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Abstract

Airlift reactors are widely used in the chemical amthemicalapplications agffective contactors for mass and
heat transfer. The main advantagé:airlift contactorcompared with simple bubble colurare ease of construction,
low shearrate, high capacity, good mixi and liquid circulation without mechanicagjitator: and circulating pumps.

In this work, growth characteristi of Chlorella vulgaris microalgae were studieth an internal loopairlift
photobioreactor for biomagwoductior. The bioreactor operated under batch and semiinuous culture mor using
commercially available 20:20:20+THEPK fertilizer as nutrientsThe experiments were conducted to evaluate
growth rate and biomass productivi§ Chlorella vulgaris microalgae as affected by several factors suchuaigents
concentration (20-80 mg/L), inlet dilow rate (2-8 LPM), and harvesting ratio (10-3@1.%). The growth rate and
biomass productivity o€hlorella vulgaris was determined as changes in optical densityggUV-spectrophotometer.
The results of batch operation shemathat the growth rate o€hlorella vulgaris microalgaewas increase with
increasing of NPK nutrient concentration used hatdccess to the stationary phase of gr was delayed. The rate of
growth was also increase with the increase in laiwrhte to a limit then decrez. On the otheihand the airlift
photobioreactor can be operated in & continuous mode successfully blyoosing the optimum conditic from the
batch step which was 40 mgMPK nutrients concentratioand 6 LPMand air flowrat. Several ratios of reactor
content were harvestethd the maximum biomass productivwas 0.142 g/L.day whemarvestec10 vol.% every two

days.

Keywords: Airlift photobioreactor, Chlorella vulgaris, Microalgae, Biomass, NPK nutrients.

1. Introduction

The production of biodiesel from algae
biomass as a renewable sourttok a great
interest in recent yearsAlgae biomass can
produce oil more than the rest of biodie
feedstocks such as soybean, campeseedoil
palm, and yellow greageer unit of growing are
as well as algae can provide different type:
renewable biomasssuch as carbohydrates,
proteins and lipids [1].

Microalgae are microorganisntisat can grow
via photosynthesis processcbnvers light, water
and carbon dioxide into biomasypically found
in freshwater and marine systems Microalgae
reproduction occurs rimarily by vegetative
asexual cell division [2].

In addition to theoil production, wlich can be
used as biodieselthere is a wide range
applications for microalgae products, from fo
to wastewater treatment, aquiculture, eeven
hydrogen production [3].

The most productive microalgae studiby
researchers for biomass production a
Cyanophyceaéblue green igae), Chlorophyceae
(green algae), Bacillariophyce (diatoms) and
Chrysophyceagyoldenbrown algae [1,3]

Chlorélavulgarisis one of the few microalg:
can accumulate high content of lipids
carbohydrates under selected condit.
Chlorélla wulgaris is a spherical sing-celled
green microalgae containing ChloroplA and -
B which it uses for photosynthesiChlorella
wvulgaris has potential in both foods other
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industries such as pharmaceutical, cosmetics, and Tablel,

biofuel industriesChlorella vulgaris is known as
one of the fastest growing green microalgae. The
optimum conditions for cultivation o€hlorella
vulgaris are temperature of 20 - 26 and pH of 4

- 713, 4].

Chlorella wulgaris biomass when dried
consists of, approximately, 40% protein, 25% oil,
20% carbohydrate, 5% fiber, and 10% minerals
and vitamins. Despite its highly efficient
photosynthesis which allows it to produce more
oil and protein than most other plants. The lipid
content inChlorella vulgaris could be increased
significantly between 50% and 70% [5].

Airlift reactors are contacting devices with two
interconnecting and distinct zones only one of
which is usually sparged by gas called riser
whereas the other region is called downcomer
which does not receive the gas. The different gas

holdup in the gassed and ungassed zones results in

different bulk densities of the fluid in these

regions which causes circulation of the fluid ie th

reactor by a gas-lift action. Generally airlift

contactors exist in two forms internal loop and
external loop. In internal loop reactor, regions ar

separated either by a draft tube or a split cylinde
while in external loop, riser and downcomer is
separated physically by two different tubes.
Mixing is done by bubbling the gas through

sparger in the riser tube without any physical
agitation. Riser is similar to bubble column where
sparged gas moves upward randomly and
haphazardly [6].

Because the simplicity in design and
construction, clear flow patterns, good mixing,
low required mechanical power, less shear for a
given quality of mixing, and many other
advantages airlift reactors may be used for several
industrial applications whether for two or three
phase systems including aerobic fermentation
(such as citric acid, biomass from bacteria and
vinegar), microorganism cultivation, and metal
bearing wastewater treatment [7].

As a comparison between the four main types
of photobioreactors used for microalgae
production, table (1) show the typical advantages
and disadvantages of these closed systems [8].
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Typical advantages and disadvantages of the four
main types of closed bioreactors for microalgae
cultivation.

Reactor type Typical Typical
advantages disadvantages
Fat plate reactor shortest * low
oxygen path photosynthetic
* low power efficiency
consumption e shear damage
from aeration
Tubular/ * high e oxygen
horizontal volumetric accumulation
reactor biomass photoinhibition
density * most land use

Airlift/Vertical « best exposure ¢ support costs
reactor to light/dark  « scalability
cycles
* greatest gas
exchange
* least land use
* high
photosynthetic
efficiency
* high liquid
circulation
best exposure « Low
to light/dark  photosynthetic
cycles efficiency
greatest gas
exchange
CSTR » good mixing
* Easyto
scalable

Bubble .
column/Vertical
reactor

* high power
consumption

2. The Objective

The objective of the present work is to
cultivate the Chlorella vulgaris microalgaein
internal loop draught tube airlift photobioreactor
for biomass production using commercial
20:20:20+TE NPK fertilizer as low cost nutrients
under different experimental conditions. The
experimental conditions studied in this work
include nutrients concentration (20, 40, 60, and 80
mg/L), inlet air flowrate (2, 4, 6, and 8 LPM),
harvesting ratio (10, 20, and 30 vol.%) and
operation mode (batch and semi-continuous
mode).
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3. Experimental
3.1. Sample of Microalgae Strain

Collection and purification of Chlorella
vulgaris strain was done at the Market Research
and Consumer Protection Center, University of
Baghdad using serial dilution culture method.

After receiving the isolate@hlorella vulgaris
strain the sample was immediately incubated in
the algal-culture room under controlled conditions
of temperature (20-27°C), photoperiod (18 hr
light/4 hr dark) and light (1 k lux by two
florescent tubes each 13 watt). These cultures

were maintained in five 0.5 L flasks (300 mL
working volume), with aeration with filtered air
and using 20:20:20+TE NPK fertilizer with
concentration of 30 mg/l as nutrients
(composition, preparation and sterilization of
culturing medium are showed in the later
sections). The cultures were subcultured every 8
days by transferring cells to a fresh medium (10
ml culture was added to each flask and then
completed to 300 ml working volume of fresh
media solution). Figure (1) shows the starter
culture of Chlorella wulgaris microalgae (in
flasks) while Figure (2) shows the Photographic
View of the batch cultivation using N:P:K+TE
fertilizer media with time in day.

Arpump AR o gerbuter

|

By 0.5-Jter flasks

IIJ[I

Stopper

Florescent lumps

Fig. 2. Photographic view of the Chlorella vulgaris
microalgae cultureswith time.

3.2. Preparation of Culturing Medium

Commercial available N:P:K 20:20:20+TE
fertilizer (provided from Kul®@ Inc.) was used as
high water soluble and low cost nutrients for
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biomass culture with  combination  of

20:20:20+TE. Table (2) shows the composition of
each element in this commercial NPK fertilizer.
Four concentration of NPK fertilizer 20, 40, 60,

and 80 mg/L were used in this work by dissolving
the appropriate amount of the NPK fertilizer in
RO water.

Table 2,
Composition of commercial N:P:K+TE fertilizer.

Constituents Concentration %
N:P:K (Nitr ogen: Phosphor us: Potassium)
20:20:20

N as urea 2.1% TotaN =
N as ammonia 17.9% 20%

P as phosphorus oxide 20%

K as potassium oxide 20%

Mg 0.1%

Zn 0.05 %

Mn 0.05 %

Fe 0.1%

Cu 0.05 %

B 0.02 %

Vitamin B 0.0005 %
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3.3. Equipment and Procedure

Before conducting cultivatiomxperimentsin
the bioreactor and ot minimize the risk o
contamination or infection by potential pathog
and other microorganism, speciaghe flasls and
medium the nutrient media glasse and
equipment must to be sterilize@ihe simple and
alternative method used fosterilization of
nutrients solution was by usiraygas stove é&the
arrangement shown in Figure)(@/here a flasl
with nutrient medium solutionarekept in the hot
water at a temperature of (B0°C) for abou20-
30 minutes. The nutrient medium in the fl;
should not be allowed to bailks this willvary the
nutritional value of the medium.

N
A Aluminium Foil \

Nutrient
Medium

Fig. 3. A way of sterilization of flasks and nutrients
medium.

To avoid contamination by condensa in the
air tube airlines,the air should bedried by
filtration through an idine filter before enterin
the riser section of the airlifphotobioreactor
therefore aeration filter unitontain cotton an
activated charcoal must be used shown in
Figure (4).

Air outlet

Cotton Air inlet

Activated
charcoal

Cotton

Fig. 4. Aeration filter used in avoid contamination
intheair lines.

Also the airlift photobioreactor was erilised
by fuelled with a solution ofabout 00 ppm
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Sodium  metabisulfide (N&S;0s)
decontamination agenthold in
bioreactor for about@minute

The airlift photobioreactt used in this work,
shown schematically in Figure5), consisted of
two concentriccolumns made frontransparent
Perspex materialThe internal tubewhich is the
riser) is8 cm diameter an60 cm height while the
outer tubeis 80 cm height and 12 cm diame!
The air is passed through the internal columr
become the riser this was done by Z, 2 bar
pressure air compressarhe air distribution wa
done by small air porous stone. Fdluorescent
tubes (13 watt each) were used to provide the
to the bioreactor.The height of internal tuk
(riser) from the bottom is 5 cm that give a f
area about 251 ¢mThe photobioractor is sealed
so that no air enters from the outside to the &
this was done bysing on-way valve. Figure (6)
show a photographic view of the experime
airlift photobioreactom use.

as a
the airlift

Fresh medinm inlet
One-way rl&- i
Air o o
COMPressor A |;*;*.—\“
(25W) 3
Riser support
Aeration
filter Riser
Downcomer
Four 13-Watt
Air 5 Fluorescent
flowmeter Lamps
Air distributor
stone
Harvesting / Reactor
drain
Dimension Value
{cm)
Downcomer diameter (Dg) 12
Rizer diameter (Dy) b
(DaD) 1.5
Bottom clearamce Lp 5
Top Clearance =5
Internal tube (Riser) height | 60
(Hp)
External tube height (Hg) 30
Reactor working volume 6.6
(liter)
Fig. 5. Laboratory airlift photobioreactor
schematic.
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Fig. 6. photographic view of the laboratory airlift
photobioreactor in use.

The experimental procedure was departed in
two stages batch and semi-continuous mode. In all
experiments the culture conditions of cultivation
temperature, light and dark photoperiod cycle and
pH were kept constant at 20-25, 20:4 hr, and 4
— 7 respectively.

» Batch operation stage

The purpose of this stage is to access to the
highest level of growth rate of microalgae
Chlorella vulgaris and the best conditions of NPK
nutrients concentration and air flowrate were
recorded to be used in the next stage (semi-
continuous operation). Therefore two sets of
experiments were performed. In the first set four
levels of NPK nutrients concentration were used
(20, 40, 60, and 80 mg/L) and fixing air flowrate
on 2 LPM while in the second set the air flowrate
were varied into four values (2, 4, 6, and 8 LPM)
and the NPK nutrients concentration was fixed on
the value which gives a higher growth rate and
shortest generation time from the first set.

In all experiments 250 ml of stock culture was
used then complete the reactor to its working
capacity (6.6 liter) with RO water containing
prespecified NPK nutrients concentration. For
counting about 1 ml sample was removed every
day from the bioreactor and kept in a stoppered
tube with 1 drop of iodine, which killed the cells.

Microalgae concentration was determined
indirectly by optical density than by direct
counting of cells or by cell dry weight. The
optical density (cell absorption) was measured
using UV- Visible spectrophotometer by
measuring absorbance at a wave length of 540 nm
[9].

Calibration curve for relationship between
optical density and cell dry weight was formed by
the following procedure [10]:
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The sample of microalgae was firstly
centrifuged at 3000 r/min for 20 min to settling it
into the bottom then it was dried by exposure to
atmosphere for 24 hr and then dried at 105°C
overnight. After drying, the algae were powdered.
Five culture samples were tested and the equation
which is relating the biomass concentration in g/L
with the optical density (cell absorption) in nm
was determined. The equation is given in results
and discussion section.

The growth rate (K) and generation time (G)
were also can be calculated by the following
equations as given by [12]:

()

1(:E (1)
In2

G==2 ..(2)

Where X and %= final and initial populations at
time t and time £, respectively. Because the
culture was monitored every day thereferg1.

* Semi-continuous oper ation stage

This stage started after selecting reactor
conditions air flowrate and NPK nutrients
medium concentration which give a best growth
rate curve and after reaching the stationary phase
of microalgae growth rate, a part of bioreactor
content were removed by a ratio of 10, 20 , and 30
% as a harvesting ratio. Then the bioreactor
content compensated with a fresh medium all at
once at the same time (i.e. fresh medium with
prespecified concentration flows into the
bioreactor, and the spent culture with prespecified
harvesting ratio flows out) then the culture is
allowed to grow for a given period and then the
procedure is repeated for another harvesting ratio.

In general Table (3) shows the experimental
setup and conditions for cultivation @hlorella
vulgaris microalgae in airlift photobioreactor.

Table 3,
Experimental conditions for biomass culture of
microalgaein airlift photobioreactor.

Parameter Value
Cultivation temperature 20-2&

pH 4-7

Alternate light and dark 20:4 hr
photoperiod cycle

Air flowrate (LPM) 2,4,6,and 8

NPK
(mg/L)
Liquid work volume
bioreactor
Harvesting ratio

nutrients concentration20, 40, 60, and 80
in the 6.6 liter

10, 20, and 30 %
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4. Resultsand Discussion concentration of NPK nutrients and air flowrate as
described in experimental section. The growth

4.1. Batch Mode Runs curves ofChlorella vulgaris microalgae in term of
cell absorbance (hm) at different NPK nutrients
The initial period of the airlift bioreactor concentration and at air flowrate of 2 LPM were

operation was in a batch mode using different illustrated in Figure (7).

1.6
1 *\)!(_)!( )|( —— 20 mg/l NPK nutrients

_H ‘ —e— 40 mg/| NPK nutrients
g 12 —&— 60 mg/l NPK nutrients
c 1 ////': ﬂ,\ ; —x— 80 mg/l NPK nutrients
8 0.8 <
o
506 —
% ) 7%

0.4
e
O 4=t

0 4 } }
0 1 2 3 5 Daf?s 7 8 9 10 11

Fig. 7. Growth curves of Chlorella vulgaris microalgae at different nutrients concentration and at air flowrate 2
LPM.

All the growth curves showed about four and 80 mg/L) needs longer time to reach to the
growth phases of microalgasiltures. The first stability phase of growth.
phase is induction or lag phase which little The calibrated data between the optical density
increase in growth rate as cell absorption (nm) and cell dry weight is shown in Figure (8).
occurs. In the second phase the growth rate
increases exponentially this is depends on many
factors such as algal species or type, light
intensity and medium temperature. The third
phase is the constant phase in which the cell
density become relatively constant. Finally
declining growth rate when the cell divisions
decreases because some factors become
influential to growth rate such factors as NPK
nutrients concentration, pH, dissolved £Oght
and contamination risk.

SinceChlorella vulgaris is a heterotrophic and optical density (nm)
autotrophic, it can be easily cultivated in various
synthetic media and even in sewage [11]. So the Fig. 8. Calibration curve for relationship between
20:20:20+TE NPK nutrients often succeed in  optical density and cell dry weight.
culturing Chloréla vulgaris microalgae and at a
reasonable rate. i _

At levels of 20 and 40 mg/L NPK nutrients The five tested cultgre sampl'es which are used
concentration the growth oChlorela wulgaris to create. the' equatlo'n rela.tlng the'blomass
entered the stability phase in 5 days while at 60 concentration in g/L with optical density (cell
and 80 mg/L NPK nutrients concentration entered ~ PSOrption) in nm by plotting these data and the
the stability phase in day 6 and 7 respectively. equation is:

Since nitrogen is the main limiting nutrient to  yv=0.211 X ..(3)

microalgae growth [12], very high concentration  \where the value Y is the biomass concentration

in the media of microalgae growth may cause (g/L) and the value X is the optical density (cell
deactivation in the production of pigments  absorption, nm).

necessary for photosynthesis [13]. Therefore the The Chlorella wvulgaris microalgae cultivation
high levels of NPK nutrients concentration (60  in the batch mode showed similarities in growth
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behavior in all four levels of the NPK nutrients

concentration used. The final biomass dry weights
were 0.317 g/L in 80 mg/L nutrients concentration
medium, 0.298 g/L in the in 60 mg/L nutrients

concentration, 0.225 g/L in 40 mg/L nutrients

concentration and 0.2 g/L in 20 mg/L nutrients
concentration.

The maximum growth rate (K) and generation
time (G) at each level of nutrient concentration
can be calculated and shown in Figures (9) and
(10) respectively. It is clear that the maximum
value of growth rate (1.30834 g/L.day) and
shortest generation time (0.5298 day) where
reported for 40 mg/L nutrient concentration.

135
13 4

125 4
12 4

115 4

= I
1 4

1.05
20 40 &0
NPK nutrients concentration (mg/L})

grow th rate, K (gfL.day)

Fig. 9. Growth rate of Chlorella vulgaris microalgae
at different nutrients concentration.

0.64
0.62

06
0.58
0.56
0.54
0.52

05
0.48

Generation time, G (day)

Il

20 40 ] BO
NPK nutrients concentration (mg/L)

Fig. 10. Generation time of Chlorella vulgaris
microalgae at different nutrients concentration.

Therefore the nutrient concentration of 40
mg/L was selected to examine the effect of air
flowrate in airlift photobioreactor. Figure (11)
shows the effect of air flowrate on growth of
Chlorella vulgaris at 40 mg/L NPK nutrient
concentration.

—0—2 LPM air flowrate

—0o— 4 LPM air flowrate
—&— 6 LPM air flowrate
—x— 8 LPM air flowrate

1.6

1.4

’gl.z

C

=1

c

Sos

e

g amya

§O.6

_80.4 %

302 —

Oy el
012345Da97891011

Fig. 11. Growth curves of Chlorella vulgaris microalgae at different air flowrate and at 40 mg/L NPK nutrient

concentration.

As shown in the Figure (11) the cell absorption
increase with increasing air flowrate up to 6 LPM
then decrease at 8 LPM. Maximum growth rate
and shortest generation time were achieved at
about 6 LPM as shown in Figure (12). This result
can be explained when increasing air flowrate the
holdup in the reactor increase and the mass
transfer rate increase therefore the rate of growth
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of microalgae enhanced. But when further
increasing in air flowrate above 6 LPM this
increased gas holdup and bubble size decrease,
the column becomes hazy leads to do not
penetrate the light into the depth of the column
and therefore decreases the growth rate. This is
also explained by [14, 15].
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The best conditions in batch runs were
reported as 6 LPM air flowrate and 40 mg/L NPK
nutrient concentration. These conditions were
used in the experiments of semi-continuous mode
runs.

1.2
1 mGrowth rate,
] K(gL.day)
_ 0.8 - Generation
“ 06 - - | - —| time, G(day)
oA
0.4 - — — — —
0.2 - — — — —
0o 4
2 4 6 8
Air flowrate (LPM)

Fig. 12. Growth rate and Generation time at
different air flowrate

4.2. Semi-Continuous Mode Runs

Three different harvesting ratios (sometimes
referred to as the dilution rate) were examined 10,
20, and 30 vol.%. The air flowrate and NPK
nutrient concentration were kept constant at 6
LPM and 40 mg/L respectively. The culture was
continued for 28 day and the results are shown in
Figure (13).

1.6 I ' ’ t I

L p»f,o?-o-o o,llHr°'°-1> M
= 2 anva [

- AR A vl

S, P b Ve

790 VAN S A
Yo/ dmiiel e
O‘(‘\

T T T T T T T T T T 1
10 12 14 16 18 20 22 24 26 28 30

=}
8]
.
@
=)

Day

Fig. 13. Grown behavior of Chlorella vulgaris
microalgae under semi-continuous mode conditions.

It can be seen from Figure (13) when 10 % vol.
was harvested from the bioreactor, the system
takes two days {t to return to the stationary
phase, three days)for 20 % vol. harvesting and
five days (t) for 30 % vol. harvesting.

Steady-state conditions were achieved when a
constant up-and-down pattern in the cell
absorption was observed for each harvesting ratio.
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At the highest harvesting ratio (30 %vol.), when
the cell absorption stabilized (steady-state
condition), the up-and-down cell absorption
ranged from 1.34 nm to 1.01 nm. At the middle
harvesting ratio (20 %vol.), the cell absorption
ranged from 1.33 nm to 0.69 nm. At the lowest
harvesting ratio (10 %vol.), the cell absorption
ranged from 1.32 nm to 0.59 nm.

Figure (14) shows the effect of harvesting ratio
on the biomass productivity in g/L.day. It is clear
that the maximum biomass productivity was 0.142
g/L.day every 2 days.

0.16

Growth rate (g/L.day)
=]
[
=]

0.08
- l:
0
10 20 30

Harvesting ratio

Fig. 14. Biomass productivity (growth rate) at
different harvesting ratio.

5. Conclusions

Biomass production can be successfully
accomplished byChlorella vulgaris microalgae
cultivation in an experimental Concentric-draught
tube airlift photobioreactor designed and
constructed in the laboratories of chemical
engineering department, Al-Nahrain University.
The photobioreactor operated under two modes
batch and semi-continuous mode and using very
low cost and available commercial 20:20:20+TE
NPK nutrients. Any required biomass productivity
of Chlorella vulgaris microalgae can be obtained
and ranged from 0.0565 g/L.day at 30 vol.%
dilution ratio to 0.142 g/L.day at 10 vol.% dilutio
ratio.
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