BIO-BASED PRODUCTION AND DOWNSTREAM
PROCESSING OF LACTIC ACID FOR
APPLICATION IN POLYLACTIC ACID
SYNTHESIS

NEERJA YADAYV

DEPARTMENT OF CHEMISTRY
INDIAN INSTITUTE OF TECHNOLOGY DELHI
OCTOBER 2022









© Indian Institute of Technology Delhi (11TD), New Delhi, 2022



BIO-BASED PRODUCTION AND DOWNSTREAM
PROCESSING OF LACTIC ACID FOR
APPLICATION IN POLYLACTIC ACID
SYNTHESIS

by
NEERJA YADAV

DEPARTMENT OF CHEMISTRY

Submitted

in fulfillment of the requirements of the degree of Doctoral of philosophy

to the

INDIAN INSTITUTE OF TECHNOLOGY DELHI
OCTOBER 2022






CERTIFICATE

This is to certify that the thesis entitled *“Bio-based production and downstream
processing of lactic acid for application in polylactic acid synthesis” being submitted by
Ms. NEERJA YADAYV to the Indian Institute of Technology Delhi for the award of the
degree of Doctor of Philosophy in Chemistry is a record of bonafide research work carried
out by her. Ms. NEERJA YADAYV has worked under my guidance and supervision, and has
fulfilled the requirements for the submission of the thesis, which, to my knowledge, has

reached the requisite standard.

The results contained in this dissertation have not been submitted in part or full to

any other University or Institute for the award of any degree or diploma.

Dr. S. K. Khare
Professor of Biochemistry
Date: Department of Chemistry
Place: Indian Institute of Technology Delhi






Acknowledgements

The Ph.D. is like a marathon in which you surpass your dedication and endurance limits. It's a
life-altering event for me, and without it, my life would have been incomplete. I am grateful
to God for the good health and well being that allowed me to accomplish my thesis. The
earlier years of my Ph.D. path have been full of experiments, weekly reports, meetings,
conferences, and deadlines. This journey could not have been undertaken without the

invaluable contribution of a few special people that I encountered during this sojourn.

First and foremost I am extremely grateful to my Ph.D. supervisor Prof. S. K. Khare Sir for
his patience, valuable advice, continuous support, and motivation during my Ph.D. study. His
immense knowledge, work ethic, excitement for research, writing skills, and plentiful
experience have encouraged me all the time in my research and daily life. I greatly appreciate
his invaluable supervision, time, and tutelage during my Ph.D. degree. Whenever I felt
troubled in doubt he steered me in the right direction. His guidance helped me in the entire
journey of research and writing of this thesis. He just molds me from a bleary-eyed science
student to a doctorate candidate by boosting my research, work ethic, and independent
scientific thought and knowledge. I could not have imagined having a better advisor and

mentor than Prof. S. K. Khare Sir. Sir thank you for everything from the core of my heart.

Prof. Siddharth Pandey Head, Department of Chemistry, Prof. Ravi Shankar, Prof. A. K.
Ganguli, Prof. Anil J. Elias, and Prof. N. D. Kurur previous Head, Department of

Chemistry for providing all the necessary facilities and support.

I own the deepest gratitude to my SRC members Prof. Shashank Deep and Dr. Tanmay

Dutta and Prof. I. S. Thakur for extending their kind support, guidance, and helpful



discussions during my doctoral work.

I gratefully appreciate Dr. Lata Nain for taking time out of her busy day to assist and guide

me during the last phase of Ph.D.

I would like to thank Prof. M. N. Gupta for offering critical comments and discussions
during the preparation of the three phase partitioning research work and the drafting of the

article.

I sincerely thank all the staff members of the Instrumentation Lab, M. Sc. Lab, M. Tech.
Lab, B. Tech. Lab, and Chemistry Office, Department of Chemistry and IIT Delhi for

their cooperation and support.

I appreciate the Electron Microscope Facility (All India Institute of Medical Sciences,
New Delhi) and Scanning Electron Microscope Facility (Textile Dept., IIT Delhi), for

providing me with the necessary expertise.

I have highly obliged to the IIT Delhi's Central Instrumentation, Nano-Scale Research
Facility, Department of Material Science and Engineering for providing me with the

essential facilities and help for conducting critical sections of my experimental research.

I gratefully acknowledge the Ministry of Human Resource and Development, Delhi for the
research fellowship. The financial support by IIT Delhi for attending national and

international conferences is also acknowledged.

I would like to express my gratitude to my wonderful super seniors, Dr. Anshu Gupta, Dr.
Ruchi Gaur, Dr. Ram Karan, Dr. Arvind Sinha, and Dr. Chetna Joshi, who left the lab
long before I joined, but their guidance and support were invaluable. My amazing seniors are

responsible for instilling a scientific mentality and research foundation in me since my first



day in the EMB lab. I count myself lucky to work under such caring seniors. Dr. Sumit
Kumar, whom I never hesitated to approach when I needed help. He patiently listens to the
challenges in the lab. Later on, he was and continues to be the leading senior in the lab. Dr.
Rajeshwari Sinha helped me during the initial phase of my research journey. I will be
forever grateful for her support and inspiration. I respectfully acknowledge Dr. R.
Hemamalini for her dedication to work is something that always inspires me to give it my
all. My stay in the lab might have been different if I hadn't shared a senior cum friend, Dr.
Ayesha Sadaf with whom I have shared my moments of deep anxiety but also excitement.
Her presence was very important in a process that is often felt as tremendously solitaire. I
appreciate her unwavering support and her wholehearted care for me. The role she plays in
my life is invaluable. I thank Dr. Jasneet Grewal for her sound advice and constant
encouragement to be the best I can be. I sincere thanks my immediate senior Dr. Shubhrima
Ghosh, working with her is truly a pleasure. Her positive attitude, amazing outlook, and

commitment to consistently putting forth good work in all that she does.

My sincere thanks to my loving juniors Ms. Syeda Warisul Fatima, Mr. Shahenvaz Alam,
Ms. Nikky Goel, Mr. Nitin Srivastava, Ms. Ankita Maurya, Ms. Huma Fatima, Ms.
Sukriti Srivastava, Ms. Pooja Chokar, Ms. Deeksha Gopaliya, Ms. Saniya Zaidi, and
Ms. Simran Kundral, Mr. Bibhuti, Mr. Sachin for establishing a wonderful and cheerful

work environment and for all of the pleasant moments we all had together till today.

I will be grateful to all the EMB lab friends Ms. Radhika Gupta, Ms. Shamashree Ghosh,
Mr. Rahul Sakla, Ms. Charu Anand, Ms. Neeraj Yadav, Mr. Vikas Gautam, Ms. Anjali,

Ms. Sayan Barau, Ms. Tanya, and Ms. Henadari for creating a lively lab atmosphere.

My sincere gratitude to all of the current and former erudite postdocs in the lab Dr. Shivani

Chatturvedi, Dr. Amrik Bhattacharya, Dr. Arti Pal, Dr. Razi Ahmad, Dr. Rameshwar



Tiwari, Dr. Kumar Pranaw, and Dr. Sunaina Singh for their inspirational words, advice,
scientific contributions, and encouragement. They were always willing to help and guide in

overcoming all obstacles encountered throughout the research process.

Committing several years of your life to this type of endeavor means you must rely on the
goodwill and patience of others, especially during difficult times. I have been extraordinarily
fortunate, my Parent has proudly supported me to an extent that has exceeded all reasonable
expectations. I would not have made it this far without them. I dedicate this thesis to them.
Special thanks to my loving life partner Dr. Krishan Yadav who provide unending
inspiration for keeping things going and for always showing faith in me. I truly thank him for
sticking by my side, even when I was irritable and depressed. The last word goes for my baby
Anaya, who has been the light of my life and who has given me the extra strength and

motivation to get things done.

I am forever thankful to Almighty God.

Neerja Yadav



Abstract

The implementation of a sustainable bio-based economy is today’s priority. Lignocellulose is
a suitable alternative for the production of high added-value products. Lactic acid is being
abundantly used worldwide for industrial and biotechnological applications. Lactic acid can
be produced by microbial fermentation and chemical synthesis. But recent studies show that
lactic acid production through microbial fermentation is more significant compared to
chemical synthesis because of high purity, low energy consumption, and environmental
concerns, etc. Production of biopolymer polylactic acid requires the pure D & L form of
lactic acid for high stability and durability. Efficient downstream processes are essential that
drive 50% of production costs. Therefore, extensive researche are required to get pure lactic
acid with optimal yield and recovery by different downstream processing routes. The thesis
assesses different lactic acid fermentation technologies and downstream processing. The
main challenge currently employed for lactic acid recovery are precipitation, solvent
extraction, distillation, and separation with membranes. Drawbacks that limit the application

of these technologies are also presented.

Lignocellulosic biomass is promising renewable resource for the production of biofuels and
platform chemicals. The present study encompasses the screening and isolation of lactic acid
bacteria (LAB), stable in the presence of ionic liquids ((EMIM][OAc], [BMIM][MeSO4], and
[BMIM][CI]) and lignocellulosic inhibitors (HMF and furfural), and explores them for
effective bio-based lactic acid production. Nineteen LAB producing isolates were identified
based on their morphological, biochemical, and 16S rRNA sequence analysis. Among these
five LAB strains namely Pediococcus pentosaceus SKL-7, Leuconostoc fallax SKL-15,
Lactobacillus plantarum SKL-19, Lactobacillus paracasei SKL-21, and Lactobacillus

plantarum SKL-22 grew well in presence of ILs [EMIM][OAc], [BMIM][MeSO4], and

\



[BMIM][CI]. The L. plantarum SKL-22 exhibited relatively high tolerance with the highest
specific growth rates in presence of 0.5% and 1% [BMIM] [MeSO4] and [BMIM][CI].
Overall, L. plantarum SKL-22 produced a reasonable good amount of lactic acid i.e. 34.26
g/L. It appears a promising strain for one-pot production of lactic acid from lignocellulosic

biomass.

Production of platform chemicals has been advocated as a sustainable option to tackle the
problems associated with agro-waste management. Efforts were made to effectively produce
second- generation lactic acid from rice straw pretreated with imidazolium ionic liquid
[EMIM][OACc] and subsequently fermented with a promising Lactobacillus plantarum SKL-
22 strain saccharified with a commercial cellulase enzyme. Medium optimization was carried
out to enhance the lactic acid (LA) yield by response surface methodology. In a 5 L
bioreactor, the process was further upscaled, and a yield increment of 1.11% was observed.
The process using rice straw as substrate led to a LA yield of 36.75 g/L from L. plantarum

SKL-22 in a single pot bioprocess.

Lactic acid is one of the essential platform chemicals, and despite the availability of a range
of downstream processes, its effective recovery is still elusive. A phase partitioning process
using n-butanol and a chaotropic salt ammonium sulphate was developed to recover lactic
acid from the fermentation broth of Lactobacillus pentosus SKL-18. During the optimization
of various process parameters, the extraction medium’s pH was found to be critical, with 2.5
being the best. The optimized process resulted in a lactic acid yield of 86% and found it to be
93% pure. The purity and characteristics of lactic acid were confirmed by FTIR and NMR
spectra. This solvent- based extraction procedure is an economical and straightforward
downstream process for purifying lactic acid produced from agro- and bakery-residues. The

pure lactic acid can further be used for enzymatic synthesis of high value-added product

Vil



PLA, a biodegradable and biocompatible plastic.

Polylactic acid (PLA) is becoming one of the most paramount polymers due to its eco-
friendly, biocompatible, and biodegradable nature. The monomer employed for PLA
synthesis is the lactic acid produced through fermentation from starchy and cellulosic
materials. The most popular PLA processing techniques are ring-opening polymerization and
direct condensation reactions. Mostly, polycondensation reaction uses a metal catalyst (Zn/Sn
oxides), which is not safe for biomedical applications as it contains metal contamination. The
present study focused on developing novel bioplastic to solve the environmental plastic
problems. A bioprocess was developed for manufacturing high molecular weight PLA using
an enzymatic polycondensation process. The degradation studies on the metal-free
synthesized polymer suggested its environmental safety and biocompatibility. Lactide
formation was analyzed by FTIR and NMR study. The polymerized product’s efficiency and
structural changes that occurred before and after degradation were evaluated using FTIR,
NMR, GPC, XRD, DSC, TGA, and SEM. After 10 months of decay, FTIR spectra exhibited
a slight shift in the carbonyl peak and a decrease in peak intensity, and the degree of
crystallinity dropped by 18.23%, and after one month in compost, it dropped by 11.12%. The
GPC and TGA analysis confirmed the maximum M,, loss and lowered Tmax by 46 °C after
being buried in compost. The SEM analysis showed the existence of the cracks and voids
after degradation. This new approach for the synthesis of metal-free degradable PLA would

encourage its use for plastic and biomedical products in the future.
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U Tl Sg-MenRa srefeqawet &7 waf=aad 37 & meifisar g = aftid 9o arel
ICUTQI b IeUTe b foTq ferRIegetloT Wb Iugsh faebed g1 Gfiam W H 3ifefies oiR Sfa
TN eI & foru tface TRiS 1 Sgamia & SuaT fohaT ST 3@ @ ifdcs oRie
TG ATSehIfadel fhvas iR IR AeeIwur RT3 ST Fahe @1 <fdh &1 &
AT U1 FeId] & 1o 99 Y&al, HH ol WUd IR gfaRer waeft fefamert anfg &
HRUT IRTRAID FHLAUT &Y T H HIehI T fhuae o HIEIH A cifdces RIS ol Scared
31ferep HgeqqUf B STATCTR Uleiletidred URTS o Sedter o foly S o for ifece RS &
IE Sl US UeT HiH B AaLIha gl ol FURAT 3R TR HA SRTRGH Uiy
JNMATE & S SUTGH AN BT 50% Tt gl SAfery, Il SRy URRahRor A1 gRT
ST IUST 3R LAWY & AT G oifded RIS UTH IR o foTq STueh MY i AT Lehell
21 iR fafer difdes tRrs fopuam Tenfifea iR SR URARhRUT Bl STdhet Bl
21 MfFen TRie Revadt & forg adam o P geg gt auf, faetrre fedmon, s
31k f3TET o T gereuT 3 S Wil & STsRINT 1 THAT oot atett St | uRegd
& TS 31 forRIcgefie IEmR S $8 3iR Jehid Al & e & forg ey
HHTE BT ATl IR &l 8l Id9H eI § olfacd RIS daiRar (Terwdt) 6 S ik
3feTa ettt R, ST Srafien oeet ugref ([$eHaEeH] [Sie], [somensed] [ 4], ik
[dieramsen) [¥iver]) #iR fomiegeiRin siRfder B SufRufy & fRR & vauaes sk
TRERE), AR gAY Sig-3mamRd ifdcs TRie ITed & folg I WISt el 3l I+
TeTUelt I SMgRAIeIcH & UgaM SHh BUIHD, Sid IR 3R 16S rRNA 35

fJ9emur & YR R &Y 75 offi 37 Ui Terwdt SuNGT A Ufedipiayd UeRISRT WihUd -7,
TIPIFRCID BIelas TR -15, acieRicRT GieRT TAdTd -19, oo tRmdt
THHGE 21, 3R ARG GieRT THSTET -22 SMETel [SUHSMETH] [3Med], [ T
SURRIRT § 3reet ave A IpRia g9 fTHaEud [MeS04], 3R diTramEud [¥Ue] Tal.
YiRE THhTE-22 7 0.5% 3R 1% [donersy] [34] oiR [shomemsen] [wver] 6t
SURRIRT # I fafkre fGpRT &R & A1 e I= Fe-eiierdn ol uge fham et
TR, Tel. YicRY TAdUe-22 = SRIT #ET 8 oifded RIS It 34.26 Im/cfier &1
3T o I8 felRicy@Rie SRR ¥ offaced URTS & Toh-uic IuTed & folg T




ST TG Uil Il 2l PiY-TARIE FaeH | ! FRAT3AT ¥ e & foTg Ues Tt
fahey & U § Yty ARFT & STGT 6l Iepleld o T8 &l seIfor’y 3mafied dval
[STHRTTEH] [311TRT] < AT IR <1ael & 7 A GA NGl & eAfred TRTS Bl TwTl &
< ST B &b YA By Y & 31 915 H Uep aTforfSdes Aege UsTigd & A1 Ui fohy
TV TP MNP AaeldRieRd YieRY Wihual -22 o1 & a1 fonfogd fopam mar em
ufcifhar dag ughi gRT dtfdes TRIE (TeT) SusT 98 & forg Heas Srdger faar T e
5 Sfiex ITaIRuaeR H, Ufehar a1 iR FrT T o, 3R 1.11% 6T Ut gfg ot 13 ofY
FRIGT b BY | Aac b I DT SUANT DI Dl UfehaT 7 Tl GIERA THDhUA-22 3 T T
aTe IRV § 36.75 T/t & Terw IuST UTH &Y oifded RIS 311aede Yehid AT H
TP g, 3R SIS HIhaT3N Dl Teh ARGl Dl IUSAUT o dTaS[G, SHD! THTET a_gelt
arft oft ATt B elarcisRierT USRTRT THhA-18 & fohuee <iReT ¥ elfdess TRie &l gawfe
B o oY T-CAIA SR Teb DHIMNGIUD THD SHIRIH HAhe DT IUIN PReh Teh TRUT
fawrerT wferan faenfRea & S oft faftrer ufohar wTacEl & srger & SR, o Aream
1 Uive Hecayuf U TR, fTaH 2.5 a9 36T T Sgierd UishadT & URUITRERY 86%
olfercen TRAS T IUST 85 1R T8 93% Y§ UTAT 1| oifdeds URie ol YedT AR faeryaraii
&1 gf¥ FTIR 3R NMR SagT gRT 61 T8 o I8 fermae-smamRa frsesr ufshar oy ik
J)-3aeNT I I e TRIS BT g T & foly e formhrrcht iR el Sreveim
UfehaT 81 G olfaced TRIS o1 SUANT I Jed aftld IUTE o UsTgHT Hetsur & forg famm i
FhaT @ Ny T Rifeiesd 3R Irsifeas gites ol didielfaced RIS (FUe)
3T 4ATERET & 3G, S-SR RINSHSTS TPHicT b HRU He TR Tifer R § |
Ueh &7 3@ gl UTYaTy Heryur o fofg faford AR Ferd oIk degaiiie amfl 3 fpvead &
meEH A IIed fded TR B Fe AlB YUY SRRl dabeiieh RaT-afi
UIARTSSIeM iR e Fere Ufifeham g1 rfieheR, dlefipleed Ufifhar urg SaRe
(ST/TC SATATEE) T SN elt &, S St Rifdpean syt & forg gefdre = @
ifch g T UG BIT 8l IiHI 3TeII YTeRUiIg Giivces THRATSAT 1 &l R o fo1g
SUITT RGeS fIpRIT e R dhiod 81 T USTgHicd Uleiideia UfshaT ol SUTNT
R I 30D R YUy & FHfor & forq ves aramis fefRad fasa mar em urg 96
I ggeTe R RMEC & LTI 7 SHD! YATaRUMT JREM 3R Sid-3Fdherdl Bl Jia
&M UhTIMEaR 3R THUHIIR 31T gRT oldciss o ol fagemur fopam mar em




UlciiRIgTS IS I &l IR fiR1Ee A ugel &R a5 § gU FRedd uRadHl &1
7edied FTIR, NMR, GPC, XRD, DSC, TGA, 3R SEM T IURT &b fohaT T 2
10 HEIH1 & & & 915, FTIR Tagl o draifiel RRaR § AMell ggard 3R RReR dierar o
P BT Tl o, 3iR fepeeettadr i feift 7 18.23% &Y fiRrae o1E, 31k @Wig § vk qgi4
& 915, TE 11.12% fR 75 SHRA ofR SSiiy fagetsor 7 siftread Amare Ja<ar ol gfe &
3R W J S 8N & J1G CHaT B 46 St AfTIRT Ib o8 o f&am waswd faeetyor
fiRTEae & 915 RRI 3R RiRAT & 31cTca @1 fozarm Heel-th fSisee dIvery o iy &
forg ag T gt sy § gites ok smfRea Sl & fog s Swa @
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