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Abstract VIl

Abstract

In this thesis, a process design to obtain Polyhydroxybutyrate from Colombian agro-
industrial wastes is presented. Simulation procedures based on experimental experiences
were used to evaluate the vyield of different technologies for the pretreatment of raw
materials, fermentation and extraction processes in the production of PHB. The technical
evaluations presented in this work included the evaluation of economic and
environmental impacts. Even though several adjustments must be applied to implement
this type of procedures at industrial levels, this kind of analysis serves as the basis to
draw recommendations for an efficient process development.

Keywords: agroindustrial wastes, biopolymer, polyhydroxybutyrate, microorganisms,

fermentation, simulation process, techno-economic and environmental assessment.
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Introduction

Biodegradable polymers are an alternative in the potential solution to manage problems
for solid waste administration, especially for the synthetic plastics. Plastic materials made
from biodegradable polymers can retain the desired material properties of conventional
synthetic plastics, and can be additionally completely degraded without leaving any
undesirable residues. With the aim of substituting the functionality of plastics from
petrochemical origin, as well as expanding the range of application of bioplastics to a
widespread spectrum, polyhydroxyalkanoates (PHAS) are perceived as an interesting
biomaterial because of their versatility in terms of physical properties and chemical
characteristics. Polyhydroxybutyrate (PHB) is the most widely studied member of the PHA

family and the first one that has been produced at industrial scale.

The major bottle neck in the commercial use of PHB is its production costs. . Two of the
main significant areas increasing the PHB production cost are the substrate used for the
polymer production and the fermentation stage in the production process. Currently, the
main substrates used for PHB production are glucose, fructose and sucrose, which are
expensive and compete with food security. The use of less expensive carbon sources
would bring down the polymer cost. Several studies report the industrial and domestic
wastes as potential raw materials for PHB production. In this work, the design and
analysis of the PHB production from agro-industrial wastes in Colombia were performed.
Thus, techno-economic and environmental analysis is presented based on experimental
experiences. Although PHB is not produced yet in Colombia, different potential scenarios
were evaluated using important agro-industrial wastes and the potential implementation of

the PHB production was analyzed in a colombian context.
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Thesis Hypothesis

It is feasible to produce polyhydroxybutyrate from Colombian agro-industrial wastes from

a technical, economic and environmental point of view.

Overall Objective

To design and analyze the polyhydroxybutyrate (PHB) production process from agro-

industrial wastes in the Colombian context.

Specific objectives

- To select Colombian agro-industrial wastes for the production of PHB.

- To design and evaluate by simulation methods of consolidated processes the production
of PHB from Colombian agro-industrial wastes.

- To analyze the techno-economic and environmental feasibility of PHB production from

agro-industrial wastes in the Colombian context.
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1. The bioplastic sector: Overview

1.1 Introduction

Across history, civilizations have looked for supplying their three main requirements
namely food security, energy and materials and, humans have used and transformed
biotic and a-biotic resources from the environment. In the beginning of mankind, biomass
(biotic resources) supplied part of all basic needs: food, (e.g. crops, animals), energy (e.g.
wood, charcoal) and materials (basically wood and animal skin). During many years
(approximately until the industrial revolution), the main energy sources were biomass for
combustion (e.g. wood, charcoal, peat, straw, dried dung, and animal oil) and animal and
human forces as work sources and transportation. A-biotic sources of energy were used
such as sun (for light and warmth), wind (for force and transportation) and water (for
force) [1]. There are two important energy transitions that revolutionized civilizations: The
change from the wood to coal (in England in 1700s) and the change from coal to oil
(United States in 1900s) [2]. Although there are evidences that coal was used as long ago
as 1000 B.C. for some human cultures (e.g. Romans, Egypt) only until the Industrial
Revolution it became a predominant source of energy [3]. The second great energy
transition was passed from coal to oil and was originated in the United States. Due to the
discovery of large oil fields in Texas and California early in the twentieth century, railroads
in the West and Southwest part of the country almost immediately converted to oll
burning, because local oil was cheaper than distant coal when transport was figured in.
Total energy consumption doubled in the USA between 1900 and 1920, making
opportunity for oil to expand its market share without directly challenging the coal industry.
The oil 6s mar ket was gction ofdéha aummabile [4]. By 195Q, fued
wood comprised only 3.3 percent of aggregate USA energy consumption and natural gas
17 percent, but coal and oil represented more than 36 percent [4,5]. The 21st century will
be characterized by major shifts in energy sources with a gradual obsolescence of fossil
fuels, like coal and oil, for more efficient fossil fuels such as natural gas. Advances in
biotechnology allow the growing usage of biofuels. Nuclear energy, particularly if nuclear

fusion becomes commercially possible, may also play a significant role. A very important

ntro
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change in energy sources is likely to be the usage of hydrogen, mainly for fuel cells

powering vehicles, small energy generators and numerous portable devices [6].

However, fossil fuels (oils, coal and natural gas) have different problems: They are non-
renewable, their combustion emits greenhouse gases and the energy obtained is not the
most efficient. That is why there are some alternative energy sources under development
such as: eolic, nuclear, bioenergy and hydrogen among others. However, the transition
from fossil fuels to renewable energy (such as wood, hydroelectric, biofuels, biomass,
wind, geothermal and solar) is still under development. Figure 1 shows the energy
consumption in fraction in The United States during 2013.

Materials have a similar development like energy. They have been fundamental to the
development of civilization since the beginning of human kind. Materials are the
substance or substances out of which a thing is or can be made. A general classification

of materials is presented in Figure 2.

The use and type of materials determine the grade of development of a civilization.
Anthropologists define the historical epochs by the materials used by the different
civilizations such as the Stone, Copper, Bronze and Iron ages. Although the historicists do
not recognize a specific period, the first material used by humans was wood. This is a
material with a great range of strengths, densities, and flexibility. Its application range is
very huge, from the simplest tools for cooking, furniture and weapons, until construction of
building and transport media. But, the first historic period classified according to the
material used is the Stone Age. This is a prehistoric period during which stone was widely

used to make implements.
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Figure 1. a). USA Energy Consumption in Fraction, 2013, b) USA. Renewable energy
consumption (Adapted from [7]).

m Oil mNatural gas m Coal mNuclear m Renewable

a)

m Biomass m Hydroelectric mWind = Solar © Geothermal

3043% b)

The period lasted approximately 3.4 million years, and ended between 4500 BC and 2000
BC with the advent of metalworking. The first metal that humans were able to use was
copper, but this metal is fairly soft. Thousands of years of working with copper preceded
the discovery of bronze some 5.000 to 6.000 years ago (in a number of places) [8].
Bronze, an alloy of copper with small amounts of tin, is a more useful form. Thus, bronze
set the precedent for the widespread use of metals, especially for weapons. Next, iron is
the most important material used. For the last and a half century, the most important form
of iron has been steel. Steel has actually a great range of materials, whose properties
depend both on the amount of carbon containedd typically between 0.5 and 2 percentd
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and other alloying materials. Generally, steel combines the toughness of wrought iron
with the hardness of cast iron; hence it has been historically valued for such uses as

blades and springs [9].

Figure 2. Physical classification of materials according to the state and origins

MATTER
| | |
Solid Liquid Gas
|
A-biotic source Biotic source
| | | Biopolymers
Metals GlassandCeramics Fossilsand

derivates

Other materials have been developed (such as ceramics, fibers, glass) but their use is not
so extensive (according the quantities) as metals. In the 1900s, a new class of artificial
substances that have interesting properties was developed: plastics. The diversity of
plastics and the versatility of their properties facilitate the production of a vast array of
plastic products that bring technological advances, energy savings and numerous other
societal benefits. The first truly synthetic plastic, Bakelite, was developed by Belgian
chemist Leo Baekeland in 1907, and many other plastics were subsequently developed
over the next few decades. It was not until the 1940s and 1950s, however, that mass
production of everyday plastic items really commenced [10]. Polymers are the newcomers
among the bulk materials used in modern economies. They have been used in substantial
guantities for only five to seven decades. In the next three decades plastics are expected

to gain important segments of the glass market and to substitute, to a lesser extent, steel

[9).

The production of plastics has increased substantially over the last 60 years from around

0.5 million tons in 1950 to over 260 million tons today. In Europe only the plastic industry
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has a turnover in excess of 300 million Euros and employs 1.6 million people. Almost all
aspects of daily life involve plastics, in transport, telecommunications, clothing, footwear
and as packaging materials that facilitate transport of a wide range of food, drink and
other goods. There is considerable potential for new applications of plastics that will bring
benefits in the future, for example as novel medical applications, in the generation of
renewable energy and by reducing energy used in transport. Thus, the Plastic age is
growing and developing for its expansion in multiple applications. In high-income
countries, plastics have overtaken aluminum and glass in terms of quantities used (mass)

and now account for 6% of the total amount of bulk materials.

1.2 Plastic Materials

Polymers are substances whose molecules have high molar masses and are composed
of a large number of repeating units. There are both synthetic and natural polymers.
Natural polymers are proteins, starch, cellulose and latex among others.

Synthetic polymers are typically prepared by polymerization of monomers derived from oil
or gas, and are usually made by addition of various chemical additives. They are
incredibly versatile materials; they are inexpensive, lightweight, strong, durable, and
corrosion resistant, with high thermal and electrical insulation properties. Thompson and
collaborators [10] explain that there are currently some 20 different groups of plastics,

each with numerous grades and varieties.

Plastic materials can be classified into two distinct categories: thermoset and
thermoplastic. Thermoset materials harden when they are heated and cannot easily be
molded after their initial formation. Most phenolic plastics are thermosets. On the other
hand, thermoplastics can be softened repeatedly by the application of heat. This is the
largest group of plastics and their production is increasing at a higher rate than the
thermoset materials. In terms of production quantities, the most important thermoplastics
are high and low density polyethylene and polypropylene (the polyolefins), polyvinyl
chloride (PVC) and polystyrene. Important thermosetting resins are phenol-formaldehyde

and urea-formaldehyde, both in the form of resins and molding powders. Epoxy resins,
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unsaturated polyesters and polyurethanes are also significant. A smaller volume of
fengineering plasticso, for exampl e, pol

high value when used in clinical applications [12].

The main source of energy and material is oil. Petroleum and its derivatives represent
almost 35% of the total primary energy supply in the world and about 60% is employed in
the transport sector [13]. However, the production of these types of energy and materials
depends on its availability, the increase of oil prices, the limited reserves of fossil fuels
and the political stability in oil producer countries. Their intensive use has generated
negative impacts to the environment producing Green House Gases and Global Warming.
The use of oil as fuel (gasoline and diesel) is changing with the incorporation of biofuels.
Moreover, alternative energies have been researched and development intensifies for the

construction of other energetic schemes.

In the case of the synthetic polymers, there are several options to reduce the
environmental impacts related to their production and use. Important strategies are: i)
increased energy efficiency and material efficiency (yields) in all processes in the
production chain leading to polymers; ii) increased end-use material efficiency, i.e.,
ensuring the same product service by lower amounts of material (e.g. by use of thinner
plastic films); or iii) improved waste management by recycling of materials, re-use of
product components, energy recovery in waste-to-energy facilities (incineration) and - in

the case of biodegradable polymers i digestion (with energy recovery) and composting

9.

As Phylipsen et. al. affirm [9], Bio-based polymers have been attracting more and more
attention in the last few years. Bio-based materials 1 including bio-based polymers,
lubricants, solvents and surfactants i were found to be an interesting option for emission
reduction potentials in a short term. It was also found that bio-based materials offer clearly
higher emission reduction potentials in the longer term, especially by application of novel

technologies.

yacetal s,
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1.3 Biopolymers

The name biopolymers is currently used for polymers that are either synthesized by living
organisms or produced from substrates obtained from living organisms. Examples of the
first kind of biopolymers are naturally occurring polymers such as cellulose, starch, and
PHAs. Among the second kind, are poly lactic acid), that can be synthesized from
biologically-obtained lactic acid, or even polyethylene, when it is produced from ethylene
obtained from bio-ethanol. Bioplastics are biopolymers with plastic properties [14].

Naturally occurring biopolymers are derived from four broad feedstock areas. Animal
sources provide collagen and gelatin, while marine sources provide chitin which is
processed into chitosan. Microbial biopolymer feedstocks are able to produce polylactic
acid (PLA) and polyhydroxyalkanoates (PHA) [15]. Agricultural feed stocks are source of
hydrocolloids, lipids and fatty biopolymers (Figure 3).

The first polymers used by men were derived from biomass resources (animal bones,
horns and hooves, often modified; celluloid; casein plastics). However, they were more
and more displaced by petrochemical polymers parallel to the growth of the petrochemical
industry since the 1930s. When the oil price increased in the 70s, an interest in the
possibilities offered by non-petrochemical feedstocks arose. One of the main drivers for
the development of biopolymers during the last two decades was the goal to provide the
market with polymers that are biodegradable. In principle, biodegradable polymers can
also be manufactured entirely from petrochemical raw materials. Currently, there are a
range of biopolymers with an interesting potential for substitution of the synthetic
polymers (Table 1). Biopolymers can be of different types, such as: polysaccharides,
polyesters, polyurethanes and polyamides.
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Figure 3. Biopolymer sources

BIOPOLYMER SOURCES
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chitin

Collagen, gelatin,

Lactic acid (Precursor

AGRICOLTURE
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of PLA).

Polyhydroxyalkanoates Lipids

Hydrocolloids (starch)l

Fats

Table 1.The Main biobased polymer produced in large scale.

Biobased polymer

Type of polymer

Structure/Production

Starch polymers

Polysaccharides

Modified natural polymer

Cellulose polymers

Polysaccharides

a) Modified natural polymer
b)Bacterial cellulose by fermentation

Polylactic Acid (PLA) Polyester Bio-based monomer (lactic acid) by

fermentation, followed by polymerization
Polyhydroxylakanoates Polyester Direct production of polymer by
(PHAS) fermentation

or in a crop (usually genetically
engineered)

In this overview, starch polymers, polylactic acid and polyhydroxyalkanoates were

analyzed considering their production and markets.

1.3.1 Starch Polymers

Starch is the major storage carbohydrate (polysaccharide) in plants. It is available in

abundance surpassed only by cellulose as a naturally occurring organic compound.

Starch is composed of a mixture of two polymers, an essentially linear polysaccharide i
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amylose (Figure 4) and a highly branched polysaccharide i amylopectin (Figure 5). The
building block for both polymers is the glucose monomer. A starch chain is typically made
of 500 and 2000 glucose units linked in the 1,4 carbon positions. The level of amylopectin

(typically 75%) varies between different starch types, as does the level of amylose [9].
Figure 4. Structure of Amylose

CH,0H CH,0H CH,0H
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Figure 5. Structure of amylopectin
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Starch granules exhibit hydrophilic properties and strong inter-molecular associations via
hydrogen bonding due to the hydroxyl groups on the granule surface. They have been
used in packaging and short lived consumer goods. This new class of materials has
experienced very substantial growth and technology innovation. Over years, starch
plastics have been designed to potentially replace petrochemical plastics.
Commercialized in the last decades, today starch plastics are one of the most important
polymers in the bio-based polymer market. In Europe, the production capacity of starch
plastics increased from 30.000 metric tons per year in 2003 to approximately 130.000
metric tons in 2007, representing an average annual growth of nearly 50% [9]. Most of the
starch plastics are used for packaging applications, including soluble films for industrial
packaging, films for bags and sacks, and loose fills. The emerging applications are
components for automobiles (e.g., tyre fillers, panels), electronic devices, house hold
appliances and other durable applications. Leading European producers with well-

established products in the market include Novamont, Biotec, Rodenburg, BIOP,
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adverse public opinion relating to GM crops.

Limagrain and Paper Foam. The raw materials of starch plastic are corn (maize), wheat,
potato, cassava, tapioca and rice. Some companies make use of waste flows, e.g.,
Rodenburg in the Netherlands uses potato peels from the production of French fries as
feedstock. Starch plastic producers in the EU are currently employing a policy of avoiding

feedstocks made from genetically modified (GM) crops due to the ongoing debate and

There are five main groups of starch plastics emerging from the primary processing step,
namely: partially fermented starch, destructured starch (also referred to as thermoplastic
starch or TPS), chemically maodified starch, starch blends, starch composites (Table 2).

Table 2. Groups of starch plastics

Type

Comments

Applications

Partially fermented
starch

The raw material is potato waste slurry originating from the
food industry (e.g., slurry waste from potato chips production).
This slurry mainly consists of starch (72% of the dry matter,
DM), with the remainder being proteins (12%DM), fats and oils
(3%DM), inorganic components (10%DM) and cellulose
(3%DM).

Injection molding, the production of
flower pots, it is used for packaging and
transport (e.g. CD covers) and for
certain leisure articles that make use of
the feature of biodegradability (e.g., golf

pins).

Native starch

All starch plastics other than Partially Fermented Starch start
from native starch. Native Starch is obtained from the wet
milling process and no fermentation process is involved. The
production of native starch begins with the extraction of starch
from starch crops.

The native starch is always subject to
further processing by mixing, extrusion
and/or blending to obtain a pure or
blended starch plastic, or starch
composites, or by chemical modification
to obtain starch derivatives.

Thermoplastic starch, TPS

It is formed by processing native starch in an extruder under
certain conditions of temperature, pressure, shear, limited
water and sufficient time the native crystallinity and granular
structure of amylase and amylopectin are almost completely
destroyed. The granules swell and take up the plasticizer,
shear opens the granule, the starch dissolves and fragments,
and intra-molecular rearrangement takes place. Compounders
(fillers, additives etc.) can be integrated into the extrusion
process to provide the final resin product in one step. This
includes also the addition of plasticizers such as glycerol,
polyethers and urea, which have the function to reduce the
intermolecular hydrogen bonds and to stabilize product

The major application areas of
destructured starch single used foamed-
trays and boxes especially in food
packaging, water soluble products and
ingestible products.
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properties.

It is produced by treating native starch with chemicals in order
to replace some hydroxyl groups by ester or ether groups.

It is expensive and therefore not very
widespread. In the laboratory, starch

.E_J acetate was used to produce packaging

S Cross linking, in which two hydroxyl groups on neighboring | fgams/loose fills.

= starch molecules are linked chemically is also a form of

% chemical modification. Cross linking inhibits granule swelling

g - on gelatinization and gives increased stability to acid, heat

o % treatment, and shear forces.

O v
They are produced by processing destructured starch (TPS), Used in applications including
chemically modified starch or sometimes even native starch in | biodegradable film for compost bags for
combination with petrochemical, biobased or inorganic the collection of green waste. Bioplast
compounds into a (microscopically) homogenous material. The | starch blends are used for packaging

é starch content in a blend varies from 30% to 80% by mass films, shopping bags, strings, straws,

% depending on the end application. tableware, tapes, technical films, trays

5 |

IS and wrap film.

n

Table 3 shows the main producers of starch polymers. In Europe, price for starch plastics

during the last years rangesfromu 2 . 0 0

tper kgidBperiliig on their grade. In 2003,

Novamont reported typical selling prices in the range of U 2 . -%0D per kg [15-17]. In the

US, Cereplast has announced a price of US$0.80 per Ib polypropylene-starch blend,

which is equivalent to U 1 . ge® kg according to the current dollar-euro exchange rate

(assuming 1 dollar = 0.72 euro). The cost of starch in Europe is clearly higher than in the

USA. However, the cost of native starch is not the determining factor. For starch blends,

the main cost component is rather the modification of starch (complexing, destructurising),

an area for which there is considerable potential for improvement. The price is expected

to follow the cost of modification of starch; thus there is considerable scope for a cost

decrease in the future. On the other hand, the increased use of agricultural products for

non-food purposes (particularly ethanol as fuel) is one of the reasons for the recently

observed price increases for agricultural produce, limiting or slowing down the price

digressions.

Table 3. The main producers of starch polymers
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Company Type of starch Copolymer Trade name | Capacity
plastics (t.p.y)
Novamont (Italy) Starch blend PCL, PVOH Master-Bi 60.000
Rodenburg Partially fermented None Solanyl 40.000
(Netherlands) starch
Biotec (DE) TPS None Bioplast TPS | 20.000
Limagrain (France) Starch blends PBS, PLA Biolice 10.000
BIOP (DE) Starch blends PBSA, PBSL, | Biopar 3500
PBAT
Paperfoam (NL) Starch composites Cellulose PaperFoam n/a
Livan (CN) Starch blends n/a Livan 10.000
Plantic (AU) Starch blends n/a Plantic 5.000
Cereplast (USA) Starch blends PLA, PBS Cereplast 10.000

In 2002 the market for starch bioplastics was about 25.000 t.p.y., about 75-80% of the
global market for bioplastics [18] and in 2010, starch polymers had 50% of the market for

bio-based polymers [17].

There have been a number of good technical and economic breakthroughs achieved in

the last years and starch polymers are able to compete with traditional materials in some

limited areas. However, major efforts are still required in the areas of material and

application development to move from a niche- to a mass market. There are some

obstacles and drivers identified around the production of starch biopolymers as shown in

Table 4 [19]:

Table 4. Obstacles and drivers in the production of starch polymers

Obstacles

Drivers

A Expense- the starch based products such as compost
bags and picnic utensils that have been proposed for
commercialization are considerably more expensive than
the oil based plastic alternatives limiting their public
acceptance (cost sensitivity).

AAesthetics- products made from starch have not attained
required levels of aesthetic appeal, i.e. rough or uneven
surfaces on starch sheets, non-isotropic cell distribution
within starch foam resulting in brittleness.

A Manufacturing- the relatively unsuccessful efforts to
manufacture starch based products utilizing injection and
compression molding equipment and extruders/die

ALow cost of starch.
Astarch available in large quantities.

ABiodegradable: composting bags, fast food
tableware, packaging, agriculture, hygiene.

Alncinerable.
ARenewable.

Aother specific requirements: breathable silky films
for nappies; chewable items for pets; biofiller for
tyres.
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configurations whose performance is optimized for oil based
plastics or food production rather than the different process
requirements of thermoplastic starch.

AcChemistry- unavailability of starch based materials whose
resistance to water can be regulated from completely water
soluble to water resistant.

ADensity- the absence of extrusion based methods for the
manufacture of starch foam products whose density more
closely approaches Styrofoam.

AMarketing- the absence of a variety of highly visible starch
based products that highlight, promote and educate the
public to the particular advantages of using starch, e.g.
renewable resource, water solubility/biodegradability, non-
toxicity, volatility to non-toxic components (CO, and water).

AcCost structures that consider disposal cost as
integral part of total cost (eg. Reduced VAT for
materials with a low environmental impact);

AMore focus/importance given to environmental
impact assessment of biodegradable polymers;

APromotion of composting as a waste management
initiative and as a low cost recovery method,
particularly in agriculture;

ABiological treatment of biowaste should include
compostable polymers in the list of suitable input
materials for composting;

APackaging directive should include compostable
packaging.

1.3.2 Polylactic acid (PLA)

PLA (Figure 6) is an aliphatic polyester produced via polymerization of the renewable
fermentation product, lactic acid. The physical and mechanical properties of PLA make it
a good candidate as replacement for petrochemical thermoplastics in several application
areas. While the high price of PLA long restricted its use to medical and specialty
applications, recent breakthroughs in lactide and polymerization technology opened up
possibilities for the production of PLA in bulk volumes. Lactic acid, (2-hydroxypropionic
acid), is the simplest hydroxycarboxylic acid with an asymmetrical carbon atom. Lactic
acid may be produced by anaerobic fermentation of carbon substrates, either pure (e.g.
glucose and sucrose) or impure (e.g. starch), thereby using microorganisms such as
bacteria or certain fungi. Lactic acid produced by fermentation is optically active; specific
production of either L (+) or D (i) lactic acid can be achieved by using an appropriate
lactobacillus [20].

Figure 6. PLA molecule
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The range of raw materials suitable for lactic acid fermentation includes hexoses (6-
carbon sugars, of which D-glucose is the primary example) together with a large number
of compounds which can be easily split into hexoses, e.g. sugars, molasses, sugar beet
juice, sulfite liquors and whey, as well as rice, wheat, and potato starches. In the future, it
is expected that hydrolysis of lignocellulosics - i.e. woody or herbaceous biomass
originating from wood, straw or corn stover - will become a viable pathway through
technological advances (e.g., enzymatic processes), together with the pressure on
resources driving the increased utilization of agricultural waste [9]. PLA was first
synthesized over 150 years ago but due to economic and technological reasons, no
immediate application was found and it was not until the 1960s that its usefulness in
medical applications became apparent. Efforts to develop PLA as a commaodity plastic
were first made in the late 1980s and early 1990s by Dupont, Coors Brewing and Cargill.
All three companies ran large research and development programs to explore the
possible technical applications for lactic acid, lactide and PLA. While DuPont and
Chronopol terminated their efforts, Cargill went on to develop a continuous process for

high purity lactide production based on reactive distillation [9].

Production of PLA

The first step in the process is the extraction of sugars or starch. This is typically achieved
in sugar (e.g. cane or beet), corn, or tapioca mills. In the case of a corn or a tapioca mill,
the starch is then converted into sugar by enzymatic or acid hydrolysis. The sugar
solution is then fermented by microorganisms. Lactic acid is produced from glucose under
oxygen limiting conditions via the enzyme lactate dehydrogenase according to the

following equation (Pi = inorganic phosphate) [20]:

"@OGEI Q+ 2000 + 20"® 206xDO IR+ 26”Y) (Eq 1.1)
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The efficiency of conversion is typically greater than 95% on carbohydrate substrate [21].
The fermentation can be performed in either a batch or a continuous process. Since most
microorganisms cannot withstand low pH conditions the fermentation broth is commonly
neutralized by adding lime. Lactic acid is produced by concentration and acidification [22].
The acidification step involves treating soluble calcium lactate with sulfuric acid in order to
generate the free acid, producing | ar gktht
lactic acid) as a byproduct. The obtained free acid is then purified further to yield the
product quality required for chemical synthesis. A purification method described for
thermostable lactic acid is the combination of esterification, distillation, subsequent
hydrolysis of the ester and recovery of the alcohol by evaporation [23]. Two main routes
have been developed to convert lactic acid to high molecular weight polymer: the indirect
route via lactide, the product of which is generally referred to as poly(lactide), and direct
polymerization by polycondensation, producing poly(lactic acid).Both products are
generally referred to as PLA [22].The first route, employed by Nature Works and PURAC,
is a continuous process using ring-opening polymerization (ROP) of lactide. Condensation
of aqueous lactic acid produces low molecular weight PLA prepolymer (< 5000 Dalton,
see Figure 7). The prepolymer is then depolymerized by increasing the polycondensation
temperature and lowering the pressure, resulting in a mixture of lactide stereo isomers.
An organometallic catalyst, e.g. tin octoate, is used to enhance the rate and selectivity of
the intramolecular cyclization reaction. The molten lactide mixture is then purified by
vacuum distillation. In the final step, high molecular weight PLA (>100.000Dalton) polymer
is produced by catalyzed ring-opening polymerization in the melt. Any remaining
monomer is removed under vacuum and recycled to the start of the process. In the
second route, the direct polymerization of lactic acid, as used by Mitsui Toatsu; lactic acid
is converted directly to high molecular weight PLA by an organic solvent based process
with the azeotropic removal of water by distillation [24]. Mitsui stopped the production in
2003 and this route is not applied anymore.

Since the first large-scale PLA production facility became reality in 2002, PLA has
gradually gained market importance. Examples of major end products are extruded sheet
for thermoformed products, biaxially oriented film, blow molded bottles, injection molded
products and fibers for apparel and nonwovens. PLA has been used for a wide range of

application areas, such as packaging (cups, bottles, films, trays), textiles (shirts, furniture),

amount
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nonwovens (diapers), electronics (mobile phone housing), agriculture (usually blended
with TPS) and cutlery [9].

The more recent development of heat-resistant PLA will allow a further extension in the
application of PLA, such as for heat-resistant textiles which can be washed at high
temperature [25] and warm-drink cups. PLA blends and (nano) composite products have
also received increasing attention. Table 5 shows the current main producers of PLA in

the world, describing the capacity and final biopolymer applications.

Figure 7. Production of PLA from biomass
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Table 5. The main PLA producers

Company Capacity Applications

NatureWorks (Cargill Dow) | 150.000 t.p.y. Packaging: bottle-packaging of milk, water and juices
for short shelf life and refrigerated conditions.
Electronic sector

PURAC 100.000t .p.y. food, industrial, pharmaceutical and chemical markets.

Teijin 10.000 t.p.y. heat-resistant PLA
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Pyramid Bioplastics 60.000 t.p.y. No comments
Toyobo Biologics 200t No comments
Tong-Jie-Liang 100 t.p.y. No comments
Biomaterials Co.

NatureWorks LLC, currently the only large volume producer of PLA, supplies large
volume customers at a price of US$1.20 per Ib (ca. U 1 . p@rg). NatureWorks views PLA
as a specialty polymer moving towards commodity polymer prices. This price range is
roughly supported by statements of Inventa Fischer, who has estimated the production
costsat1.30-1. 60 u/ kg PLA [9].

The final cost of producing PLA depends primarily on the efficiency of the initial
fermentation process to produce the lactic acid monomer. Lactic acid currently represents
around 40 to 50% of NatureWorks total costs. PURAC estimates that in their business
model, about 50% of the initial investment is required for lactic acid, 30% for lactide and
20% for the polymer. This means that i n

producers can start PLA manufacturing for a relatively low investment amount, starting

from lactide [26].Table 6 shows the main obstacles and drivers in the current production

PURACSO

of PLA.

Table 6. The main obstacles and drivers in the current PLA production

Obstacles

Drivers

Cost- Cost of lactic acid due to fermentation costs
must fall to a level on par with the price of ethylene for
PLA to attain true competitive status in the engineering
polymer market. High lactic acid costs for prospective
mar ket entrants due Car
agreements with Cargill and Purac.

A Manufacturing- Process energy requirements are
high; there are still significant energy savings to be
realized. Conversion technologies (e.g. sheet
extrusion, thermoforming) need to be further refined.
Credibility with converters needs to be built up.

A Environmental- Lack of waste management and
composting infrastructure means that in many
countries including the U

biodegradability is not a useful feature in practice. This

AKost- The raw material (carbon source to
fermentation process) is in oversupply resulting in a
stable or downward trend in commodity price; e.qg.
UsS corn.

A New lactic acid technologies are leading to
substantial price reductions.

A Economies of scale, as demonstrated by Cargill
Dow plant (it is possible for a PLA plant to have a
capacity of 200 kt.p.y., but this is the design limit.
As a comparison: PE plants are typically about 250
kt, PS 180 kt, PET 120-180 kt).

A Manufacturing- PLA is compatible with
conventional thermoplastic processing equipment.
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often conflicts with a
e.g. China has no composting infrastructure and is not
willing to pay the price.

A Genetically modified (GM) maize issue may be an
obstacle for entering the European market. This is
particularly the case for the UK where there is no sales
plan for PLA because retailers (e.g. TESCO) are
following a very cautious policy, thereby avoiding any
risk of adverse publicity.

AGMOs in fermentation technology /will also be an
issue.

ALack of awareness of industry, retailers and public of
PLA in general and of its biobased and biodegradable
nature in particular.

coOo

APerformance can be matched at lower cost; e.g.
PLAT cellophane.

ARetailers are showing interest: Albert Hein, Aldi,
Sai ns b urop6Esselungap Iper, the German
retailer cooperative Rewe and beer festivals in
Belgium and the Netherlands.

A Improvements in the fermentation of
lignocellulosics will bring down costs as well as
reduce environmental impact.

AEnvironmental- Consumers are willing to pay more
for environmentally soul
retail experience in the US and EU shows this to be
the case.

A German DSD (Duales System Deutschland) for
packaging waste stipulates a lower fee for polymers
with more than 50% renewable feedstock content.

1.3.3 Polyhydroxyalkanoates (PHAS)

Polyhydroxyalkanoates (PHAS), constitute a class of bio-based polyesters with highly

attractive qualities for thermo-processing applications, and are on the edge of mass

production.

Whereas PLA production is a two-stage process (fermentation to monomer followed by a

conventional polymerization step), PHAs are produced directly via fermentation of carbon

substrate within the microorganism. The PHA accumulates as granules within the

cytoplasm of cells and serves as a microbial energy reserve material. PHAs have a

semicrystalline structure, with a degree of crystallinity ranging from 40% to around 80%

[27].

Figure 8 shows the generic formula for PHAs where "x"

is 1 (for all commercially i

relevant polymers) and R can be either hydrogen or hydrocarbon chains of up to 16 in

length.

Figure 8. PHA molecule
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A wide range of PHA homopolymers, copolymers, and terpolymers have been produced,
in most cases at the laboratory scale. A few of them have attracted industrial interest and

have been commercialized in the past decade. The main members of the PHA family are:

- poly(3-hydroxybutyrate), P(3HB), generic formula with R=1 (methyl);

- poly(3-hydroxyvalerate), P(3HV), generic formula with R=2 (ethyl);

- poly(3-hydroxyhexanoate), P(3HHX), generic formula with R=3 (propyl);

- poly (3-hydroxyoctanoate), P(3HO), generic formula with R=5 (pentyl);

- poly(3-hydroxydecanoate), P(3HD), generic formula with R=7 (heptyl); and
- the medium-chain-length poly(3HOd), generic formula with R=15.

Feedstocks currently being utilized for PHA production are high value substrates such as
sucrose, vegetable oils and fatty acids. In theory, any carbon source can be utilized,
including lignocellulosics from agricultural by-products. In practice, as for PLA and the
other polyesters already discussed, further improvements in fermentation yields by
metabolic engineering of microorganisms, together with technological advances in
feedstock pretreatment (e.g. new enzymatic processes) are prerequisites aiming to

decrease their production costs [28,29].

Today PHA is still in an early stage of commercialization, although it has been an area of
intensive R&D for decades [30,31]. Some commercialization projects were stopped in the
past (e.g. P&G and Monsanto) whereas several other companies have continued these
efforts with the goal to bring PHA to the market. Table 7 shows the main PHA producers

and their locations.

Table 7. The main PHA producers

Company Location Raw material | PHAs Trade name Stage/scale
Tianan China Corn sugar P(3HB-co-3HV) Enmat Industrial
Telles United States | Corn sugar PHB copolymers Mirel Industrial
Kaneka Japan Vegetable oils | P(3HB-3HHXx) Kaneka Pilot (announced)
industrial
Green Bio/DSM | China Sugar P(3HB-co-4HB) Green Bio R&D, &
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(unspecified) (announced)
industrial
PHB industrial Brazil Cane sugar P(3HB) Biocycle R&D, Pilot &
P(3HB-co-3HV) (announced)
industrial
Biomer Germany Sugar P(3HB) Biomer R&D, Pilot
(sucrose)
Mitsubishi Gas | Japan Methanol P(3HB) Biogreen R&D, Pilot
Chemical (from  nature
gas)
Biomatera Canada Sugar P(3HB-co-3HV) Biomatera R&D, Pilot
(unspecified)
Meredian Unites States | Corn sugar n/a - (announced)
industrial
Tepha Unites States | n/a n/a TephaFlez, R&D, Pilot
TephaElast
Tianzhu China n/a P(3HB-co-HHXx) Tianzhu R&D, Pilot

*n/a: non aplicable

Theoretical yield calculations have already been performed for many possible feedstocks.
The result of one such calculation (The Wheypol Process) shows that the 50x10° tons of
whey produced annually in Europe could be used to produce 618.000 metric tons of
P(HB-co-15%HV) [32].

Today, commercially available PHAs can be used for injection molding, extrusion and
paper coating. The injection molded and/or extruded PHA products cover a wide range of
applications, such as cutlery, packaging (bags, boxes and foams), agriculture mulch films,
personal care (razors and tooth brush handles), office supplies (pens), golf pins, toys and
various household wares. PHAs can also be extruded into fibers. For instance, Biocycle
offers PHA fibers that can be used for automobile carpets, dental floss and cigarette filters
[30]. Green Bio offers PHA fibers that can be used in non-woven applications [31].Today,
packaging and agricultural films are the most important market for PHAs. In the future, the
applications will become more diverse. PHAs are expected to gain market shares in
buildings, textiles, E&E, transportation and houseware. Besides single-use disposable
applications, producers of PHA also aim at durable products (e.g. bathroom accessories).
As for PLA, producers of PHA are not only looking at the potential for substitution in
conventional applications. PHA is also a promising material for many novel applications
where biodegradability and i increasingly - the use of renewable feedstocks are

prerequisites that conventional synthetic thermoplastic polymers cannot meet.
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Because of PHAG6s good performance in ter

human tissue, it can be used in the medical field including tissue engineering, wound
healing, cardiovascular, orthopedics and drug delivery. PHA suture, artificial esophagus

and artificial blood vessels are currently offered as commercial products [33-36].

At present, the raw material costs account for as much as 40% to 50% of the total
production cost for PHA. The use of lower cost carbon sources, recombinant E.coli or
genetically engineered plants or microorganisms should all lead to reductions in
production costs [37].

Current obstacles for the production of PHAs

AA real val ue exishh &&onmeradabzatisnnd fermentation-based plastics
requires integration of an entirely new value chain, comprised of previously unassimilated
industries 1 agriculture, fermentation, polymers, compounders, and plastics converters.
This is why governments, interest groups, researchers and marketers play such a vital

role in forming viable value chains for these new biobased products [38].

ACost, risk of change: An industry accustomed to near-zero variability and a low rate of
new polymer class introduction will have to re-learn processing and converting conditions.
An industry accustomed to ever-decreasing prices due to overcapacity and near-zero
ability to pass on material cost increases due to intense competition will have to re-learn
ival ue Jhaslid why deading marketers and converters must be involved as
polymers are developed and commercialized to ensure the best materials are produced

and the final products have meaningful advantages.

ALack of critical mass: Without an adequate array of properties from a variety of
biopolymers, end-users will not be able to convert a critical mass of their products.
Without a critical mass of end products, it will be difficult for composters to obtain a critical
mass of appropriate input and justify new capacity investments to take advantage of the
growing array of compostable products. Without the critical mass of infrastructure in
place, communities will be unable to obtain the anticipated advantages used to justify the

higher material costs. This is why collaboration amongst biopolymer producers is so

ms

of
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important, and why collaboration with the composters and other disposal industries is

critical.

A Manufacturing: Whereas the currently-employed fermentation technology is close to

being optimized, according to P&G the final processing still needs further improvements.

AEnvironmental: There is an ongoing debate within Europe and elsewhere over both GM
organisms and transgenic crops, market and consumer acceptance of PHA produced in
this way and issues related to obtaining approval in Europe for plant-based PHA. Shell,
Dupont and DSM, among other major companies, are not investing in crop-based

production of polymers as they believe the venture is too risky and/or problematic.

AProduction of PHA generates a large amount of biomass waste: about 5 kg of raw
material is required to obtain 1 kg product. Thus, there is an issue of both low conversion

and waste management.

AApproval for contact with food. As PHAs are directly produced in microorganisms rather
than synthesized from a monomer, approval is much more complex and costly than with
standard polymers, for which approval can be granted based on the quantity and
toxicology of the monomer [34].

AP&G are already licensed to produce Nodax® inside transgenic crops, but this remains
a technical challenge in the sense that it is not really practicable to make a whole lot of
different types of Nodax® in the plant (system becomes too complex: think of cultivation
of a different crop species for each polymer, harvesting, separation and purification of
intracellular polymer from biomass, testing and certification of each variant, etc.). A more
feasible scenario is to produce one Owo

proceed with further biochemical processing to obtain the desired copolymer formulations.

AAn additional barrier is created by the need for year-round feedstock to maximize the
utilization of capital. Since crops are harvested in a short time window, storage is

required, which is expensive and can lead to significant degradation of the material [40].

ALicensing can cause loss of momentum. Example given of the P&G licensing of process
technology to Kaneka Corp: Kaneka has pharmaceuticals focus and is geared to

production of durables. This approach clashes with that of P&G (consumer goods, short

rkhor se

n
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life/disposable). P&G now prefers to keep up the momentum in the development of Nodax

by staying involved; to this end joint ventures are favored.
Current drivers for the production of PHAs

AManufacturing: PHB formulations are similar to PP or PE-HD but are easier to mould,
having better surfaces and thinner walls.

AAlkaline digestibility and flush ability are convenience factors of interest to the production

of single-use consumer goods.

A Ongoing improvements in microorganisms (chiefly through genetic engineering)

enabling better yields from cheap feedstocks.

A Environmental- Biodegradability is seen as a solution to the plastics waste disposal

problem. PHB is produced from renewable sources.

1.4 Conclusions

Biopolymers are an interesting alternative for the substitution of synthetic polymers.
Although the production of biopolymers such as starch polymers, PLA and PHAs is still
under development, some experiences show that their application and massive use must
generate a chain of added value in the process. Additionally, the use of biopolymers has
environmental benefits. However, some obstacles (especially in the production cost and
material quality) have limited their extended use. Thus, research and development is the
only way for the improvement of the biopolymer production process, starting with the use

of alternative and cheaper raw materials until the separation and purification steps.
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2. Materials and Methods

In this work, experimental and simulation processes were performed. The type of raw
materials, microorganisms, separation processes and analytical techniques used at
experimental level are described in this chapter as well as the simulation procedures used
for the techno-economic and environmental analysis of the PHB production at industrial

levels.

2.1 Raw materials

In this work, five agro-industrial wastes and one crop were selected as raw materials for
the production of PHB: Whey, residual banana (peel and pulp) mandarin peel and glycerol
are the analyzed agro-industrial wastes and bore (Xanthosoma sagittifolium) was the
selected crop.

Whey is the liquid part of milk that separates from the curd at the beginning of the cheese
making process. Currently, whey is considered as waste in Colombia and its final disposal
contributes to environmental pollution. Whey has a very strong polluting capacity with a
biological oxygen demand (BOD) of 40.000 to 45.000 mg/L [1-3]. In recent years, value-
added products from whey have attracted much interest. In Colombia, the milk industry is

the fourth most important agroindustry and can produce up to 36.000 t of whey per year.

Colombia is the world's third biggest banana exporter. The quality of this product has to
meet very high standards for its exportation. Thus, hundreds of tons of banana are
rejected and discarded and this product is then considered as residual banana. This
residual banana is a rich starchy material that could become a carbon source for diverse
microbiological processes. Colombia produces approximately 500.000 t per year of
residual banana. Banana can be divided into two main parts: pulp and peel which

represent almost 85% and 15% of the total dry weight respectively.

Mandarin is the second citric produced in Colombia. The residues resulting from this fruit

have components that can be transformed into value-added products. The peel and fiber
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can produce fermentable sugars for microbiological transformation. In this work, the PHB
production from mandarin peel was evaluated. The pulp, peel and seed percentages in
the mandarin global composition are 69, 29 and 2 % in dry weight respectively [4]. In
2007, the production of mandarin in Colombia was 31.908 t, but it is mostly intended for
direct consumption without processing. Thus, the quantities of mandarin peel available for

the production of PHB are rather small.

Crude glycerol is generated as a co-product in the production of biodiesel. For every 100
Ibs of biodiesel produced, 10 Ibs of crude glycerol are generated (10 wt %). The growth of
the biodiesel industry has carried out a glycerol surplus causing a major decrease in the
market price of glycerol. Thus, the economy of the biodiesel industry has been directly
affected. In order to convert glycerol to value-added products, chemical and biological
transformations have been analyzed. Some PHB producer microorganisms can use
glycerol as carbon source. In Colombia, the annual production of waste glycerol

generated by the biodiesel industries is approximately 80.000 t.

Even though bore is not an intensive crop, research results demonstrated that this crop
has high yields per hectare cultivated (50.000 Tm/Ha) compared to other crops such as
corn 6.450 t/Ha), potato (17.589 t/Ha), yucca (18.297 t/Ha) and banana (17.797 t/Ha) [5].

2.1.1 Pretreatment of raw materials

The aim of the pretreatments is to convert complex compounds into simpler biomolecules.
This procedure is necessary when substrates cannot be metabolized directly by
microorganisms or when the product yield is very low. Different pretreatment procedures
were performed according to the type of the selected substrate. In the case of glycerol,
pretreatment was not necessary.

- Starch hydrolysis:

The procedure to convert starch into dextrose includes gelatinization, liquefaction and
saccharification. Starch is found in nature as insoluble, non-dispersible granules resistant

to enzymatic breakdown. Starch-bearing grains such as corn, wheat, rye and sorghum
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must be ground to a fine meal, at least 12-16 mesh, to expose the starch granules to the
slurring water. Gelatinization is the swelling of the starch granule in the presence of heat
and water. The starch loses its crystallinity and becomes an amorphous gel that can be
attacked by enzymes. At this point, the starch or ground grain slurry thickens considerably
and would be difficult to process if an alpha-amylase were not added to partially hydrolyze
the starch to dextrins. When the dextrin solution is more fluid then the starch gel is
considered to be liquefied. The alpha-amylase serves to reduce the viscosity of the
solution and also to produce a lower molecular size substrate. This smaller substrate
molecule is needed for the efficient action of gluco-amylase which hydrolyzes dextrins into
glucose.

- Lignocellulosic hydrolysis:

The lignocellulosic hydrolysis technique employed in this work was Diluted Acid
Pretreatment (DAP), as described by Quintero [6] where the lignocellulosic material is

heated with acidified water.
- Whey pretreatment:

The aim of pretreating whey is to remove the protein content in order to decrease the
amount of the nitrogen source. The pretreatment method used is described by Nath et al.
[7] and modified as follows: Acid cheese whey (pH 4.0-5.0) was autoclaved for 10 min.
After cooling, it was filtered and the supernatant was neutralized with NaOH (5M). Finally,
the neutralized supernatant was centrifuged at 6000 rpm during 15 min. The resulting
media is supplemented with other salts (see Culture Media composition) except with

ammonium sulphate because the remnant protein is the nitrogen source.

2.2 Isolation, identification and sequencing of a PHB-
producing microorganism

For the isolation of PHB-producing bacteria, soil samples were taken from superficial
sediments of the Bahia Blanca Estuary (38°45" and 39°40" S, and 61°45" and 62°20" W,
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Buenos Aires, Argentina). Ten grams of sediments were suspended in 90 mL sterile
saline solution (1.5% NacCl, 0.04% MgCl, and 0.01% KCI) and homogenized in an orbital
shaker at 200 rpm for 10 min. Suspension samples were heated at 80°C for 10 min in a
water bath and then serially diluted in sterile saline solution. Aliquots of 0.1 mL were placed
on minimal salt medium of Winogradsky [8], amended with 0.1% NH,NO,, 0.1% KH,PO,,
1% glucose, and 1.2% Agar, pH: 7.2. The plates were incubated at 30°C for 48 h. The
isolates were phenotypically characterized by the Gram reaction, spore morphology, and the
catalase test. Physiological properties of the isolates were investigated according to
Bergey@ Manual of Determinative Bacterio- logy [9]. At least 5 different isolates were
identified; the strain called BBST4, a Bacillus sp. microorganism, exhibited the highest PHB
accumulation compared to the others. Strain BBST4 was therefore selected for the following
stages of this study. The PHB-producing capabilities were initial and qualitatively determined
by Sudan black [10], and subsequently confirmed by using Nile blue [11] and Nile red [12]

staining methods.

DNA from the isolates BBST4 was extracted using the Wizard Genomic DNA Purification kit
(Promega Corporation, Madison, WI). The 16S rRNA gene sequence (corresponding to
positions 27-1492 in the Escherichia coli gene) was PCR-amplified as described by
Delong [13], using a Multigene Gradient Thermal Cycler (Labnet Inter- national Inc.,
Woodbridge, NJ). Sequencing on both strands of PCR-amplified fragments was performed
using the dideoxy chain termination method by the commercial services of National Institute
of Agricultural Technology (INTA, Argentina). The 16S rRNA gene seqguences were
compared to the GenBank nucleotide database with BLAST [14] and identified using the
EzTaxon program [15]. Sequences were deposited at the GenBank database

(http://www.ncbi.nim. nih.gov) under the accession number: HM119600.1.

2.3 Fermentation stage

The fermentations to produce PHB were carried out in a 500 mL shake flask with a

fermentation volume of 100 mL. Fermentations were carried out at 33°C and 250 rpm.


http://www.ncbi.nlm/
http://www.ncbi.nlm/

52 Design and analysis of PHB production from agro-industrial wastes in Colombia

2.3.1 Bacterial strains

In this work the production of PHB was analyzed with two different types of
microorganisms: Bacillus megaterium as a wild strain and Cupriavidus necator as the
reference microorganism. The Bacillus megaterium used in this work is a wild strain
isolated from superficial sediments of the Bahia Blanca Estuary (Buenos Aires, Argentina)
and characterized as a PHB producer in the presence of an excess carbon source and
nitrogen restriction [16]. Cupriavidus necator 17699 is a PHB producing strain from the
American Type Culture Collection (ATCC). The microorganisms were maintained at 4°C
after growth on a formulated agar medium and were conserved at -80 °C in 2 mL cryo-
vials containing 30% glycerol and 70% of the grown liquid culture.

2.3.2 Culture media

The seeding media were prepared with the following compounds: (NH,).SO, , 1g/L;
KH,PO,, 1.5 g/L; Na,HPO,, 9 g/L; MgSO, - 7H,0, 0.2g/L; and 1 mL of a trace element
solution composed by: FeSO, - 7H,0, 10 g/L; ZnSO, - 7H,0, 2.25 g/L; CuSO, - 5 H,0,
1g/L; MnSO, - 4H,0, 0.5 g/L; CaCl, - 2H,0, 2 g/L; H3BO,, 0.23 g/L; (NH4);M0,0,,4, 0.2
g/L; and HCI, 10mL. The MgS0O, .7H,0O were autoclaved separately and added aseptically
to the medium after cooling. (NH,).SO4 was not used in fermentations where whey was
employed as substrate. All these compounds are used as culture media with the carbon
sources analyzed. When glucose or glycerol were employed as substrates, they were

sterilized separately to avoid the degradation and reaction with the other components.

2.4 Analytical Methods

2.4.1 Biomass Quantification

Biomass was measured using the cell dry weight (CDW) technique. Briefly, 1 mL samples
were collected in previously dried and weighed microfuge tubes and centrifuged at 12.000

rpm for 10 min. Then, the resulting supernatant was discarded and the pellet was washed
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with distilled water, centrifuged again and the excess of water discarded. The final

biomass was weighed after drying for 48 h at 60°C.

2.4.2 PHB Quantification

Dried biomass is used for methanolysis of monomers according to the method described
by Braunegg et al. [17] and modified by Lageveen et al.[18]. Approximately 10 mg of cells
mass was reacted in a small screw-cap test tube with a solution containing 1 mL of
chloroform, 0.85 mL of methanol, 0.15 mL of sulfuric acid and 0.2 mL of internal standard
(benzoic acid in methanol) for 140 min at 100°C. After reaction, 0.5 mL of distilled water
was added and the test tube was shaken vigorously for 1 min. After phase separation, the
organic phase (bottom layer) was removed and transferred to a small screw-cap glass
vioal . 50 ¢l from this organic phase were t ake
the Gas Chromatographer-Mass Spectrometer. An Agilent Technologies 6850 series Il
gas chromatographer was used. The gas chromatographer was equipped with a HP-5MS
capillary column (25 m length, 0.32 mm internal diameter). Helium (velocity at 5cm/min)
was used as the carrier gas. The injector and detector were operated at 230 °C and 275
°C, respectively. A temperature program was used for efficient separation of the esters
(220 °C for 5min, temperature ramp of 8 °C per min, 180 °C during 12 min). An Agilent
Technologies 5975B mass spectrometer was used for identification and quantification of
derivatized PHB.

2.4.3 Substrates Quantification

Sugars and glycerol were quantified by the HPLC system (Agilent Technologies) using a
HyperREZ XP Sugar Alcohols column (250 x 4.0 mm). Degassed, deionized water was
used as mobile phase. The column oven and RID were maintained at 65°C, and flow rate
for mobile phase was fixed at 0.3 mL/min. The samples were diluted, centrifuged and
filtered using 0.45 p membranes into the HPLC vials. Peaks were detected by the RI
detector and quantified on the basis of area and retention time of the standards (sucrose,
glucose, xylose, arabinose, ethanol, glycerol) procured from Sigmai Aldrich and prepared

in the same mobile phase as the one used for elution.
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2.4.4 PHB extraction

After fermentation, cells were harvested by centrifugation at 18°C and 6.000 rpm for 20
min and then the intracellular PHB was extracted using the Chloroformi hypochlorite
dispersion extraction method. Briefly, the dispersion media containing 50mL of chloroform
and 50mL of a diluted (30 wt %) sodium hypochlorite solution in water, was treated in an
orbital shaker at 100 rpm and 30°C for 1 h. The mixture obtained was then centrifuged at
4000 rpm for 10 min, which resulted in three separate phases. PHB was recovered from
the bottom phase that contains PHB dissolved in chloroform. PHB is then precipitated
using 10 volumes of ice-cold methanol.

2.4.5 Fourier transform infrared spectroscopy (FTIR)

For FTIR analysis, PHB samples were dissolved in chloroform and then added to a NaCl
window. After complete solvent evaporation, FTIR spectra were recorded with a NICOLET
FTIR 520 spectrometer in the range of 4000 ~400/cm. A total of 20 scans were recorded per

sample with a 2/cm resolution.

2.4.6 Nuclear magnetic resonance (NMR)

Nuclear magnetic resonance spectra were recorded at 125 Hz (13C—NMR) using

deuterated chloroform (CDCI3) as a solvent. For each analysis, 10 mg of sample and 1 mL

of solvent were employed. The equipment used was a BRUCKER 400 NMR spectrometer.

2.5 Simulation procedure

The objective of this procedure was to generate the mass and energy balances at
industrial levels. The main simulation tool used was the commercial package Aspen Plus

v7.3 (Aspen Technology,Inc., USA). The production of PHB from the agro-industrial
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wastes experimentally analyzed were simulated and the requirements for consumables,
utilities and energy needs were calculated in most of the cases for the production of 1000

kg PHB per day. The Non-Random Two-Liquid (NRTL) thermodynamic model was
applied to calculate the activity coefficients of the liquid phase and the Hayden-O6 Con el |
equation of state was used for description of the vapor phase. The most selected model

for this issue was UNIFAC-DORTMUNT for liquid phase and Soave Redlick Kwong for

vapor phase.

The technology used for the PHB production corresponds to a first pretreatment of raw
materials according to the type and structure. Second, a sterilization stage of the culture
broth also involving a nitrogen source ((NH4).SO,), at a temperature of 122°C and a
pressure of 10 bar. Once the culture with an appropriate glucose concentration is
obtained (approximately 20% by weight), it undergoes the fermentation step with the
microorganism. Once the fermentation is done, the process follows a digestion which
consists of cell lysis with chemical agents such as sodium hypochlorite assisted by
temperature. Once the biopolymer is extracted, residual biomass is separated by
centrifugation. The resulting solution after centrifugation is washed in order to remove
impurities to finally remove water by evaporation and spray drying to obtain PHB

approximately at 98% (w/w).

The estimation of the energy consumption was performed based on the results of the
mass and energy balances generated by the simulation. Then, the thermal energy
required in the heat exchangers and re-boilers were calculated, as well as the electric
energy needed of the pumps, compressors, mills and other equipment. The capital and
operating costs were calculated using the software Aspen Economic Analyzer (Aspen
Technologies, Inc., USA). However, specific parameters regarding some Colombian
conditions such as the raw material costs, income tax (33%), annual interest rate
(16.02%), labor salaries, among others, were incorporated in order to calculate the
production costs per unit for the different obtained products. This analysis was estimated
in US dollars for a 20-year period. The above-mentioned software estimates the capital
costs of process units as well as the operating costs, among other valuable data, utilizing
the design information provided by Aspen Plus and data introduced by the user for
specific conditions as for example project location. The depreciation of Capital was

calculated using the straight line method. Equipment calculations were performed
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following the Aspen Economic Analyzer V.7.1 user guide (Aspen Technologies, Inc.,
USA), which also uses correlations reported by Peters et al. [19]. Utilities, civil works,
pipelines, man hours, and many different parameters were estimated using the same

software.
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3.Process design in the production of PHB

The production of PHB can be analyzed from different points of view: i) the PHB
producing microorganisms and their metabolisms, ii) raw materials (substrates) , iii) the
downstream and separation processes. After that, the process design can be considered
and analyzed.

3.1 PHB producing microorganisms and metabolisms

PHB can be bio-synthesized in vivo or in vitro forms. In vivo, PHB is produced by
microorganisms or transgenic plants. Bacteria used for PHAs production can be divided
into two groups based on their culture conditions. The first group requires limitation of an
essential nutrient such as N, P, Mg, K, O or S, and excess of a carbon source; some of
these bacterial strains are Bacillus megaterium, Cupriavidus necator, Alcaligenes
eutrophus, Alcaligenes latus, Pseudomonas extorquens, and Pseudomonas oleovorans.
In the second group, nutrient limitation is not required and the polymer can be
accumulated during the growth phase; some examples are Escherichia coli recombinant,
Azotobacter vinelandii recombinant, and Alcaligenes latus [1]. Table 8. shows the main

microorganisms studied for the PHA production at industrial level.

Table 8. Wild type and industrial bacterial strains commonly used for pilot and large scale
production of PHA (modified from [2]).

Strain DNA PHA type Carbon source Final | Final Company
manipulation CDW | PHA
@™ | (%CDW)
Curpiavidus No PHB Glucose >200 | >80% Tianjn  North,
necator (China);
Alcaligenes No PHB Glucose or sucrose >60 >75% Chemie Linz,
latus btF (Austria)
Escherichia coli | phbCAB+vgh PHB Glucose >150 | >80% Jiang Su, Nan
Tian (China)
Cupriavidus No PHB Glucose+propionate >160 | >75% ICI (UK);
necator PHBV Zhejiang Tian
An (China)
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Cupriavidus No P3HB4HB Glucose+1,4BD >100 | >75% Metabolix

necator (USA); Tianjin
Green  Biosci
(China)

Aeromonas No PHBHHXx Lauric acid <50 >50% P&G, Jiangnen

hydrophila Biotech Ctr
(China)

Aeromonas phbAB+vgh 450 | >50% Shandon

hydrophila Lukang (China)

Pseudomonas | No mcl PHA Fatty acids 445 | >60% ETH,

putida (Switzerland)

Pseudomonas No

oleovorans

Bacillus spp. No PHB Sucrose >90 >50% Biocycle,
(Brazil)

CDW: cell dry weight; vgh: gene encoding Vitreoscilla hemoglobin; phbCAB: PHB
synthesis genes encoding R-ketiolase, acetoacety-CoA reductase and PHB synthase;
1,4BD: 1,4-butanediol; phbAB encodes 3-ketiolase and acetoacety-CoA reductase

PHB metabolic Pathway:

In non-PHB producing organisms, the Acetyl CoA, as a final metabolite in the glycolysis
pathway, enters the citric acid cycle where the carbon is converted into carbon dioxide.
Even if the substrate is not glucose, most of the anaplerotic routes have Acetil-CoA as
intermediary. However, when the organisms is a PHB producer, and the growth
conditions stimulates the PHB production, Acetyl CoA is converted into PHB across other

pathway which consists of three main steps as follows [3,4]:

i) Two Acetil CoA molecules are combined into acetoacetyl-CoA (AcAcCoA) with the
thiolase enzyme and release a molecule of CoA (CoASA), as shown in Eq. 3.1.

200DE0 P OWAED + 6€0™YO  (Eq. 3.1)

ii). Acetoacetyl-CoA is reduced to 3-hydroxybutyric CoA (3HBCoA) with the conversion of

one NADPH molecule into NADP™ at the reductase enzyme, as shown in Eq. 3.2.

8CHEBED + DOOV'C + 'O P 3CHEED + § 6O (Eq. 3.2)

iii). Units of 3-hydroxybutyric-CoA are polymerized into PHB at the synthase enzyme, as

shown in Eq. 3.3.
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IM@MoE0 + Gaur'Q Y (3M); P 0€0™YO+ Gacr Q Y (3M):+1 (Eq. 3.3)

The thiolase, reductase and PHB synthase enzymes are encoded by the genes PhaA,
PhaB, and PhaC, respectively. These genes are contained generally in a single operon
and are expressed together. However, three types of synthases have been identified from
various organisms. Class | synthases, the type which is found in C. necator, are active
toward short-chain-length hydroxyalkanoate monomers. The class Il synthases can
polymerize larger monomers, which range from 6 to 14 carbons atoms. The class llI
synthases, the type which is found in Alcaligenes vinosum, consist of two protein subunits

and also polymerize short-chain-length hydroxyalkanoate monomers [3,4].

Other genes involved with PHB production include PhaP, PhaR, and PhaZz
depolymerases. PhaP encodes for phasins that helps stabilize the hydrophobic/aqueous

interface at the PHB granule surface.

PhaR encodes for a regulatory protein that represses the expression of PhaP. The PhaR
protein can also help stabilize the granule surface. PhaZl encodes for an intracellular
depolymerase. Phaz2 and Phaz3 were identified as homologous to PhaZl and are
through to encode for other intracellular depolymerases. Additionally, an oligomer
hydrolase has been identified as operating on PHB [3,4] (Figure 9).

Figure 9. The metabolic cycle of PHB synthesis and degradation in bacteria [4].
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Sudesh et al [4] analyzed the relation between the PHB granule growth with the presence
of phasin encoded by PhaP. Based on the composition of P(3HB) inclusions of B.
megaterium (97.7% P(3HB), 1.87% protein and 0.46% lipid), they confirmed that the PHA
inclusions consist of a hydrophobic core of amorphous PHA that is surrounded by a
phospholipid monolayer membrane consisting of various catabolic and non-catabolic
proteins (Figure 10). The catalytic proteins include the PHA synthase and the intracellular
PHA depolymerase described above, while the non-catalytic proteins include a group of
proteins designated as phasins (PhaP). The term phasin (PHA-oleosin) was coined in
analogy to a class of amphiphatic proteins called oleosins. The latter forms close layers at
the surfaces of triacylglycerol inclusions within the seeds and pollen of plants. Oleosins
were demonstrated to form a boundary layer between the hydrophobic triacylglycerol
inclusions and the hydrophilic cytoplasm. By extending the surface architecture of
triacylglycerol inclusions to PHA inclusions, phasins were presumed to be involved in the

stabilization of the amorphous hydrophobic PHA inclusion in the hydrophilic cell
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cytoplasm. The exact functions of phasins are not very clear but they have been shown to
affect the size and production of PHA in some recombinant bacteria. Higher PHA
synthase activities generally seems to result in increased numbers of PHA inclusions, and

similar observations have also been made for increased levels of phasin proteins.

Figure 10. A model attempting to show the structure of in vivo PHA inclusions and its
association with specific proteins [4].

PHA inclusion associated proteins

membrane

Based on the work by Tian et al [5], two models have been proposed for granule
formation. The first model is the micelle model, in which the extended PHB chains
covalently attached to the synthase aggregate initially into a micelle structure (Figure 11).
The physical properties of the polymer are thus proposed to be the driving force for
inclusion formation. The second model is the budding model that we proposed recently, in
which the hydrophobic synthase binds to the inner face of the plasma membrane and
buds from this membrane, leading to a granule surface covered with a lipid monolayer
(Figure 12). In this model, the biology of the system and the physical properties of the

polymer both are required for granule formation [5].

Figure 11. Granule formation through micelle formation from hydroxybutyrate chains
covalently attached to PhaC [5].
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The colored spheres shown on amorphous PHB represent proteins that have been shown to or are proposed
to associate with the granule surface. Gray spheres, PhaC; blue spheres, PhaP; red spheres, PhaR; green
spheres, PhaZla; purple sphere, PhaZlb; orange sphere, Phazlc; brown diamond, oligomer hydrolase.
nHBCoA, hydroxybutyryl coenzyme A.
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Figure 12. Granule formation through budding from the inner leaflet of the plasma
membrane. nHBCOA, hydroxybutyryl coenzyme A [5]
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The availability of bacterial genes for PHA biosynthesis and knowledge of their structures,
as well as the structure of PHA inclusions and the availability of sophisticated methods of
plant molecular biotechnology, have enabled the production of PHAs in transgenic plants
[6]. Consequently, the current production process for PHB. On the basis of market prices
for corn starch, soy-bean oil, sucrose and glucose of between US$0.25i0.50 kg,
poly(3HB) may be produced at less than US$0.5 kg. It is most probable that it is only a

matter of time before PHB is produced commercially in this manner; the production of
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other PHAs will require additional genetic engineering to redesign metabolic routes in
transgenic plants for the provision of alternative hydroxyacyl-CoA thioesters as substrates
for PHA synthases. Moreover the production time and the acreage required must be

reduced for the viability of this process [6].

In vitro biosynthesis of PHB can be made from lactones or hydroxyalkanoic acids
employing isolated lipases, esterases or even proteases. Synthetic-hydroxyacyl-CoA
thioesters have been used also for the in vitro production of PHAs. In vitro PHA
biosynthesis will reveal important features of PHA-granule formation and contribute to
knowledge of the catalytic mechanisms of PHA synthases [6]. In addition, in vitro
processes will allow the synthesis of novel polyesters; novel constituents may be
incorporated into PHAs because the synthesis is not restricted to the capability of a
mi croorgani smbés met abol i £oA thioesterp rinoadditidre trub y dr o x y
block copolyesters may be synthesized that are not available by in vivo biosynthesis

because of the slowness of the metabolism [6].

3.2 Improvement of the Fermentation Stage in PHB
Production

There are different alternatives to improve the PHB fermentative processes. This topic
was widely discussed in two book chapters written in this project. The book chapter 1 is
entitled: Standardization and selection of microorganisms of interest for the production of
ethanol, published in the book: "Research advances in Biofuels production” in 2009 [7].
Book chapter 2 is entitled: Microorganisms and Raw Materials Used for the Production
of Bioethanol: Main Requirements, Current Status and Prospects, published in the Nova
science book: " Ethanol: Production, Cellular Mechanisms and Health Impact” [8] in
2012. Although in these works the production of bioethanol was analyzed, the
methodological approach can be applied in most of the related microbiological processes.
Based on these elements, in this section the analysis of the improvement in the
fermentation stage for the production of PHB is performed. The improvement of the
fermentation stage can be made from various flanks: microorganisms, operation regime

and the technological configuration.
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3.2.1 Improvement with Microorganisms:

The microorganisms used for PHB production from carbon sources, must comply with the

following ideal characteristics:

Consume economic substrates such as agro-industrial wastes.

Decrease the pretreatment cost, consuming raw materials in their natural form.
Reduction of both the inhibition phenomenon and loss of activity during the
fermentation.

Avoid the production of unwanted by-products.

Decrease the stages and costs for biomass separation.

These characteristics can be obtained by improving alternative strategies with

microorganisms. Here we discuss some of them.

Isolation of New Wild Strains

The first level is the search and isolation of wild strains of microorganisms that have the
ability to produce PHB from complex substrates (e.g., disaccharides, cellulose,
hemicelluloses), high productivity of PHB and low production of by-products. One of the
main advantages when working with wild strains is the genetic stability of the
microorganisms. However, the production of PHB by wild strains has biological limitations
and they are controlled by its genome. Therefore, the genome of the microorganism must

be genotypically modified to improve the potential ethanol yield.

In this work, a wild Bacillus megaterium strain was isolated from superficial sediments of the
Bahia Blanca Estuary (Argentina). This microorganism was characterized based on 16S
rRNA gene sequences (1.411 bp) and studied in terms of its ability for producing
polyhydroxybutyrate (PHB) by implementing different fermentation configurations on

formulated media. (See Appendix A: Paper 1).
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Genetic Modifications

The different genetic modification techniques can be classified into two groups: non
induced and induced genetic techniques.

3.2.1.1 Non-Induced Genetic Techniques

This technique uses the natural mutations that occur in a microbial culture. The probability
of genetic change in a cellular division is very low. This probability is greater at shorter
generation times. This technique can be divided into two stages: the first stage is the
adaptation of the strains to new conditions (e.g. media concentrations, temperature, pH).
The goal is to drive the evolutionary change through aggressive pressure in the
fermentation conditions during long culturing times. In this period, there are many cell
divisions and the probability of natural mutations increases. In the second stages, the
mutants who have the appropriated characteristics are isolated and purified. One of the
advantages of this technique is that it does not require a previous knowledge of the
involved metabolic pathway, transport or regulation processes. The main disadvantage is
that the addition or removal of genotypic characteristics may affect the general

performance of the microorganisms [7,8].
3.2.1.2 Induced Genetic Techniques

Part of t he mi cr omuldke rdirestlyn mddified byncontnaled or non-
controlled techniques. The non-controlled techniques may be by extreme environmental

conditions or by genetic recombination techniques. Some of them are summarized here:

A Non-Controlled Techniques [7,8]:

Mutation: It is a change in the genome sequence. Mutation may be caused in a natural or
induced form. According to the mechanisms, the mutation can be: i) in the genome,
affecting the number of chromosomes; ii) in the chromosome, affecting the order of a gen
sequence; iii) in the gen (specific mutation), affecting the order of base sequences.

Induced mutations need mutagenic agents that can be physical (e.g. UV) or chemical.
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Protoplasts fusion: Protoplasts are the cells of which cell walls are removed and the
cytoplasmic membrane is the outermost layer in such cells. Protoplasts can be obtained
by specific lytic enzymes to remove cell wall. Protoplast fusion is a physical phenomenon,
during fusion two or more protoplasts come in contact and adhere with one another either
spontaneously or in presence of fusion inducing agents. By protoplast fusion it is possible
to transfer some useful genes such as disease resistance, nitrogen fixation, rapid growth
rate, more product formation rate, protein quality, frost hardiness, drought resistance,
herbicide resistance, heat and cold resistance from one species to another. These are
powerful techniques for engineering of microbial strains for desirable industrial properties.

A Controlled Techniques (Genetic Recombination)

Genetic recombination is a process by which a molecule of nucleic acid (usually DNA, but
can also be RNA) is broken and then joined to a different one. Recombination can occur
between similar molecules of DNA, as in homologous recombination, or dissimilar
molecules, as in non-homologous end joining. Joining different DNAs may be useful to

generate new genotypes [8]. The DNA transference may be by:

Transformation: DNA donator is free in the medium
Transduction: DNA transfer is by a virus
Conjugation: It implies the presence of a conjugative plasmid in the donor cell and cell-

cell contact.

Operational Regime

The fermentation stage can be performed in different operational modes. Batch PHB
production is normally induced by co-culturing the cells [9] or by limiting them with
nitrogen availability using an excess of carbon source in the stationary phase [10]. To
induce the desired nutrient limitation and to achieve a high cell density, a fed-batch
process is the most commonly used method [11,12]. Thus, cell growth is maintained
without nutrient limitation until a desired concentration is achieved. Then, an essential
nutrient is limited to allow an efficient PHB synthesis. During this nutrient limitation stage
the residual cell concentration (i.e., the difference between cell concentration and polymer

concentration) remains almost constant and cell concentration increases only by
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polymeric intracellular accumulation [13]. For bacteria requiring an essential nutrient
limitation a two-stage chemostat should be employed thus resulting in a 1.7-fold higher
productivity compared to the one-stage chemostat [13]. Culture performance is affected
by several variables including temperature, pH, fed carbon to nitrogen ratio, concentration
of substrates and trace elements, ionic strength, agitation intensity, and dissolved oxygen.
To substantially enhance the yield and productivity of many bioprocesses, optimization
[14,15] and control [16] of the fermentation conditions has been used. However, the
improvement process in the fermentation stage needs a good knowledge of the
fermentation kinetics. Mathematical models facilitate data analysis and provide a strategy
for solving problems encountered in fermentation processes. Information on fermentation
process kinetics is potentially valuable for the improvement of process performances. A
kinetic model has the potential to approximate and predict whether a cell growth may
contain biopolymers.

As a result of the study with PHB producing microorganisms, two papers were written. In
Paper 1 (Appendix A), the biosynthesis of PHB from a new isolated Bacillus megaterium
strain was analyzed. This work started with the isolation of several microbial strains from
superficial sediments of Bahia Blanca Estuary (Argentina). Based on the capabilities to grow
and accumulate intracellular PHB granules, a strain called BBST4 was selected for the
subsequent stages in this study. This isolate was identified using a series of biological tests
as a member of the genus Bacillus. Further characterizations based on the results from the
16S rRNA gene sequences (1.411 bp) demonstrated that bacteria BBST4 belongs to genus
Bacillus, with 100% 16S rDNA sequence homology to Bacillus megaterium. Previous to
bioreactor experiments, different shake flask cultures were carried out in order to set the
principal variables affecting cell growth and PHB production. From these tests it was found

that both fermentation temperature (33°C) and nitrogen source ((NH4),SO,) were the most

determinant factors on microbial growth and biopolymer synthesis.

Four bioreactor experiments were developed with B. megaterium BBST4 using glucose and
glycerol as carbon sources. Two bioreactor experiments (batch and fed-batch) were
conducted using glucose as carbon source; whereas the other two batch fermentations were
carried out using glycerol. The main purpose of these four fermentations was to identify the
effect of limiting conditions on B. megaterium BBST4 growth and biopolymer production (see
Table 9).
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Table 9. Comparison of different bioreactor experiments using Bacillus megaterium
BBST4, with glucose and glycerol as carbon source

Fermentation | Carbon | Culture | ICCS* | Time DCw** | PHB PHB R.B***
Source (9/L) (h) (9/L) (g/L) | (%) (9/L)
GLU-1 Glucose | Batch 20 34 5.1 3.0 59 2.1
GLU-2 Glucose | Fed- 25 32 11.3 3.3 29 8.0
batch
GLY-1 Glycerol | Batch 20 42 5.7 3.4 60 2.3
GLY-1 Glycerol | batch 20 32 7.8 2.4 31 5.4

*ICCS: Initial concentration of carbon source

*DCW: Dry cell weight

***R.B: Residual Biomass

Regardless of the carbon source used, experiments GLU-1 and GLY-1 were performed
under identical work conditions. The only significant response between them was the whole
culture duration, which was higher for fermentation GLY-1. This could be attributed to the
trouble of B. megaterium to rapidly metabolize glycerol as the sole carbon source. In
fermentations GLU-2 and GLY-2 more drastic limiting conditions (higher carbon to
nitrogen ratio) were imposed in comparison with their counterparts GLU-1 and GLY-1.
Results presented in Table 10 show that both GLU-2 and GLY-2 experiments yielded better
dry cell weight (DCW) and residual biomass levels than GLU-1 and GLY-1, respectively.

However, the PHB accumulations were significantly lower.

FTIR and NMR spectroscopy were applied in order to confirm the PHA structure of the
biopolymer produced from Bacillus megaterium BBST4. The obtained FTIR spectrum is
shown in Figure 13. PHB structure can be perfectly confirmed in comparison with spectra
reported by Bayari and Severcan [17]. The bands found at 1.724 and 1.278/cm
corresponds to the ester carbonyl group and to the i CH group, respectively. As it was
demonstrated by Hong et al. [18], these two bands are completely characteristic of PHAs.
The *C-NMR spectrum is shown in Figure 14. Observed peaks coincide with the different
types of carbon atoms present in the PHB structure: carbonyl (C=0), methine (CH),
methylene (CH2), and methyl (CH3) groups. Because of the absence of other chemical
shift signals into the spectra, present monomeric units that are different from 3-
hydroxybutyric acid are discarded. It should be pointed out that there were no significant

differences between biopolymer properties and characteristics when glucose and glycerol
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were used as the carbon source. Reported characterization results are representative for
all fermentations carried out in this work.

Figure 13. FTIR spectrum obtained for the extracted PHB sample.
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Figure 14. Proton-noise-decoupled 13C NMR spectra at 125 MHz of PHB.
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The production of PHB from glycerol and glucose was demonstrated using an isolated
Gram-positive B. megaterium strain. One of the advantages of using Gram-positive
bacteria is the application of PHB in biomedicine. When Gram-negative organisms are

employed for the PHB production an extra separation stage should be carried out because
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these organisms contain endotoxins in the outer membrane lipopolysaccharide (LPS). Gram-
positive organisms, such as Bacillus sp., do not have LPS, and they are therefore potentially
better sources of PHB for biomedical applications. In addition, strains of the genus Bacillus
grow very fast on a great diversity of cheap substrates. However, the principal problem
associated with PHB production from Bacillus strains is the difficulty to accumulate high
quantities of PHB using standard methods, such as high ratios of carbon to nitrogen, carbon
to phosphorus, or low oxygen supply, because these methods induce sporulation and
therefore, low PHB productivities. Thus, different studies of improvement in the
fermentation stage should be applied in order to achieve higher biopolymer productivities.

In Paper 2 (Appendix B), several growth kinetic models were used to simulate the cell
growth of Bacillus megaterium for PHB production using glycerol as the sole carbon
source (see Table 11). The models were classified into two groups according to presence
or absence of inhibition parameters. In the first group, kinetic models like Monod,
Contoins, Westerhoff; Herebert and Moser, include only the consumption of one substrate
(glycerol). Eq.(3.1) (Monaod) is the simplest model to describe the microbial growth. Eq.
(3.2) (Contoins) incorporates biomass concentration in the determination of the growth
rate. Eq. (3.3) (Westerhoff) is a linear model for the cell specific growth rate [19]. Eq.(3.4)
(Herebert) is the Monod equation modified by the incorporation of a maintenance term.
Eq. (3.5) (Moser) is the Monod equation modified by including the substrate value to the
square. EQ.(3.6) (Tessier) represents an exponential substrate consumption [20].
Eq.(3.7) (Sigmoidal model) includes the consumption of two substrates (i.e.,glycerol and
ammonium sulphate).

Table 10. Kinetic models used in Paper 2.

Model Non linear Reference
S
Growth models without inhibition parameters
Monod ¢ = ey 19, 21, 22,
= ey Eq. (3.1) [
23]
Contoins T Eq. (3.2) [19]
Ot Y
Westerhoff ‘= O+ aiR"Y Eq. (3.3) [19]
. , Y ,
Herebert = amtd o @ Eq. (3.4) [19]
Moser (n=2) Co_ laam'Y [19, 23]
T Eqg. (3.5)
Tessi N 19,2
essier Coa 1 O Eq. (3.6) [19, 23]
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Sigmoidal . r‘fl ¥ [24]
(2 substrates) B AT Eq. (3.7)
Growth models with inhibition parameters
Aiba = e, B Vg, Eq. (3.8) [34]
Andrews SR Eq. (3.9) [34]
Tessier type Sz AN “Yl')-'o( N "YD.‘Y Eq. (3.10) [34]
Luon w1 w2 ~ £3 - £3 24

g Co e l\f . 2\5 1Y 1 Eq. [24]
(2 substrates) NIrond  $2rod 0oy 0oy

(3.12)

A Simulation-Optimization model was used for the calculation of the kinetic parameters. A
general simulation model comprises n input variables X (X3,X2, ... Xn ) and m output
variables(f(xy), f(xz), ... f(xn) or yi, Y2, ...ym ). The output of a simulation model is used by
an optimization strategy to provide feedback in the search for the optimal solution. In this
work, the differential equation solutions of the material balance in the batch fermentation
was performed using the Matlab software. This program uses the Levenberg-Marquardt
(LM) algorithm, a technique that uses an iterative solution method to calculate the kinetic
parameter values. Once the material balance is solved, the profile obtained (output) is
compared with the experimental data in the optimization routine. If the profile obtained is
similar to the experimental data, the routine is then idled. In the case that these new
parameters are different, the routine estimates new input parameters for the simulation
program. The optimization program for the direct search of the minimum multivariable
function was based on the original method described by Rosenbrock [25]. As shown in

Eq. 3.12, the minimization criterion used in the optimization strategy was:

V2

Yo 'Y= B-?mB%ﬂo—sz (Eq. 3.12)

Where:

A SSWR r e p rSum efthe SquaretoeWeighed Re s i dide @jod (bhe number

experimental data points and number of variables, respectively)
Awj weight of each variable (usually the maximum value for each variable)

Aqij difference between the model and experimental value (Ymodell Yexpt)
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Based on the results showed in Table 11, the models which include inhibition parameters
fitted well. The Loung model had the best correlation coefficient. However, the Tessier
model had high correlation coefficient and its mathematical structure is simpler. This work
demonstrates that Bacillus megaterium shows inhibition phenomena during the
production of PHB. This is a base knowledge for future developments in the optimization

and fermentation processes control.

Table 11.Comparison between the kinetic models analyzed for the production of PHB by
Bacillus megaterium using glycerol as carbon source.

Model Parameters Correlation
Hmax(h™), K(@L™), n(-) coefficient (R?)

Growth models without inhibition parameters

Monod Mmax=0.169; Ks=0.008 0.910

Contoins Mmax=0.170; Ks=0.009 0.972

Westerhoff a=0.015h"" ; b=0.146h™ 0.971

Herebert Mmax=0.140; Ks=3.400; 0.889
m=-0.350 h™*

Moser Hmax=0.1620; Ks=1.21x107 ; 0.950
n=2,9098

Tessier Mmax=0.120; Ks=2.800 0.940

Sigmoidal Hmax=0.171; K5;=0.001;Ks,=2.221x10° | 0.960

Growth models with inhibition parameters

Aiba Mmax=0.222; Ks=0.017; 0.987
Kis=1.689

Andrews Mmax=0.234; Ks=0.019; 0.990
Kis=1.175

Tessier Mmax=0.236; Ks=2.681 0.995
Kis=0.020

Luong (2 substrates) | Hmax=0.280;Ks;=3.100, Ks20.190; | 0.998

(Eqll) K)s1=0.008.Ks,=0.003; n;=3.500;
n,=2.213; n;=3.190; n4=0.970

3.3 Raw materials

Currently, the type of feedstock varies greatly depending on the grade of product desired
and the microorganism used in the fermentation. Table 12 shows the suitable carbon
sources for producing PHA today (classic substrates in defined media) and cheap

renewable resources for futures uses (with complex growth and production media).
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In the USA, a typical raw material source for fermentation processes is corn steep liquor;
in the EU beet sugar is more common; and in Brazil cane sugar is the main source. High
value feedstocks such as palm kernel or soybean oil are also used with some

microorganisms.

If PHA by fermentation is to attain bulk commercial viability as well as to further improve
its sustainability profile, production must be from cheap renewable resources, with
complex growth and production media. PHB can be produced from raw materials that
contain different type of biomolecules such as: fermentable simple sugars (e.g. sucrose,
maltose, glucose, and fructose), polysaccharides (e.g. starch, cellulose, and
hemicelluloses), alcohols (e.g. glycerol) and volatile fatty acids.

Table 12. Different carbon sources for the production of PHA

Conventional carbon sources Non-conventional carbon sources

- Carbohydrates: glucose, fructose, | - Carbohydrates: Molasses, starch
sucrose. and whey hydrolysates (maltose),

- Alcohols: methanol, glycerol lactose  from  whey, cellulose

- Alkanes: hexane to dodecane hydrolysates (e.g. paper industry

- Organic acids: butyrate upwards waste)

- Alcohols: Wastes frm biodiesel
production: methanol plus glycerol,
methanol

- Fats and oils: lipids from plant and
animal wastes

- Organic acids: lactic acid from the
dairy industry.

Feedstocks currently being utilized for PHA production are high value substrates such as
sucrose, vegetable oils and fatty acids. In theory, any carbon source can be utilized,

including lignocellulosic materials from agricultural by-products.

In the Unites States, a typical raw material source for PHB production is corn steep liquor;
in the EU beet sugar is more common; and in Brazil cane sugar is the main source. High
value feedstocks such as palm kernel or soybean oil are also used with some
microorganisms. The use of less expensive carbon sources would then bring down the

biopolymer production cost.
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In this sense, two different papers were written. In Paper 3 (Appendix C) technical and
economic analyses were performed to evaluate the glycerol transformation into
Polyhydroxybutyrate using Bacillus megaterium. Firstly, the microorganism was adapted
using the non conventional substrate (glycerol) as the only carbon source. Then, the
productivity and vyield of PHB production by B. megaterium from pure
glycerol (98% weight) was studied at different levels such as: initial
concentration of substrate, fermentation temperature, pH and the
dissolved oxygen concentration. The inpuence of the initial substrate
concentration was analyzed. Three different initial concentrations were
used:10, 20 and 50 g/L. The fermentation conditions were: temperature
30°C, air pow 12 L/min, 200 rpm, and uncontrolled pH. Figure 15 shows the
comparison of biomass (a) and PHB production (b) using glycerol as the

sole carbon source.

Figure 15. Comparison of biomass (a) and PHB (b) profiles from B. megaterium with
different initial concentrations of glycerol
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The inpuence of temperature in the PHB production was studied.
Fermentations with an initial glycerol concentration of 20 g/L, air pow 12
L/min, 200 rpm, and uncontrolled pH, were carried out at three different
temperatures: 30, 33 and 35°C. The proyles of biomass and the PHB
obtained are shown in Figure 16. The pH of the medium varies during growth
of the B. megaterium strain, and it affects the PHB production as discussed
by Mona et al. [26]. The inpuence of pH in this strain of B. megaterium was
analyzed at three different pH values (i.e,, 5.0, 7.0 and 9.0) and were
compared with the fermentation performed with no pH control. The results
obtained show that the PHB produced is higher at pH 7.0 followed by the
uncontrolled conditions > pH 5.0 > pH 9.0. On the other hand, the
production of PHB was also analyzed using different levels of oxygen
saturation in the cultures (i.e., 30%, 60% and 80%). The saturation was
controlled by agitation, with a constant air pow of 12 L/min. The results
showed that the major production of PHB was seen at 80% of oxygen
saturation. Finally, a fermentation wusing glucose as substrate was
performed and compared with the fermentations using glycerol as carbon
source. When glucose was used as carbon source, the working conditions
where the best fermentation conditions found when glycerol was used as

substrate.

Table 13 shows a comparison of the experimental results obtained for PHB
production using either glucose or glycerol as substrates. As shown in Table
13, the best culture conditions in terms of PHB yield and productivity were:
temperature 33°C, initial glycerol concentration 20 g/L, controlled pH 7.0
and 80% of oxygen saturation. The production of PHB is improved by
approximately 10% (compared with the uncontrolled approach) when pH is
controlled at 7.0 but the dissolved oxygen concentra tion is not constant.
Nevertheless, an increase in about 25% of the PHB production is reached
when both pH and oxygen saturation are kept constant (7.0 and 80%,
respectively) compared with the uncontrolled scenario. Hence, these results
show the capability of B. megaterium to produce PHB at similar yields and
productivities using both a common substrate as glucose and an important

industrial waste like glycerol.
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Figure 16. Comparison of biomass (a) and PHB (b) proyles from B.
megaterium with different temperatures of fermentation, glycerol
initial concentration 20 g/L, air pow =5 L/min, 200 rpm

7

6

CDW (g/1)
w

——33°C
B-30°C
—a—35°C

-10

PHB (g/1)

Time (h)

50

b)

——33°¢
m—30°C
—&—35°C

10 20

30 40

Time (h)

50

Table 13. Comparison of the PHB production using glucose or glycerol as carbon sources

GLYCEROL 20g/L GLUCOSE 20g/L
Uncontrolled Controlled Controlled
Conditions" Conditions' Conditions

CDW!/(g/l) 5.7 7.7 7.1

PHB production (g/l) 3.4 4.8 4.2

PHB accumulation (%) 60 62.4 59.1

Total substrate | 59 71.5 57.5

consumption (%)

Yield P/S" (g/g) 0.3 0.3 0.4

'CDW= Cell Dry Weight;

"P/S = Product/ Substrate consumed;
""Uncontrolled conditions: without control of both pH and oxygen saturation.
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VControlled conditions: pH=7, Oxygen saturation=80%, Temperature=33°C.

The PHB production processes were simulated using Aspen Plus (Aspen
Technologies Inc., USA). The economic analysis was performed using the
Aspen Economic Analyzer (Aspen Technology, Inc., USA) package. The total
PHB production costs from two different substrates such as glycerol and
glucose are shown in Table 14. Two different downstream processes were
compared (DSP A and DSP B). With DSP A, the PHB total production costs
were 3.9 US$/kg and 3.5 US$/kg for glucose and glycerol respectively. In
turn, with DSP B, the PHB total production costs were 3.3 US$/kg and 2.6
US$/kg for glucose and glycerol respectively. In general terms the lower PHB
production costs were obtained when there is no solvent recuperation in the

separation scheme and glycerolis used as substrate.

The current sale prices of PHB are between 3.1 and 4.4 USD/kg, using
glucose and/or sucrose as carbon sources. The total production cost of the
PHB calculated in this work using glycerol as carbon source is 2.6 USD/kg
having approximately a 20% of proyt margin (0.5 USD/kg). Hence, the
impact of glycerol in the biodiesel supply chain is analyzed as follows: the
sale price of the crude glycerol obtained in the biodiesel production is 0.1
USD/kg. The conversion of glycerol into PHB using the conditions
established in this work is 0.6 kg PHB/kg glycerol. Taking into consideration
the proyt margin demonstrated in the production of PHB from crude
glycerol, a valorization of approximately 166.2% of this compound is then
obtained. Even though B. megaterium demonstrated to produce PHB using
glycerol as carbon source, other producing microorganisms (such as
Cupriavidus necator) should be studied and their PHB production analyzed

using the process schemes proposed in this study.



80 Design and analysis of PHB production from agro-industrial wastes in Colombia

Table 14. Comparison of the total PHB production costs from both glycerol and glucose

with two different downstream processes.

Item GLYCEROL GLUCOSE
DSPA [DSPB | DSPA DSP B

Raw materials (US$/kg PHB) 0.2 0.2 0.7 0.7
Utilities (US$/kg PHB) 1.3 0.8 1.2 0.9
Operating labor (US$/kg PHB) 0.1 0.1 0.1 0.1
Maintenance (US$/kg PHB) 0.4 0.3 0.4 0.4
Operating charges (US$/kg PHB) 0.2 0.2 0.2 0.2
Plant Overhead (US$/kg PHB) 0.06 0.04 0.07 0.05
G and A cost (US$/kg PHB) 0.3 0.2 0.3 0.3
Depreciation of capital (US$/kg PHB) 1.0 0.7 1.0 0.7
Total (US$/kg PHB) 35 2.6 3.9 3.3

In Manuscript 1 (Appendix D), six agro-industrial raw materials produced in Colombia
were analyzed at experimental level for the production of PHB (i.e. whey, glycerol,
residual banana peel, residual banana pulp, mandarin peel and bore). Different

pretreatment processes were proposed according to type of substrate used (Table 15).

Table 15. Agro-industrial substrates analyzed for the PHB production using B.
megaterium (Manuscript 1).

Substrate Generation of raw material | Aim of the Pretreatment

Whey

Second generation Depletion of protein

Banana pulp

Second generation Starch hydrolysis

residue

Bore First generation Starch hydrolysis

Residual ) ) ) )
Second generation Lignocelullosic hydrolysis

banana peel

Mandarin peel | Second generation Cellulosic hydrolysis

Glycerol Second generation -

As shown in Table 16, the agro-industrial materials with more potential to be transformed
into PHB were glycerol>residual banana pulp>bore>residual banana peel> mandarin
peel>whey. One of the advantages in using the glycerol produced from biodiesel
industries is that it only requires a simple purification pretreatment in order to remove

impurities that could act as inhibitors in the fermentation stage.
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Table 16. Results obtained in the PHB production from different agro-industrial
raw materials in Colombia

Carbon source Initial Concentration | CDW PHB Concentration | PHB
of substrate (g/L) (g/l) (g/L) accumulation (%)

Whey 50 5.6 1.5 26.9
Residual banana 60 58 4 60.3
pulp

Bore 44 5 35 60.0
Residual banana 34 48 o5 520
peel

Mandarin peel 25 4 2.3 57.5
Glycerol 20 7.7 4.8 62.3
Glucose 20 7.1 4.2 59.1

The experimental results obtained based on the ability of Bacillus megaterium to
assimilate the substrates for production of PHB were considered for simulations at
industrial levels. Technical, economic and environmental analyses were performed. The
PHB production processes was divided into three main steps: pretreatment, fermentation
and separation. The pretreatment step depends on the type of agro-industrial raw material
used. The fermentation and separation steps in the PHB production were the same for all

substrates.

Table 17 shows the main results obtained in the simulations. The best residues in a
techno-economical point of view are the residual banana pulp and bore with a total
production cost of 2.65 USD/kg of PHB. However, the current available quantities of bore
are very limited, making the residual banana pulp the most profitable substrate. The
operation costs include various aspects inherent to the production process such as raw
materials, utilities, labor and maintenance, general plant and administrative costs. This
evaluation was based on the results obtained from simulation and the Aspen Economic
Evaluator package, adapted to Colombian parameters. The production costs in the PHB
production from lignocelullosic materials such as residual banana peel and mandarin
peel are higher compared to starchy residues (residual banana pulp and bore) because
both energetic and material requirements in the pretreatment stage. Moreover, the yield
for the production of sugars from lignocelullosic materials is lower than the starchy
materials. The PHB production cost decreased up to 20% compared to glucose as

conventional raw material and increased up to 2% compared to glycerol considering a
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preview agro-industrial substrate analyzed by Naranjo et al. (Appendix C). Whey is
another interesting substrate with a total production cost of 2.75 USD/kg PHB. This cost is
higher than both starchy materials and glycerol because the whey requires a pretreatment
for depletion of protein that consumes energy. Moreover, the sugar concentration in these

residues is lower compared to the other substrates.

Table 17. Comparison between Ethanol and PHB production cost using different sugar
sources as substrate

Whey Residual Residual Bore Mandarin | Glycerol Glucose

banana banana peel

pulp peel
Raw 0.2 0.4 0.5 0.4 0.9 0.2 0.75
Materials
Operating 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Labor
Utilities 1 0.7 1.6 0.7 1.2 0.85 0.9
Operating 0.35 0.35 0.35 0.35 0.35 0.35 0.45
Charges,
Plant
Overhead,
Maintenance
General and|0.4 0.4 0.4 0.4 0.4 0.4 0.4
Administrative
Cost
Depreciation |0.7 0.7 0.7 0.7 0.7 0.7 0.7
of capital
Total 2.75 2.65 3.65 26.5 3.65 2.6 3.3
Production
cost
(USD/Kg
PHB)

The environmental impact analysis (see Figure 17) shows a decreasing of the total PEI
when agro-industrial residues are used in the production of PHB due to a transformation
of streams with negative potential load (residues) into value-added products (PHB). Due
to high energy demands in the pretreatment steps and the low yields of fermentable
suggars, processes using lignocellulosic raw materials showed higher PEI emissions
compared those processes that use other materials as substrates. In turn, using glucose
and bore (first generation raw materials) generated higher PEI values than second
generation raw materials. In general terms, the proposed production schemes show a
good environmental behavior and demonstrated the mitigation of negative impacts

generated by agro-industrial residues.
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Figure 17. Comparison of a) Carbon footprint and b)Water footprint in the PHB production
from different Colombian agro-industrial wastes
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These results demonstrate that agro-industrial wastes are potentially good raw material

for PHB production. The selection of the substrate must consider not only the yields to
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PHB, but also the available quantities, the required pretreatments and the environmental
impacts. The PHB production from starchy, sugar and lignocelullosic materials could be
improved with new and economical pretreatment processes. Thus, further optimization
studies with some of these agro-wastes for the production of PHB will definitely throw light

upon the possibility to develop cost-effective biopolymers.

3.4 Separation and purification processes

After fermentation, the next step is PHB isolation and purification. PHB must be extracted
from the cell cytoplasm. Cell membrane is broken and PHB is dissolved and separated
from the residual biomass. The separation step can be divided in three parts:
pretreatment, extraction, and purification. In the pretreatment step cell disruption is carried
out easily and some alternatives for this step are: heat, alkaline or salt pretreatment and
freezing [27].

Some of the different extraction methods to separate PHB from the cell residual material
are: solvent extraction, digestion, mechanical cell disruption, supercritical fluids extraction,
cell fragility and spontaneous liberation. Solvent extraction modifies the cell membrane
permeability and the PHB is then dissolved. Some used solvents are: chlorinated
hydrocarbon (e.g., chloroform), cyclic carbonates (e.g., propylene and ethylene
carbonates), halogenated solvents (e.g., chloroethanes and chloropropanes), non-
halogenated solvents (e.g., chain (41 10 carbons) alcohols, esters, amides, and ketones
(both cyclic and acyclic compounds). Digestion can be chemically or enzymatically
performed. Chemical digestion uses different chemical agents to destroy lipids,

carbohydrates, proteins and enzymes.

According to the chemical agent used, the chemical digestion could be: digestion by
surfactants (e.g., anionic sodium dodecyl sulfate (SDS) and synthetic palmitoyl carnitine),
by sodium hypochlorite, by sodium hypochlorite and chloroform, surfactant hypochlorite
digestion, surfactant-chelate digestion, and selective dissolution of non-PHA cell mass by
protons. The enzymatic digestion uses enzymes to degrade the cell membrane. Some

varieties of proteolytic enzymes have high activities on protein dissolutions and slight
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effects on PHB degradation. Enzymatic digestion can be complemented by other
extraction methods. Mechanical cell disruption has been widely used to recover
intracellular proteins by different ways such as: bead mill disruption, high pressure
homogenization, disruption by ultrasonication, centrifugation, and chemical treatment.
Supercritical fluids have unique physicochemical properties such as high densities and
low viscosities that make them suitable as extraction solvents. Due to its low toxicity and
reactivity, moderate critical temperature and pressure (31°C and 73 atm), availability, low
cost, and non flammability CO, is the most used fluid. This extraction method can also be
combined with NaOH or salt (NaCl) pretreatments to get higher disruption levels. Other
extraction methods use air such as: air classification and dissolved-air flotation. Finally,
purification methods involve a hydrogen peroxide treatment combined with action of
enzymes or chelating agents.

In Paper 4 (Appendix E), a techno-economical analysis for PHB production from crude
glycerol is presented. The glycerol fermentation process was carried out using two
gualities of glycerol, either 88 or 98 wt%. Glycerol purification, glycerol fermentation (cell
growth and PHB accumulation), mass cell pretreatment, PHB isolation, and PHB
purification are the five stages analyzed for the process of PHB production from crude

glycerol.

In the purification of glycerol, the feed mixture obtained from the biodiesel production is
evaporated where 90% of methanol at 99 wt% of purity is recovered, and then the
produced stream is neutralized with acid solution. Further, ashes are retired by
centrifugation and this stream is then washed with water. In a later evaporation process
more than 90% of the water content and the remainder methanol are retired. As a result a
glycerol stream at 80 wt% is obtained. C. necator JMP 134 can synthesize PHB up to 70
wit% of the cell dry mass from various carbon substrates [28]. The fermentation process is
carried out in two stages, in the first stage cell growth occurs and in the second stage
PHB is synthesized. Air and pure oxygen are fed at the first fermentation tank where the
fermentation broth is saturated between 15 and 20 DOC%, thus PHB accumulation takes
place inside the cell mass [4]. Based on the available methods for PHB extraction (see
Table 3 of Paper 4, Appendix E) three PHB downstream processes from either raw
glycerol (88 wt%) or pure glycerol (98 wt%) were designed. The flowsheets for PHB

production are shown in Figure 18.



86 Design and analysis of PHB production from agro-industrial wastes in Colombia

Figure 18. Flowsheets for PHB production from glycerol (88 or 98 wt%). Fermentation
stage: 1. Pump; 2. Sterilizer; 3. Heat exchanger I; 4. Fermenter |; 5. Fermenter Il. Downstream
Process I: 6. Heater; 7. Digestor; 8. Centrifuge; 9. Washer tank; 10. Heat exchanger II; 11.
Evaporator; 12. Spray drier. Downstream Process II: 6. Homogenizer; 7. Centrifuge I; 8. Heat
exchanger II; 9. Heat exchanger IllI; 10. Extractor; 11. Centrifuge Il; 12. Heat exchanger IV; 13.
Decanter; 14. Spray drier. Downstream Process llI: 6. Alkaline tank; 7.Digester; 8. Centrifuge; 9.
Washer tank; 10. Heat exchanger Il; 11. Evaporator; 12. Spray drier.
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The downstream process | is based on a variation of the BIOPOL flowsheet [29,30]. The
first step is a thermal treatment at 85°C, and then a digestion process using the
pancreatin enzyme Burkholdeira sp. PTU9 and NaOCI is carried out [31]. This
pretreatment causes an appropriate cell disruption releasing the PHB to the fermentation
broth. The digestion product containing between 7 and 9wt% of biomass is filtrated and
the residual cell mass is withdrawn. The mixture containing the re-suspended PHB at 5.51
5.7 wt% is treated with a hydrogen peroxide solution. Then, using a flash process the
majority of the water content is retired. Finally, PHB at 99.9 wt% is obtained by spray
drying.
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In the downstream process ll, the depressurized stream is centrifuged and the solid
product is heated and mixed with diethyl-succinate (DES) in a 1/20 ratio of
biomass/solvent after passing through the high pressure homogeniser. The solvent
extraction process takes place by modification of the cell membrane permeability and
PHB dissolution [27]. Residual cell mass is withdrawn by centrifugation and a mixture of
PHB-water is gelled by cooling and the DES is recovered. Finally PHB at 99.9 wt% is
obtained by spray drying.

The downstream process |ll uses an alkaline pretreatment with a NaOH solution. Then, a
digestion process is carried out using NaOCl and sodium dodecyl sulfate (SDS) as
detergent. The disrupted cells are centrifuged and PHB is washed with H,O,. The
obtained mixture is subjected to an evaporation process and most of the water content is
discarded. Finally, PHB at 99.9 wt% is obtained by spray drying.

Table 18. Total PHB production costs from crude glycerol through raw glycerol (88 wt%)
and pure glycerol (98 wt%).

Item Cost DSPI DSPII DSPIII
(US$/kg of | 88wt% | 98wt% 88w %t 98wt% 88w %t 98wt%
PHB and
Share %
Raw Material | Cost 0.118 0.149 0.118 0.149 0.118 0.149
Share 5.6 7.71 4.84 6.27 5.42 7.07
Utilities Cost 0.7787 | 0.658 0.9809 0.953 0.8678 0.841
Share 36.94 33.96 40.23 39.97 39.87 39.77
Operating Cost 0.0752 | 0.066 0.0752 0.068 0.0752 0.064
Labor Share 3.57 3.41 3.08 2.85 3.45 3.03
Operating Cost 0.2296 | 0.21 0.2402 0.236 0.2451 0.223
Charges Share 10.89 10.84 9.85 9.9 11.26 10.55
Plant Cost 0.2128 | 0.186 0.2287 0.218 0.2091 0.191
overhead, Share 10.89 9.6 9.38 9.14 9.61 9.03
general and
administrative
costs
Depreciation Cost 0.6938 | 0.668 0.7951 0.76 0.6616 0.646
of capital Share 32.91 34.48 32.61 31.87 30.39 30.55
Total Cost 2.108 1.937 2.438 2.384 2.1767 2.114
Share 100 100 100 100 100 100

In all cases the cost for raw material represented the glycerol purification cost. The costs
for glycerol at 88 and 98 wt% are 0.118 and 0.149 US$/kg, respectively [30]. In this way,
the glycerol purification process represents only between 4.8 and 5.6% of the total PHB

production cost when glycerol at 88 wt% is used and this values increased between 6.3
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and 7.7% when glycerol at 98 wt% is used. Table 18 shows the results obtained from

simulations.

In general terms the lower production costs are obtained when glycerol at 98 wt% is used
in the fermentation process, due to the higher PHB yield in the fermentation stage and the
lower energy requirements in the spray drying process. On the other hand, the lower
glycerol purification cost obtained for glycerol at 88 wt% generates a lower share in the
total PHB production costs compared with glycerol at 98 wt%. In both cases (88 and 98
wt%) the higher value in the total production cost was obtained for the Downstream
Process Il, which uses a solvent extraction stage. This extraction requires heating the
expensive solvent DES up to 110 UC which increase the utility costs. The total PHB
production costs obtained are between 2.11 and 2.44 US$/kg when glycerol at 88 wt% is
used in the fermentation process, and between 1.94 and 2.38 US$/kg when glycerol at 98
wt% is used. These production costs are near to the lower sale prices reported in the

literature (involving profits) and were obtained from other substrates.

In economical terms the best technological scheme for PHB production from crude
glycerol includes three important features as follows: (i) purification of crude glycerol up to
98 wt%, (ii) a two continuous fermentation stages and finally (iii) the PHB recovering
performed with the Downstream Process |, which is similar to the BIOPOL flow sheet
[31,32]. Pure glycerol has a higher cost than raw glycerol, but the yield of PHB is higher
when pure glycerol is used as feedstock. Moreover, each downstream process should be
adjusted to the conditions of the fermentation broth. Thus, using the blocks process
analysis (glycerol purification, fermentation, and PHB isolation and purification) the best
technological scheme for the production of PHB was found.

3.5 Conclusions

The valorization of traditional agro-industrial wastes was analyzed with the microbiological
production of PHB. The growing PHB projected market indicates that improvements in
the production processes and technologies are necessary for its future applications at

industrial scales. The techno-economic analysis of the production processes is an
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interesting tool for design decision making. The results presented in this work are
important tools for the design and study of biorefineries, especially in the selection of

process lines for the biotransformation of agro-industrial raw materials.
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4.Integration processes and biorefinery concepts

Products based on bio-resources can be obtained in a single product process. However,
the integrated production of chemicals, materials, energy and food is probably a more
efficient approach for the sustainable valorization of biomass resources in future bio-

based economies [1-5].

Huang et al. [6] defined biorefinery as processes that use bio-based resources such as
agriculture or forest biomass to produce energy and a wide variety of precursor chemicals
and bio-based materials, similar to the modern petroleum refineries. Industrial platform
chemicals such as acetic acid, liquid fuels such as bioethanol and biodegradable plastics
such as polyhydroxyalkanoates can be produced from wood and other lignocellulosic
biomass. In compliance with Huang and Gonzéalez-Delgado & Kafarov [6,7] a biorefinery
is the most promising way to create a biomass-based industry.

Biorefineries are complex systems where biomass is processed to obtain energy, biofuels
and high value products. This concept can be compared to the current concept of oil
refineries where the process is based on the fractioning of a complex mixture. However,
there are two major elements that make them different: the first is the raw material,
because those used in biorefineries have not undergone the biodegradation of crude oil
over the time. So the possibilities of obtaining more products using biomass as a
feedstock are greater; and the second is the application of different existing and emerging
technologies in order to obtain bioproducts.

Furthermore, biorefining involves assessing and using a wide range of technologies to
separate biomass into its principal constituents (carbohydrates, protein, triglycerides,
etc.), which can subsequently be transformed into value-added products. The range of
products from a biorefinery not only includes the products obtained in an oil refinery, but
also products that cannot be obtained from crude oil. Biorefineries can produce energy in
the form of heat or by producing biofuels, molecules for fine chemistry, cosmetics or
medicinal applications, materials such as plastics and sources of human food and animal
feed [8,9].
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Biorefineries would present more economical options, where bio-based chemicals are co-
products of liquid fuel. Future biorefineries would be able to mimic the energy efficiency of
modern oil refining through extensive heat integration and co-product development. Heat
that is released from some processes within the biorefinery could be used to meet the

heat requirements for other processes in the system.

The biorefinery concept attempts to apply the methods that have been applied to the
refining of petroleum to biomass conversion. The goal is to maximize the value of the
products obtained from the biomass. Generally, a biorefinery approach involves multi-step
processes in which the first step, following feedstock selection, typically involves treating
the precursor-containing biomass to make it more amenable for further processing. This
step is conventionally referred as pretreatment. Following pretreatment, the biomass
components are subject to a combination of biological and/or chemical treatments. The
outputs from this step (specialty chemicals or reducing sugars) could be further converted
to chemical building blocks for further processing uses. Additionally, the conversions to
specialty polymers ready for market use, to a fuel/energy source, or use in composite

materials are possible processing options [10-12].

The concept design of a biorefinery is based at a first level in source and type of raw
material. As mentioned in the previous chapter, feedstocks can be classified in three
types. The first type of feedstocks refers to crops, determined as the first generation. The
first generation of feedstocks also makes reference to crops which are destined to food
processing to preserve food security. The second type of feedstocks (so called second
generation feedstocks) makes reference to agro-industrial residues from the harvesting
and processing of first generation materials, for instance lignocellulosic biomass. Also the
second type of feedstocks makes reference to crops that do not need special treatment
and do not threat with food security, as the case of some oilseeds (e.g. Jatropha Curcas,
Castorbean). The third and last type considered for this approach involves the uses of
algae for several metabolites production, referred as the third generation of feedstocks. A
multiproduct biorefinery from algae can be raised because the same species of algae are

capable to synthesize multiple varieties of products.
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The analysis of feedstocks considers possible relations between the different generations
of feedstocks (first, second and third generations). This establishes different sequences to
obtain different products based on the affluence of diverse material flows. For this study,
five families of products are considered: biofuels, bioenergy (referred as direct energy),
biomolecules and natural chemicals, biomaterials and food products. From the direct
relationship between feedstocks and products, biorefineries can be also classified: first
generation, second generation and third generation. Nevertheless, the biorefinery
generations are combined into one process facility, generally to include waste
management and treatment considering integrated biorefineries. At this point is evident a
Hierarchal decomposition of feedsctocks, but also products.

As can be seen in Figure 19 several relations on the hierarchy level of feedstocks induce
that both second and third generation tend to go to the first generation and the platforms
that are available for that generation.

By integrating production of higher value bioproducts into biorefineries with fuel and
power output, overall profitability and productivity of all energy related products are
potentially improved. Increased productivity and efficiency can also be achieved through
operations that decrease overall energy intensity of biorefineriess unit operations,
maximizing use of all feedstock components, byproducts and waste streams, and using
scale-up economies, common processing operations, materials, and equipment to drive
down all production costs. Biorefineries can be considered as an evolution of concepts
| i KGeenifChemistryd ©Ghemurgy [12,14-18].
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Figure 19. Hierarchical decomposition of feedstocks and products. Direct relation of
processing (Based on [13]).
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The different types of biorefineries (first, second and third generation) can be integrated
between each other. The integration levels must be coupled with sequencing. Integration
makes reference to the maximum use of resources within the same plant. Integration can
be performed between raw materials, technologies and even products. For instance, a
raw material integration case is the exploitation of GHG as substrate for algae growth [9].
Another integration case between raw materials is the waste integration between
processing sequences. As the case of technologies, energy integration using pinch
analysis is an opportunity to reduce heating sources and reduce overall processing
impact. Also the mass exchange networks for mass integration. Coupling cogeneration
schemes with different processing routes allows to cover own plant heating needs and
obtain a surplus product (electricity). The integration levels enhance the overall
performance of the entire biorefinery. On the other hand the integration level of products
can appear with a final product of a biorefinery section which can be a raw material in
other processing stage.

The production of PHB coupled into a Biorefinery was analyzed in two papers. In

Paper 5 (Appendix F), an experimental comparison in the production of bio-ethanol
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(biofuel) and polyhydroxybutyrate (biomaterial) from molasses was performed and a
techno-economic and environmental analysis of bio-ethanol and polyhydroxybutyrate
production at industrial scale from molasses and other sugar substrates (i.e. sucrose,
hydrolyzed corn starch and sugar cane juice) is also presented. The experimental results
(using Cupriavidus necator and Saccharomyces cerevisiae for polyhydroxybutyrate and
bio-ethanol production, respectively) show that the yields obtained were 0.33 and 0.38
kg of polyhydroxybutyrate and bio-ethanol per kg of molasses, respectively (Figures 20
and 21).

Figure 20. Fermentation data of PHB production from Molasses using C. necator with pH
7 (controlled), aeration (80% saturation).
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Figure 21. Fermentation data of ethanol production from Molasses using S. cerevisae
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In the simulation at industrial levels, the production of polyhydroxybutyrate and bio-
ethanol was performed with all the four analyzed substrates. The best scenario at
industrial levels in each case (i.e., bio-ethanol and PHB) were considered. Taking into
consideration the economic margin obtained for the production of both bio-ethanol and
PHB (Table 19), molasses were the best substrate followed by hydrolyzed corn starch,

sugarcane juice and sucrose.

Table 19. Comparison of production costs using different sugar sources for PHB and bio-
ethanol production

PHB Bio-ethanol
Sucrose Sugar Molasses |Hydrolyzed | Sucrose Sugar Molasses |Hydrolyzed

cane corn cane Juice corn
Iltem Juice starch starch
Raw 0.85 0.7 0.5 0.55 0.76 0.59 0.45 0.47
Materials
Operating 0.02 0.02 0.02 0.02 0.0004 0.0004 0.0004 0.0004
Labor
Utilities 0.75 0.75 0.75 0.76 0.13 0.13 0.13 0.14
Operating 0.35 0.35 0.35 0.35 0.01 0.01 0.01 0.01
Charges,
Plant
Overhead,
Maintenance
General and|0.47 0.47 0.47 0.47 0.11 0.11 0.11 0.11
Administrative
Cost
Depreciation |0.14 0.14 0.14 0.14 0.03 0.03 0.03 0.03
of capital
Total 2,68 2.43 2.23 2.28 1.05 0.87 0.73 0.76
Production
cost
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Sales price

3.12

1.1

16.42

28.4

39.91

36.84

4.76

26.44

50.68

Prices in USD/Kg of PHB

The valorization of sugar materials (see Table 20) can be calculated considering the

production costs and the market prices for both the sugar material and their value-added

products (i.e., bio-ethanol or PHB). When PHB was generated with molasses, hydrolyzed

corn starch or sugarcane juice, it showed an approximately 3.8 fold increase in the

valorization of the sugar material compared to the production of bio-ethanol. Sucrose

showed the highest increase in valorization (6.5 fold) when PHB was produced compared

to bio-ethanol.

Table 20. Economic analysis for the production of bio-ethanol or PHB from 1000 kg/day

of substrate

Product Yield Production | Sales Net Net Substrate
product/ton cost price production sales valorization
substrate cost US$ Us$ (%)

SUCROSE

Bio- 520 It 1.05 US$/L | 1.1 US$/L | 546 572 36.2

ethanol

PHB 450 kg 2.68 3.12 1206 1404 234.3

US$/kg US$/kg

CANE JUICE

Bio- 515It 0.87 US$/L | 1.1 USS/L | 412 566.5 71.6

ethanol

PHB 400 kg 2.43 3.1 960 1248 278.2

US$/kg US$/kg

MOLASSES

Bio- 4971t 0.73US$/L | 1.1 USS$/L | 347.9 546.7 137.8

ethanol

PHB 480 kg 2.23 3.1 1056 1497.6 551.1

US$/kg US$/kg

HYDROLYZED CORN STARCH

Bio- 510 0,76 US$/L | 1,1 US$/L | 408 561 100

ethanol

PHB 425 2,28US$/kg | 3,1US$/kg | 957,6 1310,4 373,57

Figure 22 shows that the production of bio-ethanol has a higher negative impact in the

acidification potential (AP) than PHB since every liter of bio-ethanol produces 25 liters of

vinasse (See Figure 22b). This highly polluting waste has to be processed hence

increasing the production costs ( up to 20%). In the production of PHB, the residual water

44.74
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does not show significant AP impacts, due to the intracellular nature of PHB that is
contained inside the biomass. When biomass is separated from the liquid media the
resulting steam remains with low levels of organic materials. Although the production of
PHB has more complex separation processes than bio-ethanol, new research and
developments are necessary to increase its techno-economic and environmental viability.
The global warming potential (GWP) in the PHB production is higher than in the bio-
ethanol production (Figure 22c), due to energy requirements in the separation stage. That
is why the separation of PHB is an important challenge for decreasing the production

costs and negative environmental impacts.

Figure 22. Environmental assessment. a)Total PEI leaving the system per kg of product;
b) AP leaving the system per kg of product; c)GWP leaving the system per kg of product
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This study demonstrates that the polyhydroxybutyrate obtained from sugar substrates
could be a more promising value-added product than bio-ethanol. These results are an
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important tool in the selection of the kind of product to produce from an specific raw

material (in these case fermentable sugars).

In Paper 6 (Appendix G), alternatives of energy and mass integrations for the production
of polyhydroxybutyrate into a biorefinery from lignocelullosic and starch-based materials
were analyzed. Rejected banana is an interesting source of polysaccharides in form of
starch (in the pulp) and lignocellulose (in the peel) that can be transformed physically,
chemically, enzymatically or microbiologically into value-added products. One of the most
important crops cultivated in Colombia is banana. This country has an average annual
banana production of 2.1 million tons (37 t/ha) (FAO, 2011). Since the banana selected
for exportation requires high quality standards such as dimensions and peel with good
characteristics, there are high quantities of banana that are rejected. In 2007, 26.46% of
the bananas produced to export were rejected. Moreover, some of the rejected banana is
not properly used and is disposed outdoors allowing its decomposition thus creating an
environmental problem. In this work, the production of PHB from banana is analyzed in
three different scenarios: i) PHB as unique product (obtained from starch), i) A
biorefinery that produces ethanol (biofuel), glucose (food) and PHB (biopolymer) from
rejected banana (peel and pulp); and iii) a biorefinery with mass and energy integration.
The profitability and environmental impact reduction of these processes were determined

and compared.

Table 21 shows the production costs in each analyzed scenario. For PHB production, the
total production costs are reduced up to 14,8% when this PHB is coupled into a
multiproduct biorefinery (scenarios 1 and 2). In scenario 2, the residual peel is used as
substrate for the production of PHB and ethanol. Moreover, the glucose produced from
hydrolyzed starch is considered as a value-added product. Thus, the hydrolyzed starch
stream is divided for direct glucose production and used for fermentation processes. As a
result, different kinds of valued-added products are obtained from banana pulp and peel,
(which was considered as a solid waste in scenario 1). The Potential Environmental
Impacts are reduced up to 30% compared to scenario 1 (Figure 23) due to that peel in
scenario 2 is not disposed directly. The water and carbon footprint are not reduced

significantly because the same energy and water demand is required for PHB production.
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Table 21. Comparison of the production costs between the proposed scenarios in US
Dollars/kg product

PHB Glucose Ethanol
Item Sc.1 Sc.2 Sc.3 Sc. 2 Sc. 3 Sc. 2 Sc. 3
Rawmaterials 0,600 0,200 0,100 0,530 0,530 0,760 0,200
Operating labor 0,050 0,050 0,050 0,005 0,005 0,050 0,050
Utilities 0,900 0,900 0,400 0,080 0,050 0,120 0,130
Operating charges, plant overhead, | 0,500 0,500 0,500
maintenance 0,200 0,100 0,200 0,100
0,470 0,470 0,470
General and administrative cost 0,040 0,020 0,110 0,070
Capital depreciation* 0140 0,140 0,140 0,030 0,030 0,030 0,030
Total Costs 2,7 2,3 1,6 0,9 0,7 1,3 0,6
Sales price 3,3 0,9 11
Economic margin (%) 22,2 43,3 106,2 0 22,2 18,2 45,4

Figure 23. Comparison between Total Potential Environmental Impacts (PEI) in the
different analyzed scenarios for the production of PHB.
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Figures 24 and 25 show a reduction in both carbon and water footprint when the PHB

production process is designed under a Integrated Biorefinery concept.
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Figure 24. Comparison of Carbon Footprint generated in the three analyzed scenarios.
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Figure 25. Comparison of Water Footprint generated in the three analyzed scenarios
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Scenario 3 has mass and energy integration in the biorefinery. Thus, the global

m3 de H20/ton polymer

consumption of energy decreased up to 30.6% and the mass integration allows a 35% in
water savings. The production costs were reduced to 26%, 22% and 53% for PHB,
glucose and ethanol, respectively. Moreover, comparing scenarios 1 and 3, the PHB
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production costs were reduced up to 40% and the profit margin increased from 22.2% to
106.2%.

In manuscript 2 (Appendix H), an integration of the PHB production process into a
Biorefinery was analyzed focused in an environmental assessment in Colombian Biofuel
industries. In Colombia, there are two important chains for the production of biofuels:
bioethanol (from sugar cane) and biodiesel (from oil palm). Based on the use of by-
products in the ethanol and sugar production (e.g. molasses, sugar cane juice) and
biodiesel production (e.g. glycerol) as substrates for PHB production, in this work three
different scenarios were analyzed for the environmental assessment in the PHB
production coupled into Colombian Biofuel Industries as follows: i) PHB production from
sugar (sucrose), ii) PHB production coupled into a Sugarcane Biorefinery (where ethanol
is produced); and iii) PHB production coupled into a Oil Palm Biorefinery (where biodiesel
is produced). In all them, a Life Cycle Assessment (LCA) was performed and then
compared. The system boundaries extend from cradle to gate, where the production of
raw materials, the extraction of fuels, energy sources, among others, were considered
under Colombian conditions as was possible. The selected functional unit was kg of PHB.
The impact of infrastructure is excluded. The environmental indicators selected were Non
Renewable Energy Use (NREU) and Green House Gases (GHG) emissions. The
economic allocation was used for the distribution of charges in every product and is

shown in Table 22 for sugarcane biorefinery and Table 23 for oil palm biorefinery.

Table 22. NREU and GHG generated in a Sugarcane biorefinery

Stage NREU GHG
(MJ/kg (CO2
sugar) eg/kg

sugar)
Agronomic 3.5832 0.2218
Sugar 0.0760 0.0040
production

Ethanol 1.94E-01 7.28E-03

production

TOTAL 3.8535 0.2331
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Table 23. NREU and GHG generated in an oil palm biorefinery

NREU (MJ/kg | GHG (CO2 eql/kg
biodiesel) biodiesel)
Agronomic 3,91554156 3,16E-01
0]] palm | 1,05E+01 6,28E-01
refining
Biodiesel 8,82E+00 4 ,45E-01
Glycerine 8,27E+00 1,16E+00
PHB 0,486728541 0,027780019
TOTAL 32,00400416 2,580786099

Tables 24 and 25 show the economic allocation assigned in every biorefinery (sugarcane

and oil palm, respectively). In scenario 1, up to 73% of the total environmental impacts

(GHG and NREU) was assigned for sugar production. Those charges were used as the

environmental impacts related to the substrate in the PHB production. In scenario 2,

clarified sugarcane juice (substrate used for PHB production) had only 0,5% of the total

environmental impacts due to the low price in the market, and low production rate

compared to the other products obtained from the biorefinery. However in the scenario 2

the functional unit was changed to kg clarified sugarcane juice. As a result, the NREU and

GHG impacts were 0,195 MJ and 0,012 kg CO.,eq per kg clarified sugarcane juice,

respectively.

Table 24. Economic allocation in a Sugarcane Biorefinery

Market price Productivity Scenario 1 Scenario 2
GHG GHG
NREU (co2 NREU (Co2
(MJ/kg eq/kg (MJ/kg eq/kg
Products Value Unit Value | Unit FiPi Allocation sugar) sugar) FiPi Allocation sugar) sugar)
kg/100 kg
Sugar 1457,0 COP/kg 9,3 sugar cane 13550,100 0,730 2,812 0,170 13550,100 0,726 2,797 0,169
kg/100 kg
Ethanol 99,6% | 2137,0 | COP/kg 1,9 sugar cane 4060,300 0,219 0,843 0,051 4060,300 0,217 0,838 0,051
kg/100 kg
Biocompost 96,0 COP/kg 6,1 sugar cane 588,480 0,032 0,122 0,007 588,480 0,032 0,121 0,007
kwWh/100 kg
Electricity 146,0 COP/kWh 2,6 sugar cane 374,913 0,020 0,078 0,005 374,913 0,020 0,077 0,005
Clarified
Sugar cane kg/100 kg
juice 102,0 COP/kg 1,0 sugar cane 102,000 0,005 0,021 0,001
Total 18573,793 1,000 3,854 0,233 18675,793 1,000 3,854 0,233
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Although economic allocation was analyzed using kg of biodiesel as functional unit, this
must be converted to kg of refined glycerine due to this is the substrate in scenario 3. In

this sense, the conversion factor used was 1:10, kg glycerol/kg biodiesel.

Table 25. Economic allocation in an oil palm biorefinery (Scenario 3)

Products Market Productivity | FiPi Allocation | NREU (MJ/kg | GHG
(COP/kg) | (ton/100 ton biodiesel) (CO2
FFB) eqg/kg
biodiesel)

Palmiste 1878 2,00 3756,00 | 0,0543 1,7385 0,1402

oil

Palmiste 266 2,86 760,76 0,0110 0,3521 0,0284

Cake

Biodiesel 2463 20,90 51476,70 | 0,7445 23,8258 1,9213

Crude 419 6,13 2568,47 | 0,0371 1,1888 0,0959

Glycerine

Refined 2063 2,59 5343,17 | 0,0773 2,4731 0,1994

Glycerine

Tusa 152 34,48 5240,96 | 0,0758 2,4258 0,1956
Total 69146,06 | 1,0000 32,0040 2,5808

Figure 26 shows the environmental impacts analyzed in each scenario ((a) NREU and (b)
GHG). The contribution of the substrate in the NREU is up to 12% in Scenario 1. The
reduction of this environmental impact using the other proposed substrates is up to
62,9% and 57,7% with sugarcane juice and glycerol, respectively. However, the impact in
the global reduction of NREU was not significant (7,5% approximately in both cases).
The share in GHG corresponding to substrate were 18%, 7,6% and 11% for scenario 1, 2

and 3, respectively.

The demanded energy represented up to 26% of the total NREU in scenario 1. When
PHB production is coupled into a sugarcane biorefinery (scenario 2), the energy
integration allowed decreasing until 84%. When is coupled into a oil palm biorefinery the
decreasing was up to 49%. This difference is due to the energetic efficiency and the
surplus of energy in each process. In general, the reduction in the environmental impacts
in the scenarios 2 and 3 compared to scenario 1 were 30 and 20% of NREU and 12,6

and 8,6 % of GHG, respectively.
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Figure 26. Environmental impacts generated during the PHB production ((a) NREU and
(b) GHG).
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When the PHB production is coupled into a biorefinery, the energetic integration allows an
important reduction in the environmental impacts such as NREU and GHG. However,
when the sugarcane and oil palm biorefineries were compared, the first system presented
a higher reduction than the second one due to the energetic efficiency in the process and
the surplus of energy obtained from the combustion of sugarcane bagasse. Although the

use of less expensive substrates such as sugarcane juice and glycerol allows a reduction
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in the production costs, these research demonstrated that it does not affect strongly the
environmental performance of the PHB production. Nevertheless, the use of chemicals in
the extraction of PHB have a high contribution in the environmental impacts. That is why,
the main challenge in the PHB production is to develop other alternative technologies for
the extraction and purification of PHB, which improve the techno-economic and

environmental feasibility of this process.

Conclusions

The PHB production costs can be decreased using different alternatives. Although the
wild strain PHB producing microorganisms are interesting possibilities that can improve
the yields in the fermentation stage and the agro-industrial wastes are very important
alternative substrates that can decrease the raw material costs, the total production costs
are not still competitive with the synthetic polymers. That is why, the production of PHB
coupled into a biorefinery is the most interesting alternative for make the PHB more
competitive. The results presented in this work are important tools for the design and
study of biorefineries, especially in the selection of process lines for the biotransformation
of agro-industrial raw materials and its by products, and the impact of the mass and

energy integration in the general production costs and environmental impacts.
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5. Supply chain management in the production of
PHB

(Based on the Book Chapter entitled: "SUPPLY CHAIN MANAGEMENT ANALYSIS IN
THE PRODUCTION OF BIOPOLYMERS: A CASE STUDY ON
POLYHYDROXYBUTYRATE" in the book: "Supply chain management in agro-industrial
processes in Colombia"[1]).

The supply chain management is an important tool for identifying the current challenges
and opportunities in the production of polyhydroxybutyrate. In this chapter, a study of the
Supply Chain Management in the production of polyhydroxybutyrate is presented. As a
result, the main sectors that are involved in the production of this biopolymer are

considered such as: raw materials, production processes, final uses and marketing.

5.1 Introduction

Supply chain management is the chain that links each element of the manufacturing and
supply process from raw materials through to the end user. Thus, supply chain
management considers the entire value chain and addresses materials and supply
management from the extraction of raw materials to its end useful life. Supply chain
management focuses on how companies utilize their suppliers' processes, technology,
and capability to enhance competitive advantage and the coordination of the
manufacturing, logistics, and materials management functions within an organization. This
analysis permits to understand the role of the economy sectors in the production of a

product or service (Figure 27).
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Figure 27. Sectors involved in the Supply Chain management
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PHB production include the use of agro-industrial raw materials, the microbiological
conversion of these raw materials into PHB, the separation and purification process of the
PHB pellet, the transformation of the pellet into the final bioplastic product, the
commercialization and marketing of the bioplastic product and the final use of the product.
All these steps in the PHB production can be analyzed across the supply chain

management analysis in the three economic sectors.

5.2 Primary sector:

The primary sector of the economy extracts or harvests products from the earth. The
primary sector includes the production of raw materials and basic foods. Activities
associated with the primary sector include agriculture (both subsistence and commercial),
mining, forestry, farming, grazing, hunting and gathering, fishing, and quarrying. The
packaging and processing of the raw material associated with this sector is also

considered to be part of this sector.

PHB can be produced from raw materials that contain different type of biomolecules such
as: fermentable simple sugars (e.g. sucrose, maltose, glucose, and fructose),
polysaccharides (e.g. starch, cellulose, and hemicelluloses), alcohols (e.g. glycerol) and

volatile fatty.

Feedstocks currently being utilized for PHB production are high value substrates such as
sucrose, vegetable oils and fatty acids. In theory, any carbon source can be utilized,

including lignocellulosic materials from agricultural by-products.
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Agro-industrial raw materials can be classified also into three main groups, namely: first
generation, second generation and third generation. Currently, the substrates used for the

production of PHB

In the Unites States, a typical raw material source for PHB production is corn steep liquor;
in the EU beet sugar is more common; and in Brazil cane sugar is the main source. High
value feedstocks such as palm kernel or soybean oil are also used with some
microorganisms. The use of less expensive carbon sources would then bring down the

biopolymer production cost.

5.3 Secondary Sector:

It consists in manufacturing and production processes. Today PHAs are still in an early
stage of industrial production, although it has been an area of intensive Research and
development (R&D) for decades [1]. Some companies have continued these efforts with
the goal to bring PHAs to the market. In Chapter 1, Table 8 shows the main PHA

producers and their locations.

The production process of PHB considers the use of renewable raw materials, the
microbiological conversions into PHB and the separation and purification processes.
Energy is obtained for PHB production from steam, electricity and natural gas. Steam is
used for media sterilization, steaming out of the reactor vessel and backing steam.
Electricity is used in agitation of reactors , cell disruption, centrifugation and the electrical
requirement to pump air in aeration. Natural gas is used to provide energy to the spray
drying process; energy which could also originate from other sources for different drying
techniques. Handing et. al. [2] show on an energy basis that the proportional contribution
of steam, electricity and natural gas can be 67.7, 21.0 and 11.3%, respectively. This is a
high steam requirement, predominantly originating from backing steam (78%).
Opportunity for process optimization through both water and energy integration studies
thus still exist [2]. Handing et. al. demonstrated that the total cradle-to-gate energy
needed for the production of PHB in this study was 42.9 MJ/kg polymer. This is made of

41.4 MJ of non-renewable energy and 1.5 MJ renewable energy. This can be broken
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down as 18.8 MJ for PHB production and 24.1 MJ for raw material production (sucrose).
This is lower than in previous studies and lower than the 737 85 MJ/kg-polymer for PP and

PE production reported by Boustead [3].

Handong et. al. [2] report that the main inputs by mass of PHB production are steam and
sucrose. A large amount of water is required, broken down as water for feed, additional
makeup water in downstream processing and wash water used between batches
(approximately three times reactor volume). This results in a large amount of wastewater
and an associated chemical oxygen demand (COD). The dominant contributions to the
environmental burden in the production of PHB are the large requirement for energy, in
particular steam, as well as the high water requirement (65 dm?® per kg polymer). The use
of fertilizer (from agricultural processes), acids and a significant number of salts, adds to
the toxicity levels of wastewater and the eutrophication potential. Despite this, the
production of polyhydroxybutyrate is more beneficial in a full cradle-to-gate life cycle

assessment study than polypropylene (PP) production.

After the PHB pellet is produced, it can be transformed in different final products. Today,
commercially available PHAs can be used for injection molding, extrusion and paper
coating. The injection molded and/or extruded PHA products cover a wide range of
applications, such as cutlery, packaging (bags, boxes and foams), agriculture mulch films,
personal care (razors and tooth brush handles), office supplies (pens), golf pins, toys and
various household wares. PHAs can also be extruded into fibers. For instance, Biocycle
offers PHA fibers that can be used for automobile carpets, dental floss and cigarette
filters [3]; Green Bio offers PHA fibers that can be used in non-woven applications. Today,
packaging and agricultural film are the most important market for PHAs. In the future, the
applications will become more diverse. PHAs are expected to gain market shares in
buildings, textiles, E&E, transportation and houseware. Besides single-use disposable

applications, producers of PHA also aim at durable products (e.g. bathroom accessories).

As for PLA, producers of PHA are not only looking at the potential for substitution in
conventional applications. PHA is also a promising material for many novel applications
where biodegradability and i increasingly - the use of renewable feedstocks are

prerequisites that conventional synthetic thermoplastic polymers cannot meet.
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The current capacity and the future capacity of major PHA producers are listed in Table

26 The (potentially) largest producers of PHAs are the Japanese company Kaneka

Co.,the US companies Telles and Meredian

Inc.,

and the Chinese companies

TiananBiological Material Co. Ltd. and Tianjin Green BioSciences Ltd., which is a joint-

venturewith DSM.

Table 26. The current and future capacity of major PHA producers

Company Trade names or | Capacity 2010 | Capacity in the future Announced (A)
products (t.p.y) or Expected (E) 2020 t.p.y

Tianan Enmat 10.000 50.000

Telles Mirel 50.000 500.000

Kaneka Kaneka (PHBH) 1.000 50.000

Green Bio/DSM Green BIO 10.000 n/a

PHB Industrial Biocycle 10.000 10.000

Mitsubishi ~ Gas | Biogreen n/a n/a

Chemical

Meredian n/a 272.000
Meredian

t.p.y: tons per year

n/a: non applicable

At present, the raw material costs account for as much as 40% to 50% of the total

production cost for PHA. Use of lower cost carbon sources, recombinant E. coli or

genetically engineered plants should all lead to reductions in production cost [4]

5.4 Tertiary Sector

The tertiary sector of the economy is the service industry. This sector provides services to

the general population and to businesses. Activities associated with this sector include

retail and wholesale sales, transportation and distribution, entertainment (movies,

television, radio, music, theater, etc.), restaurants, clerical services, media, tourism,

insurance, banking, healthcare, and law. In most developed and developing countries, a
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growing proportion of workers are devoted to the tertiary sector. In the USA, more than

80% of the labor force are tertiary workers.

Because of PHAGs good performance in t
inhuman tissue, it can be used in medical field including tissue engineering, wound
healing, cardiovascular, orthopedics and drug delivery. PHA suture, artificial esophagus
and artificial blood vessels are currently offered as commercial products [5,6].

The price of PHAs in general is presently much higher than starch plastics and other
biobased polyesters due to high raw material costs, high processing costs (particularly the
purification of the fermentation broth), and small production volumes. Today the price has
considerably decreased compared to five years ago. Tianan currently offers its PHBV at
$4. 40/ kg for. For comparison, in 2003 Bi
Met abol i xéds PHBV wadl2perkg[Bli mat ed at 0 10

Tianan expects that the price will drop to $4.00 /kg in 2010 and $3.52 /kg in 2020 along
with their capacity expansions [9]. Kaneka expects the price of its PHBHx will drop to
0$3.40 [/ kg in 20&al []i1]1have estinfated thieapnoduction cost for the
fermentative production of two types of PHAs using a detailed process simulation model.
According to their calculations the annual production of 5,000 t p.a. of poly(3-
hydroxybutyrate-co-5mol%3-hydroxyhexanoate) [P(3HB-co-5mol% 3HHX), also referred
to as PHBHXx)] from soybean oil as the sole carbon source is estimated to cost from US
$3.50 to $4.50 per kg, depending on the presumed process performance. Microbial
production of poly(3-hydroxybutyrate) [P(3HB)] from glucose at a similar scale of
production has been estimated to cost US $3.80-4.20 per kg.

5.5 Value chain in the life cycle of Biopolymers

According to Phylipsen et. al. [12], the main influencing factors along the value chain for
the whole life cycle, i. e. the production, use and waste management of bio-based

polymers. This value chain comprises the following stages:

AAgricultural crop production and harvest.

er ms

omer

o
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Alndustrial production and processing of bio-based polymers. In general, (at least) three
different stages can be distinguished: the primary processing stage in which the
agricultural raw materials are converted into basic materials or building blocks of bio-
based polymers (e. g. starch production from maize, wheat or potato as the basic material
for starch polymers, or lactic acid production from biomass as building block for poly-lactic
polymers). In the secondary processing stage, intermediates such as films, granules or
fibers of bio-based polymers are produced. In the third processing stage, the final
processing of these intermediates to end products (such as containers, textiles, etc.)
takes place. The distribution and marketing stage provides the link between the producers
and the users of the bio-based polymers. The different stages outlined here can be found
in one company, but can also be accomplished by networks of independent companies.

AThe structure of the industry involved should be kept in mind which is closely interrelated
with the market sizes, market segments and types of products that are or can be
commercialized successfully. In general, large, often multinational companies have the
know-how and the financial and organizational resources to build large production plants,
and to target large, often multinational markets. The production of bulk bio-based
polymers would most likely require the involvement of such large companies. On the other
hand, small-scale products with limited turnover, albeit commercially successful, are often
not attractive enough for the product portfolio of a large company. Another company type
is the small and medium sized enterprises (SMEs). They are often more flexible and
innovative, and products which target niche markets may be attractive business
opportunities for these companies. On the other hand, their resources are often limited

regarding large scale production, and the penetration of large, international markets.

AUse phase by customers.

AWaste management. This stage comprises different waste management options, such

as recycling, waste disposal in landfill sites, composting, biogas production, incineration.

The value chain was chosen for sorting the main influencing factors, because several
influencing factors exert their effects mainly on one or only a few stages, while others

(can) have impacts along the entire value chain. In addition, it should be kept in mind that
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there are feedback loops between different stages of the value chain, which are not

reflected in the mind map.

In Paper 7 (Appendix 1), the feasibility of the commercialization of the polyhydroxybutyrate
(PHB) biopolymer in Colombia was analyzed. In this work, the PHB’s life cycle
assessment (e.g., feedstocks, production and uses) were considered. Table 27 shows a
comparison between the negative environmental impacts generated during the production
of PHB and PP (a petrochemical polymer considered as a competitor of PHB). The results
show that a decreasing of the negative environmental impacts is presented in each of the
proposed items by the European Environmental Agency in the Life Cycle Assessment
when PHB is compared to PP. Furthermore, the PHB can be completely biodegrade in
short periods of time, while PP is considered as a recalcitrant material due to its
degradation periods can be hundreds or even thousands of years. According to the
characteristics identified above PHB can be categorized as a green product.

Table 27. Comparison between the negative environmental impacts generated during the
production of PHB and PP (a petrochemical polymer).

Environmental impact Units PHB PP Decreasing of the
environmental impact
with PHB production
compared to PP
production (%)

Abiotic Depletion kgShe, 21.8 41.4 90

Global Warming Potential (GWP | kgCOx¢q 1960 3530 80

100)

Ozone Layer Depletion (ODP) kgCFC-11, 0.00017 | 0.000862 | 125

Human Toxicity kg 1,4-DBgq 857 1870 120

Fresh water aquatic ecotoxicity kg 1,4-DBq 106 234 120

Marine aquatic ecotoxicity kg 1,4-DBq 1290000 | 1850000 | 40

Terrestrial ecotoxicity kg 1,4-DBcq 8.98 44 250

Photochemical oxidation kgCsHzeq 0.78 1.7 120

Acidification kgSOzeq 24.9 48.8 90

Eutrophication kgPO, e 5.19 5.84 10

This study demonstrated that the current market of biopolymers in Colombia is very low.
PHB in Colombia has only been produced in laboratories at universities. In the world,

some companies have developed a greater scale production of this material, trying to
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optimize production costs. One example is the company Biomatera in Canada.

At this time, the state of technology in PHB production in Colombia makes its production
costs higher compared to the PP, especially if it is produced as a unique product. This is a
disadvantage for market introduction. However, these production costs can be decreased
when inexpensive raw materials are used, coupling the PHB production process into a
integrated biorefinery, optimizing the production processes or/and modifying producing

microorganisms.

Thus, the current production and sale of PHB is not economically viable in Colombia
considering that the country has a poverty rate up to 45.5 % and the purchasing power of
Colombians is quite limited. This sector of Colombians are not willing to pay more money
for an expensive product that satisfies the same needs as other products that are less
expensive. Therefore, the PHB should be directed to a target population where
consumers have more purchasing power and are willing to pay for environmental benefits
that this product brings. However, the improving production processes and a reduction in
the production costs will allow this product to become available to most Colombians,

coupled with growing environmental awareness and education.

Different strategies for the marketing of PHB plastic bags in Colombia were proposed.
These strategies were based on the tax incentives that the government has to green
products and / or environmentally friendly processes. Moreover, this kind of products
should be accepted in markets, if the consumers are informed about the advantages that

this product has compared to synthetic polymers and other green competitor products.
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6. General conclusions and recommendations

6.1 Conclusions

Biopolymers are an interesting alternative for the substitution of synthetic polymers.
Although the production of biopolymers such as starch polymers, PLA and PHAs are still
under development, some experiences show that the application and massive use must
generate a chain of added value in the process. Additionally, the use of the biopolymers
has environmental benefits. However, some obstacles (especially in the production cost
and material quality) have limited their extended use. Thus, research and development is
the only way for the improvement of the biopolymer production processes, from the raw
materials until separation and purification steps.

In this work, different kinds of PHB producing microorganisms were analyzed and
adapted to different agro-industrial raw materials produced in Colombia. A decrease in the
PHB production costs was reached when these microorganisms were adapted to non
conventional substrates. Considering the complexity of the agro-industrial waste, different
pretreatment processes were analyzed to obtain assimilable molecules for PHB
production. In this sense, starch-based materials (e.g. rejected banana pulp, bore),
lignocellulosic materials (e.g. rejected banana peel, mandarin peel), sugar materials
(e.g.sucrose, glucose, molasses, sugarcane juice, whey) and glycerol, were used as
substrates. This variety of substrates allowed to identify the key points to increase the

availability of the PHB production processes.

Although pretreatment of agro-industrial wastes can increase the PHB production costs,
their low prices in the market can compensate this aspect. Moreover, in some cases, as
occurred with glycerol, the high yields in the PHB production using pure glycerol (98%)
compensated the increase in the production costs due to the pretreatment step
(purification of glycerol). As a result, glycerol was established as a very good potential
substrate for the PHB production using B. megaterium (a Gram-positive wild strain) and

C. necator (a Gram-negative commercial strain).
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The selection of the substrate must consider not only the yields to PHB, but also the
available guantities, the pretreatments required and the environmental impacts. The PHB
production from starch-based, sugar and lignocelullosic materials could be improved with
new and economical pretreatment processes. Thus, further optimization studies with
some of these agro-industrial wastes for the production of PHB will definitely throw light

upon the possibility of using these bacterial strains to develop cost-effective biopolymers.

In the separation stage, different technological configurations were analyzed considering
the production costs and technology maturity. As a result, the best downstream processes
were established which use a solvent extraction stage. This extraction requires heating
the expensive solvent DES up to 110°C which increase the utility costs. Consequently,
the energy demand in the extraction step is still high hence affecting the PHB production
costs.

In order to search for other alternatives to decrease the PHB production costs, mass and
energy integrations into a biorefinery were studied. This work demonstrated a reduction in
the global energy consumption of the processes, the mass requirements (water) and the
decrease in the negative environmental impacts. The obtained results show an interesting
design alternative for the PHB production in which the production costs are amortized to
the production of other value-added products, thus increasing the environmental and

techno-economic viability of the process.

PHB can be classified as a green product considering the environmental impacts
generated compared to other similar products as PP (a petrochemical plastic). Although
this study demonstrated that the current production and sale of PHB is not economically
viable in Colombia when it is produced as the unique product, the improvement in the
production processes and a reduction in the production costs will allow that this product
becomes available to most Colombians, coupled with growing environmental awareness

and education.

Different strategies for marketing PHB-based plastic bags in Colombia can be used based
on the tax incentives that the government has to green products and / or environmentally
friendly processes. Moreover, this kind of products are accepted in markets, if consumers

are informed about the advantages that this product has compared to synthetic polymers
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and other green competitor products. However, one of the most profitable scenarios for
the application of PHB-based products is in medical uses, for its excellent properties of

biodegradation, biocompatibility and physical properties.

6.2 Recommendations

This work allowed the analysis of the PHB production from different Colombian agro-
industrial wastes using wild and commercial strains of microorganisms. Thus, a
decreasing in the production costs was verified compared to the current conventional
substrates (such as glucose and sucrose). Moreover, the environmental impacts
generated during the PHB production was analyzed not only during the production
process (using WAR algorithm) but also considering the type of raw material used (with
Life cycle assessment analysis using Cradle to gate as boundary system). A reduction of
global warming potential (GWP) was verified compared to the synthetic plastics, but the
nonrenewable energy uses was quite similar. This is a result of the high energy demand
during the PHB separation stage.

Future studies in PHB production must be focused in the separation stage. The high
energy demand in this step increases the production costs. Moreover, the intracelullar
nature of PHB requires a cellular disruption step and the use of strong solvents. Different
alternatives such as homogenization with supercritical fluids, use of new solvents for PHB

extraction, microwave and ultrasonic technologies can be considered.

PHB can be used in different applications such as cutlery, packaging (bags, boxes and
foams), agriculture mulch films, personal care (razors and tooth brush handles), office
supplies (pens), golf pins, toys, various household wares, fibers and biomaterial for
medical applications. Depends on the end use of PHB, its properties must have particular
characteristics. Thus, the physical properties of the PHB pellets must be studied,
especially the influence of the type of substrate, microorganism, the fermentation regime
and the separation technology used for the PHB production which could affect the final

properties of this biomaterial. This stuff is very important for future studies of process
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standardization at industrial levels. Moreover, the standardization will allow to identify the

key points during the PHB production process that can be optimized.

The next step for the production of PHB studies is its scaling to pilot levels coupled into a
biorefinery. Thus, the influence of mechanic, hydrodynamic, physic and metabolic effects

could be analyzed and hence the optimization of the production processes be reached.
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Appendix A: Paper 1: "Biosynthesis of PHB from
a New Isolated Bacillus megaterium Strain:
Outlook on Future Developments with

Endospore Forming Bacteria"
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Abstract Diverse Bacillus strains are known as producers
of polyhydroxyalkanoates (PHAs) under nutrient-limiting
conditions. However, these limiting conditions have the
same nuiritional characteristics that stimulate spore gene-
ration in Gram-positive microorganisms. In the present
work, a new isolated Bacillus megaterium strain was
characterized based on 165 rRNA gene sequences (1,411
bp) and studied in terms of its ability for producing poly-
hydroxybutyrate (PHB) by implementing different fermen-
tation configurations on formulated media. The isolated
strain was able to produce PHB up to 59 and 60% of'its dry
cell weight during bioreactor experiments employing glu-
cose and glycerol as carbon source, respectively. The
produced biopolymer was characterized and identified by
using carbon-13 nuclear magnetic resonance (“C-NMR)
and Fourier transform infrared (FTIR) techniques. In spite
of the sporulation phenomenon existing in Bacillus strains,
obtained results demonstrate that the new isolated strain
has the potential of accumulating high levels of intracellular
PHB. Supported by these experimental results and by those
reported by other authors, the last section of this paper
gives an outlook of future research topics on PHB and
polyhydroxyalkanoate (PHA) copolymers production by
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1. Introduction

Biodegradable polymers are seen as the potential solution
to manage problems concerning global environmental and
solid waste administration [1]. These biodegradable plastic
materials can retain the desired material properties of conv-
entional synthetic plastics, and can be completely degraded
without leaving any undesirable residue [2]. With the aim
of substituting the functionality of plastics of petrochemical
origin, as well as expanding the range of application of bio-
plastics to a widespread spectrum, polyhydroxyalkanoates
(PHAS) are perceived as the most suitable materials because
of their versatility in terms of physical properties and
chemical characteristics [3]. Polyhydroxybutyrate (PHB) is
the most widely studied member of the PHA family and
the first one that has been produced at industrial scale. It
has been used, among other applications, to produce bottles,
films, and fibers for biodegradable packaging materials and
as mulch films for agriculture. However, applications of PHB
are not restricted to these areas, and they have been extend-
ed to osteosynthetic materials, bone plates, surgical sutures,
rivets, tacks, and many other materials in medicine [4].
At industrial level, PHB is commonly produced from
Cupriavidus necaror (formerly Alcaligenes eurrophus) and
Alcaligenes latus (also known as Azohvdromonas lata).

@ Springer
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These bacteria can accumulate PHB up to 80% of the dry
cell weight [5]. PHB produced from these Gram-negative
organisms 15 emploved in a wide varety of products.
However, for its use in the area of biomedicine, an extra
separation stage should be carmied out [4] since Gram-
negative organisms contain endotoxins in the outer mem-
brane lipopolysaccharide (LPS). Gram-positive onzanisms,
such as Bacillus sp., do not have LPS, and they are
therefore potentially better sources of PHB for biomedical
applications [6]. In addition, strains of genus Bacillus grow
very fast on a great diversity of cheap substrates. However,
the principal problem associated with PHB production
from Bacillus strains is the difficulty to accumulate high
guantities of PHB wsing standard methods, such as high
ratios of carbon to nitrogen, carbon to phosphorus, or low
oxyeen supply, becawse these methods induce sporulation
[7] and therefore, low PHB productivities.

In contrast, since PHB could be produced by diverse
refined carbon sources [8], one of the major problems that
hinder its industrial production is the cost of the carbon
source. For this reason, recent research imtiatives aim at
the utilization of agricultural or industrial waste and by-
product streams for biopolymers production [8]. Crude
glvcerol, one of the major byproducts generate during
biodiesel production, represents one interesting alternative
for overcoming the economic problem related to PHB
production as well as crude glycerol treatment. Thus, the
development of bioprocessing strategies based on crude
glvcerol could generate a sustainable PHB production [9].

One of the principal aims of this work is the evaluation,
at an experimental level, of a new isolated B. megaterium
srain in terms of its ability to produce and accumulate
PHB during limited culture conditions, which are the same
nutritional characteristics that stimulate spore generation in
Bacillus strains. The capability of this strain for producing
PHB is evaluated by implementing different bioreactor
cultures using two different carbon sources: glucose and
glycerol. Taking into account the bottleneck concerning
gpore formation in Bacillus strains, the last section of this
paper assays another of the purposes of the present work:
to establish a base for restructuring the current trends on
PHAs production employing Gram-positive microorganisms.
In this direction, three important points are assessed and
evaluated based on the experimental results obtained in this
work and in those published by other authors working in
the same area

2. Materials and Methods

2.1. Isolation, identification and sequencing of a PHB-
producing microorganism

For the isolation of PHB-producing bacteria, soil samples
were taken from superficial sediments of the Bahia Blanca
Estuary (38°45" and 39°40° S, and 61°45" and 62°20° W,
Buenos Aires, Argenting). Ten grams of sediments were
suspended in 90 mL sterile saline solution (1.5% NaCl,
0.04% MgCl, and 0.01% KCI) and homogenized in an
orbital shaker at 200 rpm for 10 min. Suspension samples
were heated at 80°C for 10 min in a water bath and then
serially diluted in sterile saline solution. Aliquots of 0.1 mL
were placed on minimal salt medium of Winogradsky [10],
amended with 0.1% NH,;NO;, 0.1% KH2PO,, 1% glucose,
and 1.2% Agar, pH: 7.2. The plates were incubated at 30°C
for 48 h. The isolates were phenotypically characterized by
the Gram reaction, spore morphology, and the catalase test.
Physiological properties of the isolates were investigated
according to Bergey's Manual of Determinative Bacterio-
logy [11]. At least 5 different isolates were identified; the
strain called BBST4, a Bacillus sp. microorzanism, ex-
hibited the highest PHB accumulation compared to the
others. Strain BBST4 was therefore selected for the follow-
ing stages of this study. The PHB-producing capabilities
were initial and gualitatively determined by Sudan black
[12], and subsequently confirmed by using Nile blue [13]
and Nile red [14] staining methods.

DNA from the isolates BBST4 was extracted using the
Wizard Genomic DNA Purification kit (Promega Corpora-
tion, Madison, WT). The 168 rRNA gene sequence (corre-
sponding to positions 27-1492 in the Escherichia coli
rene) was PCR-amplified as described by Delong [15],
using a Multigene Gradient Thermal Cycler (Labnet Inter-
national Inc., Woodbridge, NJ). Sequencing on both strands
of PCR-amplified fragments was performed using the di-
deoxy chain termination method by the commercial services
of National Institute of Agricultural Technology (TNTA,
Argentina). The 168 rRNA gene sequences were compared
to the GenBank nucleotide database with BLAST [16] and
identified using the EzTaxon program [17]. Sequences were
deposited at the GenBank database (http://www.nchinlm.
nih.gov) under the accession number: HM119600.1.

2.2, Media and culture conditions

The composition of the growth and PHB production medium
for bioreactor experiments carried out with glucose and
glveerol as carbon sources was (g/L): (NH;)RS50, (1),
K;HPO, (1.5), MgS80,TH,0 (02), Na,HPO, (9), and 1
mL of trace element solution containing (g/L): FeSO,TH:0
(10), MnSO,-4H.0 (0.5), ZnSO,-TH.0 (2.25), CuS0,-5H.0
(1), CaCl,2H,O (2), H;BO, (023) (NH4)Mo,0,, (0.2),
and 10 mL of HCL Inoculum preparation for bioreactor
experiments was developed by using three 250 mL flasks
with 100 mL of nutrient broth cultivated for 24 h. Biomass
was separated from nutrient broth by centrifugation,
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washed twice with 25 mL of sterilized salt medium, and
diluted in 50 mL of fresh sterilized salt medium for
inoculation. All media were sterilized 15 min at 121°C and
cooled to 33°C prior to use. Batch and fed-batch expen-
ments were carried out in a 3.7 L Lab Fermenter (Bio-
engineering, Switzerland) with 1.6 L of working volume.
The bioreactor vessel was sterilized for 20 min at 121°C.
The pH was adjusted and maintained in 7. In the course of
the batch fermentations, pH was adjusted by automatic
addition of 1 N NaOH and 1 N HCI; whereas during the
fed-batch fermentation, pH was automatically controlled
by employing a pH-stat fed-batch methodology with an
alkaline solution contaming 40 /L. glucose and an 1 N HC1
solution. Dissolved oxvgen concentration in batch and pH-
sat fed-batch fermentations was maintained at 20%
saturation value by automatically adjusting the impeller
speed as well as the airflow rate.

2.3. Chemicals

All chemicals were obtamned from Sigma-Aldrich Company
Ltd. (USA). Gas chromatography was performed using
analvtical grade reagents also obtaned from Sigma-Aldrich
Lid.

2.4, Analytical methods

Biomass was determined by optical density measurements
at 600 nm (Spectronic spectrophotometer, Thermo SCI-
ENTIFIC GENESYS 20) and by measuring the dry cell
weilght after centrifugation at 6,000 rpm for 20 min and
drying at 70°C until constant weight. Glucose and glycerol
concentrations were measured by high-performance liquid
chromatography (HPLC) (Agilent 1100, Agilent Techno-
logies, Palo Alto, USA) with refractive index detector and
a sugar column (ULTRON PS-80, Shinwa Chemical
Industries). The ammomum ion concentration in the culture
broth supermatant was measured using the Kjeldahl method
by distillation. PHB was measured by gas chromatography
coupled with a mass detector (Aglent Technologies 6850
series [T coupled to a mass chromatograph A gilent Techno-
logies 5975B) using the methodology proposed by Braunegg
et al. [18]. The column used was a HP-5MS (0.25 mm of
internal diameter, 30 m length). The carrier gas was He,
and the injection temperature was 230°C. Separation
temperatures were: 80°C for 4 min; temperature ramp of
8°C/min unti]l final temperature, and 160°C for 6 min.
Benzoic acid was used as internal standard.

2.5. Extraction of PHB

For the extraction of PHB, the cells were harvested by
centrifugation at 6,000 rpm for 10 min and then lyophiliz-
ed. The cell mass was lysed in sodium hypochlorite (16%,
viv in water) at 37%C for 12 h, centrifuged at 5,200 rpm,

and the residue was washed twice each with water, acetone,
ethanol and diethyl ether [6,19]. Finally, the residue was
dried and subjected to soxhlet extraction for 24 h using
chloroform as solvent. The chloroform solution contaiming
the PHB was concentrated by evaporation and the PHB
precipitated using ice-cold methanol. Then, the precipitated
was centrifuged and air-dried at room temperature.

2.6. Fourier transform infrared (FTIR)

For FTIR analvsis, PHB samples were dissolved in chloro-
form and then added to a NaCl window. After complete
solvent evaporation, FTIR spectra were recorded with a
NICOLET FTIR 520 spectrometer in the range of 4,000 ~
400/cm. A total of 20 scans were recorded per sample with
a 2/cm resolution.

2.7. Nuclear magnetic resonance (NMR)

Muclear magnetic resonance spectra were recorded at
125 Hz (“C-NMR) using deuterated chloroform (CDCls)
as a solvent. For each analysis, 10 mg of sample and 1 mL
of solvent were employed. The equipment used was a
BRUCKER 400 NMR spectrometer.

3. Results and Discussion

3.1. Phyvlogeny of the isolated PHB-producing bacteria
Several microbial strains were isolated from superficial
sediments of Bahia Blanca Estuary. Microbial cell growth
and PHB-producing capabilites of all isolates were
evaluated by shake-flask experiments. According to its
marked capabilities to grow and accumulate intracellular
PHB granules, a strain called BBST4 was selected for the
subsequent stages in this study. This isolate was identified
using a series of biological tests. Microbial properties were
investigated according to a set of methods described by
Buddingh [11]. The BBST4 strain was identified as a
member of the genus Bacillus. Further characterizations
based on the results from the 168 rfENA gene sequences
(1411 bp) demonstrated that bacteria BBST4 belongs wo
genus Bacillus, with 100% 168 rDNA sequence homology
to Bacillus megaterium.

3.2. PHB production in shake fasks and batch and
Fed-batch fermentations

Previous to bioreactor experniments, different shake-flask
cultures were carried out m order to set the principal vari-
ables affecting cell growth and PHB production (data not
shown). From these tests it was found that both fermenta-
tion temperature (33°C) and nitrogen source ((NH,)50,)
were the most determinant factors on microbial growth and
biopolvmer synthesis. Table 1 presents the results from

o N
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Table 1. Comparison of different bioreactor experiments using Bacilliy megaterium BBST4, with glucose and glycerol as carbon source

Productivity (g/L/h)

s Carbon . ) 1 Time DCW FHB FHB RB
Fermentation Source Culture (z'L) (h) (z/L) (zL) (%) (z/L) PHB RDW
GLU-1 Glucose batch 20 34 5.1 30 50 2.1 0.088 0.062
GLU-2 Glucose fed-batch 25 32 113 i3 29 8.0 0.103 0.251
GLY-1 Glyeerol batch 20 42 57 34 1] 23 0.081 0.055
GLY-2 Glyeerol batch 50 32 78 24 3l 54 0.075 0.168

*Imitial carbon source concentration.

four bioreactor experiments developed with B. megaterium
BBST4 using glucose and glveerol as carbon sources. Two
bioreactor experiments (batch and fed-batch) were con-
ducted using glucose as carbon source; whereas the other
two batch fermentations were carried out using glycerol.
The main purpose of these four fermentations was to
identify the effect of imiting conditions on B. megaterium
BB5T4 growth and biopolymer production. Regardless of
the carbon source used, experiments GLU-1 and GLY-1
were performed under identical work conditions. The only
gignificant response between them was the whole culture
duration, which was higher for fermentation GLY-1. This
could be attributed to the trouble of B, megaterium to
rapidly metabolize glycerol as the sole carbon source. In
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fermentations GLU-2 and GLY-2 more drastic limiting
conditions (higher carbon to nitrogen ratio) were imposed
in comparison with their counterparts GLU-1 and GLY-1.
Results presented in Table 1 show that both GLU-2 and
GLY-2 expeniments vielded better dry cell weight (DCW)
and residual biomass levels than GLU-1 and GLY-1, re-
spectively. However, the PHB accumulations were sigmifi-
cantly lower. Fig. 1 shows bioreactor experiment profiles
for glucose fermentations GLU-1 and GLU-2. DCW, glucose
and total nitrogen concentrations, together with the PHB
accumulations are presented as a function of fermentation
time.

Productivities obtained during fed-batch fermentation
GLU-2, as commonly happens in the case of secondary
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Fig. 1. Changes in dry cell weight (DCW), glucose, % PHB into cells, and nitrogen as a function of time for GLU-1 and GLIU-2
fermentations with Bacillus megaterion BBST4. Symbols: GLIU-1 (closed circles) and GLU-2 (closed squares).
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metabolites, were larger than those corresponding to batch
experiment GLU-1. However, the major difference between
GLU-1 and GLU-2 fermentations was the percentage of
intracellular PHB. For almost all the PHB-accumulating
microorganisms, such as C. necator, A. latus, and recombi-
nant £ cali, larger PHB accumulations are usually achiev-
ed by using fed-batch instead of batch configurations. Fed-
hatch methodology is able to trigger the two different
metabolic stages necessary to accumulate high levels of
PHB: balanced cell growth with low biopolymer bio-
svnthesis followed by a high PHB hiosynthesis without
residual biomass production. Nevertheless, for the case of
Bacillus species, it is typical to find opposite resulis since
energy normally used to produce PHB is also emploved for
spore formation, resulting in a decreasing of PHB synthesis
when these limiting conditions are imposed. This trend was
also found in fermentations GLY-1 and GLY-2: a higher
carbon to nitrogen ratio resulted in lower PHB accumu-
lations. These kinds of results have also been obtained by
Kulpreecha ef al. [20], who reported 62% of intracellular
PHB in a batch operation in comparison with a 42%
accumulation during an operation with higher limiting
conditions using Bacillus megaterium BA-019 on sugar-
cane molasses. Experimental results presented in Table 1
and those reported by Kulpreecha ef al. [20] demonstrate
that limiting conditions imposed in fermentations GLU-2
and GLY-2 induced spore formation and therefore low
PHB productivities. The superior residual biomass concen-
trations obtained in these two bioreactor experiments con-
firm their findings. Two interesting characteristics of the
isolated B. megateriton BBST4 strain can then be mention-
ed: first, this microorganism has the ability to accumulate
high amounts of PHB by applving proper fermentation

strategies; second, this high PHB productivity can be obtain-
ed by using glvcerol as the carbon source. The second
point is especially important in terms of development of
economically sustainable bioprocessing strategies, since
the utilization of byproducts as glveerol could considerably
reduce final PHB production [8].

In terms of productivity, the level of PHB accumulated
in Bacillus species is the bottleneck for future industrial
applications. The fact that these Gram-positive micro-
organisms do not have the outer LPS membrane offers
better prospects for improving PHB production in these
microornzanisms. The absence of the LPS membrane in
Gram-positive bacteria means that PHB produced from
these microorzanisms has a promising future for biomedical
and tissue engineering applications. Under this idea, aiming
at emphasizing the last advances on PHAs production from
Bagillus strains, Table 2 presents a brief summary of recent
published works conceming biopolvmers synthesis from
different feedstocks and carbon sources using these Gram-
positive microorganisms. Experimental results obtained in
this work are also compared with the corresponding values
reported by other authors. Results are compared in terms of
intracellular biopolymer accumulation and the kinds of
PHA copolvmers that can be produced.

The highest PHB accumulation in Bacillus strains was
reported by Yilmaz and Bevatli [23] by cultivating Bacillus
cerenws M5 on beet molasses. However, the PHB produc-
tivity (0,001 g/1./h) obtained by these authors is too low for
practical applications. It should be stressed that Bacillus
megateriton BBST4, as well as the other Bacillus strains
reported in Table 2, have the ability to accumulate high
PHB amounts at high total DCW wvalues. Experimental
results presented in this contribution were obtained by

Table 2. Comparison of some PHA-producers Bacillus strains based on therr levels of intracellular biopolymer accumulation and the kind

of PHA copolymer produced

Microorganism Carbon source Culture PHA® PHA (%) Reference
B megaterium BBST4 Glucose, glycerol Batch, fed-batch PHB 29 ~ 60 This work
B megaterium DSMZ 50 Glueose, fructose, sucrose Fed-baich PHB 63 [21]

B megaterium SREKP-3 Dairy wastes, fee bran, sea water  Shake flask, fed-batch PHB 6.4~11.3° [22

B megaterium BA0-19 Sugarcane molasses Shake flask, batch, fed-batch PHB 24 ~ 62 [20]

B. cereus SPV Glucose Shake flask, batch, fed-batch PHB 16 ~ 38 (6]
Bacillus sp. IMa3 Sugarcane molasses Batch, fed-batch PHB 25 ~35 7

B cereus M5 Sugarbeet molasses Batch PHB 74 [23]

B. megaterium OU3I03A Glucose, glycerol Shake flask PHBWV® 48 ~63 [24]
Bacillus sp. 88D Glucose, glycerol Shake flask PHBY® 42 ~65 [25]
Bacillus sp. 871 and 1124 Lactose, galactose, fructose, glucose, Shake flask PHAs* 25 ~70 [26]

mannitol, sucrose, maltose, starch
Bacillus sp. INT003 Glucose, butyrate, hexanoate, Shake flask PHAs® 13 ~ 64 [27]

valerate, octanoate, decanoate

*(Class of copolymer accumulated; "PHB concentration in gL (authors do not report biomass concentrations); “P(3HB-co-3HV ; diverse PHA

copolymers.
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Fig. 2. FTIR spectrum obtained for extracted PHB sample.

using synthetic media containing puri fied chemicals. This
fact 1s not viable in terms of PHB manufacturing since
fermentation media can contribute 28 ~ 30% of the total
production costs [28]. However, our results are prelimin-
ary, and they have demonstrated that the new isolated B.
megaterium strain is able to grow and simultaneously ac-
cumulate high levels of PHB. In addition, this micro-
orgamsm 1s able to metabolize glycerol as sole carbon
source. This fact is economic and environmentally relevant
since glycerol is one of the principal byproducts generated
bw the growing biodiesel industries [29]. Currently, we are
developing experimental bioprocessing strategies in order
to improve PHB vields and productivities based on the
utilization of complex and cheap feedstock media pro-
duced from renewable resources and industrial byproduct
streams. As it 1s known [830], complex media generated
from these inexpensive materials have very high amounts
of nutrients, such as amino acids and peptides, which lead
to improve cell growth and metabolite biosynthesis. In the
last section of this studv, a deeper analysis is carried out
with the principal objective of extending the current
prospective of PHB production from Bacillus strains.

3.3, Chemical structure from FTIR and NMR

FTIR. and NMR spectroscopy were applied in order to
confirm the PHA structure of biopolymer produced from
Bacillus megaterium BBST4. FTIR spectrum obtained is
shown in Fig. 2. PHB structure can be perfectly confirmed
in comparison with spectra reported by Bavan and Severcan
[31]. The bands found at 1,724 and 1,278cm corresponds
to the ester carbonyl group and to the -CH group, respec-
tively. As it was demonstrated by Hong et al. [32], these
two bands are completely characteristic of PHAs. The band
found at 1,452/cm corresponds to the asymmetrical defor-
mation of the C-H bond in CH: groups; whereas the band
at 1,380/cm is assigned to symmetric wagging of CH,
groups. The band at 1.230/cm is the conformational band
of the helical chains; whereas bands at 1,186 and 1.133/cm

C=0 | cH, CH:

ppmz00 175 15 135 100 75 50 5 0
& (ppm)

Fig. 3. Proton-noise-decoupled °C NMR specra at 125 MHz of
PHB.

are characteristic of the asymmetric and symmetric stretch-
ing wvibration of the C-O-C group, respectively. The
remaining bands located at 1,000 ~ 1,300/cm correspond to
the stretching of the C—O bond of the ester group. Bands
found at 3,444/cm are originated by terminal OH groups or
to water adsorption on the sample.

The “C-NMR spectrum is shown in Fig. 3. Observed
peaks coincide with the different types of carbon atoms
present in the PHB structure: carbonyl (C=0), methine
(CH), methylene (CH,), and methy]l (CH;) groups. Also,
chemical shift signals obtained for PHB are reported in
Table 3, and these values are also compared with those
reported by Doi ef al. [33]. Because of the absence of other
chemical shift signals into the spectra, present monomeric
units that are different from 3-hydroxybutyric acid are
discarded. Tt should be pointed out that there were not
significant differences between biopolymer properties and
characteristics when glucose and glycerol were used as the
carbon source. Reported characterization results are repre-
sentative for all fermentations carried out in this work.

34. Discussion and outlook on PHAs production by
Bacillus strains

Table 3. "C-NMR chemical shifi signals obtained for PHB
extracted from Bacillus megaterium BBST4 and those reported by
Doi ef al. [33]

Chemical shift { ppm)

Group . —
PHB from B. megaterium BBST4 PHB [33]
=0 169.50 169.16
CH 68,04 67.64
CHa 41.29 40.82
CH; 20.22 19.79
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Motivated by the drawback of spore formation in Bacillus
species, which was confirmed in the present contribution,
it should be stressed that PHAs research methodologies
that are being currently developed for Gram-negative micro-
organisms could be perfectly applied to Bacillus and other
Gram-positive strains in order to improve their present
level of biopolvmer vield and productivity. It should be
stressed that the following topics could be combined with
the mean objective of reducing PHAs production costs and
improving both biopolvmer productivities and characteri-
stics: (1) develop bioprocessing/hiorefinering strategies using
Bacillus strains as PHAs producers, involving renewable
raw materials and indusirial byproducts; (i1) apply bioreactor
optimization technigues, such as dywnamic optimization,
introducing kinetic models taking into account the sporula-
tion phenomenon present in Bacillus species; and (1)
improve PHAs structures and characteristics based on the
hiosvnthesis of diverse PHA copolymers with a broad
gpectrum of industrial and medical applications.

Although this class of conjugated methodologies has not
been developed so far, nor even for Gram-negative micro-
organisms, in the following paragraphs we cite particular
contributions already published that support our view.
These three methodologies should be combined so as to
reach the desired level of PHAs production from Bacillus
strains.

Recent published works have demonstrated the viability
of producing high PHB amounts by using biorefinery
structures totally based on wheat using the Gram-negative
bacterium Cupriavidhis necator [34.35]. In these bioprocess-
ing strategies, previous to the fermentation stage, feedstock
media can be produced not only from wheat [36-38] but
also from other industrial byproducts like rapeseed [39],
and many other wastes and byproducts [8]. In this way,
instead of O necator, Bacillus strains could be directly
emploved as PHB producers. Besides reducing biopolvmer
production costs due to the utilizaton of cheaper raw
materials, industrial byproducts, and not synthetic chemicals,
this methodology would also trigger lower sporulation
levels, since these feedstock media are highly rich in a
great variety of nutrients [36,39]. Results reported by
Kulpreecha ef al. [20] and Yilmaz and Bevatli [23] confirm
the previous hvpothesis. Kulpreecha er al [20] have
developed several bioreactor experiments by cultivating a
Bacillus megateritam strain on sugarcane molasses. They
have obtaned high cell densities (72 g/L.) with a PHB
concentration of 30.5 g’ during pH-stat fed-batch fermen-
tation. Whereas, Yilmaz and Bevatli [23] developed shake-
flask fermentations achieving a PHB accumulation of
almost 74% by using 10 gL beet molasses and a Bacillus
cerens stramn. It should be pointed out that these improved
characteristics for producing PHB were induced by the

complex nutritional components present in molasses media
used by these authors. Sufficient amowunts of phosphate and
nitrogen present in these inexpensive byvproducts beside
them in potential carbon and nutrient sources for PHAs
production [30].

The hvpothetical implementation of the previously
described bioprocessing  strategies does not necessarily
produce optimal PHB results in terms of vield and produc-
tivity. Bioreactor optimization techniques should be applied
in order to achieve higher biopolvmer productivities. In a
previous works [40], we have shown that a dynamic
optimization technique is a powerful tool that can predict
and optimize the two metabolic stages associated to PHB
bioswynthesis, and those of many other secondary metabo-
lites. For the case of Bacillus strains and based on available
experimental results, a more detailed kinetic model includ-
ing a term of sporulation must be developed in order to
reduce and minimize this effect during fermentations with
a large level of limiting conditions. Then, a correct combi-
nation of this kinetic model with dynamic optimization
techniques on fed-batch bioreactors would improve bio-
polvmer production in Bacillus strains while sporulation
would decrease significantly. The aforementioned hvpo-
thesis is supported by experimental results reported by
Sabra and Aboud-Zeid [21]. These authors have obtained
very high PHB accumulations in fed-batch operations with
a Bacillus megaterium strain. They have improved the
bioreactor feeding strategies, attaining a PHB accumulation
of 65% on synthetic medium. Thus, they demonstrated
through the implementation of adequate feeding strategies
during a fed-batch operation that sporulation phenomenon
associate to Bacillus strains can be substantiallv reduced or
almost totally avoided It 1s then possible to improve the
current levels of PHB accumulation and productivities by
implementing and combining the abovementioned meth-
odologies: a bioprocessing scheme and dynamic optimi-
zation.

Finally, another important advantage that should be kept
in mind is that PHA synthases from Bacillus have the
ahility to produce both short and medium chain length
PHAs [24.27.41]. This means that Bacillus strains can
potentially produce novel and known PHA copolvmers
with a range of different monomeric compositions and
therefore, could be used for a larger spectrum of commer-
cial applications. Polvhydroxvbutyrate, which is constituted
solely by 3-hvdroxvbutyric acid monomers, has relatively
high melting and glass transition temperatures. Also, it is
both stiffer and more brittle than svnthetic plastics, such as
polypropylene. Mentioning only one of many possible
PHA copolymers, the incorporation of 3-hydroxyvaleric
acid monomer units into polymer chains addresses some of
these issues. With increasing concentrations of valerate
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units from 0 to 25%, the flexibility and toughness are
greatly improved [42]; while a decrease in the melting
point creates a more suitable temperature range within
which the polymer can be processed without being de-
graded. These PHAs can be even improved and adapted to
particular characteristics if other copolymers structures are
produced by manipulating the fermentation conditions.
This 1s, therefore, another incentive to future developments
on PHAs from Bacillus strains. Future sustainable bio-
processing or biorefinering structures could be then destin-
ed to PHAs production with particular polvmer characteri-
gics, while renewable materials, wastes, and industrial
byproducts are optimally wed and exploited during the
upstream and bioreaction processing stages.
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Kinetic modeling in the production of PHB by Bacillus
megateriumusing glycerol as carbon source
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Abstract

The aim of this research is to present different mathematical models to describe the culture kinetics of
Bacillus megateriunfor the production of polyhydroxybutyrate using glycerol as carbon source. Different
kinetic models were used and the Simulation Optimization methodology was applied for the estimation of
the growth parameters. The predictions of these models were aampiih experimental data and the best
model was selected. These mathematical models represent the production of Ba¢Blusy megaterium

and couldbe useful tools for the design, improvement, optimization and control of the process. The
SimulatiorOptimization methodology is an interesting option for the calculation of the optimum parameters

in a mathematical model especially when a large number of input variables are present and the simulation
model is complex.

Key  wordsKinetic madel,  Bacillus megaterium, Simulation optimization, glycerol
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Nomenclature plastics. The total PHB production cost depends on
. ' _ the microorganism (yield and productivity), the
b: specific growth rate of the microorganisms carbon and nitrogen sources (substrates), the

fermentation stage (temperature, aeratioardactor
design), recovery and purification processes. The
carbon source could represent between 25 to 45 % of
S: concentration of the growth limiting substrate  the total production costs [4, 5]. Many studies have
been developed in order to find less expensive
K< empiricalcoefficients to the Monod equation  carbon sources. Substrates such as whey,
lignocellulosic materials and glycerol have been
Kis: Inhibition constant studied [515]. Crude glycerol is generated as a co
product in the production of biodiesel. For every 100
Ibs of biodieselproduced, 10 Ibs of crude glycerol are
generated [15]. Although uoe glycerol is an
important industrial feedstock, the growth of the

Mmax iS the maximum specific growth rate of the
microorganisms

R: Residual biomass

P: Product (Polyhydroxybutyrate)

S;: Glycerol concentration biodiesel industry has carried out a glycerol surplus
causing a major decrease in the market price of
Sz; Ammonium Sulphite concentration glycerol [16]In order to convert glycerol to added

value  products, chemical and biological
transformations have been analyzed [13lycerol

can be used as a carbon source by several PHB
producing bacteria and they can lrarg positive or

m: maintenance constant gram negative strain€urrerly, PHB is produced at

an industrial scale using Gram negative bacteria.
Nevertheless, Gramegative organisms contain
lipopolysaccharides (LPS) which induce a strong
immunogenic reaction [18].This feature is therefore
undesirable for biomedical applicatis. Gram
positive bacteria lack LPS and are potentially better
sources of PHB to be used wfbmedicalpurposes
[19]. Bacillus megateriunis a Gram positive, strict
Polyhydroxyalcanoates  (PHAs) are  attractivgerobic, non motile, rod shaped, spore forming, and
substitute  biopolymers ~ for  conventionabHB producer bacterium. Several stsdave been
petrochemical plastics which have similar physicgkrformedwith this microorganism using different
properties to thermoplastics and elastomers [&]ibstrates as carbon sources such as molasses, liquid
PHAs are homo or heteropolyesters and can dgep corn [20] and glycerol [21, 22]. However, the
synthesized and stored iatellularly by many fermentation process must be improved for industrial
bacteria in the form of granules.It can account for @pplications. The improvement proces in the

to 80% of the total bacterial dry weight [1, 2]. PHAfrmentation stage needs a good knowledge of the
can be produced from renewable sources througfegnentation kinetics. Although there are several
fermentation process under restricted growiBsearches about the kinetics ofPHB production with
conditions for nitrogen, phosphe, sulfur and/or microorganisms, most of them are for Gram
oxygen in the presence of an excess carbon soyegative bacteria such aurpriavidusnecatof23-
[3].Polyhydroxybutyrate (PHB) was the first type ofg], Pseudomonas putifv]
PHAs discovered and the most widely studied. PRfadHydrogenophagapseudoflgfes]. Nevertheless,
has similar mechanical properties to conventionfkre are no kinetic studies with Bacillus
plastics like polypropylene or polyetlene, but its megaterium Mathematical models facilitate data
production costs are higher than the petrochemiggllysis and provide a strategy for solving problems

Yrsisz Yield residual biomasglycerol

Ypise Yield polyhydroxybutyrateglycerd

1. Introduction
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encountered in fermentation processegormation
on fermentation process Kkinetics is potentially

valuable for the improvement of procesd-2- Culture media
performances. A kinetic model has the potential
approximate and predict whether a cell growth m
contain biopolymers[23].

‘Ff]e seeding medium was prepared with the
?%Iowing concentrations: (NH,),SO, , 1g/L;
KH,PQO,, 1.5g/L; NaHPQO,, 9g/L; MgSO, - 7H,0,
0.29/L; and 1 mL of a trace element solution
composed by: FeSQO 7H,0, 10g/L; ZnSQ, - 7H,0,

The SimulatiorOptimization (SO) methodology is 2.25¢g/L; CuSQ - 5 H,0, 1g/L; MnSQ, - 4H,0, 0.5
used in this work to establish the kinetic parametey4; CaClL - 2H,O, 2 g¢/L;HsBO, , 0.23 g/L;

of PHB production by Bmegateriunusing glycerol (NH,),M0,0,4, 0.2¢g/L; and HCI, 1@nL. The carbon

as carbon sourceSimulatiorOptimization can be sources used was pure glycerol (99%). The carbon
defined as the process of finding the best inmdurce and the MgSO.7H,O were autoclaved
variable values from among all Eisilities without separately and added aseptically to the medium after
explicitly evaluating them individually. The maircooling.

goal of theSO methodology is to minimize the

resources spent while maximizing the informatich3: Batch cultivations

obtained in a simulation experimentWhen t

mathematical model of a system is studied USiPog 36 h in a 1.5 liters Biotron fermenter with a
simulation, it is called aimulation model[29]When . ' .
working volume of 1.2 liters. 10% v/v of a grown

the number of input variables is large and the _ .
. . . ) . ormulated medium was used as preinoculum.
simulation model is complex (as in this case), t

. . . . ermentations were carried out at 33°C and 250 rpm.
simulation experiment may become computationa ¥1 - :
orohibitive e initial glycerol concentration was (L.

e fermentations to produce PHB were carried out

2.4. Analytical Methods
The aim of this research is to presentahematical

modeling approach in order to describe the cultuB®@mass
kinetics of the bacteriurBacillus megaterium for . .
the production of polyhydroxybutyrate from glycerdpiomass was measured using the dry weight

as carbon source using different models and applyfRghniaue. Briefly, ImL samples were collected in
the SO methodology. previously dried and weighed microfuge tubes and

centrifuged at 12.000 rpm for 10 min. Then, the

resulting supernatant was discarded and the pellet

was washed with distilled water, centrifuged again
2. Materials and Methods and the excess of water disdad. The final biomass

was weighed after drying for 48 h at 60°C.
2.1. Bacterial strains

PHB extraction
The Bacillusmegateriunused in this work is a wild

strain isolated from superficial sediments of thfter fermentation, cells were harvested by
Bahia Blanca Estuary (Buenos Aires, Argentina) aagntrifugation at 18°C and 6.000 rpm for 20 min and
characterized as a PHB producer in the presencéhen the intracellular PHB was extracted using the
an excess carbon source and nitrogen restriction [2fjoroforni hypochlorite  dipersion  extraction

. The stock culture dapted to glycerol as the solgnethod. Briefly,the dispersionmedantains SenL
carbon source was maintained at 4°C after growth@n chloroform and 5L ofa diluted sodium

a formulated agar medium .The adapt& hypochlorite solution in water(30% wt.), in an orbital
megateriuncells were stored a80 °C in 2mL cryo- shaker at 100 rpm. The cell powder was treated at
vials containing 30% glycerol and 70% of the grows8°C for 1 h. The mixture obtained wasen
liquid culture. centrifuged at 4000 rpm for 10 min, which resulted
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in three separate phases. PHB was recovered from
the bottom phase that contains PHB dissolved in o
chloroform. PHB is then precipitated using 1blitrogen quantification

volumes of icecold methanol [30]. . . L
[30] The concentration of theammonium ion in the culture

PHB quantification broth supernatant was measured using the Kjeldahl
method by distillation[33].

Dried biomass is used for methanolysis of monomers _ .
according to the method described by Braunegg3efesults and Discussion
al.[31] and modified by Lageveen et al. [32]. . . .

(31] . y ¢ [ .%.1.Culture of Bacillus megaterium using glycerol
Approximately 10 mg of cells mass was reacted in &

. : .. assubstrate

small screwcap test tube with a solution containing

1 mL of cHoroform, 0.85mL of methanol, 0.18nL  geyeral batch fermentations were performed

of sulfuric acid and 0.2mL of internal standard according to the methodology explained in section
(benzoic acid in methanol) for 140 min at 100 °G.3 The experimental results for the production of
After reaction, 0.9mL of distilled water was addedpyg  total and residual biomass and nitrogen

and the test tube was shaken vigorously for 1 mify centrations are shown in Fig.1. The glycerol
After phase segration, the organic phase (bottorgyqfile is shown in Fig. Biomass is composed of
layer) was removed and transferred to a small screyy components: the residual biomass composed by
cap glass vial. 50 el hef Ca@ifically Naktife Qmpdt | cEnsidhiny 2of €
taken and added to a test tube and injected in the ﬁr%?eins and nucleic acidand b) the product PHB
ChromatographeMass Spectrometer. An Agilentysan inert componenfis seen in Fig. 1, the nitrogen
Technologies 685 series Il gas chromatographegsyrce isconsumed mainly in the first 10 hours.
was used. The gas chromatographer was equipp@dr that, the production of PHB is increased. This
with a HRSMS capillary column (25 m length, 0.3%¢51t demonstrates that the nitrogen concentration
mm internal diameter). Helium (velocity at Scm/min}¢fects directly the PHB production in form of
was used as the carrier gas. The injector and detegifpition. When the PHB concentration is increased
were operated at 23@ and 275 °C, respectively. Agfier 10 hous the residual biomass decreased.
temperature program was used for efficiepfoever, the concentration of residual biomass is
separation of the esters (120 °C for Smithcreased again mainly after 60 hours due to the
temperature ramp of 8 °C per min, 180 °C during ternal carbon source (glycerol) is depleted and the
min). An  Agilent Technologies 5975B masfyicroorganisms consume the PHB for their
spectrometer was used for identification anfaintenance and duplicatidihus, it is necessary
quantification of derivatized PHB. guarantee an excess in the external carbon source for
stimulating the PHB production in the

Glycerol quantification . . .
microorganisms and avoid the auto consume.

Glycerol concentration was determined-lifie by
HPLC (Hitachi LaChrom Elite) equipped with an
auto sampler (Hitachi LaChrom Elite2200), a Bie
Rad Aminex Fermentation Monitoring Column (150
mm x 7.8 mm), a column oven (Hitachi LaChrom
Elite L-2300), a HPLC pump (Hitachi LaChrom
Elite L-2130) and a Hitachi LaChrom Elite-2490
refraction index detector. Injection volume was 20
pl. The column was kept at 65°C and the pump was
operated at a flow ratof 0.3mL min™.

wer
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3.2. Kinetic models

Fig. 1 Experimental profiles of PHB, total and residual
biomass and nitrogen concentratiora batch fermentation

withBacillus megateriumsingglycerol as carbon source |n this work, several growth kinetic models were
used to simulate the cell growth oBacillus

6 megateriumfor PHB production using glycerol as
5 A S N the sole carbon source (see table 2). The models
g oo - were classified into two groups according to
Fo A ¢ Totalbiom hresence or absenoé inhibition parameters. In the
g 3 ¢ AA A Residual B first group,kinetic models like Monod, Contoins,
g .“:A A Y ) Westerhoff; Herebert and Moser, include only the
8 2| & AA xNitrogen CONsumption of one substrate (glycerol). Eq.(1)
1 $ (Monod) is the simplest model to describe the
0 xw S microbial growth. Eq. (2) (Cdnis) incorporates
0 20 a0 60 80 100 120 biomass concentration in the determination of the
. growth rate. Eq. (3) (Westerhoff) is a linear model
Time () for the cell specific growth rate [23[. EQ.(4)

(Herebert) is the Monod equation modified by the

incorporation ofa maintenance term. E%) (Moser)

is the Monod equation modified by including the

substrate value to the square. Eq.(6) (Tessier)
Fig.2 Experimental Profile of glycerol consumption in arepresents anexponential substrate - consumption

batch fermentation wiBacillus megaterium [20]. Eq.(7) (Sigmoidal model) includes the
consumption of two substrates (i.e.,glycerol and

ammonum sulphate).

20,00
18,00 $
16,00
14,00
12,00
10,00 | @
8,00
6,00

4,00
L 4

2,00 m
ol " ® o0 o6 &

0,00 20,00 40,00 60,00 8000 100,00 1z

Glycerol (g/l)

Time (h)

Table 1Kinetic models used in this work

Model Non linear References
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Growth models without inhibition parameters

Monod o ey ) [23, 27, 28, 34]

O-y+ Y
Contoins ¢ ey dﬂw"&z) [23]

VEVAL S
Westerhoff C = O+ @Y 3) [23]
C . Y .

Herebert = amt G g G 4) [23]
Moser (n=2) ¢ = lam'Y ) [23, 34]

O+ ¥
Tessier s [23, 34]

Sigmoidal C_ ¥ "y 2 % [24]
(2 substrates)

Growth models with inhibition parameters

Aiba = a@m o Q) YD"O( ®) [34]
C THiy 147
Andrews = s f‘::Y u%y ) [34]
Tessier type C= e Q) Yo'o( (N Y0-~y (10) [34]
Luong ST GRN. ST S R T [24]
T eylypfl "i2+0"€\?2 oy 0o
(2 substrates) (11)

A SimulationOptimization model was used for the the kinetic parameter values. Once thmaterial
calculation of the kinetic parameters.A general balance is solved, the profile obtained (output)is
simulation model comprises input variables x  compared with the experimental data inthe
(X1,X2, ... %) andm output variables(¥), f(x2), ... optimization routine. If the profile obtained is
f(xn) or wi, ¥, ...¥m) (Fig. 3). similar to the experimental data, the routine is then
idled. In the case that these new parameters are
different, the routine estimates new input

The output of a simulation model is used by an parameters for the simulation program.

optimization strategy to provide feedback in the 1o ootimization program for the direct search of

search forthe optimal solution. In this work, the yno minimum multivariable function was based on

differential equations sofion of the material ¢ original method describedbyRosenbrock [35].
ba_lance in the batch fermentghon was performedThe minimization criteriorused in the optimization
using the Matlab software. This program uses the

LevenbergMarquardt (LM) algorithm, a technique
that uses an iterative solution method to calculate

strategy was:
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Yo'y = 8%18%10—2(12)

Where:

A SSWR r e pSume of the Suare¢ bfe
Weighed Re s i didbesampd (& he
experimental data points and number of variables,
respectively)

AWijweight of each vaable (usually the maximum
value foreach variable)

Aqij difference between the model and experimental
value Vmodei yexpt)

In the modeling of the batch fermentation it is
necessary to formulate the material balance for
every compound utilized. Table 3 shows the
proposed balance§ he mathematical model was

based on the following assumptions [23]:

I. Biomass X) is composed otwo components:
a)The residual biomass (R) and b) the product PHB
(P) which it is consideredas an inert component.

II. In the models with two substrates, Nitrogen is
the limiting nutrient affecting PHB production in a
complex manner.

Table 3. Material balance equations for the PHB

production
Compound Balance
Residual Biomass (R) Doy (13)
@
joi] S .
PHB (P) = Oy O Y
(14)

Glycerol (S) D | zoqpzzy
o
(15)
Ammonium Sulphite (§ [2) S Y
(16)
number of
%0 = _1 O
Qy * (A (17)
M
=% g
er_dr," + Uy (18)

Nitrogen is consumed for the residual biomasps (
growth and the maintenance functiomsyj of the
cell. When a model with one substrate was used,
the material balances are simplified. The
parameters obtained for each kinetic model are
shown in Table 4.
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Table 4 Comparison between the kinetic models analyzed for the production ofPB&cblus megateriumsing

Model

Monod

Contoins

Westerhoff

Herebert

Moser

Tessier

Sigmoidal

Aiba

Andrews

Tessier

Luong (2 substrategfEql1)

glycerol as carbon source.

Parameters

Hmax(h™), K(GL™), n()

Growth models without inhibition parameters

Hmax0-169;K<=0.008
Hma=0.170; K=0.009
a=0.015M ; b=0.146R"
Mmax=0.140;Ks=3.400;
m=-0.350
Hma=0.1620:Ks=1.21x10° ;
n=2,9098
Mmax=0.120;Ks=2.800

Hma=0.171;Kg;=0.001Ks,=2.221x1C°

Growth models with inhibition parameters

Mmax=0.222;Ks=0.017;
Kis=1.689
Mmax=0.234;Ks=0.019;
Kis=1.175
Mmax=0.236;Ks=2.681
K;s=0.020
Mmax=0.280Ks;=3.100,Ks0.190;

K,s1=0.008K5,=0.003; B=3.500; n=2.213;
n;=3.190; n4=0.970

Correlation coefficient

0.910

0.972

0.971

0.889

0.950

0.940

0.960

0.987

0.990

0.995

0,998

(R%






The R? (correlation coefficient) is frequently used
to evaluate if the model correctly represents the
data (if thecorrelation coefficient is close to one,
then the regression model is correct).

R? can be used to compare various models
representing the same dependent variable.The
models that were able to represent more
accurately the experimental growth data were the
models that include the inhibition constants
(R%0.9870.998) compared to those with only
growth parametersRf: 0.8890.972). Asshown in
Table 4, the Contoins and/esterhoff equations
present the best?Ror the kinetic modein the
PHB production withoutinhibition (RP=0,97).
Nevertheless, the Andrews, Tessier and Luong
equations have the best correlation coefficients
for the kinetic of PHB production with inhibition.
The Tessier equation is thesimplest model that
includes only one inhibition constant
(corresponding to ammonium sulphite).However,
the correlation coefficient indicates that this
model couldbe used to represent the Kkinetic
behavior of this microorganisnR{=0,995). The
Loung model showedthe higher’ Rnd has a
complex mathematical structur@cluding two
inhibition substrate constants (for both glycerol
and ammonium sulphite). In both cases, the
SimulatiorOptimization method was a useful
tool forthe calculation of the growth parameters.
Moreover, when the models to be used are highly
nonlinear, the iteration tocalculate the
parameters might tend to anroonvergence
stage. The simulation optimization method
permitsthe finding of values that satisfice the
models and represent the experimental data.

4. Conclusions

Several kinetic models topredictthdacillus
megateriurcell growth were investigated. The
carbon source used was glycerol. The models
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which include inhibition parameters fitted well.

The Loung model had the best correlation
coefficient. However, the Tessier model had high
correlaton coefficient and its mathematical

structure is simpler. This work demonstratesthat
Bacillusmegateriushowsinhibition phenomena

during the production of PHB. This is a base
knowledge for future developments in the
optimization and fermentatigorocessescontrol.
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The growing biodiesel production has generated a glycerol surplus and consequently a drop of its sale
price. The development of biorefineries to convert crude glycerol to higher value products is an urgent
need and an opportunity to overcome the negative impact of low glycerol prices in the biodiesel indus-
try. Glycerol fermentation by microorganisms to useful chemicals as poly-3-hydroxybutyrate (PHB) is an
interesting alternative. In this article a techno-economical analysis for PHB production from crude glyc-
erol is presented. The glycerol fermentation process was carried out using two qualities of glycerol, either
88 or 98 wt%. Thus, the glycerol purification process was simulated and economically analyzed using
Aspen Plus and Aspen Icarus, respectively. The fermentation process is carried out in two stages in which
mass cell growth and PHB accumulation occurs, respectively. Also, three downstream processes to isolate
and purify the PHB were considered. The process steps, namely mass cell preireatment, PHB isolation
and purification were considered in each scenario and six technological schemes were analyzed. Eco-
nomical assessment results show that the most appropriate technological scheme requires purifying the
crude glycerol until 98 wt%, with a downstream process involving heat pretreatment, enzymatic-alkaline

Keywords:

Glycerol purification
Glycerol bioconversion
PHEB bioproduction
Process simulation
Process assessment
Economic assessment

digestion, centrifugation, washing, evaporation, and spray drying.

© 2010 Published by Elsevier Ltd.

1. Introduction

Currently petroleum and its derivatives represent almost 35%
of the total primary energy supply in the world and about 60%
is employed in the transport sector [1]. The increase of oil prices
and limited reserves of fossil fuels have lead to the development
on renewable energy, such as liquid biofuels. One of the most
important biofuels is biodiesel since its emissions from combus-
tion engines are lower than those obtained from conventional
petroleum diesel fuels (up to 100% sulfur dioxide; 48% carbon
monoxide; 47% particulate matter; 67% total unburned hydrocar-
bons; and up to 90% in mutagenicity) [2]. Biodiesel is produced by
oil or fat transesterification with a short chain alcohol, but glycerol
is also obtained as a by-product in a weight ratio of 1/10 (glyc-
erol/biodiesel). Crude glycerol (a co-product stream from biodiesel
production) is mainly composed by glycerol, free fatty acids (FFA),
fatty acid methyl esters (FAME), and some traces of salts. The crude
glycerol composition often depends on the feedstock material, the
transesterification process (catalytic way) and the recovery tech-
nology employed [3].

* Corresponding author. Tel.: +57 6 8810000x50417; fax: +57 6 8810000x50199.
E-mail address: ccardonaal@unal.edu.co (CA. Cardona).

1359-5113/(5 - see front matter © 2010 Published by Elsevier Ltd.
doi:10.1016/j.procbio.2010.09.003

The growth on biodiesel industry has carried out a glycerol
surplus and its consequent price decrease, which affects directly
the biodiesel economy. Producers and refining companies as Dow
Chemical, Procter and Gamble Chemicals were shut down due to
low glycerol prices [4]. Pure glycerol is an important industrial
feedstock used in food, drug, cosmetics, pharmaceutical, pulp and
paper, leather, textile and tobacco industries [4]. On the other
hand, crude glycerol is refined by larger scale biodiesel produc-
ers by means of a traditional separation process used to remove
impurities. Some of these refining processes are filtration, chem-
ical additions, and fractional vacuum distillation. These processes
are expensive and economically unfeasible for small and medium
scale plants. Thus, the development of biorefineries based on crude
glycerol to produce higher value compounds is necessary in the
biodiesel industry to overcome the economic glycerol drawback.
Aninteresting application of crude glycerol is as a carbon source for
some fermentation processes using microorganisms to obtain use-
ful chemicals such as: hydroxypropionaldehyde, 2,3-butanediol,
1,3-propanediol, succinic acid, and polyhydroxyalkanoates (PHAs)
[5].

Polyhydroxyalkanoates are attractive substitute biopolymers
for conventional petrochemical plastics which have similar physi-
cal properties to thermoplastics and elastomers. PHAs are homo or
heteropolyesters synthesized and stored intracellularly by several
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Table 1
Main producers of PHA in the world.

PHE: product name Company Substrate Price (US$/kg) Production (t/year)

Biomer: P{3HB) Biotechnoly Co., Germany Small scale production [11] 25(2003) 50(2003)
3.75-6.25(2010)

Biocycle: P{3HB) PHE Industrial S{A Company, Brazil Sugar cane [12] 12.5-15(2003) 1400 (2003)
3.12-375(2010) 30-60,000 (2010)

Biogreen: P(3HB)
P(3HB)

Mitsubishi GAS Chemical, Japan
Metabolix, USA (BASF, ADM)

Methanol [11]
Corn, sugar [12] - -

2.75(2010) -

Gram Negative bacteria [6]. PHAs can be produced from renewable
resources through a fermentation process under restricted growth
conditions for nitrogen, phosphorus, sulfurs and/or oxygen in the
presence of an excess carbon source, and they can also be com-
pletely biodegraded by many microorganisms [7]. PHAs are stored
in form of granules by bacteria and can account for up to 80% of the
total bacterial dry weight [8]. On the other hand, polyhydroxybu-
tyrates (PHBs) were the first type of PHAs discovered and the most
widely studied. PHB has similar properties to conventional plastics
like polypropylene or polyethylene, and it can be extruded, molded,
spun into fibers, made into films, and used to make heteropolymers
with other synthetic polymers [9,10].

As shown in Table 1, several companies around the world
are PHB producers but a main drawback compared to the petro-
chemical plastics, is its high production costs [8]. Carbon source
represents the major share of the total production costs (up to 45%).
Thus, many studies have been conducted in order to find cheap car-
bon sources and as a result some strains of microorganisms are able
to produce PHB using crude glycerol as substrate, some of these
strains are shown in Table 2 [11-16].

The goal of this article is to economically evaluate the PHB pro-
duction process using crude glycerol from the biodiesel industry as
a cheaper raw material by three different downstream processes
distinguished by their pretreatment steps such as: (i) a chemical
and enzymatic digestion, (ii) a high pressure homogenizer with
a solvent extraction step using DES, and (iii) an alkaline diges-
tion helped by a surfactant. These proposed biorefineries would
be able to produce added value compounds from glycerol and also
to increase the economic performance of biodiesel production.

2. Main stages for the PHBs production process

A PHB production process by bacterial fermentation has the fol-
lowing main steps: (i) adaptation of substrate and inoculation, (ii)
fermentation, and (iii) isolation and purification (including blend-
ing and pelletizing).

2.1. Adaptation of substrate and inoculation

Cupriavidus necator strain must be adapted in a glycerol
medium, e.g., by inoculation in LB agar plates supplemented with
20¢g/L glycerol. Generally, microorganisms are cultivated in flasks
with 10% of the total fermentation volume and incubated for
15-20h at 30°C and 150rpm [4]. Thus the microorganisms are
activated and adapted to the fermentation media.

2.2. Fermentation

Bacteria used for PHAs production can be divided into two
groups based on their culture conditions. The first group requires
limitation of an essential nutrient such as N, P, Mg, K, O or §,
and excess of a carbon source; some of these bacterial strains
are Bacillus megaterium, Cupriavidus necator, Alcaligenes eutrophus,
Pseudomonas extorquens, and Pseudomonas oleovorans. In the sec-
ond group, nutrient limitation is not required and the polymer can
be accumulated during the growth phase [17]; some examples are
Escherichia coli recombinant, Azotobacter vinelandii recombinant,
and Alcaligenes latus. The PHB producer strains which use glycerol
as carbon source are listed in the first group.

The fermentation stage can be performed in different oper-
ational modes. Batch PHB production is normally induced by
co-culturing the cells [19] or by limiting them with nitrogen avail-
ability using an excess of carbon source in the stationary phase
[18]. To induce the desired nutrient limitation and to achieve a
high cell density, a fed-batch process is the most commonly used
method [20,21]. Thus, cell growth is maintained without nutrient
limitation until a desired concentration is achieved. Then, an essen-
tial nutrient is limited to allow an efficient PHB synthesis. During
this nutrient limitation stage the residual cell concentration (i.e.,
the difference between cell concentration and polymer concentra-
tion) remains almost constant and cell concentration increases only
by polymeric intracellular accumulation [17]. For bacteria requir-
ing an essential nutrient limitation a two-stage chemostat should
be employed thus resulting in a 1.7-fold higher productivity com-

Table 2

PHE production from glycerol by microorganisms.
Microorganism Carbon and nitrogen source? Maximum PHB % of PHB (dry cell Yield (gpyp/Lh) Ref.

accumulation (g/L) weight)

Cupriavidus necator CG((NH4)2504 51.2 62 1.51 [7]
DSM 545 381 50 11
Osmophilic organism WG/YE 16.2 49.6 0.05 [13]
Methylobacterium rhodesianum MB 126 CGJCH 11 50 023 [14]
Ralstonia eutropha cGjcp 97 42 0210 [14]
DMS 11348 CG/CA 17.6 65 0.39
Cupriavidus necator CG/(NH4)2504 - 70 - [12]
JPM134 WG/{NHa)2504 - 48 -
Escherichia coli CT1061 CG (microaireation) 18.8 51 0.18 [18]
Escherichia coli (ATCC:PTA-1579) CG as the sole carbon source, - 60 - [6]

and yeast extract and peptone
as Nitrogen sources

3 CA: casaminoacids, CG: commercial glycerol, CH: casein hydrolysates, CP: casein peptone, WG: waste glycerol, YE: yeast extract.
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Table 3
PHB extraction methods.

JA. Posada et al./ Process Biochemistry 46 (2011) 310-317

Extraction methods

Advantages

Disadvantages

Results (wit%)

Solvent extraction

Digestion by surfactants

Digestion by NaOCl
Digestion by NaOCl and chloroform

Digestion by NaOCI and surfactants

Digestion by chelate and
surfactants

Selective dissolution of NPCM
(non-PHB cell mass) by protons

Enzymatic digestion

Bead mill disruption

High pressure homogenization

Supercritical COz
Using cell fragility

Air classification
Dissolved-air flotation

Elimination of endotoxine/ high
purity. No polymer degradation

Treatment of high cell densities. No
polymer degradation

High purity

Low polymer degradation high
purity

Limited degradationflow operating
cost

High purity/low environmental
pollution

High recovery and high purity low
operating costs

Good recovery

No chemicals used

No chemicals used

Low cost, low toxicity

Use of weak extracting conditions
High purity

No chemicals used

Break PHA granules morphology.
Hazards connected with
halogenated solvents. High
price/low recovery

Low purity/water waste treatment
needed. Degradation of the
polymer

Degradation of the polymer

High quantity of solvent needed

Large volume of wastewater Low
degradation of the polymer

High cost of enzymes

Require several passes

Poor disruption rate for low
biomass levels. Low micronization
Low recovery

Low recovery

Purity: 99.5%. Recovery >00%

Surfactant: high cell density
digestion by SDS). Purity >95%;
release rate »90%

Purity: 99%. Recovery: 94%
Purity: =»97%. Recovery: 91%

Surfactant-EDTA disodium salt.
Purity: 98%. Recovery: 86.6%
Purity: 98.7%. Recovery: 93.3%
Purity: 98.7 wt¥. Recovery: 95.4%
Purity: 92.6 wt¥. Recovery: 90%
Yield: 98%. Purity: 95%

Recovery: 89%

Purity: 99%. Recovery: 96%
Yield: 90%. Purity: 97%

Spontaneous liberation No extracting chemicals needed

Require several consecutive Purity: 86%
flotation steps
Low recovery (80% cells secretes Yield: 80%

PHB granules spontaneously)

Adapted from Jacquel et al. [25].

pared to the one-stage chemostat [17]. Culture performance is
affected by several variables including temperature, pH, fed carbon-
to-nitrogen ratio, concentration of substrates and trace elements,
ionic strength, agitation intensity, and dissolved oxygen. To sub-
stantially enhance the yield and productivity of many bioprocesses,
optimization [22,23] and control [24] of the fermentation condi-
tions has been used.

2.3. Separation and purification process

After fermentation, the next step is PHB isolation and purifica-
tion. PHB must be extracted from the cell cytoplasm. Cell membrane
is broken and PHB is dissolved and separated from the residual
biomass. The separation step can be divided in three parts: pre-
treatment, extraction, and purification. In the pretreatment step cell
disruption is carried out easily and some alternatives for this step
are: heat, alkaline or salt pretreatment and freezing [25].

Some of the different extraction methods to separate PHBs
from the cell residual material are: solvent extraction, diges-
tion, mechanical cell disruption, supercritical fluids extraction, cell
fragility and spontaneous liberation. In Table 3 advantages and dis-
advantages of the most commonly used PHB extraction methods
are listed. Solvent extraction modifies the cell membrane perme-
ability and the PHB is then dissolved [25]. Some used solvents
are: chlorinated hydrocarbon (e.g., chloroform), cyclic carbonates
(e.z., propylene and ethylene carbonates), halogenated solvents
(e.z., chloroethanes and chloropropanes), non-halogenated sol-
vents (e.g., chain (4-10 carbons) alcohols, esters, amides, and
ketones (both cyclic and acyclic compounds)). Digestion can be
chemically or enzymatically performed. Chemical digestion uses
different chemical agents to destroy lipids, carbohydrates, proteins
and enzymes. According to the chemical agent used, the chemical
digestion could be: digestion by surfactants (e.g., anionic sodium
dodecyl sulfate (SDS) and synthetic palmitoyl carnitine), by sodium
hypochlorite, by sodium hypochlorite and chloroform, surfactant-
hypochlorite digestion, surfactant-chelate digestion, and selective
dissolution of non-PHA cell mass by protons. The enzymatic diges-
tion uses enzymes to degrade the cell membrane. Some varieties

of proteolytic enzymes have high activities on protein dissolutions
and slight effects on PHB degradation. Enzymatic digestion can be
complemented by other extraction methods. Mechanical cell dis-
ruption has been widely used to recover intracellular proteins by
different ways [26,27] such as: bead mill disruption, high pressure
homogenization, disruption by ultrasonication, centrifugation, and
chemical treatment. Supercritical fluids have unique physicochem-
ical properties such as high densities and low viscosities that make
them suitable as extraction solvents. Due to its low toxicity and
reactivity, moderate critical temperature and pressure (31°C and
73 atm), availability, low cost, and nonflammability CO3 is the most
used fluid [28]. This extraction method can also be combined with
NaOH or salt (NaCl) pretreatments to get higher disruption levels
[25]. The cell fragility method takes advantage of the cell fragility
shown by some bacteria after large amounts of PHB accumula-
tion. Other extraction methods use air such as: air classification
and dissolved-air flotation. Finally, purification methods involve a
hydrogen peroxide treatment combined with action of enzymes or
chelating agents [25].

3. Process description

PHB can be produced from raw glycerol and pure glycerol using
some bacterial strains as shown in Table 2. Three PHB production
processes were designed, simulated and economically assessed
taking into consideration the low price for crude glycerol. Cupri-
avidus necator JMP 134 was the bacterial strain selected for this
analysis and the main operational conditions for the fermentation
process were as follows: glycerol quality (pure or raw glycerol),
feed glycerol concentration, temperature, pH, dissolved oxygen
concentration (DOC), residual biomass yield, PHB yield and opera-
tion time [15]. When raw glycerol is used instead of pure glycerol,
the fermentation process could change its performance. Then, to
unify the assessment process only one crude glycerol concentra-
tion is considered. A typical composition of crude glycerol stream
in a biodiesel production process is: methanol 32.59 wt¥%, glycerol
60.05 wt%, NaOCH3 2.62 wt%, fats 1.94 wt%, and ash 2.8 wt% [29].
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Table 4 Table 5
Process conditions for glycerol purification. Process conditions for glycerol fermentation.
Feature Description Feature Description
Temperature: 25°C
Feedstock pe o Glycerol 88 wt Glycerol 98 wik
Crude glycerol composition: -
methanol 32.59 wt%, glycerol Feedstock F&g E““':E“"‘_m““‘ Ik?D],18 gL 249g/L :
60.05 Wi, NaOCH; 2.62 Wt%, Feed flow rate: 1000 kg/ 1000 kg/
fats 1.94wt%, and ash 2.8 wti Pumped Qutlet pressure: 25 atm 25atm
Temperature: 144=C p Net work required: 8.1 kj/kg 7.9k)/ke
Methanol Methanol purity: 99.9 wt%
Glycerol concentration: Sterilization Temperature: 139°C
recovery 0.01 Wt Hizdty Heat duty: 44396 k]/kg 42931 kJ/kg
Mf“’s““l recoven: 91.7% Heat Heat duty: 415.96 kj/kg 402.20K)/kg
Heat duty: 600.6kl/kg exchange Required area: 63.62 m? 5134 m?
Neutralization HCl at E!I wt% is used to Temperature: 35 °C
neutralize the unused catalyst pH: 7
‘;gg_;gi'g; time: 20 min Cell mass Residence time: 21 h
Centrifugation ! 1me: ‘ ! growth Aeration: 0.6 vol/(vol x min)
Renrgd products: NAOCH;, Cell mass concentration: 4.91 wt¥ 424wt or 44.4g/L
protein and ash or50.4g/L
Water ratio addition: 2.4 . -
i PHB concentration: 0.44 wt% or 070wt or 7.3 g/L
Decantation (water/glycerol stream) 45gL gl
Temperature: 25<C Temperature: 35°C
Water Glycerol concentration: pH: 7
evaporation 80.5 Wt PHB Residence time: 22.5h

Heat duty: 1.739 MJ/kg

accumulation

Cell mass concentration: 7.1 wt¥ or

8.7 wik or 91.5g/L

_ _ 73.4g/L
Molar ratio reflux: 0.11 Ratio reflux: 0.40 PHB concentration: 2.7 wt% or 5.5wit% or 57.1g/L
Distillation Condenser heat duty: Condenser heat duty: 278glL
—222.86 kj/kg -317.32k]fkg Flow rate: 929.05 kg/h 893.173kg/h
Reboiler heat duty: Reboiler heat duty:
240.25 k) /kg 504.51 k)/kg
product stream  C\ycerol purity: 88wt Glycerol purity: 98 wt conversion takes place in two continuous fermentation stages for

Recovery yield process: 97.6 Recovery yield process:

97.3%

In a previous work the purification processes of crude glycerol
were analyzed and the results from the techno-economic analyses
for two glycerol qualities were reported (crude glycerol at 88 wt#
and pure glycerol at 98 wt%) [30]. In this process the feed mixture is
evaporated where 90% of methanol at 99 wt% of purity is recovered,
and then the produced stream is neutralized with acid solution.
Further, ashes are retired by centrifugation and this stream is then
washed with water. In a later evaporation process more than 90%
of the water content and the remainder methanol are retired. As a
result a glycerol stream at 80 wt% is obtained. Finally, glycerol qual-
ity is achieved through a distillation process. The detailed process
conditions for glycerol purification are shown in Table 4.

Glycerol purification, glycerol fermentation (cell growth and
PHB accumulation), mass cell pretreatment, PHB isolation, and
PHB purification are the five stages needed for the process of PHB
production from crude glycerol. The purification process of crude
glycerol was above described. This includes a methanol recover-
ing which decreases the purification costs in 37.5% [30]. C. necator
JMP 134 can synthesize PHB up to 70 wt% of the cell dry mass from
various carbon substrates [15]. The fermentation process is carried
out in two stages, in the first stage cell growth occurs and in the
second stage PHB is synthesized. Air and pure oxygen are fed at the
first fermentation tank where the fermentation broth is saturated
between 15 and 20 DOC%, thus PHB accumulation takes place inside
the cell mass [4]. The detailed conditions for the fermentation pro-
cess are shown in Table 5. Besides, based on the available methods
for PHB extraction (see Table 3) three PHB production processes
from either raw glycerol (88 wt%) or pure glycerol (98 wt%) were
designed.

The flowsheets for PHB production are shown in Fig. 1. The fer-
mentation process begins with a sterilization of diluted glycerol.
Pure glycerol was diluted at 249 g/L and raw glycerol at 170.8 g/L
based on the total glycerol consumption by C. necator [4]. Glycerol

cell growth and PHB accumulation, with operation times of 21 and
22.5h, respectively. Total glycerol consumption is considered on
the second fermentation stage. The sterilization and fermentation
stages are common for the three PHB production processes. Table 6
shows the first downstream process (see Fig. 1) and it is based on a
variation of the BIOPOL flowsheet [31,32]. The first step is a thermal
treatment at 85 °C, and then a digestion process using the pancre-
atin enzyme Burkholdeira sp. PTU9 and NaOCl is carried out [33].
This pretreatment causes an appropriate cell disruption releasing
the PHB to the fermentation broth. The digestion product contain-
ing between 7 and 9 wt% of biomass is filtrated and the residual cell

Table 6
Process conditions for PHE recovery: Downstream Process 1.

Feature Description

Feedstock Fermentation broth from glyceral 9B wik
at: BB witk

Heat Tenjperamrg: 85=C .

retreatment Residence time: 15 min

P Heat duty: 109.95 k]/kg 114k]/kg
Temperature: 50=C
NaOCl at 30wt

Chemical + enzvmatic Ratio NaOCl/cell mass: 1/2

di " Zymati Enzyme: Burkholdeira sp. PTU9

igestion Residence time: 1h

pH: 9
Enzyme concentration: 2 witi

Centrifugation Residence time: 20 min

& Retired products: mass cell, mainly

Hz0z-water washing Concentration: 1.2 v/vi

Heat Heat duty: 2.305M]/kg 2227 M]/kg

exchanging Reguired area: 3.06 m* 2.95m?

Water evaporation PHB purity: 37.7 wt% 53.0wtk
Heat duty: 2.1542 M]/kg 1.02 M] kg

Spray drying Product purity: 99.9 wtx 99.9 Wik
Flow rate: 24.98 kg/h 48.25kg(h
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