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A novel design of Gas Induced Mechanically Agitated Photobioreactor (GIMAP) using the principle of hollow 
shaft impeller to sparge air is tested with Spirulina as model system. Gas induced impeller is a lesser-explored type of 
mechanically agitated contactor. It possesses unique characteristics like no separate power requirement for the 
sparging of the gas, moderate values of mass transfer coefficient and relatively low values of shear stress. These 
characteristics make it suitable as a photobioreactor although it may not be the best choice for the classical 
fermentations. GIMAP exhibited good performance giving biomass concentration and high specific growth rate of 
4.44 gil and 1.33 d- I 

, respectively. Hydrodynamic stress developed in GIMAP was found to have favourable effect 
that resulted in production of biomass with more permeable cell walls. As a result it was possible to extract 
phycobiliproteins without cell rupture by simply changing the pH of the buffer. Further it was possible to recover 
23% of phycobiliproteins (92% yield) from the GIMAP culture along with a by-product namely exhaust cell mass 
with 25 % proteins. Simpler downstream processing, additional byproduct coupled and higher growth rates of 
Spirulina than the conventional cultivation methods indicate the commercial potential of the proposed GIMAP 
design as photobioreactor. 
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Introduction 
Spiruiina, one of the important and the oldest 

known microalgal species, has gained attention as a 
food source because of the high protein and vitamin 
content and due to its ability to produce large 
quantities of high value products like 
phycobiliproteins (Sarada et ai, 1999). Traditionally, 
micro-algae are cultivated in open ponds. This mode 
of cultivation has a number of drawbacks including 
low cell densities , potential to contamination by other 
microorganisms and the inability to control 
environmental factors such as light, irradiation and 
temperature (Weismann et ai, 1988; Chen & Zhang, 
1997). Though these systems are being improved with 
respect to temperature control, supply of appropriate 
nutrients, optimization of pond depth, carbon dioxide 
injection, etc. still productivity remains fairly low 
(-100 g dry algal biomass/m2/day), hence are not 
commercially viable due to cost implications. Several 
alternatives, proposed to the open pond culture 
technique, recommend the use of photobioreactors 
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(tubular, column type with circulation, with recycle, 
etc.). The growth rate increases by 100% in indoor 
systems with internal illumination arrangements (Pulz 
& Scheibenbogen, 1998). Sophisticated photo­
bioreactors such as photobioreactor with efficient 
light emitting diodes (Lee & Palsson, 1994), fibre 
optic based photobioreactor (Javanmardian & 
Palsson, 1991), tubular photobioreactor for outdoor 
cultivation (Torzillo et ai, 1993), etc. tried at 
laboratory scale are not cost-effective. Hence, there is 
a need to explore newer designs which are compact, 
have lower power consumption and can achieve high 
growth rates without much initial investments. In the 
present work, authors report a novel design of 
photobioreactor for cultivation of Spiruiina and 
recovery of phycobiliproteins, called Gas Induced 
Mechanically Agitated Photobioreactor (GIMAP). 

GIMAP is a less explored design for fermentation 
in general, and as a photobioreactor in particular. It 
offers several advantages over conventional stilTed 
vessel in terms of lower power consumption and 
lower shear levels. However, it may not be a good 
choice for biological systems having fast growth 
kinetics and oxygen mass transfer limitations. GIMAP 
as a photobioreactor was thought to be worth 
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exploring since intrinsic kinetics of algal cultures are 
slow, almost by an order of magnitude as compared to 
bacteria. Secondly, significantly higher solubility of 
CO2 compared to O2 (Perry & Green, 1997) results 
into high CO2 dissolution rates in GIMAP, although 
the same construction may not be as effective as an O2 

supply system. The power consumption is also low as 
the gas inducing impeller eliminates separate air 
sparging line and associated power requirement 
because of its inherent hollow shaft design (Joshi & 
Sharma, 1977). Thus, GIMAP may be a good choice 
for algal cultivation, especially at initial stage to 
produce a large number of cells in a short time span. 

The present study also demonstrates the 
advantageous role of GIMAP in developing a simpler 
method for isolation of phycobiliproteins without cell 
lysis , whereby a byproduct namely exhaust cell mass 
having 25% proteins is also obtained. The direct 
leaching of phycobiliproteins from the GIMAP 
cultivated Spirulina and the availability of exhaust 
mass are thus an important steps in the reduction of 
downstream processing and separation cost. The fact 
that conventional downstream processing of Spirulina 
to recover phycobiliproteins involves cell lysis and no 
exhaust cell mass is available, the present work using 
GIMAP cultivation resulted in exhaust cell mass , will 
improve the economics of the overall process. 

Materials and Methods 
Design of GIMAP 

Gas inducing impeller (Fig . 1) is an agitator having 
hollow shaft with gas-port that simultaneously 
produces mixing and self-induction of gas. When the 
impeller rotates in the fluid, the acceleration of the 
fluid element causes reduction in static pressure in the 
hollow shaft. Since the reduced pressure area is 
connected to the gas space, air is sucked in by 
induction when the reduction in pressure is sufficient 
to overcome all the resistance in the path of the gas. 
Gas induction in the liquid occurs at a speed equal to 
or greater than critical impeller speed (Ncritical). This 
condition is represented by the following equation of 
force balance (Joshi & Sharma, 1977). 

N eriti c"1 = ;j [2g X HL/KI x n 2 x 0 2
] 

Where, g = acceleration due to gravity, HL = height of 
liquid column from the tip of the impeller (stator) to 
the top of the liquid, K 1= a constant having a value of 
0.9 to 1.3 and 0 = impeller diameter. 

This equation suggests that gas induction is directly 
proportional to the square root of the liquid height and 
inversely proportional to the impeller diameter. 

GIMAP used in this work consisted of 2 I 
BOROSIL reactor (13.5 cm diam with four glass 
baffles of 0.5 cm width) with a flat bottom (Fig. 2). It 
was fitted with a gas inducing impeller (7 cm diam) 
having 4 blades (2-mm diam hollow tube). Impeller to 
vessel diameter ratio of 1:2 was maintained in the 
design as per the recommendations of Joshi and 
Sharma (1977). The assembly was fitted with 
overhead motor with variable speed drive. Air 
(filtered through sterile cotton wool placed in the 
hollow shaft) was used as a source of CO2. All the 
experiments were conducted at the speed of 
lO-rev S- I, which did not change significantly over the 
cultivation period of IS days. Two circular 
fluorescent tube lights (Philips 32 W, 1500 Lux) were 
mounted around the GIMAP. 1.5 I of medium were 
used that resulted in a heightdiam (HID) ratio of 1 :2, 
which was kept constant in all the experiments. 

Organism, Medium and Cultivation Conditions 
Spirulina platensis ARM 740 was obtained from 

CFTRI, Mysore, India. For all cultivations, medium 
employed was modified Zarrouks medium (Sarada 
et al, 1999) with initial pH 9.2 that was found to 
increase during culti vation and was kept at 10.5 
throughout the experiment. For comparison with 
GIMAP, an experiment was carried out in 0.25 I 
flasks with 0 .1 I culture medium on Gyratory shaker 
(2 rev S- I, 25°C). 

(a) 
N=O'rpm 

(b) 
N=Ntrpm 

(c) (d) 
N= N2 rpm N= Critical rpm 

Fig. I-Induction of Air Through Hollow Shaft 
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Samples were withdrawn at suitable time intervals 
and dry biomass weight was es timated to plot the 
growth curves of Spirulina for GIM AP and shake 
fl ask cultivati on. The results are based on the average 
va lues from five ex periments with similar 
environmental conditions. Phycocyanin estimation 
was carried out by spectrophotometri c method 
(Sarada et aI, 1999). 

Results and Discussion 

To achi eve a hi gh biomass yi eld, two governing 
fac tors required are, a hi gh illuminated surface area to 
culture volume ratio (A/V rati o), which ensures 
suffic ient li ght to carry out photosynthesis, and a high 
mass transfer coefficient th at ensures proper supply of 
carbon source (generally atmospheric CO2) and 
removal of undes irable O2 by counter desorption. The 
light is main requirement fo r photosynthesis and 
essenti al to increase the biomass. Thus, in an well ­
illuminated system, algal growth is primaril y 
determined by the CO2 mass transfer limitation in the 
liquid phase (Contreras et aI, 1998). One would 
expect that CO2 mass transfer would be higher in 
conventional sti rred vessel bioreactors than the 
proposed GIM AP. However, the power consumption 
in conventional sti rred type would work out to be 
quite high due to culti vation period of several days or 
weeks in the case of alga l cul tures. Further, the usual 
sti rred bioreactors are not suitable fo r slow growing 
algal cultures wh ich are shear sensitive cell s due to 
high levels of shear stresses developed during 
mechani cal agitati on. The paddle/turbine impellers 
used in stirred tanks develop both cutting and 
shearing acti on on the algal cell s, which leads to the 
dis ruption of the cell. GIM AP impell er would not 
produce such cutting action due to the cushi oning 
action of the bu bbles produced at the tip due to gas 
induction . Further, the moderate speed produces 
lower level of turbulence and lesser hydrodynamic 
shear than the conventional mechani call y ag itated 
types . 

Cultivation in G/MAP 
The main objec ti ve of thi s work was to in vestigate 

the application of GIMAP for micro-algal culti vati on 
and compare it with other laboratory and commercial 
designs including conventional methods of large-scale 
culti vation in open ponds. The concentration of cells 
obtained in shake fl ask was 3.56 g I- I in 25 days . The 
growth rates of S. platensis in shake fl ask were 
co mparable with those obtained 111 other 
photobioreactors (Table I). These values are 
signi ficantly higher than those fo r pond culti vation. 
Thus, it may be safel y assumed that shake fl ask 
results were mimicking typical photobioreactor and 
are better than pond cultivation. On the other hand, 
during GIMAP culti vation of S. platensis in 15 days, 
the values of both producti vity (4.44 g rl ) and 
hi ghest specific growth rate ( 1.33 d- I

) were higher 
when compared with other novel photobioreactors. 

The hi gher values of cell concentrati on and specific 
growth rate obta ined in GIM AP suggest that the algal 
culti vati on system has severe CO2 di ffusion limitation 
during pond culti vation . The growth rate of S. 
platensis in GIMAP is much higher than that of 
cul tivated in shake fl ask during the entire batch time 
(Fig. 3). 

In cl ass ical processes involving organi c carbon 
substrate, the ro le of aerati on is to suppl y O2. In the 
case of photobioreactor, air (0.03% CO2) is used to 
provide the carbon source. The parti al pressure of 
CO2 as against that of O2 in air is lower by a fac tor of 
700, and in spi te of higher solubility of, the overall 
mass transfer rate fo r CO2 dissolution in a given 
bioreactor design is expected to be lower th an that of 
O2 dissolution by several orders. This suggests a 
possibility of contribution of gas side mass transfer 
res istance (Bailey & Olli s, 1977). In order to check 
this, Spirulina was culti vated using air supplemented 
with CO2, generated chemicall y by treating sodiu m 
bicarbonate with hydrochloric ac id . Since the inherent 
design of GIMAP does not permit direct sparging of 
gas, the assembl y was kept in an enclosure (0. ll -m3 

volume') and the air in the surroundings was 

Table I- Producl ivily and growth rales of Spil'1llillu plarell sis in di ffere nt reac tor confi gura lions 

Micro-algal species Cell concen trati on Highest specific growlh rate Reactor Iype Re fe rences 

S. plalellsis 1.1 7g l- 1 Very low Ponds Pu lz and Sche ibenbogen . 
1998 

S. plalellsis 2.66 g I- I 0.62 d- I Fcrillentor Chen and Zhang, 1996 
S. plarellsis 3.93 g I- I 0 .566 d- I Nove l photobioreacLOr Xiang el al. 1999 
S. platellsis 3.56 g I- I 0 .6 1 d- I Shaker Prese lll study 
S. platensis 4 .66 g I- I 1.33 d- I GIM AP Present study 
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Fig. 3--Growth Curve of Spirulil1([ in GIMAP and Shake Flask 

supplemented with chemically generated CO2. This 
experiment showed higher growth rates (Fig. 4). This 
hypothesis was further checked by conducting 
experiments with glucose as a supplementary carbon 
source. Spirulina , when cultivated using glucose 
along with atmospheric CO2, under shake flask 
cultivation condition. gave 1.24 times higher biomass. 
Thus, the algal cultivation in shake flask suffers from 
carbon limitation, and reduction in diffusional 
resi stance should improve the growth rates. Chen 
et al (1996) have also reported enhancement in 
Spirulina biomass by mixotrophic cultivation with 
g lucose supplementation. The usual method of 
eliminating diffusion limitation in stirred reactors 
involve increasing agitation speed till no further 
change in the reaction (growth) rate is observed. In 
the case of stirred type photobioreactor, higher speed 
of agitation leads to higher shear stress, which is 
likely to have adverse effect on the trichome length of 
Spirulina. At times, the cells may get mechanically 
damaged leading to adverse effect. Bronnenmeier & 
Markl (1982) demonstrated decreased growth rates 
and a shorter trichome length of Spirulina with 
increasing speed of stirring. This parameter was 
studied by conducting a few experiments at speeds 
greater than the critical speed of GIMAP. Figure 4 
depicts the growth rate at 13 rev S- I instead of the 
critical speed of 10 rev s - I. Cell separation by 
centrifug ing showed signs of cell damage (green 
coloured supernatant) at hi gher speed of agitation. 

To evaluate the proposed des ign of GIMAP, its 
performance was compared with the reported results 
for various other designs of photobioreactor (Table 2) . 
It is observed that GIMAP showed reasonably good 
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Fig. 4-Effect of Higher Speed of Agitation and Carbon Dioxide 
Supplementation on Cultivation of Spiru/il1([ in GIMAP (Weight 
Ratio = weight at time t/weight at t=O) 

mass transfer characteristics and the growth rates are 
quite attractive in spite of lower illumination area to 
volume ratio. Further, GIMAP is advantageous in 
terms of low power consumption than other stirred 
types and low land requirements compared to pond 
cultivation. GIMAP performance is comparable to 
other commercially feasible designs such as stirred 
and column type. Very high growth rates have been 
reported in sophi sticated methods like fibre optics, 
reactors with cell recycle by membranes, which result 
in very high cell density, etc. and may be quite 
expensive at large-scale. GrMAP competes with other 
types in terms of low power requi rement s ince no 
separate power is required for air sparging. 

Isolation of Phycobiliproteins 
Spirulina contains phycobiliproteins (25 %). 

Conventionally, the separation and purification of 
phycobiliproteins involves cell lysis by 
homogenization , separation of the cell debris by 
centrifugation and extraction of the supernatant. The 
supernatant needs further purification by col umn 
chromatography. The present work involves a simpler 
method for isolation of phycobiliprotein without cell 
lysis . To assess suitability of GIMAP culture for the 
downstream processing to recover phycobiliproteins, 
GIMAP and shake flask cultivated biomass were 
compared. The shake flask cultivated biomass was 
subjected to different methods of extraction. Of the 
total ex tractable phycobiliproteins, 13.4% was 
released using high-pressure homogenizer, while 
recovery of 12.5 and 10.5% was obtained us ing 
mortar and pestl e homogenizer, and sonicator, 
respecti vely, with the total yield in the range of 40-
53 % only. Further, the spent biomass had to be 
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Table 2-{::omparison of various photobioreactors 

Micro-alga 

Chlorella 
vulgaris 

Phaeodactylu111 
tricornutum 

C. vulgaris 

Type of 
photobio­
reactor 

Ponds 

Hollow fibre 
An nular 
with fibre 
optic 

Bubble 

Illuminated 
area to 
reactor 

volume ratio 
cm2/cm 3 

0.05 

5-10 

1.25-1.92 

Illumination type 
and intensity 

Sunl ight 

Light transmitted 
by fi bre opticS 
0.17W/m 

Upto 5 W/m2 

Volume 
cm3 

600 

80 or 52 

Productivity 
giLd 

0.1 

7 

5-6 

Mass 
transfer 

coefficient 
kLa 
d·1 

0.012 

2400-4800 

Reference 

Weismann ef 
al. 1988 

lavanmardi an 
& Palsson 
199 1 

Lee and 
column With light emitting 

diodes 
Palsson 1994 

P. tricornutum Airlift 

C. vlligaris Stirred tank 

Spirulina GIMAP 
platensis 

0.3 

0 .5-4.4 

0.38 

Fluorescent tubes 
90W/m2 

Fluorscent lamps 
4W 

Fluorscent tubes 
2.244W/m2 

12,000 0.36 1900-2400 Contreras ef al. 
1998 

3000 1.25 1441 to 3480 Obgonna & 
Tanaka 1997 

1500 0 .31 1296 * This work 

* Estimated value from experimentally measured fractional gas hold-up to obtain specific interfacial area (a) , assuming true mass 
transfer coefficient kL = I x 10 - 2 cm/s 

discarded as waste. One of the objectives of the 
present work was reduction in downstream processing 
cost. GIMAP culture showed interesting results 
leading to direct extraction without cell rupture. 

Advantageous Effect of Hydrodynamic Stress in 
GI MAP Cultivation 

The adverse effects of hydrodynamic stress 
generated by an increased speed of agitation of the 
impeller on microbial fermentation have been well­
documented . Bronnenmeier & Markl (1982) 
demonstrated decreased growth rates and a shorter 
trichome length of Spirulina with increasing speed of 
stirring. Markl (1991) also reported that specific 
growth rate of Spirulina decreased with increased 
speed of agitation. Similar observations were also 
noted in the present work when the speed of stirring 
was increased from 10 rev S- I to 13 rev S- I. Increased 
speed of agitation caused reduction in coiling and 
trichome length (Fig. 5) . However, the hydrodynamic 
stress developed at the critical speed was found to 
have an advantageous role in the isolation of 
phycobiliproteins. In Chlamydomonas. the reduction 
in the growth rate due to hydrodynamic stress was 
coupled with the release of intrace llu lar contents 
(Markl. 1991 ). However, no work till date mentions 
such release of intracellul ar contents for Spirulina 
under shear stress. In the present work, 

phycobiliproteins were released from the biomass 
without cell disruption at optimum pH conditions. 
Interestingly, no phycobiliproteins were released in 
the medium (pH 10.5) during cultivation in GIMAP. 
Whereas, when the biomass was removed from the 
medium and redispersed in 0.05 M phosphate buffer 
(PH 6.7) phycobiliproteins were leached in the buffer 
completely within 30 min . Spirulina contains 25% 
phycobiliproteins and 92% of this was released in 
0.05 M phosphate buffer (6.7 pH) when cultivated in 
GIMAP. To compare phycobiliprotein release without 
cell rupture, Spirulina cu ltivated in shake flask was 
suspended in 0.05 M Phosphate buffer (6.7 pH). The 
biomass did not show any release of phycobiliproteins 
in the buffer. This difference in the behaviour of 
otherwise similar culture was attributed to the role of 
shear stress during the growth phase. Inherent design 
of shake flask allows the air to get dissolved in the 
media, which is moving in a gyratory motion with 
little back mixing. Although, it is difficult to estimate 
the exact level of shear stress in a shaker, it is 
expected to be significantly smaller than any other 
agitated type of fermentor. Shear stress in a 
mechanically agitated vessel is attributed to the eddy 
currents, especially at the tip of the blade of the 
impeller. As di scussed earlier, GIMAP develops 
much lesser shear stress as compared to conventional 
stirred vessel although shear stress in GTMAP will be 
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Fig. 5--Mi crophotographs showing characteri stics of cells cultivated (x iO magnification). a. in GIMAP; b. in GIMAP & Shake flask 
combination; c. in Shake flask 

much higher than that in shake flask. The shear stress 
developed in GIMAP at the critical speed (10 rev s-') 
used in this work was estimated to be 1.3 N/m2 using 
procedure reported by Mohanty (1998). This value is 
lower by a factor of three than the level of shear stress 
existing in a typical laboratory scale fermentor using 
turbine impeller at 5 rev s-'. 

It is hypothesized that shear developed in GIMAP 
does not allow toughening of the cell walls as a result 
of which, softer and more permeable cell mass is 
grown (Fig. 5). Interestingly, the viability of cell was 
unaffected. To check the reversibility of this process 
(if cell wall softening/toughening was purely 
hydrodynamic and physical phenomenon without 
involving biochemical alterations, this should be 
reversible), Spirulina was cultivated in the 
combination of GIMAP and shake flask. The partially 
grown GIMAP culture was then subjected to shake 
flask conditions for further growth. GIMAP cells 
were not only shorter in length but were also 
translucent and the cell walls become thick and dark 
when the same culture was subjected to shaker 
conditions (Fig. 5). 

When the biomass was cultivated in combination 
GIMAP followed by shake flask, no phycobiliproteins 
were released in the phosphate buffer (PH 6.7) 
without cell rupture. These cells have intermediate 
size and cell wall nature as compared to GIMAP or 
Shake flask (Fig. 5). In this case the pigment had to be 
recovered by the traditional method involving cell 
lysis. Thus, the pigment release phenomenon in 
GIMAP culture may be attributed to the reversible 
effect of hydrodynamic stress developed in GIMAP 
and subsequent lowering of the pH . As discussed 

earlier, the shear stress induced change seems to be 
restricted only to the cell wall as the growth rate and 
biomass generation in GIMAP was in fact higher. 
Location of phycobillisomes in the thylakoid 
membrane can be a reason for the release. The 
phycocyanin content of the resultant extract was 
found to be 23% out of the total 25% of phycocyanin. 
The residual cell mass was found to have a protein 
content of 25%. In the case of pigments recovery by 
cell disruption, no cell mass byproduct is available. 
Thus, the recovery of value added metabolite from 
GIMAP cultivated biomass could improve economic 
feasibility of the overall process in two ways: simpler 
separation process and additional byproduct namely, 
exhaust cell mass. 

The cultivation time is high for algal strains. As a 
result, it is necessary to have large hold-up capacities 
of the photobioreactor. If biomass production is the 
objective (no phycobiliprotein recovery), it may be 
cheaper to use combination of GIMAP and pond 
(shaker) for economic reasons. In principle, if a large 
number of small viable cells are formed in the 
GIMAP in a few days time, these cells may be 
allowed to grow into larger trichomes in the ponds . 
This will reduce the size (and subsequent power) 
requirements of GIMAP. 

Combination of GIMAP and Shake Flask 
For optimum growth rates using combination of 

GIMAP and open pond, the data from batch 
cultivation in GIMAP and shake flask (Fig. 3) were 
interpreted differently . The daily increment in 
biomass when cultivated in GIMAP increased up to 6 
days to reach a value of 0.62 g/day, and then 
decreased gradually . Hence in the experiments using 
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combination, Spirulina was cultivated in GIMAP for 
first 6 days (at this point of time, total biomass 
achieved in GIMAP is 2.32 times higher than that in 
shake flask) and transferred to shake flask for the next 
9 days. Combination cultivation resulted in only 3.05 
g I-I in 15 days whereas use of GIMAP only had 
produced 4.44 g I-I of biomass in 15 days. However, 
combination resulted in higher biomass production 
than that in shake flask, which had produced only 
2.97 g rl in 20 days. This suggested that net growth 
rates achieved in GIMAP were always higher than 
those in shake flask even after 6 days in the 
subsequent cultivation period where daily incremental 
rate starts falling (Fig. 3). Thus, it may be concluded 
that carbon dioxide limitation existed even after 6 
days cultivation in GIMAP. It may be noted that the 
total batch time varied from 10 to 20 days in the three 
methods of cultivation (GIMAP, Combination and 
Shake flask) . One way to normalize the data for 
comparison is defining dimensionless time. This was 
done by expressing the actual time as a fraction of the 
total batch time of the respective experiment. Figure 6 
shows the plot of biomass as a function of the 
dimensionless time in GIMAP and shaker conditions. 
It was evident that the growth rate was always higher 
in the GIMAP. The results with combination (not 
shown in the Fig. 6) match with the GIMAP for the 
first part and fall in between at the later stage. In spite 
of the fact that combination gives lower growth rates 
than that using GIMAP for the entire cultivation, one 
may recommend the combination depending upon the 
economks. 

5,------------------. 
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C 2 
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0 0.2 0.4 0.6 0.8 
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Fig. 6---(:omparison of Biomass Yield on Dimensionless Time 
Scale 

Conclusion 
The novel design GIMAP using gas inducing 

hollow impeller was found to give 2.3 times higher 
growth rates for the model cultivation system using 
Spiruiina. The design offers several advantages like 
low power consumption, low land requirement, ease 
of scale-up criteria (constant HID ratio, Dvessel:Dimpelier 
ratio etc.), easy construction and operation. Further, 
the performance parameters of GIMAP were found to 
be in line with the recommendations of typical large­
scale photobioreactors. In the case of Spirulina, it also 
exhibited a specific advantage for recovery of 
phycobiliproteins without cell lysis. This design of 
photobioreactor seems very promising and can be 
effectively used. 
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