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oF 310 g/l 23kaic). Yeast 11738l bead] 73¢-¢} wlitadte] 7Y&ate] yeast Hu]ldarhs Ao shyslc) o
&F Ao A A3} YEgs AHESE 7ol ek AL 475 g/h-lo] . A 3} bead & A3 5471
g/h-l2 7¢] v]3:8kgln}, Surfactant& H7Fsb=] & yeast 243} calcium alginate 7§52 A Aulx]ule] A
ActA o) A JEdl ol yeast7t ZxFeE UER oF T4g/l Ax =T AJAAI ofg PAtel Aol A AP AHS
st 5w JJgto] elasto-plastic deformationol] o] &+ 33 58 slof ubg Fq B AL oF 20u] ol &E5}A
s =te] gl gl

Abstract—An encapsulation methed in which yeast cells were immobilized in calcium alginate capsule was
investigated. The calcium alginate capsule could burst because of carbon dioxide gas produced during ethanol
fermentation. A new method for preparing calcium alginate microcapsules was developed and it was observed
that gas transfer was further facilitated about two times as fast as in conventional capsule membrane. By
adding a small amount of calcium chloride in the medium it was possible to control the swelling of the
microcapsules and increase the dry cell density to 310 g/l. The rate of ethanol production of the system
was nearly the same as that of bead system in continuous operation. For the calcium alginate capsule without
adding surfactant, it was possible to increase the gas transfer rate about 20 times by lowering the dry cell
density of the capsule to about 74 g/l. This was possible because of thin wall thickness and expanded surface
area of the capsule.
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Calcium-alginate 7§ #] 2ol AF8-5 A E¥E sodium
alginate(Yakuri, LOT 311304), CaCl,(Duksan, LOT
712101), xanthan gum(Sigma, 40H0742), silicone oil
(Shin-Etsu, KF-96) o}c}.

A& Alzuy-e A 0.6%(w/v) sodium alginate
folg Fwjghr) =3 8o Lo}t 13 g9] calcium chlo-
ride®} 0.234 g xanthan gum2- 3|3 0.5 g2] surfac-
tantE FH7}sled =lE calcium chloride £-H % FH]3H
c}. Bead Az o4} vl 2 sodium alginate $-4-&
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Table 1. Composition of culture medium

Medium 1(M,) (/L)
(growth 20 g, yeast extract 3 g
medium)  bactopeptone 5g, malt extract 3g
Medium 2(M;) (/L)

glucose

(production  glucose 100 g, yeast extract85¢g
medium)  NH,CI 1.3 g, MgSO, 7H»0 0.12 ¢
CaCl, 006 g
Medium 3(M;) (/L)

(growth glucose 20 g, yeast extract 3¢
medium)  bactopeptone 5 g, malt extract 3¢
calcium chloride 0.2 g

2-2, B2

&3 bead o] FH Az FoF AL o33 Zo)
sledct. pH 59 citric acid-Na;HPO, buffer solutionei]
4437} bead S Zt7t o} kA F| Falc) Hal LN
4142} 71(3600 rpm) 2 2027k AR A1 F A5
Ao 2la ANES FHFZ AFHste o] AR
2A)Zck 919 AL 3 wEg F FAE 105C 9
A z7) A FARMEL glg wi7hA] A2AA 53
gk,

Glucose £5&4A& PGO enzyme(Sigma, No.510-
A)& AHg-3te] ZA3tgdr). Sample §94-& 70001 2 3]
Aated 345 294 05ml7} combined enzyme-color
reagent solution 5 ml-3 7 A3 Hel] P 37C o] 4]
3087} ukg-A171 % UV-VIS(Shimadzu 1201) spectro-
photometeri/ﬂ 450 nmel| 4 0O.D.& A4 FFz =

=5 AArsldch
oeree] Ak
PACKARD 5890 series IDZ %

gas chromatograph( HEWLETT
Z A sl9] o}

3. 4z} 3¢ 1nE

-1. Surfactant® Z7}8t calcium alginate cap-
sule

B Aol A ARE wokste] ollgre&g AAbsh
obe) bk & FAHE A g Al wa st
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Sl 4 4A 2 2bsAdel olch mebd 2 A7
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EAo] gl AL g oA ¢S P®F nonionic surfac-
tantql nonoxynol( polyethylene-glycols mono(nonyl-
phenyl) ether : CHisCsHi(OC,Hy)sOHIE & Al
z ) w2k 3 7}3ked ek Surfactant S 4 718493 -& wf| 2] cap-
sule tAA-E HESY] $)ste] bt e A
P31t Yeast & 3 mle YA F-2]3led & yeastE
F-AH 2 1.3% calcium chloride, 0.26% xanthan gum
£ 100 mlol] &§}3} 1 surfactant 0.05 g8 41 242
Azt o] gl o2 capsule 10702 A 23t A
| 2| ofl Fo) 3l &x7}F 34T ql )R] A 2 13
A7E 71EE AR 7]“”‘ capsulet| ol yeast7} A3 73ate]
x}A| =} o) w) 712 9] calcium alginate )& = @)
surfactant®] 3 ?Li o] Abs}er A 82 capsule ol
8] wrde) ¥% esghe) Yeast® 2313 capsuled A
Abel A]ofl -9 3}e 404]7ke] A wj7hA] capsuleu el
o] AbE} ek A H}-2-2 Bo]A] 92 77 capsule-e 38 313 F] %]
242 A kA sl

3-2. Capsuletfoll A2 yeast M%&
B AFo A surfactantE A}-2-8191-& o} capsulerj 2]
yeast AA=g EH4sedrl Ax® AE 307“73: 50

mi9] A (M) £ Pl (M) Y32 2585
37C 2 FA8kar 2047 flask cultureS 3lelS el

yeast A Aere t}-g-2] Table 29t #tl Capsulew 2
F5% 3AEE= 100 ml2] calcium chloride £-94of yeast
wlokd) 3mle YAE-elste] do|3 yeastE Ej}she]
capsuleL A zFoZ4 o]Fojgc) Beado] &R
A3k yeast 42 3mie] Y42l EAHE sodium
alginate §-oll 4114 beadd A ZF2LEN o] FH
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Table 2. Yeast cell growth inside the capsule

CaCl; Xanthan Surfactant Medium Yeast cells dried g/cm® of
(%) (% to CaCly) (g/h) wt(g/capsule or bead) capsule
10 15 0.25 M1 Capsule 0.0013 0.102
1.0 15 0.25 M2 Capsule 0.0013 0.362
1.0 15 0.50 M1 Capsule 0.0010 0.138
1.0 15 0.50 M2 Capsule 0.00127 0.354
13 18 0.25 M1 Capsule 0.0011 0.086
1.3 18 0.25 M2 Capsule 0.0010 0.278
13 18 0.50 M1 Capsule 0.00107 0.084
1.3 18 0.50 M2 Capsule 0.0012 0.286
1.0 M1 Bead 0.0012 0.035
1.0 M2 Bead 0.0022 0.066

ol Aelite Ausd Aede] AxFEn Pad
BE7te 71202 Az £8 USR] Table 20|
vehlisict o] Aol A B 4 glRe] A A (My)
o4 A% AR el Ax T b R(My)
ol 4 A7) BRe| Pad Ax TG A For}
WREEHE 7|Fe 23 Ax S Uns A
7% oF 0.1 g/cmPo] 3L Qahuix] 2] A= <F 0.3 g/em’
22 ol HLE AihiA(M) e Ax F% dxs}
oF 38l A= 2k o]z WA A Wk 3= AT
ako] Aol A 2 fdlE S 4 glrh Fig. 3o04 &
T Q5] 71E9 AA l(Ml)o*lH% 27 e} 2.0-35

mm7A] o] AAEA Fleh et Ak A] o) A Fig. 1. The state of encapsulated yeast after 7 hrs of culti-
woksls A= e slAe] A gw ute] FAE vation which were grown in the conventional grow-
e} 0.1-02 mm HEZ 79 oF_] Matar) 133 Aee th medium(left) and the medium containing CaCl,
Ag }{}BH Xlou k‘ HH OJ:%}“‘E‘ ADLA jg ] %1_0‘@ (l'lght) for 10 hl'S(X 27).

Al 2 ol A} wl st 76"?‘ 7Y gute] Hato] & ol f

£ ARl R e} bl 9) Ao A Aol 7} gich Table 3. Cell growth of encapsulated yeast cells cultivated
2o calcium alginate 22 calcium ©]2-3} alginate in the medium containing calcium chloride

o] 20| ZHAgte) ofd o] 2 A% S o2 W FAHc) Cell growth(Dry weight)

2812 g 71 A0S A gl v)ste] mj-$- ke Time(hr) (e/capsule) (g/cm? based on the inner
o} &= olth. 9J9] Table 1614 Al AFulA(M,) 2] 2A-& volume of the caps.ule)
By gaolee] s EAshx ohjgch we] A 3 Mg‘éioj)‘;?’ Medium 1 Mf)dg;“?' Medium 1
ﬂ"ﬂ 2] (M) o} A1 & MgS0,- 7TH,0¢} CaCl,7} 0.18 gojr} 8 00013 0,268

ZAZ) g2 B el M FEol Lo dFo gy 10 0.0015 0.309

) %] literwd CaCl, 0.2 g& H7F3F A 2-& A4 %] 2 (M3) 12 0.0017 0.351

& A =59k Fig 1o 412 bl A (M) ol 49} 3te] 14 0.0015 0.309

A2 A3 R (M) ol A A7) 7ol 2 7] 5] 3 20 0.0010 0.138

ge W8 BRY 5 Ak
Nz APl H Yool nARY EED WP

s 75 A2kl dhE e ol M9 Brel s of 50% 7b7te] EelvhAl HEZ WF-FE Eold
243ty Table 3o “tebfigict. Table 3 W&o2 3 Ao FAHAA R AR A 2te] FA7} F 0.7
A e whst 2ol 7Ee] A (M)A 08mm= 5 oj4 WSt FAMLA F FFE
AR Bk Age] BAE 3] AEe] R-F e whol of 2041 7Felut A1) Ao AE WH-F el
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Table 4. Theoretical yield for the ethanol production of
the flask culture using encapsulated yeast at 33
°C

Time(hr) 0-1 12 24 46

6-24 0-24

Consumed 17.73 59 116 1138 5319 998
glucose(g/l)

Produced 054 029 279 398 2913 36.74
ethanol(g/l)

Theoretical 60 9.7 472 686 1000 7218
yield (%)

W3t AZ yeast T 0.138 g/em’ol| E-3}sic) 1
et S Al A (M) o) 75 =} A dbe] Al =
N W27 g A% yeast FH|= oF 1047
Ao v ol A 031 g/em’e)) Fate] Qg ol &
7t skxEAe} Heol o] o]ake] A7t ME ARF
2o =71 glAl =) dub whaukS-7 Yol 4 9] yeast
Az Fe ¥} 003-005 gembel L Bt AL R ubg
ANl 021 g/em®y & abdt o g e Az
2 wrely B 5 olck dub dazol A celliel
S2ghape o 0%l 2attia = olx AT
A% cell ¥ FEFeFe] 50%274A] FoAETt
Huse} 9ok & AFANe el yeastr} g
3 2xlo] Hodok 7AAEhY yeast WHo FEF
e o 70%7F "ot
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=77 e} aebA] bead Wi °
Zak e Table 26l X9} o] &2 A$xch
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Fig. 2. Schematic diagram of experimental set-up for the
continuous operation.

Surfactant® 7} yeast A3} J&S A 23t
37T o] A2 e AR (M) 50 mlel] 1100702} 7§ &5
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% 33C 9] AAhA 50 mlol] &7 olekgS P4t A
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go] oebgo] QAtEYE o ARY FFILAE BT
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o] &2=F(theoretical yield) 100.2.2 3tr}. Table 404
B 244170 A slelS o Akl AU Y] SRR
27} 99.8% ARF T o ghg Aite] o] B4E2 728
%YE & 5 Ak
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Mo AEe Agzienz A el e Hed
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plate 2 xhctsbedcy. whg-7] W ¥-oll= 37C o} A2d A
Al 2 (M) 25 miell 4] glucose7} b4l 4=l wf7h=]
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/hE A Aol =) & kel on o) wf A el 25= 30T 9
gexz Eola] 225 AHstA F215kch Bead] 7
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Fig. 3. Ethanol production and glucose consumption pro-
files of the continuous operation using encapsula-
ted yeast at 30°C.
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Fig. 4. Ethanol production and glucose consumption in
shake flask fermentation using yeast immobilized
in the surfactant-free capsule at 35°C.

(M1: traditional growth medium, M3: growth me-
dium containing CaCl,)

Aol M3l JlE =AMtk Surfactant® A 74s}A)
7 yeast A3} 7AES A 2T F 37C 9 calcium ch-
loride7} A7 A 2§ A A ] (M3) 50 mldll 110074 2)
NE-S FY3tal glucose7t A3 LV EE ujokgt
F Z0ES 35C o Aabufz| 50 mlol &A jF A|7ke]
v AL} A o] o) o)AksterA: FEa) 3}
olAl Hof uj A|-g-o} Fol A Ak AAjzke] xrid
e vl 5 BAste] B AAo] G 5mm oo R
Ho] BE Jfgo] wix]gode] o) A Hef B Al
o wigkzAe e Az A= (M;) 50 midl
1100705 AAA37] dEol] 7As Wil B2} gk
FAle] & Aelr) oh =g 3t Ao PgulFel Y
A7kt o] Abstela AJAbek-e Qgo] BA AHxE o}
yr] B-Fe] 28 Hxv} "k upzlA o] 792 ojek-g
Ay arofel & A E s A}L jhl

B Aol A= oF 5-64]17F A 4ES slA] =l A Abal =)
el FFF e 20l B AR E] o ghg A ite] ErtA
Hog o g7re JAgo) AAHAN 1 o4
ghg A ato] A = &2 elastic 52 57 42
elasto-plastic deformation[ 14] ﬂﬁﬂi F3x5o] g
A "ot 22 o)v] plastlc A& 713 Foluz o
FAE SolAd gl whe) AL i’ﬂ ol A
e]o] =] 8] pore:® :Uﬂ Hag A 2§ =) o]
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Fig. 5. Ethanol production profile in the 2nd shake flask
fermentation using yeast in the surfactant-free cap-
sule at 35°C.

(M1: traditional growth medium, M3: growth me-
dium containing CaCly)

Table 5. Theoretical yield for the ethanol production of
the flask culture using surfactant-free encapsula-
ted yeast at 35°C

1st production 2nd prod.
Time(h) 01 12 23 34 46 06 0-6
Consumed 543 68 118 216 52 997 999
glucose(g/l)
Produced 60 58 67 117 48 348 438
ethanol(g/l)
Theoretical 21.5 100 685 859
yield(%)
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