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Abstract:
cthanol fermentation from cassava cellulose was evaluated. The processes include the direct saccharification and

Cellulose takes nearly 10% (W/W) dry weight of cassava tubers. In this study, the cellulase cost of different

fermentation of original cassava cellulose residues, the direct saccharification and fermentation of pretreated cassava
cellulose residues, and the simultaneous co-saccharification and fermentation of cassava starch and cassava cellulose. The
results show that the cassava cellulose utilization in the first two processes were low with the enzyme cost of 13 602 and
11 659 RMB Yuan per tone of ethanol, respectively. In the third process, the final ethanol concentration increased from
101.5 g/L to 107.0 g/L when cassava cellulose and cassava starch were saccharified simultaneously. Comparing to the first
two processes, the third one demonstrated the lowest enzyme cost at 3 589 RMB Yuan per ton of ethanol, which was less
than the ethanol price and no additional equipment and operation cost input were added. The conclusion provided a

practical way of cassava cellulose utilization in cassava ethanol industry.

Keywords: cassava cellulose residue, ethanol fermentation, simultaneous saccharification of cassava starch and cellulose,

economic evaluation
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e T & A%, MR F IR, BOIARERE S
WL P o LA A BRAL B R RS R, R
AREOT A BN, X TR B i 5

FEHER RS R T A R

W A AR S i R B G R RN R
bR BRI E . B HRE I TR . DAER]
FAARZEVER ) SR IE N 5 R R s R,
FreE e &L 55%~60% (TH), HiE
R FH VE Ho Tt 22 1 7K Mgk B ) 45 380 K 3 D
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TR TR AR . AR BERARAR R, 1
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1 #RE5FE

1.1 ER5EH

AR ZORIE ) P b i AR A= 4 R
IR BRA A, A AU IR IT28 0.5 cm Y1
POt fe, 105 CHRETIFEFERAE . AREE I
T T B R A BRAF], AR
R B 78R R i [E A SR, 105 °C
TR BB ARE TR S TARENED E
B ILFR 1,

I v R %) T A T D3R 2 I K T AR RE R
FE bR R | (R E IR ) o e TR T TR
HTAA (Lot number 7201455498) , F 1% Ky
22 000 U/mL; #¥{LHEE A GA-L NEW (Lot number
7201417190), [E§i% K 100 000 U/mL; 214k 2 i
4 Accellerase 1000, £F- 4 Z i 1€ 4R B G FILF4E —
WERBEBES 235~ 55.0 FPU/mL A1 152.0 TU/mL.

12 ABEMHEREER

W R T DR A R A S0 % AT 175 7 i e 1
S AN L L T P BRI RE Saccharomyces
cerevisiae DQI1 (" [E X 38 ik 4= ¥ £ 5K P O
CGMCC %i'5H 2528).
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Table 1 Composition analysis of cassava residues and cassava powder

s Cassava
Compositions

production (%, W/W)

residues after ethanol Cassava powder (%, /)

Neutral detergent composition*
Cellulose

Hemicellulose

Lignin and ash

Starch

36.84+0.25 88.16+0.38
22.34+1.04 4.67+0.25
16.73+0.30 4.09+0.20
24.07+0.94 3.07+0.49

1.89+0.67 75.44+0.11

* Neutral detergent composition =1— (Neutral detergent fiber, NDF), including starch.

YPD $5 5% 5 %8 20 g/L, F I 20 g/L,
FERERS (YE) 10 g/Lo KRG FRAEL . M AE
T KA rh R A VR B, ST, (A
PR 20 g/L, WSINEE IR 20 g/L, BEREM
10 /L. IR HA0 & Wt A v B FH A SR AR B3
He i KH,PO, 2 g/L, MgSO4 1 g/L, (NH4),SO,4
1g/L, YE1 gL, FRIGFRIESEFRIMIHATSE
115 ‘Cz R K 20 min.

AR B AR ) 25T 5 L A A2
N AR T B2 209% (W) TR
10.0 FPU/g DM [} £F 4 Z i & , 50 °C 150 r/min
fitiff 24 ho BEALERANA 5 mol/L NaOH ZE A
Z pH M 5.0 B 45 K5 , 8 000 r/min 5.0 5 min,
A5 B V8 VR RD S A S s il AT o AR Y
iR R T2 L S ) e R e A 9 I 1 T R
PR R R 9L

M RE R ATl . B 2 mL ¥ VR PR
(=70 °C) HFF, $EA 150 mL (500 mL =)
YPD §553r, 37 'C. 150 r/min 853546 T 5 5
16 h (ODgpo=6.68). #2H LA 10% (V/V) By
PN OKIBW G IR 150 mL, FE7EAHREREE T 4%
ZEYNEREFE 8 h (ODgpo=5.88).

1.3 TERNZFSAEBERTLE

e T FOUALL B N e AR Sy = A AT,
RIREER . BN SR AERHE R . 2875
KA LU 3.0 MPa YR ZEIR, &m )RR
V7 48 G A SR 23 O LA S TR S R BT 2F
e R LA o (RIS 48 N RS 7 e R 3R
2 PN IRE R AR U ) pl v R AR A

ARSI E IR T — PR 4 2 JRR ey T+
MR AL IR Tk, HA K&K TR K HEH
SN S Ak AR B, A e A B
VRS U™, e K27 % I FH T A S o 14 T
AT . SR BE T DR A I K B S R
(0.5%~2.5% ,w/Wy VL2 : 1 R (w/w) IR
G5, FRPUR 12~16 h, RIFHHUR G RIA
T T IOAL S N e, A ZE VR SO
R IRE] 140 'C~190 C . JE/ 0.6~1.3 MPa,
FHYERF 3~5 min, FALBREE AR, HUEFTIFHES
W, {52 NS P9 R ST 30 s IR =0 o K HilAh
PGS YRR ASBRS, 4 CORIEE L

oAk B S A S i 1 TS SO VTN R 36
[ P AR REJRSL G 2 (National renewable energy
laboratory, NREL) [ LAP-009 Jf:-Hs/E M zh2",
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BHEARR A 5% (W/W) RS E, 0.05 mol/L
IR ZE W (pH 4.8) MR NIIKR, LF4EEK
fiti 4 10.0 FPU/g DM, 20 mL/100 mL #J = i3
WZ, BT 50 'C. 150 r/min FI7KIAFE IR o i
24 h, 7EJ AR HE I EURE . 13 000 r/min 5.0
5min, FIERIGZ 0.22 um JEAEEIEIEST HPLC
GyHT. ERLHREE IR 3 AT, BOEIE.
14 SEGREENAEZEBERTSELS CE
% B

I A TR A B R AT e AR LS &
FERY 5 L AW i, BRIGCE A W ALAIREE . pH
el R Goh, AT — I B, AL IR
i NI A E Tk i )ik AN N IVr 2 el E
P27 SCHR[21] 0 120 AT LAA 33 FEVA 55 it
ik 40% (W/W) WA AR 4k 2% JERL T L
KW o

e A S BRI [FD L 5 L A 5 L IR
AT S N e A T2 I R AT 23 R AN
B, RO oy Bemn e B4 5 R TR B . TETI
Bl B B, 1 ST A T T 1) A 4T A 2R il R T
FEFRERVEWL, ARG LIAMER I 20m Ak 2 kb
PR B T R (R 2R 7 RN R W
AR BEREE N 30% (W/W)., TG BEAE
50 ‘C. pH 5.0, 150 r/min HY 5 F 44 8 h, i
T2 RS KRB PR R S 37 °C pH RHE R 5.5,
SRIGLL 10% (W/W) WEeF A4 YPD Kig®
FIEAL 16 h DYEEREREF T LR R D WE AL 5 R e R
Bt ZBBERRLE 64 h, FERIEHEIL S A i AR
SEMFHGRE, 13 000 r/min B0 5 min, B RGE
1T HPLC 47#1. BLAh, X SSF BrBc i (30 C
137 °C) FMpHH (4.5.5.0 F15.5) 471 T4k,
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o) T B AR B AR B EE AL B, B
#HA730% (Ww) BERE =R S CRER
B, FLRIE RS Rl AR ) L, R R i i
BER K 9L
1.5 ARERENETEMEALRRELSC
s A B%

REWI SRS N =B, R
TR AR DAL 5 R R . AR IR R
AN 26.7% (W/w), BT 5 L 2k
R, DL 22 U/g DM BB fin A e T 5 0 T
fEHE, 90 C. 150 r/min A2 F FAL 3 ho 1L
SERJSFEIRZE 55 °C, L 100 U/g DM (i A
WEALEE (BRI 2L 15 FPU/g £F 4 Z i E A
LFYEZ ), 150 r/min FEEAE 0.5 h, TiEHH LS
JRFEIRZE 37 C, FFLL 10% (W/w) FiEmh i3
A% YPD B 3# 56754k 16 h BUBEREBE RN, JF4ARTH
BRI R, BAAKRE BN A SR, H
5 mol/L /) NaOH #=#{A & pH 24 5.0, Jf gl Ht
FE, 13000 r/min Z0 5 min J5, B FIERGET
HPLC 43#r .

1.6 BARECEMAFAUREBITE

XF AR R AR B = Fh 5k, HAL
[ SR B £ 4 2% i A D) v 27 2 K e A B
R Sl TERA T, P 4E R
AP OB, PR mT L i %o 2T Ak R R
BENHF A 1) L B AR 9 R/ X = b7 ik
AL P o FRATHI AL B £ BT 5 27 4k X B
C RN ITER AT, C K, Ui
[F] J5 ek £ 1 T o O e, PG T M A X
550 HAALIE OREFTR EF AR BHE TR R
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S TETE

Horpe ©, A CRE T AT 4 R i
(FPU/g &1%); Y, LB Uc, SP4ERMNE
(FPU/g 74 R),

1.7 SthAZE

REERAREE L 3 307 - TERY & A7
5 7% e[ T FAE RE VR SL 56 )7k LAP-0161,
R GPRAGERN A ANKON 24| 4F
Y AT AL IR AS R T IR Pk A 3 Y
BPHI P PR GR R . BRPEDRIAT] . 72% WRBRFR MR IR
Ab HRE S, R A 22 A b R v AT 4
(Neutral detergent fiber, NDF)., &M1& 4F 4k
(Acid detergent fiber, ADF) FIH R PEVER AR
(Acid detergent lignin, ADL) & &, FAR
A 2. 2F4F 4E =NDF-ADFxNDF | £f 4k % =
ADFXNDF-ADFxNDFxADL 53| £F 4 & 52 £
RS H

PRI . L U 2R N
(Na,EDTA) 1861 g/L , + 7K P4 B R #h
(Na,B407-10H,0) 6.81 g/L, + = % 3 5 iR 4
30g/L, L FEZEE 10 mL/L, Jo/KBERRE 40
4.65 g/L, T/AKWBLRE 10g/L, o-IE K B
34 800 U/L,

R VR RN . oS e = H B IRL B
(CTAB) ¥fi#T 0.5 mol/L B, CTAB 1Y
WA 20 g/Ls

I AW SR RANHIYIR BT
M ORBE . SOOI BRI KR RO R 1o v Ak
WA (Bio-Rad HPX-87H {6 ifH:, /m224r
JEREI#S RID-10A) I o 5E 4544 : S mmol/L

HME B IR sl A, JiE oy 0.6 mL/min, AR
65 ‘C o Ay T HE b Se 28 i 35 Y A5 E AR B OT
0.22 pm AYIEMELT IS, HFAERH 20 L.

HIEHE . AWE . CBAFRI AN FIR TS
MY 53 L, BRI BRI R 1009% A5,
HAEAX IR,

HEEFR = _[GlulxV” x100% ;
f x[Biomass]xmx1.111
AHEER = _XylxV x100% 3
Jfn x[Biomass]xmx1.136
Z f:f{%lﬁ% _ [Eth] xW %
976.9 —0.804 x[Eth]
1
x100% 3

0.511x f x[Biomass]xmx1.111

Hrr: [Glu], FffS5 R 2R (g/L);
[(Xyl], BEfEAREAMERE (g/L); [Eth], K
BRI QIR BE (@/L); V, TR SO LS RN
RISWIEIAT L); w, FLES R RS R
RAREHKE (2); f, RETEEPRAgERS
W (glg); fi, REWEPIEAERSE (ge);
[Biomass], B b5l A& 1A R ) AC SR s 144 15 ik
(%, W/W); m, FLSURRARRN BT E ().

ERARA, 1111 5 1.136 4351 4 # S BRI
AREBMEEA BRI ROV R B, 0.511 REEREA
T A A W B OB AL R B, SIS R RCR
F Zhang ZPURALE B3 HE Dy s, IO E 4 Rk
JE TR AR ) O BEAR TR EAL IS AE 7K LA
B LKA R AT A R 4 0 55 = AN R 3R
X AW IR B HT R LA R R fEARE
K3 IR )28 AL & B 03 2 BT 41 2 R AR R A,
[Eth] 2 78 I £ 2 2 B 1) SE 30 4 5 AN i I £F 4 R
Fit 11 Xof R e 28 TR 38 1) 220
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2 HER5pH7

21 AEFBEEMNEEESRUSABEFCE
TERBIR OB it fE v, R
PR R TE R AL BRI | TE R
AL RN ) R B S A B, AR B
B P 2T A R R S5 H T RE 220 55 A
I, 2T 4E R IR AR RO RE ) C A3 2 sk, M H.
ELRE A A AT S AR 7 B T A R
i SRR RORAY . HAT, FR2PRES &k
(Simultaneous saccharification and fermentation,
SSF) .22 E WAL AR B er 4 R A 7= Ol A
R T2 ABLERRE WL 5 R B OB iR
Y, H T AR A TR IR R A T i Uk R A
pH 16 (4r%1k 45 C~55 C. pH 4.5~5.0 #
30 ‘C~37 C. pH 5.0~6.0) #F whzs, i H4F4E
R HYBGH#AE SSF I fe b oA BREUE TR, STk, 3K
ATHER AR i B HeE T SSF I, 8B4 T
Tk J32 1 pH B ACSERP i TR PERE RS2 I (3 2).
N T B ) QB L, AR S W03 B TP R

A, FRATTAESE I PR T e AR S I R
TZ,

SPHTEE 2 ATRR, MR 30 CHI 37 CHY,
ATy 43.8% 1 46.6% , 1i1i 4[R2 HE L
55 R B B R FE AR SR b, R T AR BE
IEH KW 78 37 CHRMFT, BE T AF pH ¥R
W AL S R R, W3R 2 BR, TE
ZELN pH YETRI N, AT BEI FE I S B A s
RIEEFHEAR/N, e B0 v i S AR 2
XF A SR AR, FERD L S R B R
AR TR) S 6 A5 7K At A5 380 A 8 20 B R A 0 A
FEREFI T, 3100 A SRR B ] P 3R 2 4
FOKIERCRAR, AR B P A 2 R A5
P EIR, HEHRERE R 2 . S P T 4
M 10 FPU/g T90%F, AH5T 45 FPU/g
RUEZR, eI AR 4 R B T KRR
IERAIK, ARSEHE KE B R R X, B,
A TN A B A T e DR R A T A 3, DA 4
T A P AT A 3 AR AN AR

R2 TRAABSHMRETMLEAREZETLEZIOR (W) BRSERTELCSLZENZME (a: BE; b: pHE)

Table. 2 Effect of different fermentation parameters on ethanol fermentation from cassava residues at 30%

(W/W) solids loading (a) temperature (b) pH value

SSF conditions

Final ethanol concentration (g/L) Ethanol yield (%) Ethanol productivity (g/(L-h))
pH Temperature (°C)
5.0 30 22.7+1.11 43.8+£2.10 0.315
4.5 37 24.1+1.34 46.6+2.54 0.335
5.0 37 24.1+0.89 46.6+1.69 0.335
5.5 37 22.9£1.10 44.242.08 0.318

Experimental condition: 30% solids loading, presaccharification was at 50 °C, for 8 h, with cellulase dosage of 10 FPU/g DM,;
SSF was at 30 °C and 37 °C, with pH value of 4.0, 4.5, 5.0 respectively, and with agitation rate of 150 r/min for 72 h.
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22 AEBHEHBRAMLERNRTSELRS T
2 % B%

T2 i R 1 T A B — o X AR A ) S AT
JEH AR AL B 7, R DL AR REAE AT
JEIKHERCMARAF BN T2 N . RS20 2
AL TR B EL (R S v T 14 5 o 7R
W) LR F R RO R A AL B S
PR XA s b £ A R AR A, S R
FEREAIRE 12 1 LIRS, Sk EY RS KER
K 69.1% , ANPEIE A G L i A 2D R ik
5EMEAE, HIAERTLL S 2 1 &HT,
R [ 75 5 TR e R L B8 X Ak BSR40 55 i D,
3, HrMTEE 3 AL, A EL R 28 AL B ) A S
(A e T 4 202 2 Yk AL R 0 5N
42.9% f1 5.6%), TAbBRJG 454k 2 R4 4 E 1Y
Ak E AT LIS 3] 63.5% (190 °C, 1.5%Fs R M

K3 TREAAEFHETAREE TR

BESAET) 1 26.9% (190 °C, 2.5% s FR M B 5%
L R N e €0 R i 3 R B 1 S O O
o AL PR FE R BN, £ 4k 2 AR AT BT R
i, MR AR AR R EE S R, (HE
ik A Ak e A0 T A —— R TS 1% e A A Y
i, FETRA B A R IS DL, BEE R R IR
JE SN, 2T 2 2N 2 4 i AL R AR AR L
AN, AT B o B DU R . R B EOR
BIE AR | CPA RN WY
P B2 LA B T T X 410 o 4 ) i 52, ] 4
WeBEAE 0.5 mg/g DM (T#kH LU B IETE X4
BEETTIORE , T ML AR AR B LR, B Y
L7 2 R AL 5 2 2 Y 5 AL R U I Ak B K
T, RIESE 160 °C, 0.5% Hi R i B Tikb
PG AR ZOH, R MEREIEAT AR B
R S BRI

Table 3 Effect of pretreatment conditions on enzymatic hydrolysis of cassava residues

Pretreatment conditions Conversion yield (%) Inhibitions (mg/g DM)
Experiment No.
Sulfuric acid (%, W/W)  Temperature (°C) Glucose Xylose Furfural
Control 0.0 - 42.9+1.4 5.6+£0.4 Not detected
1 0.5 140 59.7+0.5 10.7+0.2 0.182+0.058
2 0.5 160 61.3+1.5 13.8+0.7 0.381+0.196
3 0.5 190 61.9+1.7 19.3£0.7 0.808+0.002
4 1.5 140 57.5+£3.7 9.6+0.1 0.165+0.019
5 1.5 160 58.4+0.1 14.0£1.0 0.462+0.827
6 1.5 190 63.5+1.2 23.5+0.9 1.66+0.377
7 2.5 140 56.2+1.2 12.9+0.2 0.230+0.098
8 2.5 160 58.2+0.4 17.7+0.1 0.640+0.050
9 2.5 190 63.2+2.4 26.9+2.0 2.077+0.168

Pretreatment condition: presoaking ratio of solid to liquid was 2:1, sulfuric acid (W/W) was 0.5%—2.5%, temperature was
140 °C-190 °C, and reacted for 3 min; hydrolytic condition: 5% solids loading, with cellulase dosage of 10 FPU/g DM, pH 4.8
citrate buffer, in 50 °C shaking bath with agitation rate of 150 r/min, non-pretreated cassava residue was used as control.
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K160 C, 0.5%FMMRHAE . BUR W L
2+ 1 AT B BEG O B , A2 T Bk
PEAT 3090 [ A5 A [F) AR AL 5 L A e, LA
RN 4 Pios . TR 8 h J5H A YIMLIS Ry EER)
B, THRIEAT R AL S A B . e AERE R Y
40 h N, AEIHEREACRGRI T, b i SR
AL TT A, FEX KA 40 h AYMFIE] P, ARIEEFI
552 P M T 5 AT A0 % o T 4 Q) 22 IR Y ok 2

(B 1). MZE 48 h FFUG, PR ZR (A A0 2 2]
REAR, FlEBEE S BRI Pl il . RS
96 h, PRZRMHPEWREIRA 2.93 gL, EHNL
Wk IR 268 /L, AT Z B RN
521% (3% 4). Z& LTk, FeEARZE# 0 kb B
T R AR A DR A A R T 2 Y K T e R
A TR REN A IIEIVE R, IR i T Bk
S WL AR I JEE i A

x4 TAEBFEARFEE3I0% W) BRSEFHTHRSHELS R
Table 4 Simultaneous saccharification and ethanol fermentation performance of cassava residues after
pretreatment at 30% (W/W) solids loading

Final ethanol concentration (g/L) Ethanol yield of cellulose (%) Ethanol productivity (g/(L-h))

CEFR 24.1+0.89 46.6+1.69 0.318

Pretreated CEFR 26.8+0.63 52.1£1.19 0.280

Experimental condition: 30% solids loading, presaccharification was at 50 °C, for 8 h, with cellulase dosage of 10 FPU/g DM,;
SSF was at 30 °C, with pH value of 5.0, agitation rate of 150 r/min, fermentation time of pretreated and non-pretreated

feedst°Ck was 72 h and 96 h respectively.
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Fig. 1 Inhibitors variation of the simultaneous
saccharification and ethanol fermentation performance
of cassava residues after pretreatment at 30% (W/W)
solids loading.
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Fig. 2
fermentation performance of cassava powder with and
without cellulase supplementation at 30% (W/W) solids
loading. Experimental condition: 26.7% solids loading,
liquefaction was at 90 °C, for 3 h, with amylase dosage
of 22 U/g DM, saccharification was at 55 °C, for 0.5 h
with glucoamylase dosage of 100 U/g DM (or with
cellulase dosage of 15 FPU/g cellulose simultaneously),
SSF was at 37 °C, pH 5.0, agitation rate 150 r/min.
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Table S Simultaneous saccharification and ethanol fermentation performance of cassava powder with and

without cellulase supplementation at 30% (W/W) solids loading

Final ethanol concentration (g/L)

Ethanol yield of cellulose (%)

Ethanol productivity (g/(L-h))

Without cellulase 101.52+1.60

With cellulase 106.95+2.32

0 1.41
56.30+2.58 1.49
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Table 6 Comparison of the different process of cassava cellulose ethanol

Process of cassava cellulose Ethanol yield of

Cellulase usage

Cellulase demand per unit cellulose

ethanol production cellulose (%) (FPU/g cellose) ethanol (FPU/g Ethanol)
SSF of cassava residue 44.6 45 197.3
SSF of pretreated cassava residue 52.1 45 169.1
gsvlid evrvith cellulase of cassava 563 15 51
3 2% 107.0 g/L, ZF4ERBERIAN 3 589 Ju/t LB, %5
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