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Abstract

Societies around the world are facing serious challenges due to the thoughtless use of plastics
derived from petrochemical derived synthetic polymers. In addition to the extensive use of oil
sources, all these plastics end up in the ecosystem as industrial waste, resulting in a large
environmental problem. According to the Food and Agriculture Organization (FAO), almost
one-third of the total food produced annually is getting lost or wasted, in the food supply chain.
Any solutions to these issues are required in order to reduce this tremendous environmental
impact.

In previous decades many authors described Lactic Acid (LA) production from several waste
sources, including molasses, bakery waste, water waste, and sugar cane. Lactic acid,
2-hydroxypropanic acid, is an organic compound which is widely used in food, pharmaceutical
and chemical industries. In addition, lactic acid can be polymerized to form the biodegradable
and compostable polylactic acid (PLA), which is considered a potential substitute for oil-
produced plastics.

The present study particularly focuses on the optimization of lactic acid production from
Municipal Food Waste (MFW), for the development of a scalable synthetic process. More
specifically, a sequence consisting of subsequent fermentations to convert endogenous D, L-
lactic acid from minced foods to optically pure L-lactic acid, followed by purification of L-
lactic acid by ammonium lactate (NH4LA) esterification and hydrolysis of the purified ester.
These steps were performed in order to achieve optimization of bioplastic production for the
municipal food waste of Heraklion and to obtain useful information for the design of a pilot
unit. The yields and limitations of this process will be discussed.

Key words: Food waste, L-lactic acid, fermentation, bioplastic



Iepiinyn

O kowvarvieg avtipetonilovv coPfapd tpofAnuata Adym g aAdyloTnG XPNONS TAAGTIKAOV TOV
TPOEPYOVTOL OO TETPOYNUIKA cuvOeTIKE ToAvpEepT|. EKTOG amd v exteTapévn yprion Tnymv
neTPELion, OAO ALTA TO TAAGTIKE KOTOAYOUV GTO OIKOGUGTNHO ®¢ Propnyavikd andpfinta,
LE OMOTEAEGLO VO ONOVPYELTOL EVa TEPAGTIO TEPIPAALOVTIKO TPOPANUA. ZOUP®VA LE TOV
Opyavioud Tpooipwv kot I'ewpylag, oxeddv 10 €va Tpito TOL GLVOAOL TV TPOPILW®V TOL
ToPAyoVTaL ETNGIMG XAVETAL T} CTOTAAATOL GTNV AAVGION QOO HOD TPOPiL®V. ATOTOLVTOL
Moelg oe avtd to {nTpoTo. TPOKEWEVOL Vo peltwbel avt M tepdoTia TEPPAALOVTIKY
enintoon.

Tig mponyolpeveg dekaetieg TOAAOL GUYYPAPEIS TEPLEYPAW AV TNV TOPUYDYN YOAUKTIKOD 0E£0G
(LA) and dibpopeg myéc amofANtev, 0TmG HEAGGO, OmOPPILUaTe 0pTOTOLiag, amdPAnTa
vepov kot (ayapoxdropo. To yoroktikd o&D, 2-vdpolumpomavikd o0&y, €lval Ui OPYOVIKY
£€VOON OV YPNOLUOTOIEITOL EVPEMS OTIS PLOUNYOVIEC TPOPIL®V, PAUPUAK®OV KOl YNUIKOV.
EmumAéov, 10 LA umopel va moALUEPIOTEL Y100 VO OYNUOTICEL TO PLOOTOIKOSOUNGILO Kol
Mroopatoromotpo tolvyoraktikd o0& (PLA), to omoio Bswpeitor mhovd vTokaTdoTato Tmv
TAUGTIKOV TOV TOPAYOVTOL OO TETPEAALO.

H mapodoa perétn eotidlel wwitepa 611 PEATIOTONOINOT TG TOPAYOYNG TOV YOAUKTIKOD
0&€0¢ amd To AOTIKG VITOAEIULOTO TPOPILL®OV, Y10 TNV OVATTTUEN U0G EMEKTAGIUNG CLUVOETIKNG
dwdwaciog. ITo ovykekpipuéva, ypnoipomomdnke pior akoAovdia eneepyoaciog TPOPIK®OV
aroBAntev Tov arotedeiton amd CVUMOELS Yo T LETATPOT TOV £vO0yEVoLg D, L-yoAaxtikov
0&éog and mortomompéva TpdeIpa o ontikd Kabapd L-yaraxtucod 080, akolovbodpevn amd
KaBapiopd Tov L-yorkaktikov 0£€0G e £6TEPOTOINGN TOV YOAAKTIKOD OUU®VIOL Kot VIPOAVOT
TOV amOUOVOOEVTOG €0TEPA. AVTA 1) AAANAOLYIN SEPYACIOV TPOYLATOTOONKE DGTE VoL Vo,
emrevyfel Pertioronoinon ™ mapaymyng Promhactikdv Kor vo €§oyxfodv  ypNOULES
TANPOPOPIES Y10t TO GYESIACUS Hiag TAOTIKNG Hovadas. ®a cuintmbovv ot amoddcelg kabmg
K0l 01 TEPLOPIGHOT AVTNG TNG SLSKAGTOG.

Aé&eic khednd: Ymoleippata tpo@mv, L-yoraktikd o&b, {humon, flomlactikd
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Chapter 1: Introduction

1.1 Food Waste

Food is undoubtedly a valuable commaodity and its production can be rich in nutrient
resources. The survival and existence of life around the world directly depends on the food
supply. However, the ever-changing lifestyle and rapid urbanisation of the worldwide
population have led to increased production of food waste from various sources (agricultural,
household, industrial).! The term food waste (FW), refers to any leftover or precooked food
which generates biodegradable organic waste.! According to the definition given by the Food
and Agriculture Organization of the United Nations (FAQO), food waste concerns “food losses
of quality and quantity through the process of the supply chain taking place in production,
post-harvest, and processing stages”.! Food waste can be produced at any phase of the supply
chain, from the agricultural area to the processing plant and eventually to the retail market.? A
major concern arises when this indispensable commodity i.e. food, is misused and mismanaged
at any stage of the food life cycle resulting in serious social, economic, and environmental
consequences.! Waste management should practically follow certain policies that support the
concept of 3R’s, i.e. reduce, reuse, and recycle.® According to the FAO, almost one-third of the
total food produced annually is lost or wasted in the food supply chain. This situation has raised
serious concern as not only there is a loss of vital resources but their disposal within the
environment causes important problems. Food waste comprises a heterogeneous mixture of
carbohydrates (starch, cellulose, hemicellulose or lignin), proteins, lipids, organic acids, and
smaller amounts of inorganic matter.> Nowadays, most food waste recycled, mainly as feed
and fertiliser but traditional approaches of landfilling and incineration could cause severe
environmental and human health hazards by generating toxic gases.! Significant emissions of
methane (CHas), which is 23 times more potent than CO2 (greenhouse gas emissions), are
produced by these approaches and contribute significantly to global climate change.* However,
utilisation of waste components could create many possibilities for producing valuable
chemicals, fuels and products.® Production of biofuels (biodiesel, ethanol, hydrogen), electric
power generation through conventional methods like incineration, compost, and landfill, as
well as bioconversion of food waste to value-added products like biosurfactants and bioplastics
are some great examples of the sustainable waste management system.

Plastics are traditionally synthesized from petrochemicals through mostly irreversible
processes.® Approximately 140 million tonnes of petrochemical derived synthetic polymers are
produced worldwide with a large proportion of them ending up in the ecosystems as industrial
waste products.® The last decades more and more countries apply banning of plastic bags
responsible for the widely known ‘‘white pollution” around the world and replace them with
biodegradable bags. Petroleum-derived polymers are difficult to degrade by microorganisms,
and their high persistence poses serious environmental concerns.! An alternative to these
synthetic plastics is bioplastics derived from renewable sources, e.g. by utilising various waste
products, microorganisms can synthesize these bioplastics.

In the recent years, there is a tendency to use bioplastics over common petrochemical-based
plastics, to reduce environmental burden.! Replacement of petrochemical plastics with



bioplastics contributes to global warming reduction, as the energy requirement for petroleum-
based synthetic plastic production (77 MJ/kg) is higher when compared to that for bioplastics
(57 MJ/kg).” On the other hand, landfilling leads to undesirable consequences such as
groundwater contamination and augmenting of greenhouse gas emissions, and food waste has
major contribution in this aspect. Bioconversion of food waste to generate bioplastics is
considered as an profitable strategy for waste disposal.*

The bioconversion of food waste to biodegradable plastics requires pre-treatment to enhance
its biological and physico-chemical properties.! Pre-treatment strategies include physical,
chemical, biological and enzymatic degradation. Physical treatment converts food waste into
fermentable organic compounds using thermal and mechanical processes, including heating,
milling, ultrasound, and microwaves.® Fermentable sugars can be formed using chemical
treatment, which includes acid or alkali treatment, or biological treatment, that includes several
microorganism strains, and can be used as fermentable substrates.! Polyhydroxyalkanoate
(PHA), polyhydroxybutyrate (PHB), polybutylene succinate (PBS), starch blends, polyvinyl
alcohol (PVA) and polylactic acid (PLA) are among the major synthetic biodegradable
polymers.t

It is widely known, that fermentation processes account for about 80 — 90 % of the global lactic
acid production.® Lactic acid is a highly versatile platform chemical with a wide variety of
applications that cover the food, pharmaceutical, cosmetic, detergent and dairy industries. More
recently, the market for lactic acid has been expanded in the production of polylactic acid
(PLA). This biodegradable polymer further fuelled interest in the production of lactic acid and,
with a continuously growing market, it is estimated that global demand for lactic acid would
rise from 1220 kt in 2016 to 1960 kt by 2025.° Despite the positive outlook, production costs
still need to be reduced. The production of PLA in particular, which has to compete with
conventional petrochemical-based plastics, is currently limited by the cost of lactic acid. It has
been estimated that the cost of lactic acid production must be reduced by at least 50% for PLA
to be competitive on the market.1%!

1.2 Polylactic acid

Due to environmental problems and ecological issues associated with petroleum-based
polymers, biodegradable and renewable polymers have attracted a great deal of interest. PLA
is a biodegradable thermoplastic polyester, widely studied over the last decades.'? PLA is a
compostable polymer derived from renewable resources. It can be synthesized via a
polycondensation of lactic acid or a ring-opening polymerisation (ROP) of cyclic lactides.*®
The most popular polymerisation process is the ROP of lactide (i.e. the cyclic dimer of lactic
acid, Figure 1).} Initially, low molecular weight PLA (1 -5kDa) is formed and then
depolymerized by internal transesterification to cyclic dimers, which can have three distinct
isoforms:* poly(L-lactide) (L-PLA), poly(D-lactide) (D-PLA), and poly(DL-lactide) (DL-
PLA) (Figure 1). Catalytic ring opening polymerization is then performed to synthesize a high
molecular weight PLA .14
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PLA is a hydrophobic polymer with a moderately high melting point (170 °C).* It is a fully
biodegradable biopolymer with high tensile strength (70 MPa) that can be recycled from 7 to
10 times.™® L-PLA and D-PLA are semi-crystalline and display high tensile strength and low
elongation.*® DL-PLA is amorphous and has random distribution of the two enantiomers of
lactic acid.’® However, the degree of DL-PLA crystallinity can be regulated through the
proportion between the D and L enantiomer.*

PLA is a hydro-biodegradable aliphatic polyester since it requires high-temperature for its
chemical hydrolysis.!* Moisture breaks the macromolecules into smaller compounds many of
which are consumed by bacteria and turned into carbon dioxide and water.** It can also be
degraded by depolymerisation to the cyclic lactide under alkaline conditions.*
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Figure 1. Structure of PLA.

For many years the primary uses of PLA were restricted to medical applications, such as for
the construction of implants, tissue scaffolds and internal sutures, due to its high cost, poor
availability and low molecular weight.'? Recently, new synthetic approaches have allowed
economical production of high molecular weight PLA and broadened its uses. Since PLA is
compostable and can be obtained from sustainable sources, it is regarded as a promising
material to reduce the waste disposal problem.*® Its low toxicity, along with its eco-friendly
features, has made PLA the preferred material for food packaging and other consumer
products.*2

There are many advantages considering PLA. First, it is an eco-friendly biopolymer. Apart
from being derived from renewable resources, PLA is biodegradable, recyclable, and
compostable. Its production also consumes carbon dioxide. These sustainable and eco-friendly
characteristics made PLA an attractive biopolymer. The most attractive aspect of PLA,
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especially regarding biomedical applications, is its biocompatibility. A biocompatible material
should not produce toxic or carcinogenic effects in local tissues. Also, degradation products
should not interfere with tissue healing. PLA hydrolyses to its constituent a-hydroxy acid, i.e.
lactic acid, when implanted in living organisms, including the human body. It is then
incorporated into the tricarboxylic acid cycle and excreted. As mentioned earlier, PLA
degradation products are nontoxic, making it a natural choice for biomedical applications.!?
The Food and Drug Administration (FDA) in USA has also approved PLA for direct contacting
with biological fluids. PLA has better thermal processability compared to other biopolymers
such as polyhydroxyalkanoates (PHAS), polyethylene glycol (PEG) and, poly-¢-caprolactone
(PCL) and is therefore suitable for both in vitro and in vivo applications where long-term
mechanical stability is crucial.*® However, PLA is fragile and the application of PLA relies not
only on mechanical integrity and processability but also on regulated surface properties. For
these reasons PLA has chemically been improved to boost its strength, degradation rate,
hydrophilicity and chemical stability.*®?* PLA can be processed by injection molding, film
extrusion, blow molding, thermoforming, fiber spinning, and film forming.'? Finally, PLA
requires 25% - 55% less energy than petroleum-based polymers to manufacture, and this
percentage can be further decreased in the near future to make its production cost-effective.

1.3 Lactic acid

Lactic acid, 2-hydroxypropanoic acid also known as milk acid, is perhaps the most
abundant carboxylic acid in nature (Figure 1). It was first isolated in 1780 by the Swedish
chemist Carl Wilhelm Scheele, but its commercially production started by Charles E. Avery at
Littleton, Massachusetts in the USA in 1881.%2 Lactic acid is an essential chemical in many
biological systems and in chemical and biochemical industry. As mentioned above, lactic acid
is also a valuable monomer for the synthesis of biodegradable polymers like PLA.

1.3.1 Properties

Lactic acid is a three-carbon chiral organic acid consisting of two enantiomers, the L-
(+)-lactic acid or (S)-lactic acid and its mirror image, D-(—)-lactic acid or (R)-lactic acid
(Figure 2). Lactic acid isomers share the same physical and chemical properties but behave
differently in living tissues. In living species L-lactic acid is found more frequently than D-
lactic acid.?® In the human body for example, only the L enantiomer is formed during muscle
contraction.?® Since the metabolic conversion of L-lactic acid is more rapid in the body, this
enantiomer is also preferred for dietary and medical applications.?® 2 2° The optical purity of
lactic acid is fundamental to the physical properties of PLA as mentioned earlier and its
suitability for industrial use.® Conventional chemical synthesis can only produce a racemic
mixture of lactic acid, whereas microbial fermentation has the benefit of producing optically
pure enantiomers.?® Lactic acid is miscible with water or ethanol, and features low volatility.
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Figure 2. Structure of lactic acid and lactide.

Analytical techniques such as gas chromatography and liquid chromatography can be used to
analyse and distinguish the optical isomers quantitatively.?? Lactate dehydrogenase based
NAD*-based assays can also be used to quantify lactic acid.?? It has a slight acidic flavour
compared to other organic acids used in food industries. It is non-volatile and odourless.
Although commercially accessible long ago, modern applications have resulted in a substantial
rise in demand mostly in recent years (Figure 3). The global demand for lactic acid was
estimated at 2.64 billion USD in 2018 and is projected to rise at an average annual growth rate
of 18.7% from 2019 to 2025.%’

Others
3%

Pharmaceuticals
11%
Polymers

31%

Cosmetics
13%

Figure 3. Demand for lactic acid in various sectors according to global market revenue of

2018.%8 Springer Rawoof, S. A. A.; Kumar, P. S.; Vo, D.-V. N.; Devaraj, K.; Mani, Y.; Devaraj, T.;

Subramanian, S. Production of optically pure lactic acid by microbial fermentation: a review. Environ.
Chem. Lett. 2020. https://doi.org/10.1007/s10311-020-01083-w reproduced with permission of

Springer.
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Lactic acid is used as an acidulant (e.g. in vegetable and leather industry), flavouring, pH
buffering or bacterial spoilage inhibitor in a wide variety of processed foods.? It has a wide
variety of uses in chemical, pharmaceutical and food industry, and is a precursor to several
products. LA is being also used in many small-scale applications such as pH adjustment for
kinds cellophane (in food packaging) and textile printing developers, adhesive formulations,
electroplating and electropolishing baths, etc.?? It is an essential ingredient in fermented foods
as well, such as yogurt, butter, and canned vegetables.?® Moreover, lactic acid has numerous
medicinal and cosmetic applications and formulas. In the pharmaceutical industry, lactic acid
has a wide range of uses in implants, pills, dialysis, surgical sutures, and controlled drug release
systems.?® Due to its moisturising, antimicrobial and reinvigorating effects on the skin, lactic
acid is also used in the cosmetic industry for the manufacture of hygiene, oral hygiene and
aesthetic products.?®?° Another very interesting use of lactic acid is in the synthesis of
environmentally safe, green, solvents (lactate esters) which could substitute conventional
solvents produced from petrochemical feedstock.®® These are high boiling, non-toxic and
degradable components.®® The biodegradable polymer PLA derived from lactic acid has a
variety of medical applications such as sutures, orthopaedic implants. As mentioned earlier,
PLA is a biodegradable thermoplastic. It can be synthesized to be translucent and its
degradation rate can be controlled by modifying its structure and molecular weight.?? Low
molecular weight poly-L-Lactic acid can be used for controlled release or degradable mulch
films for large-scale agricultural applications.3!

1.3.2 Lactic acid production

Lactic acid and its derivatives are naturally occurring compounds in plants,
microorganisms, and animals, and can be formed via fermentation of carbohydrates or through
chemical synthesis via coal, petroleum, and natural gas derived starting materials.?®
Industrially, chemical synthesis or enzymatic fermentation are the two principal methods by
which lactic acid can be manufactured.

Chemical synthesis

The commercial chemical synthetic method for lactic production is based on the
lactonitrile route (Figure 4).22 In the presence of catalyst, hydrogen cyanide is added to the
acetaldehyde to yield lactonitrile.3* This reaction occurs under high pressures in the liquid
phase.?? Crude lactonitrile is obtained and purified by distillation.? It is then hydrolysed with
water, in presence of H,SO4 or HCI to obtain lactic acid and ammonium sulphate.?? Lactic acid
is in turn esterified with methanol to create methyl lactate which can be isolated from the
aqueous phase, purified by distillation, and hydrolysed using an acidic catalyst to produce
racemic lactic acid.?? The reactions commonly involved in the chemical synthesis of lactic acid
are summarized in Figure 3.
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(a) Addition of hydrogen cyanide (HCN):
catalyst

CH3CHO + HCN — CH;CHOHCN
(b) Hydrolysis by sulphuric acid:

CH,CHOHCN + HyO + 1/3H;SO; —— CH3CH(OH)COOH + 1/5 (NH4)2S04
(c) Esterification:

CH;CH(OH)COOH + CH3OH ——— CH,CH(OH)COOCH; + H,O
(d) Hydrolysis:

CH.CH(OH)COOCH; + H,0 —— CH.CH(OH)COOH + CH3OH

Figure 4. Chemical synthesis of lactic acid via the lactonitrile route.

With the exception of the lactonitrile route,? several other potential routes have been reported
for lactic acid production through chemical synthesis which are unfortunately economically
undrealistic.®®* Chemical production of lactic acid is costly and relies on derivatives from other
industries originating from fossil fuels.>* In addition, it leads to a racemic mixture of lactic
acid, which is not considered to be useful for specific applications.?

Carbohydrate fermentation

Worldwide lactic acid production from microbial fermentation accounts for
approximately 90% of the total production,® %37 and has drawn interest due to various
advantages over the chemical synthesis, such as production of pure isomers and use of natural
materials as fermentation substrates (Figure 4).2% Industrial biotechnology focuses in utilizing
inexpensive and renewable feedstocks as well as all metabolites of industrial interest generated
by these procedures.?* More and more industries have started new technological eco-friendly
systems as environmental pollution has taken vast dimensions. Production of lactic acid via
carbohydrate fermentation is a biotechnological method, which has drawn much interest from
the research community the last decades.*®

Lactic acid fermentation involves a biochemical mechanism by which carbohydrates such as
glucose, fructose, and sucrose are transformed into cellular energy and the acidic metabolic
product.?? It is the anaerobic form of respiration that occurs in the absence of oxygen in many
bacterial strains and animal cells.

Fermentation is mainly accomplished in batch mode as the closed structure of batch processing
avoids contact of undesirable bacteria with the fermentation mixture and produces a higher
concentration of lactic acid as compared to other fermentation processes.® A common problem
often encountered in lactic acid cultures is inhibition of cell growth due to the low pH caused
by the production of the acid itself. Since the microbial cells spend a vast amount of energy to
maintain the pH at physiological values, pH decrease causes lactic acid production inhibition.®
This common problem is addressed by constant pH monitoring and addition of neutralizing
agents such as sodium hydroxide (NaOH), calcium hydroxide (Ca(OH)2) or ammonium
hydroxide (NH4OH).3® The lactate anion (C3sHsOs") formed during pH neutralization is safer
for the growth of microorganisms. Several batch fermentation protocols such as separate
hydrolysis and fermentation and simultaneous saccharification and fermentation have been
developed (Figure 5).% 40
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Figure 5. Schematic illustration of two models commonly followed for the production and
purification of lactic acid.®

1.3.3 Raw materials

One of the most important factors in lactic acid’s industrial manufacturing is the expense of
raw materials.?® Since there is a demand for vast amounts of lactic acid at relatively low price,
inexpensive raw materials are required for its biotechnological manufacturing to be feasible.
High yields of lactic acid output, low cost, fast fermentation rate, the lowest amount of
pollutants, and minimal to no by-product generation, are some essential characteristics of a raw
materials that are appropriate for industrial lactic acid production.®® Cheap raw materials, such
as starch and cellulose, whey and molasses, have been used for manufacturing lactic acid over
the years.?® Among those, starch and cellulose materials are attracting a great deal of attention
because they are inexpensive and sustainable.***3 The starchy materials used for lactic acid
production include sweet sorghum, wheat, corn, cassava, potato, rice, rye, and barley. 44445
According to Wang et al., about 90% of the commercially available lactic acid was produced
from submerged corn fermentation.*® Before fermentation, these materials must be hydrolyzed
into fermentable sugars, since they consist mainly of a-(1,4) and o-(1,6) glucose derivatives.®

Biomass lignocellulose is also a potential source of lactic acid production since it is the world's
most plentiful source of biomass.?® While the costs of lignocellulose biomass are low, the pre-
treatment stages make the whole procedure cost-ineffective because of the increased cost of
enzymes and chemicals, the inhibitory effects on the microorganisms used in fermentation
(generation of organic acids during chemical hydrolysis) and the formation of mixed sugars
such as pentoses, which cannot be fermented.?

Factory refuse products, such as whey and molasses, are also used as a regular substrate for
lactic acid production. Whey is a significant by-product of the dairy industry which includes
lactose, protein, fat, mineral salts and other essential nutrients for microbial growth.'® In the
past for manufacturing whey lactic acid through batch cultivation of L. Casei was also
studied.*”*® Molasses, are by-products of the sugar processing procedure that typically
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contains a significant volume of sucrose.?® Two well-known bacterial strains have been used
in the past for the production of lactic acid from sugar molasses: L. delbrueckii and E. faecalis.

Using microalgae is also a feasible alternative for reducing the cost of substrates. Microalgae
have some benefits over lignocellulosic biomass. They have the ability to grow almost
everywhere with an exceptionally short harvesting time of roughly 1 to 10 days and have high
fermentable sugar content.*

Another ideal raw material for manufacturing lactic acid is food waste, since it is normally high
in nutrients (carbohydrate content). Moreover, it is advantageous as an attractive solution for
environmental waste treatment.>*>2 Sakai et al., has proposed a total recycle system for the
production of L-lactic acid with a high optical purity, using municipal food waste as a
substrate.* More recently, an improved method for manufacturing optically pure L- lactic acid
from food waste was established via controlling key enzyme activities by combining
supplementation of sewage sludge and discontinuous alkaline fermentation.®

1.3.4 Choosing the suitable microorganism

While several microorganisms are able to produce lactic acid, Lactobacillus species is
by far the most widely used bacteria globally.>* Some essential characteristics of Lactobacillus
species are their high tolerance to acidic pH environments and the fact that they can undergo
genetic modification to allow selective production of lactic acid isomers.® These
microorganisms have long history of industrial use in many fields with no harmful impacts
reported, both for employees and consumers.*

1.3.5 Lactic acid bacteria

Lactic acid bacteria (LAB) are among the best studied microorganisms.®” These
microorganisms produce lactic acid from sugars through fermentation. They are extremely
adaptable, and have wide metabolic diversity.® The Bacillus, Leuconostoc, Pediococcus and
Streptococcus genera are remarkable members of this group.?? The taxonomy of LAB was
based on the gram reaction and the synthesis of lactic acid from different fermentable
carbohydrates.?

Most LAB are facultative anaerobic, catalase negative, nonmotile, and non-spore forming.?
Typically, they have a high acid tolerance with an optimum growth pH at 5.5-5.8 and complex
nutritional requirements.?? LAB usually have specific dietary needs, at the cost of their
restricted efficiency to synthesize their own bioactive molecules for growth, such as B vitamins
and amino acids.'® They require elements, such as carbon and nitrogen, in the form of sugars,
amino acids, vitamins and minerals for their growth.8%° The carbon to nitrogen (C:N) ratio
sources is one of the key factors influencing the conversion of sugars to lactic acid.®® Other
essential factors that affect the growth of LAB and the production of lactic acid are temperature
and pH.?® Overall, the attractive features for industrial LAB are the ability to easily and
thoroughly convert inexpensive raw materials to lactic acid with minimum nutritional
requirements and to produce high yields of the desired sterecisomer without the generation of
by-products.
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LAB can be categorized into two main groups: homofermentative and heterofermentative.°
Homofermentative LAB transforms glucose almost completely into lactic acid while,
heterofermentative LAB catabolizes glucose into ethanol and CO> as well as lactic acid.'® The
homofermentative bacteria use the glycolytic pathway known as Embden-Meyerhof-Parnas
pathway. The end product from this metabolic pathway is almost exclusively lactic acid and
two moles of ATP (Figure 6).5% More practically, fermentation is often considered to be
homolactic when over 90% of hexoses are converted to lactic acid and 2 mol of ATP are
produced per hexose molecule.®? On the contrary, heterofermentative microorganisms use the
6-phosphogluconate/ phosphoketolase pathway (6-PG/PK), which results in other by-products
in addition to lactic acid, such as ethanol, acetate and CO2 (Figure 6).%% The main distinction
between these metabolic pathways is based on the essential enzymes used for each route:%

e Fructose 1,6-diphosphate (FDP) aldolase to glycolysis pathway
e Phosphoketolase to 6-PG/PK pathway

Homofermentative microorganisms generate lactic acid from glucose by using the glycolytic
pathway and therefore cannot metabolise pentose sugars and associated compounds. The
heterofermentative bacteria group produces lactic acid and other compounds using the 6-
PG/PK hexose and pentose sugar pathways.%

Homolactic acid fermentation:
C¢H,,0s + 2ADP — 2CH;CH(OH)COOH + 2ATR
Heterolactic acid fermentation:

CoHy,0, + ADP — 2CHs;CH(OH)COOH + CH;CH,0H + CO,

Figure 6. Homolactic and heterolactic acid fermentation.

The predominant fermentation microorganisms used recently are the homofermentative
bacteria of the genus Lactobacillus, Streptococcus and Pediococcus.®

1.4 Production of lactic acid from food waste

In last decades many research groups have been involved in the production of lactic acid from
food waste.>® 1 % Sakai and collaborators proposed in 2003, an innovative system for the
production and isolation of lactic acid from urban food waste for the synthesis of polylactic
acid (Figure 8).>' The proposed recycling system combines fermentation and chemical
processes to produce high-quality polylactic acid.
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1.4.1 Propionic acid fermentation

The first step for the production of L-lactic acid by carbohydrate fermentation is the
removal of naturally produced D- and L-lactic acid enantiomers from the food waste. It has
been found that Propionibacterium freudenreichii preferentially consumes D- and L-lactic
acids before sugars, as a carbon source under acidic conditions.®” The ability of this strain is
crucial in order for the production of enantiomerically pure lactic acid to be accomplished.

Generally, there are two classes defined in the Propionibacterium genus: classical or dairy and
cutaneous Propionibacteria.®® The P. freudenreichii belongs to the dairy community and is
classified into two subspecies based on 2 biochemical processes: lactose fermentation and
nitrate reductase function.®® It is known that dairy Propionibacteria are not found in the human
microbiome but can be isolated from other environments such as dairy products and other
fermenting foods.®® During the production of Swiss Emmental cheese, the P. freudenreichii
strain ferments lactate and forms propionate ion, acetate ion salt, and carbon dioxide. On an
industrial scale, Propionibacterium has various applications such as the synthesis of vitamin
B12 as well as other biological molecules such as propionic acid.®®


https://doi.org/10.1162/108819803323059406

1.4.2 Saccharification

The next step for lactic acid production is the pre-treatment of the substrate. Biological
pre-treatment, a cost effective technique aiming to improve the hydrolysis of the substrate
during fermentation.”® Without the pre-treatment step, fermentation efficacy can suffer by
substrate inhibition.”® In order to hydrolyze starch and other oligosaccharides or
polysaccharides into simpler sugars, enzymatic hydrolysis of glycosidic bonds, commonly
referred to as saccharification, is usually performed by hydrolytic enzymes such as
glucoamylase, a- and B- amylase.?” "

Glucoamylase (maltase) more specifically, is a commonly used enzyme which carries out
saccharification of various substrates such as food waste resources, providing fermentable
carbohydrates for lactic acid producing microorganisms.?” Glucoamylase hydrolyzes the
disaccharide maltose, derived from the hydrolysis of starch, into two molecules of glucose.

1.4.3 Lactic acid fermentation

As previously mentioned, the production of the L- or D- enantiomer of lactic acid is
carried out by specific strains of lactic acid bacteria. At this stage, fermented sugars are used
by microorganisms as a carbon source, by catabolizing glucose and other oligosaccharides, to
produce the final product, lactic acid.

Several studies indicate that the optimum pH value for bacterial growth and lactic acid
production is approximately 6.5 while the temperature should range between 30°C - 43°C."
Maintaining the pH at 6.5 and ensuring the optimum temperature for the microorganism,
significantly improves the yield and production of lactic acid.”

Lactobacillus rhamnosus KY-3 is a homofermentative bacterium that was first isolated from a
food mixture and it is commonly used for the industrial processing of L-lactic acid.”® Recycling
systems for municipal food waste have commonly this bacterial strain to produce high purity
L-lactic acid.”™®!

1.5 Downstream processing

The lactic acid solution derived from the fermentation processes cannot be used immediately
for other applications. Usually the fermented broth is a liquid solution containing a quantity of
lactic acid and its salts, various minerals, proteins, sugars and other by-products of the
fermentation process. It is almost impossible to isolate crystalline lactic acid, even though the
boiling points difference between water and lactic acid is significant. This occurs because lactic
acid has a fairly high affinity to water, usually leading to dimers when in high
concentrations.?®2*  For chemical and associated industries, such separation procedures are
vital since they account for about 40-70% of the operational and capital costs.?® The design of
an efficient method for lactic acid recovery from fermentation broths is therefore crucial in
manufacturing process. The drawbacks may include high equipment costs, solvent recovery,
and high energy consumption.™

Depending on the application, commercial LA is categorised in four distinct types: food grade
lactic acid (25-90% content), medicinal and cosmetic grades (90% content), commercial grade
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(88%-90% content), and specialty grades lactic acid (80%, 90% and 98% content).?* Several
steps in downstream lactic acid processing (Figure 7), are needed to obtain this degree of purity.

Bases Acids
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. = Filtration/ = i g v b Concentration/ A
Fermentation > > Precipitation ) e e
"7 | centrifugation || F - Purification L,/ Lactic acid
[ il |
T N
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Figure 8. General process of lactic acid isolation procedure.?*

1.5.1 Purification of lactic acid from food waste by esterification and
hydrolysis method

Conversion of lactic acid or ammonium lactate (NH4LA) into its corresponding esters,

followed by hydrolysis of the purified ester to isolate the acid is widely accepted because highly
pure lactic acid can be isolated.?2517
Initially, any solid residues have to be removed by filtration or centrifugation and the filtrate
broth is then concentrated. Subsequently, the ammonium lactate produced by fermentation (if
ammonium hydroxide has been added to adjust the pH) is esterified by the addition of alcohol
(ethanol, methanol or butanol). In many cases, a catalyst is used to increase the esterification
reaction yield. The lactic ester is then separated from other organic impurities via distillation
and hydrolysed by adding water to obtain the final product, i.e. lactic acid.”® By this means,
high purity of lactic acid can be obtained.?*®* Esterification is the only downstream method
that distinguishes other organic acids from lactic acid.”” Nevertheless, the combination of
esterification and hydrolysis for the isolation of pure lactic acid requires considerable amounts
of energy consumption.
The most commonly used alcohol for esterification reaction is methanol.”®8! However many
studies and experiments have also been carried out with alcohols such as ethanol 8 and
butanol.*6%® The physical properties of the ester and the nature of the treatment process are
affected by the type of alcohol used for the esterification process.” The greater the length of
the carbon chain, the more the water solubility of the alcohol decreases, which makes this
alcohol immiscible.® Since butanol is not miscible in water, an appropriate organic-aqueous
volume ratio needs to be used.® Su and his collaborators examined the esterification processes
of C1-C4 alcohols, and made an economic assessment.®” Methanol and butanol are considered
to be more cost effective in contrast to ethanol or isopropyl alcohol.®® For short payback
periods, the butanol approach is favoured while the approach of methanol is optimal for long
payback periods.®

There are several factors beyond the choice of an alcohol which play an important role in the
purification and recovery of lactic acid through extraction. Such factors are pH, mixing time,
initial concentration of lactic acid, and volume ratio between the organic and the aqueous
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phase.2® When the pH of the aqueous solution decreases, the rate at which lactic acid is
extracted and its distribution coefficient increase.®

1.5.2 Other purification approaches of lactic acid

So far, many of those bibliographical references have been suggested for the separation
and isolation of lactic acid from fermented broth.”” Conventional methods for purifying lactic
acid include the use of calcium hydroxide (Ca(OH)2) for precipitation. Excess sulfuric acid
(H2S04) is applied to recover lactic acid. In this way, however, large percentages of calcium
sulphate (CaSOs) are created as a by-product and in combination with the low purity of the
final product and the extended use of chemicals, it is considered as a process anything but
environmentally friendly.® The dissolved lactic acid is then sequentially purified using
activated carbon, filtration, evaporation and crystallisation methods.® It has been reported that
for every ton of lactic acid produced, approximately one more ton of calcium sulphate is created
in parallel as a solid waste,®! and this expensive procedure can hit up to 50% of the overall
manufacturing cost of lactic acid.8-%

Studies are now focused on different approaches to extract lactic acid from intricate
fermentation broths. The most promising approaches, although usually high-cost to date are
ultra-and nano-filtration, electrodialysis, ion-exchange/adsorption, rapid distillation and short-
haul hybrid evaporation.®3® Several of these approaches have only been validated in lactic acid
model solutions or in well-defined media.*

Membrane separation processes are promising technologies for lactic acid extraction.®7* Such
methods are based on the transfer of solutes through a semi-permeable physical barrier that
separates two phases, restricting the transport of components from one phase to another.’ In
contrast to the traditional precipitation processes of lactic acid, new advances in separation
technologies do not generate salt residues. Microfiltration, ultrafiltration and electrodialysis
are examples of these technologies.®®"* The nanofiltration membrane with a pore size of 0.55
nm could retain approximately 90% of sugar, and allow more than 70% of lactic acid to
permeate in single step operation.®® Ultrafiltration is commonly used as a pre-treatment process
for the removal of proteins and cell biomass from the fermentation broth. It was also used for
the clarification of the fermentation broth.® Electro-dialysis on the other hand, is one of the
most promising membrane techniques for the purification of lactic acid.®® Electrodialysis is a
separation method employing selectively permeable cationic and anionic exchange
membranes.’”* This technique is applied to remove salts from any kind of solutions or to
concentrate ionic substances.’

Recently, several experiments have been carried out to overcome the problems of conventional
separation processes by means of non-traditional distillation separations.?* Distillation is one
of the oldest methods of separating mixtures in the chemical industry worldwide,* accounting
for 90-95% of the total separations.®® The role of distillation is based on the different boiling
temperatures of the mixture components. As heat is supplied to a liquid mixture partial
vaporization occurs, producing two phases (liquid and vapor) with different compositions due
to the variation in volatility of the main components of the original liquid mixture. With the
use of conventional distillation, at normal temperatures and pressure it is quite difficult to
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obtain lactic acid from fermentation mixtures. Instead, it should first be converted into an ester
(through the esterification reaction) and then hydrolysed using a reactive distillation column.
It is a unique method that can be used to recover high efficiently and pure lactic acid.! This
technology offers more advantages in comparison with the sequential approach of reaction and
separation.®* Molecular distillation is another method which can be used for the recovery of
pure lactic acid. Molecular distillation is an diffusion mass transfer process used for the
isolation of homogeneous liquid mixtures with low volatility, high molecular mass and thermal
sensitivity,>* and has been successfully applied in medicine, food, chemical and cosmetic
industries.®
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1.6 Aim of the thesis

Aim of this thesis was the production and purification of L-lactic acid (2-hydroxy
propionic acid) from Municipal Food Waste following the approach proposed by Sakai and
collaborators and to optimize the process at laboratory scale.>® Four different food waste
batches were used to carry out the experiments (food waste from the Hellenic Mediterranean
University (HMU) restaurant, food waste recovered from Hotels, food waste enriched with
20% starch and 100% starch). Our goal was to isolate L-lactic acid from these four different
food batches based on literature reports and to -ideally- optimize the process. To achieve this
goal, we used two microorganism strains for the production of L-lactic acid into the refuse
paste during the fermentation process. The first microorganism, Propionibacterium
freudenreichii, was responsible for the consumption of naturally produced D- and L-lactic acid
while the second one, Lactobacillus rhamnosus KY-3, was seeded into the refuse paste for the
consumption and conversion immediately after, of the total sugars, to produce L-LA. Alpha-
glucoamylase was added before the final fermentation to increase the total fermentable sugar
content. All fermentations were performed under sterile conditions keeping all other conditions
same as those reported in literature.>

To optimise the process, the esterification and hydrolysis reactions were studied in detail. We
determined sugar, L-lactic acid and the acetic acid content by Nuclear Magnetic Resonance
(NMR) spectroscopy. Chromatographic methods used for the analysis and optimisation of
products throughout the entire process were High-Performance Liquid Chromatography
(HPLC), and Thin Layer Chromatography (TLC). A polarimeter was used to determine the
optical purity of the product. No catalyst was used in esterification and hydrolysis, thus
reducing the overall cost of consumables while we achieved to recover L-lactic acid with
reduced energy consumption, in an effort to make the entire process more environmentally
friendly.

The two consecutive reactions were involved in the isolation of L-lactic acid namely,
esterification of ammonium lactate (NH4LA) to butyl lactate (BuLA) via butanol addition and
hydrolysis of the produced ester to recover L-lactic acid (Scheme 1).

QH _ HO\/\/ (:)H
: o : O\/\/
+ > + NH; + H,0
/T NH, 120-138 °C /T
40% aqueous solution
o H;0 o
WOW - o WOH + HO\/\/
0 95-110 °C o

Figure 9. Isolation of L-lactic acid through esterification and hydrolysis.
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Chapter 2: Results and Discussion

2.1 Food Waste batches

Four different food waste batches were used to carry out the experiments, the batches included
in this study are:

o Food waste from the Hellenic Mediterranean University (HMU) restaurant,
o Food waste recovered from Hotels,

o Food waste enriched with 20% starch, and

o 100% starch.

Our aim was to reproduce L-lactic acid isolation and purification for food waste obtained in
the municipality of Heraklion based on the approach reported by Sakai and collaborators.>! We
also aimed to optimize the processes in terms of energy consumption and yields in order to
assist in the design of a pilot unit. Since the overall yield could in principle be affected by food
waste quality (e.g. sugar and/or starch content), we included in this study a starch and a 20%
enriched in starch food waste sample.

High-Performance Liquid Chromatography (HPLC) with refractive index (RI) detection was
used to characterize the untreated food waste samples and the fermentation broths. A rapid
HPLC method with refractive index detection (RI) was developed (LC-NH2 chromatography
column, mobile phase H2O/CH3CN 1/3, flow rate 0.8 mL/min, 32°C) for the simultaneous
analysis of glucose, fructose and sucrose (Figure 10). It should be noted that simultaneous
detection of lactic acid and acetic acid was not possible using this or any other columns
available in the laboratory.

MeCN:H20 75%:25%
fructose
glucose
sucrose

Fructose; 8.5 min
Sucrose: 12.8 min

RIU (au)

Glucose: 9.6 min

Elution time (min)
Figure 10. HPLC chromatogram of glucose, fructose and sucrose.
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Minute (100 pL) food waste samples (prior and after fermentations) were extracted with water
or mixtures of acetonitrile and water and were centrifuged (15 minutes, 10000 rpm) to remove
solid waste before analysing with HPLC.

- — Food waste from HMU restaurant
—— Food waste enriched with 20% starch
Food waste recovered from Hotels
——Glucose

RIU (au)
i

T I T I ! 1
10 15 20
R.Time (min)
Figure 11. HPLC chromatogram of different food waste samples namely food waste recovered from

the Hellenic Mediterranean University restaurant, food waste recovered from Hotels, food waste
enriched with 20% starch, and 100% starch before fermentation.

HPLC analyses of the different food waste samples before fermentation (Figure 11) clearly
demonstrated the presence of glucose in comparable levels in all samples. To accurately
compare concentrations, measurements should be repeated in the future using an internal
standard. All samples were found to contain one unknown major component (eluted at 15.1
min) -identification of this component needs to be performed in the future, possibly by using
NMR and mass spectroscopy (MS) analysis. One clear difference observed in samples studied
before fermentation was that the food waste obtained from the Hellenic Mediterranean
University (HMU) restaurant did not contain fructose.

2.2 Propionic acid fermentation

The Propionibacterium freudenreichii strain (DSM 20271T) was used to carry out the
fermentation of propionic acid,® aiming to consume the naturally occurring D- and L-lactic
acid in food waste. In order to obtain a constant supply of the commercially available strain,
the Laboratory of Synthetic Biomaterials in collaboration with Minotech (FORTH/IMBB)
developed a sterile solid culture protocol at 37 °C. 20 % glycerol stocks were created and stored
at -80 °C until needed. Immediately prior to food waste fermentations, a sample of the
Propionibacterium freudenreichii glycerol stock was grown anaerobically at 37 °C in Brain
Heart Infusion (BHI) medium. Optical Density at 600 nm (ODeoo) Was used to estimate bacteria
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growth and the volume of liquid cell culture to be added in food waste fermentations according
to literature (Table 1).

All food waste batches were minced with an equal amount of water, and their pH (acidic
at approximately 3.5) was adjusted to 5.7 using a 5 N sodium hydroxide (NaOH) solution. The
minced food waste was autoclaved (121 °C for 20 minutes) and then inoculated with the
appropriate volume of a liquid Propionibacterium freudenreichii preculture (Table 1). The
broths were gently shaken at 37 °C for 16 hours. pH values of food waste, ODeoo and volumes
of liquid precultures used during the propionic fermentation of food waste are summarized in
Table 1.

Table 1. pH, ODeoo and volumes of liquid preculture used during propionic fermentation with
Propionibacterium freudenreichii aimed to consume the naturally occurring D- and L- lactic acid
enantiomers.

Initial pH ODsoo Propionibacterium
pH before (AU) | freudenreichii liquid
Batches of food fermentation culture volume
waste (mL)
samples
100% starch
(700 mL) 3.78 5.67 1.636 17.5
o .

20% starch in FW (1800 375 570 1624 45

mL)

Food waste from Hotels

(1600 mL) 3.77 5.95 1.592 40

Food waste from HMU

restaurant (2000 mL) 3.97 540 1.656 50

2.3 Saccharification

Glucoamylase from A. niger in a maltodextrin and corn starch carrier (Saccazyme, The
Alchemists Pantry) was used for the saccharification step aimed to degrade starch to simpler
sugars such as glucose, maltose, and to some extent, dextrins. A sterile glucoamylase aqueous
solution (5 g/100 mL of distilled water) was added to the fermented suspension and
saccharification was allowed to proceed for four hours at 50 °C.

2.4 Lactic acid fermentation

Lactobacillus rhamnosus was used for the production of L-lactic acid, since L. rhamnosus KY-3
is an L-forming homo-fermentative strain bacterium that is used widely for the industrial
production of L-lactic acid.®* Before inoculation, Lactobacillus rhamnosus (Hansen) was
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cultivated at 37 °C in BHI medium under shaking (200 rpm). ODeoo values of the precultures
were used to determine bacteria growth and the volume of liquid cell culture needed to be
added to food waste samples according to literature (Table 2).5! It should be noted, that during
lactic acid fermentation, sterile conditions are not important as the Lactobacillus is considered
to be an aerotolerant anaerobe microorganism able to survive and carry out lactic acid
production either in the absence or presence of oxygen.

Since the optimal pH for Lactobacillus rhamnosus fermentations is 6.5,%! the pH of the treated
refuse paste was adjusted accordingly by adding a 28 % — 30 % w/v aqueous solution of
NH4OH, 5 N (Table 2).

Table 2. Summary of pH after saccharification and before fermentation with Lactobacillus rhamnosus,
ODeoo Values of with Lactobacillus rhamnosus precultures and volumes added.

pH pH ODsoo Volume of
Batches after before (AU) Lactobacillus rhamnosus
saccharification LA liquid culture
fermentation (mL)
100% starch 4.40 6.60 15 17.5
20% starch in FW 4.90 6.70 15 45
Food waste from Hotels 4.68 6.60 1.5 40
Food waste from HMU
restaurant 4.80 6.60 15 50

HPLC analyses of the 100% starch broth sample after the fermentations revealed the presence
of glucose after the fermentations (Figure 12). No significant difference was observed in
glucose concentration upon pre-treatment of the sample for analysis (i.e. via extraction with
water or water/acetonitrile mixtures prior to centrifugation).
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7 Food waste enriched with 100% starch (H20)
Food waste enriched with 100% starch (H20:MeCN)
Water

Glucose: 9.6min
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Elution time (min)
Figure 12. HPLC chromatogram of 100% starch broth after fermentations — a sample of the broth was
treated with water or acetonitrile/water and centrifuged prior to analysis.

The detection of glucose after the fermentations, led to the conclusion that broth pH during the
lactic acid fermentation is a very important parameter to control. We propose measuring and
adjusting pH throughout this fermentation step in the pilot unit. HPLC analysis of all samples
before, during and after the fermentations should be introduced as a standard protocol for future
experiments.

All broths were stored at -20 °C until further use.

2.5 Purification of L-Lactic acid

For the purification of L-lactic acid experiments were based on the literature,>! with the aim to
verify the processes for the municipal food waste of Heraklion in laboratory scale, identify an
improved procedure in the laboratory scale and assist our collaborators at the Hellenic
Mediterranean University to design and implement a L-lactic acid/PLLA producing pilot unit.
The processes involved in L-lactic acid purification were repeated two times, the optimized
results are reported in this section.

2.5.1 Broth treatment

Centrifugation and filtration were performed prior to any of the isolation steps, in order to
remove unwanted solid residues (cellular biomass, proteins, residual sugars, etc.) and enhance
lactic acid isolation yields. In two samples (100 % starch and 20 % starch in food waste)
centrifugation followed by conventional paper filtration was applied, while in the two other
samples (food waste from Hotels and food waste from HMU restaurant) vacuum assisted
filtration was carried out without prior centrifugation. Both approaches were found to be
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suitable for the removal of the solid residues from the fermented broths, although the first one
was judged to be more efficient and less time-consuming. We propose the combination of
centrifugation and filter press for the pilot unit.

Condensation of the filtered broth aimed to remove the desired amount of water in order
to produce a 40% w/v solution of ammonium lactate (NH4LA, theoretical percentage proposed
by Sakai and collaborators).>* Condensation was performed both conventionally (i.e. use of
temperatures higher than the boiling point of water (100 °C -120 °C), either under reduced
pressure (i.e. lower temperatures, 50 °C — 70 °C, which can be translated in lower energy
consumption at the pilot unit).

During the first cycle of experiments (not optimized), the distillation extend was based
on calculations assuming a theoretical content of 40% w/v in NH4LA in the broths. In the
second cycle of experiments, distillation under reduced pressure was used in all batches.
Importantly, having proved that the final NH4LA concentration in the condensate is crucial to
achieve esterification in good yields, *H NMR spectroscopy was used to quantify NH4LA.
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Figure 13. 'H NMR spectrum of concentrated HMU restaurant food waste fermentation broth, using
benzyl alcohol as Internal Standard (IS).

'H NMR spectroscopy proved to be a powerful tool for the characterization of raw food waste
samples. Spectra were recorded after simply mixing a minute volume of the fermented FW
sample (100 pL) with deuterated water (500 uL) containing a fixed amount of an internal
standard (IS, benzyl alcohol, Figure 13). As shown in a representative *H NMR spectrum
presented in Figure 13, ammonium lactate was identified through the characteristic peaks of
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the methyl group (three protons, 1.37 ppm) and the CH bearing the hydroxyl group (one proton,
4.25 ppm). The spectrum was surprisingly simple (taking into account the complexity of the
broth) and allowed identifying other major components of the mixture such as glucose
(hydroxyl methylene protons of glucose at between 3.2 ppm and 3.8 ppm) and acetic acid
(2.082 ppm).°t"™ Since HPLC (with the columns available in the laboratory) could not
simultaneously identify lactic acid and sugars, *H NMR spectroscopy was used throughout
optimization experiments to calculate NHsLA concentrations and sugar content before and
after condensation.

The concentrations of NHsLA calculated via *H NMR spectroscopy as compared to the
theoretically predicted concentrations are summarized in Table 3. Taking into account that
concentrations are crucial in the esterification step, and that the theoretically predicted w/v
percentage concentrations (Table 3) were found larger than the experimental, we propose to
use *H NMR spectroscopy prior to esterification. Since this cannot be easily implemented in a
pilot unit, titration could also be considered as a simple alternative and should probably be
studied in future experiments.

Table 3. Percentage (w/v) of ammonium lactate in food waste concentrate.

Concentrate 100% starch 20% starch FW from FW from
in FW University Hotels
% NH4LA/first round o a o a
of experiments 725% 40.0% @ 43.9% 40.0% @

0,

% NH4LA/seC(_)nd 43.70% b 2804 b
round of experiments

2 theoretical w/v percentage concentration, according to literature.>

b experimental w/v percentage concentration, according to *H NMR spectroscopy.

2.5.2 Esterification

A chemical trick was used to isolate lactic acid from the concentrated broth mixture containing
sugars, acetic acid and -according to literature- propionic acid.®® More specifically, an
esterification reaction in n-butanol combined with azeotropic distillation was used to form
butyl lactate in the organic phase where, water soluble proteins and salts precipitate (Figure
14). As mentioned above, the amount of n-butanol added to each sample, was based in either a
theoretical or an experimental determination of NH4LA concentration. According to literature
a 3/1 mol ratio of n-butanol to NH4LA is required for the coupled esterification and azeotropic
distillation.®* Taking advantage of the low solubility of n-butanol in water, the condensed
organic phase separated into a light butanol phase and the heavy water phase. Esters, such as
those of acetic acid and propionic acid, were separated during azeotropic distillation while
butanol could be recovered and reused. This process was repeated several times, in an effort to
maximise the efficiency of the esterification reaction within 8 hours, which was considered
acceptable at the pilot unit scale. The ammonia released during distillation was trapped using
a dilute aqueous solution (11% wi/v) of hydrogen chloride (HCI).
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Figure 14. Synthesis of butyl lactate ester from ammonium lactate salt.

The reaction was followed by Thin-layer Chromatography (TLC), using a silica plate and a 4/1
petroleum ether/ethyl acetate as mobile phase to separate butyl lactate from other reaction
components or ethyl acetate to detect remaining lactic acid. TLC was also used to confirm the
stability of butyl lactate under the harsh conditions (increased temperatures) used for
esterification. Upon consumption of the lactic acid (8 to 10 hours), the dark product solution
was filtrated when judged necessary to remove solid residues and the ester was distilled. For
the later step, reduced pressure distillation was found to be more efficient. To identify the
enantiomer formed by the production of lactic acid (during the fermentation and isolation
process), we measured the enantiomeric excess of the formed ester in a polarimeter. The
commercially available racemic solution of butyl lactate was used as a reference point. The
enantiomeric excess of the purified ester was calculated to be 78% e.e..

The produced butyl lactate was isolated through distillation (170 °C - 200 °C) or distillation
under reduced pressure (55 °C — 70 °C to recover residual butanol, 80 °C — 110 °C to recover
the produced ester). The product was characterized by *H-NMR spectroscopy (Figure 15).
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Figure 15. 'H NMR Spectrum of butanol - butyl lactate mixture, after distillation of the ester (100 %
starch content batch).

A characteristic *H-NMR spectrum of the distillate from the 100% starch broth is presented in
Figure 15, revealing a mixture of 64.7 % butyl lactate and 35.3 % butanol. The molar ratio of
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the products in the mixture was derived from the integrals of the signals assigned to an equal
number of protons on the *H-NMR spectrum. More specifically, in the *H-NMR spectrum of
the mixture obtained in deuterated chloroform, most protons exhibited well-separated
resonances. Butyl lactate was identified through the characteristic signals assigned for protons
of the methyl group (a, three protons, 1.39 ppm), the CH bearing the hydroxyl group (b, one
proton, 4.26 ppm), the ester methylene protons (d, two protons, 4.18 ppm), the protons of the
central methylene group (e, two protons, 1.65 ppm) and the alkyl methyl protons (g, two
protons, 0.94 ppm). Butanol, was quantified through the characteristic signals for the protons
of the carbon attached to the hydroxyl group (2, two protons, 3.64 ppm). All relevant
calculations are presented in Table 4, and all relevant spectra are included in the Appendix.

Table 4. Esterification yields and product recovered during butyl lactate formation and
isolation.

20% starch in FW from FW from
[0)
Batches 100% starch FW University Hotels
Initial Experiments
% mass of b b b
N-BULA 64.7 75.5 17.3 45.0
mass of
n-BuLA (q) 3.092 1.220 0.259 0.094
Esterification
yield 8.9 6.3 0.8 0.25
%
Optimization experiments
% mass of a b a b
N-BuLA 14.0 27 36.7 52.9
Esterification
yield 5.9 1.1 13.8 2.3
%

2 experimental percentage, according to NMR, ° theoretical percentage, according to literature.

The results presented in Table 4, show that esterification yields are rather low in all
experiments. We attribute this to the inherent nature of the reaction and the presence of residual
water and propose that this reaction is optimized in the future either by drying or by adding an
appropriate catalyst (e.g. a lipase).

In order to ascertain the optical purity of the butyl lactate formed, its optical rotation was
measured using a polarimeter and found [a]p*®= -10 (1 M butyl lactate in MeOH at 19 °C).
Comparing to bibliographic data ([a]p?’= -13+ 1).%

2.5.3 Hydrolysis of the purified ester

Purification of the ester, and subsequent hydrolysis of the purified ester to lactic acid
(Figure 16) was used as means of isolating lactic acid from the fermentation broth without
generating calcium sulphate as a by-product.®*®" The reaction of hydrolysis is commonly
catalysed by a homogeneous catalyst such as sulfuric acid, anhydrous hydrogen chloride and
many other mineral acids. Using the protocol proposed by Sakai and collaborators,® the
hydrolysis of butyl lactate was performed in the absence of additional catalyst.
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Figure 16. Hydrolysis of the purified ester for the synthesis of L-lactic acid.

More specifically, all butanol/butyl lactate mixtures produced by all samples of the first -not
optimized- cycle of experiments were combined with thrice the volume of water, while the
temperature was set at 110 ‘C. The reaction progress was monitored by TLC. The total mass of
isolated lactic acid was calculated 1.9 g (21.2 mmol) and the overall hydrolysis yield was
66.3%.

During optimization, the hydrolysis was performed using a 20/1 molar ratio of water/butyl
lactate under the same conditions. The biphasic mixture formed in this case delayed the course
of the reaction (20 hours as compared to 7 hours determined for the homogeneous solution).
The hydrolysis yield was found to be 55%, lower that in the previous case, a fact that can be
attributed to the biphasic mixture formation. To avoid formation of a biphasic mixture,
additional water or methanol, can be added to homogenize and carry out the hydrolysis reaction
in significantly less time.

The product was characterized by *H and *C NMR spectroscopy (Figure 17 and Figure 18)
The *H-NMR spectrum revealed all the characteristic lactic acid protons as mentioned above.

The 3C-NMR spectrum presented in Figure 18 was obtained in deuterated water and bears all
resonances expected for lactic acid, i.e. the resonance at 19.2 ppm corresponding to the methyl
group of lactic acid, the resonance at 66.4 ppm corresponding to the carbon bearing the
hydroxyl group and the carboxylic carbon resonance at 178.5 ppm.
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Figure 17. *H spectra of lactic acid in CDCls produced after hydrolysis of butyl lactate derived from
food waste.
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Figure 18. 33C NMR spectra of lactic acid in D,O produced after hydrolysis of the purified ester.
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Conclusions

Overall, we succeeded in reproducing the procedure proposed by Sakai et al.>! in different
samples of food waste collected from the municipality of Heraklion and optimized the protocol
in terms of reaction temperatures (bearing a significant effect on energy consumption in a pilot
plant) and characterization (bearing a significant effect in the yield). The overall yield in lactic
acid was roughly 100 times lower that the one reported by Sakai and collaborators (i.e. 1 g
lactic acid/L of food waste. Since our experiments were performed on laboratory scale, a lower
yield was expected.

Several important conclusions were drawn from this study.

A. Fermentations:

iv.

V.

Sterile conditions (not mentioned in the Sakai paper) necessary for the
fermentations.

!H NMR spectroscopy, HPLC chromatography or -in the last fermentation-
titration should be performed in samples of the broth to ensure fermentation
efficiency. pH should be monitored and adjusted throughout fermentations.
High glucose content in the fermented broth renders handling of the broth
difficult in the subsequent chemical steps.

No conclusions were drawn as to the effect of enriching food waste with starch.
Further experiments need to be performed.

B. Lactic acid isolation

Solid residue separation: best approach found to be centrifugation followed by
filtration.

Esterification reaction: The initial concentration of ammonium lactate
(40% wi/v) and the butanol to ammonium lactate 3/1 molar ratio have crucial
role on esterification. The reaction optimally proceeds at 130 °C - 140 °C.
Hydrolysis reaction: a water/butyl lactate molar ratio of 20/1 ensures the
formation of a homogenous reaction mixture which was found to have an
important effect on the yield. The reaction optimally proceeds at 100 °C -
110 °C.
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Chapter 3: Experimental part

3.1 Materials
Food Waste Samples

Food waste samples were collected from Hotels and the restaurant at the Hellenic
Mediterranean University. Four different food waste batches were used in all of our
experiments:

Food waste from the Hellenic Mediterranean University (HMU) restaurant,
Food waste recovered from Hotels,

Food waste enriched with 20% starch, and

100% starch.

o O O O

The components of the municipal food waste used for fermentation were a mix of vegetables,
fruits, meat, rice, spaghetti and others, in various percentages.

Culture and media

The stock culture of Propionibacterium freudenreichii subsp. freudenreichii DSM 20271T
(DSMZ, Germany) was cultivated anaerobically at 30°C in BHI medium (Sigma Aldrich)
containing (per litre) 5 g/L beef heart, 12.5 g/L calf brains, 2.5 g/L disodium hydrogen
phosphate, 2 g/L D (+)-glucose, 10 g/L peptone and 5 g/L sodium chloride in 50 mL falcon
tubes.

Lactobacillus Rhamnosus KY-3 was grown under stirring (200 rpm) at 37 °C overnight (18 h)
in BHI medium.

Reagents

All materials used during the experiments were purchased from Sigma-Aldrich, Fischer
Scientific or Carlo Erba and used without further purification. Deuterated solvents were
obtained from Cambridge Isotope Laboratories. Glucoamylase from A. niger in a maltodextrin
and corn starch carrier (Saccazyme) was purchased from The Alchemists Pantry (GB).

3.2 Analytical Methods

Optical Density

Cell growth was monitored by measuring the optical density (OD) at 600 nm in a 1.5 mL
cuvette using a Jenway 6305spectrophotometer. Broth samples with suspended cells were
diluted to an OD reading of less than 0.8 with distilled water.
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Nuclear Magnetic Resonance Spectroscopy (NMR)

'H and 3C spectra were recorded on a Bruker AMX-500 MHz spectrometer. Proton nuclear
magnetic resonance spectra are reported in parts per million (ppm) on the & scale and are
referenced from the residual protium in the NMR solvent (chloroform-di: 6 7.26, water-d:
4.79). Data is reported as follows: chemical shift [multiplicity (s = singlet, d = doublet, t =
triplet, q = quartet, m = multiplet, br = broad), coupling constants (J) in Hertz, integration].
Carbon-13 nuclear magnetic resonance spectra are reported in parts per million (ppm) on the 6
scale and are referenced from the carbon resonance of the solvent (chloroform-di: & 77.00).

High-Performance Liquid Chromatography (HPLC)

High-performance liquid chromatography was using a Shimadzu modular system comprising
a DGU-14A solvent degasser, an LC-10AD pump, a CTO-10A column oven, a SIL-10AD
auto-injector, a RID-10A refractive index detector and a SPD10A Shimadzu UV-Vis.
spectrometer. The system was equipped either with a SUPELCOSIL™ LC-NH; (5 um, 25 cm
x 4.6 mm) or with a Perfectsil™ C8 (5 um, 25 cm x 4.6 mm) column. The detection
wavelengths, injection volume and flow rate were 254 nm, 10 puL and 0.5 - 0.8 mL min?,
respectively. A 10-25% nanopure water solution in MeCN was used as a mobile phase at room
temperature.

Optical Rotation

Optical rotation was measured on a P3000 automatic polarimeter (A. Kriiss Optronic). [a]p"
values are quoted in g/100 mL concentration using a 50 mm polarimeter tube, where D refers
to the D-line of sodium (589 nm) and temperatures (T) are given in degrees Celsius (°C).
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3.3 Experimental Section

3.3.1 Production of L-lactic acid

For the L- lactic acid production in the food waste, consumption of naturally occurring
lactides followed by saccharification and fermentation were performed on laboratory scale.

Prior to fermentations, food waste samples were mince and homogenized with equal
amount of deionized water.

Propionic acid and lactic acid fermentation

The minced and homogenized food waste batches were sterilized in an autoclave for 30 min at
120 °C. The pH of the sterile food waste was adjusted at 5.5 (using NaOH, 5 N) and then each
food waste batch was inoculated with Propionibacterium freudenreichii culture. The
suspension was rotated at 60 rpm for 16 hours at 37 °C to consume naturally occurring D-, L-
lactic acid enantiomers.

After the first fermentation, the temperature was increased to 50 °C and a-glucoamylase
(20.000 units/g) was added to the food residues to hydrolyse starch into simpler sugars such as
glucose. Saccharification proceeded for 4 hours.

The pH was then adjusted to 6.5 (using NH4OH, 5 N) and Lactobacillus rhamnosus KY-3 was
seeded at an initial cell density of ca. 1.2x108 cells/mL. The culture was incubated at 37 °C for
3-4 days under gentle stirring (60 rpm). To optimize L- lactic acid production, several samples
were studied after periodical pH adjustment to 6.5 (with NH4sOH, 5 N).

Two cycles of experiments were carried out using the four different food waste batches for the
purification of L- lactic acid.

3.3.2 Purification of L-lactic acid

Synthesis of butyl (S)-2-hydroxypropanoate from fermented broth

OH HO _~_~ OH
/\n/o+ - O~ NH; + H,0
o NH4 120-138 °C 5

40% aqueous solution

The fermentation broth was centrifuged at 5,000 rpm for 1 hour at 4 °C to separate cell biomass.
The supernatant was filtered under vacuum to separate solid residues from the fermented liquid.
The filtrate was characterized by *H-NMR after which it was concentrated under reduced
pressure to yield an average of 40% w/w ammonium lactate. Butanol (3 mol/mol of ammonium
lactate) was added to the concentrate ammonium lactate solution and the resulting mixture was
refluxed (107 °C initial internal temperature) for 7 hours, under a distillation apparatus. The
azeotropic vapour of butanol and water were collected in the distillation flask in a two-phase
condensate. The upper layer of the distillation flask was periodically returned to the reaction
flask while the lower water layer was withdrawn. A 11% w/v hydrochloric acid solution
equipped with a safety trap was used to absorb the produced ammonia. The temperature of the
reaction mixture ranged between 107 °C and 122 °C within the 7-hour reaction (external
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temperature range between 120 °C and 138 °C) after which, the removal of water was
practically ceased. Finally, the remaining butanol was removed by distillation in vacuum
(internal temperature range 55 °C -65 °C) and a solution of butyl lactate in butanol was
collected via vacuum distillation (internal temperature range 70 °C -120 °C) as a yellowish oil.

'H NMR of ammonium lactate (500 MHz, D;0): 4.17 (g, J = 7.0 Hz, 1H, CHCHj3), 1.20 (d, J
=7.0 Hz, 3H, CHCHs).

'H NMR of butyl lactate (500 MHz, CDCls): § 4.26 (9, J = 6.9 Hz, 1H, CHCH3), 4.23-4.13 (m,
2H, OCH2CHy>), 2.44 (br. s, 1H, OH), 1.68-1.61 (m, 2H, OCH,CH>), 1.41 (d, J = 6.8 Hz, 3H,
CHCHa), 1.42-1.34 (m, 2H, CH2CHj3), 0.94 (t, J = 7.4 Hz, 3H, CHCHj3). 13C NMR (125 MHz,
CDCl3): 6 175.84 (C=0), 66.73 (CHCHs3), 65.53 (OCH.CHz), 30.54 (OCH.CH>), 20.43
(CHCHs3), 18.99 (CH2CHs), 13.61 (CH2CHs). [0]p'°=-10 (c 1.0, MeOH). R (20% ethyl acetate
in petroleum ether): 0.60.

80% petroleum ether — 20%
ethyl acetate 100% ethyl acetate

» Butyl Lactate

Mixture of both

Mixture of both

D,L — Lactic
acid

Figure 20. Representative TLC plates used during esterification for the sample of food waste enriched
with 20% starch. Left: mobile phase 80% petroleum ether: 20% ethyl acetate , Right: mobile phase
100% ethyl acetate.

Synthesis of (S)-2-hydroxypropanoic acid (L-lactic acid)

OH H,0 OH
/YO\/\/ - WOH + HO_~_~
o} 95-110 °C o)

!H-NMR was used to calculate the relative butyl lactate/butanol concentrations. 24.8 mol
H>O/ester mol were added and the mixture was refluxed at 95-110 °C for 7 hours. Butanol and
water were subsequently removed under vacuum distillation to furnish lactic acid as a
yellowish oil.

It is worth mentioned that in case of a low butyl lactate percentage in n-butanol, a biphasic
mixture was observed leading to incomplete hydrolysis, unless methanol was used to
homogenize the mixture.
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!H NMR (500 MHz, CDCls): § 6.61 (br. s, 1H, CHOH), 4.38 (g, J = 7.0 Hz, 1H, CHCHz), 1.49
(d, 3 =7.0 Hz, 3H, CHCHa). *3C NMR (125 MHz, CDCls): § 179.89 (C=0), 66.54 (CHCHs3),
20.15 (CHCHs). Rf (100% ethyl acetate): 0.47.
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Appendix
1%t cycle

H NMR spectrum of butanol-butyl lactate mixture in CDCls (100% starch)
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o H NMR spectrum of bButanol-butyl lactate mixture in CDCls (Food waste from the Hellenic
Mediterranean University (HMU) restaurant)
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'H NMR Spectrum of L-Lactic Acid in CDCls
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2" cycle

'H NMR spectrum of butanol-butyl lactate mixture in CDCl3 (100% starch)
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'H NMR Spectrum of butanol-butyl lactate mixture in CDCl; (Food waste from the Hellenic
Mediterranean University (HMU) restaurant)
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'H NMR Spectrum of L-lactic acid in CDCls;
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Summary tables

Table 1. Total initial volumes of food waste and butanol used throughout the procedure

Batches Food waste SUM
from the
Food waste .
: Hellenic Food waste
100% enriched )
) Mediterranean | recovered
starch with 20% ) .
starch University from Hotels
(HMU)
restaurant
Total 700 1800 2000 1600 6100
volume after
fermentation
(mL)
FW used 1% 335 322 500 500 1657
round (mL) (-422.4 mL)
FW used 2" 340 600 700 700 2340
round (mL)
Remaining 25 878 378 400 1681
Total BuOH (70 + 15) (37+53) (56+79) (70+87) (233+234) =
used in the =85 =89 =135 =157 467
first and
second cycle
(mL)

1%t cycle of experiments

Table 2. Summary table with all the results which arose during the first cycle of experiments

Batches Food waste
from the
Food waste Hellenic Food waste
1009% starch enriched with | Mediterranean | recovered from
20% starch University Hotels
(HMU)
restaurant
Fermented 335 322 500 500
broth (mL)
Filtrate (mL) 148 2 203 339 387
Concentrate® 35 (72.5% NH4LA) | 36 (40.0% NH4LA) | 55 (43.9% NH4LA) | 69 (40.0% NH4LA)
(mL)
BuLA conc. in 77.8 75.5 17.3 45.0
BUOH (%), mass (3.014 g) (1.220 g) (0.259 g) (0.094 g)
of the ester (Q)
Esterification 15.9 6.3 0.8 0.25
yield (%) ng.=20.61 mmol | ng=8.35mmol | ng.=1.77 mmol ng.= 0.64 mmol
Hydrolysis yield 66.3%
for 90%o Lactic mia=1.906 g
acid na= 21.16 mmol

48




2 solid residue was further washed with H-0, final filtrate volume: 356 mL.

b theoretical percentage, according to literature.

2" cycle of experiments (optimization)

Table 3. Summary table with all the results which arose during the second cycle of experiments

Batches Food waste
from the
Food waste Hellenic Food waste
100% starch enriched with | Mediterranean | recovered from
20% starch University Hotels
(HMU)
restaurant
Fermented 340 600 700 700
broth (mL)

Filtrate (mL) 165 (3.6% NHiLA)? 294 434 479

Concentrate 15 (43.7% NH4LA)? 52 (40% NH4LA)® | 77 (28% NHsLA)® | 85 (40% NH4LA)P
(mL)

BuULA conc. in 14.0% 27 % 36.7 % 52.9%
BUOH (%), (0.532 g) (0.315 g) (4.080 g) (1.060 g)
mass of the

ester (9)
Esterification 5.9 1.1 13.8 2.3
yield (%0) ng.= 3.63 mmol neL=2.15 mmol | ng.=27.91 mmol | ng.=7.25 mmol
Hydrolysis 56.6%
yield for 90% mea=2.04 g
lactic acid NLa= 22.65 mmol

a experimental percentage, according to *H-NMR.
b theoretical percentage, according to literature.
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