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Continuous Simultaneous Saccharification and Co-Fermentation of Lactic
Acid with Lignocellulose as Substrate

Abstract

Compared to batch fermentation, continuous fermentation can obtain a higher
volumetric productivity by reducing the switching time of process vessels for emptying,
cleaning, sterilizing. The fermentation of bulk fermentation products such as lactic acid is
more economically feasible under continuous mode.

In order to achieve higher product concentration and efficiency, the production of
cellulosic lactic acid usually needs to be carried out under high solid content, and the most
commonly used production process is batch simultaneous saccharification and
co-fermentation (SSCF). However, the most significant disadvantage of SSCF is the
mismatch between the optimal temperatures of cellulase enzymes and microbial cells. As a
result, most of the hydrolysis and fermentation of SSCF have to be carried out at two
different temperatures, which makes it difficult to carry out the continuous SSCF process
based on lignocellulosic raw materials.

In this paper, the continuous SSCF for high chiral purity cellulosic L-lactic acid
production based on the dry bio-refinery processing platform was investigated and
optimized. The lignocellulosic raw material was wheat straw pretreated with dry acid and
bio-detoxificated. An engineered thermophilic L-lactic acid bacterium Pediococcus
acidilactici ZY271 with pentose assimilation pathway and antibacterial activity was applied
for continuous SSCF. This strain could efficiently metabolize total sugar from lignocellulose
at 48<C and pH 4.8-5.5, in which fermentation temperature was close to the optimal
temperature of cellulase (50<C), and the fermentation pH was consistent with the optimal
pH of cellulase (5.5).

Firstly, in order to establish an effective continuous SSCF process, saccharification and
fermentation temperatures were unified in this research without an external saccharification
tank. Continuous SSCF of lactic acid was carried out in a single-stage reactor under
different conditions of temperature (42-50 <C) and dilution (0.008-0.025 h™). The average
L-lactic acid titer, yield, and productivity at the steady state reached to 104.8 £3.5 g/L, 0.24
+0.01 g/g DM and 0.87 £0.03 g/L/h, respectively, at 30% (w/w) solid content, 45<C
constant temperature and 0.008 h-1 dilution. When the dilution rate was further increased to
0.025h-1, the yield of lactic acid increased to 2.21 +0.11g /L/h, however the titer and yield
decreased by 15.7% and 1.25 %.This indicate that the worse hydrolysis of materials under

the condition of high dilution generated the decreased titer and yield of lactic acid.
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In view of the problem of incomplete saccharification and fermentation in continuous
SSCF due to the short retention time of materials in a single bioreactor, the series of
multi-stage reactors were used to prolong the retention time of materials. After the
optimization of fermentation solid content (20-30%, w/w) and dilution (0.008-0.012 h™),
the optimal conditions were determined as 25% solid content (w/w), fermentation
temperature at 45<C and dilution of 0.008 h™ in three-cascade bioreactors with the L- lactic
acid titer, yield, and productivity reached to 107.5 1.1 g/L, 0.29 £0.01 g/g DM, and 0.89
+0.01 g/L/h, and the chiral degree of lactic acid was 99.3%, there was no bacterial
contamination in the fermentation process. Compared with continuous SSCF in a
single-stage bioreactor, a higher lactate yield was obtained with lower solid content. This
indicates that the strategy of multi-stage continuous SSCF can effectively improve the
saccharification of substrate and obtain better fermentation results.

Finally, the material balance of the whole process of bio-refining was calculated in this
paper, based on the results of multi-stage continuous SSCF fermentation in the optimal
mode. Without considering the residual sugar, the yield of lactic acid from the detoxification
material was 74.3%, and the yield of lactic acid under the influence of removing residual
sugar was 77.3%. The efficient continuous SSCF production process established in this
study unified the saccharification and fermentation temperatures, and the lactic acid chiral
purity, titer and productivity had a good fermentation performance, providing technical

means for the continuous production of cellulosic lactic acid under real industrial scenarios.

Keywords: lignocellulosic lactic acid; Continuous SSCF; Constant temperature;

Continuous fermentation in multiple bioreactors
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Figure. 1.3 Diagram of Poly C(hydroxyalkanoates) (PHAs) continuous fermentation in five-cascade
bioreactors
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PR & LK, SEERR R R R S B T EA T 30% (wiw) A AE08, AR
M BG4 AR WA K, AKANEEFESE (WIS) tBEEZ Fhm, AEBAR AR
2 ST AR 2 ST . S R R I SR R HEAL S 4Lk #E (SSCR) (1 & 1 77 =(
(82831 KT SSCF (fk i it N BB 1, RN 4e KA ME M i AN A, X
FUSPEL T TCIEAE R SRS (R I ] K A AT o B A i A AT AR A, AT
it DAA R 47 4 R I S R I e, SRR R 2 SHF 5 PSSF (TipE 4L AN [H]
DB O IR SRS, R J5T £F 4 2 Se 7 A0 B 1) 7 38 R 58 A Bl OB A6 28 0%
PR R B A AR Tit T B2 A R 2T 4 2R 1034488 SSCF 2238 A ST iR %K
P+ IR, SR AR IS R A L, FEASN BT, ARR LT 4Rk
A NSRRI AR, X EERRA:

(1 mEEREE T HERGIER S, AR5 350 B B R BaR
[y i% 9,

(2)  AJFEFYE 2R 5B 0 W A5 R0 7L IR R o B3 Ui P 1) A D i i B 82 R T
VAT, WAL R T IR IR iR AT 2 1 N e B R IR (1 38 A7 I T

(3)  HUAMEHEVESINTFRG S A7 B b0 BE 2K o s

(4) B4 REERIKBRCRAR, S N % 1 S R T R SR B
FH PR A B TR B

LU R IR KBRS R A TE T I R B MR BOEIRE (42-50C) S5 4F4E TG
BRIGIRE (50°C) JEHHEE, H pH WAER—EHE A (4.8-5.5). X—ILEL AT LAMEARLE[R]
— LA 58 LR [ 2B P R TR £ 4 R I v RO, AT R DA 5 41 4 22 I 11
4 SSCF (It T IR, BRItz 4h, DIARR ST 4E 2 N EWIES: SSCF BUAMNEHEE X
PR R RS ) EOR T  [FIR, 4F 4 R PR 000 S R AT e A S = N 7 B R A A
WORA,  TRNLAR 1B T 75 22 [ Bl S o0 [ 4 S AL AN FLIR ) IR SR B 75 >R - Ahring 45
N V2N P T A P e 2 2 FRAT 1 4 P 280 A B ) R KA AT A B AE B — A 0 J 8 8% T k4T
THESARREENIVID 2R, EHEAR SRR (15%, wiw). FLER&{H 35.2 g/L,
[EERCEE 45 RSN X i yick: (=

ARV ST X AR AT 4 % R R v ] 5 & R %4 SSCF (cSSCF) i A2 BT i it i) b ik
PR LA I 2 560 AR SRR B T BT g R )y %

(1 TR ISR B ER S ZY271, REEETE 42-48<T, KEEpH5.5, W LURIFH)
DU PC R K ARG AT pH. 30% (wiw) [ {45 & R RO FLIR R B, HEv™ &l ik 130 g/L LA
J:[30] .

(2)  FLER A BREE TY112 $EUESE 1 FL A& 43 Wb — Fhbi B ROk 4 ) Vs 78 IO B 2R 45 e
fRIfE 77, EHUL TR0 5 LR Fr Bk ZY271 W H T L- AL stk e,

(3) W B8 2 A [ S 2% o] DA (R SRR i [ 4 i R AR R 4P 4 &
TR AN AR 2 (R A RO A, TESCIR =R LA T A it R B L RE A AL & R
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#
©
p=i

B 1O R T 5 SR
17 AREHFANESEX

YR FLIRI A = ORI 1 FLIRI A, R HE 7 R 7 — & i/
Mo BT, FHERILRME K2 @I RO B 7 AT, A F R T 2HE
JRBEIT A L 7= FRAIRER 1 2 R i o TR SR R IR A W] LI i AR W) S B 288 25 L TR
TH B AN T T (R S T A R . RN B R AT R, )
M e M. NG TR T AN T TR, R ES B r) 7 A = A 4 R LR
A2 WO B o AT AT DA IR THAL B FH AR P B I /N 22 RS AT 5k, F LR kiR ZY 271
TE RN R RS e T FLER 4L SSCF HFiB B R R, SEIL T1E 2 BRAE Y I v #
FUER &S SSCF. EARTF ST A0

(1) X SSCF H il HE AR FE 5 R FERE AR, EASNEREIGRERI AT T,
TERRRIEEE RS — TR IR BRI B EBOE EIR 21 F,  d3E—5Tt
REEIFRRERE, GRAL T A a4 % 4L SSCF it 2.

(2) BFAEBAAW) I N B 7 S: SSCF ik 5 R AR TE 4 i) 3, 23R
2N A W) SR 4 P R Bk 553 R T A TR R P B T A TR R AR T A2 BRI AR TR o (RIS A
TR —NEEEA T MM RBRE N, 3% T 1%ES: SSCF H A& I 2% 1 Fn 5
EZ4.
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B2EF ERREYRNBRPRFRES LR

21 BIg

MG TR TT T S, A4ERILRIIES K2 b2 AR
R REK R, [EPHML 53k (SSCF) M REE 7 N C AU 7 HAER e . 4R
1M SSCF i ¥iw. 35 1k s 2 £ 4ff 28 i 1Y) o & R A s -5 DR 22 B30Tl A W 16 e IR RE AN DL
XL F BT KBS SSCF 7K AN & BEANG ANAE AN N 4T, AT fdi45 LUK 5T 41
ez FRCN IR IESE SSCF T 2MELIT R . 2T, AL = el RS E
Py g RN I 3 37 1 1A A5 20 (R IF B A T8O B2 (1 RE 77 0 LR R TR ol k- L IR v BR B
Zy 27112930 i S DA e R R P I T 3 5 e T KA B AR P AT R
FLEREH I

H, ARWRSCAE G RS 7R o R B AR ) R PR BE b AT T K. AHEE TR BT 4F
e Iikl, TR RS FE A 7R B2 R ORI AL ) 1) 8, AT B A R I R PR B S I R T
AT SR . AV S S R AN 2 R INE A X PR A A I8 7 s QBRIE 1 S B8 B ik v
LTI T 2R, Sk Fooe sl FLIR A 19

AR ST I R R A A AE T HOR % pH 5 4E R BRI i pH — 8 K
PR P 5 A A R G R AR e, [RIGAE DL I R FUAL H AN A= W 0 55 1 /N3
FEAAE BRI, ZRA7E KT FE P R 2R FFEIR (42-50C) . H/a AU RIFHIA
P2t BONTTIE, 3 —BERIT TS R R MRS

22 MHES5HE

221 Jikh E5H

JR UG/ N FEFT T 2021 4F 3 H A AEI 7 7 FH AT USRS USRER AL SR ) /N2 fs AT &t 48—
WA, SR 4 BN 10 mm FLA% )R B AEHLATE B .

S8 A I A A R L 4R 4E 2B CTEC 2.0 T H AL s iE4E(E (FPED . R4 NREL B
W LAP-0060CH 75 (11 38 4835 14 9 256.0 FPU/ML, HR4E Ghosel® V45 1 2F 2 — B it 1tk
A 4653.3 CBU/mL, R4 Bradford 753, 145 &5 ()5 % A 81.5 mg protein/mL. ¥
B B A RERE, AR 45, HlEgiE 2y 103,900 U/mL.

SERS S A R 2N B REE R I RIW H Oxoid. %M. ABE. KL
FREN. FFIFTRE . BRIRE . LOKBRER B AN — /K i Rk 55 At iR A 7 i 3
B E 2l a R AR (R,

222 M EREFRE
e 285 1 25 2 P 5 E5 BIT FH 1) R ik 6 TG HUL R % Paecilomyces variotii FN89 £7 T+

10
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A E R L (CGMCC), MY S 4 17665, A SZK % Zhang 2 APIZERR
FRTAL B 5 2 A 2 M P TORRE AT PRl R i 495k . 58 [R5 %% Paecilomyces
variotii FN89 X} Z Fili| ¥y B A Pk, 58 LbRIIaE ), AR B A S TGS
(R S = oy & o HF BAE M SRR A R BRI BN LK . TS
ABH A PEIR IR IR L (PDA) R0 . PDA S5 IR IEMIHI 4 5L K 200 g 22 A
VIR MG AE 1 LdH,0 HE 6 30 405, R AT IE, FEYCERAS R M8 s n
20 g HIZIHEAN 20 g BEflE, FEAE 121C FKE 20 /04, SRIGLE 4T FEEPTY. K
PV T I FAR AT E-4 T FIRAF 7 Ko

FLRR A T2 T FH () TR AR FLIR Fr 3R Pacidilactici ZY 271 i1 [ SR I 106 15 3 T AR LR
FERE DQ2 S AW UM S A HAIE N EAAF 2, AT LAEAT AR, I
HIE B Aok B g 71 B30, e I R 36 N AL 1 MRS 159756, M 3E: 20
g/lL —/KE %M. 10 g/L AN, 10 o/L BERHERW) . 5 o/l TT/K LBREA 2 /L FrEE IR
A 2 /L BERRAE 4. 0.58 g/L -LKEREREE. 0.25 g/L —/KEiER%EL . ik MRS *F
W RSy EfTAL MRS 559535 th R hn 20 o/L (0BG . FLIR R BERT 7578 77468 10 g/L
EEMR. 15 g/L FEEHE I, 2 o/L AT TRE — 4l 0 25 /L — /KR H &R By
(R B £ S 77 36K MRS 8537 36w 20 g/l — /K8 %50 5 ol 80 /L — /K & B A
20 g/L AWk .
223 TR

PERT 1 R A BT B Jo /N2 R AT (0 /K B, oA 0 v A R R e 7)) FH AR AR T
TR T A 3 o e pH 175900 5 Jy 4.5% DM, #3% Zhang 25PN 1) TR AL 2 114
Fiik, I 2:1 WEE L, K 1200 g DM /N2 FEFF 5 600 g BRIEWSLIR I 20-L i
AL PR I 2% R B EE 3 min. FUALEESHN: 175<C. 5 min. 50 rpm. N 4R, T
FIORL 25 O TRAC BRI R I S B 35 TS R HEH o FiALER J5 /N2 RS AT pH F 20% (wiw)
[¥] Ca(OH), 1 F12% 4.8-5.5, PR EE KU P K eF4E, M T 5 SLMrE s B4
YL B o
2.2.4  (ENLIEZSAYINLEE

B/ s PAR B 5 () /N2 A AT B SR AKGIEAT IR, R o IR 75
Paecilomyces variotii FN89 fii-1-1#] PDA ~F-#it 35 S iR TAAE FAL B Pk} b IR & 355
VERN— i F AT, SRIGTE 37T F 15 9% 36-48 h, 4kl Kasiftl 1, B 5 1% 10%(wiw)
(R BAE M RIS T AT 1, VRN ERERLEE R 1. #2408 Zhang 5 N9 05,
75 15-L JR #0855 R 7B 10% (wiw) A RR B3 A0 2 T AL 31 IS /N 2 REFT
[, P AN TR B R VR G 5 AR R B AR 1) 2130 INTALER IS Rk
AT M-I 75 2R B 50 rpm T8 B2 T A RRIR 2], Ikl 58 BR 5 X PR . B S 7E 37T
FE;% 36-48 h, BAE N 1vwwm (BERG IR 1 L RS A2 S8, B8] 4 8] b
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12 h DL 50 rpm [ FERFE 5 mine  [F]N 450 HE 5 BORER 6104 S TR BB IR EE, B
ZRTE WORRRE . 5-32 RIS e i 2s, A /DB CRFIRES, BEELs .
2.2.5 LG R IR N I FLIR IE 21 K %

PAA S R B N R AL E B R AT 3-L R RE R 34T . AR AE AT R AL
FR A BRTE ZY271 H il R %4531 20 mL &4k MRS £555%& 1, 7E 42T, 150 rpm 45141
AL 12 he BEJGECH 15 mL 4218 10% (viv) R EY RS, MRS TR 8 h
JG S E ERER T BESRRN TR, TEEMN 1% (viv) EOREAL SR B g 2 e,
AN REESFE T 25% (wiw) I ESEALAS S pH £ 5.5 247 . BG4 10% (viv)
B T . KIEEAAT N 42T, 450 rpm. REEEFE P4 12 h BURER I v] %
PR T LR MR B o A9 8 A1 WK PV AR 2 0 /L A2 A5 IsE, JH 500 mL BT e & B A Rl
FREE i 500 mL KR, IR G TR, FrRR IR FLIR A VAR B 1
KAE PR EERS e BLBRIR B L 4 PRI, RIEEE .
2.2.6 DL B IR N R FLIR 3 A RL A

PAE 5 F7 FE N IR FLRR - AR R B A 3-L K IREEh EAT o DRIBUE R A7
IFLIR F ER B ZY 271 HimAh#e 823 20 mL faifb MRS ¥537FE 71, 7E 42 T, 150 rpm %
PERWEA 12 he BEJGEUE 15 mL 3% 08 10% (viv) IR EY 1, EHELML FRE
8 h a4 FEER T BEFRA TN, REMA 1% (viv) BORELLEERE 1H 40 2l
AR B FE A 25% (wiw) [EEEAES TR pH 2 5.5 A4 . BG4 10% (viv)
i BN T . RIEESAT N 42T, 450 rpm. KEEDFE T 4E 12 h BURER I o] %
BERRE A FLIR (IR FBE o A5 A 2 WK BV FE S 20 g/L ZEATINE, MR H08 LI o et v 1) 7 7
EARMERIREE TR, B, ARG AN RS B R B R AR AR BB B (R &
PR FE R 500 g/l ACHEAR FE A 100 g/L), A58 2545 A T 5 A T B P 91 267 W7 PR A FE b A
40g/L KAy, BEEE TR, FRFLBRIKEIE B i K IR FR RS T 2 IR B FLRRIR I IR 4
NEERE, RS
2.2.7 AEEIR AT LAINEFEFT IR 00 FL R 22 K T

FEAEIE 26 T LA RS FE NI LR IE 42 R BEAE 5-L RGP 347, PRIIE R
175 R FLER FER B ZY 271 HimAh 53221 20 mL fij it MRS K572 %, 7F 42<C. 150 rpm
FMF TN 12 he BEEIZIE 10% (viv) BERPEY 5, EMFFTEFE 8 h 5 41E
RER T, REFEAN T, FBEIMA 1% (viv) RGBSR T 1E g 20k, B E el
£ 42-50C. 30% (w/w) [H& & . 5mg protein/g DM i FH & T FiikE{k 8 h. Fl 25%

(wiw) RS I AN R R R () pH v 5.5 TEA SRR MM, A

BRI 10% (viv) BRI EAF T HRAEGE, KSR FE 12 h B
PRI AT R s RO FLER IO T, (R BS JE 5 YAt BN PR B P8 T L. (CFUD JEAT IR
W 7E B P9 R TRV PV FE R 20 g/L A, MR 10% (wiw) (1) AR IR T2 6 HH L

12
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HOREER, MEEN R R AR S E RN, MRS UGB AR S
I NZZRERT WK BEAVE FREL, SRJE 1= M — € (I a] [A] Be B S A 0 13
P Tk 08 B B KR FFAR T 2 IR B IE S ML R IR )G, RIS IR
2.2.8 AEAFIRRESE T LL/NZZREFT A ICA ) L R e 8 19

FEANFEIMRERE T LA/INEREF N ) FLRR T 2L K BEAE B-L Rl AT, ORsrE
HALE R FLIR Fr Bk B Z2Y 271 H il A2 3] 20 mL 46 MRS 55783591, #£ 42C. 150
rpm 245 G4k 12 he BEJG %08 10% (viv) (R RTS8, fEMIEZ&M TR9% 8h
JG S ERER T BESRAN TR, TEEN 1% (V) BOREIL SR g0 2, i
YIRIE 45T 30% (wiw) [E& & . 5 mg protein/y DM [ & F FibE{L 8 h. Fi 25%

(whw) [ EAES S A R BRI FE 1) pH N 5.5, IINEFREIFIZIR 10% (viv)

Fefho REEFEAE 12 h BURERS I AT % BB AN FLIR (IR FE, [ B g S ABORT I B (1 T
WL (CFU) BT dEAT I o BT R I 5 FEGE N # &1 B FE T AR 2 20 /L 2 A1,
21 10-30% (wiw)  EEBI AR BEGE R BCH R TR, Bl S A e AR (R BT A+ ) ] 2 &
FORNE, AMENREAE: T YIRS /N EREAT . BRK. BEAE SRS, REH%
FR — 7 [P EF A] [ B B AT RN IR, R LR TR B B e R IR R AR UE 2 IRBFL IR P
HILEZE TG, KIBEH.
229 ik

AR ARRE, FLRR. 4R 5-HMF FTREEE 4 Hou 2% DRAR 11 7 i 3047 I 52

FEAR BRI 35 B2 [5] B 6 B Y& T 2. (colony forming units, CFU) #4714,
HAE N 100 WO R BRI RS 10° 1%, SRJEIAIIRAERT MRS PR |, 42T 3%
36-48 h, I TH KA I A B RE PN 10 TR AR 5 TR

FLEE I T4l E 4 D/L-Lactic Acid (D-/L-Lactate) Assay Kit 17 & ik i) 5 i3k
AT
2210 RKEERIMREEE . IR, DAKRFLRRIIARER. PR ITHE

Dilution rate (1/h) =g (2-1)
AXHH (h) SHEN TE] R BE; D (%, wiw) SAEUH & B 5 B P R B 1 o o L
D (%, viv) JYHXH A B -5 E N R B AR AR L

H
Retention time (h) =5><n (2—-2)

DA n SR N A

Yield (g/g DM) = v
ield (g/g = DM,

A ¢ (glL) SR HVRHRE R FLERIKEE ;. V(L) 52 HURHRERE IR 5 B 25 R [
TG BBARARR, B R RS KBk DMy (@) WEBCH R BT B 25 0

2-3)
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BT RN REERTERSS IR 3 KGRI T 2IMH

c,—¢C
productivity(g/L/h) = = T : 2—-4)

NI 0y (g/L) 9 HURHEE HURHE AU FLERIK S, ¢ (o) 8 i BHERMEL S I ZLBRIR L
H (h) is HURMRFTE]TRIRR s e 77 RO R B RIIA RS 5 3 IREE R 1T

23 ZRE45H

2.3.1  /NEFERT TR TRAL R R [ A5 AR P i 55

FRATHRYE NREL Y3 e (9 25 R i P47 7 4120 W0 5 - 2021 4 3 A3 IR 46/
FREFTH S 34.31 £0.14%4T4E 2% . 19.25 +0.0 5% -4 4E K . 22.12 £0.01%AK Fi &
A1 12.00 £0.22% K%y (T3, LR 175T. Smin. HRRHAEN 4% (wiw, DM)
AR 5, FRATTX MRLEEAT FE— IR A il e, TRACSR AT 5 R A4k, sk
21 R, WG, FAERKSEZUAKR, (HH 94.23%H 4 4 R B iR If
R fig v B pE i ot Ak &40, TR BR S DR rh TR IR 2 7 16.320%, X HH AL EoR
SEWE. EAERIARNE . LT ER SR T A B, BN AR 5-FR F LA
i (5-HMF) FURERE & &4 21.73 £0.24. 6.04 0.07 11 2.85 +0.13 mg/g DM, 7EX}
INEFREFF AT TER AL S5, BE BRI %8 [CHL 5 2% Paecilomyces variotii FN89 #4174
Yilies, RIS YR ) 5-HME MRS 56 4 L Bk, AR B DB SR IR B 45 3K
H T AW SO B BRFE S B, 15 B /N R o0 B e tl, SBUR IS
FE B FE A 4L

F21 NEBTRLEERERELTENNEE

Table 2.1 Sugar and its derivative contents of wheat straw before and after pretreatment

Components Contents (%, w/w)
(@) Wheat straw Cellulose 34.31 +0.14
Hemicellulose 19.25 +0.05
Lignin 22.12 +0.01
Ash 12.00 £0.22
(b) Pretreated wheat straw Cellulose 32.99 £0.29
Hemicellulose 1.11 +0.06
Glu-oligos 0 (not detected)
Xylo-oligos 0.54 +0.03
Glucose 4.27 £0.10

Xylose 11.51 +0.02

14
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Acetate 2.17 +0.02
5-HMF 0.60 +0.01
Furfural 0.29 +0.01

232 LLE R IR AR S L5 g

FEHEAT LG BB 92 5 9 IR ) FLIRIE B S I I, A s 7 B Hh 1) ) 0 fal 5 WA
REE I EPERR, 5 UURRA4ER KWL, AR ESSME PR, KitkrT LA
FEAE AR BRI B G iR B (42T) 25 Nk AT R, [FJINE SIe 56 i 19 v ik LR BR R
ZY271 CAEEI AT DU TR R 2, O TR TR B AR BE 75 RN RS AT A
JRVIRATKEIN  ZMIRIFLRIELL R, A SEE 5 Je A& s IR 2N RAE 3-L
AW NS AT T BRIE

(a) Continuous fermentation
—O—Glucose  —A—Xylose = —@-—Lactic acid

140 1 ¥ Substrate in --> Broth out
120 1
100 -

80 1

Sugars and lactate(g/L)

60

40

20

B TOAQ

LS
S A N A \
0 12 24 36 48 60 72 84 96 108 120 132 144 156 168
Time (h)

Bl 2.1 fE 3-L AW RN L& BB IR I N R ) PR T 42 R T
Fig. 2.1 Continuous fermentation of lactic acid with synthetic medium as substrate in 3-L
bioreactor
RWEHAM: 42T, 450 rpm, D Ay 30% (viv), HJly24h, Yy 0.0125h", LRETIE [y 80.0 h
Fermentation conditions: 42<C, 450 rpm, D 30% (v/v), H 24h, dilution rate 0.0125 h™, retention time
80.0 h

FLIR Fr BRI ZY271 2SR HeN 3-L R B, IS RN 2.1 P, H1ai
A AR B 63.2 g/, ARBEIRFE R 185 g/L. KI¥E 72 h, TEFEIEATHFESR)S, BEET
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MIFLERIR BN 67.7 glL, HU 1/3 RIEFAAFR KR, SRIGH AR RATR . 5HIU6G s
FREE RO A] [F BTG S TR AR, 24 0 5, R R EE UGB AN R, R BUAMELE,
HOAMEMESLHAT 7 4 IR, BRI G FLERIR BE I T 0h 67.7 L 71.7 . 69.8 . 73.4 .
715 g/L, RN EHE S ARE ) B E A R, BRGNS FLER K
FERITI B AARE, ] DAt P FRAT M P ) LR i I TR AR -FLIR 3K B ZY 271 g
% 5 BRE B R 7R 25 R T IR] . 2R Faoe S R I -

(EAFER IR RS R 28 5 B2 R B 45 RARRAL, H5ZAFPE,
G ORI R b — U BRI B b B A AT 20 B RIS 2R — bk 1) B DAtk Ik
FIESGEN, TASLIE R MR R BRI 15, WO R S R S KB
Mo
2.3.3 DA BRE IR NP o R R SR 56

B 1A AR E R A1, 3w LR R T I 7 5 R AR 2 AR LR A 7 AR 1) 7
— R 77 IR, 3l e AT LA 3 2 VR 787 35 SR AT B Rl v A S PR B 3
TER, REMBERFTLT=ANE] G FAE - RIFRAT IR 43 Ak (1) 77 2%t 2 1 i R - L IR
FERE ZY 271 RKIBEFLIR Freid B S sk BEHEAT TR - T AR SEIRAE 3-L K
BT, RIBHERTRAMWR, FUCRHEU> &R B, #0705 = iR B 1 BRI E 77 28
KB BB R RA, Mok BRI 1 H 1

(b) Fed-batch fermentation
—O—Glucose = —A—Xylose  —@-—Lactic acid

140 - ¢ Substrate in --> Broth out
120 1
100 1

80 1

60
' ®
40 Q Q O~0 A
0 OO O-0-0
. M.Amn_ﬁm.k' DA
0 12 24 36 48 60 72 84 96 108120132144156168 180192204216 228
Time (h)
Bl 2.2 7E3-L KEHRE LA RS FRE AR R FLER 2 A eh R B

Fig. 2.2 Fed-batch fermentation of lactic acid with synthetic medium as substrate in 3-L bioreactor

REEFAE: 42T, 450 rpm

Sugars and lactate(g/L)

Fermentation conditions: 42<C, 450 rpm
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VB R B 5 R an & 2.2 B, WT0EH &) BRI R 70.3 g/L, KRR 21.3 g/L,
LR fG 48 h, R AR R R 2 BE A BE T OO AE NI T 20 o/L,  HFLARIEAT BUAMNEMERAE, 3k
BT T 3. MAKME 228h, FLERWSE N 1258 g/L. FERMEF G, KB
R BRI A, ATV AEINS, FNESE ZIRfEE, BT
FE AN, R BEAC TR R R 2 PRI, IR AR TS5 . 125.8 o/ LRI
O R R JE 221 T R (100.0 g/L). ANz Biszie = Qiu B SUx gl
SR SER H FLIR FBR T ZY 271 Rl DL 274 25 MR 3RS 130.0 g/L AR = -
(Rl AT DA HH AR AT A FH 1 LI I8 T PR - FLIR  BR TR ZY 271 BB 58 I AE A il 7 2
W R EE LR R I o ABLAE i ek R H v S LIRS VA A P 1A ) AL, A SR =5 FIUASE
T, ATLLEIS T B R B . N R IR AT I o A WU 1) T VR AR B
T LRI
2.3.4  FEMEIRZAAE T LI/ REF N IR B LR 8255 5

KRR AR 7 B2 B A Ge s b (R SR K AR i v] R B R BE . T AT 4E R
Al 1) o B AL IR FEAE 50T Aot o DRI RT AN A1 B KR A B 1) R Jo 41 44 2 S A 1) i 5
SSCF i, 75 ELORUE K I B AR RE W i) 52 21 4E 2 B R /K AT E RTS8 BSOS AR T 41 4
BRI R VR ARG o B R ) 55 L LR A 7= B AR oS AT AT 52 58 e e
o B DL 2 B A W AR AR A N A TR e T kG SR FEAT R, BT AE 50 <T %A
TR e 5 F R A = gL iR, (B T E KRR AR R EE S8 T E
PR FLBR % S SSCF i AR MR A . N T IBREL K EENESE M, {EAMelE
VEAF RN 7R SHIUE K EEA R R (AL R A=Y 5 J5 /N EFEFT . AF4E =g,
EKAEFR L), RN ANEHE PR B A& T R R 5 3L R B . fEBEseged, whkl
JE VR AR B A7 KA TAIAER R i 4 T A T A P 5 0o A T B Ak 190 ) B ) R T 12 e
H T EE PR
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-O-Glucose ——Xylose —@-L-lactic acid -@-CFU ‘fe%qStOCk —> S_mtn .
eeding ischarging

(a) 42 °C (L-lactic acid titer 112.2+1.0 g/L, yield 0.26 +£0.01 g/g, productivity 0.94+0.01 g/L/h)
120

110
100

Sugars and L-lactic acid (g/L)
(e}
o
N W s 01 OO N 0 ©

Colony forming unit (10%mL)

0 12 24 36 48 60 72 84 96 108 120 132 144 156 168 180
Time (h)

(b) 45 °C (L-lactic acid titer 104.8+3.5 g/L, yield 0.24+0.01 g/g, productivity 0.87 +0.03 g/L/h)
120 13
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(c) 48 °C (L-lactic acid titer 91.0+10.1 g/L, yield 0.21+0.02 g/g, productivity 0.76 +0.07 g/L/h)
120 35

110
100
90
80
70

Sugars and L-lactic acid (g/L)
3
Colony forming unit (10%mL)

0 12 24 36 48 60 72 84 96 108 120 132 144 156 168 180
Time (h)

(d) 50 °C (L-lactic acid titer 59.5+1.6 g/L, yield 0.14+0.01 g/g, productivity 0.50+0.02 g/L/h)
120 14

1o 3
= 100 12 —El
(@)]
= 90 1 5
2 =
S 80 oy
2 70 S
(&)
& 60 S
g £
50 e
° Q 5
S 40 S
” -
@ =)
=y o
>
3 O

Time (h)
B 23 7 5-L AMRNFFERFA T HARES RS S ILREE
Fig. 2.3 Continuous SSCF of lactic acid in a single 5-L bioreactor at different constant temperatures.
KIE5AF: (@) 42C; (b) 45C; (¢) 48C; (d) 50T, 30% (wiw) [, 150 rpm, H A 12
h, DA 10% (wiw), FiREEH 0.0083 h™, fREAH %y 120.0 h
Fermentation Conditions: (a) 42<C; (b) 45<C; (c¢) 48<C; (d) 50<C.30% (w/w) solids loading, 150 rpm, H
12 h, D 10% (w/w), dilution rate 0.0083 h™, retention time 120.0 h
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VRSO JeAE FAS 5-L MR SR AR W) I N 2 O i iR B A T IO T e T I FLIR
FEREE ZY271 DINZEREFT A SR AT B B0 R I I TR 25 A AT TR R, g R ani&
2.3 7. X F1E 42<C F1 45C FHYELE SSCF e, RSN, HAR &9 Wik
F|7 1122 +1.0 g/L #1104.8 £3.5g/L, ILHT1S24 514 0.26 +0.01 A1 0.24 +0.01 g/g
DM, 723514 0.94 £0.01 £1 0.87 £0.03 g/L/h (K 2.3a. b), SiRECAMIE. [FH
I 7E 45°C F, FLERRIFRA CFU 76 & B W fefa e 4EREAE 10° DL I, IXRBARIREDY
A RIS 7. MAE 50T T, B KB G ML = E IS AR L 1 B 1 T B,
AT BEANACRE M B 2 BT, FLBRIKFEAE K% 96 h A= plidse iy, (HAXAH 60.3 g/L (K]
2.3d), XRFFLER BRI ZY271 15 50T N WEIRIE S R I A A e FraAa e T,
50C e H 0 | ORI R RE . RELE 48T N, Uity — MRS LR ™
& (91.0+10.1g/L) FIf5% (0.21 +0.02 g/g DM), {HH K IEH ¥ (CFU)
TR, M 10° TR 10°, [FINFERERI R JLER AUIE 34 42 F1 45T A THIRM T
F (2.3¢), REEARARE—FRIFFIEEEDI . XEH 48T B KBRS H kI
PRI K . 5 B FLRR AR = S R AR I AE KA B D) B 0B, [RIE 5 R 3 8 = i
AR T ARRA R, RIHIES: 45T A e SR A MIRE .

2.3.5 EAFRRESE T LL/NZZREFT 4 JICA ) L R e 8 S 5

FUER FrER B ZY271 $AESE T 0T AFE 45T (1E IR 4 N Se il 4F 4 R AR ITELE K
. HATFRIFREBEIUCN 0.008 he 7S REEA P, FALR BEAR R R S5k
) R0, RV AT LT IR 2 A AR RE B B (RAIE e IO b 2, (L
S R 5 WL, AR RIS RN R AR RS, ik, 7ERIE
WEERIRTHE T, B SR B )7 R R A 1 — 2 B B AR

(b) 0.017 h-! (Titer 99.24+1.6 g/L, yield 0.23+0.01 g/g, productivity 1.65+0.02 g/L/h)
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(c) 0.025 h-1 (Titer 88.3+4.4 gL, yield 0.21+0.01 g/g, productivity 2.21+0.11 g/L/h)

120 13
110 12
— 1
< 100 1 g
G’ ~~
i) g 2
S 80 -
© 8 ¢
© 70 S

= 7
E Le
4 50 £
2 40 ° 8
© 4 é‘
o 5
(@]

(@)]

S 2 0O

n 1

0

Time (h)
B 24 fE5-L EMRNFBHAFRMBEE T KARES FD 53R
Fig 2.4 Continuous SSCF of lactic acid with different dilution rates in a single 5-L bioreactor
REESAME: (@) D} 20% (whw), BN 0.017 b, {REFI A9 60.0 h; (b) D A 30% (wiw),
FisBEIE 9 0.025 h™, fREAIIA] )9 40.0 he 30% (wiw) 4, 45C, 150 rpm, H Jy12h
Fermentation conditions: (a) D 20% (w/w), dilution rate 0.017 h™, retention time 60.0 h; (b) D 20%

(w/w), dilution rate 0.025 h™, retention time 60.0. 30% (w/w) solids loading, 45<C, 150 rpm, H 12 h

A ZARAERREEE N 0.0083 ht [ FEAiE 13 3 2528 HUR MR G A5 R 12 v 1 448 X 7L IR
B8 SSCF IR BERE o BRI BB LA 43 il B =i 22 20 % (wiw) #1130 % (wiw), FHX
IR E > A E) T 0.007 W A1 0.025 hte &5 BanKl 2.4 Fros, 1EFTINR KA R F5
BN, YR B RBLR, JL CFU WRELERRAE 10° L b, M RERAEK
R R LT SRR E )y 0.017 hh it (] 2.4 b)), FLERIIAS 2172 % 43 7 0.23 +0.01 g/g
DM Al 1.65 +£0.02 g/L/h. ML T E N 0.008 ht ([ 23b) (ESKREE, I E
RS TR P BN RN E T 5.3%M 4.2%, (B2 L35 T 89.6%. [ #iBe & it
— SR E 0.025 hh, FLRR A3 3R AN 7= 243 31 0.21 £0.01 g/g DM Ai12.21 +0.02 g/L/h.
ML TFRE N 0008 ! (B 23b) HIEL KR, IR ERE FARNSZEME
RAUTPE T 15.7%F1 12.5%, {H7=5 3 m 7 154.0%. & m RIS LR = s /e
KA HILT — £ TR, X485 U. Kulozik® st ML, Eflfix—
G IALE T 40 M A s o BRATTHEI 32 B2 TR e Rk B R H B AL AN 52
EFE . FOATRA T ANEHE A E R I E AN R 7 2, RIS FRATT R A R0k
PR R T 5 B, e S R BEIRR R BEBR K, I I R TR v P R ) ROk B . %) 7



o522 T HEETKF WS008

PUNZZRERT R FLRR I S B SRR IR RE S, BT RE B3GR, AR B2
Hh R TRV PR R e AT, R B BRI 1D P9 B R AR . MR 0.025 h i,
FERIRB] VRN, N 221+0119g/L/h, BN RERAPIATE 8839/l £, %
FEEIFLIR (7= AR A RERS IR FFFRE . R R A IR B BB AR 2 R FFTE — A RIF 7K
S, [E I 22 G A2 1) 2 7 2% 140 32 52 T o 0 55 s B 4 T T A ) R T AP e i 3 ) s
0.025 h™ {1ty s o FEE 10 I T P 22 2% A0 I N7 88 PR32 468 R TRy LA 2 N W0 2% 1R 0T 4 O Thi
IR

24 EENG

YR FLIR I Tk AR 7= R 2 R R ) TF B A AT o 1R R IR A% ok i AL A
KREFRFES —, VBRS8N /N REAT M AL A Ak . AT H I B L858
T:

(1) DA B IR A NI, 7R R I 2 BRIV} I 1 LR TR 5 1) 24 1
BERLRFERS T, RIS E /- kRl R T A PR R P2 7T LIS ) 125.8 g/L, X #PIGIE T K ¥
AR FLER Fr BRI ZY271 W LLSE R Ia) . bR, R SR T .

(2)  TELUNERSFHAE N AT AR IE S RS AR F, fRFE 45C 1EIRATLA
B ROt e B N R T, B A FLIRIKE A 104.8 £3.5 /L. 15% 4 0.24 +0.01 g/g DM,
F7 %N 0.87 +£0.03 g/L/h;

(3) fE45 TWEEAMT, E—E il p, 8 K7L RRGE S8 B R
DRI %, YRR NS 0.025 h I, 72#487F % 2.21 +0.11 g/L/h.
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BI3F AEZREVMRNBFHIIABRES LB

31 3|8

SHIKI DR BANLL, AN EY) O3S P IESE SSCF BRI AL . £
SEBR DAV AE = R, SR 2 GO T I SR R BBk G = A L SR i Rk . e
JREFYER AR R, BEE S NLAS I IN,  PURHE B R g (145 B IS TR i i - 45
B /KSR SE N SE A, WCRORE FEE AR, IR IH e LAAC 5T £F 4 3 0 J5URH ) 3% 48 SSCF i L
HIVIEIE AN e I R A BN 2 . [FII HEORL R BE R h Bl & B 54, A AT
Jr SAFLIR IR 70 B 3R 4L

N TAE LN ZZRERT N IRIR)IESE SSCF RERSAI IR BEAT, AT H /a2 HKk 500-mL
R PO A B N2 I B R EOHEAT TR .

B T IOAE LGB SN FP IR R K R B 25 Pt — 2D A 30K b-L R B P kAT 1 L
MRS, AR I R BRI E S, R HE —NEONTTE L) N
KRR, IR T B FLBRIE S A AT 1 i R Y RHET 5

32 MHESEHE

321 JEkh BT

R 46 /N R R T 2021 4 6 H 43 £EI] ’e B FH T WSOR  WUER SR /N RS T it 4 —
BISIIRR A, ARG B AR N 10 mm FLAE 4R U EHLAE B .

S8 A BT A P 1 A B SR TE L 2.2.1
322 PMKREFRAEE

S P FH ) v 2950 ] 2 A 0 Bt 7 T R S L 5 IR RV N, 2.2.25

SZUG AT FH (K LR % % 14 PR FLIR A BR 1 P.acidilactici ZY271 M HiRF R FEVE L 2.2.2,
323 Tk

SEEG RN 2021 4 6 H /N R ER PUALFTE W, 2.2.3.
324 {EALEESAYN

SIS oG FA B S ) /N RS A AT IAE A [ S AR YRR TE L 2.2.4.
325 £ 3 Ik 500-mL & B FLERIE L [R5 BE A L R

S e e (e

F1: first fermenter Stream D: intermittent feed flow
F2: second fermenter Stream @), ®), @: fermentation broth
F3: third fermenter : vacuum pump equipped with platform scale
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B 31 73BT AREL RS G RBRER

Fig. 3.1 Diagram of continuous SSCF of lactic acid in three-cascade shake flasks.

TRIBE R A B FLIER B TR ZY 271 H il A2 3) 20 mL it MRS B 5k,
£ 42<C. 150 rpm 2644 Fidfk 12 he BEEELH 1 mL 3218 10% (viv) [ EETY
B, MR N EE 8 h 54k BEER 1. B3RP IS, WEMA 1% (viv) 1B
BRI IE AN 20, B EYRIE 42T 20% (wiw) [E 2 & . 5 mg protein/g DM
[l & T AE FL BRI 8 ho FHIKFEN 0.6 g TRIRES/g Kl A BRIRAES VA 17 8N K
AR FL. F2. F3#EJHM pH. BEJGTE FL 3R IINE 77 3R 0441 10% (viv) 2
PR AR TR KIS AR A 12 h BURER I AT A b AN FLIR BOVR JE o 5 ) SE e AR
& 3.1 foR, WS, £ FL RN # & iR EHFE S 20 o/L oA, B 20%

(Whw) BIRTRIRZ F2 R0, B o *h 785 B0 A B R o & A [0 [ 25 & XD RHBRURA
XTI B RES , AMEHR LSS TAC B AV TG /N 2R EwK. BEFIE 773,
12h J5, M F2 fEE H 20% (wiw) R EEIR 2 F3 B8, A F1 #EIHCH 20% (wiw)
R BRI A F2 380, F1 A 785 B R BB [m] st & A B [ B Rk, R
FL PR F2 Rt F3 RAh 78 X0 N DRI ES s 4= I FaR BRI 7 3 2 5 Ik, 4%
F3 I IR BRI 2 T8 T FL 3 R BAARR, BUH 2 RITEIFR. %3
M F3 B PR B 7L R AR Rk B de K T DR AR E 2 IRECL R M B I 2L T % )
RIS
3.2.6 fsﬂaés L AR I R Hh ) FLIR I 25 [R) A0 BB A L R T

Pretreatment Biodetoxification Storage Continuous SSCF

Wheat straw Biodetoxification
Acitl catalyst

el
—

Steam Broth for

purification

Bl 3.2 FEZBRAEYIRMSTE4ERIRESE RBEK LS =R E
Figure. 3.2 Diagram of biomass preparation and three-cascade continuous SSCF for cellulosic lactic
acid production.
T FESER SN, O 7 4R F2 M F3 SN d BIA BOE K I TR (2200.0 g0 HIRSTE], HEHE T —
N5 FL RN A AT IR R0 FL-1, RIS A e B R BoRfER R
Note: In bench-scale, in order to shorten the period for F2 and F3 to reach the set fermentation mass
(2200.0 g), a parallel reactor (F1-1) of F1 was set up, which was not shown in the diagram
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2 WA YR ARIELL KB R, AR IE SRR ) — M7 R 2 1 B 0d
NBLE, 7EAARRAT4EZ NRYIM AR E L R R, BT AR 4E R BAR BN
RaAH,  — M 05 Bl 22 M LAKs R A AU e R, 25 B B AR S0 R 9% A Ak FLIR A Bk T
ZY271 AR B RE 70, TRAEE BB M KRR (G BTl 5 R el
ik FR 15 A5 AT T KR o A T IRAE RN SE & A G 1 T R, fEAb R RE A, i
B /N R AT k) 88 B Bk N R P -

ZARGH = AMOLIBAT B 5-L MR AW R B AS . ELRA R AR AR G ]
32 Fim. BARERIEMWTR:

(1) F1 S48 P e 2 TR BE M #E 2 20 o/ A4, #— @A) a)fg (8-12 h) Al
Ee (20-30 % (wiw)), FIEZEM FL RS EGH KB, FFIEF R & AF T %k
TIN5 B H R PR ) o = AN ] = AR s

(2) M FLBUBIIRIHE TR FINANE F2 [ Mia%, FFESDI (2) A i )
kg (8-12h) J&, FIEAFEM F2 i A A He B R Bl A F3;

(3) M F2 BUH B RHETFBOR A F IR F3 )R M4

(4) ¥RBEAFEANEEC o], EEBIR (2). (3), F3 N 28 I K B ik 3
PEAE (2200 @), RN 5HI8 (2) (3) AR A Al [AIRE M F3 BUH 22 H ¥ 5 15 1
AT

(5) 4 F3 R FLIR IR BRI A BIAR e, RIUCHES R FE G, 2 3
PR P R I 21 T R, I

(6) F1 [ JEORHMEE, TR 05 Rk A T 5 [ i Lo R AF 4 2l B SRR AR, Al
Fok e R EEEK .

(7) HESEAEHFIF (25%, wiw) 875 T S0 8% HFOR BRI pH,  [RI AR5 )
T2 FEUR TR T = e R, PN FR MM K A B S A SV K

TESERRERAE N T 48 5 R BB RS IR, 38T —A FL (- PAT AW R B3
S1. HARMETTEMT:

(1) FLZE—HUR 2 F2 i), $BAHE R EL B A S1 S Mg P iR B — 2 B I R R 2
F2. S1 TokbeHEAE.

(2) F2 B—IRHCKEL 2 F3 B, FBAH A LU ST e B ds N A — & R &
F3 SN 88, JLIR S1 45 R

I E M BE T
(1) BRI E FER 9 EUREZ 1 B S 0
(2) FLEH—WHHMNEL K 2 /T, FL5 S1MRBEAUE & 3 R BCFIE I FL R EEEL
s F2 S —REUAMELIR, F2 5 S1 R EEEE & 91 5 BCFSAME I F2 R I3 «
(3)  FABREEEAR ik B R A w8 RS TG 8 = A s 1 T3 .
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(4) MTFESRELREPNEIEEE R ZE, R T HPh—IRIOEHE. (HF475L
6y R AR AN B A RS T FLIR K T i A B AR AR AL
327 HMTiE

R, AP FLER. CMR. 5-HMF RUREES . CRU. FLERNT M2l B (ke i 7 vk

P, 2.2.9.
328 KEFMIMEERL. FRINA, FLRIFE. PR IR AR
D
Dilution rate (1/h) = 3-1)

HXn
NI H Ch) NEBCKMFE]TEJRE; D (%, wiw) A EHS A BV S5 T Y R B ) I &
D (%, viv) NEUH R B S 0N R B AARRA LG s n i S R I S N 2 B4

. _ G~ C _
productivity(g/L/h) = Hxn 3-2)

N 1 (/LD Dy HURHEE B RHR U FLERIKEE, o (9/L) 4t BHREAMEL S R ZLRRIR FE 5
H (h) is HURMRFE]TEIRR ;s n WESR R W MR MK e RN R RIA RS )R 3
AR 1A

cxXV
Yield (g/g sugar) = — x 100 % 3-3)

1T My
B ORI BER B A LR TR A S0, Hi ¢ (gfL) 2 HURHEE HURL FLIR
WPE s V(LD o HURHEE R R ORI 5 e V8 25 Bk [ 40 I ROV AR, 5 BE R A5 7 ARk
my (@) ARERHN A AR &, my VHERII ARBER) & A RAEH EIBEREL T, my
(Q) TREWRE R HRARMERE, my 7R E KR TR & R
RIRNKIER)IERRSG 3 IRE R .
KRBT BN R PRI AT R 2.2.10.

33 #R5w

331 /NEREFF TR TRAL 3 K [ s A= M it 5

FRATHRYE NREL Y3 (025 B ik P St AT 40 20 5 2021 4E 6 H 4 JFL UG /N
FEAF &4 37.50 £0.08% 4T 4E 5 . 22.70 +0.05%F- 4T 4E & . 25.41 +0.06% A Ji % Al
8.89 +0.01% /K7 (T35, 6 H A/ NEREF AR B ELA S, AR A R TR
PEAEOL, IGLE 3 A /N EREFT A =LA AL R S B, R K5 1 & 24K,
45T 175T. 5 min. HERAEN 4% (wiw DM) TG, AT YIRNEAT H—
R M E, WEEEET SR 81k, 3R 3.1 o, STk, 4R
& RmBAKR, (B 94.93% 1421 24 5B R B fde oy b B2 oAtk &4, T
AEFE S5 (PR AT R EERE L 15 20.35%, X FLA AR RSN . RSENE. A AT RERACRE .
DATRAL S 5 VR 2 e, EEMGIY O 5-F2 AR (5-HMP) AUEEE 11
S BN 21.73 £0.24. 6.04 0.07 £ 2.85 +0.13 mg/g DM, B Ji5 A= S256 78 7 A= i 2
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HIT7 0 PRAL PG BN ZE AT AT I3, FELTER AR AR S BEAAAZ ., E D
H Oy Al R R R S LR, X4 5-HMF RUBEREREAT T 5e &I RR, X R A
76.53% 1Mt 5, X PRUE T i S5 A 7L IR A 18 mh 0] 4000 A I i ok 1) R B E RE AR AN i
JEE . AR SO N B HYRIFESR EOK, AR PN R AT A BT, &
BUR B R OB A Pz A

R31 PERBITHCER G LATEYN SR

Table 3.1 Sugar and its derivative contents of wheat straw before and after pretreatment

Components Contents (%, w/w)
(@) Wheat straw Cellulose 37.50 +=0.08
Hemicellulose 22.70 £0.05
Lignin 25.41 +=0.06
Ash 8.89 +0.01
(b) Pretreated wheat straw Cellulose 32.78 £0.02
Hemicellulose 1.15+0.01
Glu-oligos 0.55+0.04
Xylo-oligos 1.80£0.07
Glucose 3.23+0.08
Xylose 14.77 £0.26
Acetate 2.13 +0.03
5-HMF 0.59 +0.08
Furfural 0.26 +=0.07

3.3.2  f£ 3 Ik 500-mL R B FLERIE S [R5 BE A L R

TEES R R N SRR SO B2, 3G s B TA), AT T RE3RAS
B P RUR L EAG SRR R A e R U8 R AN A W S R B ) R T 2 B R S AT
FMSRIG A o 25 R BILERRI R B4 AR SN (T4, ()R o A ORI 2 () 4 1 £
A LASE kG, 1 J6AE 3 16 500-mL B2 H (1 32047 FLRE SE R D B AL S5 3 R B RHR R
R T AR A4 ZPRHER B B = s = 4%, RIEEWILR IR 2 2 ZR K52
ey, R R RR PR 0 PRI BRI 22, 0 R BB R ) R B VR Re A T SR %40 . itk
TRATHE S5 vhof o B IR [ 2 Py 20% (wiiw) 5 KR 5 B HE T 9 20% (wilw)
KRN 42T,
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Result: Solids loading 20% (w/w), dilution rate 0.005 h™%; lactic acid titer 79.5 +2.6 g/L, yield 0.29 #0.01 g/g, productivity 0.44 +0.01 g/L/h

) Solids Broth
—O-Glucose —&—Xylose -@-L-lactc acid \1/ feeding -~ dlscharge 28

Reactor Series #1 Reactor Series #2 Reactor Series #3
120 -

100 ]

80 1

60 1
40

20

Sugars and L-lactic acid (g/L)

0 12 24 36 48 60 72 84 96 108 120 132 36 48 60 72 84 96 108 120 132 48 60 72 84 96 108 120 132
Time (h) Time (h) Time (h)

3.1 FE=EK 500 mL A=W R3S I FLERELE R P BB AL 3L R B
Fig. 3.1 Continuous SSCF of lactic acid in three-cascade 500 mL shake flasks.
RSN 20% (wiw) &5, 42 <C, 150 rpm, D A 20% (wiw), H Ny 12h, FBEE N 0.005 h™, {#EI(a] 4 180.0 ho
Fermentation conditions: solids loading 20% (w/w), 42 <, 150 rpm, D 20% (w/w), H 12 h, dilution rate 0.0005 h™, retention time 180.0 h
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FL R, BiEE e /N EREFFZL i 8 h ML 5, 2 R EE, KBE36h, Hi%k
PEAEETHFE R 28.7 o/L, FFURRHATHUCRNERGAE, e84 12 h i T —k, LT 7 9 K.
RIEFAT 7 132 he KIEFAFRWNE 3.1 Frox. BEEDAMNEHPIFGE FL. F2. F3 R 15
AR FEHB WA A /MR T, XA IR 5 Brethauer® BTt Hi 178 3% 45 A % (1 B
VR DR A AR 24— FE ) 7 2Bl 5 A TS O — 8, A —E B AN N, BT H
I FEAT WAL AR TP AR, ABE I AR IR B BT &, AR U R SE . EER 5 IR
ML FL PRI BUE AR S T LIRS NI, X RT3 B 500-mL
P AR E S R, B 12 h BURS 20% (wiw) R BETR B BURMNMEVE R R B H Ak Z2Y271
(RIREA R o SRTT BEAE IS 38 I3 D0 LRI BE N IR K 34088 T 2%, F3 R 2 T H
Kl FLER = ERONARE, FLRRIKEE IR AFRETE 75-80 /L, [F]H AR 5 15 K I 1% Tl AL 15
Bl — B MM XK, 20 SSCF $5:4F 2 Uk 22 HUFMEAE X A& e i ikt s EIPE A, 3
AN N2 ) R R RR AR SR AR B B K B T B . [FIB ROAE R AE 3 IR AT
20% (wiwWD[H F B I LIRS R ¥, LR 7 & 1S 3 A 2243 It RE 1L 79.5 +£2.6 /L.
0.29 +0.01 g/g. 0.44 +0.01 g/L/h ) BT KEE RN
3.3.3  1E 3k 5-L AW R M AR R ) FLIR I 8 [F) 0 WE Ak 3 e

MLE L 5-L R REMIFRRER M 0.017 42 TH 2 0.025 h* i, FLERIKE 7E R B e 1
BefFfaE, FN R RS MRS B e fase e 10° DL L, X R IR BER VR AL RS 78 R
WEFRREE P R ARIES R . ST FLIR ™ B A 2R B BT SN IR BB A AS 52 4= 11 1)
R, SRR R SR AR R R AR ) e S 28 SR S8 N2 4 — BB () L AR [R], AR R a2 4F

A 3 B 500 mL #E i I ALERELSL KNS, (BRI =B b, FRATREE 345
PEARIFI 5-L AW B 25 R AT FURR I S R 9, [RIRT S T > F2. F3 AR B 1
R BRI ], B9 — N5 — G B2 1 PAT IR B ES .
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(a) Mode I: Solids loading 30% (w/w), dilution rate 0.008 h'%; lactic acid titer 112.9 +2.6 g/L, yield 0.23 +0.01 g/g, productivity 0.94 #0.02
g/L/h

-O-Glucose —A—Xylose -@—L-lactic acid ‘l’ Solids __ Broth

feeding discharge . )
Reactor Series #1 Reactor Series #2 Reactor Series #3

Q;;

0 12 24 36 48 60 72 84 96 108 108 48
Time (h) Tlme (h) T|me (h)

(b) Mode II: Solids loading 25% (w/w), dilution rate 0.008 h™; lactic acid titer 107.5+1.1 g/L, yield 0.29 +0.01 g/g, productivity 0.89 +0.01
g/L/h

30
140
120
100
80
60
40
20

Sugars and L-lactic acid (g/L)

0

0 Reactor Series #1 Reactor Series #2 Reactor Series #3
3 14
S 120
o
S 100 ! J y ¥ \1,
(&)
= 80
(&)
«
0 60
2 40
]
wn
£ 20
S o
) 48 84 96 36 48
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(c) Mode III: Solids loading 20% (w/w), dilution rate 0.008 h; lactic acid titer 82.1 +2.1 g/L, yield 0.33 +0.01 g/g, productivity 0.68 +0.02
g/L/h

140 Reactor Series #1 Reactor Series #2 Reactor Series #3

120
100
80

Sugars and L-lactic acid (g/L)

84 24 36 48 60 72 84

Time

(d) Mode IV: Solids loading 25% (w/w), dilution rate 0.012 h™; lactic acid titer 90.4 +2.2 g/L, yield 0.26 #0.01 g/g, productivity 1.13 +0.03
g/L/h

140 Reactor Series #1 Reactor Series #2 Reactor Series # 3
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100 l Uy Il s 5
80
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0

0 12 24 36 48 60 72 24 36 48 60 72 32 44 56 68 80
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(e) Mode V: Solids loading 25% (w/w), dilution rate 0.008 h™*; lactic acid titer 95.8 2.7 g/L, yield 0.28 +0.01 g/g, productivity 0.83 %0.02,
g/L/h

10% (w/w) of seed was supplemented at 32 h and 72 h.

32

(gl)

L- b=l

32 FE=EES5-L AV RN HABRES RS ILREE
Fig. 3.2 Continuous SSCF of lactic acid in three-cascade 5-L bioreactors.
RIEFAE () BT 30% (wiw) [E&HE, D R30% (ww), H N 12h, FBE 0.008 h™, {REFE 120.0 h; (b) #EI: 25% (wiw) [E#&#, D
N 20% (wiw), H Ay 8h, #BE )y 0.008h?, fREFNEA 120.0 h; (¢) FiII: 20% (wiw) [l &, D N 20% (wiw), H N 8h, ikt 0.008h?,
(BRI E] Ay 120.0 hy (d) KERIV: 25% (wiw) [El4&, D 30% (ww), H A 8h, FREN 0.012h™", AN 106.7 h; () HERXV: 25% (wiw)
&, DA20% (wiw), HJy8h, FMFEN 0.008 h™, fREIIIA]Jy 120.0 h, 7E 32 Al 72 h AMEME T 10% (wiw) BRI 45 7 EAATR R TC B K .

45<C, 150 rpm

Fermentation conditions: (a) Mode I: solids loading 30% (w/w), D 30% (w/w), H12 h, dilution rate 0.008 h™®, retention time 120.0 h; (b) Mode II: solids loading 25%
(W/w), D 20% (w/w), H 8 h, dilution rate 0.008 h™, retention time 120.0 h; (c) Mode III: solids loading 20% (w/w), D 20% (w/w), H 8 h, dilution rate 0.008 h™,
retention time 120.0 h; (d) Mode IV: solids loading 25% (w/w), D 30% (w/w), H 8 h, dilution rate 0.012 h™, retention time 106.7 h; (e) Mode IV: solids loading 25%
(W/w), D 20% (w/w), H 8 h, dilution rate 0.008 h™, retention time 120.0 h, 10% (w/w) of seed was supplemented at 32 h and 72 h. 150 rpm, 45<C
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T 56 LA/ N RGN A 5 PR AR [F) ) R B 2% At N AT k%, il 3.2 a o, BEE
AR LI N, HRHRE () FLER IR B A A TR B G B A, R IR RRE . 5 3 BKER
LB E S R A bL A, REEIFE P o H P L BRI B N B o0, B SR8 2 R P I
FEANE, AREEDAMEERGRLE, FIRAFKETIING HZH EFARES, BIfE 34
HR IR I AR ) S 2 A8 R IR A S 2 T4 BE R (DR 0, e ¢ O RHE P S R R P AT A
7.10/L, EARE 3 BRRRM R S R A BT e, BT G HIRLIR A 4> B IR A A
(PR o G AN SO0 I8 O3 R TR [ B ORIV (18 B i) [ 88 FH B (BRI 1) BE A8 R 345
R re R AL R, S K EE AR S &M 30% R % 20% (Mode II, Mode 1D, ##¢
FURRWE M 112.9 2.6 g/L FF4ZE 82.1 2.1 g/L, F=F M 0.94 £0.02 g/L/h FFEZ 0.68 +
0.02 g/L/h, {HFLRASH M 0.23 +0.01 g/g DM $27+ % 0.33 +0.01 g/g DM Tl A FEIK FE M
7.19/L [R 6.4 g/l iXKUIBEE RKIEE & 20N E, YR E N4, MSILRE%E
Perm. MBS EA 25% (wiw) B, FLERMIZ & e MGR I MENE . AT,
FHEE T B8 R 0 ] 5 & 30% (wiw), FLERF= R A= R T FE T 4.8% Fl 4.6%, (HFR{EHE
T 26.1%; AT EARAIE SR 20% (wiw), FLERSF RN T 12.1%, B FLERH
FEREAIPE R R T 30.9% AT 31.2%. [ 25 % (wiw) 8T 0.008 h™ fFiR:
JFERT DR — AR 4 b B SR A R AT B TR B4k, RIS 5 BN A ) s N4 R 4T 4 2
FLER M R R R BEAR L (] 2.4 ©), FLRRHIFZ & 9= 2# 06 & 5 % 5ib 14
o Pl JE FRAN TR I o B S 1S B LR TR 24Uy 99.3%, X AR RENS I 2 S5 I 70 B
aifh i EEK .

FEFES R, BB 57 a7 R A A B S V) S &, 42 Mode T4 L,
KRR BN G 20% (wiw) - 3E—2B 4228 30% (wiw), IS T PRI R R B2 4 1
#]0.012 . PRES = AW S 0 2% K B e e R A BT R I TR0 28 64 h, A A1 54l
BB (AREEDAMEIER AT, — B3 A 36 h U6 H I 7L RV FE B AR 1) 15
B, BRGSOV B 2 = 2 A R FLER IR BEAU 90.4 222 /L, TRET
15.9%. [HUL#E Mode &4 T BARE I SR = A B FE SR T T FLIRIR AL, (HFLIR I K B
HIEAE) T AE = 1 SEBR R .

T X0 7 21 241 3R LR 8 R TR R Hh R IR PR B B P 2 R 1O, 3 2 SR FH [l
A LR T A B4 e [T 58 A B 70, R SIS v B B A R T, DT A FR I A 0 A K R T 1t
BEfl R BERENE KB AT, WP ARIREAF4ERIR R, T AR R FERBURLAALE, ML
YHREAT AT Y. FRATTIEIE/E Mode TTFFEAS |, 75 —2 R Mk K% 36 h A1 72 h i) 4y
PR 3 T R K e 10% (wiw) R, A BEE I e AR 78 b K T S
Framfo A Kam ik, SRIRm KR . & 3.2 e, NN K EEM T HE R T FLRIKE
296 10.79% T FE, Ubi R mg B N, FEERATRRA A, —2mIREALRKNAE
KA, 2T 2 RN T TR ALK FRAI RERE T Mode IHE v &t
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WIS RS E, E BRI 2% P I FLRRE 41 K T I 0000 4 (0 /D B R BEFR AT
WEE R BT R A S e, A B R T R R R R AR B R, S SN R R A
i 1)

i FRTIR, AR ERE Z2Y271 BB AE 45C 4 T 4k R FL R IE 4 SSCF HIfE
F7. BN Z Y RN B R G, AE 45T, 25% (wiw) [ E . 0.008 h™ R 4%
TF, MR- R, LR R, SR RE RS it PR
JiF BN T8 R BT 48 2 3 LR R B PERE IO R [
3.3.4  LU/NZAEF AR FLIR 1% 25 [F] 25 Bl Ak 3L R I ) 4 1 AR kL1 fhir

R H AT Bl R AR AR ) Mode I, AR 45 L S50 08 HEA T — B Rk 5, 301IE 3L
AAT . FEVHR ARG BRI R N 28 REE R — N

1000 g J5ih T K AREAT SR AR ER TRALER, KR AR MG K ARARE . TiAL FE L A
A RARRES . HMF 72 [ 2B Sl AR b g se 4 25 bk . BT e Sl 72 R i A 5-HMF (14
R Fe T 18, BRI IRATI=E I (A, [ OIRADERIR . TR LR AT LAME N FLIR
P BRI R BB IR IR 4100

AL A FE R I DRIZE 25% (wiw) - IR & & N T e ik S 3L R ek e
A X IBR . TRWIELE SSCF a5 R, A EMILIRES 367.3 g, & MILER A 303.3 g,
HALR N 0.29 g/g THLEEl. EESIREESRES, TEARHREIFEIE T B Sk
R AR N LR EITF RN 74.3%, EBRFRFEIIRZ M R LRI RN 77.3%, X—1HF
B RAR T LR R B HAE (~90%), £ ELEH TrEd s kKt R BRI A T4 T
B, SR AR AL RN 70.0%. U A T = 4 N e N T 45 Y
FiE], {HCAEATSE RRE, BB S, RERE T 2 20 TR, X
R TSR FRAN T S P A= 77 224 v 35 B R T 2 f S I A R AR IR R B AR
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Wheat straw

Acid solution
H,SO,: 38.09g
H,0:620.09
Total: 658.0 g

!

Cellulose: 375.0 g
Xylan: 227.0 g
Lignin: 254.0 g
Ash:89.0 g
Others: 55.0 g

Total: 1000 g

Dry Acid
Pretreatment

Pretreated biomass

Neutralization
Ca(OH),: 33.4¢
H,0:133.8¢g
Total: 167.2 g

!

Steam:511.0 g

Cellulose: 327.8
Xylan: 11.5
Glucose: 35.3
Xylose: 147.8
Glu-oligo: 5.5
Xylo-oligo: 18.1
Lignin: 254.1
Acetate: 21.3
HMF:5.8
Furfurral:2.6
Others: 128.9
H,0: 1131.1
Total: 2089.8

Biodetoxification

Biodetoxified biomass

Protein: 4.2 g

Nutrients: 83.9 g

H,O: 1583.7 g

Ca(OH),: 124.7 g

Total: 1796.5 g

!

Cellulose: 327.8 g
Xylan: 11.5 g
Glucose: 3.8 g
Xylose: 73.6 g
Glu-oligo: 3.3 g
Xylo-oligo: 9.4 g
CaS0O,:61.5¢9
Acetate: 5.0 g
Lignin: 254.1 g
H,0:1177.0g
Others: 277.9¢g

Total: 2204.9 g

Cas(C0O,): 52.1¢g

B 3.3 HIEA AR ALRRE S R B N R 5

Fig. 3.3 Mass balance of cSSCF of cellulosic lactic acid in optimal mode

cSSCF

Fermentation broth

Lactate calcium: 367.3 g

RIEAT: 25% (wiw) [E 248, 45, 150 rpm, H ¥ 8h, D A 20% (wiw), FBEE > 0.008 ht, B4 IE % 120.0 h

TE: K 3 HRAEY A P ESE RS SR B R N e N — MR IS R I R St

Cellulose: 98.34 g
Xylan: 2.9 g
Xylose: 16.2 g
CaS0O,:61.5¢g
Acetate: 5.5¢g
Lignin: 254.1 g
H,0:2821.4¢9
Others: 728.0 g

Total: 4355.2 g

Fermentation conditions: Solids loading 25% (w/w), 45<C , 150 rpm, D 20% (w/w), H 8 h, dilution rate 0.008 h™, retention time 120.0 h

Note: The cascade bioreactors were considered as a whole for calculation.
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34 FRENH

REETERR T L/NEREFT IR YITE 2 AW I B2 HR AT T 5 AR 1) LR % 4%
SSCF. LR RTERIM, IRfE RIS, W RIFMRERIL. FHMERTT:
(1) 3AAENY) V2% 1) R R B8 45 DL AT N IR IR 2 48 SSCF ) JECHb 58 i«
£ 3 Bk 500-mL R SR e, BIERTE 20% (wiw) & & T, RERES NN
FUIRIKFEHREIA 2] 79.5 2.6 g/L, [FIN 73375 0.29 +0.01 g/g, /7%~ 0.44 £0.01 g/L/h.

(2) AHFEIRBEFAET, 1 3 Bk 5-L A4 e N ds HhiE gl SSCF A4 FLIR I ™ & LU AE
LR 5-L AW I B kAT ()i 4k SSCF #2717 27.86%.

(3) WET 25% (wiw) [H& 5. 0.008 h FRe R N LIS TR & 1 A 55t 1 1Y) R 1
B, RSB 1S 2] 107.5 + 1.1g/L IMFLERIKIE, RN BLAS (1 FLER AR R A0 7= 2R 43N
0.29 +0.01 g/g DM #1 0.89 +0.01 g/L/h.

(4) V@O EMEAT T A R YR 5, RS R AR I 0 T
BRI OB AR N FLRR S 3RO 74.3%, EBRIRFERIRSI T LRI RN 77.3%.
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41 %

ARV S RV TR AT 21 24 35 SR B A W 3 A RN LR (1) A W], EE X AR 4 5
FRHI R T L2 TR 5008 . HAr, 4R AR AR i@k kB SSCF
(77 AT o SR BFYERN TS RS, BB R 1 4 25 FLIR B & R R I 1
S R, ERESIFET RASG UM ERERE, A4 R ARMIEL: SSCF %
NI RES

7, I 2 gAY A 0 R B AT DA AR R AR ) e S A A 2R FL IR IE S
SSCF FEAAIER @) 10/, M 75 FLER (0 7= S A= 238 hn o R 5 18 o3 i e ok A
M ESE O — e 7 A4 T R R R

(1) DUNEFRER AR B2 A W) e s AT LI %4 SSCF, ffi g 45T 18
T T LA A 5 A A R % o 5 etk — D I I AL K MR B, 1€ B AR 28
i ff)3%E 48 SSCF i] LAFE 0.025 h™ [RRE BE 24510 B J A i R e 4%

(2)  EEXTE R A I N B HES: SSCF i AN SE 4 in) &, 3 ANMEW B
i 11 £ TR L 0% % AR IR A TR AR FR) B 488 P SR 1 A7 T 520

(3) IR BRI E SRR R, G2 7 —AEEE T S R R B
X, AR T IR KA S] T 107.5 £1.1 o/L RIFLERIKSE, [F b LR E %
AP~ 243 5124 0.29 +0.01 g/g DM #10.89 +0.01 g/L/h.

(4) S daial T AL RS R BT 7 A R YR 5, LR RL b b
A EBUF ARG L2

(5) AT AT W = RUESE SSCF A= T2 H T R BE FRUR AR FRIEIR, T
AR FLRR A . IR A= B E & RIFMRI, RNEIETI S A4 R IR
B R T HORTBL
42 RBH

AR CHE AR IR R L2, ARSI =R R =AW S e IR
J7 SR T AR JE /NSRS AT N JEURHK FLIR S R 2P AL 5 IR I, R R FLIRIRIE
AP 3R b, UL 3 b A AN B A ) S R 488 K A 7 32 T7 T A
BRI RIMAR ST IRE B A R AL

(1 AR SR E A 78 5 546 EREPT S R e (B ) i
INZERERT . AR LK. EIRED, BRRFEHIEE X LA 4R AR HESE K
W, ERIVRL i A IR 52 20% RS T i S AR P 2T 24 2 g = IS o R A I T R PR R I P
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