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fig. 7. Effect of A /A, on liquid velocities (SW30, u, =2 em/s).
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iy, 8. Effect of A /A, on overall volumetric mass transfer coeffi-
cent (SW30, u, =2 cm/s).

nmenon occurred. As the gas [lowed more uniformly in the riser
isuch system, liquid moved at a lower speed. The re-circulating
Iqmillhm entered the downcomer, which in this case, had a smaller
irasize. Therefore, high downcomer liquid velocity was observed.
M Effect of” A /A, on Overall Volumetric Mass Transfer Coelli-

ﬂnmu‘ease in A /A, adversely aflected the gas-liquid mass trans-
friate as indicated i Fig. 8. This was not surprising as the airlif
!‘ﬂ! large A,.’A, was found to contain Inw gas ImldLrp, which resulted

-3 allowed miore bubbles to move into the downcomer, increas-
2 lhe mas-hiquid mass transfer area, and therefore a higher level of
wwas acquired. Although an airlift with a lower A /A, tended to
me g greater k,a than the system with a large A /A, it should be
pied that (he behavior of such system would approach thal of the
abble column, i.e., a low riser liguid velocity and the existence of
il rmlmulahnn ms:de the dmﬂ tube ¢ould be well observed. A

fith could be detrimental for some applications tlwnlwng three
s such as cell cultivation systems. In such case. a large A /A,
il system could then be useful as the appearance of a stronger

e

ld velocity could partially support the gas-liquid-solid mixing.

3. Influence of Salinity on Airlift Contactor Performance

The airlift system using a mixture of tap water and seawater at
salinity of 15, 30, 45 ppt was compared. All experiments were per-
formed in the airlifi contactor with four 20 em i.d. intemal draft tubes
where AJA, was fixed at 2.03 (ALC-4). In the following discus-
sion, “SW™ is defined as seawater and the number tollowing “SW™
indicates the level of salinity i the unit of ppl, ¢.g, SW15=seawater
at salimity of 15 ppt.

3-1. Effect of Salinity on Gas Holdups

Gas holdup in the airlift contactor was demonstrated to be influ-
enced significantly by salinity levels. Fig. 9 illustrates that the system
rurming with (resh tap water always had the lowest gas holdups.
As the salinity increased, higher gas holdup was observed. How-
ever, the effect of salinity was only pronounced at high gas through-
pul condition (u_> 1 cm/s).

It is known that salinity changed physical properties ol the liquid
by raising its surface tension, viscosity and density, and this strongly
affected bubble size in the system [Prince and Blanch. 1990; Al-
Masry, 1999]. High surface tension at high salinity level mdicated
stronger bubble surface force, which inhibited bubble coalescence.
Hence. in the system with fresh tap water (low surface tension),
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Fig. 9. Effect of salinity on gas holdups (ALC-).
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coalescence seemed 1o take place more ntensively as a result of
bul:rblabuhbie interaction. This resulied ina larger bubble size, Large
bubbles moved upwards rapidly due to high buoyancy foree and
caused a poor recirculation of bubbles within the syster. This loss
of bubbles reduced the total gas velume in the lguid resulting in
low gas holdup.

The overall gas holdup in the-airliit contactors operating at the
varicus levels of salinity was found 10 increase with salinity level.
Experiments revealed that the system with SW45 accommodated
slightly higher gas holdup than the systems with SW30 and SW135,
respectively, particularly at high gas throughput. This might be due
lo the.gxistence of tiny bubble size in SW45, which facilitated the
inducement of gas bubbles into the downcomer causing more bub-
blés ta be re¢irculated within the-system. Note that it was difficult
fo distinguish the sizes of bubbies obiained from the systems num-
ning with seawater at various <alinity levels. Visual inspection alone
could not identify the actual size with adequate accuracy. The sys-
tem was also performed al a relatively high gas throughput, which
was not suitable for measurement with a digital camera due to the
bubble shading effects. The size of the bubbles inside the system
was (herefore estimated. from observation,

32, Effect of Satimity on Liquid Veldeity

Fig. 10 illustrates the effect of salinity on liquid velocities. Tt was
observed that both riserand downcomer liguid velocities in the sys-
tem with tap water were slightly higher than that obtained in the
airlift with seawater. This was because the system with tap water
was operated with larger bubbles which moved at a faster speed
than smaller ones-due to their high bueyancy force, and therefore
‘mduced through a momentum and energy ransfer, a taster liquid
maovement. However, in this experiment, the difference in salinity
levels (15, 30, and 45 ppt) was not found to have significant infh-
enceon liquid velocities.

33, Effect of Salinity on Ovérdll Volumetric Mass Transfer Cosfli-
cient

The overall volumetric mass transfer coellicient, k;a, was clearly
shown to be superior.in the system operated with high salinity sea-
water rather than at low salinity (Fig: 11). Previous discission dein-
onsirated that liquid velocity was not sigmficantly affected by the
salimty. Therefore, it was expected (hat k.a would only be infiu-
enced by the ehanges-in bubble charmacteristics which were altered
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as a result of changes in salinity. At highsalinity, bubble size became

smill and this increased the interfacial area between gasand liquid.

This meant that ihe spetific surfiace area, “a,” increased wilh salin-

ity. In fact, 'k, was regulated by the difference between liquid and

bubble velocities, und therefore the bubble size would also:fiave:
effects on this parameter. In other words, larger bubbles would move

at faster speed, and as the liquid velocity did not change w;LL;_,s_;thmi};.
the system with larger bubbles would have had a larger difference

in bubble and liquid velocities, resulting in a high “k, " This meant
that the airlift system would have higher o™ but lower “k,” at high

saliity level than at low salinity. As the apparent ka was o con-

secuence of these two effects, higher kya as a result of mereasmg.
salinity, suggested that the eflect of salinity on *a™ ceuld be:niore

signilicant than that on “k,”

CONCLUSION

A new configuration of an intemal leop airhift contactor with nivk
uple draft tbes was proposed in this work. The hydrodynamics
and mass transter in a large-scale operation’of the propeséd config-
uration were.observed at different 0., A,/A and salinity levelsand
compared with a conventional single drall tube sysiem; Increasing
th number of drﬂﬂ ll.!lTES enhanced the EUI‘I]'IELIIIW arcy, bcme;n
the dIE]lﬂ systam This aiao resulted in 2 hlghm.r gzn.-hquui mleﬁﬁ’k.
cial arca essential formass transfer. Hence, the multiple dralt tube

Table 2. Empitical corvelations for overall volumetric mass trns-

fer coefficient
o ko (l/s) Salinity (ppt) R
ALC- k,a=0102510" 30 00815
ALG:2 k0=0.0363u" 30 0:9669,
ALC-3 kya=0.05361"" 30 (19804
ALC-4 kia=0 awwuj;f’ 30 0.9872
ALCSS kpa=0.0277u." 30 0.9793
ALC- k,a=0.0175u%" 0 9717
ALC+ ka=0. ﬁﬂSu“ A I3 09861
ALC4  ka=0.0600u" o 45 09784
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ailift contactor was proven (o be a potential system for the large-
scale operation, especially m the case where a very large cross-sec-
lional area is required. In this invesligation, the overall volumetric
mass transter coefficients could be estimated relatively accurately
by using the empirical correlations as proposed in Table 2.
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NOMENCLATURE

A, :downcomer cross-sectional area [m|

y  :specific gas-liquid interfacial area [m~/m’]

A, :riser cross-sectional area [m7]

nm sdrafl tube diameter [ﬂl]

K, : mass transfer coefTicient [m/s]

ka :overall volumetrie mass transfer coefTicient [ 1/s]
Nyt number of drafi tube

i, :superficial gas velocity [em/s]

v, :liquid velocity [em/s]

Abbreviation
ALC : airlift contactor
pt 1 part per thousand

8W o seawater
TW & tap water
Greek Letters

%, :downcomer gas holdup |-]
& overall gas holdup [-]
g, 1nser gas holdup [-]

Subseripts
4 :downcomer
ririser
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Abstract

This work aimed to investigate the effects of the bioreactor configurations and their design variables on the cultivation of vegetative
cells Haematococcus pluvialis to achieve sustainable high cell density. The addition of vitamin B to F1 growth medium could appreciably
enhance the final cell density. Employing this medium, the cultivation in the airlift bioreactor was demonstrated to outperform the bub-
ble column at the same operating conditions. Aeration was crucial for a proper growth of the alga in the airlift bioreactor, but it must be
maintained at low level to minimize shear stress. The most appropriate aeration velocity (superficial velocity) was at the lower limit of the
pump, i.e. 0.4 cm s~ ! and a smaller riser was shown to have positive influence on the cell growth. A 1% CO, supplement to the air supply
considerably enhanced the growth rate of H. pluvialis and the most suitable light intensity for the growth was at 20 umol photon m 2 s~".
The semi-continuous culture was successfully implemented with the optimal airlift bioreactor design and under optimal conditions the

harvest could be performed every four days with the specific growth rate of 0.31 d~'.

© 2006 Elsevier Ltd. All rights reserved.

Keywords: Airlift bioreactors; Astaxanthin; Autotrophic; Bioprocess design; Bubble columns; Microalgae

1. Introduction

Astaxanthin or 3,3’-dihydroxy-B-B-carotene-4,4’-dione,
a red ketocarotenoid, has currently gained much interest
due to its versatile applications in aquacultural, food, phar-
maceutical, and nutraceutical industries (Lorenz and
Cysewski, 2000). The compound is widely employed as a
pigmentation inducer, and due to its good biological func-
tion such as antioxidant activity, it has been used for
immune response enhancement and cancer protection
(Kobayashi et al., 1991). Astaxanthin can be extracted
from natural sources or chemically synthesized. However,
synthesized astaxanthin was reported to contain unnatu-
rally configurational carotenoid compounds, which might

* Corresponding author. Tel.: +662 218 6870; fax: +662 218 6877.
E-mail address: prasert.p@chula.ac.th (P. Pavasant).

0960-8524/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.biortech.2006.01.011

not be as effective as that produced naturally (Gong and
Chen, 1997; Johnson and An, 1991). As a result, tremen-
dous interest has been placed on production of natural
astaxanthin, which is generally found in microorganisms
such as some yeast and microalgae.

Of all the astaxanthin accumulated microorganisms, the
green alga, Haematococcus pluvialis has been reported to
accumulate the highest amount of astaxanthin (Gong and
Chen, 1997; Harker et al., 1996; Kobayashi et al., 1991).
However, due to its slow growth, susceptibility to contam-
ination, and preference for low growth temperature (Har-
ker et al., 1996), outdoor cultivation of H. pluvialis has
generally become unsuccessful. This leads to the need for
the cultivation in closed systems, which offers a number
of advantages including better control of culture environ-
ment, protection from ambient contamination and achieve-
ment of high cell density.
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Numerous studies have been conducted to investigate
the cultivation of H. pluvialis in culture flasks under con-
trolled environment (Tripathi et al., 2002; Grunewald
et al., 1997; Sarada et al., 2002; Kobayashi et al., 1991,
1992). Hata et al. (2001) reported the highest maximum cell
density of 100 x 10* cells mL~" in a 500 mL flask. In prac-
tice, for large-scale production, H. pluvialis culture must be
carried out in a bioreactor. Various types of bioreactors
such as stirred tank, bubble column, and airlift bioreactor
have been employed in several studies (Harker et al., 1996;
Chen et al., 1997; Zhang et al., 1999). Among these, the
highest cell density was achieved in a stirred tank reactor
but it was only 29.4x10*cellsmL™' (Harker et al.,
1996). For slow growth, shear sensitive cells (such as H.
pluvialis), pneumatically agitated bioreactors are recom-
mended over mechanically stirred reactors due to their
design simplicity and low shear force. Examples of such
pneumatic devices include bubble column and airlift biore-
actor, which have lately been applied to a variety of bio-
technological processes. These types of bioreactor have
been employed for cultivation of H. pluvialis. For example,
Choi et al. (2003) examined lumostatic operation of bubble
columns for H. pluvialis culture, and Harker et al. (1996)
studied the effect of NaCl addition on astaxanthin produc-
tion in airlift bioreactors. However, their studies did not
emphasize on the aspect of achieving high cell density
and only 25 x 10* cells mL ™! was obtained. To the authors’

knowledge, a study which focuses on the effects of the bio-
reactor configurations and their design variables on the cul-
ture growth of H. pluvialis is nonexistent. This work
specifically aimed to investigate the cultivation of vegeta-
tive cells of H. pluvialis in airlift bioreactors to achieve sus-
tainable high cell density and to determine the effect of
various system variables on cell density and specific growth
rate. As H. pluvialis is prone to easy contamination partic-
ularly in the presence of added organic carbon source, in
this study, the cells were therefore grown photoautotrophi-
cally. Initial experiments were conducted to determine the
most suitable growth medium and vitamin B concentra-
tion. The selected medium was then employed in the culti-
vation of the cells in the lab-scale bubble and airlift
bioreactors to compare the performance of the two types
of bioreactor. Cell cultivation in airlift bioreactor was then
investigated to determine the optimal growth conditions.
Finally, to examine the potential of implementing large-
scale production, semicontinuous cultivation of H. pluvialis
was conducted.

2. Methods
2.1. Microorganisms and inoculum preparation

H. pluvialis (NIES 144) was obtained from the National
Institute of Environmental Studies culture collection,

Table 1
Composition of culture media examined in this work (all for one litre of medium)

Ml Basal F1 BG-11 Hong Kong M6

(8] (1] (1] [12] [10] 9]
CaCl, - 2H,0 183.8 mg 25 mg 9.78 mg 36 mg 73 mg 3.676¢g
KNO; 05¢g 10 mg 041¢g 03g
NaNO; 15¢g
Na,HPO, 0.03g 30 mg l5g
NaH,PO, 195 mg 35.5mg 1.778 g
H;PO,4 0.12 mg 12.37 mg
K>,HPO, 75 mg 40 mg
NaCl 2513 g
KOH 30.85 mg
H,S04 0.99 mg
CgHsFeO; - 5SH,O 2.21 mg
FeSO, - TH,O 20.9 mg 4.976 mg 8.3 mg 0417 ¢g
MgSO, - 7TH,0 61.6 mg 4 mg 16.41 mg 75 mg 24.6 mg 1.231¢g
ZnSOy4 0.72 mg 8.827 ug 0.014 mg 71.89 mg
CuSOy - 5H,O 0.62 mg 1.572 ¢ 0.008 mg 0.079 mg 0.012 mg 62.42 mg
Na,MoO, - 2H,O 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
H;BO; 10.948 mg 2.86 mg 0.003 mg
Cr,05 0.05 mg
SeO, 0.036 mg
EDTANa - 2H,0 18.6¢g 49.34 mg 1 mg 6.7 mg 0372 g
Na,CO;3 0.02¢g
NH4FC(C(,H507) 0.006 g
MnCl, - 4H,O 1.445 mg 0.66 mg 1.81 mg
ZnSO, - TH,O 0.222 mg
Co(NO;), - 6H,0 0.389 mg 0.049 mg
MnSO, - H,O 0.72 mg 0.001 mg 84.51 mg
Ca(NO3)2 . 4H20 15 mg
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Japan. H. pluvialis was initially cultivated in the standard
sterilized F1 medium (Fabregas et al., 1998) in a 250 mL
flask at 27 £+ 1 °C with a continuous illumination of white
fluorescent light at the intensity of 20 pmol pho-
tonm Zs~'. This culture was then up-scaled to 600 mL
before transferring to the bioreactor. Only the green motile
cells from exponential growth phase were used as inocu-
lums for all experiments.

2.2. Culture media experiments

To test the effect of culture media, all culture experi-
ments were conducted in 250 mL flasks with 10% innocu-
lum volume. The culture condition was again controlled
at 27 &+ 1 °C with a continuous illumination of 20 pmol
photonm2s~! by fluorescent lights. Seven previously
reported culture media for the autotrophic growth of H.
pluvialis were tested, including: M1 (Chen et al., 1997),
M6 (Gong and Chen, 1998), F1 (Fabregas et al., 1998),
Hong Kong (Zhang et al., 1999), Basal (Hata et al,
2001), BG-11 (Boussiba and Vonshak, 1991), and
Basal:BG-11 (1:1). The compositions of each culture med-
ium were summarized in Table 1. In addition, the effect of
vitamin B complex was determined using the most suitable
type of medium. The vitamin B complex was commercially
available with the ratio between Bl, B6, and B12 of
1.33:0.1:1. In the discussion hereafter the quantity of vita-
min B complex will be referred to using the vitamin B12

/‘ 4.6, 6.6 cm
~  —

Column Unaerated
height liquid height
\ _ Total volume =3.6 L
Working volume =3 L
N
Draft tube Sampling
port
NG Ve
60 cm 46 cm —
40 cm

4om —

Y. y li kv /
. -1
Air Sparger
Air in
(@

content. The range of the vitamin investigated in this work
was between 0.5 and 20 pg L.

2.3. Bioreactor setup

Both bubble column and airlift bioreactors were made
of a clear acrylic plastic. The schematic diagrams along
with the dimensions of the two systems are shown in
Fig. 1. The airlift bioreactor was simply the bubble column
with a draft tube that was centrally installed within the
outer column. Prior to each experiment, the bioreactors
were sterilized by sparging ozone through the 0.45 pm Gel-
man autoclavable filter and a flow meter into the water at
the base of the bioreactor for 1 h. Ozone was subsequently
substituted by compressed air for another 3-4 h to remove
ozone residual. The bioreactor was then filled with
3000 mL of culture with approximately 250 mL of starter
innoculum. This accounted for an initial density of H. plu-
vialis of 2 x 10% cells mL~!. Mixing in the bioreactor was
obtained by introducing compressed air at the base of the
bioreactor through the porous sparger. The media pre-
pared as described had an initial pH of 7.1. In the experi-
ment with an addition of CO,, compressed air, and CO,
gas were mixed and metered through calibrated flow meters
before entering the system. The concentration of CO, used
in this study was lower than 2% v/v, which was found not
to affect the pH significantly as CO, was continuously
taken up by the algae during the course of cultivation. In

10 cm

Column Unaerated
height {A liquid height

—

Total volume =3.6 L
Working volume =3 L

A

Sampling
port

60 cm 46 cm :I/

——
L/WJ

Air Sparger

Air in

(b)

Fig. 1. Schematic diagrams of (a) airlift bioreactor and (b) bubble column, employed in this work.
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this system, the temperature was controlled in the range of
27+ 1°C. Light was supplied to the bioreactor from the
18 W fluorescent lamps installed vertically along the length
of the column. The distance between the lamps and the col-
umn was set at 3cm. The illumination intensity was
adjusted by altering the number of lamps and the distance
between the lamps and the surface of the bioreactor. The
average illumination intensity incident to the bioreactor
outer surface was measured with a digital lux meter (DIG-
ICON LX-50).

2.4. Determination of suitable operating conditions

Experiments were carried out to determine the effect of
different factors on the cell growth including the type of
reactors, i.e. airlift and bubble column, the concentration
of CO,, the superficial gas velocity, the ratio between the
downcomer and riser cross sectional area, and illumination
intensity. All experiments were carried out in triplicate. In
the batch operation, the culture was grown in the bioreac-
tor until the stationary phase was reached, whereas in the
semi-continuous mode, the cultivation was started out as
a batch culture, where a 50% by volume of culture broth
during the exponential growth phase was replaced with a
fresh medium. The algal cell density was measured daily
by microscope counting using an improved Neubauer hae-
macytometer. From the cell density, specific growth rate (y;
d™") was calculated from

_ hl(Nz/Nl)
h—1

(1)

where N; and N> (cells mLfl) are cells densities at time ¢,
and 1, (d). The cell productivity (cells mL~" d™') was calcu-
lated from

C, - C

Productivity = —
h—1h

; (2)
where C; and C, are cell densities at ¢; and ¢,.

3. Results and discussion

3.1. Effect of the type of medium

The maximum cell density and specific growth rate
obtained from different culture media are shown in
Fig. 2. Interestingly, it was observed that the growth of
H. pluvialis was greatly influenced by the type of culture
medium. The growth was worst in M1 and M6 media
and best in F1 in which the attained maximum cell density
was 5.44 x 10* cells mL~'. The growth in Basal:BG-11
medium was comparable to that in BG-11 alone. Hong
Kong medium also resulted in similar growth characteris-
tics with Basal:BG-11 and BG-11 media. For most of the
cultures, cysts were observed when growth entered station-
ary phase (results not shown). This meant that some cells
became inactive and no further cell division was expected.
Although the cells started to lose their flagella as they con-
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Fig. 2. Maximum cell density and specific growth rate H. pluvialis
obtained from the cultivation in various types of medium.

verted to cysts, no accumulation of astaxanthin was appar-
ent in M1, F1, and Hong Kong media even after 13 days of
cultivation. This implied that cells could still sustain in
these media but were not quite as active as the vegetative
cells. With these findings, F1 medium was selected as the
most suitable medium for subsequent experiments.

The dependency of the specific growth rate on the vari-
ous media was similar to that of the maximum cell concen-
tration. As cells entered stationary phase at approximately
the same time (day 8), the medium that provided the highest
growth also gave the highest specific growth rate. In this
experiment, F1 medium gave the highest growth rate of
0.21 d~'. This was approximately at the same level as that
reported by Tjahjono et al. (1994) who achieved the maxi-
mum specific growth rate of about 0.25d~! using Basal
growth medium grown in mixotrophic condition with
sodium acetate as a carbon source. However, this level
was only about one third of the maximum reported value
at 0.58 d~', which was the cultivation in the flask with Basal
as growth medium growing in mixotrophic condition with
sodium acetate as a carbon source (Kobayashi et al., 1992).

3.2. Effect of vitamin B concentration

Vitamin B has been often reported to have significant
effects on the growth of microalgae. For example, thiamine
(vitamin B1) was considered as a growth factor for micro-
algae, or vitamin B12 was employed to stimulate growth
but was not essential (Pringsheim, 1996), etc. However,
the reported findings on the significance of vitamin B for
the cultivation of H. pluvialis were still not clear. Whilst
Fabregas et al. (1998) found that H. pluvialis required thi-
amine together with vitamin B12 and biotin in order to
achieve maximum growth (in F1 medium), Gong and Chen
(1997) stated that vitamin B (including thiamine and vita-
min B12) and also biotin had no significant effects on the
growth rate of H. pluvialis (with M6 growth medium). In
the seven types of medium examined above, vitamins had
not been included. The objective here was therefore to
demonstrate the effect of the addition of vitamin B on
the growth of H. pluvialis.
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The growth curves from the cultivation of H. pluvialis in
F1 medium with varying concentrations of vitamin B
(referred to as the concentration of vitamin B12) are shown
in Fig. 3. The cell density increased with the concentration
of vitamin B12 up to 20 ug L™". The effect of vitamin B was
more obvious at a low concentration range (412 ug L"),
whereas only slight influence was observed above
12 pg L™'. Therefore, vitamin B at 12 ug L™' (of vitamin
B12) was considered as an optimal level for the growth
of H. pluvialis with F1 medium. At this vitamin concentra-
tion, the maximum cell density increased by approximately
55% when compared with cell growth in the medium with-
out the addition of the vitamin. Although the effect of vita-
min B on the specific growth rate of H. pluvialis was not as
obvious as that on the maximum cell concentration, a
28.6% increase in the specific growth rate was observed
as the vitamin level increased from 4 to 12 pg L~'. Further
increase in the vitamin concentration above 12 pg L' no
longer led to significantly enhanced growth.

3.3. Comparison of growth in bubble column and
airlift bioreactor

As H. pluvialis is highly sensitive to shear stress, reactors
that induce high shear such as the commonly known stirred
tanks are not recommended. Fortunately, H. pluvialis is a
slow growth culture, which does not require a high rate
of mass transfer and mixing, therefore, the use of high per-
formance but energy intensive stirred tanks is not neces-
sary. Pneumatic bioreactors, hence, emerge as an ideal
alternative for such microorganism. In pneumatic systems
such as bubble columns or airlift bioreactors, the mixing
and mass transfer are induced just by the aeration, which
generates very low level of shear and also is much less
energy intensive than stirred tanks.

The comparison between the performances both bubble
column and airlift bioreactor at ug, =0.4cms ' at the
same operating condition showed that the maximum cell
density and of specific growth rate H. pluvialis grown in air-
lift bioreactor were 79.5x 10%cellsmL™' and 0.45d°',
which were higher than those in bubble column which were

42 % 10* cells mL~" and 0.36 d~', respectively. The similar
findings were obtained at the other level of uy, but the
results were not shown here. The configuration in the airlift
bioreactor provided a well defined flow pattern compared
with the random flow pattern in the bubble column (Mer-
chuk et al., 1998). Therefore most cells in the airlift system
would circulate along the axial direction of the reactor and
would be exposed to light, which was supplied along the
reactor length. In other words, the uniform flow pattern
in airlift bioreactor led to a certain movement of cells from
dark (riser) to light (downcomer) zones. In the bubble col-
umn, on the other hand, no clear flow pattern was induced
and therefore the movement of the cells inside the reactor
was random, i.e. cells may have stayed at the regions with
high or low light intensities for a long time without being
recirculated. As cells were better exposed to light in the air-
lift bioreactor than in the bubble column, it was anticipated
that photosynthesis took place more significantly in the air-
lift system. Therefore a better cell growth was observed in
the airlift system than in the bubble column. In addition,
visual inspection always suggested that there were a num-
ber of cell agglomerations, which resulted in the sedimenta-
tion of cells in the bubble column, the condition which was
not found in the airlift bioreactor. Changes in morphology
of alga from motile to non-motile were already observed in
the bubble column even at the low level of aeration rate,
which indicated that the condition in the bubble column
might not be suitable for the algal growth.

3.4. Effect of CO,

Chemical analysis showed that algal biomass consisted
of approximately 40-50 wt% of carbon (Fischer and Alfer-
mann, 1995). Hence, growth rate of photoautotrophic cul-
tures essentially depends on a sufficient supply of carbon
substrate for photosynthesis. In this work, H. pluvialis
was grown in photoautotrophic condition with CO, as the
main carbon source. Fig. 4 demonstrated that the addition
of 1% by volume of CO, into the air stream supplied to the
system resulted in the best cultivation performance both in
terms of maximum cell density and specific growth rate. The
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Fig. 4. Effect of CO, concentrations on maximum cell density and specific
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attainable maximum cell density of 79.5 x 10* cells mL ' or
2.79 g L~! dry weight was equivalent to an almost 9.5 fold
increase from the level obtained without the addition of
CO,. The specific growth rate for the system at 1% CO,
was found to be 0.45d "', which was considerably higher
than the level obtained without CO, supplement. This
clearly showed the importance of CO, for the cultivation
of H. pluvialis, and subsequent experiments were performed
using the air stream with the addition of 1% CO,.

3.5. Effect of superficial velocity

To study the effect of aeration rate on the cell growth,
experiments were conducted in the airlift system (A44/A4, =
3.2) operating with different levels of aeration rate in the
range of 0.4-3 cm s~ (as measured in terms of superficial
velocity, us,). When the column was not aerated, there
was only a slight increase in cell concentration from the ini-
tial level of 2x10*cellsmL™' to 3.59 x 10% cells mL !
(0.08 g L' dry weight) after 10 days of cultivation (results
not shown). The highest growth of H. pluvialis was resulted
at ug of 0.4cm s, with the maximum cell density and
maximum specific growth rate of 79.5x 10% cells mL !
and 0.45d7', respectively. Interestingly however, further
increase in the aeration rate (above the superficial gas
velocity of 0.4cms™') did not show benefits for the
growth. In fact, for the higher flow velocities of 2, 2.5,
and 3 cm s~!, the maximum cell density decreased drasti-
cally to 26 x 10*, 9% 10°, and 6 x 10* cells mL ™", and the
specific growth rate to 0.34, 0.32, and 0.11 d™!, respec-
tively. Due to the equipment constraints, the air-flow could
not be accurately adjusted below 0.4 cm s~ ', therefore it
could not be concluded at this point that this 0.4 cms™'
of superficial gas velocity was the optimal level. How-
ever, the specific growth rate obtained at this condition
(0.45d7") was significantly higher than most of the
reported data in the literature, and was only second to
Kobayashi et al. (1992) who achieved the specific growth
rate of 0.58 d~! with the 100 mL culture growing in mixo-
trophic condition.

Increasing aeration rate generally induces mixing, liquid
circulation, and mass transfer between gas and liquid
phases in the airlift systems (Krichnavaruk and Pavasant,
2002). A higher mass transfer might also facilitate the
removal of gases such as oxygen, preventing the accumula-
tion, which might cause adverse effect on the growth (Tung
et al., 1998). However, the cell culture of H. pluvialis in the
batch culture in the airlift system was negatively affected by
an increase in superficial gas velocity over 0.4 cm s~ '. This
was believed to be due to the shear stress caused by the
high aeration rate. This indicated that the cell of H. pluvi-
alis was highly shear sensitive and even the shear caused by
aeration could deteriorate the growth. This explanation
was supported by several past reports. For instance, Gudin
and Chaumont (1991) stated that the key problem in the
cultivation of microalgae in photobioreactors was cell
damage due to shear stress. Hata et al. (2001) illustrated
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operation at various .

that the culture of green vegetative cell in exponential
phase of growth required a low liquid velocity due to its
fragility. To further examine the effect of the aeration,
the structure of H. pluvialis under various aeration rates
was monitored. The results as summarized in Fig. 5, illus-
trated that an increase in superficial gas velocity could sig-
nificantly change the cell morphology from vegetative cells
to non-motile green cells or cysts. In other words, the frac-
tion of non-motile cells became more dominant with an
increase in the aeration rate. At the superficial velocity of
0.4 cm s~ ', a very small fraction of non-motile green cells
was observed when compared to the number of vegetative
cells. On the other hand, the number of vegetative cells
could hardly be observed at the superficial velocity greater
than 2.5 cm s~ '. The vegetative cells are more productive in
view of cell multiplication, and it would be difficult to
obtain high cell density if the cell could not be maintained
in vegetative form particularly in high shear stress
condition.

3.6. Effect of the ratio between downcomer and riser
cross sectional area

This section examined the effect of design configuration
of the airlift system, i.e. the ratio between downcomer and
riser cross sectional area (44/4,) on the growth of H. plu-
vialis. This parameter could be simply altered by changing
the draft tube size. Due to a size constraint, a rather smaller
airlift column could only accommodate two sizes of com-
mercially available clear column (employed as draft tube),
i.e. at 4.6 and 6.6 cm. This gave A4/ A, of approximately 3.2
and 0.9, respectively.

The result demonstrated that the airlift with 44/ A, of 3.2
could deliver a significantly higher level of growth. The
maximum cell density and specific growth rate were
79.5 % 10% cells mL "' and 0.45 d ™! for 44/A, of 3.2, whereas
the values were 46 x 10* cells mL " and 0.38 d ™' for A4/A4,
of 0.9. A higher A4/A, meant that the system was equipped
with a smaller riser, and this enhanced the riser liquid veloc-
ity whilst considerably decreased the downcomer liquid
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velocity (as downcomer had a much greater cross sectional
area than riser). As the light was only supplied on the outer
surface of the column, cells in downcomer were better
exposed to light than those in riser. Therefore, the low
downcomer liquid velocity possibly allowed cells in this sec-
tion to utilize light for a longer time period and this seemed
to have positive influence on the cell growth.

3.7. Effect of light intensity

The experiment with light intensity was carried out in
the batch cultivation mode using the airlift bioreactor with
Ag/A, of 3.2 and ug, of 0.4 cm s~!. Five different surface
light intensities were tested and the results on growth pro-
files and the maximum cell density are shown in Fig. 6.

The results revealed that the cell density and specific
growth rate increased with an increase in the light intensity
up to 20 pmol photon m 2s~!. Further increase in light
intensity, on the other hand, resulted in lower cell density
and specific growth rate, which could have indicated the
occurrence of photoinhibition. Fig. 7 illustrated that at
light intensity lower than 40 pmol photon m~2 s, almost
all the cells were in vegetative form. The light intensity over
50 umol photon m > s~! was likely to induce morphologi-
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Fig. 6. Effect of light intensity on maximum cell density and specific
growth rate of H. pluvialis.
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cal change, i.e. cells changed from vegetative cells to cysts,
with a concomitant accumulation of astaxanthin. This
emphasized the fact that astaxanthin accumulation in H.
pluvialis could be induced at high light intensity. Similar
finding was observed previously by Boussiba and Vonshak
(1991), which showed that an accumulation of astaxanthin
was stimulated with a light intensity of over 90 pmol pho-
tonm~2s~'. However, the results here demonstrated that
astaxanthin could well be accumulated at the light intensity
of as low as 40 pumol photon m2s~'. Moreover, cell
growth was no longer observed when the light intensity
increased to 60 pmol photon m 25~

In terms of growth, the accumulation of astaxanthin was
not a good sign as this was the condition where cell division
began to cease. Therefore, this condition must be avoided
should the growth be the main objective of the cultivation.
Hence, the optimal light intensity for the growth of H. plu-

vialis was concluded to be at 20 pmol photon m 2 s .

3.8. Semi-continuous culture of H. pluvialis in airlift
bioreactor

Semi-continuous cultivation was conducted in order to
examine the potential of having a large-scale cultural sys-
tem that could operate economically. This cultivation was
carried out under the most suitable conditions obtained
from the aforementioned experiments, i.e. Ay/A, =3.2,
ug=0.4cms™', light intensity = 20 pmol photon m *s™"
(Fig. 8). In the batch culture, the cell density was allowed
to increase until it reached a maximum of 79.5Xx
10* cells mL ™!, which occurred at about day 6-8 of cultiva-
tion. For the semi-continuous culture, the cultivation was
started as a batch culture with the initial cell density of
2% 10% cells mL~". The cell was grown in the system until
it reached the exponential growth phase after which a
50% by volume of culture broth was replaced with a fresh
culture medium. The harvest cell density was approxi-
mately 40 x 10* cells mL~". It was proven that with this
harvesting cycle, the cell could maintain its vegetative form
and in each 4 day cycle, cell density increased up to the
level obtained in the previous cycle. The specific growth
rate and productivity of semi-continuous culture were
0.31d"" and 5.52 cells mL ™' d™ !, respectively. This result
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Fig. 8. Cultivation of H. pluvialis under semi-continuous culture.
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was comparable to that reported by Hata et al. (2001) who
successfully achieved the semi-continuous culture, but only
in the small scale (in 500 mL Erlenmeyer flask) with a pro-
ductivity of 6.8 cells mL ™' d~".

4. Conclusions

This work demonstrated that an airlift system was suit-
able for the cultivation of H. pluvialis, one of the most
effective microorganisms that could produce high potential
antioxidant carotenoid, astaxanthin. The finding well com-
plemented most of the previous reports, which focused
mainly on the induction of astaxanthin from this specific
strain. Not only was the success in batch culture illustrated,
but the airlift system was also proven to deliver a very high
productivity of such alga even with the semi-continuous
mode of operation. Although the system employed in this
work was rather small, the results positively suggested that
the upscale investigation for this particular system was
highly attractive.
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Abstract

The various modes of cultivation of Chaetoceros calcitrans in airlift photobioreactors (ALPBRs) were examined. The batch system
illustrated that the airlift configuration was superior to the bubble column as the airlift supported the circulation of the cell within
the system, leading to a better light utilization. The cultivations in both semi-continuous and continuous systems resulted in a high cell
productivity, although the steady state cell concentrations in both systems were lower than that obtained from the batch system. The
behavior of the large-scale airlift system was not significantly different from the conventional bubble column where the diatom could
only be produced at low cell density. Despite this, among all of the systems investigated in this work, the large-scale system gave the
highest productivity. The main limiting factor for the large-scale airlift culture was the availability of light. Based on economical analysis,
the continuous cultivation in the 2.8 L ALPBR with a medium feed rate of 3 mL min~' was most attractive where the operation cost
could be maintained at a minimum of approx. 7.95 x 10~* THB L~' h~!. However, this continuous small-scale system still suffered from

relatively low cell productivity (8.10 x 10* cells s71).
© 2006 Elsevier Ltd. All rights reserved.

Keywords: Airlift photobioreactor; Chaetoceros calcitrans; Semi-continuous system; Continuous system; Large-scale system

1. Introduction

The diatom Chaetoceros calcitrans has been widely used
as a feed in marine hatcheries, especially in feeding shrimp
larvae. The diatom is about 4-10 um in diameter with the
box like shape and posses two long pairs of setae. The dia-
tom is an important source of natural polyunsaturated
fatty acids (PUFAs) necessary for the growth and immune
function of the larvae (Belay, 1997; Borowitzka, 1999;
Chiou et al., 2001). Conventionally, the cultivation of C.
calcitrans started with the controlled cultivation in a
small-scale 1 L glass bottle where a high cell density culture
of approx. 2 x 10° cells mL ™" could be obtained. The cul-
ture was scaled up as a low density culture at a concentra-

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

0960-8524/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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tion of about 2 x 10° cells mL~! in larger tanks or opened
ponds with a size of 2-10 m® until it was ready to use as
feed for marine hatcheries. However, this system experi-
enced difficulties due primarily to contamination as its
low specific growth rate might provide enough time for
the growth of the unneeded species which may eventually
inhibit the growth of the diatom and cause harmful effects
to marine culture. Although very few investigations
focused on the development of photobioreactors for C. cal-
citrans, several types of closed photobioreactors have so far
been introduced for the cultivation of microalgae such as
tubular photobioreactor (del Campo et al., 2001; Grima
et al., 1996; Lee and Low, 1991; Richmond et al., 1993;
Tredici and Zittelli, 1998), vertical alveolar panel (Tredici
et al., 1991) and flat plate bioreactor (Goksan et al.,
2001; Richmond and Cheng-Wu, 2001; Richmond and
Zou, 1999). Recently, we proposed the use of airlift photo-
bioreactor (ALPBR) as an alternative cultivation system
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for C. calcitrans where a high maximum cell concentration
of 8.88 x 10° cells mL ™" could be achieved from the batch
cultivation (maximum specific growth rate =7.41 x 1072
h~! at Usg = 3 cm s~') (Krichnavaruk et al., 2005). Similar
airlift system was also proposed for the high-density culti-
vation of Haematococcus pluvialis where a high specific
growth rate of 0.31d~' was observed (Kaewpintong
et al., 2007). Nevertheless, all of these work only focused
on batch cultivation which is often encountered drawbacks
regarding the production scheduling, reactor maintenance,
etc. The aim of this work was therefore to investigate the
effect of modes of operation for the cultivation of C. calci-
trans in various types of ALPBR, i.e. batch, semi-continu-
ous, continuous and the large-scale cultivations.

2. Methods
2.1. Preparation of culturing strain

The inoculum was prepared aseptically. Firstly, the dia-
tom was screened as a single cell and inoculated in the
3mL test tubes in the standard F/2 medium (Guillard,
1975) for one week. The composition of the medium was
(mgL~") 168.3 NaNO;, 12 Na,HPO, H,O, 5.8
F€C13 ' 6H20, 20 NazEDTA . 2H20, 66 Nazsi03 . 9H20,
1.96  CuSO,4-5H,0, 440  ZnSO,-7H,0, 1.26
Na,MoO, - 2H,0, 36 MnCl, -4H,0, 2.0 CoCl, - 6H,0,

0.4 vitamin By, and (ugL™") 2 vitamin Bi,, 100 biotin.
Next, the culture was scaled up from 250 to 500 mL flasks
where dense cell culture was obtained and used as an in-
oculum in the airlift photobioreactor (ALPBR).

2.2. Cultivation in ALPBRs

ALPBRs employed in this investigation were of concen-
tric type (Fig. 1a) with dimensions as shown in Table 1.
The column was made of clear acrylic plastic to allow effec-
tive light penetration and a clear visual observation. The
cylindrical draft tube was located concentrically to the
outer column with 5 cm space provided at the bottom for
liquid circulation. Compressed air was supplied through a
porous sparger located centrally at the base of the column
and gas flow rate was measured using a calibrated rotame-
ter. Note that the gas flow rate was converted to superficial
gas velocity (us,) based on the area of riser. Fluorescent
light bulbs were supplied on both sides of the column as
a light source for photosynthesis.

2.3. Determination of cell concentration

The cell concentration was determined by using a nor-
mal blood cell counting slide, Haemacytometer. The depth
of the counting grid and the area were 0.1 mm and 25 mm?,

respectively. The cells were counted in five large squares on
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Fig. 1. Experimental setup for the cultivation of C. calcitrans (a) 17 L bubble column (BC-1) and 17 L concentric ALPBR (ALPBR-1 and ALPBR-2),
(b) 170 L bubble column (BC-2), 170 L concentric ALPBR (ALPBR-3) and 170 ALPBR with multiple draft tube (ALPBR-4).



Table 1

Dimensions of bubble columns and airlift bioreactors employed in this investigation

Light intensity

Number of light source

Draft tube

Reactor

AdZA,.

Working volume (L)

Type

(umol photon m 251

Top

Wall

Diameter, d (cm) Height, & (cm)

Height, H (cm)

120

Diameter, D (cm)

15
79
15

384.33

72
384.33
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—~ e~~~ —~

17

BC-1

66
120

170
17

BC-2

100

2.62
1.53
1.47
2.82

ALPBR-1

55
50

66
66
66

ALPBR-2

50

79
79

170
170

ALPBR-3

40°

18°

ALPBR-4

# The light source was supplied perpendicular to the column.

® Four draft tubes were placed in the reactor and air was supplied through the porous spargers located at the bottom of each draft tube.

the grid (25 small squares per 1 large square) where the cell
number was calculated from:

N=5xdxnx10* (1)

where N = cells concentration (cellsmL™'), n = number
of cells on five large squares (cells), d = dilution factor

(-
2.4. Batch cultivation

The batch cultivation of C. calcitrans was carried out
both in the 17 L bubble column (BC-1) and the 17 L airlift
photobioreactor (ALPBR-1). Fresh sea water (30 ppt) was
added into the systems along with the F/2 medium.
The inoculum was then added with the initial cell concen-
tration of approx. 1 x 10° cells mL~'. Compressed air was
supplied through a porous sparger with u,, =3 cm s,
which was the optimal gas flow rate (Krichnavaruk
et al., 2005). Five 36 W fluorescent light bulbs were sup-
plied on both sides of the column as the light source for
photosynthesis with the light intensity at the outer column
of approx. 350 umol photon m 2s~'. Temperature was
controlled at around 30 (42 °C). Samples were collected
at every 3 h for the measurement of cell concentration.
The specific growth rate was calculated from the following

equation:
_ ln(Nz) — ln(N])
- Hh—1

(2)

where u = specific growth rate (h™!), N, =cells concen-
tration at 7, (cellsmL™'), N> =cells concentration at f,
(cells mL™").

2.5. Semi-continuous cultivation

The semi-continuous system was investigated to
improve the productivity of the system by using
ALPBR-1. Gas velocity was supplied at u,, =3 cm s
which was the optimal gas velocity as operated in the
batch cultivation. The system was initially operated as a
batch system and the diatom was left growing for about
30 h until it reached the middle of the exponential growth
period where approx. 50% of the culture was harvested.
The remaining culture was diluted to approx. 1.2 x 10°
cells mL~' by adding fresh sea water. The nutrient stock
solutions were then added to the system with the final
nutrient concentration adjusted to the standard F/2
medium. The culture was then harvested at every 12 h.
The productivity of the diatom for the batch and semi-
continuous cultivation was calculated from the following
equation:

Nz — N1 ¥V x 1000
P= 3
(;Z—m)X 3600 ®)
where P = productivity (cellss™!), N;=cells concen-

tration at #; (cells mL*I), N, = cells concentration at ¢,
(cells mL~"), ¥ = harvested volume (L).
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2.6. Continuous cultivation

The continuous cultivation of C. calcitrans was carried
out in a smaller scale airlift photobioreactor (ALPBR-2).
During the first 30 h of the cultivation, the diatom was
operated as a batch system. After this point, fresh sea water
mixed with the standard F/2 medium was fed into the sys-
tem at various volumetric feed rates (2-4 mL s~ '). Samples
were taken at every 3 h to determine the cell concentration
and specific growth rate. The volume of the system was
controlled by the overflow outlet at the top of the column.
The productivity of the diatom was simply calculated from
the following equation:

P=0C (4)

where P = productivity (cellss™!), Q = volumetric flow
rate of fresh medium (mL s™'), C = effluent cell concen-
tration (cells mL™").

The specific productivity can be calculated as follows:

P
SP =— 5
; 5)
where SP = specific productivity (cells L™'s™'), P = pro-
ductivity (cells s~1), ¥ = harvested volume (L).

2.7. Large-scale cultivation

The cultivation of the diatom C. calcitrans in the large-
scale system was carried out in the conventional bubble
column (BC-2), a conventional concentric airlift photobio-
reactor (ALPBR-3) where a single draft tube with 50 cm
diameter (d) and 50 cm height (#) was inserted concentri-
cally into the outer column, and a multiple draft tubes air-
lift photobioreactor (ALPBR-4) with four draft tubes, each
with a diameter (d) of 18 cm and a height (/) of 40 cm. Por-
ous spargers were well distributed through the riser area of
each system. Both ALPBR-3 and ALPBR-4 were of the
same size as that of BC-2, all with a working volume of
approx. 170 L. Details of these systems are given Table 1
where a schematic diagram of the main column is provided
in Fig. 1b. The initial cell concentration was approx.
0.5 % 10° cells mL~'. Due to the limitation of the air com-
pressor for this large-scale column, gas flow rate was con-
trolled and fixed at 250 mL s~'. Sixteen fluorescent light
bulbs (18 W each) were supplied around the tank, and also
five bulbs on the top section for photosynthesis. Light
intensity around the wall and at the surface was around
48-52 pmol photon m2s~!. Samples were collected at
every 3 h for the measurement of cell concentration and
the calculation of specific growth rate.

3. Results and discussion
3.1. Batch culture

The growth behavior of C. calcitrans in the airlift system
clearly outperformed that in the bubble column (BC-1) as

the cultivation in the airlift system (ALPBR-1) provided
almost a twofold productivity of the diatom than that in
the bubble column (8.88 x 10° cells mL ! in the airlift when
compared with 4.96 x 10° cellsmL™" in the bubble col-
umn). This was also apparent in the specific growth rate
which was around 0.074 h™' in the airlift system, whereas
only about 0.029 h™! was reached in the bubble column.
The reason for this could be due to the differences in liquid
flow behavior in both systems. In ALPBR, the diatom was
carried along the column height due to the energy transfer
from gas bubbles. As the bubbles were separated from the
liquid at the top surface, the heavier liquid and the diatom
moved down the column in the downcomer section and re-
entered the riser through the space provided at the bottom
of the system. This circulation allowed the diatom to
constantly move to the “high light intensity’ area, i.e. in
downcomer section. Apparently, this was beneficial for
photosynthesis of the diatom. In the case of bubble col-
umn, the movement of liquid was random as the liquid
and bubbles were completely mixed in one chamber. The
low liquid velocity condition did not support a proper
circulation of the diatom, and the sedimentation of the
diatom could, at times, be observed at the bottom of the
column. Therefore the diatom could not be exposed to high
light intensity, and hence, ineffective photosynthesis was
resulted and this led to a low productivity.

The growth of the diatom in the airlift system with
an initial cell concentration of approx. 1 x 10’ cells mL ™"
(usg = 3 cm s~!) started with a 9 h lag phase, after which
the diatom entered its exponential growth period where
the cell concentration rapidly increased before reaching
the stationary phase where the maximum cell density was
approx. 8.88 x 10° cells mL ™. This growth process reached
the maximum cell concentration in 44 h which rendered a
specific growth rate of about 7.41 x 107>h~!. This was
equivalent to a productivity of 9.42 x 10° cells s~ or a spe-
cific productivity of 5.54 x 10% cells L™' s~

~ 10
E o Experiment: Batch culture
= O Model prediction: Batch culture
@ 84 Experiment: Semi-continuous culture
g --o-- Model prediction: Semi-continuous culture
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Fig. 2. Comparison between growth behavior of C. calcitrans for the
cultivation in batch and semi-continuous culturing system (ALPBR-1 with
U =3 cm s~ ') and growth behavior from model prediction.
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3.2. Semi-continuous culture

The batch cultivation, although provided a relatively high
final cell concentration, often suffered from an initially slow
growth regime, not to mention the loss of time during the
final system cleansing. The cultivation of C. calcitrans in
the semi-continuous system was, therefore, investigated to
examine the probability of enhancing the productivity of
the diatom. Fig. 2 illustrates the result for the cultivation
of C. calcitrans in the 17 L semi-continuous system. An aver-
age maximum cell concentration achieved from each cycle
(12h) was around 3.86 x 10°cellsmL~! with a specific
growth rate of about 9.25x 1072 h~'. The cultivation of
the diatom in the semi-continuous system achieved an aver-
age productivity of approx. 7.19 x 10° cells s ! or equivalent
to a specific productivity of 5.99 x 10* cells L™' s~! which
was marginally higher than those obtained from the batch
system. Summary of the performance of the different systems
employed in this work is provided in Table 2.

3.3. Prediction of airlift system performance

The prediction of system performance for batch and
semi-continuous cultures in ALPBR-1 could be achieved
through the following derivations. For the batch system,
the mass balance around the reactor results in:

dx(r)

— = wx(t)V 6

a =) (6)
The Logistic law (Bailey and Ollis, 1986) was assumed to
explain the growth rate of the diatom where

u#m(l)@> (7)

Xm

Substituting Eq. (7) into Eq. (6) yields:

dx(¢) x(t)
-\ 1 -2/
This could be integrated to:
XoXm€rm!
) =———m— 9
*(1) Xm — Xo + xpetn’ ®)
Table 2

where x(7) = cell concentration (cells mL™"), xo = cell con-
centration (cells mL*I), Xm = maximum cell concentration
(cells mL™"), 7= culturing time (h), u= specific growth
rate (h™'), pm = maximum specific growth rate (h™'),
V = cultivating volume (L).

The maximum cell concentration (x,,) and the maximum
specific growth rate (u,) were system dependent and were,
therefore, obtained from the experiment in the batch culti-
vation, and in this case, these two parameters were
6.64 x 10° cells mL ™" and 1.4x 10~ ' h™ !, respectively. Eq.
(9) was then used to simulate the growth curve of the diatom
in both batch and semi-continuous modes. Fig. 2 illustrates
that the model predictions agreed reasonably well with
experimental results. For the simulation of the semi-contin-
uous culture, the initial cell concentration for each cycle was
controlled at approx. 1.2 x 10° cells mL~" and the harvest-
ing period was maintained at 12 h. The model was then used
to estimate the cell concentration in each harvesting cycle.
The predicted productivity of the semi-continuous system
using this model was 6.32 x 10° cells s~ !, which was slightly
lower than the actual level of 7.19 x 10° cells s~'. This was
equivalent to an error of approx. 12%.

The model was further implemented to predict the har-
vesting period for which the maximum productivity could
be achieved in both batch and semi-continuous systems.
The maximum productivity for the batch operation was
predicted by using the following correlations:

Productivity = <x(tt)—xo> xV (10)

_tO

To obtain the maximum productivity, the time differentia-
tion of Eq. (10) must be equal to zero:

yd (%) _0 (11)

Substitution of Eq. (9) into Eq. (11) yielded:

XoXmeHm!
d | x, —x —I—xe*‘m’_xo
o 0 tO =0 (12)

Comparison between maximum cell concentration, productivity, specific productivity and specific growth rate for the cultivation of Chaetoceros calcitrans

in BCs and ALPBRs in various modes of operation

Systems Harvest time Maximum cell concentration Productivity Specific productivity Specific growth rate
(h) (cells mL’l) (cellss™Y) (cellsL™'s™) (b7
Batch BC-1 60 4.96 x 10° 3.83x 10° 2.25x% 10* 2.88x 1072
Batch ALPBR-1 44 8.88 x 10° 9.42%10° 5.54 % 10* 7.41 %1072
Semi-continuous ALPBR-1 >12 3.86 x 10° 7.19 % 10° 5.99 x 10* 9.25% 1072
Continuous® ALPBR-2 >30 1.62 % 10° 8.10 x 10* 2.89 x 10* 6.42 % 1072
Large-scale BC-2 80 2.51x 10° 1.21x 10° 7.12x10° 2.46x 1072
Large-scale 80 2.96 % 10° 1.48 x 10° 8.68 x 10° 2.58 x 1072
ALPBR-3

2 Continuous culturing system with a medium feed rate of 3 mL min~".



5]
—_
[\
[o2)

< 4
.|
£ Medium feed rate <2 mL min” g 3 mL min" A4 mL min™
17
3 3
A
2 o2
X [m}
A O& @

2 21 "¢ A o <
S A ° <& 0 & o o
,a A OD S A A O o
i
g .- N D<>D A A A
g AODO
=) 2op
S o 6 8
8 0 T T T T T

0 10 20 30 40 50 60

Cultivation time (h)

Fig. 3. Growth behaviors of C. calcitrans in continuous culturing system
with various medium feed rates (ALPBR-2 with u, = 3 cm s7h).

Eq. (12) suggested that the maximum productivity of
6.35 % 10° cells s~ ! would be obtained if the system was al-
lowed to operate for 41h, and with x,=1.03x10’
cells mL ™.

For the semi-continuous cultivation, the maximum
productivity can be calculated from:

$ (=)0 vy =0 (13)

where Vy = initial cultivating volume (L), ¥(¢) = remaining
volume after the harvest (L).
From the balance of component x;

Voxo = V(£)x(1) (14)
Vox
V() = x(()t)o (15)

Egs. (9) and (15) were substituted into Eq. (13), which
allowed the determination of the cycle time required to
yield the maximum productivity (with Vy=17L and
Xo = 1.26 x 10° cells mL*I). In this case, it was predicted
that the maximum productivity of 7.22 x 10° cells s ! could
be achieved after 19 h of cultivating period. However, this
predicted maximum productivity was quite close to the
actual attainable productivity with 12 h cultivation.

3.4. Continuous culture

This section focused on the continuous cultivation of
the diatom C. calcitrans in ALPBR-2. As the system was
switched to the continuous mode, the cell concentration
started to drop due to the dilution effect (see Fig. 3). After
another 10 h or so, the steady state could be observed. The
cultivation of the diatom with the nutrient feed rates of
2, 3 and 4mL min~! resulted in the dilution rates of
429% 1072 6.43x 1072 and 8.57x 1072 h ™!, respectively.
The maximum final cell concentration of approx.
1.95%x 10°cells mL ™! was obtained at the feed rate of
2mL min~". At this condition, the attainable specific pro-
ductivity was 2.32 x 10% cells L' s~! (or equivalent to a pro-
ductivity of 6.5x 10%cellss~!). Due to a higher dilution
effect, the maximum steady state cell concentration for the
cultivation at the medium feed rate of 3mL s~' was only
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Fig. 4. Growth curves of C. calcitrans in large-scale systems (BC-2,
ALPBR-3 and ALPBR-4 with u,, =1 cms ™).

1.62 x 10° cells mL~'. Although this value was lower than
that obtained from the case with the medium feed rate of
2mL~", the productivity was higher at approx.
8.10 x 10% cells s~ or equivalent to a specific productivity
of 2.89 x 10* cells L™' s~!. For the case where the medium
feed rate was maintained at 4 mL min~!, the final cell con-
centration was unable to reach the steady state concentration
as the diatom seemed to be continually diluted by the feed of
nutrient. In conclusion, for the range of operating condition
employed in this work, the continuous ALPBR system
should be conducted with the nutrient feed rate of
3 mL min~"' to ensure the highest level of cell productivity.

3.5. Large-scale cultivation

Conventionally, the diatom C. calcitrans was cultivated
in a large-scale pond. The main reason for this was perhaps
the economic of scale as a large-scale system often requires
a lower investment when compared to small systems with
the same volume. This section examined the performance
of such system compared with that of smaller systems. This
was to investigate whether the large-scale cultivation was,
in fact, suitable to the growth of the diatom.

The results from the cultivation of C. calcitrans in the
large-scale system was illustrated in Fig. 4. It was found that
the maximum cell concentration of the diatom in ALPBR-3
(296 x10°cellsmL™") and in ALPBR-4 (3.04x10°
cellsmL™") were slightly higher than that from BC-2
(2.51 x 10° cells mL~"). However, the specific growth rate
of the diatom in the large-scale cultivation for the cultivation
in bubble column and in both ALPBRs was not significantly
different, i.e. u=2.46x 10> h~! for BC-2, 2.58 x 10 >h~!
for ALPBR-3 and 2.52x 107> h™' for ALPBR-4. It was
reported that there existed non-ideal flow particularly in air-
lift systems with large riser where the internal circulation
took place within the riser itself (Wongsuchoto et al.,
2003). This local circulation caused the system to behave like
a bubble column. Therefore, in ALPBR-4, the riser was
divided into four sub-sections, each with a smaller diameter.
This was to minimize the local circulation in the riser and a
better liquid circulation within the system was anticipated.
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Fig. 5. Comparison between the growth of C. calcitrans in ALPBR-2
(initial cell concentration of approx. 3 x 10° cells mL ™!, U =3 cm sh
with the variation in light intensity and the cultivation in ALPBR-3.

However, the large system was limited by the capacity of the
air pump and the maximum aeration rate of 250 mL s~
could only be achieved. Therefore, under the operating con-
ditions employed in this work, the difference in the behaviors
of the three systems might not be enough to have significant
effect on the growth of the diatom, as obvious from the
resulted mentioned above. The cultivation of the diatom in
these large-scale systems was demonstrated to increase
the productivity of the diatom. This was mainly due to the
increase in the harvested volume when compared to the
small systems.

3.6. Limiting factors for the operation in large-scale systems

One of the main drawbacks for the cultivation of the
diatom in large-scale systems was the poor light utilization.

Table 3

2129

The light source could only be supplied around the wall
and at the top of the tank, and with this setup, the light
intensities measured in the system were around 48—
50 pmol photon m~2 s~ near the inner wall, 72 pmol pho-
tonm 2s~' at the outer wall, 52 umol photonm 25
near the surface of liquid level, and approx. 30 umol pho-
tonm s ! at the center of the tank. In particular, when
the cells grew high in density, poor light penetration
became a serious problem that retarded the effective
growth of the diatom.

To further investigate the effect of light intensity on the
growth of the diatom, the cultivation of the diatom was
carried out in a smaller scale 2.8 L ALPBR (ALPBR-2)
at similar light intensity levels to the large tank. Fig. 5 dem-
onstrates the comparison between the cultivation in these
two different scale ALPBRs. It was obvious that the
growth rate in ALPBR-3 at the light intensity (at the wall)
of 75 pmol photon m 2s~!' was even lower than that in
ALPBR-2 with the light intensity of 64 pmol pho-
tonm 2s~!. However, it should be mentioned that the
ability of the passage of light through the large-scale system
was much lower than that in the small-scale system. There-
fore the higher light intensity at the wall in the large-scale
system did not necessarily mean that the light intensity
would remain high within the culture. Unlike the large sys-
tem, the light intensity in the small-scale system should
remain almost constant throughout the column. Neverthe-
less, as the performance of ALPBR-2 with low light inten-
sity became closer to that of ALPBR-3 at the same range of
light intensity, this suggested that the findings in the small-
scale could, to some extent, be used to explain the pheno-
mena within the large-scale system.

Fig. 5 also revealed that the light intensity could signif-
icantly affect the growth of the diatom, and in this case, the
greater final cell density of around 7.08 x 10° cells mL ™!

Economical analysis for the cultivation of 1x 10'2 cells of Chaetoceros calcitrans in ALPBRs

Working volume

Batch Semi-continuous Continuous® Large-scale
(ALPBR-1) (ALPBR-1) (ALPBR-2) (ALPBR-3)
Effective volume (L) [4] 17 12 - 170
Cycle time (h) [B] 44 12 - 80
Productivity® (cells s™1) [C] 9.42%10° 7.19%10° 8.10x 10* 1.48 x 10°
Specific productivity® (cells L™ s™1) D] 5.54 % 10* 5.99 x 10* 2.89x 10* 8.68 x 10°
Cultivation time (h) [E=(1x 10" % 3600) + C] 295 386 3429 188
Number of cycle (-) [F=E -+ B] 6.70 32.17 - 2.35
Total volume of sea water used (L) [G=AXF] 114 386 617 400
Cost of water, 0.06 THB L™ (THB) [H=0.06 % G] 6.84 23.16 37.03 23.97
Cost of nutrient, 1 THB L™! (THB) I=Gx1] 114 386 617 400
Power of air compressor (W) /] 300 300 60 1600
Power of light source (W) [K] 400 400 40 378
Total electrical unit (units) [L=(J+ K)x E -+ 1000] 207 270 343 372
Electrical cost, 3 THB per unit (THB) [M=3xL] 620 811 1029 1116
Total investment cost (THB) [N=H+I1+ M] 740 1220 1683 1539
Investment cost per hour (THB h™!) [O=N + E] 2.51 3.16 0.49 8.19
Specific investment cost (THBL ™' h™1) [P=0+G] 220x 1072 8.19%x 1073 7.95%x107* 2.05x 1072

& Continuous cultivation with a medium flow rate of 3 mL min~

® From Table 2.

1
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with 4.24x 102 h™! specific growth rate was obtained
at the light intensity of 110 pmol photon m~2s~! whereas
the lower light intensity (64 pmol photon m 2 s~ ') yielded
a much lower cell concentration of 3.84 x 10° cells mL ™"
(3.42 x 107> h ™! specific growth rate). This finding implied
that insufficient light intensity could negatively affect the
performance, and this was the case of the large-scale sys-
tem, and as long as the light intensity could not be main-
tained at higher level (without causing excessive heat), the
cultivation in the large-scale system could only be subject
to low cell density.

3.7. Economics of cultivation systems for C. calcitrans

The economical analysis for the cultivation of the dia-
tom C. calcitrans in various scales of ALPBRs was carried
out where the results are shown in Table 3. The systems
involved in this analysis were the batch cultivation
(ALPBR-1), semi-continuous cultivation (ALPBR-1),
continuous cultivation (ALPBR-2) and the large-scale
cultivation (ALPBR-3). This analysis was based on the
production of 1 x 10'? cells. It was observed that the most
attractive system for the cultivation of the diatom in mar-
ine hatcheries was the continuous cultivation of the diatom
in the 2.8 L ALPBR (ALPBR-2) with the medium feed
rate of 3mL min~!. The lowest operating cost, approx.
7.95x107*THB L' h™!, was obtained which was the
lowest when compared to any other systems. Surprisingly,
the productivity of this system was found to be the lowest
among the four systems. The benefits of this system were
derived from a number of advantages when compared to
the larger systems, i.e. low overhead charge due to the
labor cost, minimal lost of time during the start up and
shut down period or for system maintenance. As the cells
remained active at all time in the continuous system, the
culture medium could be switched to the new reactor as
soon as the maintenance was needed without disturbing
the growth of the diatom. The maintenance and equipment
costs in this system, i.e. reactor, air compressor and
light source, were also lower than the setup for larger
systems.

4. Conclusions

This investigation described the achievement in the cul-
tivation of C. calcitrans in various reactor modes. It was
found that the semi-continuous and the continuous systems
could be successfully implemented to minimize the mainte-
nance of the batch system. The large-scale system was also
practiced, but could only reach a small final cell concentra-
tion. Due to the size of the harvested volume, the large-
scale was found to produce cell at the highest productivity.
The main drawback for this large system was the limitation
on the availability of light, which restricted the growth of
the diatom. The economical analysis pointed out that small

culture system running in continuous mode seemed to be
the most attractive choice for the cultivation of C.
calcitrans.
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Abstract

The investigation of the effect of salinity on the performance of airlift contactor was achieved using the 171 internal loop airlift with height
of 1.2m, and 0.137 m diameter. Various draft tubes with different diameter sizes were provided to vary the ratio between downcomer and riser
cross-sectional areas (A4/A;) from 0.061 to 1.01. The superficial gas velocity (u) was supplied in a range from 0.01 to 0.07 m/s and the salinity
was adjusted from O to 45 ppt. The Sauter mean diameter of the bubble (dg,) appeared to be smaller in saline water than in fresh water. Bubble
size was regulated by two factors. The first one was the hydrophilic repulsive force which inhibited bubble coalescence whereas the second was
the Laplace pressure which controlled the coalescence and breakup of bubbles. The range of pressure difference, AP, acting on the bubble that
promoted bubble coalescence was between 15 and 20 N/m? below which bubble coalescence was inhibited and above which bubble breakage
prevailed. In saline water, dg; decreased with ug,. This was caused by the collision and breakup of bubbles at high gas holdup which occurred at AP
greater than 20 N/m?. Axial variation in ds was only observed at low u, (less than 0.04 m/s) where bubbles in the bottom section of the airlift were
larger than those in the middle and top sections. It was anticipated that the middle and top sections exhibited higher turbulent conditions than the
bottom section at this low aeration rate. The effect of draft tube size was quite important where the smallest draft tube (smallest downcomer area)
best promoted the breakup of the bubbles with a relatively high AP of approximately 50-97 N/m?. The effect of salinity on the overall volumetric
mass transfer coefficient (k@) was only apparent at high aeration rate where the fresh water provided a higher k a than the saline water. In fact, the
specific area (a) was high in the saline water systems, however, the mass transfer coefficient (k) was higher in the fresh water system than saline
water. Finally, a general correlation for the estimation of ki in the airlift system was proposed.
© 2008 Published by Elsevier B.V.

Keywords: Pressure difference; Bubble behavior; Mass transfer; Hydrodynamics

1. Introduction

An airlift system is an example of gas-liquid contacting
device for which its application in biotechnology area has grown
significantly in recent years [1-4]. Examples include the culti-
vation of fresh water single cell algae Haematococcus pluvialis
as proposed by Kaewpintong et al. [5] and the high productivity
of the sea water diatom Chaetoceros calcitrans in airlift pho-
tobioreactors as proposed by Krichnavaruk et al. [6,7]. One of
the most significant parameters in the design of such airlift sys-
tems is the overall volumetric mass transfer coefficient which
is commonly employed to demonstrate the efficiency of oxygen

* Corresponding author. Tel.: +66 2 218 6870; fax: +66 2 218 6877.
E-mail address: prasert.p@chula.ac.th (P. Pavasant).

1385-8947/$ — see front matter © 2008 Published by Elsevier B.V.
doi:10.1016/j.cej.2007.12.024

transfer from gas to liquid. This quantity depends on the sys-
tem geometry and liquid properties which are related to several
other parameters. Principally, this parameter is constituted of
the mass transfer coefficient (ki) and the specific interfacial area
(ap) which then depends on the flow regimes, hydrodynamics
and bubble characteristics in the system. Information regarding
bubble size distribution is often useful as it determines the level
of interfacial mass transfer and other hydrodynamic behavior
of the systems. However, the availability of such information is
quite sparse. Literature reported that bubble breakage was a pre-
dominant factor in the gas—liquid contacting devices particularly
at high gas throughputs [8—11]. Hence, the systems at high aer-
ation rate are typically operated with smaller bubble size range
which enhances gas holdup and consequently gas—liquid mass
transfer. Bubble breakage was also found to take place along the
height of the column due to an increasing interaction between

contactors, Chem. Eng. J. (2008), doi:10.1016/j.cej.2007.12.024
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Nomenclature

Nomenclature

a specific interfacial area based on liquid volume
(m3/m3)
cross-sectional area (m?)

c dissolved oxygen concentration (mg/1)

c* saturated dissolved oxygen concentration concen-
tration (mg/1)

cL oxygen concentration in liquid phase (mg/l)

Co initial dissolved oxygen concentration (mg/l)

dp sphere bubble diameter with the same volume as

ellipsoidal bubble (mm)

dps Sauter mean diameter (mm)

Dy diffusivity (m2/s)

D; inside diameter of draft tube (cm)

Do outer diameter of draft tube (cm)

h; video level (cm)

h height of defined liquid level in the column (cm)

Hy, unaerated liquid height (m)

Hp aerated liquid heights (m)

g gravitational acceleration (m/s”)

kg overall mass transfer coefficient (m/s)

kr overall mass transfer coefficient (m/s)

kra overall volumetric mass transfer coefficient (1/s)

n occurrence frequency number

p major axes of bubble images

AP pressure difference acting on bubbles (N/m?)

APy, pressure difference between the two measuring
ports (N/m?)

q minor axes of bubble images

t time (s)

Usg superficial gas velocity (m/s)

Uy terminal rise velocity of bubble (m/s)

Greek symbols

) film thickness (cm)

&d downcomer gas holdup

&o overall gas holdup

&r riser gas holdup

u viscosity (kg/ms)

) density (kg/m?)

o surface tension (N/m)

bubbles as they traveled up the top of the column [2]. Wongsu-
choto et al. [4] reported that bubble breakage occurred more at
the top part resulting in smaller bubble size to be smaller than
that at the lower part. Electrolyte solutions such as sea water
were reported to provide a higher kp a than that in fresh water
as the bubble size in such systems was relatively small. On the
other hand, systems with higher viscosity such as CMC (car-
boxymethyl cellulose) exhibited a lower k a than those running
with lower viscosity mediums [12,13]. The presence of antifoam
promoted bubble coalescence and therefore reduced kp.a [13,14].
Apart from the liquid properties, the reactor design parameters

such as the height of the column and the ratio between riser and
downcomer cross-sectional area (Agq/A;) could also affect the
flow pattern and bubble size distribution in the airlift system.

The gas—liquid mass transfer is commonly considered as a
function of bubble sizes, and is explicitly described in sev-
eral empirical correlations such as Frossling’s equation and
Higbie’s theory for bubble columns [15]. Although the appli-
cation of airlift could be in mediums with various properties,
most investigations on bubble size distribution are often con-
fined to the system operated with water—air as liquid and gas
phases, respectively. Salinity is known to alter the properties
of water, for instance, it decreases the surface tension of the
solution, and this could significantly affect the bubble size dis-
tribution. This, in turn, has notable influence on the gas—liquid
mass transfer. This work therefore focused on the quantitative
analysis of the influence of salinity on the hydrodynamics and
mass transfer behavior of the annulus sparged internal loop airlift
contactor.

2. Experimental
2.1. Apparatus

Experiments were carried out in an acrylic transparent airlift
contactor as detailed in Fig. 1. The column was 1.2 m in height
with an inside diameter of 0.137 m. The column was equipped
with pressure taps along the contactor height for the measure-
ment of pressure drop, AP, which was used to determine riser
gas holdup, &g;. A 1 m draft tube height was installed centrally
in the column with a bottom clearance of 5 cm for liquid circula-
tion. The ratio between cross-sectional areas of downcomer and
riser (A¢/Ar) was altered by changing the draft tube diameter
as provided in Table 1. Saline water was added into the col-
umn until the anaerated liquid height was 3 cm above the draft
tube. The aeration was accomplished through a perforated ring
sparger with 30 holes (1 mm in diameter) provided at the base
of the annulus section. The sparger was made from PVC tub-
ing with of 0.8 cm diameter. Air flow rate was controlled by a
calibrated rotameter to give a range of superficial gas velocities,
Usg, from 0.01 to 0.07 m/s.

Table 1 summarizes detail of the operation of this system.
The salinity was measured by OPTIK Handheld Refractome-
ter and was controlled at 15, 30, and 45 ppt. The density of the
solution was measured by pycnometer (UL/Y ADAPTER, MID-
DLE BORO, MA 02346, U.S.A., Brook field ENGINEERING
LABS INC.) at 100 rpm, 26.5°C, and the surface tension was
measured with KRUSS K10T (Du Noiiy Ring). These properties
were summarized in Table 2.

Table 1

Dimensions of draft tubes

Draft tube Symbol D; (cm) D, (cm) AglAr (&)
1 ALCI1 34 4 0.067

2 ALC2 7.4 8 0.443

3 ALC3 8.4 9 0.661

4 ALC4 9.4 10 1.008

contactors, Chem. Eng. J. (2008), doi:10.1016/j.cej.2007.12.024
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Fig. 1. Schematic diagram of concentric internal loop airlift contactor employed in this work.

Table 2 Table 3

Liquid properties Locations of digital video camera for bubble size measurement

Liquid phase Surface Viscosity (kg/ms)  Density (kg/m3) Section Height from the bottom end
tension (N/m) of the draft tube (%;) (cm)

Tap water 72.6 x 1073 1.28 x 1073 0.996 x 103 Top section (hy) 90

Sea water at 15ppt ~ 73.1 x 1073 1.44 x 1073 1.005 x 103 Middle section (A1) 50

Sea water at 30 ppt ~ 73.7 x 1073 1.47 x 1073 1.016 x 103 Bottom section (h3) 10

Sea water at 45ppt ~ 73.9 x 1073 1.49 x 1073 1.027 x 103

2.2. Bubble size distribution measurement

The bubble size measurement was performed in riser section
using a photographic technique. More than 200 bubbles were
photographed using a digital camcorder (Panasonic® NV-GS75)
at three different heights (4;): 10cm (bottom section), 50 cm
(middle section) and 90 cm (top section) from the base of the
draft tube as illustrated in Fig. 1 and Table 3. The correction
to real size was based on the scale attached to the draft tube
with the same focal distance as the measured bubbles. The focus
was adjusted on the scale and only the well-focalized bubbles
were measured [4]. For ellipsoidal bubbles, the major and minor
axes of bubble images were measured. The equivalent size of the

Table 4
Operating conditions for each ALC system

bubble (dp), representing the diameter of a sphere whose volume
was equal to that of the bubble, is calculated using Eq. (1) [16,17]
(Table 4).

1/3
ds = (P9)" (1)
2.3. Determination of hydrodynamic and mass transfer
behavior of airlift contactors

The overall gas holdup, &g, was determined by the volume
expansion method where:

Hp — H.

Ho @)

Eg0 =

Superficial gas velocity (m/s)

e e o o 6 6
ALC1 0.008 0.012 0.018 0.022 0.030 0.035
ALC2 0.011 0016  0.025 0.031 0041  0.048
ALC3 0.013 0.019 0.029 0.036 0.048 0.056
ALC4 0.016 0.023 0.035 0.044 0.058 0.068
Symbol  seeeesserens e i — —

contactors, Chem. Eng. J. (2008), doi:10.1016/j.cej.2007.12.024
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The riser gas holdup, &g ;, was estimated by measuring the pres-
sure difference (APp,) between two pressure taps located along
the height of the column (A#%) where:

APy
PI8AhR

for=1— 3)
It was assumed that gas holdup in the top section was approx-
imately equal to that in the riser and therefore the downcomer
gas holdup, &g 4, could be computed from:

_ Eg,oHD(Ad + Ap) + (HgAg — Hp(Ag + Ar))gg,r

4
HyAq

Egd

Liquid velocities both in riser and downcomer were mea-
sured using the color tracer technique. The pressure taps were
employed as injection points of the color tracer and the recorded
time of color tracer between the two points in the contactor was
measured for the calculation of liquid velocity.

The overall volumetric mass transfer coefficient (kp.a) was
determined by the dynamic method [18-20]. A dissolved oxygen
meter (Jenway 9300) was used to record the changes in oxygen
concentration with time in the ALC. The system was initially
freed of O, by bubbling N; through the liquid for approx. 10 min.
The calculation of k.a follows Eq. (5):

(C * _Co)

) =l )

3. Results and discussion
3.1. Local bubble size distribution in airlift systems

Fig. 2 illustrates examples of the bubble size distribution
curves obtained from the various sections of the ALC system
operated with saline water at 30 ppt and with A4/A; =0.661. As
a general trend, bubble size was quite large, in the range of
6.0-8.2 mm, at low superficial velocity. At higher gas through-
put, bubbles became smaller in size and the distribution of bubble
size became bimodal where there were two main bubble sizes
present at the same time (2 and 6.5 mm). At high gas through-
put, bubble size became small and the distribution illustrated
that there was only one main bubble size in the system at this
condition (2 mm). Bubble size did not seem to be smaller when
the superficial velocity became higher than 0.036 m/s. This find-
ing was for the system operated with water at salinity of 30 ppt,
and it agreed well with the report by Wongsuchoto et al. [4]
who carried out the experiment in fresh water systems that,
at adequately high aeration, bubble no longer changed its size
distribution (usg >0.05 m/s). The difference was that the airlift
operated with saline solution had smaller bubble sizes than those
with fresh water.

3.2. Axial bubble size distribution in airlift contactors

The axial bubble size distribution was obtained by taking
photographs of bubbles in the airlift at different heights. Bubble
distribution frequency was then formulated for each sampling
point, and the results are given in Fig. 2. In the top and middle

1
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0.4 4
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Fig.2. Frequency distribution of bubble sizes at various superficial gas velocities
in ALC with Aq/A; =0.661 (salinity =30 ppt).

sections, the distribution changed from uni-modal to multi-
modal curve at usg ~ 0.019 m/s whereas the bottom section saw
this change at us; &~ 0.029 m/s. The breakage of the bubbles at
high gas throughput was caused by higher amount of energy dis-
sipation and turbulent which promoted more interaction between
bubbles. The results suggested, therefore, that there was a higher
level of turbulence in the top and middle sections than that in
the bottom. Fig. 3 illustrates the mean values of the bubble sizes
with the highest occurrence frequencies (Fig. 3(a)) compared
with the average, Sauter mean diameter of bubbles (Fig. 3(b)) in
the three sections in the airlift system with Ag/A; of 0.661. This
revealed that bubble size in the bottom section was slightly larger

contactors, Chem. Eng. J. (2008), doi:10.1016/j.cej.2007.12.024
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Fig. 3. Axial variation in bubble size in ALC with A4/A;=0.661 (salin-
ity =30 ppt): (a) the average high bubble size (dp high) and average low bubble
size (dp,jow), and (b) Sauter mean diameter.

than in those in the other sections, particularly at a lower range
of usg (<0.04 m/s) examined in this work. At a higher us; range,
the effect of column height on the bubble size was not obvious
and the sizes of bubbles were approximately the same through-
out the length of the airlift. The same finding was found for the
system running with tap water as described in Wongsuchoto et
al. [4].

3.3. Effect of the ratio between downcomer and riser
cross-sectional areas on bubble size

To investigate the effect of the ratio between the downcomer
and riser cross-sectional areas (A¢/A;), the experiment was con-
ducted in the airlift contactors running with sea water at 30 ppt
with four different draft tube sizes as detailed in Table 1 and
the average bubble sizes are shown in Fig. 4. At a low range of
usg (<0.015 m/s), no significant differences in bubble size were
observed in all systems. At us, greater than 0.015 m/s, the differ-
entiation of the bubble sizes in the systems with different draft
tube sizes became more obvious, i.e. the bubble size was larger
in the system with larger draft tube size (dps, ALC4>3>2>1).
In other words, the bubble size was larger in the system with
smaller riser cross-sectional area. It was possible that turbu-
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Fig. 4. Bubble sizes in ALC with different downcomer to riser cross-sectional
area ratios (salinity =30 ppt).

lence in the system with smaller riser was stronger than those
with larger riser, and increasing the chance of bubbles being coa-
lesced. Fig. 4 also illustrates that the effect of A3/A; on bubble
size was more obvious at the bottom section, and not as much in
the middle and top sections. As stated earlier, the level of turbu-
lence in the middle and top sections of the airlift was believed
to be stronger than that in the bottom section. However, bub-
ble sizes in this top section were not significantly regulated by
Ag/A; suggesting that, within the range of aeration employed in
this work, similar level of turbulent intensity was resulted. On
the other hand, the bottom section in the airlift with different
Ag/A; might be exposed to noticeable levels of turbulence inten-

contactors, Chem. Eng. J. (2008), doi:10.1016/j.cej.2007.12.024
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sities. This therefore resulted in a distinguishable bubble sizes
as observed in Fig. 4.

3.4. Effect of salinity on average bubble size

Fig. 5(a-b) displays the relationship between bubble sizes in
the ALC operated with saline water at different salinity levels.
This figure illustrates that, at low range of ugy (<0.02m/s), the
effect of salinity on bubble size was not obvious and bubble
sizes were in the range of 6.0-7.5 mm in all ALC systems. At
higher ug, the effect of salinity on bubble size became more
apparent where the bubble size appeared to be smaller in the
saline solution than that in fresh water. This was in contrast
with the fact that saline solution possesses stronger surface
tension and viscosity than water and the bubble size in such
solution should be larger than that in water. However, in this
case, the effect of electrolyte on viscosity (Marangoni effect)
was reported not to be adequate to regulate the bubble size
[21,22], and therefore the effects of salinity on bubble size
were mainly due to its ionic properties. This finding was in
good agreement with several past reports which stated that
electrolyte solutions inhibited bubble coalescence and retarded
bubble riser velocity which then reduced the bubble size
[20,22-26]. It should be noted that types and concentration

0 (a) A O ppt
a 15 ppt
8 < 30 ppt
u] O 45 ppt
E Fa Fay
7 8 o It A A A
- <
> 61
E o]
—_ 4 ]
= 5
\.:3 4 A e} D
= m}
3 -
8 D
2 .
8 <
1 4 o]
0 T T T T
0 0.01 0.02 0.03 0.04 0.05
U 5o (M/s)
10
9 4 (b) A Oppi
0O 15 ppt
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O 43 ppt
74 ; o o
= 64 A g £ A
# < A
E 54 o ©
= o .
$ 4 5
3+ ]
g
21 O
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Fig. 5. Bubble sizes in ALC: (a) Ag/Ar =0.067 and (b) Ag/A; =0.661.

of electrolytes can impose different effects on bubble coa-
lescence, for instance, Lessard and Zieminiski [20] ordered
the coalescence efficiency in various electrolytes as follows:
MgS0O4 <MgCl, < CaCly < NapSO4 < LiCl < NaCl < NaBr < KCl.
Fundamentally, there are two types of forces or pressures
dealing with the coalescence or breakup of the bubbles. The first
one is the Laplace pressure which promotes bubble coalescence
caused by the drainage of the liquid film located in between the
two adjacent bubbles. This pressure depends on the reciprocal
of the bubble diameter. However, if the Laplace pressure is too
strong, bubbles coalesce very rapidly and this reduces the stabil-
ity of the bubbles. Therefore, at this condition, bubble breakage
dominates in the system. The other type of force is repulsive
force. Electrolytes such as salt increased the repulsive hydra-
tion force by enhancing water structure due to hydrogen bond
at the interface leading to a more stable bubble than that in the
fresh water system. This formation of repulsive force balances
the Laplace pressure, inhibiting bubble coalescence. The two
forces can be written in a mathematical form as follows [27]:

o
AP=—-11 ©6)
"p

when o is surface tension, 7, is radius of intersection of three
films called the Plateau border channel and the ratio between
the surface tension and radius of intersection or (o/rp) is equal
to Laplace pressure. IT is the repulsive pressure or disjoining
pressure which is the summation of various forces between ions
interaction at the gas and liquid interface according to Eq. (7).

IT = ITyqw + MpL + Thyq @)

where I1,4qy is attractive van der Waals force, I1py. is the
dielectric double layer force or repulsive force and [Ty is short-
range repulsive or hydration force. An attractive van der Waals
force (ITyqw) is a weak attraction force and caused from the
polarization of molecules into dipoles, and can be expressed
mathematically as in Eq. (8). A dielectric double layer (/1py) is
the repulsive force caused from confinement of the ion charge at
gas-liquid interface. A hydration forces was short-range repul-
sive force (ITpyq) resulting from the formation of the water
molecules near charged surfaces as in Eq. (9),

—A
Hvdw = m (8)
w
Ty = - exp(—h/A) 9
where A is the Hamaker constant which is equal to 107207,

h the film rapture thickness, A the decay length of the hydra-
tion interaction, mostly takes the value of about 8.5 nm, and W
the pre-exponential constant ~6 mN/m? [27]. The film rapture
thickness or & was reported to be a function of salinity by Cain
and Lee [28] which were equal to 114.7, 106.8, 98.8, and 90.9 for
the water with salinity levels of 0, 15, 30, and 45 ppt, respectively.
In the same work [28], it was reported that the dielectric double
layer force (ITpp) was negligible compared with the hydration
force and should be omitted from the calculation. Moreover,
van der Waals attraction was generally reported to be relatively
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Table 5
Estimates of disjoining pressures (I7) at different salinity levels

Salinity (ppt) h* (nm) van der Waals attraction (N/m?) Electrostatic repulsion (N/m?) Hydration repulsion (N/m?) Total pressure (IT) (N/m?)
0 114.7 —0.35 0 0.97 0.62

15 106.8 —0.44 0 247 2.03

30 98.8 —0.55 0 6.29 5.74

45 90.9 —-0.71 0 16.01 15.30

4 [28].

small and was also negligible compared with the hydration force
[21,22]. Therefore, Eq. (6) is reduced to

AP=T — My (10)

p

The pressure difference, AP, in Eq. (10) was important in
controlling the level of bubble coalescence or bubble breakage
in the system. AP is low for the condition with inhibiting bub-
ble coalescence, and high for the bubble coalescence promoting
conditions. Nevertheless, as mentioned above, a much higher
AP would result in a breakup of bubbles [29]. A summary of
these forces acting on the bubbles in the airlift systems is given
in Table 5.

Let us define the parameter APc which is the level of AP
below which the inhibition of bubble coalescence occurred, and
above which bubble breakage prevailed. Therefore, the bubble
had its greatest size at APc. Fig. 6 shows the summary of the
various forces acting in the various saline solutions. As stated
earlier, the bubble size in the water system was the largest and
under this condition, AP in water was approx. 20 N/m? for the
whole range of us, employed in this work as detailed in Table 6.
This was due to the absence of repulsive force to balance the
Laplace pressure. With the presence of salinity, the repulsive
force became stronger. However, this repulsive force was not
strong enough to bring AP down. In contrast, the Laplace pres-
sure in the presence of salinity seemed to be quite large which
could be the result from the increasing surface tension. This
resulted in AP having a value greater than 20 N/m2. Therefore,
bubbles tended to break in such condition.

A 0.067 i 5
8 - g & e o
fé ° o
74%
R %é&
L) ] 2
s ¢ ol
,‘—<.5 % X
- o
‘;‘.4 a  aa
S 8 °ga
3 ° o
o &
a @ag
2‘ EAA
1 : a
[ T T . e N ST RS R T
0 20 40 60 80 100 120 140

AP (N/m?)

Fig. 6. Relationship between bubble size and AP.

In the airlift with Ag/A; of 0.067 running with 45 ppt salin-
ity, AP was about 43121 N/m? at usg >0.02m/s and therefore
bubble breakup was expected. The bubble size in this case was
quite small, at 0.001-0.002m (see Fig. 5(a)). Fig. 5(b) illus-
trates that when the A4/A; was altered (from 0.067 to 0.661),
the condition in the system changed, and despite using the same
level of use, the system running with 45 ppt salinity had AP of
5-25N/m? which prevented bubble breakup, therefore accom-
modating larger bubbles (0.005-0.006 m) than those in the airlift
with lower A4/A;.

Fig. 6 illustrates the relationship between pressure driving
forces and the average bubble size in all airlift systems employed
in this work. It seemed that AP that gave the largest bubble size
(APc) was in the range from 15 to 20 N/m?.

3.5. Effect of superficial velocity

Fig. 5(a-b) demonstrates that Sauter mean diameter of the
bubbles decreased with superficial gas velocity at all salinity
levels. This finding agreed well with the reported data in the air-

Table 6
Estimates of pressure driving forces for average bubble size in different salinity
levels in ALC with Aq/A; =0.067

Salinity (ppt) Usg (M/S) AP (N/m?) dg (m) x 10
0.008 19.61 7.05
0012 19.97 6.94
0.018 19.62 7.05
0 0.022 20.62 6.72
0.030 20.36 6.81
0.035 2045 6.78
0.008 16.69 7.63
0.012 19.76 6.58
0.018 26.24 5.09
15 0.022 33.10 411
0.030 39.15 3.51
0.035 56.48 2.48
0.008 15.61 6.73
0.012 17.29 6.25
0018 30.00 406
30 0.022 46.38 2.80
0.030 70.66 1.92
0.035 97.02 1.43
0.008 6.79 6.48
0.012 11.54 537
0018 20.30 407
4 0.022 43.73 247
0.030 71.90 1.68
0.035 121.4 1.08
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bubble sizes were regulated by the level of pressure difference 0.141 .
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rate (<0.02m/s) as shown in Fig. 5(a), the pressure difference = o o, . .
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3.6. Overall volumetric mass transfer coefficient (kpa) in Uge (M/s)
5g

the airlift systems operating with sea water

The overall volumetric mass transfer coefficient (kpa) was
calculated from Eq. (5). The change in kpa with ug, and salinity
level is illustrated in Fig. 7 which shows that & a increased with
superficial gas velocity but decreased with an increase in salinity.
Salinity seemed to have adverse effects on kr.a and the system
with fresh water always imposed a higher k1 a than those running
with sea water. In addition, the effect of salinity on kpa was
quite complicated. At low range of uss (<0.03 m/s), the effect
of salinity did not seem to be significant, however, the effect
became more pronounced at high aeration rate (usg > 0.03 m/s)
and kpa was the highest at 30 ppt followed by those at 15 and
45 ppt, respectively.

This kr a quantity composed two main parameters, i.e. “kr.” or
overall mass transfer coefficient, and “a” or specific interfacial
area. Generally ki, was reported to be a function of turbulence,
liquid properties and bubble size. The specific interfacial area
(a) can be estimated using Eq. (11):

6sg

= dps(1 — &g) (b

where &, is the riser gas holdup and dgs Sauter mean diameter
which is defined as:

. Z”idi;,i

dps =
’ E”idé,i

12)

Fig. 8. Effects of superficial gas velocity, usg, on gas holdups.

where n; is the occurrence frequency number of the sphere
bubbles diameter, dg ;. The two parameters significant for the
determination of the specific mass transfer area were average
bubble size (Fig. 5(b)) and gas holdup. Fig. 8 illustrates that
the effect of salinity on gas holdups in the system was only
marginal and the specific area should only vary with bubble size.
As discussed earlier, the bubble size in sea water was smaller
than that in fresh water and became smaller with an increase in
superficial gas velocity. Therefore, the specific interfacial areas
obtained in the systems at all salinity levels were higher than
that in the fresh water system.

It was primarily assumed that the gas holdup was uni-
form throughout, both in axial and radial directions. The
estimates of specific interfacial area (a) in the airlift system
with Ag/A;=0.661 at various salinities is displayed in Fig. 9.
This finding revealed that effect of salinity on specific area
was only marginal at low range of superficial gas velocity
(usg <0.028 m/s), and became more significant at higher ugg.
The largest gas—liquid surface area was obtained from the airlift
operating with saline water at 15 ppt, followed by those at 30
and 45 ppt. This corresponded well with the information on the
effect of salinity on bubble size in Fig. 5(b).

Now that the information on k; a and a became known, the
overall mass transfer coefficient or kr, could simply be calculated

contactors, Chem. Eng. J. (2008), doi:10.1016/j.cej.2007.12.024
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Fig. 10. Effects of superficial gas velocity, usg, on overall specific mass transfer
coefficient, ki, in ALC (A4/A;=0.661).

by dividing k.a with a and the results are given in Fig. 10. The
results revealed that kr. only became significantly different at
high uss. The pure water system provides the highest level of
kL. Among the saline solutions, k;, was highest in the system
with salinity of 30 ppt, followed by that with 45 ppt and 15 ppt,
respectively. The reason fore this variation still could not be
retrieved from this experiment. However, it was observed that the
trend in kp a followed that of k. quite closely, i.e. the highest was
in pure water system, followed by those in saline concentrations
of 30, 45 and 15 ppt, respectively.

(1/8)((o1 — pg)/11)8dE((Biur + 311g)/ a1 + 3118))\/20/dBs(p1 + pg) + 8dBs/2

rates in riser and downcomer section as follows:
(kLa); VLr + (kLa)gVLa
VLT

(kLa)r = (13)
where Vi ; is the volume of liquid in riser, Vi 4 the volume of
liquid in downcomer and V1, 1 the volume of total liquid. (kpar):
and (kpar,)q were then obtained from multiplied ki, by ar_ and
ki 4 by ar g

As a was obtained from the measurement, the estimate of
kpa requires only the estimation of kr. As mentioned above,
the mass transfer coefficient, k1, was reported as a function of
liquid properties and bubble size. It was assumed that Schmidt
number remained constant as salinity did not significantly alter
the properties of the liquid [15,31-33], and hence, the dimen-
sionless relationship between Sherwood number (S%), Reynold
number (Re), Schmidt number (Sc) and Grashof number (Gr)
could be formulated as follows:

forced convection

Sh=a+bGrsc i Re’ Se

\
Y
,

free convection (14)

Generally, Grashof number, Gr, represents the mass transfer by
natural convection or free rise velocity whilst Reynolds number,
Re, is the mass transfer form forced convection:

&3 mA
Gr = BAZP8 (15)
My
dpsvs
Re — BsUs Ol (16)
i

The velocity and bubble diameter used in the calculation of
Reynolds number were the slip velocity, vs, and Sauter mean
diameter, dgs. The slip velocity in riser, v, was calculated as
a function of the terminal rise velocity of a single bubble, u,
which were related to hindering effects from neighboring bub-
bles in the riser section. Information on bubble sizes was then
employed to estimate the slip velocity of the gas bubbles in the
system using the following equation [34,35]:

Uoo
Us,r

T (=)

where u, is the terminal bubble riser velocity which can be
calculated using the correlation proposed by Jamialahmadi et
al. [36].

a7

Uoo =

(18)

3.7. Estimate of ka

The mass transfer rate for the entire contactor was proposed
in the terms of the overall volumetric mass transfer coefficient
(kra)T and could be calculated from sum of the mass transfer

\/ [(1/8)((p1 — pg)/m1)gdF (Bt + 3pg)/ a1 + 3Mg))]2 + 20/dgs(p1 + pg) + gds/2

The parameters a—h in Eq. (14) was then determined from exper-
iments.

Eq. (14) must be used to predict ki and ki 4, and in doing
so, the slip velocities or terminal rise velocities in both riser and
downcomer must be known (from Eqs. (17) and (18)) for the
calculation of Reynolds number. As the photographic technique
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Please cite this article in press as: D. Ruen-ngam, et al., Influence of salinity on bubble size distribution and gas—liquid mass transfer in airlift

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448



449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

Q6

Q5

+Model
CEJ56381-11

10 D. Ruen-ngam et al. / Chemical Engineering Journal xxx (2008) xxx—xxx

Table 7

Parameter estimates for correlation in Eq. (14) Sh=a +bGr°Sc? + eRe’ Sc

Salinity (ppt) Parameter R?
a b c d 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 0.46 0.06 0.81

0[4] 0.5 1.07 0.47 0 0 0 0 0.92

could only be used to measure the bubble size in riser, bubble
size in downcomer was not known and the determination of slip
velocity in downcomer was not possible. However, the average
bubble size in downcomer (dp 4) could be estimated from the
downcomer liquid velocity, ur, 4, by assuming that the liquid
must have velocity equaled to the terminal velocity to be able to
drag the bubble down into the downcomer, or

Vs, d = UL,d (19)

Once the terminal velocity was known, the Levich equation [37]
as shown in Eq. (19) was proposed for the calculation of bubble
size:

g = 2 (10’

> (20)

Assume that there was no variation of bubble size along the
radial and axial directions in downcomer:

dpsd = dpg 21

The ay, g was calculated from substitution of dgs g4 from Eq. (21)
and &g ¢ from the experiment to Eq. (4).

The parameters a—h in Eq. (14) were evaluated using non-
linear parameter fittings using all the results available in this
work, and the results are given in Table 7 (noted that these param-
eters were obtained from the solver function in the MS Excel 97
where the objective was a minimal error between experimental
and simulation data). For the case of tap water, the results from
parameter fitting were reasonably close to those proposed from
Wongsuchoto et al. [4] (as shown in the last row of Table 7). The

0.10
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0081 |25 o % mAha . Lo
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2 0.04- o a ° -
= omO o0 a
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=2 A (3 %o o
< 4 , oo o IR
(&) 0024° 2 - an
4 o 9
@, a
a s ¢
A A S
0.00 e FHE 2 ‘ ; .
0.00 0.02 0.04 0.06 0.08 0.10

Experimental (k;a) (1/s)

Fig. 11. Comparison of k.a from experiment and & a estimated by Eq. (4.9) in
ALC (A4/A; =0.067-0.661).

fittings for the saline water gave somewhat different results from
that for pure water in that the terms Reynolds number was not
involved in the pure water system, but it was, to certain extent,
for the saline water systems. This meant that the mechanism con-
trolling the mass transfer coefficient in pure water was only the
natural convection whereas the force convection as represented
by the Reynolds term also was significant in the system operated
with saline water. Fig. 11 illustrates the comparison between the
calculated and experimental kp a of the airlift contactor operated
with various saline solutions.

4. Conclusion

This work continued our previous work on the bubble size
distribution in the airlift systems. The distribution of bubble size
in saline solution which was often used in cell cultivation was
provided. Mechanisms for the bubble breakup/coalescence were
proposed. The relationship between bubble size, liquid proper-
ties and the gas—liquid mass transfer behavior was investigated
where the correlation for the estimate of the overall volumetric
mass transfer coefficient was proposed with reasonable accu-
racy. This information will be useful in the future design of the
airlift reactors for specific applications.
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