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The study of detoxification microorganism and low-carbon cpnversion

process based on dry biorefining platform

Abstract

The production of liquid biofuels and biochemicals from renewable, low-cost and
accessible no-food lignocellulosic biomass is one of the core areas in future economic and social
developments, and manufacturing technological advancements, in terms of many vital demands
such as mitigation of climate change, substitutions of fossil and food resources, and the outlet
of crop straw. However, the lignocellulosic biorefinery demonstration has experienced a
significant stagnation in the last decade owing to the technical barriers including large-scale
wastewater discharge, high energy comsupiton, low conversion efficiency with the economics
hurdels. Overcoming these technical barriers is a prerequisite for the further revival of this
highly prosming technology into commercial-scale practice, and then truly serves to address a
series of serious challenges caused by climate change and sustainable development faced by
human society.

Corn dry milling provides a mature process for the establish of dry biorefinery technology.
The easily hydrolysable and inhibitors free lignocellulosic biomass was obtained by dry acid
pretreatment and biodetoxification with zero wastewater emission and low energy consumption
in the dry biorefinery processing. The dry biorefinery maximizes the potentials of subsequent
simultaneous saccharification and co-fermentation (SSCF) for cellulosic ethanol. Both the
fermentation efficiency, wastewater discharge and energy consumption in the current dry
biorefining are very close to that of corn dry milling processing, indicaing that the dry
biorefinery has the initial potential for industrial application. There are still many technical
barriers affecting the process efficiency and economics in the current dry biorefinery, and the
further technical upgrades are required, which are as follows: (1) The present biodetoxificaion
Amorphotheca resinae ZN1 has the poor environmental adaptability, the biodetoxification must
conducted at 30 °C and neutral pH; (2) The biodetoxificaion must conducted on solid state,
resulting in large fermentation volume, high oxygen demand, poor mixing uniformity, and wide
local temperatures and pH fluctuations, making it difficult to match the actual industrial
production of bioconversion process in the form of liquid feedstock; (3) The mineral acid
catalyst, sulfuric acid, used in dry acid pretreatment would be neutralized to solid calcium
precipitates as the potential sulfur oxide source in downstream lignin combustion; (4) The
carbon footprint of dry biorefinery processing has not been established. In this thesis, a series
of technological innovations have been made to the current dry biorefinery processing. A new
concept of starch-like biorefinery technology was prosed and verified by overcoming the above-
mentioned technical barriers.

In the first part of this thesis, a strain with potential for biodetoxification was isolated and
identified as Paecilomyces variotii FN89. P. variotii FN89 is well tolerance to a wide
temperaure range of 28-42 °C and low pH. P. variotii FN89 can ultimately and rapidly degrade
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various kinds of lignocellulose-derived inhibitors including acetic acid, furfural, 5-
hydroxymethyfurfural (HMF), vanillin, syringaldehyde, and 4-HBA with minimal loss of
fermentable suagrs. P variotii FN89 has significant advantages over the present
biodetoxification strain A. resinae ZN1 in various biodetoxification scenarios. The globle
transcriptome analysis showed that the sugars metabolism of P. variotii FN89 is decreased in
the presence of inhibitors, indicating the potential of using inhibitors as the preferred carbon
source rather than fermentabler sugars. The modification of sugars metabolism and intracellular
ATP generation modes, as well as the enhancement of macromolecular DNA repair and
mitochondrial protein chaperone function at low pH contribute to cellular resistance to acidic
environment.

In the second part of this thesis, lignocellulose feedstock was successfully transormed into
starch-like carbohydrates, similar to dry milled corn meal in morphology, fermentable sugar
content, enzymatic hydrolysis yield, element contents, and ethanol fermentablility by
biodegradable acid catalyzed pretreatment and low pH biodetoxification. The oxalic acid
catalyst was effective on disrupting the lignocellulose structure and also biodegradable at low
pH value. The biodetoxification fungus P. variotii FN89 was capable of degrading the
furan/phenolic aldehydes and oxalic acid simultaneously and ultimately, while the fermentable
sugars loss of lower than 6%. The obtained starch-like carbohydrates from wheat straw and
corn stover were similar to dry milled corn meal in terms of morphological properties,
fermentable sugar contents, enzymatic hydrolysis yield, elemental contents, and free of
inhibitors and acid catalyst. The bioconversion of starch - like wheat straw and corn stover
produced 78.5 and 75.3 g/L of ethanol (9.9% and 9.5%, v/v) with the yield of 0.47 and 0.45 g
ethanol/g cellulose/xylose, respectively, compared with 78.7 g/L (10.0%, v/v) from corn meal
and the yield of 0.48 g ethanol/g starch. Mass balances suggest that the ethanol yield,
wastewater generation, and elemental recycling of the starch-like carbohydrates from
lignocellulose were essentially the same as those of corn meal. Therefore, the lignocellulose
feedstock after oxalic acid pretreatment and low pH biodetoxification is defined as starch-like
biomass; the biorefinery processing including the subsequent high solids loading SSCF is
defined as starch-like dry biorefinery.

In the third part of this thesis, the valorization of the solid waste generated in starch-like
biorefinery was investigated. The essential form of solid waste was the ash from the lignin
residue combustion. The characterizations of SEM/EDX, XRD and FTIR showed that the ash
contains a significant amount of calcium carbonate, which has the potential to be recycled as a
neutralizer in the biorefinery process, thereby reducing the emission of solid waste and COx.
Using the combustion as the neutralizer for preteated wheat straw, the final lactic acid titer
reached 94.6 + 2.5 g/L, similar to calcium carbonate as the neutralizer. Using the combustion
as lactic acid fermentation neutralizer, the final lactic acid titer reached 78.3 + 3.5 g/L, which
is 17.6% higher than calcium carbonate as neutralizer. The overall materials balance showed
that at least 867.0 tons of calcium carbonate and 1232.1 tons of calcium hydroxide per year can
be saved by recovering the combustion ash in a biorefinery plant with the processing capacity
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0f 300,000 tons of dry wheat straw per year.

In the fourth part of this thesis, the current dry biorefinery chain was reframed to efficiently
convert corn fiber to cellulosic ethanol. High hemicellulose content of corn fiber lignocellulose
is a unique property of this material. Most of the xylose molecules present in the hemicellulose
backbone are acetylated and a large amount of free acetic acid is released when the
hemicellulose is hydrolyzed, which severely inhibits the growth of ethanol-producing strain.
This study reframed the regular biorefinery chain by conducting enzymatic hydrolysis before
biodetoxification to completely release acetic acid from hemicellulose in corn fiber. Then the
biodetoxification was followed immediately to degrade acetic acid, furfural and HMF with the
minimum loss of glucose and xylose. The improved ethanol production (70.2 g/L, 0.43 g/g) was
obtained by the reframed chain of corn fiber biorefining.

In the fifth part of this thesis, the direct acid hydrolysis of lignocellulose for cellulosic
ethanol production was re-examined after a novel biodetoxification approach was introduced
to de-bottleneck the inhibitor barrier in order to avoid using high-cost cellulase. The cocktail of
sulfuric acid, phosphoric acid and oxalic acid hydrolyzed corn stover to the 51.1 g/L of glucose
(0.50 g/g cellulose) and 18.1 g/L of xylose (0.22 g/g xylan). The furfural, 5-
hydroxymethylfurfural and acetic acid in the corn stover hydrolysate were completely removed
by Paecilomyces variotii FN89, leading to the successful ethanol fermentation of 24.2 g/L,
corresponding to 72.6 kg per metric ton of dry corn stover. The techno-economic evaluations
suggest that the cost reduction of replacing cellulase enzyme with cheap acid catalysts
compensated the partial ethanol loss of sugar conversion to inhibitors (21.5-89.1%). The energy
consumption per ton of ethanol produced by acid hydrolysis is also significantly higher than
that of enzymatic hydrolysis process. The re-examination of acid hydrolysis process reveals
that the technical and economic performance of acid hydrolysis process is still far below that
of the enzymatic hydrolysis process even after the inhibitor barrier was solved.

In the sixth part of this thesis, the mass balances of different cellulosic L-lactic acid
production technologies on dry biorefinery platforms are calculated based on rigorous Aspen
Plus software, and the corresponding life cycle analysis (LCA) is conducted. The results
showed that the CO> emission per kg of L-lactic acid ranged from 0.279 to 0.815 kg. The CO»
emission can be further reduced to 0.267 kg per kg of L-lactic acid when the oxalic acid
generated from glucose oxidation is selected as biodegradable pretreatment catalyst.

In summary, the starch-like biorefining technologies proposed in this thesis further
upgraded the current dry biorefinery processing. The starch-like biorefining technologies
overcome the key technological barriers such as the application limitations of the current
biodetoxificaion, sulfuric acid catalyst residue, solid waste disposal, etc., providing an effective
biodetoxification strain and process engineering for the industrialization of lignocellulosic
biorefinery technology.

Key words: lignocellulose; biorefinery; pretreatment; biodetoxification; starch-like; cellulosic
ethanol
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Table 1.1 Chemical compositions of typical lignocellulosic feedstocks (% DM).

Source Cellulose Hemicellulose ~ Lignin Reference
Wheat straw 35.0 22.3 15.6 (191
Corn stover 34.0 23.0 21.0 201
Rice straw 42.0 25.0 24.0 (21]
Cotton stalk 67.0 16.0 13.0 (22]
Corn cob 45.0 33.0 14.0 (23]
Corn fiber (bran) 23.3 37.4 1.2 (4]
Rice husk 37.1 29.4 24.1 23]
Sugarcan bagasse  40.0-50.0 20.0-30.0 20.0-25.0  [€
Bamboo 46.5 18.8 25.7 (271
Napier grass 47.0 31.0 22.0 (28]
Oak 432 21.9 35.4 (291
Spruse 47.1 22.3 29.2 1291
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Table 1.2 Current status of bioethanol production throughout the world.

Country Company Feedstock Capacity (per year)
Italy Beta Renewables Wheat straw 75 million L

USA DuPont Cellulose 104 million L
USA Abengoa Wheat/ barely straw 2500 ton

USA POET-DSM Corn crop residue 3.8 billion L

Brazil Raizen Sugarcane 2.1 billion L
Brazil GranBio Sugarcan bagasse 82 million L
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Table 1.3 Advantages and disadvantages of major pretreatment methods.

Methods Funtion Advantages Disadvatages Refs

Physical method

Milling Reduce the particle size and crystallinity of structure  Easy to operate, short process time ~ High energy input (541

Extrusion Shorten the fiber and defibrillation Less inhibitors information High energy input, low efficiency >3]

Chemical method

Dilute acid Disrupt the lignin structure, remove hemicellulose High sugars recovery Inhibitors formation, neutralization 3%

Alkaline Lignin and hemicellulose removal Less sugar overdegradation Long residence time, wastewater [43]

Organosolv Lignin removal and hemicellulose fractionation Lignin as value-added byproduct Handling of harsh organic solvents ~ [*7]

Oxidation Disrupt the lignin and hemicellulose structures Lower formation of inhibitors Costly 58]

Tonic liquid Disrupt hydrogen bonds and facilitaes hydrolysis Mild reaction conditions Costly, toxicity [59]

Phy-chemical method

Steam explosion Disrupt the lignin, remove hemicellulose Limited used of chemicals Lower efficiency for softwood 160]

AFEX Disrupt the lignin, remove hemicellulose High efficiency, less inhibitors Costly, high energy input, non- 611
environmentally friendly

Liquid hot water Removal of soluble lignin and hemicellulose Ecofriendly, chemicals free High energy and water demand [e2]

ScCO; explosion Cellulose crystallinity reduction and lignin removal  Less inhibitors information High total utilities costs [63]

DESs Lignin removal and hemicellulose fractionation Biodegradable and biocompatible Hygroscopicity and high viscous [64]

Biological method

Lingninolytic enzymes  Remove and modifiy lignin Ecofriendly, mild conditions Low hydrolysis rate, costly [65]

Fungi Delignification Ecofriendly, mild conditions Long incubation time [66]

7E: Phy-chemical method, Physicochemical method; AFEX, Ammonia fiber explosion; ScCO> explosion, Supercritical CO» explosion; DESs, Deep eutectic solvents;
CBP, Consolidated bioprocessing.
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Table 1.4 The technology routes currently used by some selected cellulosic ethanol companies.

Company Technology route

Clariant Sunliquid process: a hydrothermal pretreatment at mild process conditions, a process-
integrated production of enzymes, enzymatic hydrolysis, a specialized fermentation
organism that simultaneously converts C5 and C6 sugars into ethanol in a one-pot
reaction, adsorption-based separation of ethanol.

Abengoa Preparation of biomass, thermochemical pretreatment (acid catalyzed steam explosion),
enzymatic hydrolysis and fermentation with enzymes and yeast, distillation to produce
ethanol and solid co-product.

Inbicon Hydrothermal pretreatment (30-40% solids loading), continuous enzymatic liquefaction
and hydrolysis, use of externally-produced enzymes, production of C5 molassed, energy
co-production.

Sekab Diluted acid (sulfuric acid or sulfur dioxide) and steam depending on the raw materials,
which converts hemicellulose to sugar; enzymatic hydrolysis; suagrs are converted to
ethanol or other chemicals from yeast fungi; the mixture distillation and the ethanol can
be purified and dewatered, sold or further refied; lignin buproduct and biogas co
production.

Beta Proesa Intellectual Property: Biomass input, a hydrothermal pretreatment, viscosity

Renewables reduction by enzymes, fermentation, ethanol distillation, lignin byproduct co-production.

H B F0 A 38 T B S [m) B A AR TS G2 1) 7 3t — 224k . Yang A1 Wayman DA
K Alvira S8 N$EH T — SR WA iE 21 4 R FAL B 5 v 15 A Tl Al A7 MR ) OCHR [R 3=
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Fig. 1.1 The biorefinery processing involving enzymatic hydrolysis or acid hydrolysis.
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Table 1.5 Potential bio-based products/chemicals selected by US Department of Energy (USDOE) from
lignocellulose biorefinery platform.

Potential bio-based products/chemicals Top platform chemicals based on

seleted by USDOE in 2004 green chemistry by USDOE in 2010
1, 4-Succinic, fumaric and malic acids Ethanol

2, 5-Furan dicarboxylic acid Furans

3-Hydroxy propionic acid Glycerol and its derivatives
Aspeartic acid Biohydrocarbons

Glutaric acid Lactic acid

Glutamic acid Succinic acid

Itaconic acid Hydroxypropionic acid/aldehyde
Levulinic acid Levulinic acid
3-Hydroxybutyrolactone Sorbitol

Glycerol Xylitol

Sorbitol

R 1.6 AEYIHEH PR EALTRER R

Table 1.6 Advantages and disadvantages of bioconversion process in biorefinery processing.

Advantages Disadvantages

SHF  Sacchaification and fermentation can be Process complexity, higher equipment
carried out under the optimal contidions investment, higher cellulase cost, end

product inhibition to cellulase

SSF  No end product inhibition to cellulase, Conditions mismatch between the cellulase
lower equipment investment, simplified and fermentation
operation steps

CBP  No cellulase cost, lower equipment Low efficiency, complex molecular
investment, simplified operation steps modification
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(1091107, SR P () oy s 2 vl DLSCHILAE iy [ AR 5 2 T A ROR G, PRUETIAL B &3 11,
AR —AE T ERE T RIS RE . TARERYR T R AR R, AT
ST EPRLRE, WG RK 2 E H 2R BEFEA K. BT AR K E AR 1 1L
T, VA5 TR D B AR A AH A ik (7K I 2T, g b ToA 3 T 25 /K P i N A 38 47
T B TS S ERAE BT T SR IR O B R I SRR RN T ] A T 2 1 SRR e U3 A %
JHET U RO AL E N EFEFT . FORAEFF . RES B, JRRh A T OB, AR
ST Frig e, BRI, S AR, R E M=tk . ol A2
MR TAL BRI A 4 3R OB A 7 Fabn vl LA RoK g e S PL,

133 AW EoR

HEEERRE KT, AR TF BT K 2r4E, BIA R AF4E R S 4h
), KLY R S 4ER M AT XeE R, AT AT IR S AR, BGH E 2 AT K
FEbE . BT R TR B AR, SR AN TR AE KM, EEARS Tk
Bl ORKED NBchE CRIBINE) I PR AR A AR e B S AR 4, TR AN 5-38 PR
W LRSI RLLL g AT AR, W AR TR BNIR: KRB R A 5 11t
Fefiin 4R BN . AR A T AU,

FEAEY A R TP N R S AEARRERE . TORE e RSN B AR AT T
P& IMTN AT B8, DL 25 40 2% DL I AE Ja B AR P e s A 7 i R ook R IRl A
PAEKKIBARG . F T 2B LT4E 3 PRk ih A M A KA P 8 7 V5 B 7K e vk
ARAEEE . FOKPRNE . BT Ak VAT A BRIE I R A R 7 iR AR AR, X
S L5 VR A B ROK I AR DL SR B AT R R AR K . AR )i M
TAEAEETG K A TR KA B R 22, mp A 2 e e RS 2R DL R 5 IR AW - 2E
Ve ae 25 AR AT . PRAK AR, SR FHBRARE 1) A 40 I 2 O R R e e LA AR o 41 44 3R A
WY, B RGN ). BT C S L B R IE S T 6 S A i £F 4 R ok
TR BA B A R 2 A2 RE /1. Enterobacter cloacae GGT036 1t 20 B, 40 mM
WREEAFAE DI 26T TR SR 12 h, AT LA 1K 62.8%F1 64.3% [ 5 40 A B 1 A (1) he e
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U231 R Mk Kuthia huakuii LAMO618 7] LUK 285 NH3/HoO, FilAL 35 1) 1 KA FT 10 7 F s
THEMBEM 4-HBA AL N ERARIIIRI?Y;  Issatchenkia occodentailes CCTCC M206097
A ATEML7E 24 J5 6 B0 66.67%. 73.33%. 62%F1 85%[H T &, FIBRER. HRIEAN S-
¥ FR LR, W AREEBE Rhodococcus opacus DSM 1069 A1 PD630 A] PLE %R il fr) 2%
IR AR5 2R SRR T A IR A WS R A YD RN 2)s Clostridium acetobutylicum ATCC
824 TR /S- 5 F B MR % A N B3 R LI BRI AN 2, 5-bis-hydroxymethylfuran!'?"l, {H
A G R R TGV S A T R 5T A A R IR AR R B A, TC iR N T S PR TR B A
LR AR -

MR T AL P ) T K S AT b B A T S R S A B T R S R A
Amorphotheca resinae ZN1 BAG AT A1 4k 2 A5 A 1S (038 77020, H[E A8 K
PEREAER, T UAES IR TUACEE 1) FORFEFF . ANEEREFT. FE . MBS A Al e RS A %
Pkl b AT SRR, FFO0SE TP R AR PR P4 A 5 R o 41 4 Z ks i 9 . A
BRI A4 R CRERIP B S5 IL Rk (SSCF) A LASEHL 40 o/L M 4B . Yi <%
NXF A. resinae ZN1 13 PR 2 FN % 53 2H A48 BEAT R uE S v DASEIL /R 552 FH AR
M ORERE. HEEE. TAEEM 4-HBA M58 2RI, AN 2 A. resinae ZN1 i3t
TN EERWE R . He FARI, HESERAE 1 vwm ATH UG A
Pl 2  [A) 28 36 h'*%); 1 Ran 55 ARIBFFLRI], 7EIESPRBIHIFMT, A resinae ZN1
BB R R 5-2 PR O I A DR R I ) e 17 AN g 1R AT 28 A0

1.3.4 FEEVHHIER

ST b3 R R T AL BT i 24 [ 2 AR M B R BOR K Tk A ) o7 & T er 4
RO, LT AR RIS DLATBROK B R AL BRI R R AR AR MK B ST
Pl T AEIREERE . AR Liu S8 NHIBETE, 45 18RBG8 A 4R O
ML 2K & BOKHABONEERE, JFSARRE LT 7 IEL, 48R/ WK 1.7 s

[113]

o

ML T HEFgE R om e T2, TG BRI T2UKEHRE. A4 fTi
A FRZEVRTHFE FIE R . TIEAEYIHRRI BRI O AL B REFEMC R 8.63 GI, i fE & K
AKFEAEREARZE 8.77 Wi, 43k FoKR QREA =1 7.83 GI Al 8.33 i, (HiH T4 /=it 2
WNER, HISFRREFEEE] T 262.9 kWh. 1E 57— 78 o 228 A R AR A e 4
HUEC ™ RAN SRS FEREFE . 25 R, M TKFERT. ANEREFT. 5L, HEESmAEY
T L 2R A ) O SR TR AR R AR A 2 — AR 4R R OB, 2774 1.26-1.85 MUK &
FRIEFN 0.19-0.27 WEyES UR/KIRAHEM) o BT BRPEA SR R EFE S, vl 7244 A
F 4335-5981 kWh 1 1946-2751 kWh [ /331, ZEZ R0 T 1R R EAGH 2 T
AR T2 A BTSSR, 1mEIEM AT — 0L R R a4 f s s .
TARAEDIHRN TR P A4 = OB RAVENT (MESP) A1k %2$1.79/gal. Zheng 5 A i
— PN T AR CBERE VR0 U A KA TR TR T 4k 2 75 R A K BRI B UG S AR T
A T2 e R B A% 0T T ROK I 2 AR R G BE AR e A2 . BE
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PR R T EEFE 65% A 3 R RV AT 2 R K 28 1P, i At sV S Bl T
JRIK B AR BT, E 0 BE A 2005 A 7 B0 2 R s M IR R AN IR 7T

R 17 ARGERZBEREF TZRKPENRE (E-EHZE)

Table 1.7 Summary of water balance and energy consumption by different cellulosic ethanol production
technology (per tone ethanol).

DryPB CE DAP AFEX DMR  SE
Water input (t) 8.13 7.93 15.02 19.30 113.56 112.14
Watewater (t) 8.77 8.33 16.58  20.71 11522 115.74
Electricity (kWh) 262.9 345 3246 5292 1028.6 168.2
Steam (GJ) 8.63 7.83 11.21 23.04 18.60 11.26

7¥: DryPB, dry acid pretreatment and biodetoxification; CE, corn ethanol; DAP, dilute acid pretreatment;

AFEX, ammonia fiber explosion; DMR, deacetylation, mechanical refining; SE, steam explosion.

14 XKL EN EEZGFTAAE

MACA FIEEAR AR RS, B N E SN T THE, 4R
SEAE W RER AL S o R ORI R 2 A P e EERIR B T A SR, H 2013 FFF
RMA Y2 O T RTESEER B, IR B AE IR BOR 1) K HECF e FEE R, 4k
FARFEVRRAC TR E OB, HFRZR KRR E M3 05, MA K& KAk
R AR K334 U B AR H B AR LR I R ARG, B &R KRR, 1K
HE T HE T SARE CRE 55 KT A8 KIS Ak 1) T AT

TR AE A BR SEIL A = Ak B2 ) oK S B v DA R AR 4 3 SR ) — DN E 2
S TR OEEAE P 1) B AR ML & T THE AR (dry milling), BUIEE B8 HE{L.
RPN 7y B A 18TV 1) T AR, 7R BARHE ORI BEFE IR 25 A1 T A2 =Rkl 2. B2 A DDGS W
PR SRR B AR 4 2R DA IR FOKTEBOR AL KT B S HEORT BEFE TR bk A2 7
AR OBE, A TS KCEEHAT IR R WAGKE T7 o AR A4k 22 A Wi+
ARG T KM T RIA FRIFE T HAIR AR A4 28 7 T S5 i R F AL 3P R . kb B
FE AR ALYk I T4 (biorefining chain) HIiERIHZ AL LTI, HurfE &g Tk
NTOREE R B TAL B R S A A ARG fE AL 9 R T 20, W DU R B A 4 =
TR YERANORFTR S5, LB M H A T K HE R 2R REREE R RLACR
R ER R, WA R A Yk R ST A R ) 32 B R B AE

SRR 1 T A B 5 A 3T 2 M R TUA SR S ) SN, IR — AR R T KR4 &R
] 4 JHE 5 02 2 A TR A DA B Vgt B 2R 22 ARG A TR R, SBR[ ROREIR &
AL B A 7, PR BRI K PR B E, ZRVRAEFEAREAC, B mmbe 2“2
JEPR” IR, B S 1 B A [ 23 B 4 Py SR PR K B T A SRR N Tl 4 ] A T A5 11 3R
PR R o 0l Ah B[] AR R 5 BRI . R W EE K PR S5 T T A
PP A AR R T — Fh AR AE I R B TV, AR R 0 AR M B T A 0 [ A T
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A ER JFORHE AR AT A B SRS L OB R /KA IR BOK 7 2 AN IR ER 25 1F T s B
PROEME RS, Wi RE A JFURE R R4 AR K MR E AT ] A B, T S Al 1 R T A B2 1Y
BREE. B, KREAHERATRWACE. AR L. KM ELELE, AR
BT R GFAT TIRGTLANEINY) . G KRBT 4R R R T2

{5 H B0 TR AR SR IAT — L M R R M BRI (T 2 BORBSAG, A fr
TRE—DRHEARTIR, FEEGORE: (1D WA REDREREE A resinae ZN1 5 iE
MRS, BERHREN 30 °C, AUERGL PRI TAK, HBRFHEREN A AH KRR
s (20 VIR T EAE B AR 4R PR R T, KB ER, MR E R, IREE
SIREZE, R EEAT pH R BECK, X LAVGHC SERR Tl A= 7 b DOBGESE SdEAT £ e ik
WikEs (3) UM IR AL BE AL AR RR (A 77 vh A0 S T IR VR BRI 2, BRI T e 2R
JREEIRGERCR, FFAFAER AR IS (4) TRZEYI PR AR (T 232 7 iy
Rk, T FRAIRR RSB AN R B BT

ST AR W A TR AR AR A AL R T, AR SO AT TRV R 65
ARIAT T — RFNIERANH, W RGN SR T, 38 HANIGIIE 1 Ryem it kA
PR BT, RO T R ORGSR B TE R SR SE R 1 —
FRIVEEREATHH . BARPHI TN E EZOFE LN LA 51

(1 B AV BRI . 5 A AU RE R AL . Jo e HAE ARV AR AT
NER pH 24 T RHIARSRE 71 38 e s 4L )0 s FA R AR @ AR A i
B o

(2 {8 Wi a2 P A 40 ot 2 1 e LA B vl A2 W e A L IR - B PR AT DR T B A 71
ST BB AR AEMRERT CONEEREFT R EORFEFTID IEMmik, JHH T4 4R O
A7 o LTS KoM B oK AR P T R B, A 41 4 3R SRR SR AR AT
T RAEF ALY R O L i R AT 1 1R A

(3) X Ieh TR T & AR R A A e 19 I o AT VR AR . F-3K
Koy A BEA I A3 AE, - AT el b 25 77 BAS R [ 45 R D T o

(4) o R A= P Mt o R I 02 v A A T KR B FR I . %o H T TR AR VDI
M BEREAT A, SCBL T AR BONIR R B AP Ll s AR EY R Rt
VCECHS A Rk R S KA Tl A= S i 1 BRI A

(5) N 1@k HET A0 ki il A rh 27 4 X il A I my i 1), 8 UM R i Ak
B R A VR SR BRI K R BOR AT 1 B PPl . (AR A BRI 1 Ak
BURZTYE R B K ERAE, FEXT K R A5 BV R S Jdt AT 1AL 25T 1 IRK AR L2 Aspen
Plus #28Y, JFFXFHRAMBEREREAT 13— P APl .

(6) A TRV AR TP 2T 4R BRI A, IRIT T A2 15 n] DL I A ) Ak
BRI Ja SELTHE R TR T o XA R BR TALBE 26 AFREAT T 04k, S K W i AN
FUIR AR VA 1 58 B AR S B o A o T I I 52 sy A 25 B LR R B O IE W AT 12

(7) IRFC T AHFLER VAV RIS D FOUAL B A R RO 0 o Ao 7L IR A I A LR VA



HFIBT KE it % 15 1
B A BRBR AL, SIS N2 (4) T i 500 ) 12 AR P b e A e — 25 9230
T YR LA A

(8) BLFRFER P BEH A A X A AW FN T T/ (RBPDS) A& A LR,
AT T YR . ARSI, R — B T T R I A AR 4 2
P2 AR IR R

(9) St F Bl T S DU R I PO 27 4 2 L-JL e T2k Wb B AR AT 794 2
SETVEAN T Aspen Plus BB RIRIE@E . B AE AT (LCA) #1507 DURhFigik
MR AR TR SR, HR R T
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$28 WHREHEEVRSHKROIGE, EEMRI

21 3|8

AR AT 4 3R AR o ZI0E i TUAL B AT AR R AR B AR 4 Ay, AT PR 5 B 2T 4 30K
SRR ) e ROHEAT o« TRALBE D BRI R A o ZURIAL S BRI BSR4, ANl G 7 2E
WRMREE OB S-FRH MRS ). AHLR (LR, WIS MK RATEYD CTHE.
FEWE . 4-HBA 55) BV, X EEKfRANGA P R A A U AR 20, R 2
Aol R TR T B 1 3 v A I D PR T A W i 52 A2, (B 1 W47 e DA A I T R E S
DUXHE FL AR 4E R A0 44 2 F 0 IE W A RKACH . BUACEY R b B4 2 10 2502
ik 2B AR T J5 SRR AN K 1

Z M RIS T VA CABOT K, BFEKBE. a2, WF . 28R A8 He
ST SRR LLH T VEIE N 2 R EOF 2 RS, RS 20K B AR 7K
PR IR RERE . KRR RURE 45 2% DA A HI) 25 B A e 425U B F RO /K bR
ik, £ FHOREARNR LT 4E 3 B AR 1 Be i > B P IR ik, b Ja 825 B =)
B3 AP AR REA BRI R, JKEE G R Sk ER S RSB T 54k
FETCIAE e ] 2 B N HEAT, (AR IR EERRAR,  5G0m 7 0 B AEAG A

AW R SOV SR AR BROK A D, ot H RTBON BLAR A ) 2 BR T, SE
0658 22 AT a2 45 30 A F 3 12 AR ) 5t 5 R PR L B S RS ABL B Amorphotheca resinae
ZN1, TJLLLE 36 h PAXEAR IR AL B [ 44 B 40 v 3576 ORI | 5-3 PR SRR A 201 ¢
Bfid . BEAN TR TCOK A HT RS J LBk . (R PRI A G MR 2, i
BEIRSE N 30 °C, W ZRAESE TP B 264 T A AT DAAE G, HHE B xR
TR PRI B T AR AR AT 4E R YR b AT, REBEEAIR. R ES. BeBNE
Z2; [EAREHR AR AT pH BN, FEmAEEROR,  HUME LAVGAC SERx Tl Az 7 A B
ST BT B E AR . A TEWT FTEU) T I e 15 B850 S 50 5 1 B V) i 75
AR EORTEPRIREE . 06V, pH. WA Z M 32 1% o B PR EEAT A1
B s 73 M DA 248 FOR T3 0 OB AR pH i 32 A0 0 B S BE R, D4 JaiR AN T
PR JI B R AR I R P B A S R M R R R L B 2B R

22 MRETE

22.1 Wk, BEFRFEAIE IR

BBk Paecilomyces variotii FN89 (CGMCC 17665) 4325 B £ FR ThAL R ) & A Al A
B3 () B OKFEFT o P ovariotii FN89 W] LAFE SR E A &1 MBIl (PDAD PR BAK, Hidk
%A 37°C. PDA K EAREL 7645 200.0 g/L DA HEU, 20.0 g/L & FEAI 15.0 g/L
BifERr . K3 P variotii FN89 fl11f] PDA ~FiR Al 7E 4 °CHKAM N e Z RAF W - P variotii
FN89 WA IR Nl B & i (SMD B 5973, BRI G 15 g/L #&IHE, 5g/L K
Wi, 1 /L BEREREUY), 2 o/L Bile A, 1 /L BREREM 1 g/L L/KIREREE. P variotii
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FN89 7£ SM 57 B (15 77 2564 37 °C, 200 rpme.

SEI6 S 2 HT 43 2 45 2 ) B R R R #U B Amorphotheca resinae ZN1 (CGMCC 7452C)
W TAEIER pH NI ZSEYINFE . A. resinae ZN1 R DAfE PDA R: 9%t FAEK, Ki9E
ZAT R 30 °Co Ki#i A. resinae ZN1 #1F[1] PDA AR AT 7E 4 °CHAF T R ZIREFIE . A.
resinae ZN1 W] LIFE SM 35555 FIEH A K.

222 15
Bt IR XY H Oxoid (UK); ] 4 B2 B [E 25457 (i),

223 HEMTBCE

H.IH P variotii FN89 7E PDA P &2k, 37 °CH:3% 4 KUL L, & P BRI KPE
AT AT I 10mL0.05% (w/w) MR 80 KVETR, 13 AR b2 PE e IF
WA T

224 #22RETHE DNA Pidihie

FR B 25 K7 12 h (PR EFIECDE R 22T 1.5 mL KB EP . £ EP &N
N> B EFFEE, MO 700 ul HHIEHGH, ZREE 10 min. SIASEAEFR R DNA
FRBURAM (R3EE) &, B, BO 10min J5, # EIEERERK EP &, i
A 0.8 AT A EE, -80 °CEFE 30 min. 2.0 10 min, & Fi&, H 75% (viv) 4
Bewgix, B, in 50 ul ddH2O, BP45 30 224K 5 1& DNA $#2H0K -

Pt FH BB SR BUR 2 A Tris-HC1 40 mM, 2244 20 mM, NAEDTA 10 mM, SDS
10.0 g/L, A7 pHHZ 8.0, L KK, =R

22.5 ITS [3HIH 48 & % e

PAE 1R DNA bR, (FHE R ITS JPolEH 5|ty 34, @598 1TS1: 5°-
TCC GTA GGT GAA CCT GCG G-3’F1 ITS4: 5°-TCC TCC GCT TAT TGA TAT GC-3’.
PCR FEF % B N 95 °C A M 3 min, 95°C 814 155, 51°C iB-K 15s, 72°C ZE{# 1min,
fEFR 35 X, 72°C 7843 24 10 min, 16 °C PR {8 H RAR KGR GEXF PCR =4k A7 4lifk.,
HHATE PR A S0AIE . AiAb 5 2B 4A ITSPCR 724, 3654 TAY) (R BT
FEo A3 HIIN P 45 54 NCBI _LaH TR, N5 2 ML B A B R L IR B, 56
MEGA 7 34785 V). buxd, Mt fb i,

2.2.6 2R U AR
7E PDA AR LV 10 uL 7. fEMFI5S 45 ° FHEN K @B . FrE %
12-24 h. fHFEE RSN ST FE 23 mE,

2.2.7 BRI IR A 9

REEAE 250 mL PR IET, 2EEN 50 mL, R RIS SM B Rk, Hfh
BN 1% (vv) 0, KEEREE N 37 °C, %338 200 rpm.

3-L KEFFEN IR EN 1L, I FRERN SM B3t EMEN 1% (viv) il T



HHRIBTRF M L2083 % 18 |
W, REERFEAN 37°C, #3# N 300 rpm, S EHN 0.5-1 vvm.
2.2.8 Bt

Rk P variotii FN89 #6520 it 3t 4T T A, Wil 2.1 fos. SH—4 Nwitk P
variotii FN89 1574 LM% NI 0 0rs 28 4N ERIEANTE pH R4
I (REFRIE AN T PHI)D . SM 55775 IR0 7S M P FE 43 318 0.6 /L
MRS, 1.0 g/LHMF, 2.0g/L 2, 0.2g/L4-HBA, 02 g/L HFHEA 0.2 g/L T &,
RS RALE 500 mL (RN, BE N 100mL, #REN 1% (vv) 7R, W%k
5 37°C, 200rpm, 10h. fE4°C A F, 8000 rpm & .Co LB, WRGEGR, HE
T-80 °C UKFEII A . 5 R UAA B IS B B S U HOR G R A ] (A #HATHE
k. FrAREAR RNA BE¥=2ug, 0D260/280 ¥J7E 1.8-2.1 JuE N, 74 RNA-seq
T il 2 2R P SR B 5K

SM medium with glucose, xylose, natural pH.

SM medium with glucose, xylose and six inhibitors,
natural pH.

SM medium with glucose, xylose and six inhibitors,
oxalic acid adjust pH to 2.5

& 2.1 H#k P, variotii FN89 [1%% %A LW E
Fig. 2.1 Transcriptome profiles of P. variotii FN89

229 HMTE

AR AWE. SRR, 5-F% Y MR AR ARSI R FH s R0 iy (HPLC)
€, BARSAEEESIRLIATIRIE  (Liu et al., 2018). il HPX-87H (Bio-rad
Aminex) I RID-10A £ #% 1 Shimadzu ( HA) HPLC #%t. #EFEE N 20 L, ALilliE
J& 60 °C, JahAN S mM EREWR, FiEAN 0.6 mL/min.

HEWE . T EWRHATEY) (R HFEE. THRAN T HFE HELAE YMC-Pack
ODA-A #:F1 UV £l 28 (SPD-20A) ) Shimadzu ( HA<) HPLC ZRZME (Hu et al.,
2018, ERAMEIME KW E A 270 nm, FBIAHAN 100% L0 (A Z2): 0.1%FH R (B )

(9:1, v/v), V#E AN 1.0mL/min, flIIEEE N 35°C. MRER. ElE. 552 HERRIR AN 5-%¢
FERBE M EE R —E RS, BoE LMKy 220 nm, #BIAHHN 50% (v/iv)
O, AR 35 °C.
23 AR5
2.3.1  H AR PR R R PR 07 16 R S
2T AWM AL EE /N RSB B 7K B 408 50%, 5% pH 4128 2.3, K& HZ

MR BTET Y ZRUTANENY) (INABR  5-F2 F BRI AR 5 ) o TUAL PR S /N Z2 R AT 3 Ak
TREIERITBARAFIRG, D> E AL FYRL B R IR R f W K R5 Je ik T
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PDA AR 55 R AR, AT AR L, A4y FN89.

HRAEAFR R LIGIE T FN89 MY 324k BE /1, SR W 2.2 Fros. Btk A
resinae ZN1 NS % 2 Fil 4 B 9w 8 AT A 5, 8 PR AR IT FN89 fif 5%
A 1 0 0] B R P - FNBO AT RALE IR it 25 R ARG AT K AR E B AR K (B 2.2 2D,
FAELTFAR D7 IR BT IR A. resinae ZN1, 2234 72 h 55975 FN89 (B4 H K. FN89
FEAKNE T ER R A GOELIR, WL RARMmIE RN FJS 78 RV 8] 7 AR H
IR ffl T, SIHBONEE ]I 2R TR RFIE . FN89 B BUF I #ud, W LAFE 25-
42°CTIEWAERK (K 22b), HEEAEKIREN 37°C, 2 HRMEHIRIEE. FN89 /£
A AN FAR BT AE 2 RVENHIIH) PDA PR AR K TR VR 35 2K T X T 1k 4. resinae
ZN1 (& 22c¢), KU FN89 X AL 4E Z KIS HIY) B A R iF B 521k

Bt — D8I 1 U EE FN89 I 22 8 K M A7 AR 00 (& 2.3 a)o BT 12h Y, FN89
PRI AR S I B S O TR 220K, ROIR TR 22 T 120 T A 72 . /E 24 h N, TR 22 T BRSO K B
AT, HATRAAYER . ERAN WS AL R IE T

KM EFEEH ITS 0514, X FN89 WAk ITS Fral#EAT 1Ml . 91545 5
[¥] FN89 Witk ITS Fra3tk 624 MLHIRIFHEAZ Genbank, F¥315 8 MT754560. XF FN89
I ITS FealstAT boxt, R BUR IR B m B AN A PR P91, 7E MEGA 7 Bt LM R G0k
B o LR ) 2 42 8 neighbor-joining 7775, HE4T 1000 X IF) bootstrap & fill. 45
FRETRBEMIER 0.05 MEEIREH#, R E 2.3 b Prax. FN89 K ITS FPal 556K
U H Paecilomyces variotii NRRL 1115 B [FJY&ETEN 100%.

MRYESCERARIE, T2 50 R &2 — A A7 7E T, 3. S AMEIAIR IR
FEAS T BT A O DT, B R4 BN A AR UK TR AE KR T, 58 Rl &
REMSAE 22 MY Bl b AT A rh AR A I HLAT LA T [ 2 A B3890 H AR TE 1 20 B
J e B J UK AT 7= B 0 50 IR A0L 5 25 T LUH T AR P T by g 400, Seo8plig ! HE iR
A9 SRS AN B R RS . e Ah, AT R R F 5 RO A AL B T AR R 2h
JRK, FEAE P Tk B g i g U4, 5 IIDL T 5 Rl 1 v] DA R A — S 335 44, anfis
T TG AN 5 25 TR S A S RN g AT AR U 40197 TR AT 8 0 S T MV R K R AR b P
FRPEXT FN89 MR T WIS . AR KRR ST ITS JP AR e, DA AR IE AR A,
FN89 # % ¢ N %E [IKIN T B Paecilomyces variotii FN89, A5 7L A [ 3t 18 1l A= 4 o Fob AR
JEE FL L (CGMCO), fRj#ZR 5 /9 CGMCC 17665
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(a) Hydrolysate plate (b) Growth temperature optimization

(c) The growth of FN89 on PDA plate containing different inhibitors
A. resinae ZN1

Furfural (0.6 g/L) S-HMF (1 g/L) Acetic acid (2g/L) 4-HBA (0.2 g/L) Syringaldehyde (0.2 g/L) Vanillin (0.2 g/L)

& 2.2 Fifmik R FN89 ZEA FIRE SRR AL SRR T A KRR

Fig. 2.2 The growth of newly isolated strain FN89 on undetoxified corn stover hydrolysate palte (a), on PDA plate at different temperatures (b), and on PDA plate

contining different lignocellulose-derived inhibitors.

2 A. resinae ZN1 NS S 2 F 70 B T8 I FA FH A M5 bk 15 9RO 30 °C, FERRE FPPEROIAE R A B 2.2 a AT 2.2 ¢ ARG IR EE 40N 30 °C,

FEFEmTE] R 72 hy B 2.2 b [FEFENT (A28 48 he BN TR WG T30 Z0H 1044,
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(a) Mycelia observation of FN89

(b) Neighbor-joining phylogenic tree of FN89

FN89 (MT754560)
0.05 =
— 0 Paecilomyces variotii NRRL 1115 (AF033395)
99 L Paecilomyces variotii YLI-40 (JX231004)
69 Paecilomyces subglobosus CBS 125145 (MH863457)

Byssochlamys spectabilis M2229 (KC157702)

9 Purpureocillium lilacinum M3904 (KC157750)

Talaromyces spectabilis CBS 121581 (EU037062)
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Fig. 2.3 The mycelia observation of FN89 and ITS identification.
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Fig. 2.4 The degradation of different inhibitors by P. variotii FN89 in SM medium containing 40 g/L
glucose. (a) Acetic acid; (b) HMF; (c) Furfural; (d) Vanillin; (e) Syringaldehyde; (f) 4-HBA.
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(a) Sugars consumption at 1 vvm (b) Suagrs consumption at 0.5 vvm
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(1) Vanillin degradation at 1 vvm (j) Vanillin degradation at 0.5 vvm
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Fig. 2.5 The degradation profiles of sugars and inhibitors by P. variotii FN89 in 3-L fermentor with
different air rates (1 vvm or 0.5 vvm). (a) Sugars consumption at 1 vvm; (b) Sugars consumption at 0.5
vvm; (¢) Acetic acid degradation at 1 vvm; (d) Acetic acid degradation at 0.5 vvmm; (e) HMF degradation at
1 vvm; (f) HMF degradation at 0.5 vvm; (g) Furfural degradation at 1 vvm; (h) Furfural degradation at 0.5
vvm; (i) Vanillin degradation at 1 vvm; (j) Vanillin degradation at 0.5 vvm; (k) Syringaldehyde degradation
at 1 vvm; (1) Syringaldehyde degradation at 0.5 vvm; (m) 4-HBA degradation at 1 vvm; (n) 4-HBA
degradation at 0.5 vvm.
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Fig. 2.6 The volcano plots of differentially expressed genes (DEGs).
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Fig. 2.7 Gene ontology enrichment of differentially expressed genes (DEGs)
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Table 2.1 Gnenes involved in the conversion of inhibitors into corresponding alcohols and acids
derivatives
Genes Functional categories Up-regulated gene ID Down-regulated gene ID
MSTRG.8343, Gene 7313,
Gene 2515,
Gene 8672, gene 8280,
MSTRG.77,
MSTRG.296, Gene 5372,
MSTRG.2023, Gene
Alcohol C it aldehvdes to it 132 Gene 1603, Gene 1762,
cono onvelt aidenydes 1o 15 ’ MSTRG.2159, MSTRG.2181,
dehydrogenase  alcohols and vise verse, MSTRG.3663,
MSTRG.2720, Gene 8740,
(ADH) totally 30 genes MSTRG.3920,
Gene 7023, Gene 3222,
MSTRG.5521, Gene
MSTRG.4680, Gene 8414,
2998, MSTRG.8130,
MSTRG.6579, Gene 7144,
MSTRG.7437
Gene 912, Gene 4078
Aldehyde
. Gene 1851, Gene 1896,
reductase, Convert aldehydes to its
. Gene 4947, Gene 2234, MSTRG.981, Gene 5014,
aldo/keto alcohols and vise verse,
Gene 7217, Gene 1337, Gene 2257
reductase totally 10 genes
Gene 4418
(AKR/ARI)
Alcohol .
) Convert alcohols to its
oxidase Idehvdes. totally 1 Gene 7122
aldehydes, tota ene
(MOX) Yy ylg
GMC
oxidoreductase Convert alcohols to its
glucose— aldehydes and convert
. . Gene 4186
methanol— aldehydes to its acids,
choline (Gmc) toally 1 genes
oxidoreductase
Convert 4-
Aryl-alcohol hydroxybenzylalcohol,
oxidase vanillyl alcohol and Gene 4421
(AAO) syringyl alcohol to it’s

Aldehyde

aldehydes, totally 1 gene
Convert aldehydes to its

Gene 5306, Gene 1902,

Gene 635, Gene 7728,
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dehydrogenase

(ALDH)

acids, totally 8 genes

Gene 1910,

Gene 1355, MSTRG.1347

MSTRG.8759

Ho\/(/omvou

/0 HO.
3 _on Qou

HO.
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2 2 NADP* 0, NADP' MOX(O . NADP* 0,
ADH MOX(0.176) ADHY [/MOX(0.176) MOX(0.176) {10(0.176)
i 3 GMC oxidoreductase( ) .
. MC oxidoreduct ADH
AKRIARY | GMC oxidoreductase( ) AKRIARI| | GMC oxidoreductase(-0.36%) ADH. | | GMC oxidoreductase( ) akmnrl | aag (0.369) e | BMC oxidoreductase( )
AAO (0.369) AAO (0.369)
NADPH H,0. NADPH H,0, -
202 NADPH H,0, NADPH H,0, NADPH H.O.
2Y2
HO \’(1/ 7'l HO
oo 2o Q. ] [0
Furfural - \° HO
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NADP* 0,, H,0 NADP* 2, H,0 N{‘;: ybenzaldehyde Vanillin ~o _0
i 0, H0 NADP* 0, H0 -
ALDH| [GMC oxidoreductase ALDH | | GMC oxidoreductase ALD : » e Syringaldehyde
. NADPH H,0,, H* GMC oxidoreductase ALDH] [ GMC oxidoreductase NADP* 03, H,0
NADP H,0,, H 4
HO o NADP Hzoo" H NADP Hy0,, H* ALDH | [ GMC oxidoreductase
o~  Dearboxylase OH o ) -0 NADPHA L (X o e
\ / oH ; /\ OH o 202,
HMF acid A Furolc acid ) . HO —Q
20,, H,0 iH ATP, CoASH 4-Hydroxybenzoic acid OH HO
Mox | Furoyl -CoA-synthetase( Vanillic acid OH
GMC oxidoreductase ' NADH. | - Oy H* g
2H,0,, H* : ° x 4-Hydroxybenzoate lv Vanillate Syringic acid
o : ) 3rmonooxygenase ° ",kmonooxygenase ! ool
| NADP™ (4 H,0 NADH A H0 .- Col
HO o P . i A\ SCoA : : HO. OH ! | syringate O-demethylase
) oH o . [ - - HiCO Y4 Co(lll)-CH,
- - 3
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[o}
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Fig. 2.9 The putitive inhibitors metablic pathway in P. variotii FN89
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212 7E3-L RPEENARFEYILE pH %4 T P variotii FN89 XTI ¥ fA B & i
Fig. 2.12 The degradation profiles of sugars and inhibitors by P. variotii FN89 in 3-L fermentor with
different initial pH (4.5 or 2.5). (a) Sugars consumption at pH 4.5; (b) Sugars consumption at pH 2.5; (¢)
Acetic acid degradation at pH 4.5; (d) Acetic acid degradation at pH 2.5; (¢) HMF degradation at pH 4.5;
(f) HMF degradation at pH 2.5; (g) Furfural degradation at pH 4.5; (h) Furfural degradation at pH 2.5; (i)
Vanillin degradation at pH 4.5; (j) Vanillin degradation at pH 2.5; (k) Syringaldehyde degradation at pH
4.5; (1) Syringaldehyde degradation at pH 2.5; (m) 4-HBA degradation at pH 4.5; (n) 4-HBA degradation at
pH 2.5.
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Fig. 2.13 The volcano plots of differentially expressed genes (DEGs).
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Table 2.2 The genetic expressions of F1 type ATPase and V type genes in P. variotii FN89 at low pH

Functional description log,FC
(a) F1 type ATPase
Gene 924 Mitochondrial F1-F0 ATP synthase s 1.099
Gene 8198 gamma subunit of FOF1-type ATP synthase 1.022
Gene 7385 putative mitochondrial F1F0-ATP synthase g subunit 0.868
Gene 1640 putative F1F0 ATP synthase assembly protein Atp10 0.248
MSTRG.8979  putative F1F0 ATP synthase assembly protein Atp11 0.065
(b) V type ATPase
MSTRG.5421  vacuolar ATP synthase subunit E -0.978
MSTRG.7576  vacuolar ATP synthase 16 kDa proteolipid subunit/hypothetical protein -1.204
Gene 5496 vacuolar ATP synthase subunit H -0.889
Gene 6842 putative vacuolar ATP synthase subunit D -0.598
MSTRG.5918  vacuolar ATP synthase catalytic subunit A -0.471
Gene 1371 putative vacuolar ATP synthase subunit D -0.306
Gene 5559 vacuolar ATP synthase subunit F 0.007

Gene 5481 vacuolar ATP synthase subunit C -1.911
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Fig. 2.14 Gene ontology enrichment of differentially expressed genes (DEGs)
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Acetyl-CoA
NADPH L ME (o ) PC (0.626)
NADP CcS ( )
Oxaloacetate Citrate
MDH ( )/ ~NADH ACO (0.761)
NAD
\——Malate Isocitrate
NAD(P)_
FUM (0.867) ©any<] 1PH (1.593)
Fumarate

2-Oxoglutarate

FADH, NAD
SDH ( e \ADVOGDH (0.378)
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~— s —

SCS ( )

B 2.16 EHMEDFERN pH FZ 4T B LBAERE

Fig. 2.16 The central carbon metabolism in the presence of inhibitors at low pH



ST T KSR L4 47 T

IR SFAE T, BT 40N DNA 45 5 K AR B E Mg, % H £ 1) DNA ##47
1B 12 H2 = B AR FRVE 1) B 2% 12 2 — . Hanh Z5 A$RIE 7 —# DNA WUIEE AP 7E
ik pH NEBHEMTENE, 1T LIRS Streptococcus mutans WX 4075 55 B 52 1N 52 P
U6, 7 P variotii FN89 W [RIFE4EE tH T —Fh AP WYIBE, HRIAELE(L pH THEI
T BT (3R 2.3). R ER B 7 AR DNA A VIRGHSM) B AL R R I8 &
AR E I TR

XK1 S B B 32 S I v/ NI R 7 T ARAR SR SEILI IO, P variotii
FN89 i)/ B ALK pH T HERIESEA B as, KIHRETHRE. EHR
TR AT LIS B A B AR SR B 4R R E R R RS M RN RE . 3R
2.3 [AII 7R 7 AEAR pH T ERA N RIS B 7> T BRI R RA . S i 7 M2k
RLR NI A B T AR 6 MEMR pH R 2L 7 ETHRES, XKLL pH §
YERF P variotii FN89 iR N B H I AEE TAEX RIS pH A HZZ/EH .

2k LRI, Xt P variotii FN89 1EAIK pH T [ AL %50t LR H, 7RI pH 2514
TR G BT RE, L ATP i Ti@id F1 24 ATP M7=, K401 DNA FIZRL 4
W E B E DY REG 58, A BT 40 MO R 1 P AT

* 23 FEE DNA BRENLRAAN RS RS THEHRIEE

Table 2.3 The genetic expressions of DNA repair enzymes and mitochondrial protein chaperones

Functional description logoFC
(a) DNA reparation
MSTRG.5245 AP endonuclease 0.158
Gene_6225 putative RNA exonuclease Rex2 -0.076
Gene_4274 exosome complex exonuclease Rrp4 -0.027
Gene_1935 putative exonuclease 0.020
Gene_3316 putative exonuclease Kem1 -0.877
Gene_5720 putative exosome complex exonuclease exoribonuclease 0.450
MSTRG.8243  exonuclease 0.536
Gene_799 endonuclease/exonuclease/phosphatase family protein -0.424
Gene_6442 endonuclease/exonuclease/phosphatase -0.355
Gene_4164 endonuclease/exonuclease/phosphatase family protein 1.245
(b) Mitochondrial chaperone
Gene 5268 putative mitochondrial Hsp70 chaperone 0.072
Gene 1551 putative mitochondrial DnaJ chaperone 0.021
Gene 822 mitochondrial respiratory complex I chaperone 1.343
Gene 1803 putative mitochondrial co-chaperone GrpE 0.649
Gene 8882 putative mitochondrial chaperone BCS1 0.379

Gene 2991 putative mitochondrial chaperone bcsl -0.536
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2.4 REPG

T SRS BRI RE D R PREE N T A AR B R AR, AR EE T
ARV pH HRBEAT AR5 M R AL 2 KRS AT b7 B i f3 3 1 — MR A i BA 5K
VIR ERIE IR, % e NSRRI 5 Paecilomyces variotii FN89 . i KiF 1%
A R4 R8BS AT 321K pH IBE /. AT WK EZWT LT

(1) Hiimik S HAEYINFFEE P ovariotii FN89 HA AR 3 B 4 4 2= KR4
Y (EERNOIR. 5-F2 PR . A, FEiE. T HFEM 4-HBA) BIReS), HANH
YA RE JJEIRIE SR (0.5 vwm) 514 NIRER RUPRF

(2) FEA NPT S I3 200 B 8 T iR MR R IR A2 0 25 1, LT EE B AT o
FLBEACUAE ) T % TCA TR BE EASEIL T E BB, TCA B4 1)
FiIARIE, KRELRUE T AN ATP MIfes, W ORIE 7 XS S AU Hh a4 i PRos 2 AR AR
o

(3) Himik S AEY B EAR P ovariotii FN89 [FIR B A& 52K pH 25441188
FEEAK pH (pH 1.5) 644 TR A AREHIH 4 (1) 5

(4) TEGMHAAAERR pH 2540 F ISR MR, K pH 2040 AR
KA PTHE, FrEREAUINE; M ATP Wi T8t F1 & ATP Bg=4, KoF
DNA MRk N B BB KME E DhRe G 9, A B 2 MO0 B8 14 24 58 (R 41K HT
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F 3T ARAEREVMRHETEICEDEL

31 35

T AT &8 R IR TRAC B AN [ A AR Wi B, BEARTE R T B IRK AT
RGTAIHENY GIKEAR R AR FERI T2, HEAGTERR . HEAREARE 5 KT
TR (EAESEIUAR R LT 4E 2R RTE kAL 1 H b b, T 2UR R TIUAL B2 P 436 F R e L5
FRAEALTT) CANBRIR) HIAFAE (3-5%DMD it —NEEHME R, R 5Ieh K25
fE. XL AE PRI 2 pH 23 5-6 A BEVLAC 5 2 A=W i B B AR AN £ B2 A 19 1A
PRI pH M 3236 2 S RS P ANBRIR N, 27 A KRB RY, AEARR
AR I PR AT S E AN, SR BRI T AT, 253
CBEREVR G P A R L BRI, ok K A B AR G A el 0o

figp pRIK — ) L PRI ARAS Hh 6 1 P RT B AR R A 9 T AR BR AL T, A 5 S Wb ks
FADRIERE . SO — HARTRZA0 R (1) TR PR P s ] AR A7) 2 B & R v B A
YERIA R, HERVESRE AR % W IR 4R MR R /) (20 VSR LR
FAERAR pH N ERUEACTIFRARRE 11: (3D AW 55 B Aol 2B R] IR B A AEARAR pH AE R[]
I e g e P AL B 7 A RS DRI RE 7, ELREAT DR B ) R B PR

A FENT AT R TR LA, 3l w] B A FLER P AL B AEALFIANIG pH 424
B, SCBL T AR 4R ALV I SSTe R e e, BIFEZROK . AR AL
FUIHES ARBEFEAMRBES R A A, SRR A 4 Y Ao Sve i i 5
TRAAE B T A B /KA DR o

3.2 MRS HE
321 BEtk, RiFREMEEIRIEL

5B R B B AR 2 AT B Paecilomyces variotii FN89  (CGMCC 17665) #
TR pH NV R . BRI ORAEAREFE I 2.2.1,

SEI6 S 2 HT 4 B 45 2 I B AR B A 8 Amorphotheca resinae ZN1 (CGMCC 7452C)
VERX AT PR ES FR 52 . BRI RAE NG 7R L 2.2.1,

FINABEACU IS AR IS S A5 2 BRI B BE Saccharomyces cerevisiae XHT
e T 2P 4E 3 2 EE A2 090, 8. cerevisiae XHT FITE A% 75 5 A B BEB 5565 %) 5 (YPD)

XH7 7 YPD 55553 (55555 564449 30°C, 180rpm. S. cerevisiae XH7 B KRB E T2 h
N2 gL B AR, 2 g/L BRREE . 1 g/L BREREER 10 g/l BEREHEELY).
3.2.2  BEAAF

LAl 4E £ B Cellic Ctec 2.0 W Hi%x4E(E (Jb5D), R4 NREL LAP-600 Jy k1671681
A5 e AR RIS FN A 4E — BERIE A 203 FPU/mL F1 4900 CNU/mL; #R#E Bradford 771
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[6OTh 75 H B 2 & &9 87 mg/mL.

o-JENT I HTAA FBE{LEE GA-LNEW I HZARRERE (FH0), RIEUEHT, HEEE
24 21,000 U/mL F1 103,900 U/mL.

BT — K EFRRAAGFIE H Titan (RiED; BERHEERUIIEE Oxoid (UKD HAhih %
WA E 2R R,

323 2REEPRIERTE DNA 77%
22 IR FL B DNA P e ik 2.2.3,
3.2.4 P variotii FN89 BLFG AUt A I A L R ) 3 1
PLEC B DNA AR AT B IR A DI R S R 4 38, BAR S Wank 3.1 Firas.

®31 AEVFRAZNGY

Table 3.1 Primers used in this chapter

Primers Sequences (5°-3")

fdh-F agaggttcggagaatctacttggtt
fdh-R cctgtecgtagtagtagttcectgta
Oxol-F cgcaatcgggatagagagaage
Oxol-R cctcectecttcacaccacga
Oxo02-F tacacataccatttctctaagcagg
Ox02-R atctcggcaatgggaaagg
Oxo03-F cgataacaatagccacaatctccg
Oxo03-R gacgggatgagacagagacaatagg

325 HpEAFESEE
B RIEE T AN 2.2.3,

3.2.6 P variotii FN89 ¥ K ¥
P, variotii FN89 #&IH K B2 714 W, 2.26.

3.2.7 JREEVIR

It /N 22 REAT AN BOKFREFT T 2018 AFAKZRWGR HIF A R PH T . HTBSCGRIFS AT 4 5
SR, SRJEHY), KB LFRFRIVE - LAAH, A TEEMEHFLEH 10 mm 57/ 5
fiio MRS NREL 199 30 B ARE I 8 RS AT I R Z 70T /N EREFF &5 38.1%
YEE . 304% KRB, 172%KRFEM 7.7%K5y: FEKFEATEH 344%274: % .
27.6% AR 18.2% A E A 7.4%HK 55

Tk T 2019 EFRFURE FHEKEN . TAbEEE 60 H (FL42 0.3 mm) [k
PUFBE gt B K . TRk Ve R & &K H Ewers BetiE el 7. di i w20 AL - W
W7 iE BRI PR f5 {6 H NREL BRI H A AR RS . S sl
UL 3.2.20 &ME, TR RRESEN 782%, EARSEN 14.6%, AERHES
BN 1.8%.
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3.2.8  TALEERI AP

G FF 00 F0UAL FERLE 217 A M7 2210 201 FRALER S N 2% N EAT o 1200 g TR RTER 1A T 1%
M8 2:1 MR = L SE RN B2 N AE 50 rpm R 4EFE 5 min. BRIEALTI AT H &N 24.8 mg/g
FYR I IR B 26.8 mg/g BRI . BRIERIFI/KHEE LR R E/KER. M5
NGEIR, AR EAE 175 °C T HE4E 5 min. 5 T5ALFE AR M T AL 30 5 97 35 J0S 35 L R
e . RAEYIRIRIL T BT IR ISR DL S 8158 S, (BT A5 BA RIGrRig v
2T RORCIRES o B S TR B FH 25 R AT LT B 2 B L R R B I £ 4 . 31X
TRAL R T 16 7] DA Ot AL B &R RNV R 72, W/NEREFT . TOKREFE . FEs. MATas.

X TR R AL SR 3 25 AR 0 0 25 (9 7 92 25 R L PRI -0 R BRI R 2L R S5 )
HIH o TRALFRAE 1 A BT I 15-L AR IR S48 P AT o 0 6 1) 0 A 76 -V A T 200
g TRACERMIRL |, HefpE N 108N 7Rkl BEJGE 37 C R EFE R IR, 1558 24 h 153
W ETEK, HEKEOH TR YRERT, BRKZ 3-5 K. 1% 10% (w/w)
A EAWY B2 AT, H T VRPN RIE SR YN N AEDY)
Wt R S IR 37 °C, A EN 1 vwvm, B 12 h BL 50 rpm FEIEHFE 5 min 408 785>
BE . BMMELEARERINE IRV

3.2.9 BRI

¥ 1 g TEKRMMA 100 mL BZHEH, MALBEFKEE 5% (wiw) [EARE SRR
A 20 mLo SR AL AR A0 KA AT BRK f#45 2 9P« P800 44 FPU/mL ) a-
JENIEE HTAA, 7£90 °C, 200 rpm R4k 12 ho BEJE IO 200 FPU/mL KIHE{LEF GA-L
NEW, 1t 60°C, 200 rpm F7Kf# 24 ho I B B 2R EE, 98 S5 4Pkl e K
R E KRR,

L EE VDR B K P HR R A R VR T: g 1 g BLEERE (D I\ 100 mL %
A, BN 10 mL A8 7K. A SM EEALERIE T pH 2 4.8, FE/EIIA 0.1M
FERZMRALE 5% (wiw) FERSEFTEAW. A 20 FPU/g 9 4T 4k =1,
£ 50°C, 150 rpm FKfFE 72 he W R AT A R & &, AR LRk b 2 B AT £
RGBT HEIKRE,

32.10 ZERE

MUV KRR NIRRT, SR DK EE (SHE) BISRIS A O . KMok
AT AL ARELL (44 FPU/mL 1 a-JE# B HTAA, 7E 90 °C, 200 rpm itk 12
h; L& 200 FPU/mL HIHE{LES GA-L NEW, 7£ 60 °C, 200 rpm F/Kf# 24 h) ¥ H A )
VER KRNI B b . RS =N 20% (wiv) A . BRIEEEEE S. cerevisiae XHT H il
Fh 2676 20 mL YPD £5373% 30 °C, 180 rpm Fidtk 12 ho BG4I OAD 7318 10%
(VIV) IR BT 5% (wiv) [ 3 8 1 B KR KR  IK IR & S. cerevisiae
XH7 OBERIEEFRER . — b 35 FR 540578 30°C, 180 rpm, 12h. 4EZE4%HE 10%
(V) IR B — R TR R T 10% (wiv) [BEARE B T KRB KR T, 30°C, 180
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rpm 7% 24 h, Hil4 “RFN T o CBERFEAE 1L AW B as N REAT , EeA &N 10% (viv),
A 30°C, HiEEEN 200 rpm, 2EVRE N 700mL. RESFER pH fH SM AL E
BN INAEHITE 5.5,

HULVEYIR B REFT NI, R FEED R 535K (SSCF) HISRIG L™ Ll . #
IR THZ IR 10% (viv) BIEFIESEF T 5% (wiv) [EAS BRI KT,
30 °C, 180 rpm K537 12 ho KRR &H S. cerevisiae XH7 LIFERIEE FREL. HOHi R
10% (viv) BIEERP &R — B FEEMT 10% (wiv) BERE R IFRSFE KR, 30 °C,
180 rpm 5557 24 h, il R FN 1o B &R0 TR KB D 2T 4E B FH Y 10 mg
EA/g TR, ZEE SSCF 78 5-L A R I AE M RN 85 AT, B 22 L
Fet, RS EN 25% (wiw) fiti. PIRFESRAE 50°C, 150 rpm, 4mg &5 H/g T
B B R HBEAL 12 he BEJSIZIR 10% Cwiw) BERTEEAN A7, 730 °C, 150 rpm
THHT QBRI . KEESFRE R pH A H SM SN B Sl I iliE 5.5. 4R Lt
%M Zhang 1 Bao (1977157157,

3211 LFEEFSTH

ANAE S0 2 MUAE E 5% BT A9 SR R REBOEEAT M RS 1 o K51 R G A e P28 A e v
Beas . FETRIREEIRHITE 72-75 °C, [RIEN 2. FTS R QEEE R CBERIE N 54.9%
(Wv)o TESEBR T, IEFREAT 2 ORI — 2K E 99.5% (wiw) 1S 2|
CTEF= o KEVRIG KEER, AE 8000 rpm R E§0r 10 mine [AV 53 B9 515 21 K T2 UFH
EIRES o
3212 JLERIREEME

JCER O el I MR S A B R IR T RO (725 ICP-OES, Agilent) ATl & .
SR CCD Kl 4s, Tha 1.2 Tk, SR E 15 F/a%h, M AnE 1.5
THo%h, ZALBSIRE 0.75 TH/20 %k, 3 15rpm, FESLIEIRFA] 35 FP, F&sgistiE) 10 #
(Han & Bao, 2018). 4 0.1 5L & FHIEASUK AN S 3 ZFHIHERA 1 2T = &R
A, RIETERI B 4 N, FRRATA IR RIG, HEETRMRER 25 =
T+ R T

3.2.10 FREMEN E . JE/K COD 2

RIEEFRE R R R i 2 PUBE R AR Tt A" (ki) #4793 #EA COD 1)
Mg . FREHAE N 12 EFr GB/T 213-2008 J5i1EMI%E; JK/K COD %88 [EFr HI 828-
2017 M 5E o

3211 53Hr ik

WA AWE. IR COlE. S-RFILNERE . M. FEE. T &M, 4-HBA KK
FHN R B ZRAT A2 2.2.10 Prik 77V 7€ .

BRI 5E A £ T HPX-87H (Bio-rad Aminex) Al UV 2% (SPD-20A) [
Shimadzu (HA) ] HPLC RENME . HAMGIMBASBE N 210 nm. FEFEEN 20 pL,
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IR EE A 55 °C, BN 5 mM FRERVAW, Tii#E N 0.4 mL/min.

33 RS54

3.3.1 W H A P variotii FN89 5 Amorphotheca resinae ZN1 1] L #¢

SR J5T 21 4 25 A2 W 5 1) 56 4 R TE R A0 I — AN SC BB 1l o A= ) P i 1) 7 IR
0 0 B PAL BRI R H A A R AL A . A BIAEYIIEE AR Amorphotheca resinae
ZN1 ApefEia I n) pH &8 AR, e pH I ER AT T2t h ATE
FSOKANE VRS ERUTTE , 0 ANVEPEES $h I AE VB LR AR AN AT e o SEIR T 41 4E R A=Y
THUAL T S5 ()40 P R0 R e A 00 PR () 20 Pt i, 06 254 FH — P BEAEARAIS pHL T 1Y [] IS Boe A 1R
FEATR DL R 4 B P A B 7 A IR P R AE I FE i ik, BB R OR B T R P LB

P, variotii FN89 52 {£ A2 A Ak B i - [ URE A 285 T IR TIUAL BR S KA AT Ik} A 73
B — MR 7 18 1) RS T 52 AIC pH (VA iR bk . LI IRAE, P variotii FN89 H. &
FEAR pH AR N A R ot 1 48 2 RIS P . 7 AAE IE% pH 5.2 AR pH2.3 &
RS FRES TR B IN 1 g/L BEBE . 2 o/LHMF A1 2 g/L ZEEXF P variotii FN89 A 2 it 7
Ptk A. resinae ZN1 BT SibdG 7 (K 3.1). LI WEER P variotii FN89 [A4E K %
BHE & T A. resinae ZN1, KW P variotii FN89 X #i| W) FUE pH HIM 52 P 5 4F .

Control (no inhibitors) Furfural, 1 g/L HMF, 2 glL

Acetic apid, 2glL

(a) pH 5.2

A. resinae ZN1
(above)

P, variotii FN89
(below)

(b) pH 2.3

A. resinae ZN1 |
(above)

P, variotii FN89
(below)

WA T HIAERARIL
Fig. 3.1 Growth performance of P. variotii FN89 (below) and A. resine ZN1 (above) on synthetic medium

gels containing different levels of inhibitors at normal pH (a) and low pH (b) at 37 °C for 96 h.
H: BAEVERYIHE 100 NMEF R IR M . 1IE% pH 5.2 4 SM £ 32 3L 14046 pH: FH 1 M BRBR IS
SM ki 9%3E pH £ 2.3,

3.3.2 WA AR iR B
w5 P T TOLAL R P AR R A o T B AR 7], ER T R e DA A fie ELASE X 75 B Ak
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A. resinae ZN1 JoIAT 324K pH, TFERTEREREATHA . #5588 (S EALES . RIRES) &

H AT F R RO oh oA AR BSR4 I e 5 R ot 3R R IR A 34 A 4 T4 e |
B RS AR AE BRAIR 1 R R AR MAGE A, (RIS A7 AE A S 3% I XU o O T ik A

AR BRI ASE T ARSI 5 Ge it , -4 21— a] 45 A2 0 3 At X R ke AL 1) 2 A U T Bz —

R 32T 6 ML R H AR AT R TUAL B AT DA AL R, AR

Be. okiR. % DR, PRI, HERAMER, %I 2 o/L MIRERINE SM F Rk h

(SM B R B P AN E A AT R EARED o LB ML e — Bl )& s 7= 244146 pH $37E

PR 3.5 AT HAp SRR fon, H pH &k 2.3, 3555 48h J5, BRUSIIN M

RIRE pH RKIIH T4, WINE SRR BRI . FRAFT IR M55 74 pH 33

KIgHRTH 2 5.0 Lh by BN, DUXECEHLE JyME— kiR, WS ARI A AN R ) A=

K, XRWE LR PR, FERANFTERE AT UAEAIRIEA T P ovariotii FN89 B4R

I HHTERIEFE, G T 7774 pH 19 B, X Le G AR A vl A B ik

MR TRAL B R BT J7 o O T IRUEAE R TRAL B 15 R ot 27 4E 22 MR SRR, 18X

T H AR e v 1 BRI AT 1 — PR AT

# 3.2 P variotii FN89 DAY B A WL N ME—BRIE A KB

Table 3.1 Growth behavior of P. variotii FN89 with free organic acids as sole carbon source

Maleic Malonic Oxalic Fumaric Citric Succinic

acid acid acid acid acid acid
Microbial growth - - + ++ +++ +++
Initial pH 2.4 2.7 2.3 2.8 3.1 34
Ending pH 24 2.7 5.6 5.6 52 5.6

T RN AR ARG BRI AR K R R IIE R A K o ROREE AR
Ko BEFREAE: BEFPE 10% (v/v), 37°C, 200 rpm, 48h.

H i SR8 FE i s e gt 4 KUY R EYRESET, HR
i I R A ARG (oxalate oxidase) B4 PR MR AL — A AL BRI AL S AERE B 27 FAT B 2L
TS B R RIE I R LR (oxlalate decarboxylase) fEALAE R R, FEit— il
RS (formate dehydrogenase) FEAR AL A MWBRAIK; EXFHAEYI W R T &
TE, BCE BRI R, BRI FE IR A & B (oxalyl-CoA synthetase) A& B H ik
HEF A, S Dl EEHEE A BREE (oxalyl-CoA decarboxylase) A= hl LGS A,
1E LGS A KARES (formyl-CoA hydrolase) 1EF] R AR IR, 2 dmid B R fid S B 4
R AR AN K AE SRR TR AR AN B 40 Alcaligenes oxalaticus~ Thiobacillus novellus,
6 PR S AT TR G BB B S P R R R AT R R, R I I SRS A & R Coxalyl-CoA
synthetase) A= B IR A I A, iF— 0@ IS SIS RE A IR B (oxalyl-CoA decarboxylase)
AR RS A, O AR A H RS (formyl-CoA transferase) &Rl FH R AN — 464k
B . 7E P, variotii FN89 Jk K| ZH rhoxt i By S PRIBEAT 418, L8 5E th— A HHRR fit =5 g (FHD
AR (OD). 1 P variotii FN89 1 HLER [ F# &2 A 3.2 Fivw.
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(a) Oxalic acid degradation pathway (b) Gene amplification

Oxalate FH OD1 OD2 OD3 OD4

l Oxalate decarboxylase

Formate

l Formate dehydrogenase

CO, + H,0

B 3.2 P variotii FN89 FERRARBHEE FAHREEH P14

Fig. 3.2 Oxalic acid degradation pathway in P. variotii FN89 (a) and amplification of related genes (b).

HI TR AL B 5 Rk b & A R I AR AT /> B R 0 7 T R AE K v T
FEERITROLT . PRI HI YDA SR (e 77 UL K SR AF IS (AR S A R 75 20 B
k. 1B 3.3 fron, ERRRNIRTT 1A Bl A B AR AL IS DL R P variotii FN89 [F]
AR . MBI IR AT Bl 0 Al 7RI 4EZORIRI LR . . 5-Fa i
SLHRIE . AT AR N R, RIS AT 2 o/L FEE, 20 g/L % B EL
ARBENT SM AR IRIEF . S5 RRY], iRk prfy M S A V)4 4E 48 h Wk P
variotii FN89 FEf#E (HIRERAN, FEMEITIEN 60h) . G EEMINHI VIR 2 — 0, IR
e o ()8 e BE AR RETS BE R B 90% LA b, X SR B AE IR AFAE RIS UL R, P variotii
FN89 15 HAT IS T vl A B MM I I BE J1 . PR TR AR 77) CRERE . F2 7
SLARME . A AT M) SRS B R N R R P R A IR AR, e & HE N G
IR AR . FAT AW nT P 1 ) S R AT B2 A pHL B0 2R P it 25 B bR N SE B o &2
AE R R N TR SRiE i A e O 1 e 22 T

(a) Oxalic acid degradation with acetic acid and glucose or xylose

2.0

N
o

15

=
(6]

1.0

N
o
Xylose (g/L)

Oxalic acid, acetic acid (g/L)
o
o1
;]

Glucose (g/L)
Oxalic acid, acetic acid (g/L)

o

0 12 24 36 48 0 12 o4 36
Time (h) Time (h)

P
[ee]



EHRBTRF M 1200 # 56 1
(b) Oxalic acid degradation with furfural and glucose or xylose

2.0
a o
E) E)
® 15 o c -
2 o 2 =
E ~ 5 =
1.0 o= o
kel o © 0
S S g °
© S5 ® >,
L2 05 O o x
T S
x x
o) o)
0.0
0 12 24 36 48 0 12 24 36 48
Time (h) Time (h)
(c) Oxalic acid degradation with HMF and glucose or xylose
—8—0Oxalic acid ——HMF —=—HMF alcohol —&HMF acid {+Glucose ——Xylose
2.0 r 20
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2 2
T 15 5 T ~
S N <
T ] o T 2
T 1.0 1 L1023 2
3 28 8
P S e <
S 05 5 © .8
o) o)
0.0 T T 0 )
0 12 24 36 48 0 12 24 36 48
Time (h) Time (h)
(d) Oxalic acid degradation with vanillin and glucose or xylose
—8-Oxalic acid —=—Vanillin —&—Vanillyl alcohol —&—Vanillic acid - Glucose ——Xylose
2.0 r 20 2.0 r 20
2 [ -
E \ 3
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Time (h) Time (h)
(e) Oxalic acid degradation with syringaldehyde and glucose or xylose
—8—0xalic acid ——Syringaldehyde ——Syringyl alcohol —&— Syringic acid —-Glucose —0—Xylose
) - 20 =20 20
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B 3.3 P variotii FN89 E{K pH (2.3) A TFXHMHIY. ARERE. S0 YR R AV R oL
Fig. 3.3 Simultaneous biodegradation of inhibitors and oxalic acid catalyst by P. variotii FN89 at low pH
2.3. The synthetic medium contained 2 g/L oxalic acid, 20 g/L glucose or 20 g/L xylose, and (a) 2 g/L
acetic acid, (b) 1 g/L furfural, (c) 2 g/L HMF (d) 1 g/L vanillin, or (e) 1 g/L syringaldehyde as carbon
source.
W BHTINT HER, SM 5 FREWILE pH N 2.3, REETE 250 mL 2N AT, A EREEREN
50 mL. 35722458 37°C, 100 rpm, 60 h. FEASLIAH —ANEE, REBRRRIRHERZE.

3.3.3 HPRTALIE RAK pH AP 5

LRI R RAVEVIR BT e R AL, DR EOKFERT, fEm A EET
DU ERAE AT T TACEE . B JE 7R pH CR AT 2548 T R R B ik P variotii
FN89 AT A WiEE . LLH MR IR TAL B AT 0 R

% 3.3 NEFRFIBRER 7 BIAE AT TRAC B /N Z2 FEAT AN BORFERT 045 5 . AP
A FAIEAT 0 R TRUAL 3 1) SR 2H R R A A A AR AL KR 7 B SRME K A, 4P &
RERGRREAAR . SR A MAN T EE =22 T /DY) OIS . 5-5% H MR
M)« AHFUR B2 TR 7, EmbEESE T, FERIRI T IrE MRS
WA EEK S BT S 7 S8R R B TAC BRI RL . TRAL B JFORHMT A AR BURCIRAS
A TRACEE SRR A AT R K= A

R 33 PACENEREAT KA B EE AR

Table 3.3 Compositions of the pretreated wheat straw and corn stover

Feedstock  Catalyst dosage (%, Cellulose Xylan Furfural HMF Acetate
wiwy’ (mg/g DM)

Wheat H>SOq4, 2.68 3265+11.2 26+1.1 33+04 14+0.1 152+28

straw Oxalic acid, 2.48 3216 +£13.1 35+x16 1.6+01 06=+0.1 52x04

Corn H>SOq4, 2.68 3352+4.38 1.7€1.3 52+02 7.1+£04 221+0.1

stover Oxalic acid, 2.48 3583+173 44+x18 19+03 1.6+04 18.6+0.5

VE: FERRAERER 4% Han FIUTVETE .

TEEE T RIE P variotii FN89 WA AV B D IR, TRALHE /N ZZ REFT A KA
FFASS G A RS FRA T, BT r AR 1 A2 A e A A 791 [ B 3R AT AR A P e
WKl 3.4 Fos, AP FOKFEAT AR BEBR WA 5 40 R 13.43 £ 1.17 F 15.43 £ 1.12mg/g
DM, XWEMTIRAHE, "HeeH T S A I AR b 5 4 SR ok, — %A
bR — S8k . Z0d 72 h 35575, PR TRAL 3RS 22 AT A0 FOKRAEFE o A B4 4 430
WA H RIS INE FRY BT 2R FOKFEFT i i &4 2.97 + 0.14 H12.97 + 0.13 mg/g
DM HIERFI AR . IF HEEE R LRI M, YEHY pH tHOZW E - 2480 4.0 7E%
AN 72 h W S AV R AR AN A A AN KA R A BB 2R 3 0N 7.2%A0 10.5%

ERERNE, X T/ANERHMEDRESRE, FrAromR. R 5-5 H B R
BITE 36 h SE P& f# . BERT 63.0%M R B R PefEE . #— DK an a4 72h, HER
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B BIREARRIED, EAUL AR T 1.99 + 0.12 mg/g DM, FEEIHC T 28.98 + 1.88
mg/g DM. M&5ME B8, sl /N REFT B 2R [A] ) 36 h BV & — /N8 df ik 4%,
PRI FRBER SR 0N 3.2% . T KFEFF OB 85 R 5 22 FFARLL, 48 h I BTG S0 42l 3 4 1%
fiit, I HERIGE A 4.91+£0.09 mg/g DM, ZkEEHET I #8520t iU 2 R %, R ik
B B A2 A 48h, RS FIRERI N 5.3%.

81 P variotii FN89 TEAK pH T AWM EELFE, A RBFAR T R WAL HE 1K /N 2 7
FEAN KA FE ep (M AN R 7 EEER AL 7). B AR R 75 B A 5 pH RT3
ATEERR . BEAL AR . FIREERE (2 5 mg/gDM) A B AS VA T B 40 Eh R R &
FIA R IR R A BRI ek s B, IR P s iR IS LR, FEIRAS 4 40 i
DB A AR TS A AR L T R ER AR A AR, R S B R A iR o R K
A

(a) Wheat straw: biodegradation of inhibitors and oxalic acid catalyst

=@~ Oxalic acid 8- Acetic acid—a—Furfural —e—HWF -@-Total sugar —a—pH value
= 204 - 2.5 1000 4 4.0
[m] 3 [ 1
> ] X = = ]
= b L E ]
> 16 203 3§ 800 2.5
= + - i =
3 15 £ £ 6001
[ w w I
.% . E pu 30 £
= 10 T 3 400 4
= . T Z
k] S £ 25
“ .05 £ 2 2004
= w
4 4
3 0.0 0 e 2.0

a 12 24 36 48 &0 72

Time (h) Time (h)
(b) Corn stover: biodegradation of inhibitors and oxalic acid catalyst
—8—-Oxalic acid - Acetic acid —a—Furfural —e—HMF -@-Total sugar —a—pH value

= 20 r 25 1000 40

[m] L

3 g = s00 [

£ & o 35

= 3z

8 E £ 600

o : T

£ Ly L 30 %

e T o 400
—_— =1 L

- [ w

z 5 = - 25
= ™

E 5 k] 200

z [

6 SN * N R 0 et 2.0

0 12 24 KI5} 48 g0 72 a 12 24 36 48 g0 72
Time (h) Time (h)

B 3.4 P variotii FN89 MR AL B /N ERFA T REF W E S LM
Fig. 3.4 Biodetoxification of oxalic acid pretreated wheat straw and corn stover by P. variotii FN89. (a)
Total sugar consumption, pH value change, inhibitors biodetoxification and oxalic acid degradation of
pretreated wheat straw. (b) Total sugar consumption, pH value change, inhibitors biodetoxification and
oxalic acid degradation of pretreated corn stover.
e AR pH HARINE YR . SR EFRA4ER. AR, (KRR, (RERE. E4
PEFIAHE . Wids 2% F: 15-L W A8y i A I BNA%, 37°C, 1vvm, % 12h BL 50 rpm #5#F 5 min.
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3.3.4 ik EY) R RAE

X G B R TRAL FRANMIC pH AR 5545 B () /N FEFT I FORFEFFE RS . 4. 1§
AT AN O K BEVERETT TH 5 1 SRR HEAT T EA. & 3.5a, MWAMIIERSKE, 4
YOI 75 5 /D Z RS RN FOKFEFT B RR O BUBROE A, BT T8 1Kk . MBRAKAL &
ViR E (B 3.50), B N A TR 2 e L5 h 65.2+£5.4%F1 63.8+4.7%
(w/w, dry base) MUEERE CELEGR BRI HRM (B4R AEER AR
B CELFE AR SRBEFNAR ZERE D, LU T KKy i 0 (CUE k) & 21 78.2 + 1.8% (w/w, dry base)
A 20% /e A0 o 3X 322502 T RS20 4k 32 A48 B AN 0] R BE IR K 73 AT 4 2 2 40 AR AE
MEGAKIESZE KT (B 3.5 ¢, AWML/ DNZFEFT A FOKFEFT R4 90% 1) 2 Wi 7E IR 5
A TR PT A R ML A R R BRK AR R AT R, X5 TR S AR AL B K AR Z A

BE—2DME T RN R RS FT AN B 5. BEL BB B TRAIRE LR
S, FHLERMBHTAE (B3.5 d). XFHER EE TR G B T35 605 4
Heil, A B TR AR AR 3 170, A N E RS KR AT R A LR S
HEAMEL, Bl TREThESERZ MK, FIEE. 55, BHgcRMEEWES
TEKM . HETRA, M PEERZSMEMEE, X eeegm THEKT 2, XK
FPRL 2T 2 AR RAANEELTT I W ROk R TR, WRERH T HP S ERE
[ E R4

(a) Morphology of corn meal (dry milled), wheat straw and corn stover (pretreated and biodetoxified)

Cormn meal Wheat straw Corn stover

78% of fermentable sugars ~ 65% of fermentable sugars ~ 64% of fermentable sugars

92% of hydrolysis yield 88% of hydrolysis yield 90% of hy_drqusis yield
Zero inhibitors Zero inhibitors Zero inhibitors
(b) Carbohydrates content (c) Enzymatic hydrolysis yield
903 _ 100 91.5 88.4 90.1
z < = 90 T .
s 807 T = Glucose & Xylose = =
< T g0

< 709 ¢ ©
c 60 4 Rl
2 /2 : ¢ 60
5 50 1 5 G S
o = > - £ 50
£ 401 o 7 7 2 40

- T
g w0y |° - . £ 30
R g § £
S 20 S g S 20
S 10 o o g 10

0 04

Corn meal \Wheat straw Corn stover Cornmeal Wheatstraw Corn stover
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(d) Elemental content
35 - _1_ OCorn meal oWheat straw mCorn stover

3.0 1
25 ]
20 1 -+
15
10

Na K

Elements content (mg/g)

(e) Mass balances of corn meal milling and lignocellulosic carbohydrates transformation

Dry Milling of Comn Grain

Corn Grain Corn Meal
—_— Dry Milling >
Total: 100.00 kg Total: 100.00 kg
Starch: 78 22 kg Starch: 78.22 kg

Hylan: 672 kg Hylan: 672 kg

Others: 15.06 kg Others: 15.06 kg

Starch-Like Transformation of Lignocellulose
Oxalic acid: 2.50 kg

H,0: 4750 kg
\l! Pretreated Starch-like
Wheat Straw Drv Acid Biomass Carbohydrates
R EEE— ry > Biodetoxification >
Pretreatment
Total: 100.00 kg Total: 20934 kg Total: 201 .54 kg
Cellulose: 3813 kg Cellulose: 35.94 kg (5.59%) Cellulose: 3543 kg (-1.42%)
Xylan: 30.38 kg Xylose: 28.79 kg (-4.71%) Xylose: 2831 kg (-1.67%)
Lignin: 17.16 kg Lignin: 17.16 kg Lignin: 17 .16 kg
Others: 14 .36 kg Furfural: 0.16 kg Oxalic acid: 0.38 kg
HIF: 0.06 kg H,O 10522 kg
Aceticacid: 0.52 kg Others: 15.04 kg
Oxalic acid: 1.30 kg Gas (CO4) 1.88 kg

H,0: 111.05 kg
Others: 14 36 kg

B 3.5 RIEMARRAERBOKL WA TB KR K LLE

Fig. 3.5 Starch-like carbohydrates transformation of lignocellulose with the comparison of corn dry
milling. (a) Morphology. (b) Carbohydrates content. (¢c) Enzymatic hydrolysis yield. (d) Elemental
contents. (¢) Mass balances of corn dry milling and starch-like carbohydrates transformation of wheat

straw.
e T B TR B KT 32 2L T WD AL AT BEALAS 21 Wk P4 o 1R 21 4 28 41 53 S P B 46 7 2R
B R TERE R A ARHEAL SR R AR . R SERERIARRE . Pkl Rk 4 1) Se bRl
TE AR AR 2 8] AR R 22 AR BB R, IXSRW] 7 AE AL B AN i B ik A2 v W) RLE AE 451 2K

PLNEFREFE B, RIE DR FAA A RS R, B KTETZ (dry milling) X
M, R T IRE MR N ERF YRS (3.5 e). FEFEM 100 kg (TP &
KB NFERERFTFAGE, A /N2 RS AT o £ 4k 2 R0 R SO0 0 i 22 7 T 32 HOVE L Y
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(1.42%-5.59%). T AKRTETZH, BARKERE ek Mk, IR EKE
PP 100 kg THIR/NERSFT &4 68.48 kg ] REAHE (AULIGLT4ERFIARER, K4
FS T KK 85%. Zid FRRHUGCIAVE pH M E S, 20lr=4 209.34 kg FITI
AEBR/NEFEFFAN 201.54 kg MR NEREFT . TACEE S FEPZ4E T 0.16 kg HE. 0.06 kg 5-
PR IREEAN 0.52 kg 418, RJEEAYIM TR i e RR g . BT A ) B lR R AL 5
FETRAL B R Pl i 1 48.0%, TEAYIIFE IR R 1 36.8%. A KEEMEAE I Z4H)
KIEMFERKI BV SR, AT IRk, SRIEM AV A S R )k BERE = 4t
RALT 8% SEISKUL, TEBA PEACHIE A 2P0 = A i TR IR, i ik 5 Tl ik B A
fiX pH AV EE B A TR R GfIY) e b, =R R~5 mg/g DM). &A]
RIEEFEE BN (~65%, wiw)\ RIFEEKMEAEER) (~90%) KAV R, X —idfE A=
it -5 A KT BE 2 FEARARL, DR A TR B 15 20 I AR VD B AR VD BE ORI ZRTE ¥
KA .

PHRA B T oK oot IR, i [P A 5 3K B (SSCF) S 2RiE ki /KA & P A= 7
YR CBEMMERERT T 1. Wik 3.6, INERFFMEREFNEAREE (4 25%,
w/w, dry base) # RN B KM ER (29 20%[E ARS8 KB R A] R B S = .
Xt F LA L AUR T (SHF) BH TR K AREAE R, TOKMEL S BB AL A L 5
IRTUE R IR EIE 2] T 164.5 £ 1.8 g/L, A& LTEKREN 78.7 1.7 g/L (10.0%, v/v),
MK R A 7 RIS RN 048 glg. X TEUER R4S, INEREFTTikE
PR T 99.5 + 3.7 g/L & HEFN 51.4 + 6.9 g/L ABE (it 150.9 £10.6 g/L 7 KB
W& 5 i SSCF i f2/88] 7 785+ 1.3 /L (9.9%,v/iv) ZEE, MIRIAVIRHHLT 4R FIARE
PER) LBEHIS 30N 0.47 g/gs FRFEFFFUREALAE L T 95.0 + 5.5 /L Hi&iHEFI 54.5 + 4.0
g/L ARHE (Tt 149.5+9.5 ¢/L Al K EFHED . [l J5 ) SSCF I #2158 1 753+ 1.1 g/L (9.5%,
vIv) G, IR GEPIRL A 24 R AR TEBE B QBERIFS 38 0.45 g/g. LRERIESE KRB,
S AR B /N 2R AT AR P A Y R CRER P B R S T B TR AL (Al T LlEk
BEBA TR S. cerevisiae XHT B S F] FHANE I BE 1855 B 2124 3 B (1) /K B R B by B 55
R A 4 R CBER ™ AT oK R
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{a) Corn meal
—@-Glucose -#B-Ethanol
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B 3.6 ERWAEMK pH £V RBYEEPRENS KA T4 %R BN

Fig. 3.6 Simultaneous saccharification and co-fermentation (SSCF) of starch-like wheat straw (b) and

corn stover (c¢) for ethanol production with the comparison of corn meal control (a).
VE: ETOREAC AT RERL pH 5 T BRIR B 4210 5 2 4.0, SSCF 2514 30°C, pH 5.5, 200 rpm.
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3.3.5 A d AR &P AT A G 3R T A

PUNEFREFE R, #E— 255 TR OB 4 2 B A P I A IR AR R AT T o P A
TLERPATT R, AT — D RS R R . X RS FE R B R K 177 A
T8 15 S B (A Pt 1) AFE S FE 2 R K I RI. anfd 3.7 a B, WIZEYIREA 100
kg (FH) FARMERIG/NEFREFT. BLFE KOS, 100 kg FENT IR 37.37kg 4,
B, HERRIER A ZEE AR R 048 g/g. [EINF2A T 91.52 kg FE1AKY) (DDGS,
36.61 kg [E &I 57K 51.91kg) F1389.23 kg JR/K, XAHM TR 1 kg FRKLEESFRS
P 2.45 kg [ERTR VIR 10.36 kg KK ST 45 20, 100 kg /NEFSFFAT LAAE 7~
27.05kg L1, HFEE 4R AR AT QBRI EN 0.40 g/g (LN K BT
83%). LR WA RN 74T 128.85 kg KRR LF4E R EY) (51.54 kg [ERIEEK
77.31 kg) F1250.70 kg JE/K, XA TR 1 kg 4R CBES RN P24 4.76 kg (1]
B REIAN 9.27 kg JR/K. AF= BN 4R 4k R LBER R K HEU ERTER K, X EER
T SSCF i H R T &M E A E & (~25% vs. ~20%) .

(a) Mass balances of ethanol production

Corn Ethanol Production from Corn Meal
a-Amylase: 0.21 kg

Glucoamylase: 0.20 kg Distilled Water

H,0: 475.72 kg 28.34 kg

Nutrients: 6.10 kg l
Corn Grain Corn Meal — - Fermentation Eth |

-> Saccharification | Broth Distillation ane

—_— ; —>
Total: 100.00 kg Total: 100.00 kg | @Nd Fermentation [ o5 546 48 kg Total: 37.38 k
Starch: 78.22 kg Starch: 78.22 kg Ethanol : 37.38 kg Ethanol: 37.37 kg
Xylan: 6.72 kg Xylan: 6.72 kg H,0: 472.49 kg \’ H,0: 0.01 kg
Others: 15.06 kg Others: 15.06 kg Others: 36.61 kg

Gas (CO- 3575k | g Separation Sonde

—
Total: 91.52 kg
DDGS: 36.61 kg

H,0: 54.91kg
Wastewater
. : : 389.23 kg
Cellulosic Ethanol Production from Starch-Like Carbohydrates
Prot(leins: 0.39kg Distilled Water
H,0: 246.27 kg Total: 20.81 kg
Nutrients: 5.09 kg
Starch-like ‘1’ Fermentation l
Wheat Straw
Carbohydrates Saccharification | Broth Distillati Ethanol
_—— e 5 .
_ > and Fermentation [T 427 22 k Istltation ol 27.06 kg
Total: 100.00 kg Total: 201.54 kg Jotal asz.ac kg -

- Ethanol - 27.05 k Ethanol: 27.05 kg
Cellulose: 38.13 kg Cellulose: 35.43 kg 2fO5 K H,0: 0.01 kg
Xylan: 30.38 kg Xylose: 28.31 kg Cellulose: 4.11 kg X L,0: 0.

Lignin: 17.16 kg Lignin: 17.16 k Xylose: 1.59 kg :
Others: 14.36 k on : 9 Lignin: 17.16 kg . Solids
ers: 14.36 kg Oxalic acid: 0.38 kg CaC.0. 0.42 K S/L Separation F———>
H,0: 105.22 kg 2,0, 0.42Kg Total: 128.85 ki

Others: 15.04 kg (l_)'xgl.icajgi%ok.os kg Lignin residue: 51.54 kg
Gas (CO,): 1.88 kg Oihérs‘ 36 23 Eg H,0: 77.31 kg
Gas (CO,): 25.87 kg Wastewater
Total: 250.70
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(b) Elemental balances of ethanol production

Corn Ethanol Production from Corn Meal Distilled Water
Free of ions
N
Corn Grain Corn Meal P Fermentation E:Q:Z(f)lions
I N Saccharification | Broth Distillation
Total: 100.00 kg Total: 100.00kg | 21d Fermentation [ . s46.48 kg
K:382.86¢g K:382.86¢g K:495.10¢g
Na: 52.57 g Na: 52.57 g Na: 333.359g 7
Ca: 19.43¢g Ca: 19.43¢g Ca:34.56 g Solids
Mg: 16.00 g Mg: 16.00 g Mg: 12241 g S/L Separation ———>
S:91.43¢g S:91.43¢g S:139.90¢g Total: 91.52 kg
P:231.43g P:231.43¢g P:320.249 K:117.33 g
\ Na: 50.70 g
Wastewater Ca:17.55g
Total: 389.23kg M9 51250
K: 358.09 g S:141.26 ¢
Na: 307.49 g P:153.03 g
Ca: 159.58 g
Mg: 81.74 g
S:15.189
P:12455¢g
Cellulosic Ethanol Production from Starch-Like Carbohydrates Distilled Water
Free of ions
Starch-like Fermentation Ethanol
Wheat Straw Carbohydrates Saccharification | Broth I Free ofions
— > — — > .1d Fermentation > Distillation
Total: 100.00 kg Total: 201.54 kg Total: 427.42 kg
K:12291¢g K:117.12¢g K:192.34¢g
Na: 105.03 g Na: 106.63 g Na: 247.90 g
Ca: 469.27¢9 Ca: 474.52 g Ca: 591.98 g Solids
Mg: 111.73 g Mg: 106.64 g Mg: 183.79 ¢ i —_—
S:80.45¢g S:77.81¢g S:102.58¢g S/l Separation Total: 128.85 kg
P:42.46¢g P:40.52¢g P:72.669 K:55.30g
Na: 64.94 g
Waste:/vater 33:. 5115133 g
Total: 250.70 kg S:gé3.88‘g g
K:125.35¢g P:17.99g
Na: 180.50 g
Ca:45.12¢g
Mg: 80.22g
S:11.28¢g
P:45.13¢g

B 3.7 FRCEMAERZEA=HLREREFENTRPE
Fig. 3.7 Mass and elemental balances of corn ethanol and cellulosic ethanol production. (a) Mass
balances of ethanol production from corn meal or starch-like carbohydrates. (b) Elemental balances of
ethanol production from corn meal or starch-like carbohydrates.

Vi YRR T R SRS R .

Wil 3.7 b B, ARG O R BUESAT 7. ARAE SRR E R B TR
i, HERER T AEERMANEEA TR R EERE TR, . . B
T FOBE 1) o &2 P4 100 kg JRLah/NEREFF R HOEE (122.91 ) Fik (42.46 ¢) 73 I RZ R
HEAKRL (47, 382.26 g; E231.43 g) 1 1/3 F1 1/6. T/NERFFHRIA (8045 ¢)
AR T BRI IR (91.43 @) /NEFEFFHIES (469.27 gvs. 19.43 g) FIEE (111.73 g
vs.41.71g) S EME ST E KR, XEHTHPEARZ MBS T A= pAr
kg LW, 4R CTERFHEBUNAN (9.07 g) FIER (3.52g) S5EKRAEEALL (BN, 9.58 g;
i, 4.19 g); AT T K AEE, A7 kg 4F4E 5 AR REERT K40 172 FI8F (6.68
gvs. 12.729) Al 1/3 M (2.33 gvs. 7.439). fEL4ER EEAd, THEREE (22.19vs.
0.90 ) MIEE (7.21 gvs. 3.56 90 #iHE, HKZ NAEEYHRE .,
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3.3.6 HAHFBER bR L &5k

3 R TRt R T AL SR B R T A T T A W 7 ) /N 2 RS AT 1R 4T 4% SSCF. TS K 1%
TRAE SEE0 SRS EREATRE T . P AR BRIBOEEAT B 2 B o 3 I RAS TR AR IR AN B i AT AL
TEE (COD) BN E, 45HRMNE 3.4 Fin. DAERRTACE /N EREFFAE RS Z B2
JEH COD LU IR TRALERAE 37.5%, FRI& B RVEFAAH[F . HENI AT RES2 T BEERAE A i
A, FLTRALHE 5 B AR T B IR fEE A7), AT ST 45 TAL B A% o = A T /b (R I 1 1)
HlW. HAskE FARREMIEERE . TRBM 4-HBA, 722 1 MR R
18, AR . R TRAL 38 7 AR (W By B R A e b, R SRR, R
FE IR COD A1

K34 EERBNEER COD MAEN &

Table 3.4 Determination of COD and calorific value of distillation residue liquid and solid.

COD (mg/kg) Calorific value (MJ/kg)
Oxalic acid pretreatment 1.10 x 10° 17.88
Sufuric acid pretreatment 1.76 x 10 17.47

UbAk, X H TR A P DA S H R A B AT TP RRhR . DURT IR SR B,
STNBRME IR AR TS FEM L, AR (WERR. & DRMERY)
[ T A B 5 SR B A SRR R AR S A RS, ELA 47 () A i T /S L701800 stk T AR A
HHRE IR (1) 25 ) ANRUE R U, RERR A AL TR AT AE A FH 5 e AR P I, [ B RERRGE W] L d
o A 26T R S A B T v s A S A A T DL AR AR 4 K R A, AR EIR AR
FERTERE, DT SE I R IR A 7 AV AR 0 SE BRI . DRI AE SERR I AR M R Y 2 B R
A DL ST —ANEN A P B BB B DAL 7 B A o B AR R4 NREL f#l 5184,
T 4P 4R QA P2 HIRRER (2 85 S70/M) MEALFIRA N 2.4 £0/INE L8 . HR (4
500 SEIC/MD AT TR 140 E5/0E OB . 1EAZE R FH SRR A4 77 BT
R T, B ZEE A R 2800 5.4% 445 O\ 2.15 E oG 2 2.26 Eo/ine).
DRI, ol FH SR AR A P Ak A A 751 5 B I P 38 %) Js AR 2 58 4 T A4 32 1)

34 FAENG

ACEE T LLHS IR P b A A P 5 e BR 0 /N 22 RE AT AN BOKFE AT i s e, SR AT B
fEANER TALBEAMIC pH FAVIBRRROR, EFEAK THIH AR BT (KR
FERVRHESU R AR T, FAR BT 4E 3 AV A 9 S iek ARSI « 2 7K fide 1 [ 4 Ak
KA EVIRIRL . A 570 1) FZERT R an T

(1) Fiiik YIS WAk P variotii FN89 HFTEAK pH (~2.3) T EIBACH AT LF
HEFRIFANHI YR R RE T, RIS BEAA S ORAF TR T« FLEE IR R A2 O e i
R MR B AL N TR, AEE— 0 18 0 R Pt S e — 2504 v ] 4k PP R 4 A B A

(2) AV MR B A AL 7R B PUAL BR AR SR e A A e AR — 2, Hp=4 75D
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(3) Hriidk AP 55 B AR 58 IRHL TS 85 Paecilomyces variotii FN89, fEfik pH T3k
I A B 7 A 1R AT SR B A LB B A A AR (R A ) B A AN It o, R I
PRI RANE 6%

(4) B FRITALBRFIK pH AV IS 1/ 22 FEFT A FORAEFT R R A AN S A IR M
WFIRINEIY, TS ARG &, BKEr 8. nRSEM AR ST
& T KA ARAESAR [F] o PTG I8 SCRZRUER AV . /N EREFE AN FORFEFTF &0 e fr it
WAL, A AFEAET 78.5 g/L (9.9%, viv) A1 753 g/l (9.5%,viv) LB, FETJRkA]
RIGFERIAFEIT N 0.47 g/g A1 0.45 g/g, 5 FoK LBE R BERFRISAL(78.7 g/L, 0.48 g/g) -

(5) AR P RRN, QR YRR RS T2
PR R S TR L EET B L T2 M CEAS R AR K= E B, B AT,

(6) LERETE4 R DRE, HELT KOS R, BEmEY LN
LT R WAL P ERH BT . B0 RO [l AT — B3 o FEARJTR £ 4k & A= W00k il
H A i) KT BB L 2 AL A HE SRR A Bl SE I
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BA4E FEBUTZEEDESTIZHASERMERFA

41 3|8

FEARFEFER A A A AT A A b, R B R E A AR s alet, HER
XA F A s B0 A, IR R MEBEIR T R, Herp— A EEA A R A AT
AR D 2B, PR E R A

REFEAN R K HEBOR P — AR L) e S b is i I B4R br . THALED
Bl - G e/ ME TR KBIHERG  [RIIN A i 2 St 20 3 A8 e A F BB ml AN 3N R 1
REAE, IR n] DL T IS DRI A e o R [ Ak I 2 P ) e 2T K
RIFFERERESEK Ty o M T ARRESIRIEE LR K 7, Lin ANV EHEHAKE
OB A4 G 22 AT DAIRIUS 2 Ak AR R TS), s |, AE R R oy R ML AL, B4
I FH AR 2y A2 LI ) P 3 A AR 5, M R AT, T NREL A4 o U 5 5 g A
DRI Sy T DAL 3 DUEER 77 AR OS2, 1 i A=W o okt 2P 2477 28 51-87 kg K
AL R DY 30 T3 AR I AE IR L), REEE AR AR K O RIS B
PEECR s AT & AT L D AR B 2K o B H AT A 47 4E 2 ALV ki L)
JIT e A2 B BE Joe A o () BB FH B AR IR B T 898 3

XS 3 R A B T A 52 3 A o RO B T2 T 8 TT AAE AR ot 3 PR B e A o 5 B AL
BZ . BRSO [ AR R A WK TS KBRS RAT SR, A%
AL TR E A RERES . RS, I Hh A E Y B AT K R e E S5 T
%, PR RO T FAR BRI R RSN Bl TR S KRN AE S
TP, S T BT B AU FEU88, Huang %5 A 243035 K R 1SR S8k B 4
AR, FRE R dr AR B, A2 RO AT A, 25 IR BRI )
I HABE AT A RS, KRBT JaX AR 3 RIE K73 AT RAE, FFEL
737K B (SR A A B A} R RN R AN £ 4 2 LR A e i R 1) R AR, DSl [ 44 R
PR, A AR PR — SRR HE R, SRS S R A 7 Al

42 MHEITE

421 PR, BrFRIEEAIE IR

BB TR B AR B ) B A 5 IRPU T BF Paecilomyces variotii FN89  (CGMCC 17665) #
FTAEAR pH TR IR AR IRAEFIEE IR I 2.2.1,

Pt P 2L R A I T Pk O 28 3 A T AR O50E A0 0 o 2 1 3R A 15 31 A 2L R A BRI
Pediococcus acidilactici ZY271 (CGMCC 13611) U, ZEMRRER T D-FLER I S DA &
CPRE ROEATE, FFOIN T ARBEEIERAE, 7] LR FH A iR BT 41 4 3 R IR 34T L-FLIR [F]
MKW . P acidilactici ZY271 M1 55755 a4k Man-Rogosa-Sharp (MRS) #5774, 4
43820 g/L & HE. 10 /L B RHEEY). 10 /L AR, 5 g/L LR, 2 o/L IFBIREA
T 2 g/L R A 0.58 g/L LUK SRR EEAN 0.25 /L — KA MR . P, acidilactici
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ZY271 WA HERAMRKBE RN 15 o/L BERHEIY). 10 g/L AR 2 oL IFERA
TEERD 0.25 g/L — KA R R R .

422 PR
FIT F 41 24 2 A RT) W 3.2.20

423 INEFREFTIERL
Fr YR N 2021 SEHFZE A M TR/ N R, RIE NREL #55 R fifvk
M HTE EEABA 34.3%4F 4 2. 19.3%AREBHE. 22.1% A E M 8.4%HI K4y o

42.4  TRAGFEFIAEYIEE
TIALER AN AE MM 7F 71 0 3.2.8.

425 FYERIARKEE

KA RS A S 3 R B 71k (SSCF) T4k R AR KBEAET" . P acidilactici
ZY271 B H A E e 20 mL MRS #5775 hiE 4L, 42 °C, 100 rpm 355% 12 he JHFH
T4z N 200 mL MRS £5323 0, 42 °C, 100 rpm 155% 8 h {ENFLER KA T 1E
Fil 73 IR B R N 1% (viv) BEALBERT 1B iR 2k

LAY S RS e 5-L RBLAS AT TIREAL . TIOREAL 54 50 °C, 150
pm, 20% (w/w) &S, 4mg /g TYE, 6he BEEIMAKEEE TR, % 10%
(viw) FEMERERN P acidilactici ZY271 Fi-7¥#. 42°C, 150 rpm K% 72-96 h. K% pH
I EH NN 25% (wiw) SRR E 32 HI7E 5.5,

42,6 IKYi%

P YRR R R 8000 rpm 2540 10 min J5, ZFEVR S B8R R . KR
HARIE T, KT RLN 8%. K RIFFREFEHE R RENUR I, TS aphfoke. Juke
SAF N SEAE 275 °C R I 30 min, Fifi5 FHE S 575 °CH4EFFE /D 4 h,

427 HFEHEBMNE
BRI Ay BT IR LARATAE 90 CCHEFE AR FF T8, BEE K 4> 2 Pt Wi 4 J5 1 H 3% & 5
HfHE (GeminiSEM 500) fARHRIMLE, FiEIE EDS 7M1 H R 5

4.2.8 HEGHRA B TIRE T RS

fifi FH F BRI A 25 B AR R 7 R B OBE (725 ICP-OES, Agilent) I 5E 35 B K 43 1
BEILRIKE, HAEREESE 3.2.12,
429 XRD ¥t

BRIy 7o TR JE A X R AT S (Dmax 2550VB) of H i1 (1) 3 B 1) S AR )
AT R M. P S5 4h T Jade 6 BAFHEAT 43 AT EEXT
42.10 FTIR 4#7

BRI AT T85> FHREL 1-2 mg 5T 100 mg IRAL AR RAEFLFEIFR TP TS, SN
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R R (206X (Nicolet 6700) Ao A Re 4k 43 o i -1 B iF L [ 1 21 41
W A T AT 52
4212 SMrTiE

WA, AW, SLRRROIRE SR HPLC 77 4:05E, BRERIERI & T 2.2.10,

43 ZR50H8
43.1 FERRTACTEZ 5 1) AE RS R T AR A

FER SO = B R AT @ AL 7 — P38 B IR AR Dy AT AR 1) B A v A 70 () T 4 B T77 3 Je
ik pH AWM B 1 A2 2RV Ry AE P i i AT A2 - Frsi AR I I 2R 0 KL T 41 4E 3R eI
A PFRPRENT T TR QB Fa bR A8 [FRE BUAL B 7 VRN 55 T BORAS (R /N 22 A5 4T
VIR T 17 A4 R L-ILIRPIRRE, R WE 4.1 fion. SERIUGIEAK pH 2P
FRWEL 17E 20% (wiw) B ES & T, it 72h #ER SSCF &, L-FLRF=&=i& % T 101.8
+0.1 g/L, NHEIRFEALZEL 85% /i, XFIAMFH == fF 2 RIEm £V BT H
RUNEFH T 22 T A et = it R R B A 7

120 -©-Glucose -A-Xylose -@-Lactic acid

100
80
60
40

20

Sugars and L-lactic acid (g/L)

0
0 12 24 36 48 60 72 84 96

Time (h)

B 41 ERERIAEAYR RN L- LR B

Fig. 4.1 L-lactic acid SSCF from oxalic acid pretreated and low pH biodetoxified wheat straw
e A% pH BiEE 5 YkeHE S S ALY pH £ 5.0 SSCF 41 20% (w/iw) [EfEEE, 42°C,
150 rpm, 96 h, KB pH i BN 25% (wiw) FEMASIEHITE 5.5,

Kl 42 JoR 7 ORERIEmN AV R M 42 L-FUR A e B AR TR A ) i
R EEQRFEYIR IR (R FERA LR T . % pH £ . LR SSCF.
B B RO BRI IR R . AN R AE B 18 BT AS P R RK . TRy
BSRBERH T 7L 7y B4k f5, % H8 NREL TR0 i) R /K Kb 7 VA8, P K 481 A 46/
PREEA IR T AT T2 7 B0 00 WY GE R 7 i o 0 125 T 45 281 B R 5 3R [ A B i ik N B8 A
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SPEAT R, AR B IR A LR AN T DAY A AR W o R ) FRUFE
% R HL IR AT RN HE RSB M A

SRR A TR AT IR, 158 NREL #f4, H5 RSB (BRERE N AL B
WD BRI ER S L R I IR SEI0 = 2 AT, T3 K 7 38 b m] DR L A
PV PR RO Vi A AR R U, (RFE S b 3 P 7 200 A T 25 2K 70 PR AL B 38 5% 20
BAFAETEIERS,  RUARA 25 B R AR IR i 2 Hh BT = AR (R 2K 4 B R T B

H T K2 500 7 TR IR oy E R H TR BRSO i B R Y (MSW) HIAE
USTY WK 2 ok BT W SRR SRR s AR K 3 BERIR T A P A v s T T
[ 1 PR 2 E BERR TR 7 [E AR 3 A e (MSWDD FELLE R B . MSWI =4k 1 K
HELFE IR KR Vel SR B A E R K, IR A Ay TR AR I — MR
EAEFIAE R R R G — i . MSWI KUK —Mal 2y, PR A& A S AR iR
LHFYR SRS E SR BT MSWI KKF&H KBNS, B TR, AKX
BT R MSWI (2R &, 4l MSWI KR BEIER 7 /] LARIWOH THliE Ke. &
B ARE S B AR (H MSWI K 43 [FIUSC 2 BT A B4 50 U85 (25 E 48 LR
TWEGCRIRN ) DA A REORAIE S 4 S I 2 A e AR e . AHEE T MSWI K, A
YR A Ry RO BT B, B RN T AR AK R T e 22 B2 v T A W R ) & U890 R AR e
i) £ ik R 5% B IR e, IO TR I BERE AR o AW A AR T 2R TR B A e T
PR AR IR 53 5 5 AR 0 SRR B R ZRA o (E AR Wk R B T AR 4 5 R 3 2 4
FIRESRAIREAL, AR K e R A g R A O b, HHARH S &8/
JBENCEE W, 5BV R IR A AE— 2 X . il 4.2 b P, B4
Yl AR A& 1000 kg T EAYRERLS =4 59.69 kg K53, X TAEAREE 30 J50
HIZEMD IR T, HAEP=E KKk 2 18000 W, {H H BT X ARSI ) B =41
TR A3 358 S B B S FE I 9 DR 43 A S0 A 0 e e R o A o 26 [ e T 4% e i
15 BN 3 AT RAE I TF R s — P I & .

TERVEM EM LA FE S, K pH BEEEFE N TR AT R e 2k, 4% T i &5
isfA], AT SECER > FEREE A (<5 mg/g DMD. BBkl i Bk T B b A S Bk T S
WAL AT . F RSN T ARSI BRERAS A AN AR RO RR A o« B ES AE 5 SR el
BRI il — B RN — AR . AR A, IS A i — P A
MRS BRutzAbh, JRAAAEY SR T 5 50 ok B AR B AMIE K 73 LR IS K 5y
Horp =B BRI H I FEA X RS R, TR e G A vl Reth & AR
AR BRER #h o DRI A2 0 58 1 AR DR i R B 45 380 1) AR 43 v B B A R B R IR 31
AT CARISCOR TR A o 75 20 4 22 LR AR W e i 2 v 3 B rp R () 2D B 32 B4 X ik
PR EEPRH R DL S LR K pH B, FEHE TR BB F 28 h TR i R ki
BEFIK 5y L T 3X AN 7 TH



SERIB T RS 124 ib 3 w71 W

(a) The overall flowsheet of dry biorefinery chain with transforming the wheat straw to starch-like carbohydrate

CaCO,—>

[}
I
1
|
1
ISSCF, s/

BN

Starch-like biomass |Ca(OH),

Low pH Bio-
detoxification

1
1 4 v
. -

Pretreated biomass 1 Solids residue Combustion ash

1

1

1

No wastewater generation I

Cogeneration and ash generation

(b) Overall mass balance of dry biorefinery chain for cellulosic lactic acid production

CaCO,: 5.8 kg Solids residue
Acid solution Proteins: 3.6 kg Total: 845.0 kg Ash .
Total: 1000.0 kg Ca(OH),: 178.6 kg Solids: 507.0 kg Total: 59.69 kg

Oxalic acid: 40.0 kg Nutrients: 110.6 kg Broth: 527.7 kg\:'_)
H,0: 267.1 kg H,0: 3284.3 kg Combustion

Liquid fraction for purification
Dry wheat straw Pretreated WS [ | o\ pH Starch-like WS Broth [ ] Total: 4182.9 kg
— > Pretreatment —): S/L

bio-detoxification SSCF =l

Total: 1000.0 kg Total: 2174.2 kg Total: 1881.5 kg Total: 5217.7 kg Purification routine:
Cellulose: 343.0 kg Cellulose: 284.9 kg Cellulose: 284.9 kg Cellulose: 34.8 kg Decolorization
Xylan: 193.0 kg Glu-oligo: 16.2 kg Glucose: 10.8 kg G'”“’"g?: 16.2kg Xylose: 13.6 kg Crystallization
Lignin: 221.0 kg Xylan: 14.7 kg Glucose: 8.1 kg Lactate: 434.4 kg Acidification
Ash + Others: 243.0 kg Xylo-oligo: 11.0 kg Xylose: 165.8 kg Xylan: 14.7 kg Calcium oxalate: 7.4 kg Adsorntion

Acetic acid: 10.3 kg Xylo-oligo: 11.0 kg Lignin: 221.0 kg P

HMF: 1.8 kg Xylose: 1078 kg Ash + Others: 243.9 kg

Furfural: 2.9 kg Oxalic acid: 5.2 kg H,0: 4262.6 kg

Oxalic acid: 29.7 kg Lignin: 221.0 kg

Lignin: 221.0 kg Ash + Others: 234.1 kg

Ash + Others: 230.8 kg H,0: 978.4 kg

H,0:1174.0 kg

B 42 SFEEREYREANARZBER BN TEA DGR SR
Fig. 4.2 The overall flowsheet of biorefiery chain involving starch-like carbohydrates transformation and L-lactic acid fermentation. (a) Graphic flowsheet; (b) Mass
balance.

T YRR T E R R SIS R
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432 HEREIKS ERAE

B S AR BRI e BT AR 2 4y I R R RE AT 7 SE . A8 R 4 2= 23
BT 1 gL FEENE . BRIRES B K 73 BB . A8 0.1 mol/L B4R HE IR A
AT E, MEEW pH, 450K 43 Fros. BIRES BT B 5 ks, Fibyiis
(¥) pH y 8.75; S EALESVE y—Fhaimbi, WG pH 7] USR] 12.42; BEREIK 73 (RIB T
FETRPRES FI S AL S 2 18], HATUE pH N 11.28, I BEIR b ol e &4 — 8B 2 il i
PERIBEE B o HE— 20 A0 Fr o SRRV TR =2 VAT pH T E & 4.0, TRIRES . A A
AR 3 IR 753 08 70.4% 85.0%F1 77.4%, HH AT RIS e Ak 7 i R A RE 7145
RORBRES NS E A 18], JE5 B IR R e Wb A% A sl o A 7

pH value

OIII2|0III4IOIII6|0III8|0III1(;)O
Acid dosage (% DM)
B 4.3 ARSI K5 R h ARE 7

Fig. 4.3 The pH neutralization capacity of ash from solid residue combustion.

fEFHECE 7 Re A6 BN e K oy BEAT 1 E— B IR, 45 RanE 4.4 Fir
o IR K > REAA B AR, AR BAA 2 L. W HRE#HATRER, K
BEmE RS EBEERUF TR BN C. O, Siv Cl. KAl Ca, JLEEEDHIN 16.21
+0.99. 37.7+0.85. 6.37+0.15. 1.27+0.72. 2.39+1.04. 34.39 £ 3.00 wt%. FHEMH
BB A R B4 T0 R R 7 NS LLBRERES I AP AE s FerP o R, Rk B
LA IAE A SR an AR . ESEA R TR AR AE s Hoh e R, RS B L 4k
Tk FERRES T AEAE

i — A S B AR GG X A e AR AR 1) 32 B R Jn s A AT T e, S5 R nE
4.5 FIt7R o BE R 3 Th IR FE f i IR = Fh 45 J8 J0 34 K Ca F S, Ho B &40 il 4.95+0.23,
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29.5+0.70~ LA} 1.45+0.21% DM. 2B FA61E 5 EDX BTl 58 i) 0 20k L AR — 2,

Element Line type Wt % Atomic %

Cc K series 16.21 + 0.99 27.26 + 1.39
(0] K series 37.70 £ 0.85 4764 £1.15
Na K series 0.14 £ 0.03 0.12 £ 0.03
Mg K series 0.37 £ 0.06 0.31 £ 0.05
Al K series 0.30 + 0.03 022 + 0.02
Si K series 6.37 + 1.50 458 + 1.08
S K series 0.86 + 0.12 0.54 + 0.08
Cl K series 127 +0.72 0.72 £ 040
K K series 239 + 1.04 123 +052
Ca K series 34.39 + 3.00 17.37 + 1.64

4.4 RERSKEHBEEMEMEEE T
Fig. 44 SEM and EDX spectra of combustion ash.

N w w
($)] o ($)]
FLNG, TN T T T T T TN T A T T A A A |

Ay

N
o

H

Main elements content (% DM)

K Na Ca Mg S P A Fe Mn Si
Main elements
Bl 4.5 BERGSPEESBELRSENNR

Fig. 4.5 Main metal elements content of comubustion ash.
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] XRD (XS ERATHD) XS8R A 00 h K AR de AP0 kAT 1 e, 45 R0
4.6 7. 1] JADE 6 BT 73 5 06 AR St 2 [ 1A S i A B o Ak o (R RS FE W AT 7 B
Ko FTULREL, FEAR TR [ RS & A A K G TR AT — /K & B RS FRFAE
W, X HL )RR AT SR T B RR AL A A s[RI A T AR AR R, D L
RO IR AGPIRIA B BTt 47 K 0 o XEBEREA I3 1K) XDR 0 Hr3&W, e dbe)a B 1
KEMBKERESA 7y SUEFEN MM E T —E 'R R a: o ALl
RE, HRED AR . XRD 73 R RERAE H — L i PR EAL &9 (Flhn
BB BRI S SR, XA T H PSRRI, sk
o TESEERAGIE o, BRI A EIEA 720 1 93.96%, H & H L) 6% %
VEZH 7 B AEBEAT 32— 2B I 45

AR FIRIEFFEE K () FTIR (ZLAMGRED bt — D380, EARBREE A7
TERIRES ALy (A IR RFIEIE ), HAESEREIdFE AL 1 B BRIR S (BEREK 7+
AT IR PSRV ) o AR Z IR T ANFAE ] R (BRI S R AL, T LEAERE K 3
WERAEH 1 IR 1 RS R AL, IX R BUR B P & 851 S R S il e
HRSCEL T TR BRI S 1AL o

C,CaQ0,2H.0 -~ ~
2 442 C,Ca0,*H,0 ;
\‘ : “ &~ S]"OE
g
*
CaCO,
%)
o |
Q
=
‘0
c
2
=
Zombustion ash
KCl
Si0, T Ca,Si0,
w - - |}
bbb b i igond o ¥ Ll Maapa! W g N’ iy
T T T T T T i T T T T T T T T T T
5 10 15 20 25 30 35 40 45 50

Two-Theta (deg)
B 4.6 ARERBREAELIKITHK XDR 317

Fig. 4.6 XRD analysis of lignin residue and combustion ash.
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Calcium carbonate

TN o

Calcium oxalate

Transmittance (%)

Combustion ash

T . T L T L T L T . T . T . T
500 1000 1500 2000 2500 3000 3500 4000
Wavenumbers (cm'1)

B 4.7 ARRBBRENRLIRK KL

Fig. 4.7 FTIR analysis of lignin residue and combustion ash.

433 BB AR TRAL FRARL R A7)

L IR T AL PR R I3 ) 2 5 B R A AN BE e K 3 S pH 5 TR R . X EON T
T A8 1) 27 K AR R BR AR A FR RN A2 75 200 5 SR LR R IR = A R T se e, L
X A FRAE AT 1 pH AT SRS AEAT IR pH RIS EM R CREEATIK
pH NHAEYINLE . T pH MIBRERES HEN 5.6% DM, AR KK 5 FHEH 4.5%
DM. FrfSiEskl T 17448 5% L-FLIR K SSCF, 45 R aniEl 4.8 Fir.

XA FH A BRI v N IR AE I 75 /N Z RS AT I FLIR SSCF, & Tiiifb 51533 1 51.4
+0.7 g/L F & 29.8 £0.3 g/L A¥E. 20t 72 h () SSCF, HAFIR =X H T 97.0 +
3.6 g/Lo ATAEHARE LK 73 MF AV R /D Z2 FEAT I FLIR SSCF, ik Jm 35733 1
52.7+0.2 g/L W& PEF 22.2 £ 0.1 g/L AW, AL ELT] [ 94.6+2.5g/L. i
BERRIK AR 9 TRAL FRAPRL ) ARG TP RS A AN FLIR K BTG s o B
), AR A TR TRAC B pH, 2 — @ R4, BRI — 2% K
ST AR KT pH 3T TR
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EFRBT RS L2200 % 76 1
(a) Neutralized by CaCO3 (b) Neutralized by combustion ash
120 —6-Glucose —A—Xylose -©-L-lactic acid 120 —-©—-Glucose -A—Xylose -©-Lactic acid

Sugars and L-lactic acid (g/L)
Sugars and L-lactic acid (g/L)

1 T T T T - T \L/ ./ >
0 12 24 36 48 60 72
Time (h) Time (h)

4.8 A FHBKRRESERR ST pH #BHFLER SSCF

Fig. 4.8 Cellulosic L-lactic acid SSCF from oxalic acid pretreated wheat straw.
(a) The pretreated wheat was neutralized by 5.6% DM CaCOs; (b) The pretreated wheat straw was
neytralized by 4.5% DM combustion ash.
7E: SSCF %f%: 20% (wiw) [EAE &, 42°C, 150rpm, 96 h, K& pH il H N 25%
(wiw) S HITE 5.5,

434  IKAAERNFLIE KR

DABRERESAE AR R, AR SRR 5T 1 DASERR IR 73 A i AR ) FLBER SSCF, 45 RNl 4.8 Fir
o TRACERVIRHITIR 53 A FH DR BRES AN A8 Be Ak 43 1Y pHo 75 2RI LR KEEH, 40 g/L
FIBRBRES L K B TFAA I BRI AR AT 4E R R IR &R, RERIESIBEAMARE) pH, &%
FLEE = E N 66.6 + 1.5 g/L. 8 FBRIRES A 1T LB KB pH, LAl A AL S I 7= & R %
T 31.3% (Bl 49avs 8 4.1), IXFRFRKIRESFEAIE A 7T ALEE K EE pHo HJFE K ] RE2
T B R A5 A B i VR 3 22 H A% pH BB IR, okt R A 7 A I FLIR AT PR
e, A% pH BIPREE TN | K B R PRI AR PR RE . BRI 7 33.8+£0.9 g/L 1
BIEFER 12.1 + 1.8 g/L IARKE. AN REESFEH pH 2IZE TREMES, & pH N
457,

ZHTIFFE R B, B e K4y I ATRE 1A T Ak BRAS AN AL A5 2 ] o AR TR RS
BEREIR AT TR I GE pH AT LA 2 11 BA b o (R RAE 2 B SR AE R W A8 B K 7 Hh AR E R
EHRIRES, (HRESEPr K EE R, W SRARBRER S — A . B A R T G i 4
ANFEFREL, G RURTERVIE pH Bm, SR TSR . AATELE R 20% (wiw) K4y
KT, BT VAR R BRI AR, TR R B pH H % i) 5 4R I £ 1 R ] 1
TORL DTN IEZE , BRI A K o oA A A A B T T — R B BB iR i . 7EA
ORI REERH T N TR K 1751k 89K pH BRIRZE 4.5 AR, {8
W0 S g EAREEKSY . INERI#R pH THE A 5.0 A4 . B REEFEILGM 5
W BNIMBIK Y208 25 go T AAE 60 h B FLER P2 &0 78.3 £3.5 g/L, AHLL THIRERES1E
NREEF ARG T 17.6%, (H AR R T ORI T S A A VR 9 & I i AR (BT 4.1
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K60 h AFILR T 82+2.1 g/L AW 4.9 +2.3 g/L KK,

BEBEIK 53 B Ay S I HhORI ) ) S8R AL R S AR R I T 17.2%0 3X 32 25K
72 T AE BRI 53 vk = R AR F R TD SR 2 BRBRAS 2643, T G rh m VA M BB E ) AN o
— /NGy o KT IRy E FLIR R B AR b A A, B A SO SR B e o A SR A A
Ao &5 FER B AH 2K 49 5 S AV BOEEAT  10-20% 1) B 46 A 2o 0 7L BR R IR 1 e
B EEIA o AR AR U] 43 BC R FH — A PRI A 5K 433 75 B AT i — 20T B

(a) Lactic acid SSCF neutralized by CaCOs (b) Lactic acid SSCF neutralized by combustion ash

120 1 —6-Glucose —A—Xylose —6-Lactic acid 120 :l -6~ Glucose —A—Xylose &~ Lactic acid
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A
d A = = ALY i\
0 T T r r r ) 0® r r : : : :
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B 4.9 fF FBRERSS BB B 7 VBN FL IR R B AT )
Fig. 4.9 Lactic acid SSCF neutralized by CaCOj3 (a) or combustion ash (b).
TE: TRACEAIRL I A IR R A5 A AE e I 73 T pH. SSCF 26 4F: 20% (wiw) [ASE, 42 °C,
150 rpm, 96 ho BXFRES &4 40 g/L, 75 REIT AR BN AEE 720k . 24 pH FFER 4.5 B, A 20%
(Wiw) BRI, TR REE pH & 5.0 £ 4.

4.3.5 AW R SR 2 RN L i

R T HERRI 2R BB e 2K 0 RIS AN Wl I IS, 40 S 1 IR AR R
KAy CG85) BIVEEA LR B EAE B B AME I 77, SR 4.10 s B
WK 4.9 a Frzx, H 1000 kg F/NEREFF G A HRIIS R, SABERK D F e A
17.37kg, EERFET =ABE: FUAYEFH K (4.69ke) TALEYIRF I (2.31
kg) PR [EARFR A A BT & AR AR KB (10.62 kg) (R EEFEYIFRH 0.32 kg I55).
AR AR AR PR SO U B R AT U S . AESEIG S A, R R [
AN A 08 I 1] B P B o PR AR e Rl e B AR AR A I B K BN 60% /e 4 o IR FAH 24 T ki
RS RE R, R P AR RE R ALIRE P2, ISR NRERAS . 7E
TV F, BTt iRiE AT I e LA 2 I RUSCALIG 7= o, RIEETRIE A2
BN G| KR FLBRES, EIXFIMEI T, BZK 0 B RE 8k B T IR aG Yk 1 2K
53 DA Tt Ak 38w A5

Kl 4.9 b 7R T 1ESLEG S UL L W] & 21 A FAE e K oA R AN . RS —Fe2E
VIHR IS RS B A Fe kB 2L 17.34 kg, HA 7.83 kg AT A BRI R I H TR -
Tl R A3 W0 FH R B A — o ot B R S SRS 1R 9 L IR R 1 rh R (AR Lh B 2L T 12 e
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Ao PRI 51.86 kg R 73 HLae B 4K 28.32 kg A b4 . HEMSERNZ, H
TR R, REMECRSE NI~ i, Bk, &AM K5+
SRR 17.34 kg TRRK I EIER F2IE 2R 75.36 kg OX BANE Bk
R AT I 8L 5 23 AR BOR AN —Aum, AN TR S B S m R B . R T REA R UL
FRS, (2P LS RN E, S TARMAEGHIERE, SRR AN geia &3 TIR
SERIEIR o DRI 73 v (10480 4 o o 7L 05 7 o 0B o T k2> o B2 s SR R A2 K 70 R 45 o
RIS AHE TR BE R IR 3 FE IR FH AR 5T b2 IR A W0k v ()45 A0 Pl b R4 )
FUF B G AE A GRARES FIRE P AR R K EED , BN NI i . (A
TSEEBONERR, AT IR IEIS Z IR oy SR TR AR AT 1 — 2P Al o 7E bk
fith b, W7 DA R g 9 ORI 1) — P A e 2K 43 R 5 SO RRARTEER, BRI ZE AT — IROEH 1)
VAR R, B R RSB Sy, AR —HERTAL ERRE R R0 71 DL A HOARES 23 3L
P R B S S A AT HR AN o XIS AR 5 SO FLER R AR AR A 2= AR B B Re i, JF AL
B KA 2D R IR 4y BT

XPAEALER 30 J3mlF /N RS AT SR A ) LT, dEaE ER BB K R EA R
(738, R R T AL B R R i 867.0 W BRERAS A FH . % T R 2 H R G
PRk (85 F T LR K B A O R R IR RAE R IR A, AR 2 /b2 ii/b 123211
e R S B ES E o E T AN FH AR 0T B A A LR AR AR PR TOUAR B s I, %o it G 4 £ 711
Ry oRD 7 TR 2 S SR AT, R A Ky B 2 A5, KB IR ()71 T R
AR AWIRES I E, e m L) A5G HER D A CHER

4.4 EKFB/NGE

AR BRI AE N AR ) B A 1) 32 B AR R ) 757 B AT A B A B . A
BN TR AR MR G AR P A B OR B R A B K oy AT T ARAEFEER AL T AR AT
1, BRI LR W R

(1) RFFRFEGK 7 BABIF AR, HRTS pH BIREIN T IR ERES A AL
52 [A]

(2) XPARREHRKS 34T SEM/EDX, XRD 1 FTIR #4iF, $EpRHBE5H KER
otE, HEZEAAETEANIRIRES .

(3) RIFTEBERK AR PRI T 7R T ERA R A, LR IS F
T 94.6+2.5¢/L, KERFRS DABKERES1F N AR

(4) RIFFEBERK 3t —3PAE N T AR KA, AR~ EEE T 94.6+2.5
g/L, LUBREREIE AR & 1 17.6%.

(5D PR 22 B a0 S A5 258 e 2K 73 56 4 F TR0 R A0 T3 AR ok o A% mh i
b FEABEAR SRR R DL S FLIR R B RN, FEAEALBE 30 J7WiF/NZ2 A5 BRI A= My kil T
A, BRI 867.0 M BRIRES AT 1232.1 WS E AL HIAE A .
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(a) The mass balance of calcium element in bench scale

Ca(OH),: 178.57 kg Ca-lactate: 468.20 kg

Calcium: 96.52 kg Calcium: 85.91 kg
CaCO,: 5.78 kg Nutrients: 110.60 kg Broth: 3714.73 kg
Calcium: 2.31 kg Calcium: 0.32 kg Calcium: 0.56 kg -

! l '

Dry wheat straw — ] Residual solids

>- = >| After biodetoxification [—>| SSCF SiL > Combustion
Total: 1000.00 kg Solids: 507.03 kg Ash: 59.69 k
Calcium: 4.69 kg Calcium: 6.75 kg Calcium: 17.37 kg

Moisture: 527.73 kg
Calcium: 10.62 kg

(b) Recovery and utilization of all calcium elements from ash

Ca(OH),: 150.25 kg
Calcium: 81.22 kg

Ash: 51.86 Ca-l(_actate: 468.20 kg

Calcium: 15.30 Calcium: 85.91 kg
Ash: 7.83 kg Nutrients: 110.60 kg Broth: 3714.73 kg
Calcium: 2.31 kg Calcium: 0.32 kg Calcium: 0.56 kg

!

Dry wheat straw . P — ] Residual solids
y > ._.>| After biodetoxification |-—>| SSCF S/L > Combustion

: . — . 75.
Tota! 1000.00 kg Solids: 522.70 kg éslh 75.3167k3(_:]4 )
Calcium: 4.69 kg Calcium: 6.75 kg alcium: 17. g

Moisture: 527.73 kg
Calcium: 10.62 kg

B 4.10 EWEsIhRS (85 KYEPERESFIR Tk

Fig. 4.10 The mass balance of combustion ash (calcium) (a) and recovery (b).
e 6T FAL BRI oA T R AR SR B TS O R S R, MANE IS SR R (1 T AERE Sy 1 TR RN RE 0 R TR IR A, A SERRAE A b i
TR RN Sy B> T Bl B T AR T NI RE Sy KT Ky, SeBR R b T F 2K 93 Jo i35 s n AR S AT o BB 70 K 73 B ARELIR R I rh R 7
A A IE AR & N .
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BLEE ERFETAERCEIENEDESMITEELY

51 3|8

RN B TR T Z a0, H i K208 60-110 g/kg TR KPH, fEb
[ 45 7= ) ak i ol R T HARARAE VIR B AT, R B LA B2 A A
(1) HARGBOT 14 53R B T BN EKGER T W, AN EEAT AN BEAT
PEAEP RIS (2) AHEH DB EARERPY, WAl T EWHEA: (3) Brmira4eR
TR, KK AR 5 EIEE N 20-30%, PR EIBTEE 30%LL B, Ao
UER THET RIS T0%HIARKE T T2 CBEALN), R 2T 4E R BRI 2RI R & Y
WA O

Z AL EE T ORI BE A T 1 KK BRI A4 . Lin S8 FINLIRET S 197
NS TR BHEAT TRAL BRI, R SR LR A ] T 29.08 g/L, HALFE N 88.79%, {H
HUB AL PR AE 64 ;. Kurambhatti 58 AR GZRITIAL B35, 3R 1 FOKEF e K
TR, ARG ERS, X2 7 120 FPU/g TR Beri 88 AR
I TREMGER Thermoanaerobacterium thermosaccharolyticum TR IRXT EKKF B AT W)
AEFRUS), HAYE R CREAFRIE R T 24.0%, (FAYTALER 77 0 RS, R EHK.
Buhner &5 AVELAHTTT 1 M R TUAL BE 5 KFF B2 7 0%, 48 SRR WA A2 A 1k
B MEVE G A B EOR AT LSS IR RERE (28 77, (HEEAN IR - A TR A R K
Prachand %5 A1 7K B VA BRAL BE FKHF B2 A JE I BOIEAT 25 BRPY), R LB
RN 5.5 /100 g THKKFE, HITREFAEL FBEL.

ST UMER TARE S BRI 8 50R _ERASREN, AREIRIT 1 LATVAE YR
- G50 BN BEAT AR AT AT I o THELE VIR SR TT LU T 2 R S £ 42 4= P i 1)
FEAL, Bl /NZEREAT . BORFEAT. Fase. HIEE. MAeErss: B R HEEY T
REAE DLSE I KOS B IE W Ll A o AR B0k H A A VR R Y e in T8 BEAT =08
PA%E, IMTSEIL 1 DLEOKREFYE SOV R AU P AP 43R O - 12051 O L HRE DU 2B
P J5 o8 SRR A= e ) T B SR A KA b AR AR 2GR B AR

52 MBEE

52.1 RV

BT fst R B KA B2 0 B L AR e ELRE A IR A Bl o 1% FKHF B R IR B 1 oK TE
By Al R A R PR 2 — o BT R AR FORK R EK R, IBE T 60% (wiw) fifq,
T AR T R EKEN 20% (wiw) ZE4 G AT HS N E . BT TR A G451
BORFAEL, K NREL P 5 BRAARE 23 18 FOK i S 0% 00 FE B AR, DT TG i U o 41 4 22 F0
PARRTE. BIRRER, BIE T WDRRME [E5) 5179 25 min A1 1 h, Frille 5
W 5.1,
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Fit P T oK0B RASe e W 3.2.7

522 BRItk
Jit 21 4 R g At I 3.2.2.

523 WIHRAIE IR

B AR I 55 B AR N 38 2 B A BB K Paecilomyces variotii FN89 (CGMCC
17665), FARLRAF VA KRG FRFE I W 3.2.1,

Fit H 2.% % T T8 /K N Saccharomyces cerevisiae XH7, EAKRBEFERIE 3 W 3.2.1,

Bt FIAT IR R R I Ak N B Hh 2 Aspergillus niger STIM M288. A. niger SIIM 288 T {E
PDA “FPH B, 1E 30 °CHM NEFERETR 7 K PDA PRI Bl 7. Kl
T HIREEN 2.2.3. A. niger SIIM 288 Fl 115725 2H 538 70 /L Wi &ibE . 2.5 g/L FALEL.
2.5 g/L BilR -S40, 025 g/L -L/AKEMIRE:. 024 mg/L Fi/K AR . 1.1 mg/L t/KE
BBREE. 6.4 mg/L L/KGHRERIELF 3.6 mg/L SALE

524 FOKKF R PAb 3

T KT B I TRA BE U 25 AN E S 3.2.8, £ 3 T KA R I AL B 46 BT i 3. BT
FRRIEALFNFT R, TRITEN 4% (wiw) o TN B ARRVAR I B LE y 2:1, FLRIH%
N B TAC R 2 A% P FE 3 mine B S AZEIR, 1E 165°CF A 2 min, B J5HEH fikk
HYIEL

5.2.5 P variotii FN89 WA Y) i 5

Tl A FR I TR R B et AT B AL, RS 2 25% (wiw), TIOBEAG 4 Bt 5%
PRI 3.2.10. TR IS AR pH @I E ZhE N 5 M S ENE A HITE 4.8 P variotii
FN89 #I T I% M8 1% (viv) R E4ERNT 100 mL SM B55:3Ed1, 37 °C, 300 rpm 355
18 h, 1ERWBAAMEERIF . TR 3-L B IR N4 N T B A B .
PP 10% (viw) R R T IOMEAL A TR i B . L2548 37 °C, 500
rpm, 1 vvm. B 6 h WllE KRR AT A IR RE AN 5 2R3 & & .

5.2.6 {EfL LMK

55 f5 KKF ROK AR T IR G EE R T . ORER BRI 9 2% 3.2.10, 1
IR ER KA P E IR 10% (wiw) PP MR A L) S. cerevisiae XHT Fi Tl KIS
#4930 °C, 200 rppm. K8 pH i#id HZHA I 5 M S AN RIS HILE 5.5.

52.7 IR K

it A. niger SIIM 288 H T R A =k BRI L. Fir F RN T8 ToK A . KM
[0 AL AL 72 00 3.2.9 A1 3.2.10. Rt EH 7% RS mL 10° METFEFRE
BeRPT 100 mL Fh 735975, 28 °C, 300 rpm 3535 36 h, 1ENFEIR KEER 7. FhT
TALIE 10% (v/v) FePh T T KM A AT AT AR TR K B o R %A 9 33 °C, 300 rpm,
1 vvm, ¥ pHo
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52.8 JUEWREEINE

R TN TR R H 1Y) 32 B 0 3k Rl oo PR & S5 5 IR R 1 B s (725
ICP-OES, Agilent) #ATllE . HAAEEETES]3.2.12,
52.9 iE B EERRI

PR BN ZF L E R AEMBAREIR AT GRMD W H A R 2R R S it
ATIE o« W5E Fr A58 HPLC ¥, BEAREAEM R B RR R ATAE BIIE R 200 pl BLACE
FERRFRUE AW 200ul, 73 E T 1.SmLEP & AN 308 R HER IIN IEZ 2R N
FRIAWE 20ul; 23 I = 2 SR 200 pL (R PH KT 7) | bR EUR S 2 57
100 puL, VRA)JE 25°CRRE 1 /M ARSI IE TG 400 L 2 E0E, %52 EHE
10 min; HUREHEW, 0.22 pm &0 2898, (A Rigol L3000 = RGHAH %A%,
Kromasil C18 AHEIEAE (250 mm*4.6 mm, Spm) JFE. FahH A: FREL 7.6 g TT/K 4
FREM, Nn7K 925 mL, ¥ R fa F VKBS TR 1T pH £ 6.5, RGN K 70 mLiES], F 0.45
um JEMRITVE s IR B: 80%Z M KR W - FEFER 10 L, JiiE 1.0 mL/min, #i 40 °C,
WUFERS (8] 4 45 min.

5.2.10 Al Fyik
FrEmE . miabE. Kb, M. OFF. S-F LR . BRI 2.2.10 Frid 7
%o

53 AR5

5.3.1 HRUEMGEHIE AR T FORM A YR

e IR R AE VDR R FORK AT TR (18 5.1 @), ROKFF B2 S
177 MR, RH T 4.0% (w/w, DM) BIBRERVE ML . 8254V M5 SE
TN FHUA B T RORT B A i BRI . S-SRI AN LR ) F2 . IR ROKK R —
AW T TR CRE R 75 BKK & Je i T 7 12 h RITIOREAG, Bl s 4 AN TR
PEEE S cerevisiae XHT, {HIRZA T OTERR R, AT R H LA P MR 6 ot T Kk B2 (R 40
SR Xof BT AT TORE AL IO AT AR, RIS EAE AV T M BESEBIL 156 i B 40 i & B
HTTHE AT BOREIR T iR EER O1R, A CTRREEERR T 11.3 g/L, SFEEREELE S.
cerevisiae XH7 JoiEIEH K (B 5.1 00« M H G R AT G842 BT BOKF B2 & A B s 1
PLYER M > o B YRR BB KRR E MR T UM R TUAL BEAS
AR 7K, ELPAC RIS TR 4K (5 min), PRI M DASEHIUGT FKKF B Hh i & B 4P 4R R
) 5E KA . RE AR FE 2B 1 TRALBRAK AR P AR BT = OFR, H TR AR I 4 4
R SAERE Bk, TR P AR R =ik GRS BURI R
DAL I 06 200K T A 00 T BRAT 45 T KK B - £ 4 2% 20 93 TN 58 2 7K A I RE TBUH R O
LR, HURT LAEA VIR 3R R o0y SRR BEAT e, AT 38 S0 A2 A B AR b SRR R K AR
4
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(a) Flowsheet of general biorefinery chain for corn fiber conversion  (b) Sugars and acetate concentrations in pre-hydrolysate

Acid pretreatment 120 - 110.6
Sulfuric acid 3 T
and oxalic acid . 2100
=
3 2 80
; IS
3
Corn fiber . o @ 60 1 48.5
Biodetoxification o 1
I
& 40 -
]
2
Pre-hydrolysis and SSCF | @ 20 1 113
0 T T 1
Glucose Xylose Acetic Acid

B 5. DL AR I R P A Z B AR
Fig. 5.1 The diagram of cellulosic ethanol production from corn fiber by general biorfinry chain (a) and
concentraions of sugars and acetate in pre-hydrolysate (b).
Ve PP AR B AT, BRI BRI AR T T2, RITEN 4.0%  (wiw,
DM). [l 25 A= I RE ST 1 0 B A 0 25 B

5.3.2  FMVFTEE R AL ER T OKKT R R H A AL

YR T PRI 55 G HLBR -7 IR KA T FH SR R a4 R AN B IR 0T R OKHF
P AT TRALER o 32 BT KK AR FORIB B A = I R v (R =9, AR B 450 2
G EORARAE o X TR R AS FH SR BRAE N AL AT e 2 S BUR 2 BB A TE 2 (140
FIWAE R . TR BT R B BN 4% (wiw, DM, KA Bz T AL 3R ) 0 32 B v] A 18
P UIER 5.1 Fior . JRAAFOKKF R A 12.3 £ 0.60%5EK « 26.50 + 1.10%4F4E 2 Al
30.50 = 0.80% - 4F 4t 3 o AR IR TAL #1712 56 42 /K AR R OKKF B P BT K« AR OK B gl (1) 2
PYER (68.90%) FIERFILTHER (6.38%). TALTE S5 (1) 5 KK 2 b ml & B okl & B A
61.5%, CIERLAYER. PR M. RS, MEEMAN. BT R +PFREbE
2%, FULEE B KFEFFIEEH 1.31 £ 0.03%H) 5-F2 MR 0.56 £ 0.12%FlE . 35>
YR KK T L3, PALEE T KAEFF RIE L HE 0.79 £ 0.12% LR -

K51 FERFEBLCHEERESE

Table 5.1 Fermentable sugar contents of corn fiber before and after pretreatment

Components Contents (%, w/w)

(a) Raw corn fiber Starch 12.30 £ 0.60
Cellulose 26.50+£1.10
Hemicellulose 30.50 +0.80

(b) Pretreated corn fiber Starch 0 (not detected)
Cellulose 20.12+1.46
Hemicellulose 9.58+£0.73
Glu-oligo 13.91+0.34
Glucose 1.98+0.11

Xylo-oligos 10.78 £1.12
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Xylose 5.13+0.61

of K AR I TOUAL B ) e KK B AT 5 A A 0l R A2 P T AR 3R T o [ S 75 S e 48
ff) SSCF A2t 5.2 ffin. WL Pvariotii FN89 X Tl AL BE T Kokt Kz it 47 [ 24 A W it 25
(Bl 5.2a). TS, 5-F7 F I 1) L BRIITE 24 h W FEAR . Tisiid AR
AR BRI RN 4.5% . A8 200 A W) i 35 1 OKHT J g AT 1 [B] 28 AL 5 36 R
(SSCF) (K 52b). &3t 12h BTHELAZ A T 88.7£3.6 g/L Hi & HEAI 41.5+1.3 g/L R
B CETE 130.2 + 4.8 g/ ATREENE . AT RR PIAL R (1) FOKKF K, AH EE T B RR TAL B4
Bl PRI R TR B T R R A D (T 5.1 b)), X BT R T AL B I AR N AT
T Fr R R 7 508 SSCF,  Ja S K RS AT RE X TR AR IR M 4k B2 AT 7K . (HBR
KOFEMF BN 31.6 £ 1.4 g/L. TFELIEFERIN T 6.86 £ 0.08 g/L 4FR; £l KA
[¥) SSCF i 2 , fe & L FR AR B 3 8.99 £ 0.25 /L. it ik B 1Y Z BRI B4 1 S. cerevisiae
XH7 IR EEERE, 18 KBTI LB HRAUN 0.17 g/g REENE. (HAHLL TR AT, Fr
T IR P ALk PR R AT I ) R AR B A, S AR P P B AT DA ZK SR A7

(a) Biodetoxification

—6—CGlucose —@—Xylose —=-Acetate —a4—HMF —A—Furfural

100 ~ r 10
= =
= o)
2
o >
£ E
e £
g S
= S
? £
Time (h)
(b) Simultaneous saccharification and fermentation
—©—Glucose —©—Xylose —©—Ethanol —B&-Acetate
100
80
o
e -
5 60 >
2 2
[] (5]
£ 5
z 4 2
S <
&
g 20
j=))
>
n

Time (h)

Bl 5.2 FTERERTRALEE T RN B H A M e A
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Fig. 5.2 Biodetoxification (a) and the subsequent simultaneous saccharification and co-fermentation
(SSCF) (b) in the regular biorefinery chain.
W BEESAE N 37°C, 1vvm, 24h; SSCF 41F530°C, 180 rpm, 72 h.

5.3.3  HEMEVIEREIEE T T KR B R A

TRAL TR TR B PR B AT YRR KR, SELLBEE AR =ik L) LIRS )
B OB RBERI . T R R TKFF BOK i RE AR N 4R, 6 AR Wi e gt
177 EA . W 5.3 s, AT H AR S R 79 20 s I 45 [ 28 it 2 - A I 5
ey, A AEDIRBIL AR T ik O BEAL- T - SR . FRALERYDRL B Se AT Tl
BEAL, FEUH KRB REOR L8R B 5 X PR AL K AR BOREAT AE AL A i 5 5 B IR Bl
AN S MR SN s BB 5 19 2 A B KU T LB R I o AR BN EA I A k]
FeAL I RE oA I S 7 BT IR LA )

(1) TIALEE T KA B A (R F I P02 15 2 R M A I RE 2T 4k 2K s 11k 5

(2) AEWIIEE PR AE AL o QIR N IEH AV

(3) REMR AR A BV PR, RS 2 MR PR IN L3568 77 5

(4) TR AR A AR R A B WA B m] LLIE 21 100 /L LA E, - I i [ 25 i 1
R BEREAKT, ARV B e P E 15 R OR B XL m] R IR

(5) T AE AL AR AT AU 10 it B A A PR SR R BRI R o Bt U, AR e LI B
AR F PRI T o B 2 T R OK R I A R R

Regular Biorefinery Chain Reframed Biorefinery Chain

| Biodetoxification |§
I

I ”2 Biodetoxification|

l Sacchatrification
i and
fermentation

B 53 ATIRF R ERAEYRRITRE

Fig. 5.3 Flowsheet of the reframed biorefinery chain for corn fiber conversion

Bl 5.4 F W] A8 EE R A= VMR BRI AT R R THUAL B KK e A . ol ak 3
FKAT B VTS K AR TRARE NI B2 A0 OB R B AR [ — A 5-L EW N 2% N EAT
12 h I TREAL IS FR =25 T 94.06 + 4.41 /L MR 30.94 £ 2.26 g/L AKHBE, Y4 TR
F 8 FOKKF AT 724 282,17 + 13.23 mg Hi & HEAN 92.81 + 6.78 mg AMl. AR &
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TR B 5 AR R R AR R T R R R AR AL, X SR B AT IR IR AR FE AR (1)
FIERIAD E T3 P AR AT Ko 4 4 2 BTG 1 R R KK B2 A B K AR 1 5 0 W S TR VS 2
Mo AL, TIOREAL I FE Hh A o B ROKHF B K R R T 21.84 £2.34 mg LR 1.30
+0.04 mg 5-F% FHEFREEAT 0.56 + 0.02 mg BEfE. 5 R L WALE I £ AL, &l
BEEK MR, R CBRIRFESEIN T 176%, X 3% W ik 1 % A6 0ok i B M Tl Ak B4 6}
BEUK SRR AR QB H AR C &S BL.

X TRME AL K R R AL I B AR A0 P 5.4 a s TE3EN P variotii FN89 J5 [T
36h N, FTAIFENLER. 5-F5 F R RRIE RO 50t 5 A PR M. AR AR DU R T 29.03
mg/g DM [ 0] K ERE (FUFE 17.64 mg/g HiEIHERT 17.64 mg/g A¥E). XK P variotii
FN89 T 0 arhli FE R TIOME AL R AP IR RE /0 RIS BT DR 26 T T A b4 Rast 41 1)
PP A R B T /K R R K 0 T A IR o I B /K AR P B N R I B S.
cerevisiae XH7 1T 8 OB R (54 b). &1L 72 h I OBERTE, A& LB
BH| T 50.5+0.6 g/Lo AHHTHAIAEYHEERE, AR~ ERE T 60% (M 31.6+1.4
g/L $Em% 50.5+£0.6 g/L, K 5.2b). ARMIEEN LB REZISFE S, WA R EERE S| L BT
FEAL ARG, R 033 g/g, (RS TEIRE RN 66%. wEd—P0 LWR
T 1o i R 5 e DR 2 AT AR T

(a) Biodetoxification
—©—Glucose —©— Xylose 8- Acetate —4—HMF —A— Furfural

300‘§Q\—‘\£3.0 - 30
il T 2. 3525
of —
— g- E
= 200 S 20 §
o g @
(=] w
» Il 2
= Sr T
%100 SE10g
o sf <
2F 5
0 0
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(b) Simultaneous saccharification and fermentation

—0—Glucose —0—Xylose —0O—Ethanol —&-Acetate

100

80

60 -

40 1

Sugars and ethanol (mg/g DM)
Acetate (g/L)

Time (h)
B 5.4 EMAEYIRRIEEN AT R KR SN G SRRk BT R

Fig. 5.4 Biodetoxification (a) and the subsequent simultaneous saccharification and co-fermentation
(SSCF) (b) in the re-framed biorefinery chain.
vE: EEAN 37°C, 500 rpm, 1vvm, 36h; SSCF 45444 30 °C, 180 rpm, 72 h.

T ARG B I e Ik A A TR T B P AR S R, o6 i B b s R AT T IR
A5 AR R BERIRT 36 h N (] 5.5a), W] LATE A RO S I B B vk P, variotii FN89
M OBERBER I S. cerevisiae XHT V& . 7E FRSEERH, A BLER A £ R BE I A
W FE, AN DL AT SR A R A S BRI ) o AT MBGE T A2 IR PR 30°C
B IR T MEE B IR P ovariotii FN89 2 iVHAE T, B NI £ 5 BRI AT 46 Ll R 1%
ESCHRE B G AT 50, VIS E R P variotii & —FRVEHRIR . AITERABRHI&44 T A0S
L2 ARFLBEIP). P ovariotii W8GR IE IS AE PR SR AT N T R BEA = ClE, R BAIK
(012021 - [R JL HEMN7E R A LWE K EET, BT P variotii FN89 W%, &5 LW K EEH
S. cerevisiae XHT I E555+, FEOE KB EFEK.

N T EBR P.ovariotii FN89 1£ LT K B IS FE H AR, EA AR 58 s 1E 50 °C
THEAT 7 12 h BOAREACKIR IR . B R PR E 30 CCR RN KB kS,
cerevisiae XHT o XJ KBS FE B V& & DT TIRAmllE (B 5.5b). @it KikfE, 4B
RIEESFETTC P ovariotii FN89 {71 . UL, BRIGEFEE VR B 2 T AR KR . X
HE— DR FLE R KGR, AFAE P variotii FN89 FIRBEE KK S. cerevisiae XHT M) 5a 5. I
HMEA 5y — HSEIBE R 7 IX — A, B EEJE K AN BRI RE B, OGBS, &
it 48h 537, AN, AME ) T HE A AR B2 23 i b T 30g/L A 10g/L A
XWRYT P variotii FN89 1EJRESAT T 2 FER S IIHE .
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(a) Without heat-inactivation of P. variotii FN89

—

24h — 36h

(b) After heat-inactivation of P. variotii FN89
/\ 36h J N 48h

o T - ,
Bl 5.5 [REEEM P variotii FN89 FIEEEERE S. cerevisiae XHT 72 RBERUI AR ITE 1
Fig. 5.5 Viability of P. variotii FN89 and S. cerevisiae XH7 in the fermentation broth after
biodetoxification. (a) without heat-inactivation after biodetoxification; (b) with 12h heat-inactivation at
50 °C after biodetoxification.

E: BRARIFRER A 10°, AR, HX 100 uL #5514 T YPD PR B, 30 °C $53% 72 h.

KN T ORIE OBE R BER KR S. cerevisiae XHT HIIEH A K, T Hid$EHATE R
AL FHRILE AL FHORE A - i 25 R B SR, 0] TR A K AR VBSR4 R s, 350 1 42
50 °CFHY 12 h KIGIEHE . AERIEERUE, I PEACE 30 °CHAEN S. cerevisiae XHT i
1TOEER . WE 5.6 s, WALTEEER T 702+ 1.6 g/L, FHEGT 5 AV bk
R, $RET 122% (31.6+1.4¢g/L, K 5.2b); HELTARKIEREMEDER LR, 2
BE =Bt E 1 39% (50.5+0.6 g/L, 540) HMIKIEE RS, MR RN 2 LR 1)
BRIEH] T 043 glg, RLVAFILIFRT] 90%. PRI 1A R 25 J0 A il 72,
K TG R P A R - YOURE A6 -3 A4 i B - K -SSCF FiARBR L, BLISEEL 1 DA KK BN R
Bl e = A4 R OB
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Simultaneous saccharification and fermentation

—8—Glucose —0©—Xylose —0O—Ethanol —8-Acetate

100 10
~ 80 - 8
@ -
2 g ] 6 J
s 1 2
o g
© ) (]
5 40 4 4 §
% <
®
S 20 2
(9p]
=1
o F—m————— —@®—@—@0
0 12 24 36 48 60 72
Time (h)

B 5.6 MINKIEEREE ER R R RBERE
Fig. 5.6 Simultaneous saccharification and co-fermentation (SSCF) in the re-framed biorefinery chain
with heat inactivation after biodetoxification.
e KIEHAF: 50°C, 12h, ANEA; SSCF #%fF: 30°C, 180 rpm, 72h.

53.4 Sk FEYPEL-ER LU

X B A R AR R AT TR, BRI B R W BOR B Z AR P I R
KR 5 A 265 T PR 45 B o DR 47 1) SR P 3R sy 458 BT 1H 8. LA 54 100
kg W B B RWIEEIRL, B8 26.50 kg HIZF4E 5. 30.50 kg [T 4E 2 AT 12.30 kg
RIVERT o

FEFAC RS, &6 4.00 kg FFERRIKER S FMEPIRHE R 2:1 1 B L 3L
[FiE N FIALEE e Wi gs o 7E 175 °C 5 min FITIACE e Bt #E A, FERNT 54.41 kg 1)
WRIZEVR . YRR T BT I BRI RN 287504 K, 3317 200.55 kg MITRALERYIAL .
H T YRR R RIR T, TACIEYRM SR T T BIBRDIRES . TS, #H
T SRR R 2 27 A 240 ) K AR O RH . ) 1.98 kg T &I B AT 5.35 kg ABE. 1154 21.00 kg AR
PRI 4. PIALFEREFE A AERL T 0.09 kg HEEE. 0.10 kg 5-F HIILHERE A 0.76 kg Z BRI
Yo FBOATRR R AL TRAL 3 i SR R b A0, e LRI 2.64 kg i FH AL SRS X
TRALERPIRL AT pH AT, 2E L 2.64 kg MEVEIFTIFERES » AR IRES N M4 TE X AFAE T A
SR S B A B I AR R

SR FHAEAL— 8323 AT TROA B0 EORE B TR A0 - T 5 S RE AR e TOURE AL ) (B4 & Bk B
K 25% (wiw), TEEMNEFEAN 215.95 kg HILF4E RBEFK . TG FEKAR T K0
YRSy, (BAVE R ARTREA SR 4. R0 BT LWL, Ykldh 2R
BEILER T 1.47kg. LIS EVIME, 250 ROmRmE . 5-52 RN 1R



HHRIBTRF M L2083 % 90 |
WA, (RIS AT R P b e ) B AR D 7= B BT s, 354931 31.49 kg i &) M A 11.94
kg AKE . 31X 1B T iR KR AR T R R A oAk, RS 22 R R TR
RET o

B J5 AE L FE K ARV AN N 2.88 kg IR ER IR QR R TR R AR N S B2 AP AL
LR (SSCEP) i #2 o KIS G » REFRE T CBERE T AN E T o s 481, L4531 29.54
kg I, WPIRI AR PR LB RN 0.43 g/g, ST EISTHRN 86%. {ETAL
T I AR T SR (103 PR AR B R A B RV R, R0 R S A FR AR T B AR 2R )
JRR . KEFRTF4 T 3.31 kg RBEA 1.44kg 2R 3h. A pli) 25.26 kg F518 K AT LA
BHIEEAFA . K E KPR AT B S5 3 170.85 kg [BIEFRE (%7K 102.51 kg)
V£ 5 DDGS B~ S, 3F4 T 293.19 kg IR K . 763N 5 A I AR Wil i R o
TERE VAN B 3 B8 2 BT TCATA PR K= A2 o B & AR F= BT kg L BE I IR K HERCA 9.93 kg/kgs
558 = TR B Bk LB R K HE R A 2

i3k — 5 5 DR A FUARIE () BOKKF R A S B EAT LS. a3k 5.2 P, Rk, #4
I ZEIRIEIR RN R 55 7 AR T FOKKF e T 88, e T /a2 B ke . st
TTALER 2 J5 VRL R A 1) 22 Bk 2 R K Be B Bl K ) 1%, S8 KRR IE S -
AW FAE m G R A& TR T B LA G H B 2 CREb-A P 8- R, K18 T
70.17 £ 1.57 g/L (SR BE 5= i, JRAKP AN 9.9 g/lg LB, @ik THAMHFL (29.3-
145.1 g/g LBE), HA RGN,
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W
%91 i
Citric acid: 4.00 kg Seed: 8.34 kg Seed: 9.14kg
H-O: 42.14 kg Protein: 0.50 kg H-0O: 56.70 kg H,0: 52.27 kg
Steam: 54.41 kg H.0: 215.45 kg Nutrients: 1.78 kg Nutrients: 2.88 kg Distilled water: 25.26 kg
One-pot process in a reactor /
P Pl e e | e el Ethanol: 29.54 kg
i Detoxified H.0: 0.01 k
Corn bran Dry acid Pretreated biomass| Pre Hydrolysate Bio- Hydrolysate Fermentation Broth WEI#)
N P 3 Distillation
pretreatment || Saccharification detoxification T
Tl 100 e e e e e e e e = = == - Solids residue:
otal: 100 kg otal: 416.50 kg Total: 483.32 kg Total: 547.61 kg

Cellulose:26.50 kg
Hemicellulose: 30.50 kg
Starch: 12.30 kg

Lignin: 1.51 kg

Others: 29.19 kg

H-0: 96.55 kg
Glucose: 1.98 kg
Glucan: 34.98 kg
Xylose: 5.35 kg
Xylan:21.00 kg
Furfural: 0.56 kg
HMF:1.31 kg
Acetate: 2.29 kg
Lignin: 1.51 kg
Citric acid: 2.64 kg
Others: 32.88 kg

& 5.7

H-O- 312 kg
Glucose: 28.22 kg
Glucan:8.74 kg
Xylose: 9.28 kg
Xylan: 17.07 kg
Lignin: 1.51 kg
Furfural: 0.56 kg
HMF:1.31 kg
Acetate: 2.29 kg
Citrate acid: 1.34 kg

Calcium citrate: 3.49 kg

Others: 30.69 kg

PATRNF BN R ST 4 R B H AR YR T4

H-0: 368.70 kg
Glucose: 34.63 kg
Glucan 2 20 kg
Xylose: 13.00 kg
Xylan 1154 kg
Lignin: 1.51 kg

Calcium citrate” 3 49 kg

Others: 4781 kg
Gas (CO.):0.44 kg

H.0: 420.97 kg
Ethanol: 29.54 kg
Xylose 3 51 kg
Lignin: 1.51 kg
Acetater 153 kg

Calcium citrate: 3.49 kg

Others 58 80 kg
Gas (CO:):28.26 kg

Fig. 5.7 Feedstock mass balance of cellulosic ethanol production from corn fiber.
M JBURYIE R R A G B B A IEYE K MR FAEYI R BRI IR AL R AL B R v, FOKORF B i T BVE A SR A R & B T
WBARAED BT O 7RG SR . AEYIBLEE. KIGF1 SSCF R 1E R — AN BLs N T ) (ST, R——MESLNER; TKRFE L
WE R I > e IDRS TR R B A5 B R AR R, T i AU D RoRR, IANE S A N BERBRRSE e, X L8 [ (A PR 018 % /F 79 DDGS &7 dhfi t -

N

Liquid/Solids
seperation

171.35kg
Solids: 68.34 kg

H-0" 10301 kg
—_

Wastewater: 293.19 kg
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£52 UEKFBENEREFSERZENRE (MEFESENILRBIER

Table 5.2 Summary of cellulosic ethanol production from corn fiber feedstock (excluding the cases of co-fermentation with starch)

Pretreatment Detoxification Solids Dosage of enzymes Ethanol Ethanol yield Wastewater References
content (per gram DM) titer (g/g corn fiber)  generation
(W/v) (g/L) (g/g ethanol)

Steam explosion with SO,  Overliming 2% 22.5 FPU Celluclast 1.5L 6.9 0.49 ~145.1 (2031

5 IU Novozyme 188
50-80 U glucoamylase

Dilute KOH and NaOH Water washing 5% 25 FPU Celluclast 1.5L, 251U  12.5 0.25 ~78.2 (204]
Novozyme 188

Dilute NaOH Water washing ~4.3% ~15 FPU (Spezyme CP) 3.3 0.077 ~86.6 200]

Liquid hot water Water washing 7.8% 10 FPU Celluclast ~20.0 ~0.26 ~29.3 205]
1.5L/Novozyme 188

Extrusion None ~7% ~5.9 FPU Celluclast 1.5L, 38 29.1 0.41 ~34.4 [196]

CBU B—glucosidase and 1 FBG
Viscozyme L
Citric acid pretreatment Biodetoxification 25% ~10 FPU CTec 2.0 70.2 0.28 ~9.9 This study
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5.3.5 AFFRER T FOKK R s e M Ak

AHE T A AT R IR AL 7], ARy —MoNIR =RIR, ) 2 B T 24T &l
eI LA S AT H R R 1%%?"&**%&%143Elﬁﬂc#znuﬁﬂn | J 22 200, AP IR
BHMAEY R, HEOR S FriER R wER F 2B, R TAT
B pH, FERM-EAR] 100 g/L PLE. REKEEEN pH KT 1.8, XHEARS
PRI pKa AT . R0 TATER IR E N TR B A AL 7, PT DL B A5 R R B v AR
B AT R R, AN B ARG AR A 70 ) AR

N 5.8 a Fis, FERERREERTH ToKER K B T FoKIEMBEL T2, TKIER
SRR LG, EARE NSRS Rk A. niger M288, 156 A &M FHHATHT
B KEE (B 5.8b). T ARIERKMBILEN T 1082+5.0 /L i 4iHE. 20t 168 h K
RZEFFTER 98.5 + 5.5 g/L. KEZHT 36 h REERKEER PP ER. WE KPR
pH T2 3.0 Z£47, M 48 h J5IZW e KB PR I 2R TR IR, B K%M pH 1 1.6-1.7
Z [a]

(a) Diagram of self-producing citric acid pretreatment (b) Citric acid fermentation

120

Corn starch -@-Glucose -©-Citric acid
production process %1’ 100
- o
lWetmllllng S g9
Qo
| Corn starch | | Corn fiber | i 60
©
Crude citric &
Amylase, i acid broth @ 40
glucoamylase S
=}
Citric a(_:id | Pretreatment | 0 20
production i Reframed
. ' biorefinery chain 0d® X ”
*LS/ L separation : 0 24 48 72 96 120 144 168 192

Broth for pretreatment ~ Cellulosic ethanol Time (h)

B 5.8 AP FrRIRIE N TN B BUC BT TR RAT R IR R BE

Fig. 5.8 Flowsheet of self-producing citric acid as pretreatment catalyst (a) and citric acid fermentation
from corn starch (b)

T FERRREEAAT:: ¥IUE pH6.0, 33°C, 300 rpm, 1vvm, 192h, KEGEIFEASES] pH

H AR R EEAS B AT B BRVE T BB, F T KK B I TAL B A . i fS 211
AL G FOKKF R G128 5.3.3 5, @i mWNAEGSIS R TA4ER O
BE R AR I EE AR & 5.9 a Fo, £E 36 h WSERL T XTI A e BS LR B AN
S5-F I RRBRRE 1 L BR, B RIENEIRN 6.6%. ME/KEREA Sl KigE, AL
RIFTEIK S. cerevisiae XHT7. 2234 72 h JREUKIE, W& OBHRIE 68.2+0.4 g/L. AA]
RIGHE 2R CRERTFRIAR] T 042 g/g, RLINHHIRIFEN 80%. 18 HFHITERIR K Bl AE
DN TRAL BEAREA ) R & B R PR AR 5 4 AR T R R 2R ABL, SIEIL 17 A 7] AR Fp 4



ST T KSR L4 594 T

(a) Biodetoxification

—©—Glucose —@— Xylose —3— Acetate —&—HMF —A—Furfural

300 3.0 30

T 25 F 25
5 200 £ 20 [ 20 3
k=) C [ .,g

=y i i

g F 15 [ 15 €
o f =
S 100 1.0 [ 10 g
> | Q
n [ <

05 o

0 00+ 0

0 6 12 18 24 30 36
Time (h)

(b) Simultaneous saccharification and fermentation

—©—Glucose —©—Xylose —O—Ethanol —5-Acetate
100

80

60

40

Acetate (g/L)

20

%,

;
0 —————— ——

0 12 24 36 48 60 72

Sugars and ethanol (mg/g DM)

Time (h)
Bl 5.9 HFArBER TAL TR K B AR MR FEXt TR B R B B A 5 S R P AL 3L R B 72

Fig. 5.9 Biodetoxification (a) and the subsequent simultaneous saccharification and co-fermentation
(SSCF) (b) in the re-framed biorefinery chain using self-produced citric acid pretreated corn fiber.
VE: BESH N 37°C, 500 rpm, 1vvm, 36h; SSCF 2144 30°C, 180 rpm, 72 h.

5.3.6 K IEHRIBUNE 1R AL

FrEIRVE N TIAL BT, MELTARIR, AR TR B TATEIR IR I
gy, HTrhAmAL BRI IR T A A O S A ES ) B S A, X BT IR 1
D PEATR] P R AR ] AR ST PP A e e & RO IR MEAGTAR (1 5,100, R AR oAk
BRORFF B TS A KRBT R, 202 IR T BN B P Fr IR TIAL HE 1) 26.1
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(a) Main elements concentration in residual liquid

5000 - B Sulfuric acid pretreated corn fiber
] OCitric acid pretreated corn fber
| B Self-produced citric acid pretreated corn fiber
4000 -~
. ]
o
x -
B ]
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—
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1) ]
€ 2000
o 4
O
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0 -

K Na Ca Mg S P

(b) Main elements concentration in residual solids

20000 - B Sulfuric acid pretreated corn fiber
1 O Citric acid pretreated corn fiber
m Self-produced citric acid pretreated corn fiber

~15000 -
(2]
X
=~
(@]
S
N—r -
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o J
=
c
o
O -

5000 A

o LI o —

K Na Ca Mg S P
B 5.10 TR BERBHBARE K EZTRRE
Fig. 5.10 Main elements content in residual solid liquid (a) or solids (b) after cellulosic ethanol
fermentation from corn fiber by sulfuric acid pretreatment, citric acid pretreatment, or self-produced citric
acid pretreatment.
VE: AR 2 A BB KK B, il A R AR R AT T ORI . RO TR
JE AT R 55 73 T8 WA R A4 P P ) TR

FEE 5.7 1, BORKF B EH L 30% 4 ik stk if e Y AL 7y, X —#Rr %
N E 5B AIRVER 73 AN A TR I3 o HENICE i R TUA BRI RS W] BE 2 A3 T KA B 2
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KA, MATITRE TECHE 350 53 125 28 IR o W A7 A5 R T AL B ) K B i BV A 1) 18 Fp
R IERRIRERAT 7 T, 455RWER 5.3 fian. FrillE ) 18 P IERRF, Asp (K
KRR Gly CHZEBR). Ala (NEIR). Pro (IR Ml Leu CREIR) HIKE i .
fREARR G, R B — i B R R B R AN, AR SEBR BRI F I ANME

®53 REERHFEFEIERKE
Table 5.3 Concentraions of main amino acids in broth
Asp (ng/mL) Gly (ug/mL) Ala (ug/mL) Pro (ug/mL) Leu (ug/mL)
101.8+53.3 141.0+101.7 190.1 £137.0 253.8+144.5 110.6 £ 40.0

VE: AR T 100 pg/mL 3 R -

54 EB/NE

TR B I AT Y R S S TR R RO R 2 AR, W RASRE X K
U B CIRIEAT A LB, S E W G SR AR A . ARTETTRIT TR
il AR DL KT B2 N IR P2 A g 25 CBE el AT Ve . BRI R 450

(1) A& 2 1) 70 Ak - Bt 75 - /K- TP 1) A 0 3 R e DA SEZ TG R KoK B 11 7 4
ek, FEREE T AR LA g R A 0K, SESLP I OBEKE A RE
LR, BN T 2T R R R ) A K AR

(2) ff FHRRVERLES AT I BR AR IR IR A N AR BR A AR, 980D 1 n] R R (1 451 2K
DA% B Y R A R e e T R PR HE T

(3) XEHAEDERRI AT 7 BB, DLHUGEE- TR ALV R e 25 - R B2
FEA A 2 () TUA 8- [ A5 I T - R B A2, {8 TR R 7 0 B8 2 T 5 A oK PR PR R TS T
IKE, FRAESE SRS IR AT 8 R B B . 1207 VRSB 10 KK S 4 4 2 7
Ak, (B8R AR, HIRDEAE T 00 85 B bR AE Z 0 R T R vP B A7 36 S 80T R T bE T FE

(4) kB4 B AL B AR DR R b oo JB B3 B AR EEAT 1K, DATIUAG B - FRORE AL - A
Jii B K - R IR R ST T 6 RN R s A, = iiA %) 702 £ 1.6 g/L, 3%
N 0.43 g/g AT RKIERE . AN FE IR K HESEIE T FoK O RE T BRI 72

(5) RHRZ A IR K B B AT G 15 B2 DA R AR R A, sl
T EOKR A AL B R4k, B O sk 3] T 68.2+0.4 g/L, 19K N 0.42g/g
F KRR
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F6E TEEWESITE EHAKRASEERKBESEAREITEN

61 3|8

KRR B EERKBEER A B AR W T ARSI G, HAZ O R 3= AMY
T IR AT A A NEAS 22, T ELAE T /K AR b 1 e il BEAM I VA L By, 1R )5
GE CRERETCIERAT o BEEEVGEHIBAR KIS, B B O Z0 TR /K B AR AT =15
RIS

o R D EE TSR ) ) R A HE DR R B [ — > B RO, B RR R I 3
EM B B A. resinae ZN1 F%E RN E 5 P variotii FN89, 1] LUK =R 5 1) Ik i S
A 1553 TR P 7y 1 S5 4100 | ) PO AN 28 A PR A 1) C O FHIK, 7 J5t 253 S 1) D00 2P 1) FH 1k o e 55
TR AT T AT T A T B L1 201281302080 gk — i R (iR g 1 i /K i A DR R
AR TR AVERR I 7 AT 8R4, A 4ER CRE A ROR AR T RoK O/, TR
IKFEIRCS TR AR 24 3 1A208) ) JOAE R 7K AR A 3 ) R R e SRS 1) ) 0z vy T LA B A,
BT T REXE AR W Wt FE AR S T 38 AR I A AR ) v P P e 0 k| 0 o i, AT Dy Al
X — R FEAGFR AL — AN oA I EOR S . [FIE, 2GR AR K AR Ak 2 e # vh
A B T B — TR e A 1) R R 9 L B L v e B vy 12092100, 2o B A () 4 ) T A B SR
I/ PR R O R PR A 21212 A B SRR ARSI TR R A 4 R IR I ER K, T RE
D BREIE— PR R, TR D R AR AN A Y B B R T

AR TR ERME = B & 2 N HRARONEE . HIR. R /KESH (x
PR ST BRUKEE . IR, [ B85 T T, Sl 5 & 2SR 0 7] K 9
BbE. RJE, RAHNIES: & RSO 7 20 R ER T KR B =k E L
MR 2 FACRR e AR A, (2 A& RN &a, RA EREYI
B A I KA BR K AT OB K % . 7E Aspen Plus 1 &5 0 58 8 B BR 7K A A g 7K
fR A I AR AT A AR, XK AR B AT Bk 5 R A 4E R G A 2 (]
PP IEAT 100, AITTAE B B H BRI T B /K M BRI B AT S 2 VP4

6.2 MEEIE

6.2.1 MK, HiFRAEMREFRIIR
Ft FAE W75 B Ak Paecilomyces variotii FN89 HAKGRAT J5 vk K5 3735 2.2.1,
Fit H W ) B B Ak Saccharomyces cerevisiae XHT BARRAT 71k K 5537365 3.2.1,

6.2.2 Rl
2o R WAL 2R P RIE S g W 3.2.2.

6.2.3 JRIEVIR
A2 FiT RN 2018 SE52Z5 10 B 44 7 FA 1T ORI B K AS FT . R RH e /K e b2k
KT ke, B EAAN 10 mm BRI f#H NREL W25 B g 120 e i 1 = B
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RN 28.4% A AdEE . 22.6% AR FEME . 18.2% AR M 7.4%HI K457

6.2.4 R/KMRISHE

B /K L A2 B B AR E S T AR PUC B AR, W 3.2.8, (HAERAE&AM EA P
ANTE) o BRZK S BT FH AL R N IR R « SR AN BE IR VR AR, S IR &M 8.5-18.0% DM,
IKIEHIEE A AR5 84 10-60% (w/iw), AHRE R R EE N 3:2-1:100 R SR E A 175-195 °C,
SIS (B 5-25 mine [OMNEE G, BRAK AR =0 N TIAL 1 B 87 #5 JES Ik th o

6.2.5 RIKFERF=NAEYIIFER £ R

1] 24 M 55 B AR P variotii FN89 W AK M &AW i) 715 L 5.2.5

PR 7K A =8 S A AR BR A5 R AR AT pH £ 5.0 ££4 . BT /KR BT & ik
FEIE T, P ovariotii FN89 Mt LN B 4Z3E AT AE M EE o TR K A 7= W i AE V0 i 2R FH F
BRI RN T . EEAE 3-L IRV W4T, 2REN 1 L. 600 mL BR/KM =Y
JeA 400 mL SM KA (I SM 55 7R (1) A R AR &5 S 5 0y 40 g/L i &) B A 20
g/L R¥E) #ATIREG . %M 10% (w/w) $F P variotii FN89 # 1. £ 37°C, 200 rpm
BiF% 24 h, W TEOTR . BREEA 530 W MR xR IR AR AN R SN IS TR o
24 h {FH 400 mL AR K - V) B K BEIR . W EE K RRAE 50 °CR K& 12h, H T
LR

O R BEFh W85 77 SR BESRE WL 5.2.60 F T B R B IR S 97 ER AN T BN IN B R —
SR, BFUNBERRIEN T BRKMEALTT], SR fa T DA SRR SR A T 2 B K %

6.2.6 f3FIH
T8 7K AR B AT 44 3R B SR 7K A4 381 1R 76 0 B (/g cellulose) MR (g/g xylan)
BRI A (1) T
C; Xxmy; X (1 —D)
mg X C (1)
Horp Co 2 /K BIREIR T CRIEIFEBOREE, o/L); ma s — IR ER/K I~ Wi B &
D & FRIK AR =MD B A 5 2 GEANBIA N R AR 73 % B8 1 g/mL) ;s mo 2546 &
KFEFFTFE; Cose T KRFEFIAERBARHENSE (% DM).
FRK I A AR AR (%) B AL (2) &
mgy X Co —my X D X [C4]
my X Cy
H A [Cl) 2B rh RS AT iR & =
6.2.7 Aspen Plus 57
36T NREL fAE RSS20 27 i 8 57 (0 Tk Il B AR AL BIZE. Aspen Plus % 1F
(version 11.0, Aspen Tech Co., Cambridge, MA, USA) #5377 IR/KME T2 BT, R
K T2 EEAFEFRAEE (A100). EHEERRI/KAE (A200). 5474 i 25 A0 £ T % 19
(A300). ZEE[EIL (A400) FIE PEALFE (AS00) FAMEEL. JFRMEAE . PRKALFLAIZ

Sugar yield (g/g) =

Conversion ratio (%) =

(2)
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N ER 7 ACFEEN . BARKIREY K 2 HOR Y SEhr B A AT B 45 Rk AT 1%, &
BAFELLT JLANJT 1 :

(1) BRI FERTH 25758 1.6 MPa (273 °C) i AIZEIR . FRHE M Hh#4
T HIHRAY, 285 MM N$31.3/ton. Chttps://www.chplaza.net/article-5738-1.html) LA
IR EARR T R RERE .

(2) FEMESEBRIE, KL 30% M) B PR fhe A FFIAE S N 2 B 23 i«

(3) ZMESZBRIGE , KL 6%I1) 5-F2 H EEREIER 1 — 2 0 R ON O R - A2 )
LT i 2 i B S AR R RG AN K, AERUA I B AR TP AN AR 1 20% /5 4

(4) A AR H R SE B A 35 . BRI . SSCF #A8 AAEAL I VRAR i B A1 &
BRI o

(5) LFAstRRA R (T501) MURSIREE (T502) $R4EM). FEIRBEFE N EE
[P REFE. FHTREE (T501) 40 EVEAER CO2 FMERHES 7 7K . RIS IL 16 TBEHk, AT
J7 56 YRl BEOR Bl EL 2Ry 3:1, FubLboy 021, IETHRIEZLN 60 °C. FTiE
(T502), HH T4 QB S ILPFYIRAS . ARSI Y CHIR 507) # B EGE ARG
T502, & 35 Y. M T501 ) AEEZR Y (R 507) BHIENEE 14 B (TN
D . SABEIRIE CEER IR (WD 509) 7255 6 BB AN . E R EEIR
IRy 3.2:1 AR RIETHEAT 92.3% M BB S MR 0.5%K L1 . LB BT
Fh TR 5 HOR LRy 92.3%, AR Ja E— 0 185 UAH 73 0 IR B I /K IR 4 48 99.5% . Al
TR () ISR & A R PTIS RIS BT o AN o A5 FHASCRE IR JE LK, 2R )5
WAL BB e ORFAERETRIEHI R IETE 20% /4

(6) [T AR BE N 15%.
6.2.8 FARGF

REFE 5 A UT Ao M B TAEAL B 30 JIMETHRl A L) mdk, FEERIER[a
4 8000 ho 2013 AR AR —hE TR WA FIMM AR S EF . RI\EET
AR, EIoM AR TR E N 6.38, FIRESFEN KA, Bk
SEMFRTE . BLER SRR w7l

6.2.9 ST L
WA, RME. 4R, OFE. S-FEHIERMEE . MRS, FEEE. T &S, 4-HBA KK
BEERIRATAE MR FE I 2 {8 B HPCL 77%, &% 2.2.10.

6.3 SRS

6.3.1  FEF T 3R IR (1 T K AEAT v i A5 B 1 ELR/K g ) 2 i A

HRR R K AR BOR T B0H A B BRI R T B R BRI A S R AR
PN REAT DUS B R AR HI P BEP Y, 3K SR R A I SRS AT R IR P WK L,
R KT K (R V FEANAT 25 K G B AR S AR B, AT U R4 1
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TEA AR e R BEAM I, (RIS DR 3 v] R A 45 DAER B o R AR B 90 T DAFE AN 18
R FEFIHI A AR ) R R, 0 T KA FF R /K M i R (R fRE A TR PSS L F &, 7K S IV I B
IfIE],  ERHE S B S SHOHEAT AL, SRR T S S B AR R A KRR (R 6.1
o PR IR 5 3 N R 44 3% B 4 2 I AR T 26 R AR A (1 s ISR BB, (L A, [ o 34
T 7K S AE 3 A P [ PR P 28 A, s 82 P Tl B 702140 5o T KRR 1 v ] % &2 0
FRIR ALK AR I N 26, BRER A=A 8.5% (w/iw, DM), 185°C N4 4 WH IR & & i
B MENEEMN RIS (R 6.1 a). HIEMRMIRET, AW R
RERI =W A, B TR — AN G IR K R 2% A R s D SR Tk P B

FRIEALFI IR 2R AN A 7 R R /K A FE I b 2 — o A W 90 3R P AE R IR LA 2 5
e, HHLERFITCHLER (IR A TR 7K A LU B — Jo LR ) i A4 7% 1 R FRF A5 2 R T ) 52
M 2092112121 403 6.1 b FioR, Wit THRER . FIRABR R A BRA ST AR E
Bk AR BB — P T AR A 4E R KR B BRAN TEHLIRR AL 71212, B & —Fhm]
VR T WLBRER, X B-1, 4-BEE R B A IR B KARIE A, [ LE 7K A 2 7
A L/ R R R i 215-210) - R PRAE R 5y A — PR VE BRI TE LR, A B R IR L 7K i1
LRYEFIN A ORI D, I B IS AR AR S R AN S IR R 2R T LA L BE R TN E 77
VIR, Pl A e AR 27218 AR AR A FR B R VS I B A I TE 0.5% DM I 5 5 5 B2 i I
g2k (2 /L KH2POs) WIS —3. {EAHF A RFMIREER QYN T R EER
8.5%) FAHFIAKMEZAE T, %05 IR BEEAIS 220, 400N 18.6 £2.8 vs. 17.4+0.7 g/L
PLJZ 0.13 vs. 0.13 g/g cellulose. TMAEHERR{EATIRE T 5 2 FIARKE (0.12 vs. 0.06 g/g
xylan)s [F) {5 FH S R AR AL TR /K AR AR 1) 5-F2 F MRS FURE RS 56 /0, AH LU T AR R (L5
Al T 53.3%H 19.3%. X T 8.0%MiER S 0.5%BIRINA S, SHMAH 8.5% DM
T B AH LUK AR AR B AR IS . X — B IR IR IR . BRI YDA S, MIRETR
IZHE N 6.0%BmEE+ 0.5% 3 R +6.0% FL IR I , i ) A5 3 e =, 15 21 1 0.31g/g celluloses

3N N FE IR E S R (R 6.1 ¢) FMIRAZEMMIL (K 6.1d) J5, 40%WIiH
[H &5, 7.25% DM SA+7.25% DM OA+0.5% DM PA FRFHE T, #iaiaRnm, &3
7 0.49 g/g cellulose. XJ MBI IAJZEAT #E— 20 ) A B H] (R 6.1 ), BIFE 185 °C 4if
15 min /KRG, (FIHEANZEIR, EE4ERENERE S min,  DURCRIRAD K % A T B2 =7k
R R o BT I AR AT R AP RIR S, S R N A% N IR E T e 4ERE7E 182.1 °C.
LI AT BE AN IR Bt — 2D 3R s 2 R B 7 511+ 1.7 g/L A1 18.1+0.7 g/L, [FIRFAE
BT 10902 g/L LR 4.4+02 g/L5-FZHEMEEELL K 4.3 +0.2 o/L fE. Kif)E 44
RHDWHENRIER T 72.7%, REPEHFHWEEL 100%. {H 52580 2 PR K
25514 0.50 g/g cellulose 1 0.22 g/g xylan. — %Kik, HTLH4ERBAERFTRESK
AT B AR AR P I R B, o [ R A T K AR R R A R A Y SN[ & R
FIT A3 (R 7K A 1) [ AR RS ik — 5 AT 4 0 e T UK I, &0l el B, BRI AT
Ao AR . XKW, 16 EA S 2K ES R BT A4 RMATELK
fit (25.6%-64.5%), IXHXTHE— 04 i i %) BE 15 28 A P Bl o
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Table 6.1 Maximizing the fermentable sugars yield by varying hydrolysis parameters

Glucose Cellulose Glucose yield Xylose Xylose yield Acetate HMF Furfural

(g/L) conversion (%) (g/g cellulose) (g/L) (g/g xylan) (g/L) (g/L) (g/L)
(a) Temperature (°C) (20 min; 1200 g dry CS (60 % loading, w/w); 8.5% sulfuric acid based on dry CS)
175 8.242.5 35.5 0.04 35.4+1.3 0.21 8.1+0.0 3.6+1.2 3.3+0.1
185 24.1£1.2 38.8 0.15 10.3+£0.0 0.08 9.1+£0.0 4.54£0.0 4.1£0.0
195 20.4+2.0 55.3 0.15 4.840.2 0.04 10.6+0.1 5.00+0.5 2.5+0.0
(b) Acids cocktail (% DM) (185 °C; 20 min; 1200 g dry CS (60 % loading, w/w); SA, sulfuric acid; OA, oxalic acid; PA, phosphoric acid)
8.5%SA 18.6+£2.8 51.6 0.13 7.0+0.2 0.06 9.1+£0.3 4.4+0.2  3.8+0.2
8.5%0A 17.4+0.7 50.5 0.13 12.3+1.4 0.12 9.5+0.2 2.1+40.1  3.0+0.5
8.0%SA+0.5% PA 19.6£1.0 46.0 0.15 9.3+0.4 0.09 9.4+0.4 4.140.1  4.0£0.1
6.0%SA+0.5%PA+2.0%0A 39.6+0.5 54.0 0.29 9.5+0.1 0.09 10.7£0.4  4.9+0.1  3.4+0.2
6.0%SA+0.5%PA+6.0%0A 40.8+1.4 64.2 0.31 10.3+0.3 0.10 10.9+04  4.8+0.2  2.8+0.1
8.0%SA+0.5%PA+2.0%0A 34.4+2.2 65.2 0.26 8.8+0.7 0.08 10.9+0.8 41404  2.6+0.1
8.0%SA+0.5%PA+6.0%0A 30.6£1.2 78.0 0.22 7.7+0.6 0.07 10.4+1.0 3.9+0.1  2.9+0.0
(¢) Solids loading (%, w/w) (185 °C; 20 min; 167, 333, 500, 667, 833 g dry CS; 6.0% SA + 0.5% PA + 6.0% OA. *ND, not detected)
10 3.0+0.2 56.7 0.12 7.8+0.4 0.39 1.6+0.6 0.2+0.0 ND*
20 10.0+£0.4 67.1 0.21 12.6+0.5 0.34 3.840.5 0.8+0.0 0.8+0.0
30 18.8+0.5 67.8 0.27 15.1+0.4 0.27 5.940.1 1.5+0.1 1.840.2
40 33.8£1.9 65.2 0.44 12.7£1.5 0.20 8.5+0.0 3.0+0.1 2.5+0.0
50 36.6£1.2 72.3 0.32 15.3+£0.2 0.17 8.6+0.3 3.6+0.1 2.440.1
(d) Catalysts dosage (% DM) (185 °C; 20 min; 667 g dry CS (40% solids, w/w))
4.25%SA+0.5%PA+4.25%0A 26.1+0.7 52.6 0.33 23.6+0.7 0.38 7.9+0.6 2.1+0.0 2.6£0.0
7.25%SA+0.5%PA+7.25%0A 39.4+0.8 73.0 0.49 13.4+0.4 0.21 9.1+0.2 3.5+0.1 2.7+0.3
8.75%SA+0.5%PA+8.75%0A 34.9+0.7 71.6 0.48 11.1£0.5 0.19 9.3+0.2 4.4+0.1 2.7+0.2
(e) Reaction time (h) (185 °C; 20 min; 667 g dry CS (40% solids, w/w); 7.25% SA + 0.5% PA + 7.25%0A)
10 49.1+0.5 44.0 0.40 23.2+0.1 0.24 10.1+0.7 2.9+0.0 3.7+0.1
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15 39.7+2.3 47.1 0.43 18.5+1.0 0.25 8.8+0.0 2.8+0.2 2.94+0.0
25 26.4+0.3 74.4 0.41 10.0+0.1 0.20 7.3+£0.2 3.1+0.0 1.9+0.0
5+15%* 39.3+1.5 63.4 0.35 18.5+0.9 0.20 9.2+1.3 2.54+0.1 3.6+0.3
10+10%* 46.8+1.7 66.3 0.42 19.84+0.6 0.23 11.1£1.0 3.9+0.7 4.44+0.0
15+5% 51.1+1.7 72.7 0.50 18.1+0.7 0.22 10.9+0.2 4.440.2 4.3+0.2

VE: NEFE] 5+ 15, 10+ 10, 15 + 5 FRENZER KM B2 73 HIFE 185 °C 4EFF 5. 104 15 438, RJEF1ILEAZEIR, LR FEREE 150 100 5 0%k, H
TR N A B RIFIRGEAE, & Nias N PR RE4ERF{E 174.3. 178.8 F1182.1 °C.

SA, E)ﬁ@ﬁ: PA, @?p@ﬁ?: OA7 g@‘?o
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6.3.2 PELLRALYIEN R R

PARTIIBR AR B, H T Z A R0 T Bk B ik FE IR R BRI 37, FORFEFT 1
BR K SR AS _ER W] BE B T 20 R I o 38 I K SRR3R AT B v USRIk 1
MIZEE CONTF S g/L) P20220 0 U H RifH i 46 i 3 DR TR e det 43 28 1) — R J% 1 Ak T LA T
52— FPE LA AT 25 24 2 RN 7, AR ATV 52 3 SE A o 21 4 22 /K LA 2 1 40
il p0202221 B o H AT AR S A KR AT R TR O FR IR K A, AR TS BRI BT A 19
IR FE NIRRT R LB R T FR bR B T4 . fEAR TS, R T s
BRI EYE B P variotii FN89, 1% B HR AT LAAG 25 M M 4 W A JoR 41 44 2 R Y il
Yo IR 12 TR R LR B8 LB R U S T AT DA TR AR YIS, HAEAFAE K& T R b
(L A BRACEHMI Y, MR PR B B 53 T R T

T o i A A 1S 2 B K S RE pH 5.0 A2 AT, FEN I A ) 3 B S
I K AT AR AT T I (R 6.2). REAEALSHAFIRIN, #5870 Byms
AL T AR B, X —IR SIPENLEE Coverliming) JdFEAATL.

6.2 JFIGMUKEY. BAERIKARY U K b2 5 UK YY) b 1 EE R R 1 b ) X AT A D O B

Table 6.2 The concentrations of main phenolic aldehyde inhibitors in original hydrolysate, neutralized
hydrolysate, and biodetoxified hydrolysate.

Original hydrolysate  Neutralized Biodetoxified

hydrolysate hydrolysate
HMF 4.43+0.23 3.74+£0.01 ND
HMEF alcohol ND 0.81+0.01 ND
HMF acid ND ND ND
Furfural 434+0.34 3.67+0.14 ND
Furfuryl alcohol ND 0.69+0.32 ND
Furoic acid (g/L) ND ND 0.72 £0.33
4-HBA (g/L) 0.56 £ 0.06 0.45+0.02 0.07£0.04
4-HBA alcohol (g/L) ND 0.08 +£0.01 0.24+£0.12
4-HBA acid (g/L) ND ND 0.35+0.16
Vanillin (g/L) 1.17 £ 0.06 0.66 £ 0.03 0.12+0.04
Vanillyl alcohol (g/L) ND 0.40 £ 0.02 0.79 £0.31
Vanillic acid (g/L) ND ND 0.78 £0.58
Syringaldehyde (g/L) 2.31+£0.12 1.91 +£0.09 0.27 £0.04
Syringyl alcohol (g/L) ND 0.55+0.04 0.49 +£0.20
Syringic acid (g/L) ND ND 0.05 £0.00

vE: ND, FRI/RAKTE HPLC H RN E]; 4-HBA, FKXEILIKHFE,

S B AACES RTINS 1 K b e R EE A D K B 1 E E T K A
TRV B s, IR AR P variotii FN89 JCIEAE R K AR B A . R R IR /K AR
AT T — 58 BIRBE R IR T B IR P variotii FN89 Re1EH A K B HIIREE . 73 A SM
BE IR BN AR K EBOHAT RS, FRRERR N 20%-80% o Xof Wi B S 7K A VRLAE 0 R N JEAT 2E )
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Mieg, S5RUNFE 6.3 Fn. MR N 20%I), P variotii FN89 7] DALZE /KRR A K,
(R Hrh PR L 552 PP BRI ORI 4 38 P A 75 A5 INF [R] (84 b)), [RIINF ISR B A 35.2
+ 2. 3% M AT R IBERER R o 3 — B KRR 40%, P variotii FN89 A 7E 24 h A 58 BUbT
T £, O Al R B R PR E 11.5£0.7%. BEERBERMBE— S, RE
PR P — DR, LR R S, (E AT R R R R Fe iy o DR T /K A v A
Bt 40% AT LAMRIE P variotii FN89 XM 2k 2B, HA RUORBE RGH 43 7T R IREb o

# 63 FIH/KBEAEFREET P variotii FN89 [ i3RI

Table 6.3 The biodetoxification performance of the corn stover hydrolysate by mixed acids hydrolysis
with different dilution rate by P. variotii FN§9.

o Acetate HMF Furfural Biodetoxfication Sugar loss

Dilution (%) .
(/L) (g/L) (g/L) time (h) (%)

No dilution 10.9+0.2 44402 434+02 / /
20% 8.8+0.5 3.6+0.1 34+0.2 84 352423
40% 63+03 23+02 23+0.1 24 11.5+0.7
60% 42+0.1 1.6+03 1.7+0.1 24 15.3+0.9
80% 1.1 +£0.1 09+02 09+0.1 12 18.1+1.2

e M SH 40 g/L B EBER 20 g/L ABER) SM 135 56 K G T AR, AR 3 F24E 500 mL
IR T, HETL LR HMF AREERI 4. AN AR RS2 100mL 2, 37°C, 200
rpmy; AR KA R A R R AR ) R R K

AL R TN ER T T T P ovariotii FN89 X /KR IR 3 . SR FH2FiES: K EEAMY
WAL R BETF UG IS XS K ARBOEEAT — IR B, RIS 38 W] DAAE A A P A T o ot 2 BT AR AR
EHIHEII B AT YL, SR L 2 . FARI R N R GG K R FR R 40% fE BN
P, variotii FN89 HEATAAEMI i EE . B 5 &F 24 h 4 BB R /K AR e 40% 2 i 25 /K A
W, SRWE 6.1 a fim. BAHLRIYILE IR 5-F5 F L MRIE AR IR FE 43 BB &2
6.3+03g/L, 23+0.1 g/LM23+02gL. FrHKIMNEIYILE 24 h WA K LR, &E
K AAEVR R 2 A ARV BE 20 5108 50.3 £4.5 g/L A1 18.4+2.0 g/L, B2 /N T 11.6%.

S AR VIIR S PR IER, FRIZ R SR R E M AT 50 °C N K 12 h,
F LAY BR P variotii FN89 X} ZUIE < B B ik VH AR 2R o B JS 72 KIS /K ARV TR N B R S
cerevisiae XH7 4T BB R, 5R2 WK 6.1b . 23t 60h KBS, K EER T 56 %)
SEATHFE, ARPERE 6.9 +03 g/L, LFREREILT] T 242 +£03 g/L, LEASFNE
W) 94.8%. HIAR BT Z L JEREME ™ & I, T & REA 4-HBA 2K [A] () i 5 01 A%
Wl LT A i bR (3R 6.2), SUMARRIE B REIE AR G2, X AT RE 8T ACHE IR &
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(a) Biodetoxification —8—-Glucose -B-Xylose —A-Acetate
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(b) Ethanol fermentation
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Fig. 6.1 Biodetoxification and consequent ethanol fermentation of the corn stover hydrolysate by mixed
acids hydrolysis. (a) Submerged semi-biodetoxification. 37 °C, 1 vvm aeration, 300 rpm stirring, 20% (v/v)
inoculation, 2.5% dilution ratio (60% of fresh corn stover hydrolysate feeding and broth discharge every 24

h); (b) ethanol fermentation. 30 °C, 200 rpm, 10% (v/v) inoculation.

T RJER 1S sl fE Mt B R R Bt Ja K A .

6.3.3  FR/KAR L 2R

S R /K i L & AR IR AR AT T kM 5. A TR R = S E AR A TR K
files WARAEYINEE . CREREE. FETE A 7 B4 . AL 1000.0 kg T FKFEF N
W, & 283.3 kg £F4E RN 225.9 kg KEWE, A HE T 72.6 kg 4R L1,
LI RRMAA YRGS 5 T EEYIERRIE RN 35% A (B 3.7). EBATRKE T
2, WIRUE FRFEFT I T 2R 2 RITC IR K . AR R YA B A R . R 1R I A
FeAE 59.3 kg AETEAK AT DAEA A . ERGTRAIEIR /> B a2 42 T 1482.4 kg [ElA%RE A1
2299.5kg KK, MU THARA kg LBEHEN 20.4 kg FATRE A 31.7kg JEK. S8
WICE =K 3.7 845, BKME L2400 kg L0 BTG TR K R HERC A
B K 2 5 115 A P P e R [ A R A HE TSR 319.5% 1 339.7%
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% 106 TL

Acid solution: 1365.6 kg
H,O : 1215.6 kg
Phosphoric acid: 5.0 kg
Sulfuric acid: 72.5 kg
Oxalic acid: 72.5 kg

Spores suspension: 118.5 kg

Nutrients: 57.6 k

Detoxified hydrolysate:

] 3686.8 kg

Ethanol

>I Biodetoxification

0
1
Dry CS: 1000.0 kg Acid Hydrolysate: 3446.1 kg
_—
hydrolysis
) Insolubles: 644.3 kg
iﬁ"“'oz‘;ézsci-g kg Residual cellulose: 77.3 kg
ylan: 225.9 kg Lignin+ash+others: 567.0 k
lignin: 181.9 kg Steam 9 9
ASh:_ 73.9kg Solubles: 2801.8 kg
H,0: 134.4 kg Glucose: 143.3 kg

others: 233.9 kg Xylose: 50.6 kg

Acetic acid: 30.5 kg
HMF: 11.0 kg
Furfural: 11.6 kg
Levulinic acid: 19.2 kg
H,0: 2423.1 kg
Others: 112.2 kg

CaCOj: 122.3 kg

fermentation

Ethanol: 73.0 kg

Distilled water: 59.3 kg -
- Dehydf\atlon Ethanol: 72.6 kg

Insolubles: 841.2 kg
Residual cellulose: 77.3 kg
CaS0O,+CaC,0,: 162.5 kg
Lignin+ash+others: 601.4 kg NaOH: 8.82 kg
H,0: 35.3 kg
Seed: 196.1 kg

Solubles: 2845.6 kg
Glucose: 126.5 kg
Xylose: 46.4 kg
Acetic acid: /

HMF: /

Furfural: /

Levulinic acid: 12.9 kg
H,0: 2547.6 kg
Others: 112.2 kg

No wastewater streams, solid wastes and toxic compounds generation

6.2

H,O: 0.4 kg

Fermentation broth: 1
3914.0 kg I

5

>| Distillation

1
Insolubles: 855.3 kg 1
Residual cellulose: 77.3 kg : )
CaS0,+CaC,0,: 162.5kg 1 S/L Solids: 1482.4 kg

Ash+lignin+others: 615.5 kg:

| I
Solids : 855.2 kg

separation
Broth: 627.2 kg

Solubless: 3058.7 kg

Glucose: /

Xylose: 20.4 kg

Acetic acid: / Wastewater: 2299.4 kg
HME: / Total: 2299.4 kg
Furfural: /

Levulinic acid: 12.9 kg
Ethanol: 72.6 kg

H,0: 2819.4 kg
Others: 133.4 kg

Gas: CO,: 73.7k

AT KFEFT AR BAABOK T E e &

Fig. 6.2 Overall mass balance of mixed acid hydrolysis and cellulosic ethanol production from 1,000.0 kg dry corn stover.
e CS, FoRFKFEAT: FERCA HAE AR BEas KRS TR R G AT 1 CBFAORE I . SEO0 S MU A5 2 RS 18 SR 54.9% (wiw). KRS &
BV B — B K 2 99.5% (wiw) MTTIAS 2 LB
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6.3.4 TRKMG T ZHIWIPEAREG VA ) Aspen Plus 574

AHIE TR ) v [ IR A BRK AR LA S AE I R R, SRR SB[ AEAERG SR T
APtz CEReAL . 72 H ATRGE 5 B AR = R /K R A e At R o DRt AT DAAR 9 A
T8 B 0 H AT R K AR HEAT S & AT ATPE VAR

RE WK BEARR BRI RD> TR, (BIAEKERERE. RS
B /K iR (RN HA R ZER, T EERAE LA AR B T — 2 IR
ATV . AT IR/K R T2 (Case 1) FIEE/KETLZ (Case2-4) MEEH RS
MTEREINER 6.4 Pin. BRI/KAEARH B i T @ LR G /KME . AN M O R &K B T
SR KRR 43R 7 NREL FrlRIE 404 3% Ol T 20 (Case 2) UBAD)
N S22 2 BT TR AR T (Case 3-4) N34T Horh 224 4 RAEZRW] 3 13
filh bRl S > — 2T 20, TR FOR A A A W i i R s e . g &
TN TR RS QAN Vs P S

VU T Z B AR L P 47 LR DL W R & R0 P 30 5 i+ ROKFS AT BE 0 A0
il )RR o AR T BSR4 T SRR B A R ) IR EOR
LU AR IR 6.5 s, XMTRIRKMLE (REI 1D, LEEFEEN 719 Tint,
DO IBRE KB L Z (B 2-3) LEEF RN 29.6-33.9%. % H AT LB S 4% 2.21
Fo/ et 5, AR LR R A BE 3100-3770 77 5K T 1 4 5 45k

(https://tradingeconomics.com/commodity/ethanol ) . HRIZFEAI A2/ (6] 2) FhAF4ER

FEINAS N 4.24 EIU/ATTEAM, BRAKM LZEFEE 811 I T4 R sA
HEMSE KR T E s AEMERE T, R BETRED 21.5% 1 LB =4k . H B RTEALAE
FE AL I T AR R B Z A S R VIS E o G0 SR AR AN R Tl £F 4 2R
HlE AL S (541 3D, LF4ERBER MK mE] 6.27 20k 233/ AT B, £74E
REGHIE AN ISR 743 J3FRICEL 2762 JiFKT0. RIMLT4EZ B 1) AT & DL R AR A
P B ANRRE R R AG 4e AF YR 2 SR IR 1) (28 5% AT 4R M A 7 s SRAR DR I AN 0 12k

WR— DA RBEIHEN 10 mg 55H/g A4HERBOE 5 mg /g 4R

(Z=H 3-4), FECREF =D 18.5%, Fri&iI& ik 867 kK It; Mt

V) S Ao 2 Wl 1) B AR 23 AH sk b 419 536708k 1519 Fi%Eot. B BTEANR T4
B s BB s oL, 78 s RS & T B KRR A 4E R KA E— AN 10 mg &
/g LTYER . FEMELRN b, SRR DS WA S L R D A AER R &, R
it — BT T £F 4E R B N A& A SRR AR P2 I A B 2k o MR KR 5 — DA E R &R
SR &, HAR AR LU EE K f I Tk A IR TR B iy 10.0 £ A B (3R 6.5),
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Table 6.4 Process parameters and performances of dilute acid hydrolysis and enzymatic hydrolysis for cellulosic ethanol production.

Case 12 Case 2° Case 3¢ Case 4¢
Processing Direct acid hydrolysis NREL process Dry biorefinery Dry biorefinery
Pretreatment or hydrolysis Acid hydrolysis Dilute acid pretreatment ~ Dilute acid pretreatment ~ Dilute acid pretreatment
Acid dosage (% DM) 7.25%SA+7.25%0A+0.50%PA 2.10% SA 2.50% SA 2.50% SA
S/L ratio 2:3 3:7 2:1 2:1
Temperature (°C) 185 158 175 175
Reaction time (min) 15+5° 5 5 5
Final solids content 19.8% >20.0% 45.2% 45.2%
Detoxification Biodetoxification Alkaline detoxification Biodetoxification Biodetoxification
Fermentation! SHF SHF SSF SSF
Initial solids loading 19.8% (w/w) 20.0% (w/w) 30.0% (w/w) 30.0% (w/w)
(Pre-) Hydrolysis / 48°C for 84 h 50°Cfor12 h 50 °C for 20 h
Cellulase / On-site Purchase Purchase
Cellulase dosage / 25 mg/g cellulose 10 mg/g cellulose Smg/g cellulose
Ethanol titer 24.2 g/L (3.1%, v/v) 53.4 g/L (6.7%, v/v) 85.1 g/L (10.8%, v/v) 64.9 g/L (8.2%, v/v)
Ethanol yield (kg/ton CS)® 72.6 244.8 214.2 174.6

VE:

s B FHERIK fife 20 NER 6.1 H s AR R K A 25 A5

b 25| 2 275 NREL EW)H it #2082, X AN FE Hr U T % FAL SR 5 2 5

¢ B 3 B FIEEY RS REN 04, R 4 2R R 3 HIEAE KBS FH & N 10 mg/g cellulose TA#EZE Smg/g cellulose #5321 15
dSHF, K/ Uhift5 Kk EE; SSCF Ron[AZ L 53t Kk ¥

¢ BT S 25 SRR B AT FUR R AL oy AT TR



LB T KE 1 L2716 109 T

R 6.5 ARLYIGS L ZYREE RV MEF a5

Table 6.5 Materials balance and preliminary economic estimations of different biorefinery processing.

Case 1 Case 2 Case 3 Case 4
Processing Dilute acid hydrolysis NREL process Dry biorefinery Dry biorefinery
(a) Materials balance
Raw corn stover (ton/year) 300,000 300,000 300,000 300,000
Acid catalyst (ton/year) 45,000 6,300 7,500 7,500
Cellulase (ton protein/year)? / 1,913 1,186 533
Ethanol production (million gallons/year) 7.19 24.25 21.22 17.29
(b) Materials cost and ethanol sale
Feedstock cost ($ million/year)® 17.73 17.73 17.73 17.73
Acid cost ($ million/year)° 10.30 0.82 0.98 0.98
Cellulase cost ($ million/year) / 8.11¢ 7.43/27.62¢ 3.35/12.43¢
Ethanol sale ($ million/year)" 15.89 53.60 46.89 38.22

T

@ AT 22490 Pt FH PRV £ 44 3R il 2 S A AR FE MR R 2EL 03 3047 1 TR

O MRt R R 4 R AR, FOKRFEFT RN AR A 59.08/ton;

C AT TR B RRAN T AR £, AN S 2k QRN E TRV o DR G TRR R A 7] 1) A AN B F A S 1) AR

B VA4 W LR A AR 7 2 DA B A RUR

¢ AP YERBE NP IRIE IS . $5 Novozomes AT, LF4ERBEIIAN 0.5 KNG OBE, 5T 6.278/kg EEIB NP EGLE R SRR (R A
WS, ks 23.38/kg B 1223

TH BT CEERIAS AN K N$2.21/gal (https:/tradingeconomics.com/commodity/ethanol ) »
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G IBK RS 5 TR HRREOR, TR BARE. CREE
RENILRE  RETRSE T B, HAYER CREM & DAL AT bR DL A I 7E oK SR ) A2
PG, XOAIRAT KRS 5 AV R AR AT LB i T HEOR AR . ST
ST IRSIHR ) Aspen Plus B4 (4 3), #—P4F Aspen Plus 1 4]
ENL T DIEALCEE 30 J50 T RORFEFTAE PR AR 4E R BRI K R FE , SRR TR
8000 ho AR ARG FRIAEEE (A100). JRATRKME (A200). TEALHAAR N B B K
% (A300). ZBEFETE (A400) FIFVEELS™ (A500) HAN T2, WK 6.3 . ¥l
ST IR K fif T 2R R G ST ORI AF . JRZK AL BRI A F it &5 T 2, (5 1k
AR R AR 2 R B

Feed Handling Hydrolysis Bioconversion Recovery Boiler

449

K200 1400
4100 T P 2300 510 A500

442

HIERARCHY HIERARCHY HTERARCHY HIERARCHY HTERARCHY

6.3 JEEEELL (BRUKMETZ) 7E Aspen Plus 3 _ERIRE R

Fig. 6.3 The flowsheet of non-enzymatic biorefinery processing on Aspen Plus software.

{8 FH Aspen Plus #5783 BLHHAT T AHOCRERERI LU, EHETALEE (FR/KME) A&
DAL R (BEZKAAR 200 SRS VRN (B4 2R 7 # eI ) RE SV #E ARt 45 R sk
6.6 Fin. REMBIKMH A % 7 REMH &t A4 RN, (T 5 5K 2
WA (B2 T20KRIEIA) HOKRHIR A =, IS, Xl R w7 25 2 81
BN o SIS AR AT LA /K i FE (0 2873 P N UG B FE 1 1.9 fi5. % 1.6MPa
ZIR AR IR S M T340 31.38/ton THEE, Az =il £ BEFR R /K MR I 725V 46 B 2 I
I TRAL B FE I 5.43 %

X T TR AR SRR /K I R T 4% ) 3 A Joe o= 35y T LA S B AL ARG TR e
¥ ZRMEZINHE 0] UE R M i — Pt m T ARG . 2 AT 7iaR
WITE R K i 2 5 TR R R T, R ot R AR VE B8 B A i & 25 A2 = B 15 I F B R oK
bb, ARG CEESRM 2.5 kWh USRI S T 5. (Hl T R/KEEREEN
R, 7 HEIE R T ORER BT 57 KRR A R S AR ) AN TE PR R AR R
TARBEZERB S, AR 16 R A BRK R IR IE S be T F T H R INE™ 1 # R
N 41,995 MI/h, IUCHTIEEMIERI 21.2%. 2 R, RETRS BRK MR & 25 Wik
BRI TS50 CREA T, AT H AR BRI EOR, LSS 2 PG
(TR a ks> ) IV A 32D 2 8] R REAR ST o [ R 7K R AR AE A = g I 2 B2 ) e
AT BRAS N 75 VR AR 35 B S v T B /K A A, 7R AR IR U THT B 5 B K it R e K 22
R, DRMGTRR 7K AR A B AN L 4 SRR B A B
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Table 6.6 Costs and energy consumption of non-enzymatic biorefinery process compared to dry
biorefinery process.

Non-enzymatic biorefining Dry biorefining
(a) Steam usage and cost
Steam (ton/year) 224,000 425,696
Steam cost ($ million/year) 13.3 7.0
(b) Energy consumption and generation
Pre-saccharification (MJ/h) / -12,453
Ethanol distillation (MJ/h) -57,771 -81,783
Solid residue combustion (MJ/h) +99,766 +291,771

T FTRIZON 1L.6MPa, 273 °C HIREMIAIZRYT, $IR phl ) idk i, 280854 48 31.3/ton.

6.3.5 MK LZMERTeEE

XTI AR, RE AT TR R R, SPASERRY . AR S ) Y
e AN ER 2H G AR 2132242200 R A Y L TC LR BICA ML 0 15 R RR /K i R4 2R AR 284
PRHITE 60% AN, RAEFEARRE A, oS & R K AR RS B 1 35 ik B 1 vl R 1%
B (~66g/L), [FIIN AV ETFROR WL 1 7L OR B KR 73 v R BB B 2 TR A AR K
P 3 L bR, SRS CRE R BER EEIA R T 24.2 g/L, & HETRR/KAE T 2B N
D21 o AR 25 20 AR L S, /K i R A b T B /K 2 5 i A= W ki
FETEBEARFEAL RN T e 5 A AR BRI 2R

X HA RS RAAERN B SR X TR KRR, H AT IEASAE — > P X 58 1
W B T EVR L IR R . V2R FUAR R T AR AR T A0 IR AR I R AT K i
(0.5-2%, w/w) o U IXFEFAG 2 i) 1 R (108 21 17 oy H08F S 1 v A B 011 420 1) A2 s
{F R A B REG IR FE P R TR K AR BN T I3 R B A e A R I B IR R I B N T kS &
B[l () E oK fERE, Mats Galbe, Zhao Fl Zacchi 25 N3 H T Tk 2 BERE MR B AN
T 4% (w/w)27220 XK T T SR AR R B AT R R FE AN T 80 g/L. 4%
IR B R, MR 5% (~40 g/L) I, RIEHEESILE AR EE. H
FeAEAFTE R IR, Zacehi S8 AR TR, 40 FR 2 RAE N FORAR N T B, K4
EIFEAREE N 1.5% 28 RIKGA A 8.0%, JIT7a LM 2R LRSI D 2R B 2 P90, X T4
BIF 9 P R FH A v [ 2 2 K, IR A0 7R SRR E R I N o BB 2 I AR S T T IR M
IR R A . AT A B A Y o i v R R IR ™, 0 56 4 T DLV A K TR I e

FR TR RN T S TR R AN Tl 428 o AR AE ZR G W] A e B 1 /K R B0, TS 21
B AR P AT R TR o (RN TR /KT 5, il e B A5 31 PR T A B 2 A T I T Y
BE— 2D BN A KA, IXAEAR A2 R R K I R 2 AP e R FAF e &
K AR IR0, AR 0 2k AT IO PR . SE AT B 9T 22 SR B R R K Al T
IR REZ (AR BE R R T a3 1-233), VAR SR AN 25 N e K A2t 41 4 3 5% I i R B 7K A
X & B AT YER BRI WUER J5 PR AT PR AR . (BN IR TR ERE T 2K HP B IR T
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152U & AT MR BEANE AR AR IRAS AT LI AEL, RTINS A S5 SR 2T 4k 2K i A o i
THRHI A, B IS R AR FIE 60% LA

U G DR ITT A TOPN, TR g Ja A AR A R e E 50, JDLET 4 2 g ] i
AT B RSBV A2 W R K AR BRI 5 — 2% o (HL 3R 7 iR AR AR SE B Tl S AT
A RO A B R EAGHE . (HE IR, X T DI AR K oK, e
o IR KABEA T B AN T AP e R B AT AL B L KA RS, (B H AT R R AL RCR e 2 35F
Moo 5 EE KL AR R ZER . B TRANTAA T A RRERIH N FBL SRR
IR AT AR R R B AR 1045 B W B ] e /K L o (EAEBLBT BL, ARk
SCHLAE I FEVE R AT AT SC R RO SRR, TR BRI 2T 4 2 IR B A A LAEL &
A -

6.4 FE/NG

BRI AR AT 4 3 A A P2 A e 2 CBE AT DL AR B s P E R B A, (RO PG
e K AEARAT B0 J5 ERR AL IR F T 4R B A A ki I, 32 R ] R I B0 () R A0 2R
VA J5 B R T eV AT o BRI AE VI i B3 B AR P variotii FN89 HAA FEMRAR AT R Ei &k
B A IO 2 24 2 SR IR AN VI B8 7T o A RPN 35 T B S0 1 R /K A =) R 0 A % 1
R TR B R PRI, AT AR 5 0 B AR AR AR A = A 4 R B 13 AT T BEER
flie EEANFWT:

(D) AT MR T R KR R AT TR G IR B& &, RAEM
SN T ARAL, DA KAEF IR YI/K I 3RA5 3 1 51.1 o/L #i & BEA 18.1 g/L KB, 15
38 0.50 g/g AF4EZ AN 0.22 g/g REEHE .

(2) RAEELBAR T, 16 24 h B ERFEFT KB R 5-52 Pk
FERE RN 2R 58 4 25 15 FERL R BESRS T 242 g/L T/ 8, M4 T 2153 N 72.6 kg/ton
T T AKFEF . PRSP R AAE KR . AP B A0 B RE R AN P2 AR K AR IR AN
B G

(3) 7£ Aspen Plus ¥t FEAL T IR/KAE T E VBB . YIPHARETF VMR
B FHAE 3 0 AR P i 2 R S AR AR S s, T B B A 7RIS B0 B B £ 4E R B AL
Aa, TR R REAME 21.5%-89.1% K] WA =4k, AN RETRAMNT IR /K i T 2 Ik & 1
133 P R K o

(4) FR/KFRFREA e T Bl T I I IE AN 41,995 MI/h, (UNBRKIES 511
FARLEDIERRIS FER 21.2% . FR KRB AL A 72 4 0 2 2 PR A 751 B AS R 25 75 B A 1) B
B TEEK AR, R O T S B K A R BORZE R, L H AT RK AR AR
RS SR A SIS, 58 A B &L bR A -
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71 3|8

i TPEREFLIRTE DN PLA R G RTRS, A B BRI TT. DR E SRR
NEIREAT WY A W AR v TR REFLIR 10 B B Tl A 05T, DU T B
BHEHTIARAE RO Cal Tz, HEEE 2024 F R RART RERT
ETHRE R 37 4230 EPY, Ho iR AR IR SR B R 1 T =T /I BE %, L
MR SRAM I KA 7 LR TC AR R AR 22 B P B3 I 8 BRI AL 1. Bk
CABRANT HRUS 32 I A S5 21 4 31 A= 0 I A 7 27 4 3R LR RS 2 AR B, b B A 4 P A 7
BEER o

AR ETYE 2 A o b 0 S AV & AT R A . AE VIR T & RS AL 2
Bieg BEL S R EE . LRl M 85 2 A ORI 4R A A7 v T L
FRER A AEI I R« A RESEHE T HEAT AL, 3 b JIURE 21 500 2 A5 7 AL R A R B 2%
77 it T R M T, G e i T A % o 6 45 AL BRI 7 A P S ) P 5 B A R B PR o
IR E 5T 2 R U BT B 2P 4 s AL A 7 C AT T w2 MWt 7T, Ei Tk
R REFEFNHEBE R IR PR N . R R AW R BRI S SR, K2 4R
7 AT 2R FUIR 1 A B T T SR FLIR SRR A 7l Al BRI,

TARA BRI BOARAE ST 1 F-E FLBR AT 3 110 [R) I 7™ BR 1] 17 Ao 21 4 3 A= W o %
WA M BROKHR B 5E T s UM R TRUAL BEAT RAT i 1 YRH SRR 45 F RN O T PR
TR, PUCEEREA LN B R K B ide i) £ i 23 ARSI 1 AE AR R A e
THAE X A A 2T 4 2 R VTNV RO IR 25 B s LI A Tt TR P L R B R Y 2 P At
LRAEFORIENE CRIa e ABE. HERmE . FILPEAMB SRR A @ P L-2LIR I Re
71, BREESREWAERT T S PSR L-FURR A A R T L-A S a0, w2, LA
TNEEMIRBIBORAE P PR LT e R FLIR, ok 1 A AT e LR A~ I REAE . FF
JBCR b FPERE R R AL, Rk 7P AR EEK

A EERE T e ST T AEAREE T T A AP AE LR I BOR . IR H TSR B 2 Rl AN F]
TRV SR 4R L-FURR I FOR B BT 1 B0 Mr o 5L 1 3 TR
W A X IR AEY I T TS (RBPDs) MIAEMIRIEE .. Efigiisay, HT
FLIR A 1AL i A S AT o X2 T AR B BoR I = FAE A 4E R L- LR A7
RSB 13T 4% Aspen Plus JEAERAU T SR VEARPIRL T, JFREAT TR 4
i Ji S 7 T ANBRHE TS 70 A, AR S AR 22 5 Bt 7 A Btk 0 H JF A a4 7l
Wil 71, FFEXS AR5 I BORHED AR PR 45 e 2

7.2 MRS

72.1 KR, REIERAIEE IR
B L-A R K BB RE Pediococcus acidilactici ZY271 (CGMCC 13611) [RRAF 71
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LIRS 421,
Fit FHAE W Wi Wi 75 B A% Paecilomyces variotii FN89 (CGMCC 17665) WIERAT J7 12 AN5S
FESF 221,

7.2.2  BEAIAT]
A Y R AL 2 A R S & L 3.2.2.

723  JEIEYIE
AT YR RN TR FEFT, FENE 5 MRS 6.2.4,

724 TiALFR
KRBT TFBON T MR AL B, BAR & N EEE 12555 3.2.8.

7.2.5 VIR
A FEATAE T A AR W R 55 AR AR P o B b vk o G [ S A I R L Ak
£S5 3.2.8; WREYIM R BAAEIES S 525,

72.6 L-FLRRKE

AR B 43 A AR DR R AT R B ) A R R R AT T AR R L-ALR )
A P H AT 4E R L-SLIRM SSCF #1274 4.2.5. R EYIIARHIS IR 5 /) L-2LIR
KIS 52.6 ORISR, FEMCLAE . HA ROy R I KRR B s, B
it B 56 S BIZK AN 75 E4E 50 °C N il KOG LB B AR, BELIEIRIE 10% (viw) R E
BN BRI P, acidilactici ZY271. KRN 42 °C, ## 7y 300 rpm, KB pH %
H B 3 InE S A R 7 R HIAE 5.5,

727  JEERIKELNE

RN R B TR B G R & Bl I WU & S B TR R R e (725
ICP-OES, Agilent) #ATllE, HAAERETESH 3.2.12.
7.2.8 Apen Plus #i7

BT NREL (A5 B US2H0 2 157 87 B TR A VDGR H H R AR 7= L-FLIR f AR Ay 24
Aspen Plus X (version 11.0, Aspen Tech Co., Cambridge, MA, USA) 43557 1 PUFF
BT TR ARG R B P S T A 4R L-FLR IR T 247 BB A 1B 3 B4 45
JREHEEE (A100). FHALEE (A200). ZF4EZRFREALE (A3000. DAL (A400).
srEaith (AS00). [RERAEE (A600) FIE/KALEE (A700) LA FE BRI, Hr s giaf
WAEHANRIE O AL RIS & AT T, FEORTERSE. WEHRB A, 28K
ghdh RS TR0 IR .
729 fxEE

YRR L-FLIR ik 2 328 R F 2B i J& 3 70 B (LCAD I 71, 1E Open LCA 3 A (version
1.11.0, GreenDelta, Berlin) #1537, A %4 %4 agribaluse v301. bioenergiedat 18 F/I
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ecoinvent 37, Bl FHZr #7751 ReCiPe 2016 Midpoint (H). E K RGELFAE 7.3.6 /N1
AT TR
7210 SrMTIE

MBI AWE. AR CRR. 5-F2 FHJLMRME FUBRIAER B2 R A HPLC 7, Bpk
WARMBEESH 2.2.10.

73 SR5R

7.3.1 BERE AL BRI AT 4 3 L-FLIR R AT 4 R g 2 4 7~

FEEmRIP R, 2.6% DM [FELER AT LLA R B K S G I FoKFEFF, 20 4 mg
HH/g DM [P [E % & SSCF J&, LB =485 al LLIE FI~70 g/L . AR AR AL,
FEAH [F] B TR R 25 A T IR 3 T 50 ER (ke A 70 AH 5] R A B e AR I 4B A, (RTINS A 28 P
K7 RERBE RS R, EARTRF, 2.6%DM AR 175 °C MR EZ AT 5 min
S5 IS B T Sy T B )56t R L o L R bt _E ol i B8 R P s I 7 U P8 B8 S o7 ) o
BN PAL B SR FE,  DAHHEE N A BRI AR A 4 2R A B 5 R, T S R A 4
FHAYE RGN A AR, PRI R R4 R E, AR T TR
FRFEAT BB WL 7.1 fion. LA 4% DM HEEE & 0.5% DM BB E R, 175
°C ¥ 10 min, FHECT SR 5 min 2338 BORHE 14.2 Y% )E AT R BERET 2K o 2 TUAL BE I 3
TR = 2 180 °C I, f1H 4% DM HIRE & 0.5% DM BRIIEL &, XM Smin I,
FHEE T 175 °C [V 5 min, AR S EHIK T 31.5%. X —4RWEY], X THAHK
T AR AR 7%, IR LR FH B AR B AR K2 A BE K. 1) Loannis A FIHF 9138
BHRSY, S FARIR TAC TR, 7ETACEEE T 170 °C J5, TRALHEE FE X 5 B2 K i R0R
HIRCIIRES, X — AW A SRR R, 175°C & T MR Bt B s NG
Ry BE 24 FE AR T, ERRFH B INIRTEE N, A 7 ORAE A I m] R, il
bR 2 B3 FE %A B HIE 175 °C, i m AR & S EUR & nT R TRERE 457 2% o

EAERRZ, RETE 175°C MIRET, XA 2.6% DM il L 4.0% DM Hifg
24 0.5% DM BEER IR F & B 5 min B AR FERE & B R . (HIX AR 5 SRR
AT DURE B B 22 B m R TR o DR A A T R IR 1A P B 5 B AR A3 0 IRIIR A ok
X 175 °C TR A AR BB FKRFEF (BB 3T 7K AR X L-FLER K Tt R v

e
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Table 7.1 The main compositions of pretreated corn stover.
Conditions Poly- Oligo- Mono- Inhibitors
saccharides saccharides saccharides
Dosage (%)? Tem (°C)® RT (min)® Cellulose Xylan Glu-oligo  Xylo-oligo  Glucose Xylose Furfural HMF Acetate
2.6% H2S04 175 5 2942+0.3  1.7¢1.3  7.5£0.9 112.54+0.5 30.1+4.2 95.6+3.5 5.2+1.2 7.1£0.2  22.1£1.5
4.0% OA+0.5%PA 175 5 250.4+2.1  8.6+0.2 46.6+1.1 124.4+2.4  40.2+£3.2 130.942.5 7.6+0.9 1.9+0.1  26.2+£2.2
4.0% OA+0.5%PA 175 10 219.8£1.3  5.9+0.8 13.3%2.3 109.9+3.1 45.6+1.2 121.1+1.5  4.0+0.4 1.940.3  21.94+0.2
6.0% OA+0.5%PA 175 5 212.142.4  6.0+1.1  55.0+1.5 108.8+0.5  45.2+1.9 148.541.9  4.240.6 1.1£0.2  23.9+0.8
6.0% OA+0.5% PA 175 10 183.0£1.5 6.0£0.9 42.2+1.8 49.3+1.6 448423 132.7+6.1 4.2+1.1 2.1£03  22.8+1.9
8.0% OA+0.5%PA 175 5 180.6£1.9  3.0+0.3 52.1£3.3 104.0+£0.3  45.243.5 137.944.3 3.7+0.5 1.3+0.2  23.5+1.4
8.0% OA+0.5%PA 175 10 170.3+£2.1 / 37.8+£2.5 46.0£5.5 39.3£1.2 89.5+6.5 5.9+1.2 2.3+0.2 27.4+0.1
4.0% OA+0.5%PA 180 5 164.9+2.5 / 53.3+4.1 39.9+3.2 63.3+4.5 90.0+7.5 6.3+0.9 41404  38.5+3.5
4.0% OA+0.5%PA 180 10 138.1£0.1  / 55.843.5 15.5+0.9 63.546.1 74.1£6.2 5.7+1.1 74+0.3  27.240.3
VE:

SRR RIE TR IR OA, UREM; PA, fURBHR;

Tem, FoRTALHE S MR L s
°RT,, FonTRALEE S NI ] o

TEER S TN EAZ HITE 0.5% DM I 5 5 82K BE IR £ (2 ¢/L KH,PO4) ININE—2K;
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FUF T AR B PR AT 1 15% Cwiw) [ 8 B MK TR, 20 ]
1-4 mg & [/g TYRMEEA R, 5T 12h BERJS T R BN S SR 5 MK s
%, GRINE 7.1 iR, EARBARET, HIETUIEA S R AR S EAR, X
2 W T FEY 0 T AL 38 TR 2 27 4 25 T K A o T S 25 i, i £
BRI, AT b 2 s

Besh, B RTLAE R R P A TR TR R (R, A A e A
S FE R, LT 1) T Ak B 5 PO R ot B L S 45 B T S R R, O R A
Pri . HEF AT B DI ATREARE T I A S T SR 4R MG HE T, S8
SEURH R, ATRER TR R, 0 T A RS, SRR, i
16— 5 AT AR BRI AL B AR 3 S04 T R IE MO0 s 505 AT RES2 1 T /K AR I e TR
5 (12h), SEURMIKIBEA A B % Pl AL 1k T A Rk AT T A6 R £ [
AN, A3 SRR E B Y AT T L-FLRR M R S0, SKIGIF 58 75 ) TUAL FE A8,
FELE R BRI O 00 T 2 75 215 818 2 1=

(a) Enzymatic hydrolysis evaluation with cellulase dosage of 4 mg protein/g DM
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(b) Enzymatic hydrolysis evaluation with cellulase dosage of 3 mg protein/g DM

80 -
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(c) Enzymatic hydrolysis evaluation with cellulase dosage of 2 mg protein/g DM
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Glucose = Xylose 100% 1
60 - - =
- - 80% A
50
= r-— r-—
o s i E
3,40 o 60%
g I - - 2
g = I o
230 = I I3
o S 40%
El
20 o
0, -
10 20%
Control  5min 5min 5min 10min  10min  10min Control  5min Smin Smin 10min  10min  10min
4.5% 6.5% 8.5% 4.5% 6.5% 8.5%

4.5% 6.5% 8.5% 4.5% 6.5% 8.5%

(d) Enzymatic hydrolysis evaluation with cellulase dosage of 1 mg protein/g DM

60

Glucose = Xylose 100%
50 -
= I = ~ - _ 80% A
40 3
< - 60% A
2 @
gSO ;
=1 - - - a3
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7.1 ARFACEFZA T T EYEL KB KSR
Fig. 7.1 The enzymatic hydrolysis evaluation of pretreated corn stover with different cellulase dosage. (a)
cellulase dosage of 4 mg protein/g DM; (b) cellulase dosage of 3 mg protein/g DM; (c) cellulase dosage of
2 mg protein/g DM; (d) cellulase dosage of 1 mg protein/g DM.
e BEKMRES&AT: 250 mL #2fH, S0 mL ZEWE, 15% (w/w) [E{R&E, 150 rpm, 50°C, 12 h.

151 FH Bt SR RHE BRI N 1) SSCE 3ARMEH T ANFI FH E AT 4E Bl S5 R aE 7.2 i
o ERELE T TREAL 6 h J5, B ANFLER BRI P, acidilactic ZY271 AT L-FLEE K% -
MEGHEM 4 mg B H/g DM [FKA 2 mg S5 H/g DM B, XHHEZA AR ™ & H 66.0 g/L [%
iK% 55.1g/L, Wb 1 16.7%; (BXT 9B TACFE FI40kE, 10 4.5% DM & H & il ik 34
5min B¢ 10min, *FFHEM 4 mg B H/g DM [#K% 2 mg 25 H/g DM I, FLER ™ & 737
Rl T 4.7% LR 7.2% 0 TX 3 B 5 P38 250 v PR T AL BB T 82 s 7K A 2 0 R P 8 SR A S
GRS SRS T SR B ) PAC IR 24 T, PR S e, (HE T R B AL
() A DL R FRAL PR BERE, IR BONIE I 4.5% DM R B AL FE Smin 5E 10min B
SRR BERE,  SRIHEAL  E B rT DARR AR — 2 & 2 mg HH/g DM.
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(a) Cellulase dosage of 4 mg protein/g DM (b) Cellulase dosage of 3 mg protein/g DM
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(c) Cellulase dosage of 2 mg protein/g DM (d) Cellulase dosage of 1 mg protein/g DM
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B 7.2 AREBEEFAVEREE R TERRE IR
Fig. 7.2 L-lactic acid SSCF from pretreated and biodetoxified corn stover with the cellulase dosage of 4 4
mg protein/g DM (a), 3 mg protein/g DM (b), 2 mg protein/g DM (c), and 1 mg protein/g DM (d).
T: SSCF 2A%: 250 mL #EH, 15% (w/w) [E&H&, HiHifL 6h, 10% (viw) #ME, 150 rpm, 42
°C, 72h,

N T BV LE S B N T BT FER B R B RE, AR SL R REGE N gk —
AT T L-FLERA SSCF K%, Z5RanE 7.3 Fim. MHRALAIERZ 2.6% DM fi R 1l
AEFRANL R FORAREF R, R S R 30% (wiw). MERFHENIER 4 mg /g
DM i, 23t 72h KA AR 114.6 £ 1.0 g/L FLER; 17 2418 UK 2 mg 2K H/g DM [iff
R, 72h B JAER T 72.8+6.6 g/L IR, P& FFE T 36.5%; LK TERT[A] & 96h,
FLER = e A 81.6 £ 2.1 g/L. KB & T B FLER A& ¥ 5 90 ML 28 1) [R5 e A0 5 L R e i)
g, RIHE ST FE o8 o Ul I kR R SRR R AT R R P T LR AE e, FLIRAE
FEARZNET TR, X RA KA RE TE A AL .

MAEH 4.5%F H ETAEEE Smin FIPEHH T FLIR KRS, /KB E T4 72h &
PR Bk B T 98.4+6.5g/L. M 72h IR E A W B ETHRES, X R
VIR K fRFE A . (R FUER I P2 R L IEH 4 mg 25 /g DM B & R B 14.1%,
X WA EB 5 P B, HEIU LM A 2T 24 2%l 2 308 140 JER IR |l X AR R 3R I A ] 3t
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AEAE P R B o AEFRAC BRI A 00 10 min I, 78 72 h B (O SLER = B AN 89.6+0.2 g/L
SRR TIAL B SR B R A TR PE AR 102100, W2 bl T K ) T A 3 -5 01 T A 1

KBS,

PAES5 RN, Bmnm B T B AR v 7 R K A9 3, 00— P2 45K
HET, AR EICTEE T 14.1%. {EI 750 K S 2000 & B EAR AT 3% 132
THEL RO B B s, IR/ B P AR SR e % AR R AT .

(a) 2.6% sulfuric acid, 5 min, 4 mg protein/g DM
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(b) 2.6% sulfuric acid, 5 min, 2 mg protein/g DM
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(c) 4.5% mixed acid, 5 min, 2 mg protein/g DM (d) 4.5% mixed acid, 10 min, 2 mg protein/g DM
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Fig. 7.3 The L-lactic acid SSCF from pretreated and biodetoxified corn stover. (a) Corn stover was

pretreated by 2.6% DM sulfuric acid for 5 min, cellulase dosage was 4 mg protein/g DM; Corn stover was
pretreated by 2.6% DM sulfuric acid for 5 min, cellulase dosage was 2 mg protein/g DM; (c¢) Corn stover
was pretreated by 4.0% OA and 0.5% PA for 5 min, cellulase dosage was 2 mg protein/g DM; (d) Corn
stover was pretreated by 4.0% OA and 0.5% PA for 10 min, cellulase dosage was 2 mg protein/g DM.

7¥: SSCF %Af: 30% (w/iw) [EfRE R, 42°C, 150 rpm, 96 h.

7.3.2 L4 FLIRIE AL B AL 7RI 178 7

FLRAIF N EAT Z N AL,

KR A R AT o FE TR VPR LAt
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AT A G R AR AT, Hr= & R AR AR 2] 7 Tl A= B7KF o A BT 3HAh
AEAEYNEAE AR, 224 3 FLIR B A 7 ORI AR B HE O BB . =ik EEFLIR (1Y)
R & U A AL . R R, ARSI @ 7 E S B
BTN B B A3 3 AR LRV T, IR R FLBR A O S 2B P2 AR A = AT

FEREFE R R, AR AR IR S A b IR Pl b B AR A4 75, FL A B v 1) e S
AEFENE, B A . T ALER PR MERLSS, AR ME R E AR A AR, @
AR Pl DR AN N B UG B R rp . 7EIX—HESL R, QSR FRAT RE RS 1 F A T 2T 4
FIRRVEF= IR, 15 2RISR LRV T AR E I B PH B T B, BRI E Ak
H BRI B MR, AMUBEA O A VLR R A, Haigb 58 a i
IHEC

TERATZ AR TR R, B TR R BRI 23 & B s DR PR X 4 SR =R
T OHEME. TIE. JORME . SORIEHEERIE . B, A8 SRR MR [T AR A 2452470
IR SRR IEA TR B AR AN S 80T R AL BR 1) R L 35 gk 5y 1248299 . — o415 Lt pH
T AN s EESEBRAS G, ) i TR TIUAL 38 I FH 2 P 1 28 ) D7 v AT A i tH RS 31 1 B6iE
(250, Fe M8 2 HiARkIE 7%, AR KB G ECE K 2.0% (wiw) IR . KR
U pH & 2.3 I, AT AL EE AR S, HoHiAL S O BE R IR IR B e Er . RIS pH 2.3
E SCNFEFIZENE pHo BRI E X T A K 7 & E R FOKFEH, REHTARKS S
B HAIRE A FE R 2 AN, FRATTRT DA S il g 2Rk pH T 2 2.3, KA
BT YR BT R ERRRHE . 758 BB AR ILER AT 2.0% (wiw) FIRE
BRI /INEFEFTHORY) pH HEAT Y, BRA =M pH 2R 7.4 Bz,

2.0% (wiw) /NEFREFFREKI pH N 7.3 4, XEERETHPSHE Sl EEm
B2 5y, AT, BREEESE . BRILZAh, REFTH (K 23 A — St 1A Bl
PEA Sy, BIaniRaR AL ES . BRIERES . BRIREESS .

T R A B i FH (PR B K AR AL R, IARAIR 2 3R 15 HK iR e v o A BRER 1A 15 /N2
AT E pH & 2.3 IR 3.79% DM. 1M FLER 1 TR MR A%, AR ZE R Y ) 3L i
pH 2.3 NI 75 B FiEIL 20% DM IALER, IXFEL VT A ELME b xfE DL SZ 10 . TR ERATTAR
L TN 429, 8.24, 16.43% DM FLIRIE NIRRT, B &I NIER K i1l
7o MR pH AFTHIHIZE, AT LB H XN 429, 8.24, 16.43% DM AR,
BRI T &N 2.25%, 1.95%, 1.56%, AH LTS IR R 70 il ks> 17 40.6%, 48.5%H1
58.8%. EIX=FIERIAG N, FRAV IR NEREFT AT 7T XM R TAL B 2047 1 J5 28
(2R WAk

(a) The pH value of wheat straw slurry adjusted by sulfuric acid
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(b) The pH value of wheat straw slurry adjusted by commercial lactic acid
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Fig. 7.4 The pH values of wheat straw slurry (2.0%, w/w) adjusted by commercial lactic acid or sulfuric
acid. (a) sulfuric acid; (b) lactic acid.

53 A AN R BR 2B X6 /N 22 RS AT AT TR TRAL BE . A5 Pl ab ek 35 2 - [ kLR
Ao HAEHTEZARGRMRE, BUCEY R KA ESNZ (7.5, XEH
FURIE N —FhESIR, XTYDRHEA W25 B IR J1 555 -

BE—BIE T ARy (R 7.2). LAFSh 37.9 mg/g DM B ER/E N AEIL
KA N RERTI, AR} b 840 AR SR K A A s [RIINF AR R 1 13.7 + 1.1 mg/g
DM, 1.5+0.8mg/gDM PLJ% 4.1+1.5mg/g DM [ ZFR, 5-$% F MR AR F0 k04 . )
IR, RUAEEA A MR AR, AETAE YR A SRRl T 1.5 + 0.7 mg/g
DM HIFLER . AN 7T G2 M RHE AR R T, SRRk rh 385 707 1R U0 8 5 W 2 ] )
W SRR AR LR AL P T AR WSS R D FLAT B SR N LR,
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Table 7.2 The compositions (mg/g DM) of pretreated wheat straw by sulfuric and lactic acid as catalysts.
Acid dosage* Poly-saccharides Oligo-saccharides Mono-saccharides Inhibitors and lactate (mg/g DM)
(% DM)

Cellulose Xylan Glu-oligo Xylo-oligo Glucose  Xylose Acetate HMF Furfural Lactate
3.8 SA 276.1+3.0 123+£0.7 40+05 146+32 200+£06 1083+05 13.7+1.1 15+08 41+1.5 1.5+0.7
43LA+22SA 2853+52 184+13 34403 212+1.0 155+2.1 1103+84 98+22 1.8+09 1.1+0.0 43.7+19
82LA+1.9SA 295.6+4.4 253+25 53+12 195+09 151+07 92.7+3.6 89=+1.1 1604 23+0.7 848+1.5
164ALA+1.6SA 2913+£19 471+34 87+22 213+67 134+03 856+1.1 7.8+£01 1.6+02 22+05 187.7+33
43CLA+22SA 2982+1.2 263+35 15+07 83+04 193+1.0 106.8+45 150+£0.6 1.5+0.1 55+13 422+17

TE: SA ForbilR: LA F#RILER; CLA; Foner4E I,
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3.8% SA 43%LA +22%SA 82%LA +1.9%SA 164%LA +1.6%SA 4.3%CLA +2.2%SA

B 7.5 ANRBERISCER/DZFREFHESIHE

Fig. 7.5 The morphologies of different acid pretreated wheat straw. All the acid dosage was based on dry

wheat straw weight. SA, sulfuric acid, LA, purchased lactic acid, CLA, cellulosic lactic acid.

3 TS0 R b FLER A o B AR ER AV E R ML RIS, AR SR 5-F Y BRI
FUBREE NS A B BI8D o IWNTRAC BRI R 2 i AT LG H, AN S LR o5 T & &=
FHEC T ALER AR IS IR A Ty, 2 RIARR TR B TYRA S S H R [F BT
TRAL B2 SR L A R R, 80T TR R AR S R T . MBS LR
FARMFRTE, TRACERYIRL R R AR A S i RO T iy, 3 7 B B T B 1) /K A 5 R
H PR .

XA [RI R 4H & ) A BR A RHSEA T /K P (11 7.6), 3R B T 1 H 3 2 1 FLIR X
RIRERI, BKMR 2R MR TR, XRHUARIEA—MIEAEIER, MNaqERR
SREEFII A58 . 24 4.3% LA 5 2.2% SA A&, MR FAb BEARE ) 2 W0 DL K B /K iR
RORFEARE 3.8% SA (91.6 + 0.9% vs. 92.5 + 2.6%) 1ENMEALFIHIAEL. N T HE—HI630F
FUER B BB A T 47, AT B3 B AR EEBEAT T AE AL .

50.0% 60.0% 70.0% 80.0% 90.0% 100.0%

3.8% SA ——— L+; |
43%LA+22%SA— i
82%LA+L@%SA- ——
1&4%LA+LG%SA- th
4.3% CLA + 2.2% SA — [

& 7.6 A FIVE A FR AL )/ ZE A B B K AR DR AT
Fig. 7.6 Enzymatic hydrolysis evaluation of different acid pretreated wheat straw. All the acid dosage was
based on dry wheat straw weight. SA, sulfuric acid, LA, purchased lactic acid, CLA, cellulosic rude lactic
acid.
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1o IR SR L2 B A AW, &b R 1 T B R o TRORE AL 5 HEAT T AR
A—FER A S LR K, R 7.7 a-d BT AR N B HE s AURE
ST R B4 B LR R T AT LB R TR L ORI TR, AT RIE AN R R I 4
PE, SRR AR B 5 A A AN A& (R 4 BT

TR E SN P variotii FN89 15 E &A1 T bR H A 1t 2R A s R4 9.«
AN[E FRAC AR A B B FEARAE 12 h S50, BT 0 S-ER FJRRRmE . RIS DL & 80%
DA ) SRR 22 o TR IR 73 SR AT LME NG SR AL R T 0B FR . 7y, IR R 3L
FRABEAL T RAE 10% 4. KT 3.8% DM FER AL EE (kL (B 7.7 a), & 12 h Tl
WAL, AERLT 65.0 £ 0.2 o/L BRI AT 34.2 + 0.5 g/L (IARKE. FHLL T FAFEYRL
BT 78.5%F1 98.9%. BEE ML EEMILER KEENIHHT, TIREERE 3 — DR
B AFLIRIKEEIRE] T 83.6 £ 0.3 g/L, AR NHEILHEEN 89.0% (R 7.3). Lh4.3%
DM FLEZFN 2.2% DM B 2 [F17E & B AR B EAT OB AL, (B 7.7 b)), RAEE &M AL
N 69.1%, (HEZAFLIRKIE B MG HIER] T 90.7+2.1 g/L 1 89.1%, 1EFrIEAL
T R EE A E A AL AR AL, X R BH %R0 IR & R TR R A A o R FORE A FE A
{Hf 2@ it SSCF IR 1 /208 B m A T T FLIR Al . i il o LR AL 7RI L
BIRAWTSEm (BRI &>, B 7.7cd), TRPEALIH & RS R B ART PG, X453
LR R4 RARBL (B 7.6), FHRLI B 2 LR = E FAF R A4 B H BT N R 2.2% DM 1)
TR M 4.3% DM ) FLIR DR A 1 o By G0 I TIRAL B AL 1 205 A

Biodetoxification Lactate fermentation
(a) 3.8% DM sulfuric acid pretreated wheat straw
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(b) 2.2% DM sulfuric acid combined with 4.3% DM lactic acid pretreated wheat straw
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(c) 1.9% DM sulfuric acid combined with 8.2% DM lactic acid pretreated wheat straw
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(d) 1.6% DM sulfuric acid combined with 16.4% DM lactic acid pretreated wheat straw
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(e) 2.2% DM sulfuric acid combined with 4.3% DM cellulosic crude lactic acid pretreated wheat straw
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Fig. 7.7 In-situ biodetoxification and lactate fermentation using acid pretreated wheat straw. (a)
Biodetoxification and lactate fermentation using 3.8% DM sulfuric acid pretreated wheat straw; (b)
biodetoxification and lactate fermentation using 2.2% DM sulfuric acid combined with 4.3% DM lactic
acid pretreated wheat straw; (c) biodetoxification and lactate fermentation using 1.9% DM sulfuric acid
combined with 8.2% DM lactic acid pretreated wheat straw; (d) biodetoxification and lactate fermentation
using 1.6% DM sulfuric acid combined with 16.4% DM lactic acid pretreated wheat straw; (e)
biodetoxification and lactate fermentation using 2.2% DM sulfuric acid combined with 4.3% DM cellulosic

crude lactic acid pretreated wheat straw.

i 7E 5-L IREERAY RN AR, 20 (wiw)lEl 58 4mg B H/g DM KB ERZKAT T, KR Hiab
JRIIZERELE 50 °C, 12 h KRG » K IRTREE JE 62 21 3-L Fo %36 BP - ESR K A W) S 28
o, T IR E YRR A S AL AR . I EE A AF: 5001pm, 37°C, 1vvm. FLERAMEZEF: 200

rpm, 50°C, pHS5.5.
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Table 7.3 The Results of in-situ biodetoxification and lactate fermentation

Acid dosage (% DM)  Pre-hydrolysis Bio- Lactate fermentation
detoxification!
Glucose Glucose Xylose Xylose Lactate loss (%)  Lactate titer Lactate yield?
(g/L) yield® (%) (g/L) yield® (%) (g/L) (%)
3.8 SA 65.0+0.2 78.5 342+0.5 98.8 / 83.6+0.3 89.0
43LA+22SA 58.0+04 69.1 333+1.0 84.4 14.2 90.7 +2.1 89.1
82LA+19SA 455+0.8 52.1 322+1.3 89.9 19.7 90.5+3.0 82.7
164 LA+ 1.6 SA 43.6+0.1 50.3 26.5+0.6 65.1 11.6 95.6+2.3 72.4
43 CLA+22SA 56.5+2.7 64.2 347+1.7 95.9 12.9 90.1+6.5 88.3

T

VAR R B B RE S R TR B, RO R T AR EK B KR T S AN DR R TR ok
2HEIPE . AKEANFLER (A5 2R PR R FRAL BN ZERGAT i B AT RS & R SLY (g/g)s PUACBRA ATl A R S AR SR . AR . HI5EME . RSERE.
EIFERAHE: FETHEAG RN, CSERR & rh s B s n i) LR -
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FTAS 41 2 R LIRS R B0y . 455 BRAL. IR G 15 3= iRk FLER A
W BT RIS EHBERI R CBRA R R T A A £ 4 30 LRI T b 25 4 G b
1.78 g/L, A¥E 4.80 g/L, FEZ 199.99 g/L, ZLFR 2.93 g/L. A5 RIHIFL LRI 5 M it
BRI A, 1EAT MR WAL B AR, TRALIEYIRIA IR 7.2, FLAT R EEHEH 7
BEA S HEALRR AL EREERE, (AR NN, ER T 55+1.3
mg/g DM HIRREEFT 15.0 + 0.6 mg/g DM ) 418, B T8 H B AL ER 1) 1.1 +£ 0.0 mg/g
DM #1 9.8 +2.2 mg/g DM, X = ZR I TR AL BRI W H AR AR R DA R TR R AR HELE Tl kb
PRI AR R B A

A% FH AT 2 R SR SO IR AL B () /N2 REAT B T T Je B2 B4 . i 5 S AL IR
SSCF (¥ 7.7e). WA= E N 90.1£6.5, NIILHAKN) 88.3%, FA 5 i f
B R B P M FLIR I RO AR [F] (3R 7.3), 1X 3% WS A RH 21 44 3% FLIR VA VORI R 1Y) TR 5 R Tl
AbFE R A AR R JE AR AL

SRE A YER ARSI A Zoid B A8 G 2 bR b R R AR B 1, (HAH TR
HEAL TR T AN 5o 5 ZE LR K FE I RCR - O 17 R FURL LBV TR [ WA 2 15 25 i i B9 1
WSS, HE— B0 MR TIALTE (3.8% DM). ML FLER-MER (4.3% DM LHL
PR 2.2% DM il ) AR A 4ERARR-RIR (4.3% DM £F4EZ LR 2.2% DM HifiR)
THAR BRI R FLIR e B 13 T2 [ A v A 1 BE U RIR AT T e . Frill ok £ 2
4% K. Na. Ca. Mg. S. P. Al Al Fe, 455K 7.8 fln.

ST REELEED RETCRINE (K 7.8a), ERMEBRIATE (3.8%DM). ik
FLRR-TREE (4.3% DM FLALEE I 2.2% DM iR ) DA AF4E R ALIR-BIR (4.3% DM £f
AERFLIR 2.2% DM TlR) WALEEZMT, FETRIKEIFRAVRKZER, R
FHALRR RIS FE A, SR LIRS 45 i 1 7 9 ] LA 3025 B A B R R ] s P B o Bl
B RPN SERE, A58 7T 20,000 mg/L LA L, XFEERETREEEETHEERE
LR 7= i

X R IREBOBEAT [V 70 385 0 BT 3RAS B R J51 3R A AT V) R T R B LA A IR B
FME 7B FEICRIRE . ELREMGERIE RS, &8 REAR A4 R k&
AT DL FAE ek . AEXTFRACFE YR R R v, SRR AL T A R R A DL
T RAFAE T AR H . DABRER B AR R AR 2 A 12.9 + 1.3 mg/g BB
BTG E, JILRRIUCH 2 TRERE , FRIE IR A& = PR 3.6-4.1 mg/g, XK LI
SXof T R ) 0 73 A RORT DA DR/ AR J5 3R s A Jo i A% Hh i R R T

Zr bRTIR, AR 4RO LR FL A A 0 W R A R LA BR AR AL R BT 0, R BRI
AR R0 43 B AT RAYa/D [ A R VD rh B I HETEC. B2 IR T-FLER IR YRR TS, 7R 24
KEFLRA T LT B, Z7iEE b 3R Bt — D500 .
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(a) Main elements content in broth (b) Main elements content in solids residue
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Fig. 7.8 The main elements content in fermentation broth supernatant (a) and solids residue (b).
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7.3.3 —RIRESE (1 APk i JEURL (1t I AR A

R AE R T AT 7 BT e RRAS R AR R 1 R SR G800 AR AR
HIRS PSR B — € B S UIE, SRR FOKAREAT . AN RE AT BUK AR AT S A A YRS AT
ROl Y] f5e b 2 oAy — SR 1O B AR VRIS AT AU A7 1 ZE e PR O, B IR T 44
flifro W TRWRUL, FrGRIARAEREAT K 73 2R (BN 20%-45%) 22, H
ARG, BTy PR SRS, TR I DR O R R R RSB ), X T
TRRAEAE, ARAFYIRSAT & Z e eid = TR AT RO, K HoK & R RRR R 2%
REIZKF AT A= P A AR A4 (EF et A7 0T TR] A AR R L3R AR R A e XU
BS, H V2R, BRI R E Az s, T ARSI N BT R
fi, BRI T AR AE YR S A T A B A L. Dale AR BASR TR T XIS
"EVIRAL A (RBPDs) FIX G AT 4E IR PUAL B REEAT Kt A R 100104 1
RRET, R EURH AL B AT b AR L o EA R XIS G, tid
Y, XIS PRI R R AP0 RL B3 AT TRAL B IFEAT 47

FERXAMEAL A, AE XA 2 PO T e A T AL B R ARG DE PEIE R o Ry A
Kb PR A AT AAT B A R £ 4 3R X R IR A5 4, BT R B F) ] A B RA SR 21 4 30K
VR LA ) o FIAL B 7 A2 (R A 0 T DA 80 S i A= 2, AT By LR
RN o PRAL BRI SR AR, RS B KT R AR RL. MAh, X G
R0 S S AE SR RO TS AR A X, PROK AL B RGNS e, TR SN AK 1Y)
AR PRI, AR XIS e v BEAT O TRAL BRI 2%, AN AR IR KIR,  HLP= il Ny
G A B TR R ARURL, T AROZRBCRR . A GIIRIR . Rl 287 OR Tl A%
FRAL PR T5 3 o TR K K P AL B REAR I e 55 ) B AN TE ] 2 . R BARTT & Bk
TR, HZ BT AR TR B FTAL BRI AS BE 58 45 VH BRISZE M5 el 0108,
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SEEG % 2 A IS T SRR IR AR B 7 v, ROKHERCA E . B SR k. AL~
an A EARRIORE, &5 KB AR A KA P BIAEE pH A%, AT RASEIIL R 4 1 40 1 2%
Ro PIUAEAR/NITHERTE 74 TR AR BOR B T XAV AL 3 FE (RBPDs)
B PE 7. B 7.9 a B Akt H AT BN AR PR KR /N RERT AR P2 AT T, IR
3. RBPDs #5881, A, AR/ N FERT B Sadl 2 B /N KO R B U AR O
fisks WEAME), MEHATIAME. $TA, BSE Ay kR T AT s
WAL (g k. AETME) . IRIBAFEG G /N 05 A, T
JEEEALER 100 30T /NZE AR I A g sk T iU AR R X I E AR (B 7.9 B,
DAFEREE AT A (B 7.9 ¢, BillE 7RG ZE AT FI AL 3 22 AT RSB 5, 70 dill
74 0.116 F1 0.276 ton/m? . 1% 3 B TR Tl A B 45 1F 7T LA RO GG VIR 450« 418 %0
FRA S PR o T, R RIR BN s RIGFRFF 20 e D) AR K& B 5 vhis
g (PRACERFSFF 2 b e AE DI ) ) A . M EL T R AA FURL B e MUk I EE b b
Y] ) /N AT R 0 31,245 MY I8 EFE, KA RBPDs AL {153/ 12 i GEFE AT
PABFAEZE 15,393 MJ CELEE 3,211MJ 1) B izl 12,181 MJ IS 7MEHiD . isfiseFen
BRI — B PRAR T I8 f AR . XA 4% OB, R BB HFEGDRH R
AH$1.01/gal, 1K H RBPDs # 8 [¥4k} 12 4 i A v] DABF K 22 $0.43/gal »

AR NAT BRI FE A T A1 24 35 JORE ) K A RIS A At 1 E B VA SR
PEH HFIE T 7 RBPDs #88! F RATETIEEMIRRIFAR AT AT . BTt B g2 F1ig
AT LA PR AR RIS S A, N KB AWk T 1L T — EE MR AR S
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(a) Wheat straw distribution density and the model of Regional Biomass Processing Depots (RBPDs)

0-10 tonfkm®

10-20 ton/km*
20-40 ton/km”
40-60 ton/km?

60-100 ton/km*
100-120 tonkm?
120+ ton/km®

O Total collection scope

{3 Depot collection scope

Feedstock collection depot with
pretreatment operation

* Central biorefinery plant

——> Pretreated crop residues flow

—> Crop residues flow

L o~
(b) The collection radius, and depot number of one (c) Tap density of virgin or pretreated wheat straw from Henan
central biorefinery plant province, and the cost of different transportation and storage modes
Regions Collectable Collection  Depot Virgin Pretreated
density (ton/km?) radius (km) number wheat straw  wheat straw
Jilin 109.38 170.63 99 Tap density (ton/m3) 0.116 0.276
Shandong 85.30 193.22 127 Transportation energy (MJ) 31245 15393
Henan 138.09 151.87 78 From farmland to central plant 31245 /
Shaanxi 9.56 577.10 1142 From farmland to depot / 3211
Sichuan 19.77 401.35 552 From depots to central plant / 12181
Jiangsu 177.18 134.07 60 Transportation cost ($/gal ethanol)

Hubei 68.28 215.97 159 From depots to central plant 1.01 0.43
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Fig. 7.9 Wheat straw distribution density and the model of Regional Biomass Processing Depots (RBPDs) (a); The collection radius, and depot number of one central
biorefinery plant in different province; (c) Tao density of virgin or pretreated wheat straw from Henan provinve, and the cost of different transportation and storage

modes.
T
VIAEMIREAT (ERRERT . ANEREATEUREED) (00 A0 5 B AR A R (oK. DZBUkR) P EiHEK . tHRARN p=M/IS=(G<R)/S. HHM
FEAEANF X R ARNEREAT R 7 8 (kg), G —AFXERERMEMIARE (K. NEBUKRE) F/78, R ERIEVRBTMSYEEIE, A
BRI RAE S H Qiu S NHIAIFFE12%0), e FOKFER N 1.25, /NEREFT )9 0.95, TN 1.30;
2o AR ) AR AL BERE S 1000 JIMEARAEMAREAT CRER 3 5D, 4 TAERSE] Y 8000 h;
3G AR R AL FERE /0 300 MEARAEVIREAT, AN[F)48 3 s 2 — 4> b Sl T B ZE ) 0 HiG U B 2R 51 Liu M1 Bao AT SR & 257,
PR HIE R AR R W R RN IS R e RE
SATHEI M X IS (P SR BB . SR E RIS ARy 69 mP, SR AE A BMFE N 35 L, B4 E Y 0.855 keg/L, Sh#VE Y 44 MI/kg. MR ETH
S, SR ZE R ZE N IS B r b X SR GG /N RS AT 8 W, FRALER S ASFT 19.0 M.
SATHEL 7 I R e AR R LT R A, AN RO RO A SR R E AR . T TTIE S Liu Ml Bao MR FE R #1257,
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7.3.4 DUFPEF4ER L-FLIR A 5= R S AR L

BT AERIEN PLA MERANE, HAREERME ). UREREMFTN
AT RE Y R R H AT AR = T AL I R BT AR =T BREEIR 2024 4
BRI T R BRI B 37 12 E 70~ HPY, HA AT AL F R EXN L E /I
ZT IR, DRSS TR HIAE P2 LR T8 R AR M F I 2 v Rl b
KA ISL Y o R DB ELRIRT 2 IS 21 4 3 AW o3 AR 7= A 4 35 ALK R i A
TS E AR = B 2R . AR £ 4 3 AR W) T Zd i AR R T S AT A . RIAE
VIR BE B RE T . idE. itk S5 REE. DU T S50 . BT 2Rk
FBI A4 R AR A P2 2R R A TR G 3HT T 2 T, BB, Bkt
., MRS . (A H AT 4R LR AE IR R RAFAEAR 2 i), B 4E Re AR IR
s BOKHEEBGE 2 . AR R E AR AR (MR AR BRbE. TR &R, H
I, BERRERAMRIH, KREEAHE R AR AR ST R AR 0 7 A 2
Ko

TE 22 H (PRI F0HR BT A 28 1 13 AR A et do R 4 1) 0 A A 4 e s e 2 1 R K HE TG
HI RS TR T BEIEANL; AW EF R AR Pvariotii FN89 & I8 SEHL 1 WA £F 4k 2k
VAR B0 2B BT LR K RE P acidilactic ZY271 W] LARI R AR 21 4 2%
KRG R IERE, 2 L-FAMRFHAEIER] 99.0% LA Il fEiX—HELL N sl Th T
() L-TA A G A B AR B 2R 3k — 2 A5 VAR G dl B R B & 1) L-ALER B THE N
PLA BIARIGE ST

FEIX —/NYTH, S H AT RTEE S 2 P TV A PR AR = 4 4 2R L- AR R BIET T
SIRTRING L . FEFEARF R GG EHE A 36 hE 25 B L I8 T o FB 50 i0 508 % B Rk
FIHERL . TACER. AR AEMDRAL . P an E ., PR AL B AN P AL B A DT T, %
RNk — 5 BRI AR PR S R 2

AT DA LR A PR R R R 2R3 A Gl T SRR R UE, F H AT
DAt — A B L-IN A R0, A J0RE 28 FLIR R e DR ] 7.10 B WELE
i A\ 1000.0 kg T FRFEFF R BB—FPA > T2 ARG TEAYERIE AR, 2+
FRTRALEE . [HASBEEEA SSCF 2B/ T 450.2 kg FLIR: 55 R T2 NMKE FH B 10Tk
YIRHI AR, ARG =R A T RRTRACEE . [ 25 e 25 AV F) & T /0 SSCF, £k T
351.6 kg LR, % 7.3.1 WSLKIRgh R CAR/NTTRA TIRBRIEARATD; B=MT 2N
BLAERVER LE VD LA RE TR A DRI BOR, B4 mT AR W B S R e AL )T R T
AEE. K pH [ AEYIMEE AN SSCF, BT 453.0 kg IR, SHE —mSLIG4E R OF
ANHIBE FERRAE B FE 2 A B AR ) SR UURR T 200 TR B 1 A W) B (1) T3 A P
HlFEAR, AIETRIGCE. FECFRAR S . fE4L SSCF, A T 440.7 kg FLIR, £
FH AT K 732 MSLIRgE R WUMEARBEN EAEARSHNZE 7.4,
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(a) Case 1: General dry biorefinery processing for cellulosic L-lactic acid production
Protein: 3.8 kg
Nutrients: 56.1 kg
Ca(OH),: 185.1 kg
Sulfuric acid: 25.0 kg CaCOg;: 28.9 kg P. acidilactici ZY271 seed: 314.7 kg
H,0O: 401.2 kg A. resinase ZN1 seed: 189.6 kg H,0: 2621.2 kg
l \ll J/ Solids for
- Bi ifi — combustion
Dry Corn stover Dry Acid Pretreated CS > Solid lodetoxified C)S Pre-Saccharification |_Broth > SIL
Biodetoxification and Fermentation
Total: 1000.0 kg Pretreatment | .. 15958 kg Total: 1748.2 kg Total: 4679.5 kg

Cellulose: 344.4 kg
Xylan: 279.8 kg
Others: 375.8 kg

Cellulose: 294.5 kg
Xylan: 43.2 kg
Glucose: 30.5 kg
Xylose: 210.8 kg
Glu-oligo: 11.3 kg
Xylo-oligo: 23.5 kg
Acetic acid: 21.5 kg
HMF: 6.31 kg
Furfural: 1.39 kg
Sulfuric acid: 2.5 kg
Others: 317.8 kg
H,0: 910.0 kg

(b) Case 2: Dry biorefinery processing with low cellulase dosage

Dry Corn stover

Sulfuric acid: 45.0 kg

CaCO,;: 45.9 kg

Cellulose: 294.5 kg
Xylan: 43.2 kg
Glucose: 27.4 kg
Xylose: 189.7 kg
Glu-oligo: 11.3 kg
Xylo-oligo: 23.5 kg
Calcium sulfate: 43.9 kg
Others: 310.5 kg

H,0: 804.2 kg

Liquid fraction

Cellulose: 28.0 k e
Sose g for purification
>

Glucose: 0.3 kg
Xylose: 1.9 kg
lactate: 450.2 kg
Calcium sulfate: 43.9 kg
Others: 320.24

H,0: 3740.0 kg

Protein: 1.8 kg
Nutrients: 52.9 kg

Ca(OH),: 144.7 kg
P. acidilactici ZY271 seed: 296.8 kg

P. variotii FN89 seed: 181.4 kg

H,0: 2523.3 kg

Total: 1000.0 kg

H,0: 381.2kg
Dry Acid Pretreated CS N
Pretreatment Total: 1814.0 kg

l

Solid

”| Biodetoxification

Biodetoxified CS
EEEEEE—

Cellulose: 344.4 kg
Xylan: 279.8 kg
Others: 375.8 kg

Cellulose: 250.4 kg
Xylan: 3.6 kg
Glucose: 40.2 kg
Xylose: 130.9 kg
Glu-oligo: 46.6 kg
Xylo-oligo: 64.4 kg
Acetic acid: 26.2 kg
HMF: 1.9 kg
Furfural: 7.6 kg
Sulfuric acid: 45.0 kg
Others: 326.5 kg
H,0: 870.7 kg

!

Pre-Saccharification
and Fermentation

Broth

Cellulose: 250.4 kg
Xylan: 3.6 kg
Glucose: 36.1 kg
Xylose: 117.8 kg
Glu-oligo: 46.6 kg
Xylo-oligo: 64.4 kg

Calcium sulfate: 79.0 kg

Others: 292.5 kg
H,O: 758.6 kg

Total: 4435.5 ki
Cellulose: 50.1 kg

Glucose: 0.4 kg
Xylose: 1.2 kg
lactate: 351.6 k

Solids for

combustion
> St

Liquid fraction
for purification
—>

Calcium sulfate: 79.0 kg

Others: 300.3
H,0: 3578.4 kg
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(c) Dry biorefinery processing with starch-like carbohydrate transformation
Protein: 3.7 kg
Nutrients: 55.0 kg
Ca(OH),: 186.5 kg
Oxalic acid: 25.0 kg P. acidilactici ZY271 seed: 308.7 kg
H,0: 401.2kg P. variotii FN89 seed: 186.4 kg H,0: 2697.4 kg
l \L \L Solids for
i i combustion
Dry Corn stover Dry Acid Pretreated CS | Low-pH solid Biodetoxified CS | pra_saccharification | Broth NI
Pretreatment Biodetoxification and Fermentation L

Total: 1000.0 kg
Cellulose: 344.4 kg
Xylan: 279.8 kg
Others: 375.8 kg

(d) Continuous dry biorefinery processing (reframed biorefinery chain)

Dry Corn stover

Total: 1864.1 kg

Cellulose: 302.8 kg
Xylan: 34.7 kg
Glucose: 19.9 kg
Xylose: 175.4 kg
Glu-oligo: 2.4 kg
Xylo-oligo: 56.5 kg
Acetic acid: 8.5 kg
HMF: 1.2 kg
Furfural: 1.0 kg
Oxalic acid: 13.0 kg
Others: 353.8 kg
H,O: 897.8 kg

Sulfuric acid: 25.0 kg

H,0: 401.2kg

|

Total: 1000.0 kg
Cellulose: 344.4 kg

Xylan: 279.8 kg
Others: 375.8 kg

Dry Acid
Pretreatment

CaCOg: 28.9 kg
Protein: 3.9 kg
H,0: 1390.2 kg

Total: 1715.0 kg

Cellulose: 302.8 kg
Xylan: 34.7 kg
Glucose: 17.9 kg
Xylose: 157.9 kg
Glu-oligo: 2.4 kg
Xylo-oligo: 56.5 kg
Others: 353.8 kg
H,O: 788.9 kg

P. variotii FN89 seed: 345.0 kg

{

Pretreated CS

Total: 1895.8 ki

Pre-hydrolysis
and Submerged
Biodetoxification

Biodetoxified
Hydrolysate

Nutrients: 67.3 kg
Ca(OH),: 181.2 kg

Total: 4724.1 kg
Cellulose: 15.1 kg
Glucose: 0.2 kg
Xylose: 1.6 kg
lactate: 453.0 kg
Others: 363.5
H,0: 3795.0 kg

P. acidilactici ZY271 seed: 366.4 kg

H,0: 943.4 kg

J

Saccharification

Cellulose: 294.5 kg
Xylan: 43.2 kg
Glucose: 30.5 kg
Xylose: 210.8 kg
Glu-oligo: 11.3 kg
Xylo-oligo: 23.5 kg
Acetic acid: 21.5 kg
HMF: 6.31 kg
Furfural: 1.39 kg
Sulfuric acid: 2.5 kg
Others: 317.8 kg
H,0: 910.0 kg

Total: 3663.8 ki
Cellulose: 73.6 kg

Glucose: 259.6 kg
Xylose: 256.4 kg
Calcium sulfate: 43.9
Others: 327.4 kg
H,0: 2645.2 kg

and Fermentation

Liquid fraction
for purification
—>

Solids for
combustion

Broth ’_—_|S/L >

Total: 4887.0 ki

Cellulose: 14.7 kg
Glucose: 3.2 kg
Xylose: 2.6 kg
lactate: 440.7 kg

Liquid fraction
for purification
—>

Calcium sulfate: 43.9 kg

Others: 333.7
H,0O: 3955.0 kg
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Fig. 7.10 The current state-of-the-art cellulosic L-lactic acid production processings based on dry biorefinery platform. (a) Case 1: General dry biorefinery processing

for cellulosic L-lactic acid production; (b) Case 2: Dry biorefinery processing with low cellulase dosage; (c) Case 3: Dry biorefinery processing with starch-like

carbohydrate transformation; (d) Case 4: Continuous dry biorefinery processing (reframed biorefinery chain).

T PORHIT S T R SR R

K14 AFAFEAEVEHERAEFTER L-ARKNBERSHHE

Table 7.4 The main technological parameters of different cellulosic lactic acid production processings.

Case 1 Case 2 Case 3 Case 4
Pretreatment
Catalyst Sulfuric acid Sulfuric acid Oxalic acid Sulfuric acid
Catalyst dosage 25 mg/g dry feedstock 45 mg/g dry feedstock 25 mg/g dry feedstock 25 mg/g dry feedstock
Solids loading ~70% (w/w) ~70% (wW/w) ~70% (w/w) ~70% (w/w)
Temperature 175 °C 175 °C 175 °C 175 °C
Residence time 5 min 5 min 5 min 5 min
Detoxification Biodetoxification Biodetoxification Biodetoxification Biodetoxification
Neutralizer CaCOs3 CaCO; / CaCO;
Strain A. resinae ZN1 P, variotii FN89 P. variotii FN89 P. variotii FN89
Fermentation mode Solid fermentation Solid fermentation Solid fermentation Submerged fermentation
Biodetoxification time 72 h 72 h 48 h 16 h
Saccharification and fermentation SSCF SSCF SSCF Pre-hydrolysis and SSCF
Strain P. acidilactici ZY271 P. acidilactici 7Y271 P. acidilactici ZY271 P. acidilactici ZY271
Solids loading 30% (w/w) 30% (w/w) 30% (w/w) 30% (w/w)
LA titer 120.4 g/L 98.3 g/L 119.4 g/l 111.4 g/L
LA yield from raw feedstock 0.45 g/g dry feedstock 0.35 g/g dry feedstock 0.45 g/g dry feedstock 0.44 g/g dry feedstock
Product recovery Solids/Liquid separation, decolorization, crystallization, acidification, cation adsorption
LA product yield from broth 71.1% 70.5% 71.1% 67.4%

v RS M Aspne Plus FH R K .
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7.3.5 PURNET 4R L-FLIR A S0 1 A i B PP O

BT TRV SR DY R L-FUER A 7 B L AR LU dh PR REZEBE RN, 9 T
BE— DRI R A PR 22 5, W LB AT 1 TH SR . BRAC T AR TSRS P A i Ji 0
ST S, ARG B 7.11 foR. FEA G TR, IS AR T ORI AR
IR SCHE . FEFT RO SR S 2R ia e, sfmBe e Nk 1 7.3.3 iskis kTt
B0 BREPR A D T AL B A 7R N Bl o o BAT AR SR I A PR, (R R ) 2 HE AN L %
MRMSE, FEBATEL . ARSI RE A 1 = SRR R 2k B BRI P X FilAb 2
PRL R R ONT LR SRR K A=V R o 21 4 2R i ) 67 2 7 A2 s B o BT A SR I HE s
ATLAEAR G o S IR T A SR R AR AL B A PR e SARAE D Bl i o o1 R 0 22 5 R
IR, A RIBTIRES 2 0 R, DB R BN . AR
e E A, BRR BOE N 95%, R 5% UL —AALH A HTHI. B AR5
HIfeEANA I _ERESk B T, RIA T A

Acid catalyst:

Transportation: . - - .
- sulfuric acid or oxalic acid
diesel fuel

System boundary

: Feedstock Pretreatment o

I 2

! . Energy supply: | [
I | Co-generation v ) I
. e K OA degradation l

[ Biodetoxification } —————————————— »(__co,

————————— |
1
: Water recycle [

Nutrients

|

|

! e Liquid seed
| SScF k \_i; H,0

| |

I \4 I

| Solid/liquid | —
I rct1i n Product recovery | Sulfuric acid
! —he | Activated
! | carbon
| | \ |

| |

| |

Combustion [ Digestion
L T I - O—_—_—_—1 I J

A 4 A 4 A 4

VV. (
[ Output: } Output: 1£Product: lactic acid, methane}

ash, gas, — .
electricity wastewater Solids: calcium sulfate

-

B 7.1 A AL RGGT
Fig. 7.11 The system boundary of LCA.

BB A R i (AT B e R, Tk AP R R N 5RO NEAE RS R, B
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WA 1 SR B SR & A /7 /2 B Rhone-Poulenc 23 7] & B I M S8 A0VES % 574y
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P, D RERE R E SRR AR, Fd— PR BRI R, B0
MM ENEIFINR G TR, 2T AN RSS2 T 90%. FARFIRAR LA K AR fr Ji 3
3B i 2 ks i 7.12 Bos .

T Aspen Plus fRAIYRF B 8E, X IR L-FLER A 72 % 2k 1) — AL IR HE R
177, SR 7.13 Frose DORA 7R B AR HREOT 0 8 0.7279 0.323,
0.815 LA 0.310 kg/kg L-FLH&Z . AT EABRER 1 9 BR 7K M e A4 77 LA S LI IR AL R A4 1) 451
1 Z0 2 PN 4, BB AR 00 AL BRARC S S HRRO B i K. R, FLIR
EERALH] & FLIR - L TR B K E R, HARKERRSEFY, Hid—2 K Eaent
A pH HIFLERAE 77 B R LA RO R 2 S FLIR TR A6 T B oA R D B R A5, AT
WD AR TR 1, ARG RGO A AR, AR AR
HBRHRBC AT EEIE RN T 19.7% A Tl 4E B &, 22400 2 85 388 hn sk 35 i i H
RS T BUCEEACR . R M s A, s> T RS R BB &, (2l Tk
HYPRL R BRI 7 2 A IR RS B AT oA, I R B I R S AR I AR
R HEG  RIAE RG] 2 A AP RS R I BB S 2 T 25.1%. Z 4 Ik
R 3 5 A5 1 FEARSRAL, (H T S0 4 Bk FEAT Al i T 2 B R 454, 3
BT AR R, LIRS BRI T BRI IR U, N 67.4% (3£ 7.10), [Hitk
BN LR A P ) AR HETBCLE 22490 1 7 11.1%.

X201 3, ABE TRAL B AL 7R R A RN A AR 15 31, AN R ) — 4k
BHEBOE 2 T 0.815 kg/kg AR, Wl & T HARZE G 80T EE BBk B TR
e, Hob LUk 44.2%0L0 F CRIFE T H T RERA IR WG, S
FEHERBO, MR SR HERIE ] 7 18.02 x107 kg/kg FLER (B 7.15), WHEH
HA G, Rk, 78 AR R b SN 2 7 o T BB 0 R s il 5 Al K

DUFp 251 i SRR 7.13 Fios. 261 1 ARG 4 10312 AR
SEMIR A=A K o MZE] 2 F 2 RIE T RS 7E Aspen Plus BN, FLIR
TR A A B IR B 2 R A M B 8 Bl =i R, B THE s A . %
BT AL RR PR E Ek B FRRER L. KRAH S%IMRIRMAL TSR, Sk
JEAER T AABR AR o XA 2 T P Ad B I AR R R R A AL S AR ISR E
b, PRI ZR A5 2 HH T DR B IR e AR R FH S 0 1 O AR A8 o b e vy 158 1 55.9%.

FHL b, HEREEIEAE T ER CA R A (7% 3.3.6). A fEIMELAIRIIT K
BE— 25 BRAR T B AR P 1 AR AHE o DR T A N7 1 DA ST RS b1 A R D SRR AR P
FARR AN, JERI TR0 3 @A dr A AT . 25 BRI A AR B A AR
HEBAT 2 PR Z 0.267 F11 5.97x107 kg/kg AR, NUUFFEHI AR, X0 LA & 05N
JEREAE P2 R B AR NPT AR B AR, A8 DT PR AR BEAN  RE  B Rk . AE B BRA |,
U B RE LA 5T v B £ 4 2 08 TR R £ AT R T T BRI A R, Wk — D PR AN T
PR VA= AR
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Propylene oxidation method Input Unit Dosage Output Unit Dosage
Electricity MJ 0.07 Oxalic acid kg 1.00
Steam m3 0.66 Nitrogen monoxide kg 0.25
— Oxalic acid - - Propylene kg 1.25 CO, kg 143
process o
Coke kg 0.51 Sulfur dioxide kg 0.05
Nitric acid kg 2.10 Waste gas kg 0.01
| Steam I_’ _’l Waste water | NaOH kg 0.92 Waste water kg 2.99
Sulfuric acid kg 0.95
B 712 CAR AR R AR P2 B RR IR AR A SR
Fig. 7.12 Life cycle inventory data of oxalic acid production.
(a) Case 1: 0.279 kg eq (b) Case2 0.323 kg eq
0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1
Market for sulfuric acid 0.082 Market for sulfuric acid 0.090
Market for enzyme Process emission 0.081

Process emission
Transportation
Feedstock cultivation

Others

Transportation
Market for enzyme
Feedstock cultivation
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(c) Case 3: 0.815kg eq (d) Case 4: 0.31 kg eq

0 005 01 015 0.2 0.25 0 0.02 0.04 0.06 0.08 0.1

Nitric acid for oxalic acid production 0.182 Market for sulfuric acid

0.086
Propylene for oxalic acid production
Market for enzyme
Oxalic acid production emission

Market for sulfuric acid Process emission

Sodium hydroxide for oxalic acid.. Transportation
Market for enzyme
Feedstock cultivation
Process emission

Others 0.197 Others

B 713 DUMEER L-ARAEFBORI —EABRHR

Fig. 7.13  The carbon dioxide emission of different L-lactic acid production processing based on dry biorefinery platform.

(a) Case 1: 9.13 x 103kg eq (b) Case 2 : 13.56x 102kg eq

Market for sulfuric acid Process emission

Process emission Market for sulfuric acid

Market for enzyme Feedstock cultivation

feedstock cultivation Market for enzyme
Transportation Transportation

Others Others
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(c) Case 3:18.02 x 102kg eq (d) Case 4: 10.07 x 103kg eq
6
Oxalic acid production emission Market for sulfuric acid
Market for sulfuric acid Process emission
Process emission
Market for enzyme
Nitric acid for oxalic acid production
Feedstock cultivation
Market for enzyme
Feedstock cultivation Transportation
Others Others
B 7.14 DURMAER L-FRREF=HA RN —EmHAR
Fig. 7.13  The surfur dioxide emission of different L-lactic acid production processing based on dry biorefinery platform.
(a) Case 2: 0.267 kg eq (b) Case 2: 5.97 x 103kg eq
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

Market for sulfuric acid

0.073 Market for sulfuric acid 4.080

Market for enzyme Process emission
Process emission Market for enzyme
Transportation Feedstock cultivation

Feedstock cultivation Transportation

Others Others

B 7.15 DAVEEREEMNEEFRERIRE 3 = FAam S HRR

Fig. 7.15 The carbon dioxide emission (a) and sulfuri dioxide (b) of Case 2 involved the glucose oxidation for oxalic acid production.
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7.4 EEB/NGE

A E T 4E R L-FUIR TR 22504 L BRI R TRAL BT 64 /S S D R L
FEAY R G I S A E IR TR T U RCPE AR TAL BRI Y AL BRE P
acidilactic ZY271 W] VAR R FHR Jot 41 4 2R IE A 18 /TR FERE . 23R8 L-FLER %)
AR L-INACES, W10 B 7 TN BT T AR SCER 7S 0 03 F Rk &
RS TFHEEAAER L- AR IR R B 75T ™4 Aspen Plus R 15
IVEAIRLTA, JEEAT T8 B A dn SR A AR B . BRI

(D @R E A B R SN 1 AR A, 5 2RI R S I R AR
iR L-ARNEHERD —F, R EMN TR T 14.1%.

(2) 24k ZM FLIR VA WM [T W 22 TR Ak FE Y B A A R BR AE Al fb 7)o &5 SR A
i 4.3% DM FIFHEF4E R AR S 2.3% DM FORRER L [FI/E A BUAL BRAEAL IR, & FLR
KW= LG R AR T 90.1 £ 6.5 g/L 1 88.3%, 1RFrIEAL 3.8% DM fii g FR A
DPEAFRINE ARARL;  [R] A A T AR TS v BRI P2 R % T 72.1%

(3) BT XAV (RBPDs) MES I+ AR FlAb B R S TR 4F4E 5
JEBMECER . K AR AT 2 i IR o A BT 6 k) MR R SCEE 28 A o A A M) T
J RN T RE R 31,245 MI IZHiGEFRE, RANZERE ZO6IN T 85 E IR EE, &
/NI IS HRTREFERT LAREAR 2 15,393 MU IafRe AR PR — B PR Tigs A, A=t
IMEAYER Ol KBS BRI A NS1.01, TR AR YRz 6 oA
Al DLFEAIC2280.43.

(4) X PUFPEE TG RF & @ L & T A4 R L- AL AR = BRI 28
LT VEANIYELE R Aspen Plus 57 . WFEYIRLZ . AW ARTE S RIS A
i S EA AT R B A P2 kg AR 4R L-FLERM BRI 0.279-0.815 kg LUA 21 HE A I RLAE
A 77 BB A g A2 AT e e Y Ak B A A 7R BE T ) — P PR AR AN I R B AT R
0.267 kg/kg A4 % L-7LIR -
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8.1 Zi

DA I 21 4 21 ALV s A A SRR B JEOREA: P i A VR A AL ) AL 2 i
& HATSEBURR TP B T B — o BRI SEAE VIR BOR BT R AR ] BB AR
Kb, (UK A4 2 NRY) A 4E R CBEAEG R BRI RRIREFE . KHE. %
WAaFR5E T A SR B R TR AR AR R ZR, SR AL DLIE R S, R
AR PR KRR T BRI A 1) — PR LT 4E 3R AE AL OR - AT FER 2
AT EAEMIERERBAT T — RIVPECARGNHT, W RGN A FERBEFT, $2 AT
T RIER VR EOR B NE S, R8T H RTHVEE R BOR Hh i SR B R
05, 5ER T — RIVEER AT
AW R

(1) JEAE T —HREFKAEAFRRKEYREENNLIRAERH, BEN
Paecilomyces variotii FN89 . #H Lt T lit 45 2 B M 5 1 MU 55 1 Amorphotheca resinae ZN1,
W ARAE 28-42 °C Tz iR BEVE T . ARAR pH (EBA RIUFHUM 32 1%, WIAEARAR AT A B 500
PR T X Z AR AEFARIEINHIY A O /R . RIS . S-FR FHARMIE . AR, T A
4-HBA )05 HILM . TRIEFFAERE J1, R AT PUE M T2 M5 S AT AR
Fesgk i RARW], SRR DL T 2™ B AN G R, B LA it st
PRSI AL DL s AEAR pH SRS 7 XA A ATP 74 7 sURJ R EE L BLA K707 DNA
ANZGRLAR A 3 5 AR 2 2 DD RE 1 9 BT 48 xR VA B O 1T

(2D A AT B AT LR PR AL 7R AT FUAL TR, 455 37 IR de A= o i 25 TR AR AE I pHL T 5%
P10 8 WAL 248 2 J5URL S ZE A AT A T KRS A A BR AL AT D 1) Bk o PRSI TS
PURHE % R LR bR 5 T B SRR, & SEDL TR BT 4R 3R R SR TE# AL

(3 HRFT 1 RUEMA VR Pt B A i [ A 2R S ) BOM o AE B R
P4 IR FEM R R AT N AR TR K o SRR, RBTRBERIK 7 &6 KB
PHZH 7y T T FRAL BRI R A A0 DL R PR A ORI o 25 T A A [ AR SR O HE
JEC A AR R LA S AT R HE T o

(4) TiAbFRAR BE 14 2 4 3R 21 70 /K AR TR K B IR 7K & 7 A O 1 S TR BELAG
T O RBERAREIER, RAEG IR E YIRS AN R A KOk B ) 2 2 )it A 1
AR 59 HIAT R RRAE N PRALBRAEAL TR, TR RE A% G R I o S A TR B - 5t 75 - W A A 1 22
AL B - RO A -0 A 5t 75 - I R T R B KRR PRI T SRR AT LBk o M7 5 K 2R3
RIEE ARSI 1 F AN BB Ak, BN RE B BOK HE O LA P fa b A i | &
KA

(5) LVBBRAEYI PRSI RE s IO 2T 4K B B AR, DLAEYIIN B8 T B RN ] )
XF I I R AR A RS, BT PRAl T IR B BOAR o £ 4E 3R SRR R K L 20
SR FH v T B P /K AR R~ S SR it 75 B0 7 V45 21wl B A R AR Al K mT K



ST T KSR L4 5144 T

BEIRAD . BERZ N R BRI IR AR B A4 =1, R nl DLAME 21.5%-89.1%(H)
O FRR o BRK AR AAE AR 7= B I 2 I 1) A7) AR R 28 VR AR 35 B I v T /K e
SRR, AR 5 TR S B K AR R R 2200, DRI RR /K AR A 8 AN L A S s B
VINIER®

(6) TETRALIR I BLid i & 2438 g A & v DUAE B2 s ab B f A4S )5 SR A 2D
IR =4 3 L- AL B 20—, AR 21T T 14.1%.

(7D RFT 7 A FLIR I MR RIS D P A B B AL R DT 70 AHEFH 4.3% DM R AR 4E 3
FLIR S 2.3% DM B B L [FIAE N TR B AL, Febn A 55 FI 3.8% DM i ik Sk
VE AT AL A EERE B IR B NI T 72.1%.

(8) T XA R JF (RBPDs) MES AT ZURG IR Pl BE 45 AR B 37 AR SR £F 4 %
JRBHEOER . KA S ag S pIAR A,  n] DU R RIS Fr B FE S AT 4 2R LA 77 A

(9) X ZFEET FIEEDGHIT G~ m T E A4 R L- AR AR LT T
PPAl, 45 R B AR RN« A2 W00 % AR b [P A o 8L B 20 W 3R IR A 7 kg £F
ek L-FLERIMBRHECN 0.279-0.815 kgo WA LAE & HE M S50k AR = B BB AR N A= ) ] 1%
F LA ERAE A TR BB A 7 il — 0 PR I R I HE TR 0.267 kg/kg F4E 3 L-ALIE -

8.2 AF A

(1) SHmIE B Paecilomyces variotii B IR # F T FUAL BRA 5T 1 4 25 J5ORL 1 AE 9
BiEe, I HBABIFRIAESE N, BRI TR BRI s 6e 1, IR T
Z Mg T KAV LR .

(2) HUFEH T ARBIA4eR KM IS, KBl 7 A5 R 25 BR Ak 2
Pk b B AR A R AT P ) H A

(3) GEA T ARV IR IR A i AR R, b 1 PR HETBC A = i A AN
TEABREIHEG A AR A I

(4) BT XAV G FE (RBPDs) & AT AR AL BB AR AL T R 4E 5
JERHAGER . AT Sas i Y, xR Rlis . A AR 7 il [ WACH) 25 b Ak
T HEEMIER T G WA 4ER L- LA RO VPG a7 7 M.

8.3 RBH¥

ASSCER X B AR E YR I RE Pl B R R 52 PR L BRI AL RIS B R Ak
BAGHEE AT TIRIU, AR HER AT eI AR 4. L-ALIRI A RE
77 AW TAIAAAER S [0 R R NIRRT -

(1) ol B B PR 3 ) AR A2 7 Bt — 2D M A B b . R 3@ I AR B SR a2k AT 14
e MRBEENE AR A/ A A AN 5 R it — D e .

(2) Jhta5 BRI 32 A% pH L] 5 22— IR AN . Wid A AR . &
TR A ATP IKEZ . A4y« A MRS R s 1 55 7 2 — 2B e
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(3) H Al s RO 22RO, M R A IR R K iy o AR i i 253 T
B, FERRARA PN T AR R A AT B2 T SIS A S5 2124 2 SR U 1 0 ) 240 B A

(4) Wik BA 2 A SRR RE, W DU T 2 Mg i 2
FiRGARAL 22 i o

(5) ARFURABEKER 3 B BRI Ji PR T SR A D Tt Ak B AL 770 1) TR AR W e it
REo 52— PRIz 7 i 15 n] DL AN [R] IR AL TR BAS IR R A= P i A2 . ARy
[ SR FH e e HE T i el RAE— 2D 5

(6) RS 7> BT YE R FUIR A P i BRI, nlRE 2 SIS Rl e, Il
B, IXEE TR FLIR T 7 B AL R e = Bk DR T

(7) BEFRAE A AN, R F B A A= 1 i) o R ) T Ak B ) ) L
ITTREAL, AR RS, FE S A S B KRR IR AR CVE IR AR (BRIRIE
(AT AT AR B AR ) o 3K ] fE AL T30 70 T 2 B RO Mt 7 e AR AR I R ORI 1k
Je w] ULIE I 8 in e b B OO 22 R AR B A TUA B A 7R oR g o

(8) EMAEYIRHIERE F 2 AR FIRY . AR Hbs T 8IER 2 N
PRI AT 1 o Jiod 2 i R o A 7 IR At 5 BEAELAT ORI o AR S Vi 2 B P 7 B A ST R
JRFFACERAEE, LB T G

() M T ZHTHEFL, RE AT K M L ZORIE 1 B B AT R BeRE, H
HAG A IREAR . 5 SR FC R Bt — 2D e T vl 2K 1) IR /K PR R A 751 X 7K A 2 2k
it

(10> X DU Ffesy FAEBELT 4R R L-FLIBR A~ g 2R PP I SR D AR S I HE B K HERL. fE
FEL A BB, ARG SRR ST e it — B AT AL B

(11D H A s2i = AT A2 08 B FLER F BRI 76 S VLS T A R 27 4 &k 250 R
PRRR SR BRI iR 10 14 5T AT LACRAE SSCF 1 i 8403k 4T s 7T AB R BT A A5 2F
UEZORUSHE s XHHIHI AT RAFIPUETE; W BLr b Pimi ik, AT BGUR B . THRIFERL
W 7 BR A P 72 A B S A R H AR EEE OB (i i A PR ORAE 1
R SSCF. WEARUIRE /1580 IRIAMS; FLIRFTAEY (3-HP. WIER); KA.

(12) BEANEYRHE R S A 77 . FRIESE AL T . SELLREIL . EL s
ESR AR RS

(13) #E—DEA R EAR (PLA) BRI IR T EARY kA7 H 5¢ A
AR HE OB
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