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Abstract: Acidic pollutants in the flue gas have been known as strong toxicity to the environment. Besides, the high concentration of CO,
from flue gas might contributed to the greenhouse effect. Using Chlorella sp as effective biomaterials for fixation of high concentration of CO,
(15%, VIV), this study was to investigate the tolerance to moderate SO, and NO, gas derived from self-installation devices with the help of
Gibberellin (GA) and triacontanol (TA). The cultures were exposed to SO,-air mixture (1500 mL, 50 mg/kg) and NO,-air mixture (1500 mL, 50
mg/kg) per day respectively, and the results showed that the biomass increased by 1.32 times and 1.27 times for GA addition, and increased by
1.22 times and 1.05 times for TA addition, respectively. Besides, the volumes of the cells became larger when growing with addition of GA and
TA. The quantification of biochemical composition including protein, lipid, carbohydrate were investigated and the results showed that GA and
TA had the same positive effects on the lipid accumulation and the maximal content of lipid, which amounted to 0.62 mg/mg of dry weight.
Nevertheless, the content of protein had no obvious changes with the help of GA and TA. High concentration of CO, had negative effect on
carbohydrate production in the algae and the content of carbohydrate was not elevated by the addition of GA and TA. This study reveals the
potential of applying Chlorella sp and growth hormones GA and TA to flue gas capture.
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If flue gas could be used directly without
pretreatment, the cost for alga cultivation will be reduced
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influence to algal growth ™). Flue gas is the gas mixture
with more interest for CO, capture using microalgal
cultures®®.. However, it contains not only CO, but also
sulfur and nitrogen oxides. These compounds may be
toxic for the cultures growth by reducing pH in the
medium solution and thus caused inhibition "%, C.
caldarium was selected due to its ability to grow in
highly acidic media and elevated temperature, which is
advantageous one prior to that of other species for CO,

capture from flue gas, but it was completely inhibited
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when the flue gas contained 200 mg/kg SO, "\, Negoro
4 evaluated the SO, and NOx effects on the growth
of ten strains of marine and halotolerant microalgae, and
found that the growth of Nannochloris sp. and
Nannochloropsis sp. were not affected by 50mg/kg of
SO,. When at 400 mg/kg of the same gas, the pH
dropped and the growth stops after 20 h of cultivation.

etall

Despite of absence of significant change of pH value,
both growth was affected by this air pollutant. Some
acidophilic algal stains have been tested to overcome the
inhibition effects caused by the toxic compounds "*. The
tolerances of several acidophilic algal strains, isolated
from a hot water spring, among of three strains showed
good growth at 50 mg/kg NO aeration and only one strain
proliferate under 50 mg/kg SO, aeration. Considering
that actual flue gas from industrial sources contains about
100-300 mg/kg NOx and SOy, algal stains could not be
used for direct CO, fixation from flue gas in reported
literature “!. Selection of Chlorella sp. was based on
previous reports, indicating its excellent tolerance to high
concentration of dissolved CO, "™, A method by
adding growth stimulator triacontanol into culture
solution for improving the tolerance of SO, and NO,
have been tested for resolving this problem. It was
reported that the growth of two alga strains exposed to
SO, or NO, for 10°, 15’and 20’ periods at the 10th day of
incubation could be improved by addition of triacontanol
and sodium biocarbonate to the culture medium "%, In
this study, we investigated the effect of a growth
stimulator Gibberellin (GA) which was compared with
triacontanol (TA) on the algae growth under moderate
concentration of SO, (50 mg/kg, 1500 mL) and NO,
(50mg/kg, 1500 mL) air mixed gas. The research on the
choice of effective growth stimulators will benefit for
improving the tolerance of actual flue gas by the algae in

production scene.

1 Materials and Methods

1.1 Strain and culture medium

The alga Chlorella vulgaris (FACHB-1227) seed
suspension was purchased from Chinese Academy of
Sciences Hydrobiology Institute (Wu Han, China) and
later was maintained by transferring the seed suspension
to BG11 medium. The BG11 medium had the following
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composition (in mg/L): NaNO; 1500; K,HPO, 40;
MgSO,4 7H,0  75; CaCl,:2H,0O 36;Citric  acid  36;
Ammonium ferric citrate 4; EDTANa, 1; Na,COs 20; and
1 mL Assolution (in mg/L): H3;BO;2860, MnCl,-4H,0O
1810, ZnSO47H,O 222, CuSO45H,O 79,
Na,MoO,4-2H,0 21, Co(NOs),-6H,0 500.)

GA Solution: 0.1 g Gibberellin was dissolved in 1 L
95% ethanol/water solution (0.1 mg/mL)

TA solution: 0.5 g triacontanol was dissolved in 100
mL 95% ethanol/water solution (5.0 mg/mL)

1.2 pH and light measurement

Sample pH was directly determined using a pH
meter (PHS-3C, China). The pH meter was calibrated
daily using pH 4 and 7 solution. Light intensity was
measured using a basic quantum meter (TES 1330A,

Taiwan).
1.3 Pre-culture of alga cell

The seed suspension was incubate in 150 mL fresh
medium in 250 mL flask and cultured for 2 weeks at
25+1 °C. The initial pH of the medium was adjusted to
7.0 before sterilization. Illumination was provided by
fluorescent light and light intensity was about 36
umol/m?/s at the surface of the flask. The speed of orbital
shaker was set 120 r/min.

1.4  Determination of biomass and specific

growth rate

The biomass was determined by dry weight
measurement. Microalgal dry weight (g/L) was measured
according to the following method: the microalgal pellets
were removed by centrifugation, washed (distilled water),
recentrifuged again for three times, after drying the
microalgal pellet at 105 “C to constant, the dry weight
was measured.

The initial specific growth rates were determined
during the exponential growth phase of batch cultures in
200 mL flask. The exponential growth phase was
confirmed by cell count board associated with
microscope. Specific growth rate (u/d) was calculated
from the equation:p=In (No/N;)/(t,-t;), where N; and N,
were the biomass (/L) on days t; and t,, respectively™”.
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1.5 Composition analysis

The dried biomass was analysis for lipid,
carbohydrate, protein. Lipid was determined by SPV
method™!. While phenol-sulfuric method**! was used for
total carbohydrate analysis. Lowry method combined
with the method described by Pruvost et al. were used for

protein determination'>*,

1.6  Concentration analysis of SO,-air mixed gas

and NO,-air mixed gas

A series of SO,-air mixed gas and NO;-air mixed
gas with different volume concentration were prepared
according to the below method 1.8. Then these mixed gas
were detected by detector tube (Gastec, Japan) give exact

concentration values.
1.7 Alga cultivation in photo-bioreactor

The acclimated algae cell suspension was incubated
into 250 mL flask containing 200 mL BG11 medium. The
flasks were placed on an orbital shaker at 27+1 “C, under
continuous, cool white, fluorescent light. Light intensity
was approximate 72 pmol/m’/s at the surface of the flask.
Filtered ambient air mixed without/with CO,, SO, or
NO, were prepared by a self-made device (Fig.1). The
concentration of CO, in mixed gas was controlled 15%
(VIV) and the flow rate of mixed gas was kept 1.5 L/min
in all operation processes. SO, was prepared by dropping
of concentrated H,SOj, solution into Na,SO; solution and
NO, was produced by dropping concentrated HNO;
solution into Cu powder (Fig.2). NO, was collected by
collection bag when the color of gas turned brown at the
outlet gas of flask and SO, was just captured by another
collection bag as the gas from the outlet of SO, generator
could be tested by color fading of Fushsine solution.
Culture solution in the flask was aerated with the CO,
mixture gas continuously at a certain gas flow velocity
(0.25 vvm). SO, and NO, gas collected from generators
were filled into two gas collecting bags (Fig.2) were later
transferred into algal solution through silica gel at certain
flow velocities (one bubble per second) and the residual
exhaust gas were absorbed by NaOH solution. Alga
solution samples were removed daily from the flask to
determine the algal growth and pH values. The algal

growth detection depends on cell counting. The pH of
culture was directly determined by using pH meter. In
order to maintain normal pH environment, the pH of the
algal solutions after aerated with acidic gas was adjusted
to 7.0 with NaHCOj solution to eliminate the effect of pH
on the algal growth.

Fluorescent lamp
{ —]

KEFF OO

Pressure | ~>

Gas mixer
device

release valve

?COZ gas NaOH solution
Thermoststic reservoir

shaker

SO, ,NO,

Hand valve Flow meter Gaq filter generator

Air compressor

CO, steel cylinder

Fig.1 The diagram of route for algae cultivation
Note: The mixture gases with different CO, concentrations
were prepared by gas mixer device. External illumination of light

intensity was provided by a continuous, cool white fluorescent

light.
Valve ]
— l 2 Gases collecting bag
]
| =
;0
// 0
/ ’
// v \
// 0 \\
// \\
/ \
m Gases detection bottle Anti reverse suction  NaOH solution

bottle

Fig.2 The schematic diagram of SO, and NO, generator
Note: The amounts of SO, and NO, gases generated from

reactors were captured by collection bags.

1.8 Preparation and quantities of SO, and NO,

gas

The SO, and NO; can be produced by generator
described in Fig.2, and the chemical reaction equation:

Cu+4HNO;=Cu(NO;),+2NO,1+2H,0

Na,SO5+H,S04=Na,S0,+S0,1+H,0

The experiment design has the high sensitivity to
produce pure NO,. the beginning of reaction can be
easily judged by the color changes of gas (brown color of
gas appears). Pure SO, could be tested by color fading of
Fushsine solution (pink color disappear). The preparation
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of SO,-air mixed gas and NO,-air mixed gas were easily
done by sucking exact volumes of pure SO, gas and NO,
gas and air gas with graduated injector, then mixed them
into a collection bag to form certain volume
concentration (mg/kg) of SO,-air and NO,-air mixed gas
respectively. The exact volume concentration of mixed
gas was produced according to the analysis by using
detection tube (see 1.6). According to the SO, and NO,
concentration data provided by a local thermal power
plant, the maximal concentration will not higher than 50
mg/kg when the exhaust gas was handled by specific
purification process. Therefore, the concentration of the
two mixed gas could be prepared exactly as 50 mg/kg in

the following experiments.
1.9 Statistical analysis

Each sample consisted of three replicates in the
cultivation process. The results were expressed as the
meanststandard error of means (SEM). Statistical
differences were calculated using student’s t-test to
analyze the differences between parallel samples every
day. The critical p value was set at 0.05, a probability
value of p<0.05 was considered to be statistically
significant.

2 Results and discussion

2.1 Effect of GA on the growth of alga

It can be seen that GA has the obvious positive
effect on the growth of algae (Fig.3). The different
concentration of GA in the culture can promote the cell
concentration in 11 days and the most obvious cell
increase potential could be seen in the culture containing
0.12 mg/L GA compared with other concentration of GA
in the culture. The data of biomass (Fig.4) were also
consistent with the growth curve in Fig.3 which
confirmed the above results that the maximal biomass
(11.07 g/L ) was gained in 0.12 mg/L GA culture after 11
days later. The cell concentration and biomass could be
achieved at the peak in 15% CO,-air aeration with 0.12
mg/L. in the culture, while the cell concentration
cultivated with GA almost the same as these grown
without GA in acidic gas aeration conditions (see Fig.5
and Fig.6). Above all, the biomass were improved in
acidic gas aeration conditions with addition of GA in the
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culture, the biomass increased 31.9% (50 mg/kg SO,),
27.0% (50 mg/kg NO,), 14.0% (50 mg/kg SO,+50 mg/kg
NO,) respectively (See table 1). It could be concluded
that the acidic gas constrained the cell growth and
decreased the rate the cell division, but interestingly, the
stimulator GA caused the volume of the cells expanded
which was observed in Fig.14.

160 _GAOmgL &-GA004mgL — GAO0.08 mg/L
140  —GA0.12mgL— GAO.l4mgL < GA0.16 mg/L
120 |

100
80
60
40
20

0

Cell concentrations / (mLx10°)

Days

Fig.3 The effect of GA with different concentrations in the
culture on the growth of algae

Biomass / (g/L)

.00 0.64 0.(|)8 0. |12 O.|16 0.|20
Concentrations of GA / (mg/L)

Fig.4 The effect of GA with different concentrations in the

culture on the biomass of algae
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120} - A3

e A4
100

— A5

80
60 T
40 . o

20 )

Cell concentrations / (mLx10°)

Days
Fig.5 The growth of algae by adding GA (0.12 mg/L) in the

culture under different cultivated conditions
Note: Al: GA 0.12 mg/L, no aeration; A2: GA 0.12 mg/L,
15% CO,, aeration; A3: GA 0.12 mg/L, 15% CO,, aeration, 50
mg/kg SO,, A4: GA 0.12 mg/L, 15% CO,, aeration, NO,; AS5: GA
0.12 mg/L, 15% CO,, aeration, 50 mg/kg SO,, 50 mg/kg NO,.
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Fig.6 The growth of algae without adding GA and TA under
different cultivated conditions (control group)
Note: B1: no aeration; B2: 15% CO,, aeration; B3: 15% CO,,

aeration, 50 mg/kg SO,; B4: 15% CO,, aeration, 50 mg/kg NO,; B5:

15% CO,, aeration, 50 mg/kg SO,; 50 mg/kg NO,.
2.2 Effect of TA on the growth of alga

160 TAOmgL --TA2mgL —TA4mgL
140} - TA6mg/lL -+TASmgL e—TA10mgL

120
100
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o0
)

Fig.7 The effect of TAwith different concentrations on the
growth of algae

days and the most prominent cellular increase potential
could be seen in the culture containing 4.00 mg/L TA
compared with other concentration of TA in the culture.
The data of biomass (Fig.8) were also consistent with the
growth curve in Fig.7 which confirmed the relative
results that the maximal biomass (6.00 g/L) was gained in
15% COs-air aeration with 4.00 mg/L TA in the culture,
and the cell concentration cultivated with TA almost the
same as these grown without TA in acidic gas aeration
conditions (see Fig.6 and Fig.9). However, the biomass
were improved in acidic gas aeration conditions with the
adding TA in the culture, the biomass increased 21.9%
(50 mg/kg SO,), 5.63% (50 mg/kg NO,), 3.58% (50
mg/kg SO,+50 mg/kg NO,) respectively (See table 1).
The reasons could be explained as the same as the effect

of GA on the growth and the cell size (See Fig.15).
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Fig.9 The effect of TA on the growth of algae in different
cultivated conditions
Note: C1: TA 4 mg/L, no aeration; C2: TA 4 mg/L, 15% CO,,
aeration; C3: TA 4 mg/L, 15% CO,, aeration, 50 mg/kg SO,, C4:

go TA 4 mg/L, 15% CO,, aeration, NO,; C5: TA 4 mg/L, 15% CO,,
P aeration, 50 mg/kg SO,, 50 mg/kg NO,.
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Fig.8 The effect of TAwith different concentrations on the g 0.2+
=]
biomass of algae s Ol
o
Similarly, It can be seen that TA also has the obvious —; 0.0 Al A2A3 A4A5 Cl1 C2C3 C4 C5 Bl B2 B3B4 B5
R=]
positive effect on the growth rate of algae (Fig.7), which =

had been proved that TA increased the tolerance to SO,
and NO, acidic gas in the cultivation process of Chlorella
sp.l"”!. The different concentration of TA in the culture
contributes to the increase of cell concentration in 11

Cultivated conditions

Fig.10 The effect of GA and TA on the concentrations of lipid in

the alga

Note: Al, A2, A3, A4, AS, B1, B2, B3, B4, B5, C1, C2, C3,

C4, C5 represent the same conditions as these in Fig.5, Fig 6, Fig 9.
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Cultivated conditions
Fig.11 The effect of GA and TA on the concentrations of protein
in the alga
Note: Al, A2, A3, A4, A5, B1, B2, B3, B4, B5, C1, C2, C3,

C4, C5 represent the same conditions as these in Fig.5, Fig 6, Fig 9.
09
0.8

o7l
0.6 }
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041
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0.1F
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Carbonhydrate contents / (mg/mg dry weight)

Al A2A3 A4A5 C1 C2C3 C4 C5 Bl B2 B3B4 B5
Cultivated conditions
Fig.12 The effect of GA and TA on the concentrations of
carbohydrate the alga
Note: Al, A2, A3, A4, AS, B1, B2, B3, B4, B5, C1, C2,C3,
C4, C5 represent the same conditions as these in Fig.5, Fig 6, Fig 9.

2.3 Effect of GA and TA on the component

concentration of alga

It was seen from the data of Fig.10 that the lipid
contents of the algae cultivated in the 14 kinds of
cultivated conditions have been improved greatly
compared to the control one (B1) which was cultivated
without any stimulators and aeration. The results showed
that 15% CO, aeration particularly contributes the lipid
accumulation of these algae cells when cultivated with
GA and TA. Among of them, A5 has the maximal content
of lipid which reached 0.62 mg/mg dry weight. Therefore,
GA and TA have not only accelerated the cell division
and growing, but have the obvious function on
converting the inorganic CO, into lipids, which is the
required organic carbon component in energy algae.
Compared to TA, GA had the more distinguish effect on
lipid accumulation of algae, when cultivated under high
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concentration of CO, aeration with moderate SO, and
NO,. The content of protein averagely were lower than
lipid in all of the algae, which range from 0.03~0.07
mg/mg dry weight, even so, GA and TA have not the
obvious effect on the increase of protein contents in algae
cells with 15% CO, aeration (Fig.11). The content of
protein were 0.05 mg/mg dry weight (A2)and 0.07
mg/mg dry weight (C2) which were a little higher than
that of control one (B2) (0.05 mg/mg dry weight). On the
contrary, the content of carbohydrate of the algae (except
Al) have a little drop compared to the control one (B2). It
is can be inferred that the high concentration of CO, have
negative effect on the carbohydrate accumulation and GA
and TA have no special effect on improving the content
of carbohydrate (Fig.12).

Fig.13 The algal cells were cultivated for 12 days in 15%
COy-air mixed gases

Fig.14 The algal dells were cultivated for 12 days in 15%
COy-air mixed gases with addition of 0.12 mg/L GA in the
culture

Fig.15 The algal dells were cultivated for 12 days in 15%
CO,-air mixed gases with addition of 4 mg/L TA in the culture
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Table 1 Effects of NO,, SO, 0on the compositions of chlorella

15% COy-air,  15% CO,-air, 15% CO»-air,

.. . . 0 L
Conditions Indicators No aeration  15% CO,-air 50 mgke SO, 50 mgke NO, 50 mg/kg NO, and SO,
No addition with ® Biomass/(g/L) 3.28+0.01 4.07+0.02 3.10+0.01 3.37+0.02 3.77+0.02
GA and TA #Specific growth rate/d! 0.11 0.10 0.11 0.12
Addition Biomass/(g/L) 435+0.02  11.15+0.03 4.09+0.04 4.28+0.02 4.30+0.02
with GA Specific growth rate/d” 0.13 0.13 0.13 0.13
Addition Biomass/(2/L) 3974002 6.04+0.03 3.78+0.04 3.56+0.02 3.9140.01
with TA Specific growth rate/d” 0.13 0.12 0.12 0.12

Note: *Specific growth rate was obtained on the growth phase by day during the cultivation. The growth phase was from 1 to 11 days

batch with different concentrations of CO, aeration. ® Each data indicates the mean=SD, which were measured from three independent cultures.

3 Conclusion

The success of a method to use microalgae
Chlorella sp. to capture CO, in the conditions of high
concentration of CO,, moderate SO, and NO, gas by
improving biomass and lipid accumulation of the algae
with the help of growth stimulators GA and TA. The
percentages of simulated flue gas composition
approached to that of actual flue gas, because the relative
data was collected from a thermal power plant in the local
place. Therefore, the simulated flue gas partly approaches
the effect of real flue gas on the growth of algae. The
effects of simulated flue gas associated with growth
stimulators GA and TA on chlorella sp. were investigated
below:

3.1 Our experiments point out that stimulated flue gas
(15% CO, aeration, 50 mg/kg SO,, 50 mg/kg NO,) had
the different effects on the growth of the algae. First, 15%
CO, aeration had the positive effect on the growth of
algae, but 50 mgkg SO, and 50 mg/kg NO, could
slightly restrain the growth of algae.

3.2 GA and TA contribute to the growth of the algae
which were cultivated with 15% CO, aeration without
other acid gas. Moreover, the two growth stimulators had
stimulated the cell increase almost twice in diameter.
Therefore, GA and TA had some effect on the growth rate
of algae when aeration with SO, and NO, gas, and also
they had contributed the algae to grow much bigger and
high yield.

3.3 GA and TA have the three different effective results
on the lipid, protein and carbohydrate accumulation. The
results showed that GA and TA had the same positive on
the accumulation of lipid, but the content of protein had
no obvious changes with the help of GA and TA. High

concentration of CO, had negative effect on carbohydrate
production which have not been elevated with addition of
GA and TA.

3.4 Although SO, and NO, has a little negative effect
on the growth of algae when used independently, the
combination of them reduced the negative effect of acid
gas on the growth of algae, and the result may be relative
to the metabolites of SO5* and NO;™ in the algae, and
these metabolites neutralized each other to maintain the
pH neutral.

3.5 Compared to TA, GA has the more distinct effect on
the growth of algae, the biomass affected by GA also
reached 11.15 g/L which was much higher than the algae
affected by TA (6.04 g/L). Moreover, in view of the price
of GA is lower than TA in the market, GA is a wide
accepted stimulator applied in the cultivation of algae
with flue gas in the future.
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