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Simultaneous Saccharification and Pervaporative Fermentation of Cellulosic Biomass
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Application of pervaporative extraction of ethanol to simultaneous saccharification and fermentationn(SSF) of cellulose was
investigated. From batch experiments, optimum cellulose substrate and enzyme loadings were found to be 10% and 15 IFPU/g
cellulose, respectively. The cellulose conversion was lowered in fed-batch system due to the ethanol accumulation. The activity of
the yeast Saccharomyces uvarum used in this study was siginificantly reduced at ethanol concentrations above around 40 g/l.
From pervaporation experiments using PDMS membrane, ethanol was efficiently separated at 38°C and 10 mmHg of a down
stream pressure. The pervaporation unit with 240 cm? of surface area was combined into the SSF reactor. The continuous removal
of ethanol by pervaporation during SSF resulted in an improved celiulose conversion. Within the scope of this experiment, ethanol
yields in the pervaporative SSF and simple SSF were 683% and 56.6%, respectively. The permeate flux for SSF broth
pervaporation was about one-half that for the pervaporation of aqueous ethanol solution. Accordingly, the development of a
membrane with higher ethanol selectivity and flux will increase the feasibility of this technology. :
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T Saccharomyces uvarum(KCCM No. 32015)& A}&
ot 2 TFFE YPD (yeast extract 10, peptone 20,
dextrose 20 g/L, pH 5.008A 50 mLel HEstu 38°C, 150
rpm@ 2 12 AZHEE ket ¥ O djokd 10 mLE
10XYP(yeast extract 100, peptone 200 g/L)¥iA 10 ml, glucose
£A(0g glucose’/L) 10 mL, FTEHSF 70 mL o A% Es}o
pHE 5022 2HE % 33°C, 150 rpm9 =AM 12417 &
Qb 24 wioksle] SSF e o] Mujokdoz AREaITHIL).

SSF A& A3 F4+E Cytolase CL(Environmental
Biotechnology, Inc)olith. o &9 filter paper activity:
103 FPU/mL, 8-G activity: 889 pNPGU/mL, 18|11 Endo-
G activity:= 269 CMCU/mL o|%ith.

SSF ¥

SSF AgdA 7]18& a-cellulose(93.8% glucan)st A elad
Hpo| Quil A8 AREE Y. SSFHixle] FAL AAeke] )7,
10XYP A 10%, Mejked 10%oitd 7 aldie 7|25
gl utel A-3] Hristgen 38°C, pH 50, 100 pme 23
A SSFAES F33lgul 2 SSFAEE 250 mL-4Hd3el
ZA(EARE 100 mL)9 1000 mL £ WFz(§ARD
800 mL)olA st on] Baxg Al8e A¢ @gde pH
Z 5N NaOHZ z#Esttt

Pervaporation Ag
2 A8 AHEE ethanol 2214 FHZ9 9L flat sheet &
e PERVAP 1170( Deutsche Carbone/GFT, based on
PDMS silicone)elith 2252 plate and frame HEej2 A2
atgith 7E2 4 em, A2 30 cm, ¥4 1 cm®] frame ¥% W)
2o AAstdnh ZEWY B3lE 120 em’ olw whe] §EWA
& 240 em’ oith FAEFHAH S AHFR o Eesgolg
FEez #8172 ZEe 295 AF(10-30 torm)E

SANRT B BAAL mapd o Betel $2A7c)

Pervaporative SSF Al'¢d

A¥AAE Figure 1ol EAIE nbe} o] 1 L &2ko] wEs
29 FaFdAANZ FAAH}YYT ALY SSF A3 § SSF
gole == TEANA FHSEE dHAY. 542

e T 0‘3—-1 I

Control 0
Temp.
pH =
Vacuum
Pervaporation pump
SSF unit membrane
module
Liquid nitrogen
trap
Figure 1. Schematic diagram of the pervaporative SSF

apparatus.
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SSF 4 A cellulose loading® enzyme loading®] d&&
FAFStL fed-batch SSF9 2#E #ataigch
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7149 Fdgol uel AAEn 282 22 Jue
& 97 HalMe =& 71Fe AMgake] gevEdg 7
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et ogrg 8ol A8 Astgch 2 AFosde B4
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5, 10, 0% 4 2#2 SSFAES 3389t Figure 28 8h8
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Figure 2. Time course of SSF at different cellulose
loadings. SSF 800 mL
(bioreactor), 38°C, pH 5.0, enzyme loading 25 IFPU/g cellulose.

conditions:  working  volume

Table 1. Effect of cellulose loading on ethanol yield of in
SSF.

Experiment Cellulose Ethanol

No. loading, %  concentration, g/L Yield
! 5 17.1 566
2 10 341 602
3 2 39.2 350

Experiment No. 1, 2 © SSF in bioreactor(800mL working volume)
Experiment No. 3 : SSF in flask(100mL working volume)

[EtOH], - [EtOH],

Yield = -
0.568 f [Biomass]
where!
[EtOH];  Ethanol concentration at the end of SSF(g/L)

[EtOH], Ethanol concentration at the beginning of SSF(g/L)
[Biomass] Dry biomass concentration(g/L)
f

Cellulose fraction of dry biomass(g/g)

Table 2. Effect of fed-batch operation on ethanol yield in
SSF.

Experiment Ethanol Yield (after 5 days)
Batch SSF with 5% cellulose 56.7
Batch SSF with 10% cellulose 60.2
Fed-batch SSF, initial 5% cellulose 585
and 5% cellulose addition after 24h ’
Fed-batch SSF, initial 5% cellulose,
5% cellulose addition after 24h, 86

5% cellulose addition after 48h,
+ 5% cellulose addition after 72h

Enzyme loading®] 9% : SSEwH&olA g47}
7F mAERERTG =2)7] i AV EEERE
A2AEFo] o gg A Fo3 My "Hn Fig. 38 7}
FEHELE 747 5 15 25 IFPU/g cellulose AHE8t9lE o)
o] SSF 28255 vebd Aoln] A2AMES F7lo uel o gt
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Figure 3. Time course of SSF at different enzyme loadings.
SSF conditions: working volume 100 mL(flask), 38°C, pH 5.0.

& Aol TS HoFn ok £ HAEL 230
2304 SSF &4 100 mL, cellulose 5% ,
150 rpm<] 174011*1 gt Aoir}, JheEHEs Aol
IFPU/g cellulose w ol ghg A ko] 714 vty a2y 7}
SR AL AFEEFe] 15 [FPU/g  celluloseS! Z$-ol
IFPU/g cellulosed A5-< vluste] 2719 oghs A& E
worxinl A& ot AL I xo]E Holx| Yoty wat
A oolgt 2 AEANERY bR asrt a7 28 19
3t 3] SSFellA b @sjaae AMERS 15 IFPU/g
cellulose AE7F AE3 7oz e, $e Adofr SSF
REEAITE 2-3% A3 detEEErt Zaste A& #Es

o}, olejgh A= glucose i
28 grgdog 4EF
-2 Philippidis$F Smith(11]e] 9l8le] Lg s »}

Fed-batch SSF : Fed-batch SSF9 &A#E %487 93
o z7] cellulose F%E 5%0l* A28t 24A)7kote} 5% 9
cellulose® #7h8H SSF H48E F#3t4). Fig. 4 9HgAIT
of whel A dgge] FEE HAS Aot} Fig. 49 fed-
batch A#@ollA] AHAZ T Az celluloseE 121°Coll A
203 darste] FSletsnth ofu cellulosest €7 25 IFPU/g
cellulosed] 7tpEslE24hE 34 10‘0}01‘4 Fig49d d3¥43%
ZRE Jd8& &8 AAletd 386%01%ith £ AdeM Hz
e cellulose® FUE 1 gol A HAY celluloseE F
U3 F(7A cellulose FUHF 20%)0l= slurry F57F FobA
Age agtol O]Toixlx] 2oteh Table 20 fed-batch SSF
Ao ot 83 W batch SSF 23 et 8%
B3tk Table 2 ce]lu]ose%EQ 5%9 10% 23+ batch
SSF HEe] oehga&3 5%Y F WMoz ol Fd
fed-batch SSF 439 J&-&+& Yeld Zo|cf. Table 29
Azl A 10% cellulose®] batch SSF9F Z7tell 5% cellulose®
AZEEL 3 24417 & thA] 5%2) celluloses F918H fed-batch
SSFE vlustd odg&Tgol Zkzh 60.29%9F 585%0iqdtt. u}
gt B Ago] AZRE fed-batch SSF7} batch SSFol| v
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Figure 4. Time course of fed-batch SSF. SSF conditions:
working volume 800 mL (bioreactor), 38°C, pH 5.0 initial
loading: cellulose 5%, enzyme 25 IFPU/g cellulose fed-batch
loading : cellulose(dry) 5%, enzyme 25 IFPU/g cellulose
o) A Aatge BESAT) Figure 49 EALE ueh 2
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Figure 5. Effect of temperature on total flux and ethanol
selectivity of the flat sheet membrane pervaporation of 240
em’ 1 L of 1.0 % aqueous ethanol solution was circulated
over the upstream side of the membrane, and a vacuum of
10 mmHg was maintained at the downstream side of the
membrane.
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—5— Pervaporative SSF broth
—&— SSF w/o pervaporation
—&— Pervaporative SSF broth + Permeate

Ethanol concentration (g/L)
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0 ] 8 72 % 120 144
Time (hr)
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% 1 L 1 L
0 24 48 72 9% 120
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SSF.  SSF
conditions: working volume 800 ml (bioreactor), 38°C, pH
5.0, cellulose 5%, enzyme 25 IFPU/g cellulose. Pervaporation
condition:

Figure 6. Time course of pervaporative

2

membrane area 240 cm’, SSF broth was
circulated over the upstream side of the membrane, and a
vacuum of 10 mmHg was maintained at the downstream
side of the membrane.
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