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Figure 1- View of the Photo bioreactor by Methane Flue Gas
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Figure 2- Diagram component used in photo bioreactor
1- burner, 2- metal cone, 3- condensor, 4- combustion gas transmission line, 5- carbon dioxide analyzer, 6- photobioreactor, 7- suction pump,
8- flow measuring device, 9- gas exit, 10- Fluorescent lamp, 11- timer, 12- computer, 13- metal base
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Figure 3- Calibration Carve to Relation between Optical Density and Biomass Concentration
09wl S S 50 (6590 Al g 0095 Gy j dale alayly Y STl

Wb s (V) abal 5l 59, 50 1) 5 eSO g0a v*-ia.-l-? S lee
_Xt=X0 M
t—t0

ST 505 o Sl el Xo 5 G 2 p)9) Gialesl bl 5oy o0 Sl clle Xi (e )9) Sl s P oalayl (ol 5o
el Galojl slaal 53 Gs)) Olejlo 5 < 0l 5 Go) plej tocasl G 2 p)8) cets

el 0als dslons (V) albasly 515555190528 )0 00l CalS (nyS ST
F =(X-Xo) mxVx(3) )
39 0% Sl Xo 9 (i 3 o) Gabesl (bl Sy 50 Sela cale Xo o(p)5) sniiinds Gy SonSTss Faalal, cnl 5o
oz Vg wl oo Cawsty CHNS 5JGT oSt 5l a8 S Sl 0,5 S5 50 09390 (0,5 M (Gid 0 p,5) et el
LYY Jowd ol s 5551, 5o ctS b

1. Optical Density(OD)

2. SANA ,SL-901

3. HACK, DR2800

4. AND, HR200

5. CHNS Analyzer, Perkin-Elmer, 2400(Carbon, Hydrogen, Nitrogen, Sulfur Analyser)
6. PERKIN-ELMER , 2400

7. Productivity

A


www.SID.ir

Cemd 9 CHNS 5 JUT olSiss 5l oasliamsay Sz iy ge¥gn,d d azgi b condlonii (52,5908l drliro sl
g se o (1) ally 40 (V) alasl, «OV) (05 5 (FF) (n S anSTiss (Js8U90 0
Ci=1.1B, )
el 00 Sl By g oudenS (nSanSlsd 02 G
8 S Grae IS bl 515981, & 0asGe5 oS T L amlie )3 0B (1S woys dnulre sl
10 oolaiwl gl co dulons (F) alal)
h0( Solrinlsh)

CE=——7-—""— ")
ol 80,55 S oS

Lol Sz 0053y )3 2)S (oyx 20)d €l pl yo

G g basdl
Ay g oy S o 2 50 p T WV ol a5 o So)l5 cuiS s ;o e yudy 35 B b o Ly el S>3
53 oxbadg 5nST 5 zey5 g 58S Sligime LS jslateay cpolgn ey wl) S ay e s, 40 9 08
) 5o o SamSliss il JA5 5581, )3 e (25 ente (s iilr sl 2,5 o D90 il oad i
Dgs lap 10 3520 S oS Tle0 Lz 4y Hol ouls ]S Lyl o S5y ol ool ((yaudeo jo Cod DAL Clale
Sleolatal LY ol pH Ll o o o plol s 3,5 b old8 5 s Jae 0 50 Ldg iyl Sl i, S iolej]
S0 A0 B pH Lial3l b og awd] e S, adgs o, (S e @ S )8 mae 50 Sa8lal ya) e
05 pitaane dbaly 51 (Sl 505 155056 Sladss [YAJod K0T e0gicens ) ogi § CutSlasme (o s ddzme CulS
w233l90 g s slayey )3 l9a By b esgicen cbale pSlas ol wyp yo [V ]og PH Gl b esgicen;
39)) Sl CiS 090 (L o @y 5 0g UO ciS laze adol PH sy i 50 0,5 0T 5 1 IVO 4 i S
AL cod b [YY]ewS ke ;o (HCO3) oly,S o @ by 6,80 Lyls sbol @ azgi b o) MO 4 (m205]90
RAY 0,99 UL’L’ G Ja.:.?uu pH 9 R ).».»..»9.»3 ‘5'0 ol..f A.Luujd.: U] d).m 9 Ly;w‘éé J)L?u‘ 9 u..\> g0 o..\.wol.?u‘
S| 0dila u.:l.: (g.i.;l?- ‘;bﬁi‘u)

Kool b ol 5l g 09 0iS myle 59, B oy Cas a0 olin 0835190 59, 50 Sl oSl iolesT ol o
plsl Zoli 56 4 o) Gloy b 58T, (ooolen s plonil ahaiin (b y2 ©jgoa oS (Gdod l jo 8l Al (gl
solatl amgi o, 51 40 [ 9xST 50918 0 Sl Gl iz plo slaiole] wlive s attine oS jo A oo
opyS e 09938l eds Sl S ooyl @y plsrgol lulh 4o oo s odg el uns sl [YON TS ls
Lyl 0 WSS T LY bty Sod b aziwl ole 4o g lams ol31 glso [0 0 ,SouSTso 5l eolatul b 1o ¢ Sose
gl bl i s 0 Sl> adg ol pll ol F le az 0 F Blas g ax,0 10 sles 2Slas 5 (Saijl g sy

L) Dy

ERRP IR RISHrT
B S ha b oo S (gladnds jouilaiS )0 a8 (2S5 0g0 515 b Glial b edgicans ) olgi oy sl
Sl 56 50 39290 (S anSleo b st Silz i) 9 85 18 oglite (eghan joi b S ST gmgts
30 (05 oo aaS cuiS e JolS e g St ol ol 4 B Bdsw ol (o) (Sl oSl 05w,

1. Carbon Uptake Efficiency
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Figure 4- Relation between Carbon Dioxide and Spirulina Biomass Concentration
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Figure 5- Relation between source of light (permanent & intermittent) and Spirulina Biomass Concentration
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Table 1- Wehigt Percent of Carbon(C), Hydrogen(H) and Nitrogen(N) in Spirulina microalgae dry mass

Element Carbon(C) Hydrogen(H) Nitrogen(N)

Weight Percent 29.78 51 451
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Table 2- Carbon Dioxide Removal and Microalgae production

Mean Concentration of CO, (inlet) | Injected gas at 9 dayes | Injected CO, |Biomass Production in |Fixed CO, By algae| Fixed CO, to
ppm (M3 per litter) (gram per litter) (gram per litter) (gram per litter) |Added CO, (%)
594(Air) 9 8.5 0.25 0.275 3.23
3300 (Flue Gas) 9 29 0.66 0.726 25
Intermittent light 9 36.5 1.04 1.144 3.13
4100(Flue Gas)
Permanent light 9 36.5 1.6 1.76 4.8

1. Adenosine Triphosphate(ATP)
2. Nicotinamide Adenine Dinucleotide Dehydrogenases(NADH)

IAYA


www.SID.ir

3PSk N0 Sy 50 il 50 05 VY ewyp nl o Sz bags (S 0enSTeS CondS Sy (e

JygalSL Gabios 50 el oty youbie ;0 Cond TV SalSTeo (60g,9 cdale o Lglite He o (amds o i
“ske Y GeligeganedlS Sl ) dawgd oygudis j0 Cand e Y U e £e cdale b SaeSTes cois ol
I WYe Clale b op SoenSTes canss liae o), Ked g ol yge iz 0 [V el oo ()135 o) jo aids 0 68
Lol Gudos jo [YV]cal oo el pud jo aids ;0 0,5 o /) ( wligagauedlS S>3, lawgs «youlin 10 Coondd
o s IO NS Sl Lot ypebin 5 Connd 3o Vo 2 b S Tig0 oS (lien el 5 1yns ¥
solazwl éa).a)wchb).sJ}cjji»A \Y - He Db )‘ ‘Q\)lS.o.:aﬂW”‘}/ @y )0 W P uu)‘)f).u.])é 48,8 )0

[TQ]W‘ AW

915 ;0 Se>ge (p)SannSlgo b ailsi oo 0,8 aie 3l g5le 9 (oLl lame 10 Sg)l5 eoiae CliSlame b ST 00918
Ay sy 3l 8 o SalSTes cdale og s cdedy (pizmen i p (Sl HBSS 4 Gl slaE L
b opySamSles abale bl lie 515 L ceas alejl jo ols LS (508 oloy & Sl SBSS g Cunl iy
390 50 Sl (2BeSS (oSSl cdale (Il g ol Sl aly Sy Gl 4 o eades j0 Cond B0 e
(S oSl dloz il Gl it slajlE 5,5 b cuiS hoe jo Bl S o 680 Ll pd byl 4 azgi b o caslive poety
G axgi bog oold Sl ol gl ol Lald 5050 A5l YL ojlgen iS00 LU U lasee pH ol 9 5,568
—oanVl gyl aS (Gl 5l Jols slaslE ol asie o i g S sl i b Gali,;;%uj 3 Jrie (55l
3,1y Losiiuns Wilgs co el (59,50 (soaST 5 5,565 slaanST op S oS Tsige S oSl es alax 3l alizs slo
(Jome slap )0 Sl adg Lol alS cas aly Sl i) sl 9 0 Jgad 50 a5 0gE 0ol g 09d 9iST 5518
(olio wolSs 0 5l oo e (S onSlg0 Sl ) el oo 5955, 00958 5l Al 10 0,5 0 D go S pldes g 6,5
2,5 solatwl jaw3lE slo i 5 0 sl Koo

5 &l 5 By A 40 (6 s DlaEmS Sy o LA (69,0 (omyp Ol HO odel Casods S A axgi L
WDyaud g Ol ohgds (sdie Slge (ol AT ( Sl cudaaal des OB Wil olaciS lasre [0 0dgilun) Wl
e 3 Syt by leane b dinsy loyeSTisags (olb b ols e oan] Sldlas o 0,5 O)ee
Slo GalS 1) (65,5 B pas o polga

Sloyud g Sl

3 iz 5 o glin ol 5 Slaios 25k cogal lp Ghaisle (S pole oKl (5)5lid 5 Dliios Ciglas |
igad 53 Dl g (39,08 (25 polie (6 S ojluil 51y jg liste Lie @l3) Coglae ol 4 dinly Sliios gal> oliules]
Dgd g0 AT gyl (Sl

&Lw

1. Y. Chiu and Etall, “Reduction of CO, by a High-Density Culture of Chlorella Sp in a Semicontinuous Photobioreactor,”
Bioresource Technology, 99, 2008, pp. 3389-3396.

2. www.CO2.earth, Accessed 5 Feb 2017.

3. M. Lam, k. Lee and A. Mohamed. “Current Status and Challenges on Microalgae-Based Carbon Capture,” International
Journal of Greenhouse Gas Control, 10, 2012, pp. 456-469.

N4


www.SID.ir

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

\Yag QLMAA)L 9 )LQJ‘ stl o)Lo..iJ sp.bd JL.: ‘d|f.>‘ 9 ;09.“: 6..&5)4 *‘So.lc AJ).W.J

R. k. Richter, T. Ming and S. Caillol. “Fighting Global Warming by Photocatalytic Reduction of CO, using Giant Photo
Catalytic Reactors,” Renewable and Sustainable Energy Reviews 19, 2013, pp. 82-106.

A. Toledo-Cervantes, M. Morales, E. Eberto, Novelo and S. Revah. “Carbon Dioxide Fixation and Lipid Storage by
Scenedesmus Obtusiusculus,” Bioresource Technology, 130, 2013, pp. 652-658.

S. Huo, R. Dong, Z. Wang, C. Pang, Z. Yuan, S. Zhu and L. Chen. “Available Resources for Algal Biofuel Development
in China,” Energies, 4, 2011, pp. 1321-1335.

O. Bolland and S. Saether, “New Concepts for Natural Gas Fired Power Plants Cultures,” Bioresource Technology, 102,
2011, pp. 9135-9142.

M. Songolzadeh, M. Soleimani, M. Takht Ravanchi and R. Songolzadeh, “Carbon Dioxide Separation from Flue Gases:
Review Article a Technological Review Emphasizing Reduction in Greenhouse Gas Emissions,” The Scientific World
Journal, VVol. 2014, Hindawi Publishing Corporation Article I1d 828131, 34 Pages.

H. Herzog, E. Drake and E. Adams, “CO, Capture, Reuse, and Storage Technologies for Mitigating Global Climate
Change,” Doe Order No. De-Af22-96pc01257, Final report of White paper, 1997.

B. Metz, O. Davidson, H. De Coninck, M. Loos and L. Meyer, “Carbon Dioxide Capture and Storage,” IPCC Special
Report, Cambridge University Press, USA, 2005.

J. Cheng, Y. Huang, J. Feng, J. Sun, J. Zhou and K. Cen, “Improving CO, Fixation Efficiency By Optimizing Chlorella
Py-Zul Culture Conditions in Sequential Bioreactors,” Bioresource Technology, 144, 2013, pp. 321-327.

P. lancu, V. Plesu and S. Velea, “Flue Gas CO, Capture by Microalgae in Photobioreactor: Sustainable Technology,”
Chemical Engineering Transaction, 29, 2012. pp. 799-804.

S. Chinnasamy, B. Ramakrishnan, A. Bhatnagar and K. Das, “Biomass Production Potential of a Wastewater Alga
Chlorella Vulgaris Arc 1 under Elevated Levels of CO2 and Temperature,” International Journal of Molecular Science,
10, 2009, pp. 518-532.

H. Kleivdal, U. Miljo Svein and M. Nordvik, “CO, to Bio,” Project Final Report, Nordhordland Handverk- og
Industrilag (NHIL), Trond Mork-Pedersen, Nofima Anders Haugland, 2012, BTO.www.nhil.no (Accessed 20 May
2016).

K. Sudhakar, M. Premalatha “Techno Economic Analysis of Micro Algal Carbon Sequestration and Oil Production,”
International Journal of Chemtech Research, 4, No. 4, Oct-Dec 2012, pp. 1746-1753.

A. Carvalho, L. Meireles and F. Malcata, “Microalgal Reactors: A Review of Enclosed System Designs and
Performances,” Escola Superior De Biotecnologia, 22, Issue 6, pp. 1490-1506, 2006.

R. Lian He, J. Yinjie Tang, “Experimental Analysis and Model-Based Optimization of Microalgae Growth in Photo-
Bioreactors using Flue Gas,” Biomass and Bioenergy, 41, 2012, pp. 131-138.

D. Soletto and L. Binaghi “Effects of Carbon Dioxide Feeding Rate and Light Intensity on the Fed-Batch Pulse-Feeding
Cultivation of Spirulina Platensis in Helical Photo Bioreactor,” Biochemical Engineering Journal, 39, 2008, pp.369-375.
A. Omidvar and E. Amini, “Predicting of Physical Properties and Atomization Characteristics of the Biofuel Derived
from Chlamydomonas Microalgae,” Fuel and combustion journal, 3, No. 2, 1389, pp. 47-58. (In Persian)

M. Hnifzadeh, M. Sarrafzadeh and O. Tavakoli, “Carbon Dioxide Biofixation and Biomass Production from Flue Gas of
Power Plant using Microalgae,” Second Iranian Conference on Renewable Energy and Distributed Generation
(ICREDG),6-8 March 2012. (In Persian)

T. Nakamura, C. Senior, M. Olaizola and S. Masutani, “Capture and Sequestration of Stationary Combustion Systems by
Photosynthetic Microalgae,” Proceedings of the First National Conference on Carbon Sequestration, Department of
Energy, National Energy Technology, USA, 2001.

M. Guruvaiah, K. Lee. “Utilization of Flue Gas from Coal Burning Power Plant for Microalgae Cultivation for Biofuel
Production,”” International Journal of Innovative Technology and Exploring Engineering, 3, Issue 8, January 2014, p. 7-
10.

S. Chiu, C. Kao, T. Huang, C. Lin, S. Ong, C. Chen, J. Chang, C. Sheng Lin, “Microalgal Biomass Production and On-
Site Bioremediation of Carbon Dioxide, Nitrogen Oxide and Sulfur Dioxide from Flue Gas using Chlorella Sp.”
Bioresour Technol., 102, No. 19, 2011, pp. 9135-42.

J. Lindblom, Algal Flue Gas Sequestration and Wastewater Treatment: An Industial Experiment, Master of Science
Thesis, Industrial Ecology, Royal Institute of Technology Stockholm, Sweden, 2011.

B. Larosiere, F. Lopes, A. Goncalves, B. Taidi, M. Benedetti, M. Minier and D. Pareau, “Carbon Dioxide Bio Fixation
by Chlorella Vulgaris at Different CO2 Concentrations and Light Intensities,” Engineering in Life Sciences, 14, No. 5,
2014, pp. 1-11.

J. Costal, M. de Morais, E. Radmann, F. Santana, F. Camerini, M. de Souza, A. Henrard, A. da Rosa and L. janssen,
“Biofixation of Carbon Dioxide from Coal Station Flue Gas using Spirulina sp. LEB 18 and Scenedesmus obliquus LEB
22,” African Journal of Microbiology Research, 9, No. 44, 2011, pp. 2202-2208.

M. Sami Ismaiela, Y. EI-Ayoutyb, M. Normorea, “Role of pH on antioxidants production by Spirulina (Arthrospira)
platensis,” Brazilian journal of Microbiology, 47, 2016, pp. 298-304.

W. Cheah, P. Show, J. Chang, T. Ling and J. Juan. “Biosequestration of Atmospheric CO, and Flue Gas-Containing CO,
by Microalgae,” Bioresource Technology, 184, 2015, pp. 190-201.

P. Tancu, V. Plesu and S. Velea. “Flue Gas CO, Capture by Microalgae in Photobioreactor: a Sustainable Technology,”
Chemical Engineering Ransactions, 29, 2012, pp. 799-804.

oY


www.SID.ir

30

31.

32.

33.

34.

35.

36.

. D. Mariana Anjos, Bruno A. Fernandes, Antonio, A. Vicente Jose, “Optimization of CO, Bio-Mitigation by Chlorella
Vulgaris,” Bioresource Technology, 139, 2013, pp. 149-154.

E. Jacob-Lopes and C. Gimenes Scoparo, M. Isabel Queiroz, T. Teixeira Franco, “Biotransformations of Carbon Dioxide
in Photobioreactors,” Energy Conversion and Management, 51, 2010, pp. 894-900.

M. Morais, J. Vieira Costa, “Biofixation of Carbon dioxide by Spirulina sp. and Scenedesmus Obliquus Cultivated in a
Three-Stage Serial Tubular Photo Bioreactor,” Journal of Biotechnology, 129, 2007, pp. 439-445.

A. H. G. Cents, D. W. F. Brilman and G. F. Versteeg, “CO, Absorption in Carbonate/Bicarbonate Solutions: The
Danckwerts-Criterion Revisited,” Chemical Engineering Science, 60, 2005, pp. 5830-5835.

T. M. Mata , A. A. Martins and N. S. Caetano, “Microalgae for Biodiesel Production and Other Applications: A review,”
Renewable and Sustainable Energy Reviews, 14, 2010, pp. 217-232.

V. Sankar, D. K. Daniel and A. Krastanov, “Carbon Dioxide Fixation by Chlorella Minutissima Batch Cultures in a
Stirred Tank Bioreactor,” Biotechnol & Biotechnol, 25, No. 3, 2011, pp. 2468-2476.

M. Janssen, Cultivation of Microalgae: Effect of Light/Dark Cycles on Biomass Yield, PhD Thesis, Wageningen
University, Department of agrotechnology, 2002.

English Abstract

Carbon Dioxide Removal and Biomass Production from Methane
Combustion in the Photobioreactor using Microalgae Spirulina

Ramazan Ali Dianati Tilaki', Morteza Jafar Salehi', Reza Safari? and Maasoom Ali Movahedi*
1- Department of Environmental Health, Mazandaran University of Medical Sciences, Sari, Iran
2- Department of Biotechnology, Institute Researches of Caspian Sea Ecology , Sari, Iran
(Received: 2016.10.18, Received in revised form: 2017.03.16, Accepted: 2017.04.12)

The aim of this study was to determine the amount of carbon dioxide uptake and biomass production in a
photo bioreactor containing Spirulina microalgae as growth medium by injecting the products of natural gas
combustion. A photo bioreactor was fabricated and combustion products of natural gas as well as air were
injected by separate diffusers. The photo bioreactor was filled by growth medium without carbon source. In
the control and test reactors, carbon dioxide was supplied by air and flue gas, respectively. Light source was
natural and artificial. Artificial light source was four fluorescent lamps having 10 Klux intensity, which were
operated in continuous and intermittent modes. The concentration of carbon dioxide entering in the test
reactor was chosen in the range of 580 to 5000 ppm. The concentration of carbon dioxide in the inlet and
outlet gas of the reactor was measured by a carbon dioxide detector equipped with NDIR. The algal biomass
production and also changes in pH were measured. The flue gas was used as such without any scrubbing or
desulfurization. The maximum production of algae using air and combustion products of natural gas having
4100 and 3300 ppm carbon dioxide using artificial intermittent light was 0.07 and 0.2 gL™* d™, respectively.
Moreover, the maximum concentration of biomass was 0.25 and 1.04 gL, respectively. Carbon dioxide
biofixation rate was 2.5 and 3.3% in the 3300 and 4100 ppm carbon dioxide runs. Natural gas combustion
products can be injected in the photo bioreactor directly and without prior treatment, and it is possible to
remove carbon dioxide and produce algae. Biomass productivity with intermittent light was 35% less than
continuous light. With the increasing concentration of carbon dioxide in the combustion gas, algal biomass
production increased.

Keywords: Carbon dioxide, Spirulina, Biomass, Biofixation, Flue gas
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