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Abstract: Ethanol production using glycerol as a carbon
source was performed by Enterobacter aerogenes immobilized
on calcium alginate beads. To improve the ethanol production,
the optimal conditions such as loading amount of immobitized
cells and glycerol concentration were investigated. The optimal
loading amount of immobilized cells and glycerol concentration
were 10 mL of calcium alginate bead and 10 g/L, respectively.
Consequently, glycerol consumption rate, ethanol concentration
and yield were 0.32 g/1.-h, 3.38 g/L and 0.43 g/g on the batch
production, respectively. Continuous production of ethanol
was successfully achieved using two types of immobilized
cell reactors (continuous stirred tank reactor and packed bed
reactor) from 10 g/L of glycerol. In the continuous stirred tank
reactor, glycerol consumption, ethanol concentration, specific
productivity and yield were 9.8 g, 4.67 g/L, 1.17 ¢/L-h, 0.48 g/g,
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respectively. The concentration of produced ethanol was 38-44%
higher comparison to batch fermentation, and continuous
stirred tank reactor showed better performance than packed
bed reactor.

Keywords: Immobilization, Enterobacter aerogenes, ethanol,
glycerol, continuous production

L A&

s e] 3w Aeds 9 e o EAER
3l AJA| 2 AR oAl Aol B s 71E
o|aL ITH[1]. o]t AFellA nlo] .ei9A] (bioenergy)
Boohs EE g AAlEAIS} AR ARG o TR E
ASHE dEAlE Y 7 e tiRkeE oL itk [2].

Hlo] @oflA] FellA] 2184 FA12k & (alcohol)] )2
H| 23} (esterification) RF-C 25 E] Hojx|= Hlo] erjAle
s 9} Hlwate] iAo R AL ofe o|ilglRiAE
W& wite] diA AZEMN AJAle] A&HA 0= Frtal
I 3lek o9} tEe], vloleriAl Akl FAER! SEAME
(glycerol) &JA] Z1 AAko] F7l8lal §lom, 7FAo| §7
3| sEstal Sli= FAlolt) [3]. Blo] 2.o¥hE- (bioethanol)
< olikshekas A7 A% 4 o] 52 olF] wiEe]] thA| s
2 A AAACE A7 4 gito] ghdks] EE L gl
t} [4]. @A, vlo] olehEe] gt A= FA2A o] el
7~ (biomass)E YEF o]gslo] ofgkEE Wl A7}
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T olFaL it} o] vefskal, FH-E 4RE o]4E
U= o] Ak, v B oJgh Wa s Falo] o
S A7) Yelr= vlolemAs o AR Bafsh=
AAe] 24E& Aol strh= whio] STt [5,6].

SUAEE vEE oJsto] 'O r o]8ro] 13-
2] (1,3-propanediol), 3A14T (suceinic acid), Ti3}o]
ESAJolHE (dihydroxyacetone), o5 5-9) &= AgkE
< It [7). Citrobacter freundii, Clostridium pasteurianum,
Clostridium butyricum, Lactobacillus reuteri, Klebsiella
pneumoniae, Enterobacter agglomerans “121L Enterobacter
aerogenes 52| P|EES B2 SHAES B2
Ho7 ol gato] vhefet BAR AEAZ 4 it o) F,
E. aerogenesi= 7143 &g glo] S| EREE ¥4
Yo7 ol gglo] olerg Aike] Thssiths 24g 7iA
AT [8-12). o] A H, w2 7125 njo] @ul o] Gl 12
Ay $4E a7 54 e FEHES ©AoR of
43t E. aerogenes©l] 23 vlo] @olghg AHAF A= 20 %)
THAE AY 3 glet

= A= E. aerogenes S ZHELA YOI E (calcium
alginate)5 ©]-&5+ A3}, uAS M2y FEME 52
7h oehg AAtel vl 4 W F FRY AT
571 (A& ITRS7] (continuous stirred tank reactor,
CSTR), Z%1EHES7] (packed-bed reactor, PBR))2] A5-S
Wl Aleta 215,

2.5 Ry

2.1. #5 D gz

FA 711 Eenterobacter aerogenes ATCC 290072
Hlo] Qollehs AR $18t = ARSSISITE Ftllod (seed
culture)<> A (nutrient broth)ollA] 37°C, 150 rpm 0.2
2477 5 Il olfehe WhE (fermentation)i= 125 mL
serum bottle®l] 50 mL2] vjX|9} 1G5 AEE Hrlsie]
37°C, 150 rpm 22 24A]7F Bt eSSl o] uf, oflgks
WEE et e 22 S5 1 L @ eadozy 22
AIE, 5 g/L peptone, 2 g/L (NH;%S04, 0.2 g/L MgSOs4, 1 g/l
trisodium citrate dehydrate %3

22 A=A}

AFEIATRE AFEAOIE (sodium alginate) S o8-8+ 2+
He ol83ISit. Favllole A% E. aerogenesi= 8,000 rpm
oA 2533 ArlReel gJste] B5E 2% AFSA
ylolE &3} Z3he|Glet. o] Z3olE 0.1 M CaCl, $-4e
"ojrey 18 2] sl AEE Al Az 193}
Al o)e] AEE IA717) Hstel 4CoA 244131
HaEglom Eip AHE Fof oehe Has s
AR AT

23. SYMEL & 5= 37
olghE 3l SE|HE2] 5o Refractive Index Detecter (RID-

10A, Shimadzu, Japan)”} 1% high performance liquid
chromatograph (HPLC)E ©]-2-3F3132, ZH (column)->
Aminex HPX-87H (300 x 7.8 mm, Bio-Rad Laboratories,
USA)E ARg3Iint olu, A-e] 25+ 55C, o154 (mobile
phase)>- 5 mmol HaSO, & ARSI, 5452 0.8 mL/min
°]3irt.

2.4. AR N 2] AXFF EH

A} AFLAUO|EZF S84 10 mLe] E3Heg 1143
ALz A 23 45T oA 1241 Bt A3t

Z4soint. adsl AlEe] B9lFAl & AR e 1
g8t AEE 1.0 M2 QRIsPEEE-e] $3jA1A

SR o] ket 5 37°CollA 24A17F F4k vljekslo] &%
shoict. Al s Mol 2325 0.05 g/ml (A
o} ZgAdA o E Eikmo|glom, 1)t e we]
A 2 3AgE Azl F= ok 5% 10 cells/gel Tt

o4

Ao mln ok

=L N o e
iOAJOg;

In

2.5. 1A 3} N 2 ¥k-S-7]

of|E-2-0] ALAARS YA 500 mL F] 9] AL wne

F-5-7] (continuous stirred tank reactor, CSTR)$} &35

| (packed-bed reactor, PBR)E A|2lsl3itt (Fig. 1). 7} |t
| UiFe] 25 29 a8l ste] 37Cx J7gshA

AAF e, AAO]FHL (peristaltic pump)E 01851

A& (dilution rate)= Q33T
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Fig. 1. Schematic diagrams of continuous stirred tank reactor (a)
and packed bed reactor (b).

3. 43 9 n@

3.1. 3|4 T E oA 27] 43 N o] w2 ofeh-E A4t
ollghg Aatell Qo] sk AlEE ofgshid Al olghE
of tigk el S7kekn], aARbe GSAA 5 A |
vk, gl ofleheo] el Aol oM Al St 7kl
afo] ofgb&o] Hel GAS] folido] Tk B opet &
lo} ofatol] e 3o A4 ngdte] gk Y
et QAT [13,14). FAHIO|ES o] 89t AlEs o
g} WSl viskel e iR o] 7 -5

AR FEeIA ARA TP 7S e o] 84
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3L AlEE W F shdeld) [15]. B Al
2% 58] AFYAOIES o431 E. gerogenesS 1178
SR, Az 278 Az A5 F 1.5 mmE 7Y
SHA A|zBISict. Ale 1793} Akl whE ofeke: gt
#g wat7] S8 10 mLolA 50 mL 9] 2]
Ho|E @A) S2%E W79, vkt w529 14
g} A9} 5 gL SRAEe] 39 50 mL 3]¥-A wha
oA ollgkE: Ark FEME ARE ZAVEISIT Table 1
o) 7k 1173} Mgo] ZrlAEe] 4n1e) ofgke- Al
X S VRIS BE Aol Hrkd SeaE
& 24ARYE BRE B ARSI, olehS A (1.7-1.8 g/L),
T8 (034-036 gg) E A2 (0.07-0.08 gL h) & 5= AF
7oA zJolE vRERIA] elok

ey 7k a3 AR AERTH G ofes A
(specific productivity)> 37Fe 173} M Eo] S7)eke
= 28Ik 0.5 g9 193 AR (10 mL ZggA o]
E @7 7SS W, 7R =8 nA B4 g/l g)
& Ve 9, 2.5 g (50 mL ZgA|djo]E gA)o] 7}
B ATE 7P B2 v (0.72 gL gy VRIS
olgldt A= 5 gL ZEHIBo] EghE 3)HA wFolA
10 mL o]’4e] ZEdAo)E 148 AE7t HrlEolx
e AR T o)) TIEHR) ethe A3 ZEE9
EEE 771 oleke AR R3] Z1E 5= ks
A& oJulsict

Table 1. Effect of the loading amount of immobilized E. aerogenes
on the ethanol production in batch condition

Loading amount of calcium

Parameters alginate bead (mL)"
10 20 30 40 50
Ethanol concentration (g/L) 1.70 172 170 177 1.80
Ethanol yield (Yg/g) 034 035 034 035 0.36
Productivity (g/L-h) 0.07 0.07 0.07 0.07 0.08
Specific productivity (g/L-g) 3.40 1.72 1.13 0.89 0.72

*Weight of calcium alginate bead (1 mL) is about 0.05 g and 3 x 10°

cells are immobilized on 1 mL of calcium alginate bead.

3.2. 2YAE x| - ek P4t
4R SEYAHE Fol thE ofghe gatox o] Fdke
5-15 g/lLo] S¥jAMlEo] 3k 50 mL -4 2goA] 10 mL
o] ZEEAYo|E 143} AELE Hrrsto] Fasit.
Table 201X vEbd Z3} 2o, A7ke SME 557} S}
A5 SEYAE 229 des Ak Z7esdt) 10 gL
o] SAIEe] XFE miAelM Y] FEAE 2RELE, o
s Ak, 8 9 A 47 7.79 gL, 0.32 g/L-h,
338 g/L, 0.43 g/g X 0.14 g/L-hZ 5 g/L] ZTME ulx|
X8l ghs Bk BE HeA S v SAE
E5 10 g/Lok 15 g/L2] A5, SEHE AR} ofleke Ak
M o sl 7 UERIA gkt

ojelgh AL ¥ 71 A G v YE o, 239
TS Aol Wil Ao Al uAE-9] e Qlo]
Hd 714 AHERT B V)AE T3 59 7144

o] dofut mAEe] At A=) Aol AslE do
7IAl Aok =5 A s o] 7)ol wiA] el EAjjst
Al HE vAE o, 9ol ARESE xlol 2 Q13 AHEAe)
2AsHA o vl el B o s el Aalr) wdst
Al et [16,17]. 714 5o WE E. aerogenesd SEAIE
259} oeke AR Jung 5 [18]19] AHel FALSISATE
E. aerogenes®| fFElAEZE o] g3lo] gtE-g AJAsIRES
W, S2AIE FE 10 gL oPde] w9l AR s
Fol= FEAES AR ofehs o] 93| sk
Y o)} Z7kekA] Qkkthar Basigivt. 71 A3 10 g/L ©]
& SRS A R wEleH, 9 A9E v
O F 10 gL SAEC] ol RS 98 AEsk v
2 WAE It

Zhao -5 [19], Najafpour & [20] 223 Nikolic ‘& [21]
< 13k Saccharomyces cerevisiaes ©)431 SFFF
2 (glucose) B AFUR A (xylose) ZHE 24A]71
Z}7}0.38, 0.32 % 0.38 g/g?] oRhE &S FSth =5
LA Bz ARUR 0 A 7Rk oflghe Ak vlawslo], &
ArellA] AATe 10 gL (0.43 g/g) E 15 g/L (0.48 g/g)2)
YA EE o] &8 RS BALE 7] A 2] Tkl SHe|
-9 2ot ook F shubekar @ 4 ok EE3h, Jung 52
Hlel et At 3oz RE e STAE (crude S
AT o 2SS BhUe s S vl A s ),
crude FEAIE-S o] &3l % o2 Ak lot Asf@AAt
o] A7 o5 HUSIATH[18]. Wb, crude SEAE
A E. aerogeness ©|-&-3t o6k AAlollr] g7HQl A4
Hog o]§E g AoE otdrt.

Table 2. Effect of glycerol concentration on the ethanol production
by immobilized E. aerogenes

Glycerol concentration

Parameters (g'L)
5 10 15
Glycerol consumption (g) 500 779 819
Consumption rate of glycerol (g/L-h) 021 032  0.34
Ethanol concentration (g/L) 1.70 338 392
Ethanol yield (Yg/g) 034 043 048
Productivity (g/L - h) 007 014 0.16

3.3. 13} A ZE 0|83 oetE2] A&

1S AEE o] &l oehE] ASAE $l5te] W
JES-7] (continuous stirred tank reactor, CSTR)9} 7%
Hh3-7] (packed-bed reactor, PBR)E AME3I1 31, 1 A58
A aEkeleh wREANES Y] 272 49, § Adeel HA
o T =2 0.01 g/mL 3} AE) 10 gL SEAES
o]-&3ltt. 500 mL F3) 9] HEgY]ol| FE|MEe] TEH
400 mL2] rHilA]9L 100 mL 2] ZELA o) E 73] A2
Z 718199, 400 mLe] AAHIA7E Z2F 6, 12 Z12)al 244
Huick AEA 28 S eF S ES "I &
$h, SXIEREEY] 2742 A-$ollMs 500 mL F5 2] BEEY]
of SgJAEe] 2 150 mLe] ArheiX| 2} 350 mLe] 2
Axo|E 113} AEZE H7Fe13aL, 150 mLe) A=A
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7v Z¥zb 6, 12 Z18] 3L 2441ZF vtk AlEA wehE 5= QleE
3458 WA w-e-S FaEsint.

Table 3 173} AEE o] &8 ofehZo] ALAAtelA]
WRIAREG 79} SREREE719) A5-g vlasie] AAlshn
ATH WREAEEE oA = 4ol uhet SelAlE 229
g Aite] A7 @4EE w9kt 34E0] 0.03 W'Y o,
SIS AR, oflghe AR U njAAg e 242k 98 g
467 gL % 1.17 g/l go|¥a7, 0.13 h'Q 3¢ 212+ 6.15 ¢,
3.13 g/L % 0.78 g/L- gOl3ict. AR 0.13 h'e] 32 Eo
Mz s BMER Qlsl] dhAIRE 2 X]2)# (throughput)
7} AARE F AWAHE AE (product tank)oll F2E olgk
< ¥ (accunulated ethanol) ZH2} 52 mL/h$} 0.163 g/h=
The S|ME2] AgTe) nlwslol dAs] B e B
o 3, SEREE 7oA B e whE FEHIE AN
&t Akl A o] PR wREANRS7| K} v]w] &kt
e MBI 2nE SYAE ok} gatd oflghe- ok
Z}Z} 9.11-991 g, 4.70-4.86 g/L= FAFS Aals vehy
A, WHEARES 7|9} SRS v ekl S o, 2
AlE AR oehd Ak SRS 7ol v ¥
& A= VERIIE. ey v e daz 3 A
B 2|3 @AY T AARE A A9 oflgk
AL WRR N7 953] 552 < 5 AUk
IS st AEE ol g5k FEME 7Nk ofgk
S WS 7} AR 7ol W8l o] &)
ArTskar et

(

E 1
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o Mo oft
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w2 g T ol
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Table 3. Effects of 2 different reactors on the continuous ethanol
production

Parameters
Reactor Dilution G]ycergl Ethanol Ethanol  Specific
rate  consumption concentration  yield  productivity
(0 (@) (¢gL) (Yele)  (gL-g)
1 0.13 6.15 3.13 0.51 0.78
CSTR 0.07 7.84 3.52 0.45 0.88
0.03 9.80 4.67 0.48 1.17
0.05 9.91 4.86 0.49 0.41
*PBR  0.03 9.11 4.70 0.52 0.39
0.01 9.82 4.83 0.49 0.40

'CSTR: Continuous stirred tank reactor.,
’PBR: Packed bed reactor.

4. 83E&

B Ao SNBSS g o AMSle] sk
E. aerogenes©l| &%t olghE kS $isto] Alzw 177d3)
AE] EAS ARG, 7P Gl st Ak g
=HAE SEE EESleH, 52 vk EA wHky
HE8719} FXIERES 7] 9] oflghe: A& A5-S ZARISE
Ut E. aerogenest ZrEdAUIo) Bl 114 3te] o] 1173}
A 915 F T3k ML) 57} ok 5x 107 cells/g
¢l 34 13t A Azt sliA] whaela

10 mL ZHEEAUelE 14835 A9} 10 gL SeilEs
o]-gsle] olehe LS FHESE o, SEAE AESE
o} offehg A T3 & 2H2F 032 g/L-h, 338 gL,
0.43 g/go|Sitt. o] st 25 500 mL H-319] wHHARE
S710) =4J819e W, 0.03 h' e &EolA e ZEA)
E o, g Ak, njAAbg 2Ela 52 4798 g,
4.67 g/L, 1.17 g/L- g, 0.48 g/gCI3AT}. o] AFE2 )42
g oAl das Bt @A8] F2 FhEela, vt
A YA F Al 9l AR Al S49 deke
& vl S o), TR VIR o P e

Hehgic,

il

Qs B35 AAT) S 871 (032-091-
019)8] X91& o} FAEIROw, olo] ARV,
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