 208D, 4%
FR (OUR) « HALBORICR (CER) MRS (RQ) WA A EAR AL,
] HE SOV RS BB RN i 75 28 il IRE S UK I I ] PR L 55 34t 25 1R A2 1)
B dEAE AN ARKIESE) B I 2 1 A8 D) e 22 R e B sl 1 22 T BUAE 7 R
JEE AT P R S D A oo T A IR A T A

(2) FESE A FAE LA Z )5, Ja SR 7 B AL I A & O A ™ i ) H LA
P, ERGARIESAL TR . BIOYIE, AP e BB LA R o — BB A T
REBRERAFBORBE LA . RS TRAL I S 37 4 C A7 TR AE TS0 18U, (H prdb AT S Tl kb 2
PR R AR R B BB (X 5%-10%(w/w)) » HKE/KEEFIM S > =LY R



%104 71 BEET RS 120005

BHEG, TERSEXT FIESAE, BOESLAGEREMX RS 2 Se . (R, RS BTk B
ANET G 2 AR R BRI K 2 AR KA TR0 K& AT i T b A0 ] A el
PRI S BRIAOH, LI SR A B A Rl e R B A7 A T A H A& SR o AR TR T
WEEREEARTCATAT LA . RS2, TR Tl A B g 7 25% (4] 5 ok ) A0, o i 55108,
A7 0T DAAR e b [l ) S A TRAL B R . SR, R TUA B T %) 1 AR ) S P ek
IR B FIRURDCIR R, 2 e TR S I ARESAE . R, QR Rk Ay -
B A AR FIREIR P ) i 2R B ik B AL T = RS I TACBE R BL 38, R ORFE I N 28 14 15
R EZARAA RSN RS, FERAR RIES . RN, Qe 7e 45 5N 28 77 AT
T, LT ERYR P ES: R b E Y, R — ARSI E AR . TH, 54
FAL I FR B LA ST AR, FIUAL PR R 4F 1) S A0 M e B O RASE B RUFE AT
il R El MR RE

(3) A — 5 EDERIR S AE LA R R BAR M E A AT i — A,
RPN R 4T 4 R B ORI R o S A P A 0 2 B A T A B J i S B A 3
Ak, SR, BT A A 4 2 JEOR P AL EE 5k B () FRUAL 3 S A i R ™
wF (B UnIE BE — M sk 100~200 °C) , T AL BR &6 O f5 00 78 23 777 AR e P AR vag ) il Ak 2
Yok, iz T I LR 4R B S B R VG (50~55 °C) o B, RoRIIR
RETF <t 4B i v i Ve B B TSR IR AE =il 25 F R (90~95 °C) ATy e pRuisk SE IR i A4k
AL RIS, M2 it — D R ot £ 4 2 Pl A FR AR R SR AR e A e . AR IR
WS R, FATHAEL 100 °C BHE SHERE R 528 1 22 P v iR 21 4 38 B 0K =0 iR T
WERPIRMIUE A GRS , HERBT): HATEA INEG E KISk B &R T
i B e ek B S T SR (R R Ak o DRI, T RTI 32 240 100 °C B w5 1T AR 2T 4
BT AR 4 R L — A B

(4) iR AP ) B R T AR VR I RS T A R S0IE , A A M b o PR e iR A
T J B 20 5 A RTINS vy i LA I A R AR T

(504 AT 2 T van i PR BB A 5 (100 26 P B 2 AN LR R B AR AT 5 1 4 Bl A i A o 7
MR 2286 5 °C, DRI T it — Dk T 208 G 2R Wi il 2% T BRI VI, 1075 22
i3E— 2D s A Y T A ) M ) TR AR PR IR B A A M I — e B R U R R T
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