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Abstract: We investigated the optimal surface aeration rate
during bioethanol production from the hydrolysate of
seaweed Sargassum sagamianum using Pichia stipitis. It was
observed that, when the working volume was 880 mL in 2.5-L
lab-fermentor, the surface aeration rates of 30 to 100 mL/min
were the optimal values for bioethanol production, in which
this surface aeration rate corresponded to less than 0.05 (1/min)
as the oxygen transfer rate coefficient (k,a). In addition, during
repeated-batch operation was carried out, we examined whether
those surface acration rates were the optimal for bioethanol
production. It was also observed that the surface aeration rates
of 30 to 100 mL/min in the working volume of 880 mL were
the optimal values in terms of the cumulative bioethanol
producrion and bioethanol yield. On the basis of the oxygen
transfer rate coefficient it is probable that those surface aeration
rates will be applied to the large-scale bioethanol production
from the hydrolysate of seaweed Sargassum sagamianum.
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A% Pichia stipitis (P. stipitis)T= xylose reductase, xylitol
dehydrogenase S AFHE-61 xylose S ©]8-8H}. 74 xylose
reductase= xyloseZ xylitol 2 A7t ©] uf NADH
£.2- NADPHE o5k [1], ©]o4] xylose dehydrygenase+=
xylitol S xylulose = AF8MA171C}, o] W= NAD 7} #ofsi= 4
o7 oA Qlt}h2]. I % xyluloset xylulose kinase®l| £Jall
xylulose-5-phosphate = <18-¥]©] pentose phosphate pathway
= 5ol e dd) ofuR| Yo g o] Gt 1Al o]}
2 pentose phosphate pathwayE &9 xylose2] o[- A, 53]
xylose7} xylitol = H of tricarboxylic acid cycle:Z FE €]
shde Fgo] Hk=A] H Qs (3], 218 o] = xyloseE
P, stipitis7} 0143 7350l vlok F 5719] Fo] Fraojrt,

183k o] F = xyloseE $H3FiL 3l lignocellulosic
biomass = -E] bioethanol Ak W=, xylose7} B¢l
© 7 o]gy7] uiel 842l bioethanol $2h& 2l51o4A]
© AAs F712 Artel o] wig- Fesht thr] Hepd
V- B2 F71E 7K xylose”t S Abslabd S &
ale] o) g, 77} F0] Al FSPH xylose 7 P
stipitis©l] 2184 s o] &) F3hr} o] ol fuol
2 APAFE2 bioethanol AJAF Al xylose”} B O =2
A w) 7] F7) A7) bioethanol AJAtell mix|=
T} 7] 7P e diste] B A5 Fskel gt [4-7].
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 ATHE A8 AToME FAId sl E 2Rt
(Sargassum sagamianum) 7}2-3lE % H-E bioethanol
AL A wokel T 0 7 F71E 333 surface aeration
S ARRsl] AlgtE o $71E T8I [8-10]. ©]
o, ¥ A7ES 7IElE 40 dEdRE g o R AR
3} 01 o] 3t surface aeration WS H510] 73]
= %9 Rl xyloser= AH3}H 02 ¢bH3] o] g5 o)A
] kgkow, oleldt AstA Rl 7] FFOE A3 Kt
&% bioethanol 8] AHE &R & 4= I} EE o]
73-9-] bioethanol 55 glucose s AME-Sl= 74-$-9)} v
SIS W =1 it

B AT AR P stipitisS 01831 xylose S TS

T3eke B 713 E 25 bioethanol S AJAFE:
uw} #2)2] surface aeration rates 2ARR=H| 71 HAS £
St £ o] A H oA 2.5-L2) Lab-fermentor©l]
880 mL2) ¥ioREE 71X)= Hijokle] & 100 (mL/min)
9] surface aeration rate= 2-2-5}31T} [8-10]. 71 Bt &
T-ofl ARZgt 0|21l surface aeration rate> xyloseS %3¢
She BARE 7l sl a2 bioethanol-& AAFEH of, &%
9] surface aeration rate Zk> oFHATE 12fA E A7)
XY surface aeration rate2 SIB7IX| 2 WH3IA) 7 HA A
9] surface aeration rates 252 AES i on 1 A
2 Pofzl HZA 9| surface aeration rate= repeated-batch
vjok ol 2831 bioethanol A4t AF0] ojuwskx] =
H7F BA8I50T

2. A= 9y

21. 5%
B ApolM= EX P stipitis CBS 7126 AHE3153T}

2.2. AP 7H- BB E A=

High temperature liquefying system (Ilshin, Republic of
Korea)& ©]-8310] ZAMEE: 7kri8) s19ict. et 75
3l 730l sz Aol dAs) Adrgalaict[8,11,12).
AL $al|oFA 79 (Ansan, Republic of Korea)ol| 4]
FwalTlon, Hag wjek A, 33155571 (EYELA,
Japan)E ©]§3l0] B9 F27) 30 gL} HEE BApt
RERAES FEd] At

2,3. Surface acration F 2| & Z& AF = o

# 29 surface aeration rateS 37| $]8} bioethanol Ak
ARE Htoir] BRI 728l Eo yeast extract 10 g/L
9} peptone 20 g/LE S3AIA A=¢k YPH WiXIE AME-3}
%01, repeated-batch =FHPA-S- 0]-83} bioethanol JAt
A+elM= CSH B4 (com steep ligior 20 mL/L, (NH;)%SO4
1.2 g/L, KHPO4 2.4 g/L, MgSOs - TH;0 12 g/L)E ARE3}
$ith Bioethanol AJ4HS 943 ek A], 2.5-L jar fermentor
(Korea Fermetor Co, Republic of Korea)s AR} o™,
Hj o3 = 880 mL $th. Repeated-batch 242 ¢J3}o],

36A17F B3 batch Wik 3 $-, 800 mLo WIS
FEstar, Al CSHUIAE Hatato] daze] F4sisit).
olgf gt W& 33] Aojo] FaeIrt. ik L= 30T,
pHE 5.0 783 9 £5%E 200 pme X811, pHE
phosphoric acid solution (10 (%, v/v)) B=x= ammonia water
7 2813t} Surface aerations F3F 37] 31> silicon
tubing (Z°]=6.7 cm, WA1E=3.1 mm)S o830,
o|E 9Jelo] LEZ §7) (WEAE =142 cm)®] §) FEE
5319 silicon tubingE EE W IO AYAITE
wRbo] dojubA] ¢ors W, tubing®] w3 vljR| ERA7IA]
o] Al 9F 7 emolH, 3712 FHEEEE air flow meter
(Cole-Parmer, USA)E allA 2&sIgitt. 2|3l Akade
A4~ (oxygen transfer rate coefficient, ka)+= unsteady-state
method & S5 11, 71 9P AYAF =7l AA3]
71Es3lt [15].

2.4. A

vix)U ] oy F8hd €9k dinitrosalicylic acid (DNS)
WS AMgslo] S7g38181 0 [13], vk 59 ollehE: §F
2 gas chromatography (8610C, SRI, USA)E ©]-83}¢] 4]
3131}, o)w) ABE Chromosomb 101 [L =6 fi, ID = 1/8 inch,
80/100 mesh, stainless steel tubing (Alltech, USA)]-& A}&-
B3, ApAIEE £ 202 e el sl [8-10].
whd-2] ok thin-layer chromatography (TLC)E ©|-&3}
o] B8990, TLC Plate (Partisil® K5F, Whatman):
20 x 10 cm® 2T AMESIGIL, AlEE 1 uLE loading
Bt om A8 acetonitrile ™ FHTS 85:15 H|E
2 E3slo] ARSI A7 €5 § TLC plate s 24
A2k (0.5 % o-naphtol, 5 % H,SOy in ethanol)ol] BZT} 7]
W 3, dry ovenoll Wil 80°CollA 15%7F WejAl AR
t}. Glucose, isomaltodextrin®} maltodextrin®} TLC plate
oA Rl spotd] AR} 1E RS dAVE AY
A o2 nl5I = Robyte} Mukerjeal] v [14]°14
9] o]&& (k2 glucose ) xylose?] & TLCE 531
AEREA sigen, o] w) W] AR #A1e flai v
2] spot2- AlphaEase FC softwere (Alpha Innotech, USA)
& o]gst] AR peakE S & FEE AL 9l
T BEAT vwste] ddRe] §E ARkt

3. 44 A n

3.1. Surface aeration rate©] bioethanol A 4}o]| ] X]+= 43
£ e A3Atoa mat 7151352 glucose
(65.5 (%, w)), xylose (19.4 (%, wt)), fructose (7.4 (%, wi))
718} 31 mannose (2.8 (%, wt))7t T FFHF AEUE vt
ot [10]. 2232 “1o] th3t repeated-batch WS S
bioethanol A4t A+E 4385193 01}, #A9] surface aeration
rates 2 AYE FHEA= E3IT. 1A Fig. 134
2ol P. stipitise ©]-8-31%] t}eFSh surface aeration ratell
A B 75ESEE B bioethanol S ABANSH= A
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& T8I Fig. 1(a)2] 749+ surface aeration rateS

880 mL2] wjokF-FelA A 718 WA 2 A-F-olA
E¥ 100 mL/min2] surface aeration rate7F%) 8] Z=7 ol A
bioethanol *81HE 88t 79011, Fig. 1(b)= 200 mL/min
o1de] surface aeration rate 719141 bioethanol & AJAISH
74901}, Fig. 1(a)3 Fig. 28] d3}= o]21%t surface aeration
Z710l|lA] surface aerations 3] 34| b H-E A
ofslar wiFrIZE 24412 714 glucose S ¢S] &S,
o] %ol xyloseE AB]8HA] Al%2 © 2 bioethanol & A4k
31 bioethanol©] o 10-12 g/L7k4] T2t &= ok 2%
Kol glok, kel Fig. 1(b)2} Fig. 29 A3 surface
aeration rate®| 200 mL/min®**FE] 600 mL/min7F<] Z7}
3= 27914 glucoseE ©]4-519] bioethanol S 24 4] 7F
A7A] o= He Aakshut, 24417 o] o= xylose S &
88} bioethanol-& T o} AakekA] Z5he HofFar §)
ok ATt 244)7F o] Felli= A8 A4 bioethanol©] 4H]
Hol FHasE @4 BoiFa1 Itk (Fig. 1(b), Fig. 2). 3H8,
Fig. 1(a)°M 2} 720] surface acrationS E3lo] 23 27|
FFBA] o 9ol o= A= bioethanol©] BAIE )
O} glucosel] AHIEEE AUA o2 5901 glucose
2] & xylose & ©]-8-3} bioethanol 2] AAE 3 o] Fo]
A2 gkttt Fig. 19] Aol 248 o2 3715 air
sparger= 0.33 vvm 7F8F= wioke A4 313iTt (Fig. 1(b)).
1 A3} w2 A bioethanol®] Z7F8l}, F43) ethanol©)
2RE Rk @S B Qllth 2 Adofa A
)72 optical density 600 nm (ODggo)oNA] =74 310,
F3L ok 10-12 57 A7 s19ick. ol#dh A4S surface
acration rate¥ F-#atA BE oM FARIGOH, B
A ] ATk frAF Bllet [8,10]. olek & Al
A% AIE Fig. 15 vI1ES O AT Fao] BAEH
S A2 AW 7l Eo] Ealal Mo) A7) ujF-of
ODgo 574 Al A7} Aol FHER 3 49 et
3 wirolth & Aol =83l surface aeration rate-s:
AR DAT (ha)E BrleP] H8le] Fig 39 2o 2 ujok
A 2Elo A dhg o B2 2] Yl surface aeration rate
Hele] WE fad S8 Bogr & el Abgst
AL T %42 surface aeration rateQ! 600 mL/min®) surface
aeration®X12] krai= air sparger® F3F03 0.33 vwm9)
75 BUE A ka¥) Hlwaha ok 55% o))
AgAT X 0.33 vwme] 715 air sparger® FEoH= 2
o] shaking flask culture 52| 37| ¥FU-& Wair) [15).
JelEsE & Agolr] 8% surface aerationS shaking
flask culture®] oF 12 5 o|8te] €7] 35 5t & 4=
AT, TR P, stipitisE ©]-4-3F B} 71 E 2 HE
2] bioethanol & AT -0 xylose S AHFEQ1 tiA}=
EAS| o) gekE 3] T 18R] €Al xylose S ©)f
&0 ethanolE o= J& AWiksh= 37] 530 14
ol EAE-S & AT (Fig. 1). ¥ A7 Aapz i
Aojzl #H2¢] surface aeration rate ka® EA|SPH ) oF
0.05 (1/min) ©]&} 91 Ao 7 gkl Fjglon ojuf F7|&
2Hd3) WA ko xylose 2] 0]40] o]FojX| %] okt

et & ARAe] AE vhE Fulo) ek
A AaElef] A-23 W= ks 7ITOE A8 s Zle
2 AtEE tgell 97303t repeated-batch oA = ©]
= A Eelakr] $15e] 880 mL o] wljeF-3e] 30, 100,
600 mL/min®] &7]E surface aeration " O F 3 7}5}oq
biethanol AJ2t J5-& Bl 43150t

(- 200 {emblimin}
—@— 400 {mLl/min)
ety 600 (MLimin)
~ {3~ 0.33 (Liimin)

OOy

Ethanol {g/l.}

e O (el
@~ 306 (miimin)
—— 56 (mLfmin)
—a— 100 (mi/min)

A .
100 © 20 40 60 a0 100
Time (h)

0 20 40 60 80
Time (h}

Fig. 1. Effect of the surface aeration rate on bioethanol production
using the hydrolysate of Sargassum sagamianum. (a) Surface
aeration rate was controlled at 0, 30, 50, and 100 (mL/min), and
(b) 200, 400, and 600 (mL/min). In panel (b), the aeration was
particularly carried out through air sparger at 0.33 (vvm, L/L/min)
(o). The vertical dashed line indicates the elapsed time of 24 h. All
measurements were performed three times (n=3) using the same
sample, and the average and standard deviation were calculated.

G X 0 12 24 36 48 60 72 840) G X © 12 24 36 48 60 72 84(h)
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0 wresmesss
M4 ¢ S aieal

G X 0 12 2436 48 60 72 84(h) € X

0 12 24 36 48 60 72 84(h)

Fig. 2. TLCs of the culture supernatants from Fig. 1. Surface aeration
rates were (a) 0, (b) 30, (c) 50, (d) 100, (e) 400, and (f) 600 (mL/min).
G and X indicate glucose and xylose, respectively, as the standard.

8.25

0.00

[ 200 480 600

Air supply rate (miJmin}
Fig. 3. The oxygen transfer rate coefficient (ALa) when surface aeration
(®) and sparger aeration (0) were carried out. Data of sparger
aeration was come from our previous work [15]. The measurement
of kia when surface aeration was carried out was performed three
times (n=3), and the average and standard deviation were calculated.
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3.2. Repeted-batch -2-3 -2 £3F bioethanol AAF

218 A A2 HE 30, 50, 100 mL/min®) F71E surface
acration *$'H& 08310 880 mL <] wjokele| FHE3IS
7 xyloseZ H-E] bioethanol AAlo] 78RS o 4= 9)9)
o} (Fig. 1(a)). & AEoME ©)5 repeated-batch HSF 24
o 2-g3te] AAZ P stipitis7} EARE 71Ee) SR R
bioethanol:Z A4t & wlol = 1218t A2 A& & Q=X
£ 2RI (Fig. 4). ©] ™ batch-type 3L 335] uhE3}
of g3Y8}1%9 11, 30, 100, 600 mL/min2] surface aeration rate
& A¥519] bioethanol A4t AJ5-S HlwaIAL). 3HA, olw)
AHe A o] Bat 75 G glucose,
xylose, fructose, mannose® ©]5F1# 8l 24, glucose 2}
xyloseZ} 84.9 (%, wt)= xFA817] WlEo] T2 glucose 2}
xylose®] AH|oFSS TSI, Al AA) 8y s
o] HalE FH3I3ATE. Fig. 4(a)-(f)oll A1k 2o] S 2]
9} glucose, xylose] AH] B surface aeration rate @} )
§lo] wll-§- FAKSHAl 2= ATt o] W 302 100 mL/min)

(a) (b) (c)

]

20

10

Reducing sugar (g/L)

w0, @ fe) "

Glucose & Xylose {giL.)

10

%19 (h) (U]
14

12
10

Ethanol (g/L.)

L I -

© 20 40 60 80 100120 0 20 40 60 80 100120 0 20 40 60 80 100 120
Time (h) Time (h) Time (h)

Fig. 4. Repeated-batch fermentor culture using a surface-aerated
fermentor for bioethanol production. The medium was replaced every
36 h, and air was supplied into headspace of fermentor at rates of
(a)(d)(g) 30, (b)(e}(h) 100, and (c)(f)(i) 600 (mL/min). (a)(b)(c)
Reducing sugar, (d)(e)(f) glucose (o) and xylose (@), (g)(h)(i); ethanol
concentration in culture supernatant. All measurements were performed
three times (n=3) using the same sample, and the average and standard
deviation were calculated.

surface aeration®l*]+= bioethanol 4t W2 A2 FASF
Ko ok 12-13 g/L7HA] E28IT (Fig. 4 (g)(h)). 3+,
600 mL/min®) surface aeration= TH3}HS A-F-oll+=
bioethanol©]| 303} 100 mL/min2] surface aeration ™ Xt} ok
60% AL ZAase] BAkEE Z1& & 5 ISlTh (Fig. 4(1)).
o]2ist A3}= 303} 100 mL/min®] surface aeration rate
o] #2384 surface aeration rate U= &l = Alo|u],
600 mL/min2] surface aeration®] 73-$-= Fig. 1¢]4] 3t
Azl v 2 Ui ARl 3719 3505 1st
P. stipitis7} xylose 2 FE] ethanol= AJAFeHA| Eala 23]
& xyloseE AFe}4 02 4H|317] Wl AoE Alg¥ch

o)1} repeated-batch W% &3+ P. stipitis 2] bioethanol
A4t A19] bioethanol At AJ5S F413817] flste] +7
ofjere- AJAFE (cumulative ethanol production, CEP)3} 77
F4H]ZF (cumulative sugar consumption, CSC)-& AAFs}
AT} (Fig. 5). ©1& &8l thr] s 24 surface aeration
rate®] bioethanol AJAte] vjX= G A8t} 1 Ay}
Fig. 5(a)(b)(c) 9} o] BE 7390l glojx] Alztel ujepA
CEPE A% 7Pk Fds B2, 307 100 mL/min
o] ¥J3}] 600 mL/min2] surface acrations FH3IHLS 735
of g oz CEP T7P7) et AL & = Uik, kst
CEP$} CSC2] #HAIZ Fig. 5(d)(e) (Dol A5t Hks
739-, €SCe S71ell wkEb CEP7} 3 718K oFds 1.
Pou}, rRRZIAIE 3034 100 mL/min®l B13}%] 600 mL/min
9] surface aerations 33 7ol A4 =E CSC
o tisled CEPS) 5717} Bt &R18k s #ae 5= QIqit).
o]i= 303} 100 mL/min2] surface acration rate®] 600 mL/min
Ho} E2PE 7lRaflmollA] Alé2 S 2 bioethanolS A4k
sP7loll At 37135 2ok As Rolg+= dieta
ah7lct. old, Fig. 5(d)(e)H ] 71571= 3ol thet bioethanol
FE5 ulsh=d], ©]& %351] bioethanol &5 A5}
oI AvR= 715 30 mL/min O F 35315 7ol oF
0.40 (°)EX]2] 78.4%), 100 mL/min®.& 39S 4%
ofi= ¢k 0.42 (©]FX9] 82.3%), 3715 600 mL/min® =
FH3NIRE A9ol= ¢k 0.285 (©01E4]2] 55.8%)2] bioethanol
oIt} o] Zh2 S DNS o g g o g
435 4-9-2F TLCZ glucose$} xyloseE A 43 4
9] SHAHNA & A ] Hypghol} & = Al
Fig. 5(d)(e)(D°I* DNS ®zh TLC o2 Ba S74%
A7} M2 AR 2L A 7Rl sl g R
glucose, xylose mannose”} 0] 301} o] FFS H5F
2 A3 TLCE glucose$ xyloseE 2 3F Ao}l &
xfolg HolA| ob5-& Kol At & & it ole
DNSol|A] F7go] & 4= gl fructose 18|31 TLCOA] 4
o] T)A] 2k& mannose, fructose”} T 73-9-2) CSCE] APl
A wiEz] QA S AT A= AR fAlsths 21E Hof
FaL ok & = g, vl A3l AellA| mannose,
fructose”} P. stipitis©ll ]34 assimilation == Z-& &l
SO [10], ¥ A7 AFelM 5% FEEFE A
B} AA 24951, 12 21814 bioethanol T&% <Rt
2 A ARERE AeE AT
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Fig. 5. Cumulative ethanol production (CEP) in Fig. 4. (a)(b)(c);
Time-course of CEP, (d)(e)(f); CEP vs. CSC (cumulative sugar
consumption). In panel (d)(e)(f), closed (m) and open square (0)
indicate the data from DNS method, and quantitative TLC, respectively.
The data of (a)(b)(d)(e) are quoted from our work [17]. All the data
were calculated from the average values of Fig. 4.

2F{ FEES o3 bioethanol Aol thek B =
microalgal biomass [17], Saccharina latissima [16)], Laminaria
hyperborean [18] “12] 1. brown algae [19]94] Ba7} &1L
Rt A AT YA goll Aol Bk Ba=
- =50} 78] 1 bioethanol S8 Laminaria hyperborean
7R el 0.18-0.43 [18] Z8]2 B AEe] mapt
715l Ee] A1 0.297-0.353 [8] A= Wy 9k
2 A7 Aol A9] batch™ bioethanol $FF3} bioethanol
TEo] E ATE o]d 7 Ao} o3 AyE Kol
AL BANE 2 T4 A3 Aojs} wij#] 249
lolM 2= 2o % F2 HojxIr} [8,10]. T8 s 257
S A AR el 23 Bebdet 254 S0l
24z} A HaAde] Aet ko] kel 2jo)E BolE Ao
2 FEH

HAEH O 2 B AT =FolA= surface aeration rates
30°14 100 mL/min (880 mL HjokeY 7]5) M2 27
3HlS w7 B bioethanolS YHs < A, o=
kia #FS.E ¥ 0.05 (1/min) ©]38}e] #hel Aoz shelg]
ek, T 3718 A8 @A 9 Aol xylose ZHE]
bioethanol S YAt 3 4= §I310w | 223k surface aeration
rate s repeated-batch 270 2838} % bioethanol AJAt
Aol HAsE S Fllnt. vk n) & Bwjo) ujok
Nl bioethanol& A7) $1%F scale-ups -2 o
¥ katke 7155 C= surface aerations G=34ahd = Zlow
Nasazl=s

M2k

el

o] At AT (Korea Ocean Research &
Development Institute) 2] 37H] A1 (Project No. PP00740)
of 2lstod o|FolF o, o]l A4S TS TRYTH
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