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ABSTRACT

Microalgal systems effectively capture CO: and produce valuable bio-products like biofuels
and bioplastics, offering environmental and economic benefits. However, high costs, scalability
challenges, and operational inefficiencies hinder commercialization, requiring advanced
reactor designs and cost-effective solutions for practical implementation. The present work has
systematically addressed challenges associated with microalgal systems by developing and
optimizing innovative reactor designs and cultivation strategies along with microalgal
valorization pathways for conversion of carbon from sequestered CO; to value added lipids
and algal biopolymers.

We screened an indigenous algal strain PA4(isolated from an STP and previously reported to
have high biomass yield and CO: tolerance) for the natural accumulation of the algal
biopolymer Polyhydroxybutyrate (PHB) under complete photoautotrophic conditions. The
strain was found to naturally accumulate PHB of around 32 pg mL™! in BG-11 media without
any nutrient or light stress. PA4 was taxonomically identified to be the fresh water algae
Poterioochromonas malhamensis. To scale up CO; assisted photoautotrophic growth, a novel
photobioreactor was conceptualised and designed at a prototype scale of 10 L, aimed at
microbubble assisted CO; sequestration to recover CO> from low concentration sources (5%
v/v) and maximize production of microalgal value added products without any nutrient stress.
A venturi microbubble generator was amalgamated with a bubble column and Reynold’s
number was used to define the hydrodynamic flow regime by media recirculation by co-current
liquid-gas flow between the column and a retention tank. At a steady volumetric liquid flow
rate O, corresponding to laminar flow conditions, gas flow rate Q¢ was varied in the range
0.1-1 Lemin™ to determine the volumetric mass transfer coefficient K;a and the CO> mass
transfer efficiency. K;a and Q¢ values were found to be linearly dependent in the Qg range 0.1-

0.7 Lemin! while CO, capture efficiencies in the range 86% to 98% were obtained. The



optimized media recirculation sufficed for culture agitation and further aeration for mixing was
not required. A correlation coefficient was derived relating change in gas-liquid interfacial area
with change in Q. The resultant system obtained biomass yield of 0.454 gL"! and a carbon
content of 38.9% volatile suspended solids (VSS). Furthermore, lipid accumulation of 35.9%
on a dry cell weight basis and lipid productivity of 11.64 mg L' d! exhibited feasible
valorization of sequestered carbon.

Taking into consideration the efficacy of microbubbles in high-rate mass transfer and
recirculation as a better agitation and nutrient mixing mode, the carbonation column was scaled
up to a 20 L volume. A novel microbubble generator assembly for homogeneous bubble
generation was fabricated using resin-based SLA 3D printing. We obtained ideal microbubble
profile in the column at various Q; and Qg values corresponding to laminar, transient and
turbulent flow regimes using high speed imaging technique coupled with MATLAB based
computational image processing. The microbubble density in the system was found as high as
90.84% and did not go below 60% under any and all varied conditions of generation or height
of imaging. While the smallest bubble size recorded was around 93 pm, the most probable
bubble sizes obtained using Gaussian Distribution showed bubble size in the range 482 -702
um at transient liquid flow regime with Oz = 10 Lmin and Q¢ = 0.1 Lmin™! conditions. For
feasible scaleup and bulk growth, the microbubble-based carbonation system was integrated
with a 200 L raceway pond and structurally and functionally hybridised to maximise CO2
scrubbing from a gas source of 5% concentration and valorise into algal biomass compound
fractions. pH feedback-based carbonation loop was integrated between the raceway and
carbonation column to keep the culture saturated with bicarbonate in the pH range 7.2 - 8.5.
The resultant pilot hybrid photobioreactor system was further tested for sustainable P
malhamensis biomass cultivation using modified BG-11 media-carbonation system. We

obtained a biomass yield of 0.423 gL' and CO, bio-fixation rate of 44.05 mgL'd"!,
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comparable to those obtained at 10 L prototype scale. A higher ‘C’ and lower ‘O’ content in
biomass from the hybrid system over the prototype indicated the biomass has better quality and
suitability towards biofuel feedstock applications.

Additionally, PHB content in the biomass from both 10 L prototype and 200 L pilot scale were
tested using Gas Chromatography. The PHB yield was found to be 5.79% DCW basis at 200 L
scale compared to 4.95% DCW basis in 10 L prototype while maintaining 5% CO-
concentration and identical carbonation and recirculation conditions. The results were
significantly higher than those obtained for the respective controls.

Our results show that scaleup did not compromise biomass yield or CO; bio-fixation, but rather
enhanced PHB production further. Overall, the best features of the novel 10 L prototype were
scaled up successfully through photobioreactor hybridization to further enhance biopolymer
production potential in the indigenous algal isolate with only CO> as the carbon source. The
outcomes of the present work show the potential of microbubble-based carbonation and
photobioreactor hybridization at enhancing CO> capture in algal systems and subsequent
valorization of inorganic carbon into organic molecules of high commercial value, a much

sought after scenario for commercial applications of microalgal CCUS technologies.
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JEIRaTe FUMTRRIT CO. B T T | Udhg 3R Siase dul Sawiied oY HedaH
W9-ITEl & Jaded | Ted 7, o vafareiig ok onfifes =y & arueR €1 aufy, 3=
AT, S8 UTHM R ST S FHITaal 3R FaTer H S1eiTdl 37 SATauRiBRl § areT
IO IR §, oD THIYH g SAd old-RUGeR fSHEA 3R AFTd-gHTat Surdl &1
ARG & | aH BT A 37 T bl afRUd &1 8 Halfeid ha §U-d - RuaeR
fewmea, Jadv oHifaal 9ur co. ¥ U S B geuaiid s e geriard
SIGEgAD! (biopolymers) H TUTART B B dARIHRUT Ul &1 fdb™ MR e foba
gl

T W YEARAATT TSI PA4 (Sl U STP ¥ gudh &1 T8 ot 3R qd & 3= I
I 3R O, Ye-=hadr g Rulé ot 73 ot & guf gerr-wauit (photoautotrophic)

3R H Polyhydroxybutyrate (PHB) & WIHT[AH T 5 WhiH fobdl 1| TG WSTid BG-

11 H1eod # T fordt diveh @ a1 UhIRT dH1d o 1T 32 pg mL* PHB &1 WIHT[A®
T HIdAt tﬂé T|'<§| PA4 &I %Tll:\‘:h:hm Ugdld Poterioochromonas malhamensis ITHD (_‘ﬂ@f
CREIRCINE RS EARIEL

CO.-TBTIdT U UHIRI-qudT Haef Bl Thd-310 I3 g TP -di BICIaRIRIgeR i

10 L UIeIeTsy Whd R fevms 3R uResfetd favar mar, foaeT S0 Arsspiaad Smemd
CO, TN GRT 5% (v/v) TEaT aTet CO. A T FHa ol TAUT HRAT 3R JeARaTd &
Tgaefd ITG! B SHTABTH BT AT dTRT AT I SIRex Bl 9ad HIaH o SIS 1T,
3R HifSar gdenur & H1erd @ diad 3R REXA ¢ & ol TgUaTE (co-current) ARA-T

dTe gRI BRSNS Ydlg a®IT &l GRUTNT 6 8 Reynold’s number DT T
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forar | T RR dieifes fofrs el &) QL (o offrR vl & fRufd &t gxifed 8) R
TR WA &R Q6 BT 0.1-1 Lemin~! BT AT H §Gad gU dlcgHicd A ST UN® KLa 3R
CO. AT TIRITR G&fdT &1 FAYfRor fasar Tl Qg & 0.1-0.7 Lemin ' & ¥ H KLa 3R Qg &
&9 XRYF (linear) Y& UTAT 7T STEfdb 86% T 98% TP CO, AU G&rdl U g3
SIpiord HfSAT G UT A Wpfa BT v gemiia co. Tar fobar, e sifafvad
A (acration) HI ATTIHT el ! T-fAifehe SRBRITT &7 & Q¢ & IR
gRad o gIfd §U WeHSY UM (correlation coefficient) UG farat T |

O & 0.454 gL' STTHNT TS 3R 38.9% VSS e TRl UT g5 | 39 SHfaiad,
35.9% (DCW 3MTYR W) foIfrs Temm 3R 11.64 mg L ' &1 [ifS ST U g3, it
TSild BTa BT IUYad JaRIebRUT G=idl |

AEHIEE &1 3-8 AN TIAHR &l 3R TAHHUl B G&fdl Bl ¢Wd §U, HIEHTH
DHITH DI 20 L dlegd db I dl-3M7 fobdT 771 Uh o= HTSshidad S-ReR 3¥aa SLA 3D
fiifen aaites g1 FAffa @t 181 At QL 3R Qg AF & dgd AftR, gifeTie 3iR cqde
TaTg g=al A gre-wfie ZARAT ad-id 3R MATLAB SUTRd Sfa fazaivor grr sresf

AIShIaad WhTSd U &1 s | JOTelt § AIgshiaad gd Sifbad 90.84% 3R gAdH

60% TTIT 7| FaY Bl 999 3MHR ~93 um RbTs a1 a1 Fafdh Gaussian fIdR01 &
TR Y YUTIT T HTHR 482702 um P o1 & (QL= 10 Lmin* 3R Qg = 0.1 Lmin"!

)|



Whaad 3R Ui Hade & T Arsshiaed ST STaMTH YUl ®f 200 L 78 1S
Y THIPHd TR, 5% TGl T 719 FId I CO. ThiaT B SHABTH B g TRATEHD 3R
HTATHAS U § YHRA (hybridized) fHT T pH BISaH MR B qU BT 39
3R BIEHRH BT & d1g ST 71 difds TBIA Bl pH 7.2-8.5 P a1 SRBECT T
H 3@ o b |

YHR YUl # HRNTYT BG-11 3R HTEHARM YUK §RT P. malhamensis BT R agH
Tleror fpar | S9H 0.423 gL ST IS 3R 44.05 meL'd~! B CO, Ha-fRRH0
R U g3, ST fb 10 L NISergy 3 ga-ig o | IR gomet &t s § 3= ¢ 3R g
<O AT, I TUTERT 3TR Slage SIuaT & o Sugaddr <=l |

& SfARad, 10 L WICICSY 3R 200 L G FUMTeh a1 § SIITHRN § PHB &1 HETEGAT
T PG GRT B T8 1 5% CO. Aigdl R THM HIEHRA 94T G fRufadl &
dgd, PHB SUS HHTT: 4.95% (10 L) 3R 5.79% (200 L) DCW 3MTYR TR U g3, S &

=01 gl &1 T & Ieae i =0 U 3D o |

UfRomH 2=ITd € for Whdl-317 T SRR IUS a7 CO, NaRRURNHR01 | Pig T Ta! g,
§fess PHB STE H 3R g 83 | T EU Y, 10 L WCIe3Y &1 Farad faRiwarsit & g
HIEAINTTRR §RT GhAdgdd Thd-3d faar mar, s wWezh /ard & Had co, &

PHIa- Fd & Y A ITINT IR Saagald IdIe i &Hdl deTs ol b1 | T8 B g2ial g
& AEpigad nURd HEMTH 3R BIERINTgeR BRI CO, THe 3R fbTe-D
HTe B I egafid Sig-3dTe] B gga- i fo=m & Yeaard ccus Wrenfifeal & forg
T 3T THTIIT FHTHT URdd T g |
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