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ABSTRACT

The present study has attempted to address the actual hurdles in the feasibility of algae-based
fuels and products. An innovative algal biorefinery concept has been developed where algae is
used for the remediation of municipal wastewater during its cultivation in a robust cultivation
system, followed by its conversion to high value products in a sustainable manner. To start with,
the first step of the study was to select microalgal species having potential of phycoremediation of
metal contaminated water and biomass production in different forms of cultivation systems. For
this, two different microalgal cultures; 1) Chlorella pyrenoidosa (CP) and 2) consortium of
Chlorella pyrenoidosa and Phormidium (PAG6) were cultivated in two different modes of
cultivation systems i.e., in suspended and attached biofilm systems. The study aimed to highlight
the suitability of an algal strain/consortium to different cultivation systems for metal removal and
biomass production. The six commonly found heavy metals in wastewater; Cd, Cr, Pb, Cu, Ni and
Zn, were used at 1 mg L of concentration. CP performed better in suspension systems with
individual metal spiking. However, PA6 performed better in mixed metal spiked media (that was
closer to the real wastewaters), especially in attached biofilm systems (>60% removal of all metals)
and hence, it was selected for further studies. The next step was to produce the selected microalgae,
PAG in the attached cultivation systems using raw municipal wastewater at pilot scale (100 L)
under outdoor natural conditions, followed by the valorisation of harvested algal biomass. The two
biomass processing techniques investigated in the study were hydrothermal liquefaction (HTL)
and anaerobic digestion (AD) to produce biocrude and biogas, respectively. For both the
processing systems, Net Energy Ratios were calculated (from biomass cultivation to the
biocrude/biogas production) and compared to find out which of the two energy conversion routes
was energetically more favourable. The wastewater grown algae produced 346.59 +5 mL g™ VSteq
of cumulative biomethane after AD, and 43+2% (dried biomass basis) of biocrude after HTL,
respectively. NERnTL (0.08) was observed to be higher than the NERap (0.007), proving HTL to
be a comparatively better route in terms of energy recovery from the wastewater grown algal

biomass.

Further, the Life Cycle Assessments (LCAS) was performed for 3 developed algal biofilms-
based conversion systems; 1) wastewater grown algae processed via anaerobic digestion (AD), 2)
wastewater grown algae processed via hydrothermal liquefaction (HTL) and 3) synthetic media
grown algae processed via HTL. Results showed that HTL of wastewater grown algae had 41.1 %
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lesser impact compared to AD of the same biomass and 98% lesser impact than HTL of synthetic
media grown algae. The former process also showed positive impact on the eutrophication
reduction due to the treatment of wastewater (59-92% nutrients removal) during cultivation. The
global warming potential for biocrude production from WWA was 10 times lower than biomethane
production from the same biomass and 21 times lower than the biocrude production from synthetic
media grown algae. The results of the comparative LCAs proved that HTL of wastewater grown
algae is a more sustainable route for valorizing the biomass than AD of wastewater grown algae
or HTL of synthetic media grown algae.

The HTL of the biomass (water:biomass ratio of 4:1) at 27 bars (using N2 as the reaction
gas), 230° C for 20 minutes of reaction time produced a biocrude that was rich in specialty
chemicals. The HTL biocrude yield was appreciable but it comprised of high nitrogen and oxygen
content (that decreased its fuel value) and hence, it required upgradation (deoxygenation and
denitrogenation). Furthermore, the GC-MS analysis of the biocrude showed the presence of high
value compounds that required enrichment. Efforts were made to improve the quality
(upgradation/enrichment) of the HTL products by varying the catalyst (ZSM-5 or KOH)/solvent
(methanol or butanol)/reaction gas (CO2) during the HTL reactions, keeping all other HTL
conditions same as that of the optimized reaction. The biocrude yield from ZSM-5 catalyzed HTL
was 55% of that obtained by K>COs catalyzed HTL, but with reduced nitrogen (1.2% of TS) and
oxygen (22.3% of TS) content that increased its HHV to 44.5 MJ Kg™ (1.6 times of K,COs
catalyzed HTL biocrude). The biocrude obtained from HTL with alcoholic solvents comprised of
38% and 52% esters and that with CO- as the reaction gas had >65% hydrocarbons in it. On the
other hand, the LCMS analysis of aqueous fraction showed the presence of highly valuable
pharmaceuticals (minoxidil and ethosuximide), that were quantified to be 18.96 + 0.24 mg kg
and 41.07 + 0.42 mg kg, respectively. Additionally, this calcium and phosphorus rich aqueous
fraction was hydrothermally mineralized to produce a carbonated hydroxyapatite (25.5%, dried

biomass basis), a bone mineralizer (synthetic bone).

Disposal of metal contaminated biomass after bioremediation poses challenges due to non-
availability of suitable techniques. Hence, HTL of algal biomass obtained from heavy metal
remediation in attached biofilm systems was performed to investigate the effect of metals on HTL
products and study their fate. The biocrude yield from HTL of metal laden biomass was
comparable to the biocrude yield from HTL of biomass without metal contamination (30%, dried
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biomass basis). The heavy metal analysis of the solid and aqueous fraction showed that >70% of
the metals had partitioned into the solid fraction whereas <1% were in the aqueous fraction. The
aqueous fraction was also rich in nitrate and phosphate which could be reused for algal cultivation.
Hence, hydrothermal liquefaction could be a very useful technique for valorization of metal
contaminated biomass for a sustainable biorefinery.

Algal cultivation in wastewater and outdoor natural conditions followed by HTL of the harvested
biomass to recover in parallel high value biocrude, solids and aqueous fraction, could be a potential

biorefinery approach targeting multiple sectors.
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AR

T S A aTd SMRA ST 3R IATG! BT AIGRIAT H IRATAD SIS DY G PR
&1 TN 51 81 T AT S/aTd SRINGIERI SfaURUN fasRid @1 18 § gl Ue Holgd Q!
I (cultivation system) A W ECR| (cultivation) & aTF-I TRUIferdT URY &d & IUIR &
oY RAaTa 1 ITANT [T ST €, S d1E 39 R T § 3o Yo d1d IdTe) B giRafd faar St
81 T HT UGl TRUI e RAaid Yol b1 99 eyl o1 e urg g ot &
phycoremediation 3R grdfee (harvesting) gunferal & fafts Ui § SRAR IdTGH & &HdT 81
P foTT Y SITT- 31T HISHIUATA Heay; 1) FARAT UrSAIgS ™/ Chiorella Pyrenoidosa dt/cp)
3R 2) FARET ql%ﬁ%@lﬂ'[/ Chlorella Pyrenoidosa 3R tﬁﬁ%ﬂ'ﬁ/ Phormidium (PAG) P HARRTH
(consortium) BT BTARCT &I S{ET-3{THT I ! GIARST YUMol & &1 15 It At avet memm & Srara
32 (suspended)3iR Ja¥ SAIhe RIEH (algal biofilm) &R HT ILT YT/ &4l Hed (heavy
metal) 8 3R ITHNT IadTe o forg fafirsr et gonfert & fore ues <ard s /46 & Sugaddl
DI IR HAT g1 SHURY Td H AR W UTE oH a1 S8 HRY 91T Cd, Cr, Pb, Cu, Ni 3R Zn,
BT IFART 1 mg L' Figar § foar 71| feara org WsfdT & 9y Ra ey ¥ Qad 3ig
(suspended) TOTferdl & ¥Tl/CP = SR WeRH fdhaT| gTdlids, PA6 = ffSid Ui TWRHS (spiked)
e @ aRdfa® ARy ofd & S Hd U H S8R U= fova, oy ¥ u § doaw arifteed
Ren @t egsit &1 gem &1 >60%) T 3R FUfeT, I/ M & 3reqgd & g AT 77 UT| SATaT
Hed el Uipiae Rl § urgde A (100 L) TR TWRUIAGT SRS Jd BT JUANT R
e Wl gonfer) § Tafd AISh U], PA6 BT ITG BT YT, S 91 1R s g AT SAHN
DT e+ o TT| 3189 § i &1 718 &l S| TRl ddb-1d SRl aigs 3R IR
BT IATG I & AT SRS IYHd TAHRUY/ hydrothermal liquefaction (TIETE/HTL) 3R TARIfS®
UTld-/ anaerobic digestion @sh | g1 g gonferdl & ferg, R Sl 3{JUId (Net Energy
Ratios, NER) &1 70T &1 7T (ST Gt § Sdigps/STaNg SdIaH deb) 3R g Uell T T fob
& Sl TR AN & § SH A1 SHoll 9 F S IHd o7l Uiy S ¥ I 7¢ a7 3
RIS U (TS)) & 971G T ST & 346.59 + 5 mL g VSreq R TIATA/HTL P SIG HHE:
43 + 2% (T AN SHTYR) BT IAT (6T | TISARTACTTA/ NERu, (0.08) BT TI3MRTST/ NERap
(0.007) ¥ 31 Tra 7T, for Tadiue oY SIURIY Sd ¥ 37T 7Y a7 SEMHN F Solf & recovery
& A § JaHIAS T Y dgaR A1 A1fad gofl|

S9b 3fdrd], 3 fasRid T TRfthed-SneiRd FuicRur gonferdl & forw sfiaq =
Sffh¢l-/Life cycle assessment (Q?I@FQ/LCA) fooar T o 1) @W - (Q@,p[/AD) & AIEOH I
IOmfed Uiy Sd/watewater grown algae (WWA) 37T Y ﬁﬁlﬁ 2) E'IB@W ECICE|
(QEICTTEA/HTL) & ATeqH  TTad SfUfRry STel/WWA ST 1T RiaTd 3R 3) Taciud/HTL & H1ey
Tarfia Ridfesw Hifsar Ime e LAara | gRkomdt § gar = & sy @ & I MY Aard &
TIATA/HTL B ST SR & TSI/AD B gl & 41.1% &8 JHTE AT 3R Ridfes fifsar 3w
9T & TICLA/HTL BT T & 98% 8 UHTT 1| TUelt Ufehan 3 gTdReT & SR Uy oid &
JTAR (59-92% UINH ddl ! ge) & HRUT ISR (eutrophication) H ®H! IR i THRIAS
THTa fEEmr WWA § SRS SdTe & fofg Teaied aTfT (global warming) & ST SN &
IR (biomethane) I@TEA Bt ga1 & 10 THT HH R Ridfesw Hifsar ¥ I MU Aara @
SMAIEHS (biocrude) I F 21 AT ®H &Y | JATHES LCAs o URUIHT 7 Ffed & a1 fos iy
& I I 7T 9T BT HTL TN & Hedih & g Sufiy S/d ¥ I U ara a1 Ridfew
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Hifgar 3 37U 71U 9T & HTL Bl Jda-n T 3ffdep fehrs Tafarur %ﬁ‘sﬂ (sustainable/eco-friendly)
Art gl

AN & TICIUA/HTL (UM SRIHR:4:1) 27 SR (FTSioH/Nitrogen T 39ANT Ufdfdhar
T & TUH), 230° C (@UHM), 20 minutes (MAHAT THY) & fRIT T TAIHS/biocrude BT ITE
fobar Sl faRy T # g 1| TISIUe/HTL SIS/ /biocrude Bt U YRR Ui cifd sgd
I ATECIo SR e Il =nfie At (SR S9% S O | S ofg) ofR 39, 39
3T/ upgradation (SIS 3R fEAREIHRA) ST a=adhdl | 3qd SHATal, THS
& GC-MS fazawor 3 I g aral At o1 Iufufa &1 feam fore Yad= & srazgemar ot o
T+t Tadtua/HTL Trd &l e & Tad §U Tadiud ufafeharstt & SR SAR® (SISTHTH-5/ZSM-5 3T
H3TF/KOH)/fIATSH/solvent (FYFTA TT eAia)/NRTaRH T (CO,) T Tead: TINd SATG! B
TG (SFTA/HaEH) H GUR HRA & TN BT T8 9| s@iad ufdfear & ¥HH ZsM-5 IARd
HTL ¥ STIES &1 IUS K.COs IANRT HTL §RT U 55% 2, Afh 1 ATSCIoM (TS BT 1.2%) 3R
SRS (TS BT 22.3%) AN & 1Y, T b HHV BT TGIHR 44.5 MJ Kg™' R e (K.COs
IR HTL ITAIHS BT 1.6 T[T | SfehIgiored Hiedcd o W1y TACId ¥ U IS H 38% 3R 52%
TR AMHE ¥ 3R Ufdfehd T & 9 & CO, & AT THH> 65% BISSIbIa- | GuRT 3R, STeitd 3™
¥ TATEHEY fazayur 3 srafiies HeudH wrigfesd (fRifed ok TifRmEs) ot Iufufa
D feam, foTes! AT AR 18.96 + 0.24 mg kg™ 3MR 41.07 + 0.42 mg kg™ ' At TT& SHfafed, 39
HIRTH 3R BRGRY Y PR ST 3% B! B Eﬁﬁﬁaﬁﬁ_{/carbonated hydroxyapaptite
(25.5 QT IR 3HTYUR), a bone mineralizer (Ridfed gI) H1 IdTe TR & Y g gIyHd U
@A fobam 1w |

TAIRAFSURM & d1g UTd/heavy metal YA SRR &1 AU/ disposal ST ddb-1d| Bl
SFUTRIAT P HIRUT AR T YT Rl & | TURIY, TIACTTS ITS IR T & THIT BT 17l Rl
3R FTP U/ fate P LT B & 1T Jad FIhed Ried H URY UTd/heavy metal IR
Ut TS SRR &1 TISTd foar T o1 o1 ¥ dd! IrEN & TEdiid ¥ dhige 3usl 4T
TGWUl & o1 SN & T&divd 4 dRiigs Sus & sRIaR AT (30%, G&T JRITAN S1YUR) | 319
(soIids)GﬁT STt 3 (aqueous fraction) & HRY Yrg fo=Reyur T Udr =l % f&> 70% ?ﬂ@,ﬁ RREEEN
 fquora 81 718 off Siafar <19% Sreia i & off | Sty 3f=r A1gee 3R Wwidhe # o 90 o1 ol 313
B Rl & R g IUANT fram &1 Feba UT| SR, RIRl SRIRWBIERY & R urd gfivd srimr &
Ui & foTU g IyHd Sdlaxul U 9gd ol SUTNT ddb-idb gl qdbdl g |

JURTY S 3R STedt Urepfores uRIRUTT & Darer 1 BIRET, 36 18 gaReS §U I
¥ TIAA & JAMIR I YUl dTdl SIS, 3 3R SIad 31 § Yuid $34 & forg, &g & &t
M B ATl Tep T TR 2 DB 81 FbaTl B
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