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Abstract

This work is the extension of the author’s previous work supported by TRF on the investigation
of hydrodynamic behavior, gas-liquid mass transfer and the design of airlift contactors. In this
work, the focuses were given on the examination of various aspects of the airlift systems both
fundamental and application wise. Large scale airlift contactors were examined for their
performance both in terms of hydrodynamic behavior and mass transfer between gas and liquid
phases. Multiple draft tube system was suggested as options which could, to some extent,
dampen the effect of non-ideality occurred as the system was enlarged. Next, the influence of
salinity on the operation of the airlift system was investigated as, in several circumstances, the
airlift was applied for the aquaculture applications where sea water was used as medium. Sea
water reduced the size of bubbles considerably and the full examination of the gas-liquid mass
transfer in these airlift systems was carried out. The airlift was employed as a photobioreactors
for the cultivation of two types of single cell algae, i.e. Chaetoceros calcitrans (marine diatom)
and Haematococcus pluvialis (fresh water alga). The first one was commonly used as a feed for
marine hatchery such as shrimp or fish whereas the later was known to be one of the best
sources of the antioxidant astaxanthin. It was shown that the airlift systems could offer several

advantages over conventional culture systems for both cell cultures.

Key word: airlift contactor, mass transfer, cell cultivation, diatom, single cell algae, antioxidant
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MINARIRLEA IFLARBTIANUMATEINIDNUULTIFURFLULENALN lagianie
szuuIWR IR AHNUIRINAANIN IWT1ZNINT2N8AITBIN I MALRZNNS AT BB AR

1 c; o v a @ Qo L ] & dld =3
anuldainaue Mldwgdnssuvesnisuds 9 swialng ldiduldeanandneluszuuameidn

' = Ao Ao a A o A I v A =< a a

2819 IINeNNNINARaIREIN AT RIE A NI mnI NNzt uadas i mMIAnwILN UL Y
TAUANIZNAIINRITILAINIG LT I1UI% THO VU LASEILAUINIIAAAIVDIRITIHDINA 1T
a@ﬁaﬁ'ﬁahUmmﬂluﬁﬁ]qﬂuﬁﬂ@Umsm:zmmiammﬂmdﬁaﬂﬁaaﬁﬁLaualuﬁaé'uﬁa Y LA
muqﬂﬁﬁmm@LLazﬁ‘hmugﬁﬁaﬁhummﬂaﬂ"n,aua wanNHITUUNAN T Uz uUNTaNY
galainnn hlwnsfinesaimelu downcomer figaugislunistisininamsznineipma
vaanauarie udluszuundanugannn 9 matinasemealu downcomer ludnwaznldan
mMsdAnsasshens linaunindemstisimuiasznineignaasdnngluid thasan
Wasa1nali downcomer 220UV KO ONTLANADUTINNDEY LASUIALIINANIUNNITNLNNINENT
FATMIun la1asNnInyin lalagniinruadiuniitainslivarneluaiss downcomer LNa

WWNaanGLanlwaiwida Ly

mInaaednseiih i@ owmduunanuimnnsides “Hydrodynamics and mass transfer
behavior in multiple draft tube airlift contactors” @R l1 Korean Journal of Chemical

Engineering AITVALLDLA MAANWIN 2

1.5 LONF1TDIDY

Choi, K.H., Chisti, Y., Moo-Young, M., 1996, “Comparative evaluation of hydrodynamic and
gas-liquid mass transfer characteristics in bubble column and airlift slurry reactors”, Chem.
Eng. J. 62 223-229.

Koide, K., Iwamoto, S., Takasaka, Y., Matsura, S., Takahashi, E., Kimura, M., 1984 “Liquid
circulation, gas holdup and pressure drop in bubble column with draught tube”, J. Chem.
Eng. Jpn. 17(6) 611-619.

Merchuk, J.C., Ladwa, N., Cameron, A., Bulmer, M., Pickett, A., 1994, “Concentric-tube airlift
reactors: effects of geometrical design on performance”, AIChE J. 40(7) 1105-1117.

Russell, A.B., Thomas, C.R., Lilly, M.D., 1994, “The influence of vessel height and top-section
size on the hydrodynamic characteristics of airlift fermentors”, Biotech. Bioeng. 43 69-76.

Shamlou, P.A., Pollard, D.J., Ison, A.P., 1995, “Volumetric mass transfer coefficient in
concentric-tube airlift bioreactors”, Chem. Eng. Sci. 50(10) 1579-1590.

Wongsuchoto, P., Pavasant, P., 2004, “Internal liquid circulation in annulus sparged internal

loop airlift contactors”, Chem. Eng. J. 100 1-9.
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UNT 2 NATBINMNLANADNEANTINVBIDIFURRLLLBINAN

2.1 A3
mﬂifomﬁaé'mi'mmummﬂyﬂiuwwoq@ﬁﬁﬁnssué’wfﬁwﬁmmﬁm*‘iTaaﬁ'umﬂ%ﬁm:La
& o A & P a a 4 & g e ¢
Wuananaiasnnoasnasriaiaiyidulaluimzs lagawziosan kblumawiziaoiaad
1LANe9 9 1w 19 wew dan 9ay dratevesmsldnuiniiAugy M szuuisljnaal
BILEILULDINASNEIRIUNIINNZLA L Taaad Chaetoceros calcitrans (Krichnavaruk et al.
2005, 2007) AIHWANTANHINATBIANNLANGDINYANTINVBINIFNNRUULDIMALNTIRINNTO LA
o A A & 1 @ A o v = ' A g a o
°11agamﬂiﬂwu@amswwmxuuwwmuh glrindudalilnamaa lagluTash 9uiday
s lUAn 3@ NIl fswudastasuwiauadwasanmeanisluwszuy waztdanlosnunis
Lﬂﬁmuuﬂaomaﬁ’mqwnwama@ﬁu 9 1T% FANANULTIVEIVBILART AFasIuiTsluEI
1 { a a 1 1 Q (243 &
G 9 VBITTUY LB TUNEWRANIINNITNLNNINITNINIYNATBIARILATINY TI9U
anwazfiiinsnenuaging udiduveanaisfiadu o 1w Widan (Wongsuchoto et al., 2003)
viioasazansnianunitags LI CMC (carboxymethyl cellulose) (Guo-Qing et al., 1995;

Vasconcelos et al., 2003)

2.2 NINARDY

Sesuimuuuamasnillunmasssidutsumwe 20 das idungudnanadszanos 14
TA §9 1.2 LAY (ﬂ’%mmmawaomm‘ﬁ'k&msqﬂizmm 17 §a7) uazlivanmelugs 11wy uazd
WNAFAFIUA AT Downcomer @a Riser Wiy 0.66 Myianwavasnasinlalasnsls
NABITUNIWAILANNIIFY Tosdassunuiaama limelusssuda uazasszaulniauasndasls
Indruuauiavwail e lwmunsadwimnavesanuldmasnimald uazazTavmavasvos
Tuisnafilndtunauiavmeiivinin nasnniusadoudunimasunusauwaiialy
ganInavmafidiunieng 9 tumoludidudald Tosdwnnasfivnnmsialusdazaniazs
wnlistasnin 200 Nas LLa:"L@Tﬁwmimaaﬁ@mm@waaﬁs‘i%mﬁamwgwﬁo 9 N 3 720U
fa s:@TUﬁ'agj@@ﬁ'uﬂmmﬁmmwaa‘n’amﬂ‘lu JEAUATINAME uazszaufilm s uuuDasria

malu uagmsiananauivesmaand g nu
A , a3 a A o A AV o
ez enlTluniInaaasluaiwitneiinga 49ldann1IacansInfanslan leain
uImwnde 2.aynssanu llanuduvasimziaiiiiy 15 30 uaz 45 ppt lasimaa

lasmliazlidanaidnsn 30 ppt myltadanadnlfaUnsainmyiaigue (Refractometer)

WAL NMTIAFNFARIUANTUALY IR LTI DA N UN IR wazdualuund 1
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a [
2.3 HANINARBILRZILATIEANA

2.3.1 HaraIANNTITaIMTaaawaveinasamaluszuy
£y A = & & A A
laamld amavaiasrzaaniioanuiivasmitlenaimagsdiu natiilasnniiie
WasameadnIssudanuaziiansuanaluaz ldnassmadanas lasfianuinisdanarnmedii
) A . . A < £ & .
azldvasrmaadvaglutg 5-7 un wazilloanuiimitlanemeagelu vianasaziinaset)
Tuts 1-2 wa (93U 2.1 Fuduswanasienuiduiniuimzia fia 30 sauluiusn wia 30
AN e A . @ ' AN o A o A A & o A
ppt) wavasnesn laazldiasniumanlailaldinialasanziiaanuisinstlenarmeil
) . A S A | \ A L [ S = A <
fngs 1iu vnanesrmnamisluihdnagluig 5-8 an Selidanuszuuiiduainnfianaiily
matflauaimead (uy, < 1.5 cmis) udazlddzumanaslugag 5-6 wu. Tugrenudalunsilon

IMARY (uy, > 1.5 cm/s)

AN oS o [ P ' A 4 A A A oA
NaT LaBATITNUNUNANANA T2 16 LibtdTi N mIazasinaelanuniaganiniag

o & = o 8 A o Ao ' S A \ =
mumﬂ%mmammgo uazasazliasonmeandawaluaniwesluinia adlstions wa
ANURRATLTAaUTN91Y 1118991NANNRBAVDIRNTATANULNRONAMNLT VAW A LU NZLAT I
LANEINAINUNAANDHNIN AIBWNAGDVUIAVAINDIRI LNIGUTS wananth thasarninaun

P ¢ £ A o 1 ° o a A o o
81382aN0BAN1IATIad dIduInseyindanasanme vinlvwasanedanalaiiadas asnwniy

FIUAIVAINIDINIA WANINRENGIY WATaINNNLANL lanatudnlurITasaly

094 0.0087 m/s
0.0127 m/s
N ———-0.0192 m/s
7 — 0.0256 m/s
0.0330 m/s
" - 0.0397 m/s
8 0.5 TN
- [ \
0.4 - Al / N ‘\.
/ N
.’ \\
0.3 4 :’ /./“ '\\ . ‘
! .
78N
0.2 / \ \ o
/ \ /// \’.
N
N\ ‘ .
0.1 // g \ e N
P, N ~_
0 e L : ——TEe : :
0 1 2 3 4 5 6 7 8 9 0
dy (mm)

3U7 2.1 Manszansdvasswanssa MaluiIFuHELLLIMAENYING A/A, = 0.66 LAZAIW

LAY 30 ppt
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10
9 - A0 ppt
015 ppt
8 < 30 ppt
O 45 ppt
71 o © o
A B A
o 6 A
P ° A
—~ 5 m O O
A
g o
$ 4 o
3 O
0 g
2 - O
1 |
0 T T T T T
0 0.01 0.02 0.03 0.04 0.05 0.06
Ug (m/s)

U 2.2 PARRLU8INBI M (dgp) TUTIFNARULLEIMALNTIIA A /A, = 0.66 NANLAN

6149 9 N

2.3.2 NAUBIANNULANVBIATG aAWIATDIN DI MA L IZ UL
P & a ~ = ' o A v & 1 A =
3N 2.2 [ lwuweadsuasasenmananudueng 9 N FILRAINALABINNAINLS
n3tlana1MAdl VIaVaINBIINIALLITUUNTANNLANAIIN WA L FIINUNININ NaUD
& = L e & A o A ~ = s A s A
AMuANRmauTBla T uudiwwiaNuTIManenmeagslin Tagfinasarmeluiinda
A LA ' A A A Aa = . @ A P
a:umlmywq@ muwamLaﬂﬂq@mmlm:ummm@mmLﬂum’mu 15 ppt T9I8INNABIZLLN
=3 o a q"v 1 a £ 1 o 1 a J
ANLAN 30 ppt WAL 45 ppt MNAIGU Han1TnaaaIitasliznTaetunglaatnetaaniniedn
Lﬁaoﬁnﬂmmeﬂ@ LAAIANITIIINANNLANUILEING 2 UTeNITAaNITTINAILRZLANAIVDI
Wasame lasfanuidnd 9 wu MInudnusaiWaiaimeazgnduss ilildwassmeaiin
d' dl' =3 J a s > A g; d o v =) v
lummzmuamwmugwu Wa9a1M AR AANITINAILAZLANAIDANINATINGI YN lwWaIn e d
&L ' A & o & & A o o A & A a oA
e IniunitmanasnanuLANe TamunarasaddienitiinidasfNgaliimgwiie

Hutunada bl

2.3.3 ANFARIWINT M DIR NN RLLU DA AUN IEA 2 1T 11491345
1 = 1 (37 ‘ﬂl v dl o =) 1 U dl
dndasuionlannszuufiduiiumsluantizdn 9 sunsoagdldasgui 2.3 lagan
1 el 1 [23 1 ] [ ¢ IJ Qs 1 ] s o et 1 [l
3 wuhdadwioddnagluga g nis ldduivdenuduaifitoiay sulngsmaas

J a 1 <3 U v 1 1 dl & 6 o <3
muﬂummmnﬂumsﬂ aummﬂngﬁ:uumﬂmﬁmuﬂuﬂdﬂ‘*ﬁum 23NLAAN



(a)
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(b)

Riser Gas Holdup
e 2o o @
(e (e S —
~ N 0 ()
| | | |
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¢ oobm

0.02 | 4

*
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(ppt)
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2.3.4 Na1 a\‘]ﬂ'l"mLﬁu@iaﬂ’ﬁﬂl"lULVI&J'JE\]EI']?‘J&%’J"N'TQI‘HQT AILARLAEAND

0.10
A O ppt
0O 15 ppt %
< 30 ppt
0.08 1 | o 45 ppr
0.06 -
- by
5
= 0.04 | N 3
: g ?
& @ ®
0.02 I &
0.00 T T T T T
0.00 0.01 0.02 0.03 0.04 0.05 0.06

wse (VS)

3U 2.4 drdudininuiaiinaemmomninaeniiripmazesnaiussi ol

SUNRLLLNMASNNGILHWAT IRN1IZANNLANG1I N

ARNYIERNTIINTILINNATVRINTTNLNNINITERINNTIYNALBINARILATNG KIae k,a
& 1A . 2 o = ] ~ . ~ P Y
\udnnltlumsdswentisdariiilumsdisimninazaseandiauainaimaguadingd Tanaild
NT0 2.4 LFAIINEN k.a Iuﬁw%@ﬁﬁﬂgaﬂdwﬁﬂ k.a lwihifudaudnitalan lagamsianie
anuTmaidizasenmeags dayaanmriarwiaveswaiainia uaasliiiniimesainalu
aa I : & A a vy = ° a
suunfienuduazginizuninia lasdialddmanisvasasemamdwinnidianm

Aa o

& r . e y A
AuRswzresWasamanlglunstamauisasrnineigme (o) lesldsumsde lUi

6£g
g=—8 2.1)

dy, (l—é‘g)
A I L e o i I A A Aa \
Wa &, uddasiuinalu riser uaz d,, usmaadzvasnas nIafii3undn Sauter mean
diameter I 1A37N

3
_ ZnidB,i

=_— 1 = 2.2
" Snd, .

a ° = P ° S P~ % @ [
tla n, LNWINWIBNAINNTWA dg; LLRzL&Jﬂﬂﬁﬂﬁiﬂﬁu’JMQWWHN’lﬁ]’]LW’]ZLLR’J%ZVL@Nﬂ(ﬂ\‘iLLﬁ(ﬂGI%Eﬂ
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600
O 15 ppt
500 - < 30 ppt
O 45 ppt <
400 - o
m\ O
a2 300 -
3
8
200 - A
& A
100 -
.8
2
B
0 T T T T T
0.00 0.01 0.02 0.03 0.04 0.05 0.06

Usg (MVS)
JUN 2.5 AARAIIINZIWIUNIENBNAINTERINIYMATBIRI AT

U7 2.5 ugealiiAui uitsudr Auirduwzlunstemuiaveseandiananing
lugrasmaluszupihidniiainnnirszuuihia nikfesannaslvadnniussidasiuie
AUsumlnafssny wandsulszEnirudalsnasdmsunstismussssenineigna
vaunIMaD (ka) luszuuihIagindiszunihiAuiu asnnnaavasddulzdninig

1 1 e 23 e dl & I v dl v
dhanananieigmezasnaiazing (k) dsusadlug 2.6 Sadudayanldanns
Uszananaf ldlugdf 2.4 uaz 2.5 lap3un 2.6 & usasliiiudaauiia k, luhIaddrgoni

AN o :‘ & a%’- & A A :’ & A wa v & a eaa
dfldannimzannn nibhazdunaitesnannaniiauilguauddlunsaiasuiadngo
vaiWaiaIma vildiiannudumudanistemuiams uasvhliladn k, 1 laogun 2.6 63

v & v " AN o Aa & o & A, v A ) o ) A
waaslfiAumodnd kA ldanszuunddianuiduas g nuunddarlnadons ladanuwagned

@ o @ a2 A = o o v q o, A v A o & Y A
WA uazwana Nt nanuTimitlanaimeadi g galden k, NlnalAgsnuniluszuuinie

:‘ 3 IJ a 1 =3 v
wazszuuiay lagiunudanuAuandas
i k, N ldannmineassaisimaninin ldassgunisenusunussznine@ulsns

o a ﬂl Y dQ/
duiinauan 9 laah

Sh = a+bGr°Sc? + eRe’ Sc” (2.3)

Lfia Sh = Sherwood number, Gr = Grashof number, Re = Reynolds number, Sc = Schmidt

number &udulsan o udrasniausaagyldaianen 2.1
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3UN 2.6 andszEnimsdnumuiamwieigmazainaluasing
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Eﬂ‘ﬁ 2.7 m'n/\lmeizﬁummgﬂﬁawaamsﬁ'}mm@hé’uﬂszaﬂ’ﬁimL%aﬂ%mmmaamsmslm
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AN 2.1 aqﬂﬁwmﬁﬁm%’uaums 2.3

Auds (ArasnnaunITh 2.3) ,

AMNLAN (ppt) R
a b C a e f h
0 0.41 1.05 048 0 0 0 0 0.91
15 - 45 0.41 1.04 0.16 0.3 0.13 046 0.06 0.81

0 (Wongsuchoto et al.,
2003)

0.5 1.07 0.47 0 0 0 0 0.92

Aszanmd ka nmslgaunsn 2.3 wiaansaasnians 9 luansen 2.1 Tauaids
= a o A e o P s v & & oA A v
Wisuifipuiudnldannmimasasasuaasluilf 2.7 Sauaasliiruisnnuigeievesdays

uazansnIwlnmsinamsadwny llglunsasuisaulwawaada bl

2.4 syUnamydiuns
nuddpguiuaasliiiutiiugudayuasmsdifiiumsvestifuiauua mannd
fuiumdsdnaiiuwsssnariiadsnniduidnsuissdanareiiu <hr wiiu
atilifianunansfnsaansnisiunuldiduaineg uazildmunnasUuazasnnuidude
WoANTINIRITIRNAFULLEIMALN WazaudTingnstiang 9 iieduld Tasawzaniu

NIGUMITNUINNINENITTRINIPMavasraIuazian 1 lunIFURELLLaINI@EN

nanm e lusinitlari i swdluunanuiannisisas “Influence of salinity on bubble
size distribution and gas-liquid mass transfer in airlift contactors” f9biNava@RNNWlW Chemical

Engineering Journal AITNBAz DAL UAANYIN 5

2.5 LANENIANNDY

Krichnavaruk, S., Loataweesup, W., Powtongsook, S., Pavasant, P., 2005, “Optimal growth
conditions and the cultivation of Chaetoceros calcitrans in airlift photobioreactor”, Chem.
Eng. J. 10 91-98.

Krichnavaruk, S., Powtongsook, S., Pavasant, P., 2007, “Enhanced productivity of Chaetoceros
calcitrans in airlift photobioreactors”, Bioresour. Technol. 98 2123-2130.

Wongsuchoto, P., Charinpanitkul, T., Pavasant, P., 2003, “Bubble size distribution and gas-

liquid mass transfer in airlift contactors”, Chem. Eng. J. 92 81-90
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Guo-Qing, L., Shou-Zhi, Y., Zhao-Ling, C., Jia-Yong, C., 1995, “Mass transfer and gas-liquid
circulation in an airlift bioreactor with viscous non-newtonian fluid”, The Chemical
Engineering Journal and The Biochemical Engineering Journal 56 B101-B107.

Vasconcelos, J.M.T., Rodrigues, J.M.L., Orvalho, S.C.P., Alves, S.S., Mende, S.R.L., Reis, A,
2003, “Effect of contaminants on mass transfer coefficients in bubble column and airlift

contactors”, Chem. Eng. Sci. 58 1431 — 1440.
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UNN 3 320UA9U H NIl BIUEILUUMASNEIMIUNMILNIZLREILTRR

Cheatoceros calcitrans

3.1 N1un
lasmldmanwzidselaazasuiamsndizdnuaglugdununs (Batch cultivation) &9
n' o e dw 6 dq' d' v U L% J =3 d' d'
Buanmuhmiderasasuiwzdsilumiamaia lilanuduiugsdu uazfivifouie
v @ v o Ao & o Ao o ad Y &
Idszauanududundains mawzidssluansuziiifadnamansnaiuguizaunsluien
e o P @ o & , & P &
vamasauluszuuldie asnndasimunzaslninness madwiasanmunzi
& 4. = \ o A | Ay A A A o o a
asaNEuIN9 lisunumssiunwlunzda 9 ld ualidaeiinaitasnumaianaluns
iU daamaussnuiidautaannwnziimahnududen Sywnssdjnsainn
aslaltmasadunan uazdafonalunyramasiasuiiulalugig Lag phase 8neag aani
1 n}’d R = =) o a 1 v 3 a
nuludntislddnsiSoufsunmdufivnulugduunedng 9 dsznavludis nmsdudiuau
WUUNe (Batch culture) My AW UL LRI a1k (Semi-continuous culture) LAZNIIALTHWI
wUUGaLitad (Continuous culture) LABRANITALANNZENFIWRTUNTNNZLREILTAR LAINNANT

nanaIfinIwa (@Meazidali Krichnavaruk et al. 2005) uaz ldnanmsduiinnulaaylasii

3.2 MInaaad
dy ° v o @ A a 1 dq’. [ Aa & a
manasasiriluassudauuuamagn wiaisenludiuiinsljnsohdausuuuaime
dl = aaa = a ,3’ & t:ll v | s 1 aaa
on (HasnnflfAsomstimwieduluszuy uasiduszuuidasmsuaaduaaissljisen -
Ujismdanziuas) ama 17 §a7 lasdurenaadnezeianlsvmaidunigudnanavinny
15 a5 g4 120 wa Avian1elu (Draft tube) BUIALFURIUINANS 8 T §9 1 L@ Lasliaiman
= ] ] o A A v v 6 o ¢ v v
anuTmaiauriniy 3 sudadwnf Tuasdonaea lWngeassiauduma 36 Jadnisdudng
Q o v v { L a 1 L '2 '1 1 Q
28909 lasfwualdnnuduusaadasaunilnsoliyinnu 200 umol photon m™s ™ WiaLYInAL

s 1 Aa ' o A = ' [l [}
13z 10,000 ﬂﬂsl? VLNﬁﬂ'ﬁﬂ'JUﬂNQMﬁQN Lmﬁﬂ'ﬁ@li'ﬁ]'}@qm‘ﬂﬁu TGWU?W@%SL%‘EQO 27-350C

\avanlaazaan Chaetoceros calcitrans 1a3Ldulaluinngia 3968910383 medium
o ¥ . ” . . 4
laglfihnzadudinas uazaioulilansamnsanugasvas F/2 Guillard (Guillard, 1975) T4
I3 : % = a oA A &
24A1/3NauVIFNI0Y 9 dauaadluasen 3.1 lusewisunneassazaiugulilysunusad
a 7 [ a &€ 1 @ 4 €1 A Aaa & A v = =l v
Suduludslfnsaliviviy 1x10” iaddeiiaddasnnass iNaldazainlumaSouisudaya
@ A vy A4 A Aa ' g & Ao o
wazmaiuUTIuaadlfialasiliaNiFundn Haemacytometer Taiilugunantunasguniiansu:

ARNULHBLAINTTasIwIAANI N lde 81988z aNY LASYINTNNIHULTARA) Uﬂﬁaaﬁgamiﬂﬁ
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ANT9N 3.1 #IRUITNOUVDIRITONNIS F/2 Guillard

Nutrients Final concentration Stock solution preparations
-1
(mg L)
NaNO, 75 Nitrate/Phosphate solution
NaH,PO,.H,O 10 Working stock:

add 75 g NaNO; + 10 g NaH,PO, to 1 L distilled water (DW)

Na,SiO;.9H,0 60 Silicate solution : add 60 g NaSiO; to 1 L DW
CoCl,.6H,0 0.01 Trace metal/EDTA solution

CuS0,.5H,0 0.01 Primary stocks: make 5 separate

MnCl,.4H,0 0.18 1 L stocks of (g L DW) 10.0 g CoCl,, 9.8 g CuSO,
Na,Mo0,.2H,0 0.006 180 g MnCl, , 6.3 g Na,MoO, , 22.0 g ZnSO,
ZnS0O,.7H,0 0.022 Working stock:

Na,EDTA 4.36 add 1 mL of each primary stock solution +
FeCl,;.6H,0 3.15 4.35 g Na,EDTA + 3.15 g FeCl; to 1 L DW

Thiamin HCI 0.1 Vitamin solution

Biotin 0.0005 Primary stocks:

B 0.0005 add 20 g thiamin HCI + 0.1 g biotin + 0.1 g B, to 1 L DW

Working stock: add 5 mL primary stock to 1 L DW

add 1 mL each of the four working stock solutions per liter of seawater

a [

3.3 NANINARBILATILATIZANR
3.3.1 MIANARIULULNE (Batch culture)

myduiiwnuuuungliansaznmusdyduladesydidasun 3.1 lasluts 10 Talus
wsnuasmsiasaLdulaflugrsnioasinnsdiuaalvidhiuanwiaasdau (Lag phase) fiawiay
Liﬁ;jﬁ’;an’ﬁl,ﬁty@ﬂmmu exponential LLazLﬁamimmsQﬂH%m"Lﬂ COREERAL L eRieh

a A a i = & \ A = A o g

wigAulauuunyails (Stationary phase) F9aziiugrifiawsaiuiionsadld mawiziass
L 3 v g; UL v v v 1 e 6
snwauziliiiannimuadszanm 44 Tilu uazldanududuvesoadgigairinny 8.88x10° Loas

U a aa U g = o 1 Q/ 4 U a 1 a
GalaRAATY WazlaA1aaININAAIUWIZYINNL 5.54x10 LIARGEAATARIWN

FUUNIWIZREIUULNEHEINNT0a DL EJVL@T@T’Jilﬁ&lﬂ?i‘ﬂ’]ﬂﬂfﬁ@]ﬂ’]a@lgﬁl"ﬁ/ﬁ]a%Wﬂﬂ’] aa3

lugﬂl,mwaa Logistic law (§3n17 3.1)

x(1)

,U:ﬂm(l—x—) (3.1)



25

[
(—)

0 I I I I I
0 10 20 30 40 50 60

Cultivation time (h)

Cell concentration (x 10-6 cells mL-1)
SN

3U7 3.1 nmnuaaInaIydulazauaad Chaetoceros calcitrans

{ Qs a a o '1
138 7, sanmaasyduladuwiz (h)

x(1)

2R d -1
ANMNTUTUVBILTARNLIAT £ (g mL )

%

A A ! =
I@]El&lﬂ’]ﬂd“ﬂ"llada&m’]‘i 2 A9

Q a a o '1
M, E]@li']ﬂ’]ilfi]ifllL@]UI@]’%WLW’]&&G&@’I =0.14 h
@ a9

Xm

D2 6 -1
QUWNLTNTHLTQ'&Q\‘]@@ =6.64x10 g mL

Lﬁa‘v‘hau@;amamisamz‘umzVL@Taumsmamﬁmmam‘ﬁmmmlﬁa%mﬂmsﬁwmmaa
DIRNHT 9 B ranath

%

DO 1-22 ) sy (32)
dt X

%

winaanTnrnmMIduiinsali laaunsdnsudwm s e Nt U oL TaaNIaEs 9 ask

X, X e'u’”t
x(t)= o”m (3.3)

- Ul
Xpp—XoT X"




26

a o @ o o A o A« A, = ~ o A
LLE‘]:LN@%’]N’]I%V]’]%’]UNaﬂ']i@]”lLuuﬂ’]uﬂzqﬂﬂjﬁwwLﬂu?@a@’] (Ll]iﬂiuLﬂUUﬂUNaﬂﬁin@aad‘mﬂu
a o . v A A A = . a a ' Aa &
"E@am’]’g) @GLLET@NI%T]T]WET’J%WN‘]Y]EJZJE]‘IJE]&EI]‘Y] 3.2 ‘]NLﬂu&’.lu"lla\‘m’lilﬁ]ifyL@]‘UI@mElu‘Y]LSSJLﬂU

A (@ lusfl 0 — 44)

o a & 1 { . .
3.3.2 MyaiwuLuUNIAaLita (Semi-continuous culture)
suvhisudufivnulasddeslfiasdadinaaiydulaaunsznadhganiizns
Sgidulauuy exponential NNUBIIMIALIALITEN Ma@uso i aieTalrany
Ysunasiiunenly uazdsssldoasiasydulalnd weziiuifeadnasauloldwinioasana
@29m73 uazduiiwnuaauuida lUides 9 auwninszuuezlimansadudalla (@1aifia
A dq' A A A et €d' v, v I v U €d'
diasnndymnistwlen wiafidyniieanuadnyoinld) lasezdelianududurasaadd
A 1 [~3 4(' v A [ el a a [} 1 d'a%’
maaluldszsausasmatnuiigazdaswaliasdsmiunmaasydulalutiedaly lundaw
Y [ { & { 1Y ° v 4 @ 6 " A _aa
TuTusadTaanasaInAnuUINgus9ziwua liyinnulszanm 1x10° [rasaalafans Nams

@i’uﬁumumuﬁnagﬂ'lﬁﬁagﬂﬁ 3.2

p—
(—

o Experiment: Batch culture

O Model prediction: Batch culture

8 4| —* Experiment: Semi-continuous culture

--¢-- Model prediction: Semi-continuous culture

°
°

- 020
6 0o ?°
o

0 I I I I
0 20 40 60 80 100

Cell concentration (X10° cells mL™

Cultivation time

P oA £ . A
31]“/] 3.2 Nﬂﬂ']i@']L%%ﬂ'ﬁi%i?&UULLUUﬂG@]aLuQG



27

o A o A { ° o = d o <
rm‘mmumﬂuanwmzﬂmaLﬁamﬂﬂmmmLm_ll,ﬁmvﬁaﬁ"lmnﬂ 9 12 12139
o v @ . @ 6 A . @
(laotszanm) uazldranududusadgigariniudszanm 3.86x10° imadeefny uazlidndan

a o 1 e 4 1 =) 1 a
MINAATUNZLHNND 6x10 LTaRAaAATAaIUN
& a o a = 1 A dq,v 1
sumaaneaasnidlunmsausmiduiivnuueszuuiuuisdaiiiosfitinsaglu
JUuULV89 Logistic law Wiaaun13fl 3.3 lavazdasiimaduwinlnannasadiafimafiuie) uas

HanMIdwInLEas laadulszlugun 3.2 (lududmsniladmsduiiunuuuundaiias)

FOATINNINAR (Productivity) 115U TUUAENNTAFWILIARN

X, — X ¥V x1000
P = |27 (3.4)
6, —t ) 3600
A o A -1
Bh P = 20IINNINRG (cells s )
¥ v & -1
X, = ANNLTNTULTRENILIAN ¢, (cells mL )
v @ A -1
X, = ANUITUTWTARNLIAN ¢, (cells mL )
% = USunashnuinea (L)
t = A lumsauiinau (h)

Lﬁalﬁﬂﬁﬁmsﬂﬂﬂswﬁmgaq@ @ Differentiation WaI’NN1IN 3.4 LﬁaLﬁsuﬁunmazﬁammﬁuguﬁ

d{ x(t)—x
—| ——=1\V =V(t))=0 3.5
dt( - J(o () (35)
i V, = US1nas506n (L)
Vi) = USunasfiwaanssanmafuiin (L)

awmsaw@amamaaLsﬁaa‘l,l,amslﬁﬁaﬂ'nué’uﬁuﬁs:ijmﬂ%mmﬁmmﬁamé’ol,ﬁul,ﬁﬂ’aﬁ'um'm

7 e [ 4‘(1‘
meumawﬁaamami@ 5 AN

V0x0
V(t)= g (3.6)



28

LﬁaLLﬂuﬂlTﬂqﬂﬁNﬂqi 3.3 s 3.6 ﬂ\ﬂuawﬂqi 3.5 ﬁ]zﬁquqiﬂﬂqﬁﬁlnaqﬁLﬁquﬁufﬁqﬂ%’UﬂqiLﬁU
A o v @ A % dldWL v P o ) & A A
LﬂmLWal%ﬂﬂﬂ’lami’m’liwamgﬂwﬂﬂ I@Uluﬂu @Tﬂ’.]ﬂ’]'ﬂL%i]’]zal]a’]%il]ﬂqsl,ﬂlllﬂF_nﬂayq]ﬂ 9

QL Y rd aQ 1 L 5 1 a
19 TQI&JG LLaz"ilva@]ﬂ’]a(ﬂﬁ’Wﬂ’ﬁNﬂ@]@j\ﬁEjﬂL‘Y]’]ﬂ‘iJ 7.22x10 L‘ﬁﬂﬁ@la’lu’]ﬁ

3.3.3 mMyeLiwauluudaLitas (Continuous culture)
o a oA & o A aa & A & P
MIgARIBBUUGaL keI duMIE I RRUNININUINEATAEARALIAT waziinIdon
' [ = Jd L% o o C™ p.l'dw o w9

§1IDMITARDALIRUTUA InIANE R IelTszuunIsuraLuDa Masnifdusmiuilon
svenmndngazuy uaziivialnaduldisadniaigiavlaudylnadusananszuyldagasaaim
FTUUMIAURUINULU UL HDI9LTI0AT WA W IUNNTENNH LHaInTzUURUN TR W LaLes
asaaa adumaaadlding uassigaadyninginunaieuy uadniuezdaaiuszuy
d'd a d? A 1 v a dl' dl‘y 1 v Aa o a
nfimInugumidatandend19d iasannstudeauananaliifadymindiiuvnuuag

dwalﬁﬁamqm:uuvlﬁ

nansdiwuliissudsuuamasnlwuitaansnaydldasgl 3.3 maduiivnu
vasszuuiGuduanmsliimadlinaaigidvlauuunzaunsznadhgnisaigiavlauuy
exponential 3330MIlaua T MTINFIRUY ULaTUIIMIALIALINARTAAREALINT (37N
MIIARRUNI88ANRE) m’mLﬁuﬁumaaL%aﬁamnaﬂumamiﬂaumimmiﬁamni’lgmmﬁ
[ \ ~ v & X = A A < s
nadnnarwllszaznioua netidunaiitasananmsilaansvesrnsenmsnmies T

gnwdn@vasnmsduiinanuansued szummmimﬁaaﬁmmmlﬁ@hmmLﬁmﬁutmaﬁfga ga

a A

! ot 6 1 a aa g a o 1 Q/ 4 1 a 1 a
NNy 1.62x10 LTARGENARANT LAZAATININAATUWIZIYINAL 2.89x10 LIARARAATAIWIN N

AU aUFNTINWITVINND 3 RadaaIdaun

3.3.4 M UIUNIUNINITERUINUVBINTINIZLRES 3 Juuuy

=< o, g oA YR A o o A A ~ a o

mumwmnwwuamLLuumaLuaaazlﬁﬂwa@mmiwamnww:mmg@ Wallssutneunu

¥ & 1 { 1 { ) U 1 Q/ =

WAL REIMULNZ RS LUUN G AL LmLﬁawmsmmamummgmam(mugvl,ﬂﬂurmﬂs:l,uu
NHARENALALRINDL I fm@ﬁ’ﬁLﬁummmmiaLﬁaoﬁfmﬂﬁmmiamuﬁhLWﬁz@iwﬁq@ ﬁaagjﬁ
132300 0.49 UNGaT LU lumm:ﬁms@i'}LﬁummmuﬁmaLﬁawﬂﬁmmsamm‘hwazfﬁaq@
A A O ‘ o A @ ° A '
fanuszuno 3.16 L neatalus mumimLuummwﬂ:ﬁ]ﬂ%mmiamumwazw 2.51 U6l

i las



29

v 4
S
2 Medium feed rate < 2 mL min” 2 3 mL min™ 2 4mL min”
]
o
@ 3 1
‘? A O
e &
A O @

S 2- o “a <> o O
= A go < e B o O
© A o A a o
E A <0 A A A
g 17 =
c <o
o 250
e § d
T, 0 '@J T T T T T
&)

0 10 20 30 40 50

Cultivation time (h)

gﬂﬁ 3.3 WANIIEL WU WDIRNHFLULAI A AN AL RN WL UG aLTa

3.35 19uNINNARIRTUNIILWIZLRLILTAS Chaetoceros calcitrans

3.3.5.1 123 N19A RTINS

KaINMIIeTzRmMaaTyiulavesaas Chaetoceros calcitrans luan3a1m1sgtuuy

69 9 NUTULBNEITONMITAN (NHBMITRUILTAR MITULUWLLNZANLAT 1 58L) ANULentan
& o a . & ' a a R

iradeanuazin limzifsaaading wadazldamansnaigdulalddin @uuwansnanlu
U 3.4) uddihan ol lduiderasesarmslanududuriiusmsanmslna
imadazmanInIydulalddlndidssiumsamislng Qemndsulugh 3.4 unavusas
mIiyavlavesmadluasenmnifilduiizessenns uazaagdinandunnnnis
wigdulalussanmslng) spldduoasnadydulalilddinssseesniduiisdans

a a J o g ' v o kg
LQSE]JL@IUI@I?I% LRZRINTNINFITENMITUUNZLR UGI%NVL@ﬁ’]ﬂ‘Y]’]ﬂﬁiLLUﬂL“]jiﬂfﬁfaaﬂvl,ﬂ LR

60



30

8
¢ Fresh medium
<o
O Refreshed spent medium o ©
= <
© Non-refreshed spent medium ©
6 - o o m]
2 ¢ oFf
= o [m]
o m]
s *a
4 )
z 4 &
~ 0o
g Bo
= =
J'é g
3 27 oAl o 0 0 ©9° ° o0
= Oy o0 ©
<) g o
o =]
3z g 8 ° 8
o
0 T ) ) ) ) ) )
0 10 20 30 40 50 60 70

Cultivation Time (h)

3U7 3.4 nnuaasmuagdulazasaadluasamisguuueng 9

P v & . ! o & & & . v o a
U7 3.5 usasldidudalli winvhmawzRoasadauiiazag Stationary usavhnsida
v v v 1 Qs v v QI v 6 a a 1 L= v
oWl lenuuTwinuanuTuTwSNAS wasezmansasyidvledeldldon lagld
massydulasuinumamwizidsslussamsndenudutw v 2 whsasenuidudw
BFudulnd usadliiduiinsnsasnganiaadyidulalugig Stationary Wuwizanasa1nns
=) o v =) =) 1 U 1 v v { Ql J [ Y o
uazmatdussomsvnldisasissaduladelld wdanuidutwnassowisniiudnlaldavin
o ¢ a A = £ o \ = A &€ ¥ i i & A v o
IWaadiaigiavlatuudadisla adelsfionw Waimadidngss Stationary a337 2 i v
a = g; ‘d! 6 1 a a = ' g; J I ' t:‘lyd
mIduansamIanasani ase ldnsyduladndaly netiiwwazmasluzishiiany
\indugeann wazvinlwnsgaseinwasuaadwldlaonn vilwaas lasunss linidiuaznng
Widuledethas

HANIUN 3.4 uaz 3.5 lidestld maetgdulavessadanuln@luasenmis Fi2
wazgninalasUiinmmsemnsluszuy udillawmaddanudutugiuin g maaiyidavlaas

1
gﬂf{hﬂﬂm UV ULEINFDINW



31

10
¢ Fresh medium
- y= e
é O Nutrient make up A by
. A m]
8 A Two-fold nutrient concentration A 5
é A A ]
o N A o
o
b 6 1 40 O
= s Vg oo
— AdD
No) A o
(=] 4 _ A O
=] A A o O
= A2onD
& < O
& A oo
= A O
% 2 . A O
2 IR =)
=) A &
[>] A @ 2]
T  §88°
U 0 I 1 1 1 1
0 20 40 60 80 100

Cultivation time (h)

3U7 3.5 nnuaasmuaigdulalussamsanadntudnnu

3.3.5.2 N13UILRINI8WDIaNe ka2 Downcomer

msdaammlaaLLaaluszuuﬁaé'uuTaLLuummmmﬂ'agﬂmﬂ'a"l,@ﬂﬂUﬂ’%mmwgaﬁwﬁagiu
. - o & . X ;
821 Downcomer @dWadarlis Downcomer 14432, A0%LIHITINNNT LART IV DILRRINEINIID
23 1 é 1 v { 1
aaaWasninaInnib L liaad klluad1 Downcomer L6 I@UWaaﬁgﬂﬁaaﬂﬂumu Downcomer
& I & A4A . . o ] = -~ A @
tazidunasumadnfididn Terminal velocity dniianuiiizvesvasnaiitiu juUn 3.6 LRAIHA
1 1 v = = = ] J { ﬁl Q > Q (=4
Wui Menuduuasludiduls o azlidgeluidiaiiuanuTivasauludduda 4 9n 2 10u 3
LTUALNATADIUNN NIRLHIINNAINLTD 2 ﬁfuwaaﬁ"wﬁ]:ﬁmmmaufwLﬁmmzmmmgﬂadaa
o ' A = £ o &L =<
lulu Downcomer @i udanzianuTigsin awnavaswasfaalngauuazgnasasiylu
v Y L= v v v J =) =)
Downcomer laagad Rustasasuazlidnnuduuasluszuugidu maasyiaulavas

LA WIIRNNE 9 NaaSaNLTn 3 Leﬁuamm@iaﬁmﬁ%agaﬂ’hﬁ 2 LWALNAIADI WD

LALNBLANANNLIIANGAN 3 11U 4 LA 5 L TUALNATAIMINONNEIAY WIaWaIfinD

] |‘§/ % ] I3 n' J d' o v =3 23 1
azldlng@nannin udanuSivesaanalaziindnwizes g vlvsuisndaasinoas luludw
v J { = J 1 v U v
Downcomer L@uNNARBNAINUSIANNINTY FINALAAIANULTULRINART LRZHANIINARDILFAI LA

RWINAaa M UAU AU ILTARILANRIANAIANULTULE (31N 3.6)



32

12 1 O Specific growth rate 250
— B Maximum cell concentration
: 10 Bl Light intensity
= - 230
2
= 8-
i~
=
z 61 - 210
<
=
on
2 47
S
og B 190
& 2

0 . . . - 170

2 3 4 5
Superficial velocity (cm s™)

U7 3.6 navasauiTuuasdanTaIydulavas Chaetoceros calcitrans

o v e A ¥ v
3.3.5.3 MIUNLRINIYLTRRNNUANVULVN VIR

irasnanudutugammndnamatiusuazdusinaaiydulavasaadld ns

nanadluszuuiisuiandanuuuuaynIuteTlfiduiymbainitaian laonsnasasiiry

= A a ' v o o A AAd] v o o
maSeuifisumaadydulavesssdluszuudsduds 4 2 Uuuy Ae JUuwuudn@nlsassuds
911y LLazgﬁJLLuuﬁWﬁaé’wﬁa 42 sl,miaﬁ'ul,muagﬂm TauTmM g uiwinuntinnue lwaan
Retention time UL Ta8YaINIFAITZUURYINAK Bhisda 1uszuund 1 09 IATs1301T marIw
ALAATINT IHAALYINAL 1 FaRRATAaUIN 82Uz UUDI 2 U IHaN30193 IRaHIUa880IINNT
Inairiiu 2 fadfasdewdl uazldnadouaatlugf 3.7 Sawanisnasssuaasliiiuitanns

T UTUUDILTAAN LA TZLLDG 2 Iuazgan’j'ﬁzuuﬁd 1 Ty

dld Q o v v v L= ‘il = ] 1 v OI v
nsning 2 luluszuuvinldeanuiutuaadoas lwnan 1 Aa1daudnae wazaaulwigs
' ' o @ g Aa A o A ° 'Y o A g a a Py
gosrwladaninanziesluszuuninesauden mldaaslunsi 1 fadydulalda
219 3NN ANV NTUYDILTAE bDIN 2 rdaud g ULaztaNRANAN TUALIILE
' o { a £ [ ' a o [ ° Yo @ A { o @ A o o
L AEINUN AU W T UUDIG LY LANITANIIUINDI ml%mn@mnmﬁﬁLmeﬂ@agﬁm%m

' & =3 < dw Aa a A J
luagnsmmuu T UNITINZLA mwuﬂizawﬁmwgwu

Maximum cell concentration [cells]



33

T 10

—

£ o Column I © Column II 2 Blank (g=1mL min™)
7))

3 37

O

'O i opgo o o
x ¢ DDDDDDD

< . o ® ¢
.9 4_ . AAAAAAA

5 g8 of a°

= g2 006 000000 & °
& 2- 2

o ga@

c Y

(o] a0

2 0$ 1 1 1 1

S 0 20 40 60 80 100

Cultivation time (h)

gﬂﬁ 3.7 MR RINUVAITSULDIRNNFLULANNADA 1 09 LAz 2 ﬁ'aﬁsiaﬁ'w,muagmw

3.4 ﬁgﬂwamsﬁnﬁumi
NNIWLLREILTARUAY Chaetoceros calcitrans Myl IFURRLULAINALN Vlﬁgﬂﬁﬂm
daudsaniduauazildidninislitidudauusaimasniuddnsniwgaannlunismizifes
LTRRTHATE LATNANIIANEUANTIINNITIFLATITA mwa@iamsﬁw"l,ﬂﬂ%'ﬂ%ﬁﬂuq@a’mﬂsm
dq, s {? v e A di L a 6 a dl dq/ é ] dll
mMatwziasssadin lanui esanasdfnsalawa 17 fasilglumamwizideswuunsdaioln
Ao A9 o v o 6 €1 A Aaa ) S A A o
MR LTSS AN UTUT UL TN T 4x10° LTARADNARANT MbLIA 12 TN Tatlafiguny
tﬁq’ dl U Qs 1 = =\ ‘;/ 1 1 ‘ﬂl v =)
msmmamw%ﬂuagﬂaguuﬂamuwwzmmsluuagummﬂlmysn 2-5 813 DI lONANES
5 1 a ana Qs =Y [~ =) 12
U3z 2x10° L aadaladaaIn1oluIan 4-5 14 Aatiunanfaszunm 1x10 - traaniels
™ 1 s a U o a o v a 11 0'/
1387 5 % LEAIINDIVUIN 17 RATENAUTAUNT 5 1192 ONANEALTZU1 L 5.6x10  LTAR HibAo
109110 17 R0331%7% 2 0992 LANANRAVINNLNIIIANZIR LS WL aTUWIa 5 813 TILNHAINT
v ¥ { ¥ v v = a U J v 1
wana N TN INNTINIZIR LI L AILED mmmmmqumma@"lmwwuﬁnmsl LAa19
v =} 1 U U J dl v v dq, 1
gaadfasanlganslumsltiwiunuiasaindasl g lwmswzLa e WANIAILANAIY
U o v Q a v v = U &,
LRI AN HATNIRINITNAALURINIINRA A REAAN 2INUAMNABINITVBIARIANINU

< oA A A o o o PRI o o & ) P
HuAa alanudainsuin 115’[“11@1';'1111,%111,1,&@;3& Tuamenilalinnudadnsdn N LRI



AMNLTNGE B fmhﬂlﬁmmmaammumiwamammaﬂﬁaﬂwdﬁﬂizaﬂﬁmw LRSRINNIN
A a v = A @ ny ~ < &
L‘.LlﬂU%LL‘]_IE‘]\‘]LLN%ﬂWSNﬂ@]vl,(ﬂaEl’]di’l@]LTJL%@Oﬁ]?ﬂl’ﬁL’Jﬂ?ﬂ?iLWﬁZLﬂﬂdL‘Wil\‘] 12 %QINGW]W%%

namHaelusuitldafuiunanuisnns 2 (3es @s “Optimal growth conditions and
the cultivation of Chaetoceros calcitrans in airlift photobioreactor” 14 Chemical Engineering
Journal @431 Uﬂ:LSU@Iun’]ﬂNu’m‘ﬁl 1 Wae “Enhanced productivity of Chaetoceros calcitrans in
airlift photobioreactors” 144 Bioresource Technology é’di’]ﬁlazlﬁmluﬂ’mwu’mﬁ 4

uanmnffﬂ'aaéimwinnwﬁwLﬁumﬂﬁmam%ﬁﬂuLﬂuuﬂmm%"mmsﬁao
“Operating constraints for the cultivation of Chaetoceros calcitrans in airlift photobioreactors”

v v A v 1 1
LRz lUIInMNNALRINGarnI.da L

3.5 LANE1TABY

Krichnavaruk, S., Loataweesup, W., Powtongsook, S., Pavasant, P., 2005, “Optimal growth
conditions and the cultivation of Chaetoceros calcitrans in airlift photobioreactor”, Chem.
Eng. J. 10 91-98.

Guillard, R.L., 1975. Culture of Phytoplankton for Feeding Marine Invertebrates (For general
algae culture techniques) in W.L. Smith, M.H. Chanley (eds.), Culture of Marine

Invertebrates Animal, Plenum Press, New York, 15-41.

34



35

UNT 4 MINWWITZTLURIUNIILRES Haematococcus pluvialis WazN1IHEA

813 Astaxanthin

4.1 Nan
. < . A A s a Aa % 6

astaxanthin 114817 carotenoid U3ztnnuikin lasuaNudaulTlunaan wrinaulszinn
| @NTLETN 8IM13FAT 81 989 (Lorenz and Cysewski, 2000) Litaa9nanyilgmanaidu
I uazdallguanti@iduans antioxidant 8ndas (Kobayashi et al., 1991) 817 astaxanthin

a o @ ad a a = ad a o AN . A a
R1ANIDNRA LAANITNATLATUAZTINN TINTINATNIILA T IRl ATI8T 197 LA a U TITNTG
LLa:sLﬁqmauﬁ'a@m 9 @a8ni astaxanthin N1 lANNFITNTA HNIFLINWIRNINTILBUNTHES
. £ a ad & dld g v allddl ¥ 1

astaxanthin e28NITLIRNNIININTITNTG laeAtnikniananwlunislinanafanislazivnig
WIRRLALD Haematococcus pluvialis \iadnaunesiaiiinnuaunsalun1snae astaxanthin
lulSnugaulafisuiuihninuis (Kobayashi et al., 1991; Harker et al., 1996; Gong and
Chen, 1997) uatlywdanpadiitsmsi s minawasieiasyiduladaudnegn uwazgn
sumuwisanmadfsuudassmwiaasen lvsndudasinsnamwszuunsd jnaainig
= dl dq’ 6 a dw
FAIANTNLNDNTLNZLR L ILTRRT A

szuvnsUnsalfimwunuemeasndanizfinssmanzandmiunsadgidulasay
\VIRRUBd Haematococcus pluvialis \iadaniduszuuniusadand luidusuanudoioas was
R U U a o gd wgﬁ 9 = dy 6
mmwma:gl,m"l,mw NN laaainanglumsAnEI NIz LR LR AU
Haematococcus pluvialis Tunsufnsoiianwiugsuuuaineagn twadiaanziuaniizi

ManzaNdnIuMaesueulavassnnariad

4.2 NMINANAY
d“ﬁlL Vo v 1a &t a a S o
minasaslugailavludsljnsaiinwidusuuuameasnawma 3 §as Javhan
a aa v ' 6 = v ' 6

Waa@AnazAIanlaumaLFURNgUENa19 10 TN g9 60 3w Iriamuluzmadudgudnans 4.6
uaz 6.6 Ty §9 46 3w lagliusnnduiatadionasangeaisaiauduwa 18 Tad Mmue
AnuTuLsslasnIUTuTzszinsTenIanaen Wkazalinsal 9 ssorwsnlsinassiiaanun
Inonunieuntiil uazldimmesssdisuifisunamawziasslusasamsgduoneng

A o o a 4 I A _aa > & { Iy
MINARBIFNAUMBITARLTIM 2x10° IaddaliaddnaviiunnaTuielimann
o ~a v & L v v g; o L3
Wisusuwamsdiumsle Ssnasiaiaanududuvassaswurinlagls Haemacytometer
ULASINUMTIANZLRSILTAR MLUNT 3 919611 TINTULLTasUad Haemotococcus pluvialis Yhis
@ T e A Aa e A A oAl A
aavntnuiduiraasoInd flagella iwaasileiNdinaan flagella ULaZITARALAI LHhBI91N

¢ A _ Aa a a 1 &) a v
Lsﬁaaﬁu@%&lﬂﬂilﬁ]ﬁfyL(?"]‘]JI@]LL‘]J{'JL‘LJ% 3 ITHUTANURNNIZYBIRILIANDY



a [
4.3 NAaNIINANDILRSILATIZHNR

4.3.1 1IN INRVNERNEIRIUNIIVNNSLR LY Haematococcus pluvialis

\ & a L. v g ' Aa o @ a @
RN ULTRINLAYY Haematococcus p/UVIa/IS Wy Lﬂ%ﬁ’]‘lﬁ’] UYI%Jﬂ’J’]JJmmyluL"Nﬂ’ﬁﬂﬂ

A I AAa AaA o . A o« L. Aa
LuaﬂﬁnﬂLﬂuLLUﬂﬂLiﬂ‘ﬂNﬂ'ﬂ']l]a’]ll’]sniuﬂ’]iﬁi’ma’]i astaxanthin @3LUW&T antioxidant N

36

Udntmwgauasliyadngs udimasofatiadgidvlaldaluannsndendraduriligslaifinng

n:? [ ' a v dyd Y d‘» (d‘» @ o o
LWWzLaﬂGaUWGLLWTﬁa’Wﬂluﬂizwlﬂvl,“ntl G']%’]’QJU%’%G’J'NL‘].]']%&l']ﬂi%ﬂ’ﬁl,W"ltLﬂUGL‘T@Q%I%DG&&IN&

wuLaMesn lasanaantsnuainmsanenasiumsiiensinesiauasansanmsdszinndns o

Aa o & ] P a a ) =< Aad o o ¢ a A
ﬂuiqﬂﬁfluﬂqslﬁlawf]ﬁ:ﬂU\?ﬁ’]'ﬁiqﬂ LW@L‘]JSLIUL'YIUulﬁﬂiﬂummimw}i‘ﬂﬂ‘ﬂq@a’MiuL‘Iiamiu@u

I@ﬂgﬂﬁ 4.1 ugadlfiAniasomsnmanzaugadmIun1IWIIaLs Haematococcus pluvialis

=1
fa ﬁﬁi@ﬂ%’]i?j@l‘i F1

Type of medium

8 0.3
—

E — maximum cell density

<r8 6 1 & specific growth rate

'3 I - 0.2
X

N 4 |

oy T T

Z t :

3 - 0.1
= T

:s L

'g 0 | | | | | ,_I_l 0
é T T T T T

p= F1  Hongkong BG-11  Basal Basal:BG-11 M 1 M 6

Specific growth rate (d-!)

3U7 4.1 nailSoufisumaaiydulavas Haematococeus pluvialis luan7a113619 9 (013190

4.1 ugaIDIEInUIznaUvadEN I MIIN M USau o)



A . . A = g
AN 4.1 FINUTLNaUVBIRITONRIIAN %) Yll“ﬂ%ﬂﬁ‘jﬂﬂwﬂu

37

M1 Basal F1 BG-11 Hong Kong M6
Chen et Hata et al Fabregas Boussiba et  Zhang et al Gong and
al (1997) (2001) ota al (1991) (1999) Chen (1998)
(1998)
CaCl,"2H,0 183.8 mg 25 mg 9.78 mg 36 mg 73 mg 3.676 g
KNO, 05g¢g 10 mg 04149 0349
NaNO; 1549
Na,HPO, 0.03 g 30 mg 15¢
NaH,PO, 195 mg 35.5 mg 1.778 g
H;PO, 0.12 mg 12.37 mg
K,HPO, 75 mg 40 mg
KH,PO, 175 mg
NaCl 2513 g
KOH 30.85 mg
H,SO, 0.99 mg
CgHsFeO,-5H,0 2.21 mg
FeSO,7H,0 209 mg 4.976 mg 8.3 mg 0.417 g
MgSO, 7H,0 61.6 mg 4 mg 16.41 mg 75 mg 24.6 mg 1231 ¢
ZnSO, 0.72mg  8.827 Ug 0.014 mg 71.89 mg
CuSO0,5H,0 0.62 mg 1572 g 0.008 mg 0.079 mg 0.012 mg 62.42 mg
Na,Mo0O,2H,0 0.07 mg 0.08 mg 0.39 mg 0.001 mg 7.26 mg
CoCl,2H,0 0.05 mg 0.0078 mg 0.0005 mg 4.67 mg
10.948
H;BO, 2.86 mg 0.003 mg
mg
Cr,04 0.05 mg
SeO, 0.036 mg
EDTANa-2H,0 18.6 g 49.34 mg 1 mg 6.7 mg 0.372 g
Na,CO,4 0.02g
NH,Fe(CgHs0-) 0.006 g
MnCl,-4H,0 1.445 mg 0.66 mg 1.81 mg
ZnS0O,-7H,0 0.222 mg
Co(NO;),"6H,0 0.389 mg 0.049 mg
MnSO,-H,0O 0.72 mg 0.001 mg 84.51 mg
Ca(NO3),"4H,0 15 mg
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Abstract

The optimal conditions for the growth of a diatom Chaetoceros calcitrans were investigated in a 2.5 L glass bubble column. The light
intensity for the highest growth rate was shown to be at around 400 wmol photons m~2s~!'. A modified standard F/2 medium with a two-
fold of silica and phosphorus concentrations was illustrated to result in a better growth of this diatom. Vitamin B, in the range from 1 to
3 pgL~! did not significantly affect the growth. A maximum cell density obtained from this small glass bubble column was approximately
5.8 x 10° cells mL~! with a maximum specific growth rate of 3.80 x 10~2 h~'. The cultivation of C.calcitrans in the 17 L airlift photobioreactor
(ALPBR) was illustrated to be superior to that in the bubble column with the same size. The operation with superficial gas velocity of 3 cms™!
was found to give a maximum specific growth rate of 7.41 x 1072 h~! with a maximum cell concentration of 8.88 x 10° cells mL~! in a batch
culture. A semi-continuous culture could be achieved where the harvest was performed at every 12 h. In this case, the maximum specific

growth rate (1) achievable was 9.65 x 1072 h~! and the cell concentration during the harvest period was 4.08 x 10° cellsmL~".

© 2004 Elsevier B.V. All rights reserved.

Keywords: Single cell algae; Light intensity; F/2 medium; Nutrient; Flow pattern; Growth rate; Semi-continuous culture; Bubble column; Airlift bioreactor

1. Introduction

Diatom is a basic component of marine hatchery opera-
tions because it serves as one alternative natural resource for
poly unsaturated fatty acids [1]. The diatom C.calcitrans is
considered one of the most popular strains used as a feed for
shrimp larvae. C.calcitrans is a diatom with chlorophyll con-
tent and it is usually cultivated in a similar fashion to single
cell algae where, apart from other common nutrients, light
plays a significant role in controlling its growth rate. Very
few investigations on the optimal condition for the growth
of C.calcitrans are available. The only report indicated that
the highest yield for this diatom was obtained at an initial
silica concentration of 400 wg L™! (as sodium metasilicate)
[2]. However, this operation was subject to a cool environ-

* Corresponding author. Tel.: +66 2 2186870; fax: +66 2 2186877.
E-mail address: prasert.p@chula.ac.th (P. Pavasant).

1385-8947/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.cej.2004.10.002

ment and the optimal growth was significantly different from
that in warmer locations like tropical countries such as Thai-
land where there is a high demand of C.calcitrans for marine
hatcheries, particularly shrimp larvae. The development of
bioreactor for mass cultivation of single cell algae or diatom
always enables the adjustment of the light intensity, which
leads to a successful production of high cell density culture.
Examples of the novel designed photobioreactors include a
tubular reactor [3,4] and the flat plate bioreactor [5]. How-
ever, these existing closed systems suffer serious drawbacks
from poor mixing and gas—liquid mass transfer.

Airlift bioreactors (ALBR) have recently become an at-
tractive alternative for cell cultivation [6]. This might be due
to several main advantages such as good mixing, well-defined
fluid flow pattern, relatively high gas—liquid mass transfer
rate, and low capitals and operating costs. The mixing in the
ALBR could be obtained without causing too much shear
force in the liquid phase, which could inhibit the growth
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of the algae. In addition, it was mentioned that the well-
defined circulation pattern resulted in a better light utiliza-
tion particularly for the system with high density of cells
[7].

The aim of this work was firstly to determine optimal con-
ditions for the growth of C.calcitrans in tropical areas where
the average temperature is approximately 30 °C. The standard
F/2 medium [8] was employed as a standard culture medium
where the amounts of silica, nitrogen, phosphorus, and Vita-
min By, in this medium were examined for their effects on
the diatom growth. Light intensity was also manipulated to
investigate its influence on the cultivation of the diatom. In
addition, the semi-continuous operation of airlift photobiore-
actor (ALPBR) as a production system for high cell density
of C.calcitrans was examined.

2. Materials and methods
2.1. Determination of optimal growth conditions

The investigation on the optimal conditions for the growth
of C.calcitrans was carried out in a 2.5L clear glass col-
umn with a diameter of 12 cm. Compressed air was pro-
vided at the bottom of the glass column at a flowrate of
3.8 Lmin~!. The lighting was supplied through the 250 W
lamps where the light intensity could be controlled from 40
to 600 wmol photonsm~2 s~! by adjusting the distance be-
tween the light source and the column. Temperature was con-
trolled at approximately 30 °C (£2 °C). The composition of
the F/2 medium was modified to examine the effect of sil-
ica, phosphorus, nitrogen, and Vitamin B, on cell growth.
Table 1 summarizes the variation in the controlled param-
eters including the range of concentrations of the selected
components in the F/2 medium for this experiment. The ini-
tial cell concentration for this experiment was controlled at
5% 10° cellsmL~!.

Table 1
Variation of growth factors in the determination of optimal condition for
Cheatoceros calcitrans

Growth factor Range
Light intensity (wmol photons m=2 s~ 1) 40-600
Silica concentration (mg Na,SiO3 L™1) 0-4.8
Phosphorus concentration (mg NaHPO4 L™") 0-3.6
Nitrogen concentration (mg NaNO3 L™!) 0-42
Vitamin By, concentration (ugL™") 0-3

2.2. Production of high density culture

The experimental setup for a larger scale system is de-
picted in Fig. 1. The culture was grown in the 17 L airlift pho-
tobioreactor (ALPBR) along with the bubble column (BC) of
the same size. Both bioreactors were made of clear acrylic
plastic with a diameter of 15 cm (3 mm wall thickness). The
ALPBR was equipped with a draft tube installed centrally
in the column. The ratio between the cross sectional areas
of downcomer and riser (44:4;) was 2.63. Compressed air
was provided at the bottom of the draft tube and there was a
space of 5 cm between the bottom of the draft tube and the
column to allow liquid circulation. The aeration rate was con-
trolled by the calibrated rotameter where the superficial gas
velocity in the riser was controlled in a range of 2-5 cms™!.
Light was supplied through 12 fluorescent lamps (36 W each)
at the side along the length of the columns, which yielded
approximately 200 pmol photons m~2 s~! of light intensity.
The temperature was controlled at around 30°C (2 °C).
Two modes of operations were examined here, i.e., batch and
semi-continuous cultures. The batch culture was performed
to compare the performance of ALPBR and BC in terms of
growth rate and the maximum achievable cell density. The
semi-continuous system was only carried out in the ALPBR.
All bioreactor systems were cultivated with an initial cell
concentration of about 1 x 103 cellsmL ™!,

Air outlet Air outlet
~——— Liquid flow direction ~——
b= 0.0
NoEQ o0 A
00 °C M
NS 2
Downcomer
\‘ Riser
h
A
g AX o2/
Air pum Air pum
Air inlet pump Air inlet ] pump
(A) B g

Fig. 1. Schematic diagram for (A) airlift photobioreactor and (B) bubble column.
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2.3. Analytical measurements

Cell concentration () was measured using the common
blood cell count device, haemacytometer. The cell concen-
trations at two different time periods were employed for the
calculation of the growth rate as expressed by

_ In(Nz) — In(Ny)
- h—n

(M

where p is the specific growth rate (h™!), Ny the cell con-
centration at 7, (cellsh™!), N, the cell concentration at #
(cellsh™1), 7, the first sampling time (h), and #, the second
sampling time (h).

The photosynthetic activity of the diatom was measured
in terms of photosynthetic oxygen evolution rate (POER).
The culture was intermittently sparged with nitrogen gas to
reduce the dissolved oxygen level. Subsequently, the rate of
increase in dissolved oxygen concentration in the unaerated
culture was determined where POER could then be calculated
from

DOg x 60
POER = —— 2)
cv
where POER is the photosynthetic oxygen evolution rate
(mg 0> mg~! chlorophyllh~!), DOy the slope of the curve
of dissolved oxygen (DO) concentration versus time
(mg O, min~!), C the chlorophyll concentration (mg chloro-
phyllmL~") and ¥ the volume of algal culture (mL).

The chlorophyll concentration was measured according to

the standard method detailed in Ref. [9].

3. Results and discussion
3.1. Effect of light intensity
The effect of light intensity was investigated in a series

of experiments where the cultures of different cell densi-
ties were exposed to the light at different intensities over

a short 15 min time interval, and the results are displayed
in Fig. 2. The photosynthetic rate was represented by the
rate of oxygen released from the culture sample and there-
fore called photosynthetic oxygen evolution rate (POER).
The maximum POER (or equivalent to maximum photosyn-
thetic rate) often took place at the light intensity of around
400 pmol photons m =2 s~ !

The suitable cell concentration for the highest POER was
about 3 x 10° cellsmL~!. It seemed that an increase in cell
density resulted in a more active cell but with cell concen-
tration above 3 x 10° cellsmL ™!, the activity of cell dropped
which could be attributed to the self-shading effect. The ef-
fect of light intensity on growth may be explained by the
damage/repair mechanism of the photosystem II (PS II) D1
protein [4,10-13]. In brief, these statements indicated that
the over-saturation of light caused damages to the PS II
D1 protein that carried the binding sites for the electron
carrier. The extent of the damage was a function of light
intensity. However, a simultaneous repair-mechanism ex-
isted which produced new D1 molecules to replace dam-
aged ones. The rate of this repair mechanism was believed
to be independent of light. In other words, at low light in-
tensity, all damaged D1 protein molecules were replaced
almost immediately, and the net damage to the photosyn-
thetic was negligible. At high light intensity, on the other
hand, although repair occurred simultaneously with the dam-
age, it occurred at a lower rate, and this led to an appar-
ently lower photosynthetic rate and also the associated growth
rate.

3.2. Effect of nutrients and Vitamin B in F/2 medium

Generally, the standard F/2 medium was used for the cul-
tivation of the diatom but it was not especially designed
for the growth of C.calcitrans. This investigation therefore
attempted to identify nutritional factors that controlled the
growth of the culture of C.calcitrans by making modifica-
tion to this standard medium. This was achieved by alter-

22.0
o) O
20.0 1
- + +
== %
LE)- 18.0 O X
1) X A
EN 16.0 +
o
1)
-E: 14.0 o K
o ? %
3 X é o S g
& 120 7 % >
(o
o ’ $043 0129 A214 03.00 4343 X429 X5.14[x10°cells mL"] ‘
10.0 T T T T T
0 100 200 300 400 500 600 700

Light intensity [1 mol photon m3d!]

Fig. 2. Effect of light intensity on photosynthesis oxygen evolution rate (POER).
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ing the concentration of each of the nutrient while main-
taining the concentration of other components. Specifically,
the experiments were started with a cell concentration of
5 x 10° cellsmL~" in a modified F/2 medium where the com-
position of silica (as sodium metasilicate), phosphorus (as
phosphate), nitrogen (as nitrate), and Vitamin By, were var-
ied.

Fig. 3A illustrates that the addition of silica (as sodium
metasilicate) at 3.2mgL~! resulted in the highest growth
rate. This value was twice as much as that recommended in
the standard F/2 medium of 1.6 mg L~!. The absence of silica,
Si=0mgL~!, caused a declining cell concentration where
the maximum cell concentration fell below initial concen-
tration. It was accepted that diatom could not survive with
an inadequate supply of silica because silica was not only
needed in the cell wall formation, but it was also required for
deoxyribonucleic acid (DNA) synthesis.

The suitable phosphorus concentration for the diatom
growth was observed to be around 2.4mgL~! (Fig. 3B).
This concentration was also two times higher than that rec-
ommended in the standard F/2 medium. The most important
role of phosphorus was in energy transfers through energy
carrying agents, e.g., adenosine triphosphate (ATP), NADPH,
etc. Therefore excessive or insufficient supply of phosphorus

could have negative impact on cell growth. When external
phosphate concentrations were high, the ability of cells in
the assimilation of phosphorus compound was repressed and
the growth was inhibited. On the other hand, an inadequate
level of external phosphorus reduced the cell capacity in au-
thorizing ATP and other energy compounds which also led
to a limited cell growth.

As demonstrated in Fig. 3C, nitrogen concentration as
stated in the standard F/2 medium (14mgL~!) was most
suitable for the growth of C.calcitrans. Concentrations
above and below this optimal 14mgL~! led to a slightly
lower growth rate. This could be explained by consider-
ing the effect of nitrogen on cellular metabolism where
both nitrogen starvation and overdose led to a dramatic de-
crease in the efficiency of energy transfer from harvest-
ing complexes to photo system II (PS II) reaction center
[12].

Fig. 3D indicates that Vitamin B, was essential for growth
but only a tiny amount would suffice the growth of the cell.
In this case, even the smallest amount used in the medium
(1 pgL~") was adequate for the growth. Note that the optimal
amount of Vitamin B, still could not be determined from this
experiment and it could be that a lower dose than 1 pgL™!
could be adequate for an efficient growth of the diatom.
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3.3. Cultivation in bioreactors

Fig. 4 demonstrates the growth curves of C.calcitrans in
the two bioreactors. Note that for these large-scale units,
the light intensity at 400 wmolphotonm™2s~! could not
be supplied due to experimental limitation and the maxi-
mum achievable light intensity for these systems was only
200 wmol photon m~2 s~!. The performance of the ALPBR
was superior to that of the BC both in terms of maxi-
mum cell density and growth rate, i.e., maximum growth
rate and maximum cell concentration were 7.41 x 10~ h~!
and 8.88 x 10° cellsmL~! for the ALPBR, respectively, and
6.3x 1072h™! and 7.68 x 10® cellsmL~" for the BC. The
difference in the performance of the two bioreactors must
be derived from the difference in their behavior. In the BC,
the aeration only superimposed random movement with no

net movement of the liquid [7]. Since cells were not prop-
erly recirculated in the BC, some cells were exposed to high
light density at the region adjacent to the wall of the column
where the light source was located. Those cells in the middle
of the column were only exposed to low light density and re-
sulting in an ineffective photosynthesis and low growth rate
when compared to those obtained from the ALPBR. The con-
figuration of the ALPBR with riser and downcomer caused
uneven densities of fluid in the two sections and induced
a certain pattern of liquid movement, i.e., liquid moved up
in the riser and down in the downcomer. The well-defined
flow pattern in the ALPBR meant that the diatom in the
riser would, after a certain time period, flow to the down-
comer where the light was applied. Hence, most diatoms
were exposed to more even light intensity. In addition, the
liquid movement in the ALPBR prevented an accumulation
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Fig. 5. Effect of superficial gas velocity on the growth of C.calcitrans.
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of cells at the bottom of the column. At high cell density,
it was likely that cell precipitation caused an uneven cell
density along the length of the column. This accumulation
of cells might cause starvation, death, and easy contamina-
tion of the whole culture, which reduced the overall growth
rate of the algal culture. This problem was not found in the
ALPBR as the liquid movement facilitated cell circulation
even at high cell density. Hence, there would be less cell ac-
cumulation at the bottom of the column when compared to
the BC.

It could then be concluded at this point that algal cells in the
ALPBR could utilize light source more effectively than cells
inthe BCresulting in a higher growth rate. This finding agreed
well with that of Merchuk et al. [7] who indicated that the
growth of the red microalga Porphyridium sp. in the ALPBR
was much better than that obtained from the cultivation in
the BC.

It is interesting to note that the operation in the larger
scale system such as 17L ALPBR could provide a rela-
tively high growth rate (7.41 x 1072 h~!) and maximum cell
density (8.88 x 10° cellsmL~") in comparison with the cul-
tivation in a small 2.5L glass bubble column (maximum
growth rate of 3.8 x 1072 h~! and maximum cell density of
5.8 x 10° cellsmL™"), when operated at the same range of
light intensity (400—600 wmol photons m~2 day~!) and su-
perficial gas velocity (34 cms™!). This demonstrated that
the design of the cultivation system could provide a suitable
operating condition for the cells and a better performance of
the system was obtained.

3.4. Effect of aeration rate

The effect of aeration rates on algal mass production in the
ALPBR is presented in Fig. 5. Increasing aeration rate (mea-
sured in terms of superficial velocity or Use) in the range of
2-5 cms~! was found to have influence on the growth rate of
the algae. The maximum cell growth rate (7.41 x 1072h™")

50

60 70 80 90 100

Time [h]

1

occurred at the aeration rate of 3cms~! above which the
growth rate dropped.

At a lower range of the aeration (Usg =2-3 cm s71), an
increase in aeration rate greatly induced mixing, liquid cir-
culation rate and also the mass transfer between gas and lig-
uid phases in the system [14,15]. The better mixing could
potentially lead to a more efficient utilization of nutrients by
the diatom. A higher mass transfer might also facilitate the
removal of metabolic gases such as oxygen, preventing the
accumulation of these gases, which might adversely affect
the growth rate [16].

At a high aeration rate (Usg =4-5 cm s~ 1), the growth rate
of C.calcitrans declined. High aeration rates led to a system
with more gas bubbles along the length of the downcomer.
This was because the liquid velocity was sufficiently high
that relatively large gas bubbles were dragged down into the
downcomer. These gas bubbles in the downcomer were some-
what undesirable as it could prevent the passage of light to
the center of the bioreactor as the light penetration ability
was obstructed and dissipated by the swarm of gas bubbles.
Our preliminary experiment indicated that as much as 40% of
light intensity could be suppressed in the riser (or in the draft
tube) with the presence of gas bubbles in the downcomer. As
a result, the diatom was subject to a lower light intensity and
a lower growth rate was observed.

3.5. Semi-continuous production

From the growth curve of the batch culture of C.calcitrans
illustrated in Fig. 5, the maximum cell concentration at
superficial velocity of 3cms™! (the most suitable con-
dition for the growth) was found to be approximately
(7-8) x 106 cellsmL ™" after 48 h of operation. A lag phase
was observed during the initial period of the culture (the first
9 h) followed by an exponential growth during the next 35 h.
This was then followed by a stationary phase where the cell
concentration reached a maximum of 8.88 x 10° cellsmL~".
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Hence, for a semi-continuous operation, the initial inocula-
tion with the initial cell concentration of 1 x 105 cells mL ™!
was left growing for 33 h to ensure that cells were in the most
active period. After that the culture was harvested at about
50-70% of the culture. This was to control the cell concentra-
tion for the next run at approximately 1.2 x 10° cellsmL~!.

The results in Fig. 6 illustrated that C.calcitrans was able
to maintain the exponential growth rate with the selected
harvesting condition. The specific growth rate was approxi-
mately 9.65 x 1072 h~! which indicating that cells could ad-
justwell to the growth conditions in the ALPBR. The cell con-
centration at the harvest period was 4.08 x 10° cellsmL~!.

It is interesting to note that the culture systems employed
in this work here could achieve a very high productivity. Both
cell concentration and growth rate were was relatively high
in comparison with the reported results, which only could
achieve cell concentration at 2.56 x 10 cellsmL ™" in 4 days
of the cultivation diatom C.calcitrans [17]. This was equiv-
alent to 6.4 x 108 cells L~! day~! whereas the cultivation in
the ALPBR in this investigation could provide a high pro-
ductivity of 9.45 x 10° cellsL~! day .

4. Conclusion

This work shows that, with a slightly modified stan-
dard F/2 medium, the growth of C.calcitrans could be en-
hanced by as much as 16%. Parameters that were signifi-
cant for the growth of this diatom were the composition of
the medium particularly silica, nitrogen and phosphorus con-
tents. There existed an optimal light intensity for the cul-
tivation of this diatom and light intensity below or above
400 pmol photons m~2 s~! were not found to have positive
influence on the diatom growth. Most importantly, this work
emphasized the importance of bioreactor design on the mass
production of the diatom C.calcitrans. The operation of cul-
tivation column in airlift mode was proven to be successful
and a high growth rate could be achieved even with a lower
light intensity than the optimal. Due to a well-defined flow
pattern, which allowed a more effective light utilization of
the diatom, the cultivation of C.calcitrans in the ALPBR was
found to be superior to that in the BC. The optimal aeration
rate of 3cms™! was found to yield the specific growth rate
of 7.41 x 1072h~! with a maximum cell concentration of
8.88 x 10% cellsmL~! in batch culture system. A long-term
semi-continuous operation could be achieved successfully
with a maximum specific growth rate (1) 0f9.65 x 1072 h~!.
The harvest of cell should be performed at every 12 h of op-
eration with the cell concentration at the harvest period of
approximately 4.08 x 106 cellsmL ™.
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Appendix A

Standard F/2 (Guillard’s) medium compositions [8]

Nutrient Amount (g)

Solution A: Nitrate and phosphate stock solution (1 L)

NaNOs3 84.15
Na;HPO4-H,0 6.0
FeCl3-6H,O 2.90
Na;EDTA-2H,0 10.0
Solution B: Silicate stock solution (1 L)
Na,Si03-9H,0 33.0
Solution C: Trace metal stock solution (1 L)
CuSO4-5H,0 1.96
ZnS04-7H,0 4.40
Ma;MoO4-2H,0 1.26
MnCl,-4H,0 36.0
CoCl,-6H,O 2.0
Solution D: Vitamins stock solution (1 L)
Vitamin By 0.4
Vitamin By, 0.002 mg
Biotin 0.10mg

To prepare the culture medium for C.calcitrans, simply add 2 mL of solutions
A and B and 1 mL of solutions C and D in 1 L of fresh seawater.
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Abstract—The draft tube configuration significantly aflected the performance of an airlift contactor, The mulliple
draft tube configuration was demonstrated to give a better gas-liquid mass transfer when compared with a conventional
one-draft-tube system. The airlifi with a larger number of draft tubes allowed a higher level of bubble entrainment.
which rendered a high downcomer gas holdup. This resulted in a higher overall gas holdup in the contactor. Liquid
welocily was also enhanced by increasing the number of drafi tubes. The ratio between downcomer and riser ¢ross sec-
tional areas, A /A,, had a great effect on the system performance, where a larger A/A, led 10 a lower downcomer liguid
velocity and smaller quantity of gas bubbles being dragged into the downcomer. This resulted in low gas holdup, and
consequently, low gas-liquid interfacial mass ransfer area. which led 10 a reduction in the overall volumetric mass rans-
fer coefficient. The presence of salinity in the system drastically reduced the bubble size and subsequently led to an
enhancement of gas entrainment within the system. As a result, higher gas hn]dupﬂ and gas-liquid interfacial area were
observed, and hence. a higher rate of gas-liquid mass transfer was obtained,

Keywords: Bubble, Reactor, Salinity, Gas Haldup, Liquid Velocity

INTRODUCTION

Theaairift contactor is a preumatic device with potential to be
ks developed for many applications especially in the biotech-
hgca industry [Camacho et al,, 2001; Miron et al.. 2003; Jian-
i ‘Etal 2005; Krichnavanuk et al., 2005; Silapakul et al., 2005].
"'-. dies which examined large-scale airlift contactors were most-
utn mnmd in a conventional airlift configuration with small diam-
cﬂlmrm diameter not larger than 45 cm) [Koide et al., 1984;
ketal, 1994; Russell et al., 1994; Shamlou et al., 1995;
lr ﬂaL, 1996]. The dmelopment of actual airfift applications
s fundamentals on the performance of large scale systems
Sy behavior could be much different from laboratory scale éx-
gmwnis. For nstance, Heitjnen et al. [1997] demonsirated that
‘f"_‘-f- rliquid velocity was obtained in 8- large seale airlift (4.5 m di-
dir, 284 m® volume) operated within the same conditions with
i lsystem (02 m diameter, 0.4 m® volume), This was attrib-
;='i"-1 1 the Jower wall friction generated i the larger scale airlift
wixlors than the smaller systems, This fimding agreed well with
ed by BlaZe] etal. |2004] who also stated that gas holdup
willr an increase in reactor scale under the same operat-
ftondition.

0 experience [Wongsuchoto and Pavasant, 2004] revealed that
s diiﬁculi to obtain good distribution of bubbles in an aidift
e riser due Lo the existence of intemnal liquud cireulation in
119&]1' Therefore, a multiple draft tbe airlift system was
proposed as a potential configuration that could facilitate
fdsion and operation of such large-scale airlifi reactors. In the
"f ke draft tube configurations. each draft tube was connected
S idividial gas sparger that helped distribute gas bubbles within
#anactor, and henee, the gas-liquid mass transfer was improved.
Dt the ease of construction, Jianping et al. [2005] recently re-

om correspondence should be addressed.

ik prasert p@ichula.ac.th
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ported success in applying a multiple draft tube, large scale airlift
bioreactor for nitrification reaction.

Experiments in this work were performed in 4 170 L airlilt ¢on-
tactor with 0.69 m in column diameter. Three configurations of draf
tubes—singlé (Conventional type), three, and four draft tubes—were
compared in ferms of hydrodynamic and mass transfer properties.
Three ratios between downcomer and riser cross sectional areas
(1.27, 2.03 and 2.82) were examined with the superficial gas ve-
locity varied in the range from 0.4 to 2 em/s, The effect of salinity
on the performance of the system was also determined.

EXPERIMENTAL

1. Apparatus Setup

Experiments were carmied out in a large-scale internal-loop airlift
with a working volume of 0.17 m’. The setup of the airlift system
is-shown in Fig. 1 {one drafl tube configuration). The airlift column
{or tank) and draft tubes were made of iransparent acrylic plastic in

[ ] —DO METER
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X3 PROBE

;‘r‘!l ASURMG PORTS

DRAFT TUBE — + MANOMETER
s ﬂ-g—' L= ¥ &
CDLDRﬁ ' et N
TRACER '.
CiAL SPARGER {__ ROTAMETER
[ AR COMPRESSER ) VALyh T :;;ﬁfﬁf%ﬂ
UL

Fig. L. Experimental setup.
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Table 1. Specifications of airlift contactors

Refino. Ny Dpp(m)  AJA, (- Deseription
ALC-1 [ 0.40 2,03 Single-draft tube
ALC-2 3 0.23 2.03 Three draft tubes
ALC-3 4 0.23 1.27 Four draft tubes
ALC-4 4 0,20 2.03 Four draft tubes
ALC-5 4 0.18 2.82. Four draft tubes

order to [acilitate the observation. The main column was ¢ylindrical
with a diameter of 69 cm and a height of 56.5 ¢m, and was equip-
ped with measuring: ports for the measurement of pressure drop,
which was used to determine the downcomer gas holdup, g, Drafl
tubes with a height of 40 ¢m were installed in the column where a
clearance between the column base and the bottom of the drait tube
was fixed at 5¢m. Several configurations of draft wibes, 1€, the
number of drafi lube and their sizes, as indicated in Table 1, were
investigated. Expeniments were operated in # semi-batch operation
where a continuous air flow was supplied through porous Spargers
installed in the middle of each draft tube into the liquid-filled col-
umn. The unaerated liquid height was controlled at 7 em above the
lop of draft wbes. For all experiments, the gas flow rate was regu-
lated by calibrated rotameters and measured in terms of superficial
velocity, u,. (in the range of 0.4-2 em/s). The experiments were op-
erated with either tap waler or seawater, as liquid phase, A salinity
level of the:seawater in the range from 13 (0 45 ppt was investizated,
2. Measuring Methods
2-1. Gas Holdups

The overall gas holdup. 5., was detenmined by the velume ex-
pansion method, while the downcomer gas holdup, g, was esti-
mated by measuring the pressure difference between the two meas-
uring ports of the column via a U-ube manometer. The riser gas
holdup. £,. was computed from the overall and downcomer gas
holdups. Details of the measurciment as provided n Choi et al. [1996]

Top view
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should be.consulted.
2-2, Liquid Velocity

Liquid velocity was measured by using the tracer injection mely
od [Gopal and Sharma, 1982]. The pressure taps were employed
as injection points of'the color tracer and the traveling time of olor
tracer between the two points in the contactor was measured fi
the calculation of liquid velocity.
2-3. Gas-liquid Mass Transler

The overall volumetrie mass transter coefficient (k;a) was deler
mirted by the dynamic method [Wongsuchoto and Pavasant, 2004
A dissolved oxygen meter (Jenway 9300) was used 1o record the
changés in coneentration of O, in 4 batch of liquid that had provi
ously been freed of O, by bubbling through with N..

RESULTS AND DISCUSSION

1. Influence of Configuration on Airlift Contactor Performance

Three configurations of airlift contactors were investigated: ALC-
1 {1 drafl whe), ALC-2 (3 draft tubes), and ALC-4 (4 draft tubes):
A schematic diagram of the aulift-systems with various designsiof
drafl tubes is shown in Fig. 2. In this section, all airlifts had the same:
downcomer to riser ¢ross sectional arca ratio (A/A,) of 2
salinity of 30 ppt. Note that it was difficult to have the two da
tubes configuration as the resulting dovwncomer area woulkd be highty
uneven.
I-1. Effect of Airlift Configuration on Gas 1-Inidup5

From the experimental results depicted in Fig. 3(a), ALC- o=
cupied the lowest overall gas holdup. Higher gas holdup was ob
served as the number of draft tubes increased (ALC-2 dndALQJi)
Similar findings were noticed for dewneomer and niser aashold
ups as displayed in-Figs. 3(b) and (¢), respéctively. Visual obsena
tion suggested that bubble size was slightly larger in ALC-L
those in ALC-2 and ALC-4, respectively. These slightly large bub-
bles might be the tesult of the bubble coaleseence due to the slf-
contact between individual bubbles. Our previous report [Wongsi:

— e ——— R —— — —— ——

(1)

(i1} (i1t}

FFig. 2. Airlift configurations: (1) one draft tube, (ii) three draft tubes, (iii) four draft tubes.
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Tig. 3, Effect of airlift configurations on gas holdups (A,/A,=2.03,
- SWaly.

oty and Pavasant, 2004] showed that, in a system with a large
i, he local intemial liquid circulation (within the riser uself) would
iy significant role in eontrolling the hydrodynamics in the reac-
it This local intemal circulation might promote bubble collision
ricoalescence leading to large bubbles which could escape from the
jpud surface more easily than small ones, and therefore a smaller
st gas holdup became apparent. In ALC-4, the lour draft be
nfiguration provided more connecting area between downcomer
i riser, which allowed easier recirculation of bubbles between
lise two sections, and therefore a much larger [raction of small
libbles was entrained into the downcomer than those in ALC-1
SALC-2. To clarify this point, the following equation was intro-

2iraft tube and the riser cross sectional area, ¢:

‘#,;_73 e HR'?

Bic=0:1013 |
diea=0.1939
=0:2000 |

(1)

g R is the radius of the dralt tube, and ¢ represents the opportu-

\od for the calculation of the ratio between the circumference of
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Fig. 4. Effect of airlift configurations on liquid velocities (AJ/A =
2.03, SW30) (filled symbols for downcomer and empty sym-
bols for riser).

mty for the small bubbles to be dragged down into the downcomer
by the hiqued Oow. In ALC-1. ¢ was small. indicating that there was
only a small chance that bubbles moved down in the downcomer,
and therefore a large fraction of small bubbles lefi the system at the

* liquid surface instead. In ALC—4 on the other hand, ¢ was the largest,

hence providing more chance of small bubbles to be dragged down
into the downcomer and causing a higher level of downcomer gas
hoidup. In addition, it is generally known that gas bubbles can be
entramned into the downcomer when liguid velocity in downcomer is
greater than the terminal bubble rise velocity. In this case, the liquid
velocity in ALC-4 was the greatest (Fig. 4). followed by those in
ALC-2 and ALC-! at the same level of u_, respectively, and hence,
this supperts the findings on gas holdups as described above,
1-2. Effect of Airlift Configuration on Liquid Velocity

Although larger bubbles generated in ALC-I tended to move fas-
ter than small bubbles m ALC-2 and ALC-4, the large nser area
caused significant internal recireulation wathin the riser iiself [Wong-
suchoto and Pavasant, 2004]. This behavior was similar to that of
the bubble column which led to a low niser liquid velocity (Fig. 4).
On the other hand, the highest niser liquid velocity can be achieved
from ALC-4, the airlift with the smallest draft wibe diameter (at the
same A/A, with ALC-1 and ALC-2). In ALC-4, each draft tube
was only one-fourth of that in ALC-1. This small riser diameter
facilitated better liquid movement belween riser and downcomer
zones, and less mternal recirculation within the riser was observed.
I-3. Effect of Airlift Configuration on Overall Volumetric Mass Trans-
fer Coefhicient

Fig. 5 illustrates that the configuration or the number of drafl lubes
in the airlifi system (with constant A /A) significantly influenced
the level of k,a. The airlifi with one draft tube (ALC-1) was clearly
shown 1o have an inferior level of k,a than the other two configura-
tions, where the four drafi tbes (ALC-4) was proven 10 exhibit the
highest k;a. It was previously shown that ALC-1 oceupied the small-
est quantity of air and also with the lowest liquid velocity. Low liquid
velocity suggested (hat there was a rather low level of gas bubbles
in the downcomer (as scen in Fig. 3). In addition, a large, single deafl
tube did not provide adequate space for the return of the gas bub-
bles as-some of the gas bubbles, particularly if they were in the mid-
dle of the drafi tube, would not be dragged down to the down-

Korean .). Chem. Eng.(Vol. 23, No. 6)
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comer but would leave the system at the liquid surtace. In fact, the
gas-hquid mass ransler depends more signilicantly on the riser gas
fraction as 1t was still fresh with high oxygen content which enhanced
the driving force for the transler between gas and liquid. However,
since the system employed in this work was rather short with-a height
of only 47 em, gas bubblées in the downcomer were therefore still
enriched in oxygen and could play a significant role in interfacial
mass transfer. Hence, the loss of gas bubbles indicated the loss of
total mterfacial area between gas and liquid required for mass trans-
ler, and therefore a lower k,a could be well observed. Next, it seemed
that bubble size in ALC-1 was found to be larger than these in other
configurations. This might be due to a greater coalescence of bub-
bles. These two reasons led to a reduction of speeific mass transfer
area (a) in the system and, consequently a decrease of k;a In-shoit,
it can be concluded that, in case Of a multiple draft tube configura-
tion, an increase in the number of draft tubes enhanced the contact-
ing surface between riser and downcomer, and thus, a large quantity
of gas was able 1o recirculate within the-system, leading to high in-
lerfacial area for mass transfer,

2. Influence of Downcomer to Riser Cross-sectional Area Ratio
on Airlift Performance

Only the system with four draft wbes was selected for (he investi-

gation in this section as they were demonstrated to have the best
performance with respect 1o the gas-liquid mass tansfer. The details
for the various configurations of the airlift contactor employed 1n
this sectton are illustrated m Table 1: ALC-3, ALC-4. ALC-5.

2-.1 Effect of A /A_on Gas Holdups

Fig. 6 demonstrates the influence of A,/A, on gas holdup where

the operation with the largest downcomer (corresponding to A /A,
of 2.82 or ALC-3) was found to provide the lowest gas holdup in
all regions of the-airlift. As A /A, became smaller, gas holdup in-
creasedd. This was because bubbles seemed to be stream-lined and
meved-at a faster speed to the hiquid surface in the system with large
A /A, (small riser). and therefore tended o leave the system instead
of moving down the downcomer. This resulted in low gas hoklup.
In addition, Fig. 7 demonstrates (hat the liquid also moved faster in
ALC with large A /A,. and facilitated the disengagement of the bub-
bles as cach bubble would have high velocity in riser. On the other
hand, due te a large downcomer area, downcomer liquid velocity
was rather low and was not enough to bring the bubbles down-
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Fig. 6. Effect of A /A, on gas holdups (SW30),

wards. As a result, a large fraction of gas bubbles. wete separated
from the system at the (op part. Hence, low level of gas holdip, both
overzall and in the downcomer, became obvious, On the other hand,
in the system with smaller downcomer, such as ALC-3 and ALC:
4, a faster downcomer liquid movement was oblained. This high
liquid veloeity induced more entrainment of gas bubbles into e
downcomer, which enhanced the gas holdup in the downeomet and
n the overall system.
2-2. Effect of A /A, on Liquid Veloeity

Fig. 7 demonstrates that, although the riser liquid velocity increased
with an enlarged A /A, the downcomer liquid velocities exhibited
a reverse trend. The greatest value of downcomer liquid veloclly
was observed in the system with the smallest A /A (ALC3);and
the greatest riser velocity was in ALC-5. As the riser was rather
small in ALC-5, gas bubbles seemed to be streamlined 4 the en:
ter of the draft fube and moved upwards at a very high speed. This,
induced high liquid velocity through energy and momentun trans-
fer. As the liquid reached the top of the draft tube, it re-entered e
system at the downcomer which was large in size. A mass balaney
showed that, with an enlarged entrance, the downcomer iquid vé
locity was quite low. In ALC-3, on the other hand, the reversephe-



