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##5272532023  : MAJOR BIOTECHNOLOGY

KEYWORDS : CONTINUOUS PRODUCTION / STATIC BED BIOREACTOR /

L-LACTIC ACID / Rhizopus oryzae / INITIAL GLUCOSE CONCENTRATION
VARUNEE PIMTONG : CONTINUOUS PRODUCTION OF L-LACTIC ACID BY
IMMOBILIZED Rhizopus oryzae IN A STATIC BED BIOREACTOR. ADVISOR :
NUTTHA  THONGCHUL, Ph.D., CO-ADVISOR : RUETHAIRAT
BOONSOMBAT, Ph.D., 182 pp.

This study investigated the ability of immobilized Rhizopus oryzae to grow and produce L-lactic acid in both batch
and continuous operation in a static bed bioreactor. During batch fermentation of free cells, it was clear that fungal
morphology had the profound effects on fermentation broth rheology and mixing in a conventional stirred tank bioreactor.
This caused the difficulties in control and operating the bioreactor and eventually led to the low lactate yield and producti vity.
Comparing to free cells, immobilized cells in the static bed bioreactor proved that with a good morphological control, better
mixing and oxygen transfer could be achieved. This resulted in a high cell density system and an improved lactate production
rate by the immobilized cells in the static bed bioreactor. It was also found that the efficiency of the static bed bioreactor was
significantly affected by agitation and aeration. A high lactate yield of 65.51% (w/w), productivity of 2.25 g/L-h and specific
production rate of 0.14 h” were achieved from the fermentation with the initial glucose concentration of 70 g/L during the
production phase when operating the static bed bioreactor at 3OOC, pH 6.0, 700 rpm, and 0.5 vvm air. Glucose tolerance was
also observed in the immobilized cells in the static bed bioreactor. It was found that the immobilized cells could grow and
produce lactic acid at the high initial glucose concentration up to 150 g/L. This led to the improved lactate production rate and
final lactate liter. Later, immobilized cells in the static bed bioreactor were tested for the long term stability in producing
lactic acid during continuous culture. It was found that by immobilization of R. oryzae on the cotton matrix provided in this
bioreactor, the immobilized cells were actively kept in the prolonged exponential stage without any wash out phenomenon
observed. In addition, the activity of the immobilized cells to produce lactic acid could also be maintained up to 449 h
cultivation time when operating the bioreactor at the same conditions applied in the batch culture. This resulted in a high
average lactate concentration up to 72.20 g/L with the lactate yield of 58.05% (w/w) and productivity of 0.72 g/L+h when
feeding the glucose solution (150 g/L) continuously at the dilution rate of 0.01 h'. In addition, urea at the different
concentrations (0.15 and 0.30 g/L) was added during the continuous culture. It was evident that urea stimulated cell growth
rather than promoted lactic acid production. This resulted in an average lactate concentration of 43.25 and 41.07 g/L with the
lactate yield of 31.10 and 30.35% (w/w) and productivity of 0.43 and 0.41 g/L-h respectively when feeding the glucose

solution (150 g/L) continuously at the dilution rate of 0.01 h' with 0.15 g/L and 0.30 g/L urea, respectively.

Field of Study : ... Biotechnology. ... Student’s Signature

Academic Year : 2011 Advisor’s Signature
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ACID FUNCTION
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ACID FUNCTION
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ANHUSVDINIAUANAN

CAS number
EINECS number
qas
waluana
H.S. code
Toxicity

Synonyms

50-21-5, 79-33-4(L), 10326-41-7(D)
200-018-0

CH,CH (OH) COOH

90.08

2918.11

Oral rat LD 50:3543 mg/kg
2-hydroxypropanoic acid;
1-hydroxyethanecarboxylic acid;

Alpha-hydroxypropionic acid

FUNUANMIMEMNNHAZTMUAN (99%)

Physical state
AN AN

=
AADA
Specific gravity
Solubility in water
NFP Aratings
Flash point

Stability

Colorless to slinghtly yellow, syrupy liquid
17 03fIsaIsoe

122 o3f LT

1.2

Miscible

Health 3, Flammability 1, Reactivity 1

112 DA aITYe

Stable under ordinary conditions

N1 : aaudaeen Vaidya Lazaue, 2005
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2.2.3 QAEMN35MIATDIAN (Beverages Industry)
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2.3 MSHAANIALANADN
[ d
2.3.1 NIZVIUMSTIATZHMUAN

[ 4 v 1 g’/ o [ 4
Glu@ﬁﬁ”lﬁﬂﬁﬁh ﬂﬁgﬂiluﬂ"lﬁﬁx‘llﬂﬁ"lgﬁ‘lﬂ”lx‘ilﬂﬁIﬂﬂﬁilusl”ﬁilluuu ENMNTAUATIEHIN

o o aaa Y a o I ..
Lactonitrile Tag1i1 HCN 1191130111 Acetaldehyde lananasmaiiilu Lactonitrile a1

9 9
£Y v Y o

VUADUN 1 ¥AI910U 11 Lactonitrile WunszuIumi lalaslada Tasldnsasanisn

D.

A a 9 3 a A = ) A
niIo ﬂiﬂ]laiﬂﬁﬂaﬁliﬂ "lmﬂuﬂﬁmmﬂ@mmzmammﬂmuﬂu AMVUUADUN 2

catalyst
CH,CHO + HCN e > CH,CHOHCN
Acetaldehyde Hydrogen cyanide Lactonitrile
3 ~
VYHADUN 2
1 1
CH,CHOHCN + HO + —H,SO,  ----------- > CH,CHOHCOOH + = (NH,),SO,
2 2
Lactonitrile Sulfuric acid Lactic acid Ammonium salt
Junoun 3
CH,CHOHCOOH + CH,OH = - > CH,CHOHCOOCH, + H,0
Lactic acid Methanol Methyl lactate
Junoun 4
CH,CHOHCOOCH, + HO - > CH,CHOHCOOH + CH,0H
Methyl lactate Lactic acid Methanol

i Narayanan Qs AME (2004)
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Petrochemical resources

L

'

Acetaldehyde (CHyCHOY)

Lactonitrile {

addition of HCN
L and catalyst

CH;CHOHCN]}

hydrolysis by

L 3

Ha50y

Only racemic oL-lactic acid

{a) chemical synthesis

S5F

15

Renewahle resources

pre-treatment (acid hydrolysis
or enzymatic treatment)

Fermentable carbohvdrates

microbial fermentation

L]

— Fermented broth

recovery and purification

Optically pure L+ or Dy
lactic acid

(k) microbial fermentation

Desirable due 1o T

(i) recent environmental issues
() limited nature of petrochemical resources

A = a a [ d =Y
3111/1 2.2 L‘leiil‘ljmEl‘]JfﬂiiWaﬁﬂiﬂLLﬂﬂﬁﬂ%1ﬂﬂ‘i%‘U’Juﬂﬁﬁ\iLﬂﬂZﬂ‘ﬂNLﬂM (a) tLa1g

NFTUIUNTHND (b)

11 : Vijayakumar tazaag, 2008
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2.3.2 NIZUIUNTHND
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2.3.2.1 NIZUIUMTHINIALUATISY

A A a a 1 I 1 A 1 14 =
UUANLTINTTIWITDNAANTALANAN Qﬂllﬂﬂﬂﬂﬂlﬂu 21U Ao ﬂquaTmemumm\I

v Y
(Homofermentative) Ao 9zWaansauanantiiesediudonniiy lasuuaiiselunquil laun

=i A ' 4

< 9 ' J =
Lactobacillus sp. 1ag Lactococcus sp. WIUAY nqui 2 Ao nquiamos latlasmn

q

v

Y
(Heterofermentative) fin Upnanaziimsnannsauananual nuaiizelunguildiauisonan
a [ :fd' [] 4 4
HaRAUIOUY) 1Y oMUDa uazA1sUoU laeen lua (Hofvendahl Lta Hahn-Hagerdal, 2000)
[ d‘ d' == 1 4 = 14
naaeaagli 2.3 uazarsni 2.2 naawuanizelungulsTuwoswumiv wag 1amesls

4 = == a a 4 A A a 9
w\laimumm\l VDILUANLTYLLANAN !La?dﬁlfuﬂhlﬂiclﬂllfliﬁll’f]\iﬂimmﬂ@ﬂ‘ﬂwaﬁvlﬂ
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A a2 a ' 14 = 4 4 ~
AT NN 2.2 LLﬁﬂQLL‘]JﬂVILiﬂllaﬂﬁﬂiuﬂ’quiﬁimﬂ@imumﬂw e Lamaﬂsgmimummw uas

yiia'lo Isosuoansauanan

Genera and species  Homofermentative  Heterofermentative Configuration of lactic acid

Lactobacillus

L. delbrueckii + - D(-)
L. lactis + - D(-)
L. bulgaricus + - D(-)
L. casei + - L(+)
L. plantarum + - DL
L. curvatus + s DL
L. brevis - + DL
Sporolactobacillus

S. inulinus + - D(-)
Streptococcus

S. faecalis + ‘ L(+)
S. cremoris + - L(+#)
S. lactis + - L(+#)
Leuconostoc

L. mesenteroides - + D(#)
L. dextranicum - + D(#)
Pediococcus

P. damnosus + - DL
Bifidobacterium

B. bifidum - + L(+)

N1 : Vijayakumar Llagasie, 2008

nuafielunguueslalumleswumiiv vz 1¥ngTneiluunasniiveu waziihgia

v 9 v
Emden-Meyerhof pathway (EMP) Tagnisilaeung Ina liiilulwginn simiusadaeu lugon
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I a g’/ a a Ao

iunsauanan Taenglad 1 Twanatiu eunsowaansauanan 1 2 Twana Tuamiteves
Michelson Ltagasie (2006) WU Bacillus coagulans SIM-7 DSM 14043 8% Lactobacillus
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~ AaR a = 14 =1 9 =R I'4
gﬂ‘lfl 2.3 LﬂJLm‘UﬂaG]ﬁJfﬂiW’ﬁﬂﬂiﬂll’dﬂ@lﬂ!LUUIEIImWfJ‘iLNum%W (1HUNY) LagLEnes

=

4 9 a a
Tswlesumnn (duilsy) Mnuananesauuanise
U1 : Wee Bazaae, 2006

UG P = phosphate, ADP = adenosine 5’-diphosphate, ATP = adenosine 5’-

riphosphate,
NAD' = nicotinamide adenine, NADH = nicotinamide adenine dinucleotide,

(1) =lactate dehydrogenase, (2) = alcohol dehydrogenase



Q139N 2.3 MINAANTALANANUDILUANIT LLANAN

Microorganism Lactic acid concentration Yield Productivity Reference
(L) (&g (g/L/h)

Enterococcus faecalis 95.7 0.94 4.0 Wee et.al, 2004
Lactobacillus delbrueckii NC1MB 8130 90.0 0.97 38 Kutzanmanidis et.al, 2002
Latobacillus paracasei 88-106 0.91-0.95 3.31-3.67 Richter et.al, 1994
Lactobacillus lactis 109 0.93 1.09 Hofvendabhl et.al, 1997
Enterococcus faecalis RKY 1 102 0.97 4.87 Oh et.al, 2005
L. plantarum ATCC 21028 41.0 0.97 1.0 Fu et.al, 1999
L. casei NRRL B-441 82.0 0.91 5.6 Hujanen et.al, 1996
L. bulgaricus NRRL B-548 38.7 0.90 3.5 Burgos-Rubio et.al, 2000
L. helveticus ATTC 15009 65.5 0.66 2.7 Schepers et.al, 2002
L. rhamnosus ATCC 10863 67.0 0.84 2.5 Berry et.al, 1999
L. amylovorus ATCC 33622 93.0 0.52 2.0 Javanainen et.al, 1995
S. thermophilus 18.0 0.50 59 Audet et.al, 1988

N1 : aaudason Vijayakumar Lagate, 2008

0¢C
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Lactobacillus sp.

Rhizopus oryzae

Substrates medium

Growth conditions

Products

Product yield from glucose
Product concentration
Productivity

Reactor operation

can't use starch and pentoses
require complex growth
nutrients

anaerobic, pH > 4.5

usually mixtures of L(+) and

D(-)-lactic acids

0.85-0.95 g/g
up to 150 g/LL
can be as high as 60 g/L/h

Easy

can use starch and pentoses

simple medium composition

aerobic, pH >3

pure L(+)-lactic acid, plus other

byproducts (e.g., fumarate,

ethanol,CO,)
usually less than ~ 0.85 g/g
up to ~ 130 g/L

usually lower than 6 g/L/h

difficult due to the fermentation

cell morphology

N Thongchul, 2005

NUIBUDY Mirdamadi  tazAdy, 2002 MmsAnyulSeueumInannsauana

EY

A

[ A A &I A 1 v oI a a Y
NITUINUANLTY UAZIFDIT (AITNN 2.5) NUN ﬁ1ﬂWN§ﬂﬁ1N1§ﬂWﬁﬂﬂiﬂ!mﬂ@]ﬂllﬂﬁ'fi o

Rhizopus oryzae PTCC 5263, Lactobacillus plantarum PTCC 1058 Q& Lactobacillus bulgaricus

o a a 4 % a 1
PTCC 1332 @8WUT Lactobacillus sp. T@IfJﬁ]ZNaﬂﬂiﬂllaﬂﬂﬂqﬂicﬂm@ﬂﬂﬁu “ﬁﬂﬁﬂﬁﬂllaﬂﬂﬂﬂﬁd
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J 3 J a a v 1A
sz 2 oSiFud R oryzae PTCC 5263 aunsananniauananlagane 160 nfunoans
Vo J 3 J [ a a v 1A o A =
Y, 11100 84 1lodidua nazonsimskaansauandn 4.10 nfudeans®d 1u wenfSeuiioy
AU L. plantarum PTCC 1058 dqgunsowaansauanan’la 27 nfuseans Y, oy 15
J 3 J v a a v 1A Vo
nesikua wazdaIMINaANIALANAN 0.56 NTUABANTAOHI TN 1A L. bulgaricus PTCC
a a v 1A Y J 3 J o a
1332 waansauananIa 30 nsuAedns Y, 1M 16.67 Wlo5ifua tazdasimsnaansauan
an 0.62 nFuApaARIARII TN TaeanududungIaaisudy 180 niudsans vhnsHilnuLY

vy ligoiioq



A15197 2.5 WS euNeUHaNMIHAANSALANANTE 1IN Lactobacillus sp. a2 R. oryzae

Glucose R. oryzae ATCC 5263 L. bulgaricus ATCC 1332 L. plantarum ATCC 1058

concentration | Production | Productivity | Yield | Production | Productivity | Yield | Production | Productivity | Yield
(g/L) (g/L) (g/L/h) (%) (g/L) (g/L/h) (%) (g/L) (¢/L/h) (%)
40 33 1.37 83.3 35.8 1.50 89.55 38.10 1.60 95.67
60 49 2.00 81.0 51.8 2.20 86.34 55.90 2.33 93.24
80 64 2.60 80.0 76.6 2.10 95.83 77.80 2.40 97.31
100 80 3.30 80.0 89.6 2.00 89.68 89.10 2.80 89.19
120 106 3.40 85.0 76.6 1.60 63.39 100.00 2.10 83.33
140 116 3.80 82.0 63.6 1.33 45.46 66.60 1.40 47.57
160 133 4.00 83.0 50.0 1.00 31.25 42.00 0.87 26.25
180 160 4.10 84.0 30.0 0.62 16.67 27.00 0.56 15.00
200 85 3.50 42.0 17.0 0.35 11.76 15.00 0.31 7.50

111 : Mirdamadi tazame, 2002

14
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2.4 INUUNVOAUNVOI Rhizopus oryzae
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M13197 2.6 ANHAULTUFIUYDI R. oryzae NUADNIIHAANTALANAN

Lactic acid

Morphology Process Cultivation System Concentration Productivity Yield Reference
(g/L) (g/L/h) (%)
Cotton flocs Batch STR 103.6 1.7 86 Kosakai ttazaue (1997)
Cotton flocs Batch ALR 104.6 1.8 87 Park ttagaue (1998)
Cotton flocs Batch STR 109 2.73 87 Yu uagaae (2007)
Cotton flocs Repeated batch STR 113 4.03 90 Yu uagaae (2007)
Small pellets Batch BCR 83 2.58 88 Zhou tlazame (1999)
Small pellets Batch STR 60 1 66 Liu ttaznue (2006)
Small pellets Repeated batch STR 92 0.7 60 Liu ttaznue (2006)
Small pellets Repeated batch STR 74.92 2.9-6.2 74.2 Bai tlazame (2003)
Small pellets Repeated batch STR 60 - 62-74 Yang tazame (1995)
Coalesced loose small pellets Batch STR 85.7 - 86 Zhang tazame (2007)
“ﬁll"l - aauilasan Zhang Bagaae (2007)
NN ALR : Air-lift Reactor BCR : Bubble Column Reactor STR : Stirred Tank Reactor
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Lactic acid

Immobilization support Operation mode and period Concentration Productivity Yield Reference
g/L g/L/h %
Cotton cloth in a rotating bed Repeated batches and fed-batches 126 2.5 ~90  Tay 0¥ Yang (2002)
Rotating disc 5 repeated batches in 8 days 60 1.67 ~75  Zhang tlazamg (2004)
Loofa spong 10 repeated batches in 20 days 65.8 1.36 63.6  Ganguly ttazame (2007)
Repeated fed-batches for more 120 1.6 76 Roble ttaznue (2003)
than 400 hr.
Immob. Cells in Polyurethane 10 repeated batches in 4 days 40 ~5 ~75  Dong lagaAme (1996)
foam cubes
Immob. Cells in fluidized bed Batch 73 1.6 65 Hamamci 18¢ Ryu (1994)
Immob. Cells in polymer support  Batch - - 65  Tamada tasAME (1992)
Immob. Cells in calcium alginate = Repeated batches and continuous 56-64 - 70-80 LitagaAme (1998a)
in 2 weeks
9 repeated batches 62 2.5 72  Hang itazaae (1989)

LE
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Immobilization support

Operation mode and period

Lactic acid

Reference

Cotton-like flocs on support in ALR
Small cell pellets from growth on
xylose

Small cell pellets in ATR

Small cell pellets in bubble column
Biofilm on honeycomb support in

bubble column

58 h, Batch

42 Repeated batches in 22
days

9 Batch cycles in 14 days

Batch, 32 hr.

9 repeated batches in 36 days

Concentration Productivity Yield
g/L g/L/h %
104.6 1.8 87

60 2.9-6.2 62.74
85.7 1.07 -
83 2.58 88

68.8 0.72 ~80 and up to
934

Park tiazae (1998)

Yang llagAme (1995)

Yin Hagas (1998)

Zhou tiazAMe (1999)

Wang tagase (2010)

N1 : aaudas91n Wang tazame, 2010
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1) %] ] [ Y o dy Y gl
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s Y A 2

v ' v

NgaoanduUNUMIHEA NEI9INUUYAUNTI92T0AT 1IN YHNTU (log phase) FIGAD
[ & a a J =i # (% ES = J o '

TEAUHUN ﬂﬁli}iigl@]ﬂi@]ﬂlflﬂlcﬁﬁaﬂgﬂﬂﬂ (stationary phase) naannUUYTaradaIna

d‘ Y v =
120AAUUBINIGILHZNTAY (death phase) A931I7 2.8

A Stationary phase

Decline pnase\‘ l

\ N Death phase
' ‘/

<«— Growth phase

Log x (viable cell concentration)

<+— Acceleration phase

X Lag phase

v

Time

~ a a ~ dy 4
gﬂ‘ﬂ 2.8 ﬂﬁm‘UIWUfN@auﬂiﬂﬂuizﬂﬂﬂﬁlWW!,afJ\‘iLL‘U‘ULL“UWD'

a = a A J

A Jd 9 a = I 1 ~ 4 '~ a
LUBIAUN fJLGlJTQ‘inggﬂTiW]‘UI@W]'Jﬂﬂ! Lﬂwmq3363nmm%aa@aumaumimﬂ@

1
a

Y

=< (3 a

] s A A o a a
LmeaaLﬁamummumum TUNTLAAIDATINITIA Tml’m@auﬁaﬂmsazmm@ﬂﬁ@m

{ s g o !
Glu'izUusllaﬂm'imw!,ﬁﬂmuUlumﬁifﬁﬂmmmuﬁm"lﬁjmﬁumi‘ﬁ )

dCx
e o 1
dt =HCx M
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A Y < .
$V13} CX= ANUVUIHUDINIALYAD (biomass)

t =1na (F1u9)

a A Jd o &

u=oanmaanladumzveaunsd (Mo Tug)
iiolaaomanuluaumsn (1) azld

InX,=InX, Ut 2)

v & A

= ' ak Y 9 J v Y
UL IUNTINTEHINADNANNUDIANNUNVUVDINIAFAaN VLA i]%hlﬂﬂiﬁ/\l

Y : v " v W a o
FUNT9 FalianuaIadea (slope) IMANUBATINTRIYINWIZYIFA (M)
] ] Y I Y] dy
AsETUIUMINID anasauaia a3 gﬂxmuwaﬂq AUNITLAYN

@ 4 < v A o 1
1) MINITUVVULAY (batch fermentation) I UATEUIUMIHEANIANTINIZIAE

a A7 A

P a o/ A = = H) ~
waggaunsd msevlfnsaidinmluszuudalas lulimsndeueims msizaziulsuas

A

g dy P~ A J a = a a ~ v
VDTN YUTDIS AN VUSNLBAAIAUN ﬂi]giJﬂWiLi]iiUuﬁUJﬂﬂﬁ IﬂﬂNiZﬂZWﬂﬁ’J (lag

phase) 52821NUTIUIU (log phase) T2BEANN (stationary phase) L1AZTZ8ZAY (death phase)

o a a 4
Zhou LtagAaly (1999) MINISHAANTALANANLLULLAY 1Y R. oryzae ATCC 52311 1u
4 a e a [ a a [ 1A
195091 RNTTININFIA Bubble Column WLBATINITHAANTALANANFIGA 2.58 NTUADAAT
) 9 Y Y A g v 1 Aa A Yy Y a 9
¥ Tue Tasldanududung Inaisudu 94 nfuaeans vaizNaNuduTUnIALaNANgANIY
83 NTUADANT 14910 32 2 TNIVUDINITHIN
[ o a
Yan HAZAME (2003) AnIANuHaInvatevaavadas 1u'lawsalunisnannsauea
a a 4 [
wandn 1ae Enterococcus faecalis RKY1 TUnsguiumsnaauuunuag wuiinsidng lng
I [ 4 g’/ ~ a a Y .
wanIng sazyoa Ina WuunaimsveuduaIsoNIzHaansauananlyal Yield galag
[ a 1 Y] 1 4 : 1 Y] a a ] [
Y,0.96 NUHANANADNT UUNAIAITUDU FIAIDATINITHAANTALANANDYTZTHIN 5.2-6.0
@ [P= [ o yo} [ [ 4 35 1 3 a
AFUADANTADH T4 UONIINUTINUINMITUKadAs 1u'laasana 3 urasil a1T0HaANITA
- P ' sl @ a &
uaﬂﬂﬂ"lﬁ'“lugﬂuaa @)-loTxos 1A 99 WosiFuUAUDINTALANANNINUA

Y & o . | o Aa a
2) MINUNLUUNUUAY (fed-batch fermentation) Aunszuiumaninnumaau

[ 1 A A I 1 o A 1 zil 9 9 (= 1 =
ﬁ”lﬁf)”lﬁ13@81Qﬂﬂlu@ﬁﬁﬁﬂlﬂu615'3ﬂc] ﬁaﬁﬂWﬂﬂiﬁLW@LquﬂllajiﬂthlNNﬂ1§ﬂWEJfJ@ﬂ NINR b
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1 o 4 A A tg v AW Yo
UANANITNNITHUNUU VLU Y ﬂiﬂ%ﬂ%u”l@'liﬂ”lﬁ”liQSLWN‘UH@]”IiJﬂ@]i”l‘]J%iJW‘liﬂ”lﬂ”lﬁVlulﬂ‘ﬂ”l
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a a o
Tay Uag Yang (2002) ANHINITNAANTALANANULY Fed-batch 1Agn13a3 1yaa R.
4 a . a 1 {
oryzae 1950310591310 1M ¥1A Rotating Fibrous Bed (RFBR) WUNNAN1IZ10% 6 1az
Yy v A s I o A Aa 9 ~ P 4
aNnududueanFau 90 1oiiFud aunsondansauananla Y, qagai 90 losidud
Y 1 %7/ L% U = =) (%] 1 a 1 Q'I (%] 1 Q'J
(HIMUNADUIHUN) LUALDATINITHAANTALANAN 2.5 NS UADANTADYI 134 (467 ASuABY T1d
1 4 I g’/ LA I 3’, 1
Aoms1aas) e ldng Inanflumsasdu vagilo ldudlsdn Inadluasasdunuamse
a ¢S I o % kY] 1 % kY] [ a Y] 1T A
HAA Y, 100 1asiua (n1inaotyiin) uagdnIINITHan 1.65 NSuA0ANS LAaZAIIN

Y 9 a v 1A
NUUNTALDNAN 127 NTUADANT

Bai 11AZAME (2003) 891 NIMSIREUNY Fed-batch ﬁﬂﬂ%’“lumwﬁ’ﬂ@ﬁuvﬁtﬂﬁa
wﬁmﬁmﬁmmﬁgﬁmmmﬁtTm‘iy’wmigﬁumsmmig’aﬁ’u (Substrate-level inhibition) A8 Bai
azaue ﬁmmﬁﬁwmmmwumﬂuwaﬁﬁ'zja%u@lumﬁwaﬁﬂimmﬂﬁﬂmﬂ Lactobacillus
lactis AIENTLVIUMTHINNUY Fed-batch WU enuisamaansauanan lagada 210 niuae

1T A

a < Y 9 A A ¥ ' o

ansr lus Tasanududunglagimaonsluszuuiosndn 0.5 nfuAeans Y, 97
- a a { v 1A T O H @ s Y o

lﬂ@ﬁ!ﬂﬂ!@] @@51ﬂ15waﬁﬂ5ﬂllaﬂﬁﬂlﬂaﬂ N2, ﬂiﬂﬁﬂaﬁﬁﬁﬂ‘]ﬂjiu\‘] HUINUNLBAALLNN 2.7 NTUAD

a A 9Y o a A 1 <
ang LN@i%@@]iWﬂWill‘ﬁﬁ 20 mammﬁmim

Ding 148¢ Tan (2006) fINBIANINLANANVDIOATING alunIHannTALanaAnLULY
Y. o 1 ] a
Fed-batch 108 Lactobacillus casei 198 @An¥INav099A51M5 Inalugunuaiee 4y s
3 (% {
mﬁ‘ﬁl‘ﬂu%%ﬂ (Pulse fed-batch), msmmu“lﬁ'amwmﬁ”lmmﬁ (Constant feed rate fed-
batch), MIsAIUAUANMAINTUngTaaliwaenieluszuulineh (Constant glucose
. o <3 .
concentration fed-batch) iag mimmuammﬁ'lﬁauumafﬂwmm%a (Exponential fed-
= (Y] ~ o Y a a 9 g’l A <3
batch) Hanu119031M13 Inanaunsonlimsnaansauanan ldgegatiufounuon Tnuu
=) a 9 Yy 9 o 1T A [ =1 o
woa Taeo1s lunmsaulszneuaesanuuiunglaa 850 NTUADANS A13ANANTAA 1
-4 ' y 9 A v 1 a s & 3 - s Y
losidud wuNANUUVNTUNIALANAN 180 NTUABAAT Y, 90.3 o ud Miinaanna
430 NSUADANT DATINITHAANITALANAN 2.14 NSUADAATH T1a azenfFeumeununis

a J 1 a g { o a
WaﬂLLU‘U!L‘IJQCBLLZ%QW‘U'N NITNANLLUY Exponential fed-batch HUFWITONVEWAUINITHAR
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a Y 73 I A 3 1y S Y Y /3w Vo
ﬂimmﬂﬁﬂvlﬂ 56.5 L‘]J?J'il,‘ﬂfu@l W@lu1ﬂ1'il,1/\lllu11/ium‘ﬂfﬁmmﬂllﬂ 68.6 L‘]Ji’)il,@]fu@] NAUINTIDAI

a a 9 J 4
ﬂ”liﬂaﬁﬂiﬂllﬁﬂ@]ﬂllﬂ 59.7 Wosua

o ' A . . <3| o Aa
3) N1SHNNUBULABIUBY (continuous fermentation) (1/UNTEUIUNITHNANUNT

a Y = [ =\ = 901 @ [ Y o =1
ANETIMNTINNGIz U zAeInuazimsauenihmiinneludiesn Tagldonsing Tnah

| Y é U Y c!' a a A X 1Y
Ny FaegdawaliifSnasemaneluszuuai Taen1snugunanssuvegaunsd luna

WUV 09a T 0LU99D0 19 2 1Y AD

9
U v

I { o 1
3.1 aluauaa (Chemostat) 1 unszurun1sn ldviin1saen1onin1silou

(% a

9 YN 1 & A a a A o o a
E]'I’I’i'li!fll'lLLﬁ%’E]E]ﬂUl’J‘Iﬂﬂ'lﬂ'l‘ﬂu\i UUSN ﬂﬁTﬂTilﬂiﬂJL@]UT@lﬂl@\‘lﬂauﬂiﬂ UAZBANITINITHNAA
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wammmazﬂmmmmmimﬁ”lwaﬂm Llﬁ@\‘lﬂ\‘]gﬂ‘ﬂ 2.9
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ua F = o1msngniloudn (Feed in)
S AW T
= F,,  =01msngniouson (Feed out)
s g v v
S = AnudNTuE1501113

5UM 2.9 uHUNLEAINITAILANEATING IalunszuIuMsHINILUABIL DY AR

Tuaunea

< A 1 4
3.2 o luTaauad (Turbidostat) IHuUnsZUIUMINAIMNUYUVOUFAAIZYN
v

I3 P2 B a A o 1 s =R < @ o
ﬂ"l‘l/iuﬂll'JﬂTWU\i LLﬁ$ﬂWfJGluig‘]J‘Uﬂgﬂﬂﬂ\‘lLﬂﬁ@\‘l"]ﬂﬂ'ﬂwﬂum@\‘ll“}mﬁ %Qﬂglﬂuﬂﬁﬂﬁﬂﬂﬂ\l@ﬂiW
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g
i

g
i

{ L @ 1 4
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Roy uazaAny (1986) ANBIMIHAANIALANANLULABLHNEYIAY Lactobacillus belveticus
Y4 a, a 1w a
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a 1A @ 1A 1 o A o A ' o Yy 9
uanAnegh 9.7 niuaoansnow Tue NAT1N151999149 0.352 Aod T Tasanududuan

A 9 9 ' v v 1A
I@a‘ﬂﬂammmmu 37.4 NTUNDANT

a a ' 4 J
Sun trazAmE (1998) ANYINIHAANTALANANLUUABINOI TAINITATUBAA R. oryzae
a A J a A A a R a . . J
vuIuweagimy nsagnunAnuuIa 5 Naamas lunsealgnisldininyia Airlift Wiy
oaTIMINAANIALANANDY U 1.0-6.2 NTUABAAT THEATINITINDINTZHIN 0.04-0.2 7D

¥ T34

a a ' y J

Cotton (lagAMe (2001) ﬁﬂ‘H’lﬂ’liWﬁQ‘lﬂﬁﬂllﬁﬂﬁﬂlL‘U‘Uﬁ@Lﬁ@QTﬂﬂﬂ’]ﬁﬁ?ﬁL“]faa
Lactobacillus casei subsp. Rhamnosus (ATCC 11443) UU Plastic Composite Support (PCS)
1w a A A a Y A v 1 Aa < s @ 4
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AUNAY Y, voansananan uuaazsd Tualuniswaauuvaerilod mnuy

= S I 4
0.1683 #1390 16.83 1o31%HuUa

{ v o 1 o 1 4
A5 19N V.5 ﬂ?WﬂJﬁNWH‘ﬁﬁ%ﬁ?Nﬂ%ﬁﬂmﬂgjﬂﬁﬂﬂL’ﬂ‘Vl'lu@aﬁlu@'lﬁ'lﬁLL‘U‘]J@]’E)Lﬁ’EN

NN

nalna
U

PN1Uda

myY

P/S




!mmimﬁm (Flug) | (WTuAeaas) | (nFuaoans)
0 11.51 3.54 0.025
6 36.82 0.00 0.000
12 39.08 0.00 0.000
18 43.21 0.00 0.000
24 55.34 0.00 0.000
30 55.69 0.00 0.000
36 56.58 0.00 0.000
42 55.70 0.00 0.000
48 54.12 0.00 0.000
54 54.80 0.00 0.000
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AUNAY Y, vouomuoaluidaz 3 luslumspaauuuaeiiiod miny 0.0025

A S 3 4
130 0.25 1We3IFua

A v o 1 o a 1 A
ATNN V.6 ﬂ'ﬂl]ﬁNWH‘ﬁﬁ%ﬁ?Nﬂ%NTﬂ!ﬂQIﬂﬁﬂﬂﬂﬁﬂl\!‘ﬂ'ﬁﬂiu@TﬁWﬁL!UUﬁ’ﬂluﬂﬁ

AN

nalna
U

(NSuADANT)

nIAYIN

(NSuADANT)




HUAeIiies ()
0 11.51 0.00 0.000
6 36.82 0.00 0.000
12 39.08 0.00 0.000
18 43.21 0.00 0.000
24 55.34 0.00 0.000
30 55.69 0.00 0.000
36 56.58 0.00 0.000
42 55.70 0.00 0.000
48 54.12 0.00 0.000
54 54.80 0.00 0.000
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2. MISHIAONIINIHNAA (Productivity) (DSNABENTABTIINY)

Y a . . v 1 A VW a J
2.1 MIINIAIINITHARN (Productivity) (nsmeamﬂwﬂm) cl‘lf!ﬂ1‘§N’sz!l‘1J‘lJ!!‘]JWlf



{ v o d ' a o 4 a o 4
A1519% 9.7 ﬂ’ﬂllﬁllWLl‘ﬁi%‘ﬁ’ﬂ\iﬂ%ll"lmﬂﬁﬂ!,LflﬂGlﬂﬂ‘]JL'Jﬁ"lelu?J"IW”lil‘ﬁi’]ﬁ%}NWﬁ@'lﬂﬂ!“]ﬂ

3

i1

=
N

I NIAUANAN

1 Tu9) (NSuADANT)
48 0.00
53 0.00
58 4.83
63 11.70
72 26.08
77 34.15
82 38.40
87 39.87
96 40.66
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i1

=
N

al Muoa
1 Tu9) (NSuADANT)
48 0.00
53 0.00
58 0.00
63 0.00
72 0.00
77 0.00
82 0.00
87 0.00
96 0.00
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i1

=
N

na nIAYIN

1 Tu9) (NSuADANT)
48 0.00
53 0.00
58 0.00
63 0.00
72 1.06
71 1.33
82 1.53
87 1.57
96 1.19
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2.2 MIMIABATINIHAA (Productivity) (DFuNANIABTIIN) TUNIHER
A
HUUABIHBY
Y |l a a d =R 4' a LA a a d‘
fe1e NMINaANTALANANIUUIaans 1 TuaT 0l nsalsinmatiawaaia 0
[ Y J 1 A o 1 =
9031713 1101017 0.5 1/33119591mAA 0131195911139 UIN BRTINTAIU 700 59UADUIN

Y 9 = Y 9 a o J v 1A A A 1
ﬂ31hlﬂlhﬂluﬂ@,1ﬂﬁlii\l@u1u§$Elgﬁinaﬁﬂm"V] 70 NTUADANT NOATINITLIDIN 0.14 D

v - .4
¥ Tug Tumswaauuuaeio

]
v

{ v o d 1 a o 1 {
@151\‘1‘171 9.10 ﬂ’ﬂll’dll‘W‘u‘ﬁ‘i%W’JN“]JQE1l1mﬂi@]Llﬁﬂ@]ﬂﬂ‘ﬂl’)ﬁﬂu@1ﬂﬁL!‘]J’]JGI’E]LﬁEN‘ﬁ A3

7199919 0.14 AN T4

nmnmém Asaanin A3 1N1SHAN
HUABIed (1) (n3usedns) | (nSusednsdedalug
0 27.69 3.88
6 21.90 3.07
12 15.98 2.24
18 14.38 2.01
24 17.37 2.43
30 16.25 2.27
36 15.89 2.22
42 15.60 2.18
48 17.12 2.40
54 13.33 1.87
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199919 0.14 79%2 1349

naIMsae PMUDa 9ATININAN
HuDAeIes (FaTue) (NSudoans) (nSusnansAe s Tu)
0 3.54 0.49
6 0.00 0.00
12 0.00 0.00
18 0.00 0.00
24 0.00 0.00
30 0.00 0.00
36 0.00 0.00
42 0.00 0.00
48 0.00 0.00
54 0.00 0.00
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0 0.00 0.00
6 0.00 0.00
12 0.00 0.00
18 0.00 0.00
24 0.00 0.00
30 0.00 0.00
36 0.00 0.00
42 0.00 0.00
48 0.00 0.00
54 0.00 0.00

AundronTIMsNanvoInTaruEn luudazs Tualumsnaauuuaeriio

1191 0.00 NTUADANTADY 1349



169

9] a a o d o
3. MIMIMEATINIHAANIANUNSUNZ (Specific production rate ; M)

[ a a o 4 dp
BATINITANAANANNUN P = uP

A A v A A a [ L 1
e dP 9 AMNNUUVDINAAN N TUFIIIA dt

dp
' u-dt
1ile integrate aumsozld P =P, ¢

1 a [ 4 LY A
MANVTUTUHIAN UM (DSUADANT)

Wwe P, =
1 9 9 a o J @ 2 <3|
P, = ﬂWﬂ’JHJL"UiJ"UuWﬁ@lﬂﬂ‘l“ﬂﬂ18Wﬁﬂﬂ1ilw13m8\1lﬂul’)ﬁ1 t
B T4
e = 31UV natural logarithm

iiio1d natural logarithm Tuaunsaz g
InP, = InP,+ ut
A o ~ ' ) v o
WeranWeunsmsenang mp i ¢ vz Tannudu 4
InP, = ut

Sdphuumudnaunsduns g Y = mX

o [ [ v 7 a [ d v
Hazi I UVeUNTINTZHINANUTUNUTVI In ﬂlﬂﬂﬂ’ﬂmﬂiﬁﬁﬁuﬂﬁﬁﬂm“ﬂ Aunal lag
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79819 MIMUIUAIOATINTHAANAAN U UNISVBINIALANAN DINATHAANIA
a Jd =2 A a R a a A o Y
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adanansaal

nal;® | ANMANTUNTAUANAN 3(P) |  In(@NMINIUNIAUANAN) ; In (P)

F1T19) (NSuABaAI)
58 4.70 1.55
63 14.00 2.64
72 35.88 3.58
77 31.28 3.44
82 31.98 3.46
87 34.98 3.55
92 31.06 3.43
94 29.38 3.38
96 29.66 3.39




171

= Y] v 1 9y 9 a o A
Qﬁjlh/l V.7 AFMNANNAUNUTIZHI NI ‘1]ﬂ\?ﬂ')']lll,"llll"ll1!ﬂiﬂllﬁﬂ@]ﬂﬂ‘].lnﬁWlu@WWWiLWﬂ

a o 4

asandan a9l

3.5 -
y=0.1403x - 6.4399

3 - R?=0.9581

an)

2.5 -

YNTUNIANAN

Y

1.5 -

In (MWL
[Eny

0.5 4

0 T 7 717 T N T T T
40 45 50 55 60 65 70 75

a1 (¥I1349)

o a a o 4 a o J 1w 1O
@ﬁi’lﬂ’liW'G'W]ﬂ5ﬂ!Lﬁﬂ?‘lﬂﬂnWW31u@1WWilﬁﬂﬁ%}1\iWﬁ@ﬂﬂ!“ﬂ 1Ny 0.14 Q‘l’ﬂ&]ﬂIN\i



172

4. MIINAIONIINGIDBDN (dilution rate, D) (ADFINI) 1Az dNTINT 1A (feed rate,
F) (@ansaavng)
[ a [ v L4 1 [ 1 1
8A31N151909719 (D) INANINANUTUNUTTZHINOATINT Inavese s gnIvus

[

1Y) I g
fufSuasveanyus Tasansamewiuaunisld aail

D = FWV
d‘ Y A J &
Wo D = oM31N5199919 (9992 T39)
F = 90131013 1a (@aTaes T19)
14 = I5u1asvoveaval (ans)

INHNUNIT Mass Balance
Accumulation = Input — Output + Generation — Consumption
v lumsnaauLLAeiiog (Continuous Process) : Accumulation = 0
; Input = 0
; Consumption = 0
v 3

0 ieunua1aglueyn1s Mass Balance

0 = 0 — Output + Generation + 0

Output = Generation

FP = VUP
d, =FEV
M, =FV =D

v
2 Y 1 QJ 3

{ { o a o do 1
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Dynamic method of gassing out

Dynamic method of gassing out 812150 1A UIUMA K¢ Tunsainan1zyeIns

D

d\ 9 v = 2

v oA P PRPEPN ] Qddﬂld A A A a 19y 99
HUNUUFAANUFINDY Iﬂﬁ]ﬁ‘ﬁuuﬂlﬁlﬂ WDMNIUNUITOUS) AD ]‘13\1@6\‘11

FUDYAAUNATIU U
S 9o = 19 o w A d v Y9 4 9 a
Wumslsvoyannninaaesiaie uatedIAyA® DO probe HUABI1HTDYANYNADINI I

¥ g o y ' y A
Taglunmisnaaesiudouiinmsrgans 1ieimaneu (Lazaadniinisnivauranlszum 50

soudoui edinaliinansnauszrinauiams) $119 dissolved oxygen concentration (C,)

2 & A = A R o~ v ) A
Glumvmmm!,%aaﬂm ngmﬂaﬂa\‘lﬂ\“li]ﬂﬂﬂﬂuﬁﬂﬁuﬂ’liiﬂ@’lﬂ’lﬁ@ﬂﬂiﬁ G]f\?ﬂ'lilﬂaﬂullﬂa\?

. acy, Py | :
Y94 C, 08 1UINDUUDY Euaz’dmwuﬁ(ﬂum Oxygen uptake rate (OUR) t1aZA1 Oxygen

transfer rate (OTR) A2883a1nT

dc,
—L— OTR - OUR
dt

Tagh OTR = Kax(C, -C,)

[ F2 2
11® C,” AD solubility of oxygen TUBIMITIALUFO (mM) 1Az K,a D Volumetric

oxygen transfer coefficient (M0IUN)

KORN OUR
dt

{ [} o @ { a 4 a t4
Tuwaz lifimsliome O7R = 0 1iufie sasnslaeuuasweseenginuluniosfnsel
= [ [ o a 9 J Y !
Fanm iy oasimsiheendon lU1dveusad uaz OUR (mM/S) amnsom laainainaw
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Stop air

|

\ OUR

Resume air

~ [ v J 1 Y Y a % a =1
3UN 1.8 ANUFUNUTTLHINANVAINIUVDI0DNTFAUAS A (C) nuIa1 AUIN)
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NnuuUaelunanguy

' A A Y ~ 31/ @ A a " v o
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Worme avu sasimsteendnulIfvousad

dcC
ZZE_OTR—OUR e (1)
dt

Y
@ 1 a @ Y
Tﬂﬂ@ﬂ‘ﬂmimﬂm@@ﬂﬂm%u (OTR) uuﬁm1'§awﬂm1ﬂﬁuﬂ1i

OTR=Kaax(C*C) (2)
C,* A0 AIMTAza19U900NHIUTUYDUNAT (bulk liquid) (mM) HAY K,a 150 A1
Furlszansmaoiemesn®ay (min) Tagluaniiznliionmea A1 OTR a2mfY 0
9911 (eunuA1 OTR adluaunmsi (1)
Y dCL
22 181 —=_OUR (3)
dt
mizazuue laaumsiduass dCL=-OUR(dt) e, (4)

9
[ Y

A o @ v J 1 12 [
AUUHBEIUNTINANVTUNUTIZHI1AN (13J3J'ﬂ1ﬂﬁlﬂ) (P x) NU C, P y)
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o [ @ o 1 [ [
MIMUIUMIAT K,a 9I0M5WeUANNTURUSIznIN dC/dt + OUR 7 C, laaagal

N 2,12 ez e somMuUINIAT K,a 18110 0.047 Ao auni

0.0025
0.002 -
y =-0.0466x + 0.0111

& 0.0015 - R2 = 0.8706
S
L
S
N 0.001 -
0
~=

0.0005 -

O - = T T T
0 0.05 0.1 0.15 0.2 0.25
C, (mM)

51U ¥.12 AnudunuTsE I dC,/di + OUR U C,



M13197 ¥. 14 AMTAZTABVBI0DNTAU (DO) AN NTHVBIRENFIUaza1e Ty

91113 (C,) fora (AUN)

Time (S) %DO C, (mM) dC,/dt OTR=dC,/dt+OUR

0 94.90 0.231176 - -
30 91.80 0.223625 0.000252 -
60 86.60 0.210958 0.000422 -
90 82.00 0.199752 0.000374 -
120 77.40 0.188546 0.000374 -
150 75.10 0.182944 0.000187 -
180 74.10 0.180508 0.000081 -
210 73.40 0.178802 0.000057 -
240 72.60 0.176854 0.000065 -
270 71.80 0.174905 0.000065 -
300 71.00 0.172956 0.000065 -
330 70.10 0.170764 0.000073 -
360 69.30 0.168815 0.000065 -
390 68.90 0.167840 0.000032 -
420 67.60 0.164674 0.000106 -
450 67.00 0.163212 0.000049 -
480 66.10 0.161020 0.000073 -
510 65.40 0.159314 0.000057 -
540 64.50 0.157122 0.000073 -
570 63.70 0.155173 0.000065 -
600 63.00 0.153468 0.000057 -
630 62.40 0.152006 0.000049 -
660 61.50 0.149814 0.000073 -
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M13197 ¥. 14 AMTAZTABVBI0DNTAU (DO) AN NTHVBIRENFIUaza1e Ty

91113 (C,) Aora1 (3UN) (#10)

Time (S) %DO C, (mM) dC,/dt OTR=dC,/d++OUR
690 60.70 0.147865 0.000065 -
720 60.00 0.146160 0.000057 -
750 59.40 0.144698 0.000049 -
780 58.90 0.143480 0.000041 -

810 58.00 0.141288 0.000073 -
840 57.10 0.139096 0.000073 -
870 56.60 0.137878 0.000041 -
900 55.80 0.135929 0.000065 -
930 55.30 0.134711 0.000041 -
960 54.60 0.133006 0.000057 -
990 53.80 0.131057 0.000065 -
1020 53.00 0.129108 0.000065 -
1050 52.60 0.128134 0.000032 -
1080 52.00 0.126672 0.000049 -
1110 51.30 0.124967 0.000057 -
1140 50.70 0.123505 0.000049 -
1170 49.90 0.121556 0.000065 -
1200 49.20 0.119851 0.000057 -
1230 48.80 0.118877 0.000032 -
1260 48.10 0.117172 0.000057 -
1290 47.40 0.115466 0.000057 -
1320 48.90 0.119120 0.000122 0.000192
1330 51.60 0.125698 0.000658 0.000728
1340 57.10 0.139096 0.001340 0.001410
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M13197 ¥. 14 AMTAZTABVBI0DNTAU (DO) AN NTHVBIRENFIUaza1e Ty

91113 (C,) Aora1 (3UN) (#10)

Time (S) %DO CL (mM) dC,/dt OTR=dC,/d++OUR
1350 62.80 0.152981 0.001389 0.001459
1360 69.70 0.169789 0.001681 0.001751
1370 77.20 0.188059 0.001827 0.001897
1380 84.60 0.206086 0.001803 0.001873
1390 89.90 0.218996 0.001291 0.001361
1400 92.60 0.225574 0.000658 0.000728
1410 93.90 0.228740 0.000317 0.000387
1420 94.70 0.230689 0.000195 0.000265
1430 95.10 0.231664 0.000097 0.000167
1440 95.50 0.232638 0.000097 0.000167
1450 95.60 0.232882 0.000024 0.000094
1460 95.70 0.233125 0.000024 0.000094
1470 95.70 0.233125 0.000000 0.000070
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