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ABSTRACT

Due to the increasing concern towards depleting petroleum resource and
pollutions done by conventional plastics, polyhydroxyalkanoates (PHAs) which have
diverse structure variability and rapid biodegradation have gained increasing
attentions as potential replacement for plastics. However, PHAs have a much higher
production cost compared to that of conventional plastics due to expensive carbon
source and downstream processing. Aqueous two-phase extraction (ATPE) outshines
other PHAs purification techniques by having the advantages of providing a mild
environment for bioseparation, being green and non-toxic, and easily scaled-up.
Henceforth, this research aimed to study on the purification and recovery of PHAs
using thermoseparation-based ATPE.

Firstly, cloud point extraction technique which based on thermoseparating
polymers (TSP)/water two phase system was employed. The recovery yield of 94.8 %
and purification factor (PF) of 1.41 fold was achieved under the conditions of 20 wt/wt %
ethylene oxide-propylene oxide (EOPO) with 3900 g/mol MW and 10 mM of NaCl
addition at thermoseparating temperature of 60 °C.

TSPs have also been coupled with ammonium sulfate to form a two-phase
system. Under the condition of 14 wt/wt % of both EOPO 3900 and (NH4)2S04 at pH
6, yield and purity up to 72 % and 60 % can be achieved. Without the need of
additional TSPs top-up, recycling and reutilization of phase-forming polymers can be
done at least twice with satisfying yield and PF.

Using two-level full factorial design, the statistical analysis demonstrated that
the phosphate and thermoseparating polymer concentration are the most significant
parameters due to their individual influence and synergistic interaction between them
on all response variables. Utilizing the two significant parameters, the purification and

recovery of PHAs were further optimized using central composite design and achieved



recovery yield as high as 99.9 %. The optimum PF of 1.431 fold was obtained at 17.12
wt/wt % of phosphate salts and 18.52 wt/wt % of EOPO 3900. Using the addition of
fresh phase-forming components, a total of 4 successive purification cycles with

satisfying yield and PF were demonstrated.

Utilizing the carbon source screened by the preliminary integrated economic
and environmental assessment developed, the feasibility of extractive bioconversion
of PHAs under the influence of different parameters was studied. The strategy
successfully achieved a yield and PF of 97.6 % and 1.36 fold respectively under the
condition of 5 wt/wt % EOPO 3900 concentration, 30 °C fermentation temperature
and pH 6. The scaling-up to 2 L bioreactor proved that the scale-up of ATPE can be

predicted reliably from laboratory-scale experimental data.

In the final section, the evaluation of economic and environmental performance
of two processes (which are with and without thermoseparating ATPE as primary
purification step) were performed. With the basis of 9,000 tons PHAs production per
year and 7,920 operating hours, the process with thermoseparating ATPE as primary
purification step standout in terms of both economic and environmental performance.
PHA production cost of 5.77 US$/kg with a payback period of fewer than 4 years and

ROI of 25.2 % was achieved.

The research proved that thermoseparating ATPE is a powerful and potential
technique for PHAs purification and recovery as the technique showed a much higher
PHAs recovery vyield (approximately 2 times) in comparison with the literature
(Divyashree and Shamala, 2010). In conclusion, this opens promising standpoints for
utilizing thermoseparating ATPE as the primary step in the isolation and purification of

PHAs from fermented broth.
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Nomenclature

Acronyms

ANOVA Analysis of Variance

AP Acidification or Acid Rain Potential
ATP Aquatic Toxicity Potential

ATPE Aqueous Two-Phase Extraction
ATPS Aqueous Two-Phase System
CCD Central Composite Design

CP Cloud Point

CPE Cloud Point Extraction

DO Dissolved Oxygen

DOE Design of Experiment

EB Environmental Burden

EO Ethylene Oxide

EOPO Ethylene Oxide-Propylene Oxide
GC Gas Chromatography

GWP Global Warming Potential

HM-EOPO Hydrophobically Modified EOPO

HTPE Human Toxicity Potential By Either Inhalation or Dermal Exposure
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IRR

LCA

LCST

NPCM

NREU

ODP

OFAT

P(3HB)

PEI

PEG

PF

PHAs

PO

POP

RSM

SDS

SPI

TAC

TLL

Human Toxicity Potential by ingestion

Internal Rate of Return

Life Cycle Analysis

Lower Critical Solution Temperature

Non-PHA Cell Mass

Non-Renewable Energy Use

Ozone Depletion Potential

One-factor-at-a-time

Poly(3-hydroxybutyrate)

Potential Environmental Impact

Polyethylene Glycol

Purification Factor

Polyhydroxyalkanoates

Propylene Oxide

Photochemical Oxidation or Smog Formation Potential

Response Surface Method

Sodium Dodecyl Sulfate

Sustainable Process Index

Total Annual Cost

Tie-Line Length



TSPs

TTP

WAR

WCO

Themoseparating Polymers

Terrestrial Toxicity Potential

Waste Reduction Algorithm

Waste Cooking Oil

Chemical Ions

ClO4

PO43-

SCN-

S04%

Symbols

Ao

Conce

Concr

MpHA

MSampIe

MW

RZ

Rzadj

Rzpred

Chlorate ion

Iodide ion

Phosphate ion

Thiocyanate ion

Sulfate ion

Degree of satisfaction

PHA Concentration of Extract

PHA Concentration of Top Phase

Mass of PHA

Total Mass of Dried Sample Used

Molecular Weight

Coefficient of Determination

Adjusted Coefficient of Determination

Predicted Coefficient of Determination

dimensionless

g/L

g/L

Da

dimensionless

dimensionless

dimensionless



Ve

VE

Vr

VT

Bottom Phase Volume

Extract Volume

Volume Ratio

Top Phase Volume

Recovery Yield

ml

ml

dimensionless

ml

%
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1.1 CONVENTIONAL PETROCHEMICAL-BASED PLASTICS

The term “Plastic Age” has often been used to refer the present period of human history
(Cozar et al., 2014). Due to their impressive diversity, durability, and lightweight, plastics are
intensively involved in our daily life, from stationery, packaging, personal hygiene products,
machinery housings, disposable utensils, furniture, and automobile to accessories (Castilho
et al., 2009). At present, fossil fuel accounts for approximately 80 % of the raw material for
all polymeric materials produced. In the year of 2014, approximately 311 million tons of
conventional petrochemical-based plastics were manufactured (Gumel et al., 2012,
PlasticsEurope, 2015). Following the rapid growth of plastic production and usage, the
concerns such as waste management, non-renewable resource reserve, and environmental
impact have become a current and pressing issue. Countries such as Japan, U.S.A. and
members of European Union have enforced legislations and established policies to reduce the

consumption of synthetic plastic (Chanprateep, 2010).

Plastics most attractive attribute, durability has also become their most troublesome
characteristic as they are very stable and can last for hundreds to thousands of years.
Consequently, they accumulate in the natural environment and this not only damages the
beauties of forest and cities but also causes the destruction of local flora and fauna (Ojumu
and Solomon, 2004). Due to uncontrolled dumping of plastics into the water body (8 million
tons per year) (Jambeck et al., 2015), massive floating masses of plastic waste present in
every sea and ocean in the world, with a third of it accumulated in the notorious Great Pacific
Garbage Patch (Cozar et al., 2014). The uprising solid waste disposal cost, the release of
potential health hazards such as hydrogen cyanide and hydrogen chloride from incineration,
and secondary pollution (such as odor, soil pollution and seepage of leachate into the
groundwater) caused by landfill have made synthetic plastic a waste management issue.
Although recycling and reusing do improve the material utilization, the idea of recycling plastic

does not seem attractive as categorizing of the wide range of unwanted plastic material is
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already a very labor intensive and time-consuming process (Khanna and Srivastava, 2005,
Castilho et al., 2009). Also, recycling of plastics cannot be done indefinitely as the quality of
the materials deteriorates and it will become waste eventually. Therefore, there is a pressing
demand for the alternative of conventional plastics and bioplastics have gained much

attraction from industries and researchers.

1.2 BENEFITS AND CHALLENGES OF BIOPLASTICS

There are numerous advantages of replacing conventional petrochemical-based
plastics with bioplastics. Not only reducing the use of crude oil, this will also drastically reduce
the emissions of CO2 and other greenhouse gasses, leading to a reduced carbon footprint for
plastics. Due to the volatility of crude oil in recent years, it can be a guarantee of material
supply in manufacturing bioplastics for non-crude oil producing countries to reduce
dependence on other oil producing countries. Contributed by the rising concern towards
environmental issues, bioplastics-based products are much more acceptable for the eco-
conscious consumers. Assuming the appropriate end of life management option is applied,
utilization of bioplastics that are either biodegradable or compostable can help minimize waste
disposal for landfill. Furthermore, some bioplastics such as polylactic acid (PLA) provide the
chance of cradle to cradle lifecycles as there is a variety of choices to recycle and incorporate
them into raw materials for new products. Compared to conventional plastics, wide range of
bioplastics provide a much more diversify properties and have some important technical
advantages, such as more tactile and softer with less “oily” surface feel, less likely to pass on
a taste to the product, have greater water vapor permeability, and can be made more

transparent and clearer (Conor et al., 2013).

On the other hands, there are also some challenges and obstacles present in wide
applications of bioplastics. One of the main challenges is the expensive cost of bioplastics

compared to that of conventional plastics, which can be two or three times pricier and
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sometimes can even be up to tenfold its petrochemical counterpart. This is normally due to

the high cost of feedstock and downstream processing together with a low production volume

of bioplastics. Also, there is always an argument of bioplastics versus food for crop utilization.

Food security makes community concerns whether bioplastics will reduce the availability of

land for food production, or encourage deforestation for more arable land. In addition, there

is a need for legislations and standards to standardize and protect the terminologies which

including ‘biodegradable’, ‘compostable’ or ‘biobased’. Clear labeling of different bioplastic

types and consumer education will facilitate widespread utilization of bioplastics as well (Conor

et al., 2013). The advantages and disadvantages of using bioplastics are summarized and

compared in Table 1.1.

Table 1.1 Advantages and disadvantages of using bioplastics

Advantages

Disadvantages

Reducing the use of crude oil

Reduce the emissions of other greenhouse
gasses

A guarantee of material supply in
manufacturing bioplastics for non-crude oil
producing countries

Much more acceptable for the eco-conscious
consumers

Minimize waste disposal for landfill

Can be recycled and incorporated into raw
materials for new products

Provide more diversify properties and have

important technical advantages

Expensive cost

Food security issue

Needs for legislations and standards to

standardize and protect the terminologies
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1.3 POLYHYDROXYALKANOATEs (PHAs)

PHAs are thermoplastics which are biocompatible and completely biodegradable,
enantiomerically pure, non-toxic, exhibit piezoelectricity (which helps in wound healing and
stimulates bone growth), water-insoluble, inert, indefinitely stable in air, has high structural
diversity and good processability on equipment (Venkateswar Reddy et al., 2012, Rai et al.,
2011). Due to its properties, PHAs have high potential in medical field’s applications, such as
orthopaedic (screws, scaffolds for cartilage engineering, bone graft substitutes), for
cardiovascular system devices (blood vessel replacements, heart valves, cardiovascular stents,
atrial and pericardial septal repair patches), wound management (skin substitutes, sutures,
dressings, dusting powders), urological stents, nano- and microspheres for controlled drug

delivery and others (Castilho et al., 2009, Keshavarz and Roy, 2010).

There are some properties that make PHAs outshine other biodegradable polyesters
are their rapid degradation (3 to 9 months) aerobically and anaerobically without the need of
special environment conditions and large variability in structure with extensive material
properties (Keshavarz and Roy, 2010, Mumtaz et al., 2010). They are degraded by different
kinds of microorganisms into carbon dioxide and water under aerobic condition or methane
under anaerobic condition (Jindal and Tiwari, 2013). Currently, Zeneca is the industrial
manufacturer of P(3HB) and copolymers of 3-hydroxybutyrate with the trade name of Biopol

(Lemos et al., 1998).

However, production of PHAs is much more expensive than conventional
petrochemical-based plastics. Thus, a cost-effective recovery method for PHA is essential for
this type of biopolymers to stay competitive among others bio- and synthetic plastics. The
most conventional and most extensively used method in the laboratory to recover PHA is by
using solvent extraction due to its rapidity and simplicity (Valappil et al., 2007, Noel, 1962,

Lafferty and Heinzle, 1978, Fiorese et al., 2009, Traussnig et al., 1990). Not mentioning this
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method consumes a large amount of volatile and toxic solvents such as chloroform, it disrupts

the native orders of PHA granules’ polymer chains.

Therefore, researchers have put in efforts to develop more techniques for high-
efficiency PHA recovery in both laboratory and industrial scale. These methods include
chemical digestion (Lakshman and Shamala, 2006, Valappil et al., 2007, Berger et al., 1989,
Ramsay et al., 1990, Lee et al., 1993, Choi and Lee, 1999a, Dong and Sun, 2000, Chen et
al., 2001), selective dissolution of non-PHA cell mass (NPCM) by protons (Yu and Chen, 2006),
enzymatic treatment (Kapritchkoff et al., 2006, Lakshman and Shamala, 2006, Kathiraser et
al., 2007), mechanical disruption (Tamer et al., 1998, Ghatnekar et al., 2002, Divyashree et
al., 2009), supercritical fluid (Hejazi et al., 2003), using cell fragility (Divyashree and Shamala,
2010), air classification (Noda, 1998), floatation techniques (van Hee et al., 2006, Ibrahim
and Steinbichel, 2009), aqueous two-phase systems (Divyashree et al., 2009) and use of

gamma irradiation (Divyashree and Shamala, 2009).

1.4 AQUEOUS TWO-PHASE SYSTEM (ATPS)

An aqueous two-phase system, ATPS is a system of two immiscible phases formed
when two structurally different polymers or an inorganic salt and one polymer are mixed in
water beyond a critical concentration (Diamond and Hsu, 1992). Besides utilization as an
analytical and preparation tool in biochemistry (Kepka et al., 2003, Rosa et al., 2010), ATPSs
also serves as a primary recovery step for isolation and purification of partially removing the
target product from impurities or substrates, hence reducing the subsequent downstream
processing volume. ATPS has many advantages compared to conventional purification
technique, such as mild environment for bioseparation, green and non-toxic as well as ability

to scaled-up easily.
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Depending on their physicochemical properties and the system variables, proteins and
other bioproducts will partition between the top and bottom phases. The main factors that
affect the partitioning behavior on biomaterials in ATPS are the physicochemical properties of
the proteins, such as size, net charge and relative hydrophobicity (Persson et al., 1999a), and
further influenced by intermolecular electrostatic attraction (long range) and van der Waals

force (short range) (Kammoun et al., 2009).

Conventional ATPSs are composed of polyethylene glycol (PEG)/dextran which formed
because of polymer-polymer incompatibility (Leuchau et al., 2011, Kammoun et al., 2009),
and PEG/salt which formed because of the salting out effect on the polymer, usually by sulfate
(S0O42-) or phosphate (PO43-) (Li et al., 2002a). The PEG/Dextran systems are conventionally
used for laboratory-scale separations of cells, cell particle, membranes and macromolecules
(Walter et al., 1985). Due to the prohibiting cost of dextran (Ng et al., 2013), starch
derivatives which have similar phase-forming properties and more cost-efficient, such as
hydroxypropyl starch, have been researched on as a substitute. PEG/salt systems which are
generally used in industrial-scale enzyme extraction provides a broad range of hydrophobic

differences between the two phases of ATPS.

However, there are some critical downsides for both of these ATPSs. For polymer/salt
system, an amphiphilic protein which has low solubility tends to aggregate in water solutions
(Persson et al., 1998). The main drawback for both polymer/polymer and polymer/salt
systems is that the target bioproducts are accumulated in either the polymer-rich phase or
salt-rich phase, both leading to difficulty in subsequent purification steps (Kepka et al., 2004).
These systems require back-extraction into salt-rich bottom phase, or additional and
complicated operations (such as ion-exchange chromatography, diafiltration, crystallization
or ultrafiltration) to remove the phase-forming components from target products
(Dembczynski et al., 2010). Furthermore, recycling of salts, which are bottom phase-forming

components, cannot be done effectively. This is because salt recycling requires large amounts
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of polymers/chemicals, leading to environmental pollution and high operating costs (Li et al.,

2013).

Therefore, advanced and improved ATPSs have been developed using surfactants
(Moradi and Yamini, 2012), alcohols, anionic liquid (Li et al., 2015), micellar compounds and
thermoseparating polymers (Silvério et al., 2013). The thermoseparating polymers, TSPs
were firstly discussed in the early 1990s where they are able to form ATPS together with
dextran (Berggren et al., 1995). The common TSPs used are random, diblock, and triblock
copolymers of hydrophilic ethylene oxide (EO) and hydrophobic propylene oxide (PO), thus,
named EOPO copolymers. These polymers have a wide range of application as their EO/PO
ratio and molecular weight can be greatly varied (Hasmann et al., 2008). Other examples of
TSPs include poly(N-isopropylacrylamide), poly(vinylcaprolactam), ethyl-

hydroxyethylcellulose and non-ionic surfactants (Persson et al., 2000b).

1.5 PROBLEM STATEMENT

> Is thermoseparating ATPE a feasible process for PHAs purification and recovery and can
it be scaled-up to industrial scale?

» One of the main advantages of thermoseparating ATPE is the phase-forming polymer
can be recycled and reutilized, hence minimize the production cost. Therefore, can the
phase-forming polymer for thermoseparating ATPE be recycled during PHAs purification
and recovery process?

» As stated previously, high cost of carbon source has become an obstacle in wide
application of PHAs. Therefore, it is important to find a method to select an optimum
carbon source for extractive bioconversion of PHAs.

» How is the economic and environmental performance of PHAs purification and recovery

by thermoseparating ATPE compared to other purification strategies?
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1.6 OBJECTIVES

> To determine the optimum condition of PHAs purification and recovery by
thermoseparating ATPE with recovery yield more than 95 % and purification factor more
than 1.4 fold.

» To determine the performance of recycling and reutilization of phase-forming polymer for
at least 2 cycles and compare different recycling strategies

» To develop integrated economic and environmental assessment for PHAs biosynthesis

» To perform extractive bioconversion of PHAs and scale-up to bioreactor scale

» To evaluate the economic and environmental performance of PHAs production using

thermoseparating ATPE

1.5 RESEARCH FLOW

In the first chapter, introduction to the two main elements of this research, which are
polyhydroxyalkanoates (PHAs) and aqueous two-phase extraction (ATPE) has been made. The
advantages of green polymers and the challenges met for its wide application have been
discussed. Following that, the in-depth literature review of PHAs and ATPE has been performed.
Different types of PHAs, purification techniques as well as challenges and perspectives have
been included, while the mechanisms behind ATPE and integration techniques have been
studied. Further into the third chapter, the principal experimental methodologies as well as
bacteria strain and chemicals which will be utilized throughout the research have been
explained. Furthermore, different strategies of cell disruption and characterization of PHAs

have been discussed.

In the first part of the research (chapter 4), purification and recovery of PHAs using

two different ATPE techniques, which are cloud point extraction (CPE) and thermoseparating
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polymer/salt ATPE have been investigated using one-factor-at-a-time optimization strategy
on key ATPE influencing parameters. Subsequently, thedesign of experiment has been
performed on thermoseparating polymer/salt ATPE to obtain the global optimum for
purification condition of PHAs utilizing two-level full factorial design, method of thepath of
steepest ascent and response surface methodologyin chapter 5. Different strategies of
recycling and reutilization of phase-forming components have been carried out in these two

chapters.

In chapter 6, extractive bioconversion of PHAs via thermoseparating ATPE, which is an
advanced technique which integrates upstream fermentation and downstream purification
have been studied and scaled-up. Prior to that, a preliminary integrated economic and
environmental evaluation technique have been developed to select the suitable carbon source
for the purpose of extractive bioconversion. In the final part of the research, the process
flowsheet of industrial-scale of PHAs purification and recovery by thermoseparating ATPE have
been drawn and simulated using engineering software. Other than that, the evaluation of the
economic and environmental performance of thermoseparating ATPE have been performed
and compared with other conventional PHAs purification technique. Finally, the conclusion of
the research has been drawn and some future works on the research have been proposed.

Figure 1.3 summarize the flow of the research to provide a clearer picture to the readers.
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2.1 WHAT IS BIOPLASTICS?

What are bioplastics? Following the definition is given by European Bioplastics,
bioplastic is a plastic material that is biodegradable, biobased or features both properties
(Bioplastics, 2016, Conor et al., 2013). The biobased material is defined by American Society
for Testing and Materials (ASTM) as “an organic material in which carbon is derived from a
renewable resource via biological processes. Biobased materials include all plant and animal
mass derived from CO:2 recently fixed via photosynthesis, per definition of a renewable
resource”. U.S. Department of Agriculture (USDA) has been suggested by Institute of Local
Self-Reliance (ILSR) to set 50 % biobased content as the minimum threshold for goods to be
considered as biobased. When claiming a product as biobased, the unit (biobased mass
content, biobased carbon content), the measuring method and a percentage should be clearly
specified. Most companies used the method of U.S. standard ASTM 6866 (corresponding 14C
method supported by the European standard CEN/TS 16137) (Conor et al., 2013). As defined
by Biodegradable Products Institute (BPI), a biodegradable material is "“where under the right
conditions the microbes in the environment can break down the material and use it as an
energy and food source, leaving no remaining residuals or by-products except water, carbon
dioxide, and compost” (Institute, 2015). It must be remembered that biobased plastics are

not necessary biodegradable and vice versa.

Bioplastics can be made from a wide range of natural resources, such as potatoes,
corn, tapioca, rice, wood cellulose, palm fiber, bagasse and wheat fiber. In the 1850’s, the
first industrial bioplastic, parkesine which was made from cellulose was produced (Conor et
al., 2013). Bioplastic can be categorized into three groups following its definition, where the
first group is fully or partly bio-based, but not degradable plastics with the examples of bio-
based polyethylene (PE), polytrimethylene terephthalate (PTT), polyethylene terephthalate
(PET) or technical polymers like polyamides. The second group is fossil resource-based

plastics which are biodegradable, including polydioxanone (PDO/PDS), polyvinyl alcohol (PVA),
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poly(e-caprolactone) (PCL) and poly(butylene adipate-co-terephthalate) (PBAT).
Biodegradable bioplastics can be further divided into anaerobically digestible or compostable
bioplastics and bioplastics that degrade in specific receiving environment (soil, marine or fresh
water) after uncontrolled disposal (through loss or littering) (Conor et al., 2013). The third
and final group are plastics that are both biobased and biodegradable, such as poly(butylene
succinate) (PBS), polylactide (PLA), polyhydroxyalkanoates (PHAs), starch blends and
cellulose (Bioplastics, 2016). Figure 2.1 depicts the group categorization of bioplastics. From
the year 2005 to 2010, there is 22% average annual growth rate over 5 years (Akaraonye et
al., 2010). Contribute to approximately 0.5 % of the current global production capacity, the
worldwide production of bio-plastics is roughly 1400 kilotons per annum (PlasticsEurope,
2015). By the year of 2018, the expected productions of these “green plastics” are roughly

$5 billion worth of the growth of about 35% (Gumel et al., 2012).

PE
PTT
PET

PDP/PDS
PVA
PCL

BIODEGRADABLE BIOBASED

Figure 2.1 Group categorization of bioplastics

30



270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

201

292

293

294

2.2 POLYHYDROXYALKANOATES (PHAs)

First discovery and characterization of PHA polymers were made by Maurice Lemoigne,
a French microbiologist in 1920s which is poly(3-hydroxybutyrate) [P(3HB)] in Bacillus
megaterium (Keshavarz and Roy, 2010). PHAs serve as intracellular carbon and/or energy
storage reserve or as electron sink in various microorganisms, accumulated under unfavorable
growth condition which is a deprivation of nutrients such as oxygen, nitrogen, phosphorus,
sulfur, iron or magnesium with a supply of excess carbon source. The Gram negative and
Gram positive bacteria (over 300 species) that accumulate PHA polymers as intracellular
inclusions are from genera of Necator, Cupriavidus, Ralstonia, Pseudomonas, Aeromonas,
Bacillus, Alcaligenes, Enterobacter and Rhodobacteras well as some cyanobacteria and
halophiles (Philip et al., 2007, Gumel et al., 2013). Nevertheless, some bacteria are able to
synthesise PHAs without the requirement of nutrients limitation, such as A. eutrophus, A.

vinelandii UWD, Alcaligenes latus, recombinant E. coli (Keshavarz and Roy, 2010).

Based on the constituent number of carbon atoms in the monomer units, PHAs can be
classified into two main groups. The first group is short-chain-length (scl) PHAs which are PHA
consisting of C3-Cs atoms produced by bacteria such as A. latus and Cupriavidus necator
(previously known as Wautersia eutropha or Ralstonia eutropha). In the other hand, those
consist of Cs-C14 atoms are medium-chain-length (mcl) PHAs, which accumulated by bacteria
such as Aeromonas caviae and Pseudomonas putida (Laycock et al., 2013). There are also
PHA copolymers with examples of scl-copolymers [e.g. P(3HB-co-4HB), P(3HB-co-3HV)], mcl-
copolymers [e.g. P(3HHx-x0-3HO)], and scl-mcl-copolymers which consisting both scl- and
mcl- monomers [e.g. P(3HB-co-3HHXx)] (Akaraonye et al., 2010). Figure 2.2 depicted the

general structure of polyhydroxyalkanoates.

/[/O\CH/(CHZ)X\C/O\CH/(CHz)X\C/Oﬂ\
| I I "
R, O R, 0]
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Figure 2.2. General structure of polyhydroxyalkanoates (Ri/R2 = alkyl groups Ci-Ci3, X = 1-

4, n = 100-30000) (modified from (Akaraonye et al., 2010))

Generally, molecular weight (MW) of polymer PHAs fall in the range of 2 x 10° to 3 X
10 Da which is dependent on host microorganism, substrate composition, thestate of
inoculum, culture condition and downstream processing techniques (Rai et al., 2011). The
physical properties of PHA polymers such as glass transition temperature, melting
temperature and crystallinity are greatly influenced by the side chain length and its functional
group (Akaraonye et al., 2010). PHA polymers exist as discrete cytoplasmic inclusions with
the size of normally 0.2 £ 0.5 mm in diameter and appear as electron-dense bodies under
transmission electron microscopy. Due to their high refractivity, it can be visualized using
aphase contrast light microscope. Stained with Sudan Black B, it clearly shows that the
inclusions are of lipid nature. Other than that, PHAs display strong orange fluorescence when
stained by oxazine dye Nile Blue A at 460 nm excitation wavelength (Khanna and Srivastava,

2005).

In screening the microorganism for large scale PHA biosynthesis, there are some key
factors that need to be considered are such as growth rate, the capability to feed on
inexpensive carbon source, cost of substrate, quantity, and quality of PHA synthesized, the
maximum polymer yield from the substrate, PHA productivity and downstream processing
cost (Chanprateep, 2010). Even though there are more than 300 types of microorganisms
are able to accumulate PHA polymers, only a few are able to synthesize sufficient PHA for
industrial scale production, which are C.necator, Methylobacterium organophillum,
Pseudomonas olovorans, A. latus, Protomonas extorquens, Azotobacter vinelandii, Paracoccus

denitrificans and recombinant Escherichia coli(Valappil et al., 2007, Chanprateep, 2010).
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2.2.1 Short-chain-length (scl) PHAs
In recent times, development of novel scl-PHAs with enhanced mechanical and thermal
properties that have potential desired properties for a wide range of applications from daily

use to thebiomedical field.

2.2.1.1 Poly [(R)-3-hydroxybutyrate] [P(3HB)]

As the most ubiquitous PHA synthesized by a broad range of phototropic and
chemotrophic bacteria in nature, production of poly[(R)-3-hydroxybutyrate] [P(3HB)] has
been extensively studied as a model PHA in the development of cultivation strategies (Hiroe
et al., 2013). P(3HB) has some useful properties, such as water insolubility, moisture
resistance, optical purity and good oxygen impermeability. However, it is highly crystalline
and its processing by injection molding is challenging due to its high melting point. Other than
that, P(3HB) has higher tensile strength and Young’s modulus than polypropylene, but much
lower elongation to break (6%) compared to that of polypropylene (400%) (Ojumu et al.,
2004). There are three sequential enzymatic steps in most of the P(3HB)-producing bacteria,
starting from 2 acetyl-coenzyme A (CoA) moieties condensed by B-ketothiolase (phaA) to
form acetoacetyl-CoA, which its reduction catalyzed by an NADPH-dependent acetoacetyl-CoA
reductase (phaB) becoming D-(-)-3-hydroxybutyryl-CoA, and finally 3HB-CoA monomers

linked up by P(3HB) synthase (phaC) to a growing chain via ester bond formation.

Researchers and industries have employed different strategies to improve the quality
and quantity of P(3HB) synthesized and reduce the overall operation cost. Several strategies
have been used to promote P(3HB) production such as oxygen limitation during fed-batch
culture, asmall quantity of oleic acid and amino acid addition for cultivation in defined medium
(Li et al., 2009). Strategies of utilizing unwanted by-products as acarbon source have
becoming a trend as thecost of carbon source contributes to major of PHAs production cost.
As the by-product in biodiesel synthesis, glycerol has a drastically fall in its price due to
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therapid growth of biodiesel industry and treated as pollutant waste that should be disposed
of (Andreessen et al., 2010, Nikel et al., 2010). Therefore, it has gain attractions to become
a very potential carbon source for PHA biosynthesis. The influence ofphaPon P(3HB)
production and microbial growth have been studied using glycerol as sole carbon source. It is
found that phaPenhanced both the total biomass weight and the PHA content as it serves as
a barrier between the cytoplasmic components and hydrophobic polymer (de Almeida et al.,
2007). Other low-value byproducts such as corn steep liquor and milk whey have been
designed and evaluated as the primary carbon and nitrogen sources for the production of

P(3HB) as well.

Recently, P(3HB) biosynthesis under anaerobic fermentation has gained attractions as
a low-cost PHA production strategy due to higher P(3HB) conversion rate, robust control
strategies, simpler reactor design and mild operating conditions. Under oxygen limitation,
microorganisms undergo mixed acid fermentation and produce lactate,acetate, formate,
succinate and ethanol (or H2 and CO2) as by-products (Jian et al., 2010). In addition to that,
researchers have also working on strategies on manipulating environmental factor of P(3HB)
production, such as addition of casein amino acids (CAS) as supplement (Nikel et al., 2008),
effect of aeration when utilizing glucose and glycerol as carbon sources (de Almeida et al.,
2010) and influence of culture temperature on molecular weight (Mw) of P(3HB) synthesized

(Agus et al., 2010)(Tomizawa et al., 2011).

From polymerization studies, it is suggested that the major factors controlling the
molecular weight (MW) of P(3HB) are a hypothetical chain transfer agent and PHA synthase’s
activity. Native PHA-synthesizing bacteria such as C. necator produce P(3HB) with average
MW ranging from 0.5 to 1.0 MDa. On the other hand, metabolically engineered E. coli is
capable to synthesis P(3HB) with a very high Mw ranging from 3 x 10020 x 10°[in gel
permeation chromatography (GPC) analysis using polystyrene as standard] which defined as

ultra-high-molecular-weight P(3HB) [UHMW-P(3HB)]. It is suitable for making strong fibers
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or films by a cold- or hot-drawing procedure (Hiroe et al., 2013). The fiber or films made from
UHMW-P(3HB) have excellent mechanical properties improved by stretching (Agus et al.,
2006b), for example, extension to break and tensile strength of 112% and 237 MPa
respectively, depending on processing conditions. Furthermore, the material properties of
UHMW-P(3HB) can be further enhanced by annealing treatment of stretched films (Park et al.,
2005). Nonetheless, high-level accumulation of UHMW-P(3HB) in abacterial cell is hampered
due to the trade-off between PHA polymer’s yield and its molecular weight (Hiroe et al., 2012).
Also, lack of efficient synthesis system gives rise to difficulty in its commercialization and

application.

In order to overcome these, several strategies have been utilized to improve the
biosynthesis of UHMW-P(3HB), such as optimizing the plasmid vector (Kahar et al., 2005,
Agus et al., 2006a), IPTG induction (Agus et al., 2006a), PHA synthase (phaC), insertion of
point mutation to phaC, cultivation conditions (Agus et al., 2006b), balance between PHA
synthase abundance and monomer supply (Hiroe et al., 2012), host bacterial strain (Hiroe et
al., 2013, Agus et al., 2006b), and phaCactivator (Hiroe et al., 2013). Microorganisms such
as recombinant E. colicultured at optimal growth condition of pH 6.0 can produces P(3HB)
with extremely high molecular weight (20 MDa), which termed as supra-molecular-weight-
P(3HB)(Hiroe et al., 2012, Agus et al., 2006b, Kahar et al., 2005, Agus et al., 2006a). It has
superior mechanical properties compared to normal P(3HB), such as 237 MPa and 112% for
tensile strength and elongation at break respectively. Therefore, it is useful PHA material for

processed into thebiodegradable strong fiber and also drug carrier.

2.2.1.2 Poly(3-hydroxybutyrate-co-3-hydroxyvalerate)[P(3HB-co-3HV)]

Homopolymer PHBs are too brittle and stiff for many applications due to its high
crystallinity. Incorporation of other monomerssuch as 3-hydroxyvalerate can help to reduce
the brittleness andcompensate processability of P(3HB) (Singh and Mohanty, 2007). Moreover,
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P(3HB-co-3HV) copolymers are more impermeable togas compared to polypropylene and
polyethylene (Salehizadeh and Van Loosdrecht, 2004). Owe to it enhanced mechanical
andthermal properties, poly(3-hydroxybutyrate-co-3-hydroxyvalerate) [P(3HB-co-3HV)], the
copolymer of3-hydroxybutyrate (3HB) and 3-hydroxyvalerate (3HV) gainsmuch commercial
interest (Chen et al., 2011). The applications ofcopolymer P(3HB-co-3HV) are including plastic
beverage bottles,film, as a creating on paper, food packaging, disposable personalhygiene,
and potential in biomedical applications (Ojumu and Solomon, 2004). By adjusting the
processing conditions, the copolymer consisting of 3HV mole fraction more than 20% can be
used to makefibers and films (Philip et al., 2007). In the 1980s, this copolymerhas been
commercialized, though the wide applications havebeen hindered by the high production costs
(Nikel et al., 2006).Currently, there are two commercial brands of P(3HB-co-3HV),which are

BiopolTMand BiocycleTM(Mumtaz et al., 2010).

Desired mechanical and thermal properties can be achieved byvarying the 3HV mole
fraction in the copolymer. The higher the3HV content in P(3HB-co-3HV), the lower the
crystallinity whichresulted in increased flexibility, strength and elongation to break(Nduko et
al., 2012). The melting temperature reduces as well andthis enables the copolymer undergoes
thermal processing without degradation, resulted in widening the processing window ofP(3HB-
co-3HV). In the other hand, this copolymer has some majordrawbacks which are slow
crystallization rate and growth of interlamellar secondary crystallization during storage.
Nonetheless, the 3HV mole fraction in the copolymers cannot be easily controlled, and
synthesis of P(3HB-co-3HV) consisting>40 wt% 3HV monomer content are generally rare

using usual fermentation method (Yang et al., 2012b).

Propionate which serves as the direct precursor of propionyl-CoA is pricey(Yang et al.,
2012b) and resulted in thebiosynthesis of P(3HB-co-3HV) expensive compared to P(3HB). As
a result, a strategy to produce P(3HB-co-3HV) through threonine biosynthetic pathway using

inexpensive, unrelated carbon sources has been developed (Chen et al., 2011). To further
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enhance the efficiency of the limiting step, threonine deamination, the overexpression of
threonine deaminase, ilvA from Corynebacterium glutamicum among other bacteria could

significantly increase the 3HV mole fraction.

On the other hand, astrategy such as adjusting propionate concentration during
fermentation process has been used to obtain the desired 3HV contents in P(3HB-co-3HV).
However, this strategy has some drawbacks such as the toxicity of propionate to microbe cell
at high concentration decreases the conversion efficiency of propionate to 3HV (Liu et al.,
2009), inexpensive carbon sources may not consist of correct carbon composition and it
cannot be easily scaled up (Wong et al., 2008). As a result, an alternative strategy which is
changing the critical gene’s induction level (e.g. prpE) has been proposed. Factors influencing
the P(3HB-co-3HV) accumulation and 3HV content have also been investigated to produce
copolymers with high 3HV monomer composition (Yang et al., 2012a). As one of the
commercialized PHAs, the large-scale production of P(3HB-co-3HV)with 3HV content more
than 20% is desirable due to its properties. Various strategies such as varying propionate
concentration and adjusting IPTG induction to obtain copolymers with 3HV content, though
the strategies have their own drawbacks. More researches can be done on theproduction of
P(3HB-co-3HV) using low-cost substrate or by mixed culture fermentation as well as create

copolymers with interesting properties.

2.2.1.3 Other scl-PHAs

Poly(3-hydroxypropionoate) [P(3HP)] is a polymer which combines the properties of
poly(2-hydroxypropionoate) [P(2HP)], which also known as polylactic acid and P(3HB).
Having best mechanical properties among all known PHA (Meng et al., 2012, Tripathi et al.,
2013), its exceptional tensile strength, high ductility and rigidity has increasingly gained

interests (Wang et al., 2012a).
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As 4HB is known to enhance theelasticity of PHA, copolymer P(3HP-co-4HB) has
potential to give desirable and usefulproperties. Although higher concentrations of PDO and
BDO lead to increasing biomass weight, but thetoxicity of high PDO or BDO
concentrationcaused asubstantial reduction in both cell density and PHAs contentespecially
when thetotal concentration was over 20 g/I. The monomercompositions of 4HB and 3HP in
copolymer P(3HP-co-4HP) couldbe fixed by adjusting the ratio of PDO:BDO. For example, a
PDO:BDOratio of 1:1 resulted in P(3HP-co-4HB) of 30 mol% 4HB, whilecopolymer with amole
fraction of 87% 4HB is synthesized when theratioof 1:10 is used. Dependent on its monomer
composition, copolymerP(3HP-co-4HB) is only fully transparent when consisting mole fraction
of 67% 4HB. Copolymers P(3HP-co-4HB) have abetter elongationat break compared to P(3HP)
as expected and constant meltingtemperature from 62 to 65 °C.Polymer microstructure
development, such as block copolymersis an innovative method to develop novel and desired
properties(Philip et al., 2007). Block copolymers haveadvantages of high MWwithout property
detrimental aging problem and new added physical properties as polymer microstructureis
introduced in biological PHA systems. P(3HP)-b-P(4HB) produced are proven to have superior
properties over P(3HP-co-4HB)in terms of melting temperature, tension strength, yield
strength,and Young’s modulus. The comparisons between random, blockand blend

copolymers P(3HP-co-4HB) with homopolymers P(3HP)and P(4HB) are shown in Table 2.1.

By developing new PHA synthase and combining with wide substrate range for 2-
hydroxy acid, biosynthesis of polylactic acid (PLA) has made a significant development in PHA
history asits diversity is further expanded (Gao et al., 2011). By adjustingcrystallinity and
molecular weight, lactate-based PHAs exhibiteddifferent thermal and mechanical properties
that have potential in thewide range of applications such as food, biomedical, and
generalpurpose application (Taguchi et al., 2008). As the chemical processes are energy-
consuming and required the use of dangerousmetal catalysts, thus, it is desired to develop a

one-step biosynthesis process, a “microbial factory” to produce the polymer. These
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475 biopolymers have glass transition temperature and melting temperature around 2-14 °C and
476 157-168 °C respectively. Asa new member in PHAs family, there are still a lot of hidden
477 potential in lactate-based polymers that can be explored. Therefore,more researches can be
478 done on theinvention of novel polymers withunique properties, biosynthesis of polymers using
479 low-cost substrate and/or by mixed culture fermentation, maximize the yieldand productivity
480  of polymers, simpler and more economical downstream processing and others. These works

481 should be done to makethe large-scale production of lactate-based PHA polymers possible.

482
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483 Table 2.1: Comparison between random, block and blend copolymers P(3HP-co-4HB) with
484 homopolymers P(3HP) and P(4HB)
PHA type Molecular Thermal Mechanical properties References
weights properties
Mw  PDI Tm Tq (°C) Oy Omt €b (%) E (MPa)
(10°) (°C) (MPa) (MPa)
P(3HP) 1.63 1.48 78.13 -17.85 33.83 21.54 497.6 £ 2889.9x (Meng et
+0.76 £ 1.10 6.20 698.80 al., 2012)
P(4HB) 3.89 1.17 61 -47 13.77 34.66 696.6 £ 180.9 £
+1.41 £ 0.98 43.60 59.20
P(3HP-co- 2.59 1.32 62.74 -31.28 1.70+ 6.36+ 96290+ 14,50 +
25% 4HB) 0.18 0.76 20.50 0.40
P(3HP-co- 2.80 1.30 6346 -36.14 092+ 0.54+ 1611.0 4.40 £
38% 4HB) 0.03 0.04 19.30 0.10
Blend 4.87 2.83 57.14, -16.15, 10.83 13.79 94.69 £ 190.18 £ (Tripathi
P3HP/P4HB 78.10 -47.03 £295 +£2.94 99.14 34.08 et al.,
P3HP-b- 5.48 2.52 54.97, -20.20, 20.04 44.71 876.70 £ 177.03 £ 2013)
29% P4HB 67.60 -46.19 + 3.0 + 6.74 85.11 18.76
P3HP-b- 547 2.62 53.41, -21.58, 7.40+ 2532 1031.51 113.21 +
37% P4HB 66.80 -45.19 0.35 + 448 =+ 129.16 14.61
485
486
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2.2.2 Medium-chain-length (mcl) PHAs

Conventional mcl-PHA is biodegradable rubber and elastomer with low degree of
polymerization (MW normally below 100 kDa), low melting temperature (40-60 °C) and low
glass transition temperature (around —40 °C) but also low tensile strength (Liu et al., 2011,
Muhr et al., 2013). The mechanical and thermal properties of mcl-PHA copolymers which
consist of more than 15% 3HDD is significantly better than those of less than 15% 3HDD (Liu
et al., 2011). Nevertheless, copolymers of mcl-PHA are poorly manageable because of their
multiple monomer structures which are hard to regulate (Ma et al., 2009). Due to their high
elasticity and low crystallinity, they are suitable materials for biodegradable elastomer and
rubber, which is desired for novel applications in cosmetics, paint formulations, other coatings,
medical devices and tissue engineering (Park and Yup Lee, 2004). Moreover, chiral monomers
from depolymerization of mcl-PHAs can be used to synthesize vitamins, antibiotics, and other

bioactive compounds (Jiang et al., 2006).

Medium-chain-length (mcl) PHAs generally consist of 3-hydroxyhexanoate (3HHx), 3-
hydroxyoctanoate (3HO), 3-hydroxydecanoate (3HD) and 3-hydroxydodecanoate (3HDD)
(Ma et al., 2009). The composition of mcl-PHA’s co-monomer depends mainly on the culture
conditions, carbon source, and PHA formation metabolic pathways (Li et al., 2007). These
metabolic pathways are presented in Fig. 2.2. These productions of mcl-PHA are following
three different metabolic routes which are the degradation of fatty acids B-oxidation (main
metabolic pathways of fatty acid), de novo fatty acid biosynthesis route (non-related carbon
sources), and finally, chain elongation where acyl-CoA extended by acetyl-CoA (Kim et al.,
2007). Those fatty acid metabolism’s intermediates which function as main precursors for
mcl-PHAs are 3-ketoacyl-CoA, (R)-3-hydroxyacyl carrier protein (ACP), (S)-3-hydroxyacyl-

CoA and enoyl-CoA.

Mcl-PHAs productions in various carbon and nitrogen sources such as glucose, glycerol,

sucrose, maltose, fish peptone, special peptone and protease peptone have been studied
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513 (Sujatha and Shenbagarathai, 2006). Agricultural co-products such as whey, fats and oils
514 have the potential as low-cost substrate for PHA production. The study by Fonseca and
515 Antonio concluded that vegetable oils with shorter fatty acids and higher saturation degree
516  should be used in order to get optimum mcl-PHAs production (Fonseca and Antonio, 2006).
517  Thorough literature study has shown the potential and flexibility of microorganisms utilizing
518 a wide range of both related and unrelated inexpensive carbon sources for mcl-PHA
519 synthesis(Park and Yup Lee, 2004, Fonseca and Antonio, 2006, Kang et al., 2011, Wang et
520 al., 2012b). This further reduces the production cost and open up the possibility of mcl-PHAs

521 largescale production.
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523 Figure 2.2. Metabolic pathway for mcl-PHA biosynthesis (modified from (Kim et al., 2007))
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2.2.3 Short-chain-length-medium-chain-length (scl-mcl) PHAs

The P(3HB) polymer backbone incorporate with mcl monomer units enhances the
combine the properties of both scl-PHAs and mcl-PHAs with improved mechanical and thermal
properties which are suitable for a wide range of commercial applications (Park and Yup Lee,
2004, Li et al., 2011). The PHA copolymer’s properties are greatly influenced by the type,
ratio and distribution of the comonomer units. Scl-mcl PHA copolymers with a high mole
fraction of short-chain-length monomer composition (3HB) and low mole fraction of medium-
chain-length monomer composition possess similar mechanical properties to those of low-
density polyethylene (LDPE) (Davis et al., 2008). One of the examples is copolymer P(3HB-
co-3HHx) which contains less than 20% mole fraction of 3HHx (Lu et al., 2003). However,
the biosynthesis of scl-mcl PHA copolymers meets obstacles such as lack of adequate
monomer supplying enzymes and PHA synthases (Nomura et al., 2005). As scl-mcl-PHAs
provide a versatile range of mechanical and thermal properties that have the potential for
many applications, intensive researches should be done to obtain the polymers with desired

properties and further study for the purpose of economical large scale production.

2.2.4 Isolation and recovery of PHAs
Table 2.2 presents various methods for separation and purification of PHAs together

with its advantages and disadvantages.
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544

545

Table2.2: Recovery methods of PHA with its advantages and disadvantages (modified from

(Jacquel et al., 2008, Kunasundari, 2011))

Recovery

methods

Advantages

Disadvantages

Solvent extraction

Chemical
digestion by

surfactant

Chemical
digestion by
sodium

hypochlorite

Sequential
surfactant-
hypochlorite

digestion

Elimination of endotoxin

High purity

Negligible or no polymer

degradation

Useful for medical application

Higher molecular weight PHA

Break PHA granules morphology

Hazards associated with

halogenated solvents

High capital and operating cost

Low recovery

Treatment of high cell densities

Negligible or no polymer

degradation

Low purity

Wastewater treatment required

Higher purity

Severe reduction in molecular

weight of PHA

Limited degradation

Low operating cost compared to

solvent extraction

Rapid recovery and simple

process

Combined cost of surfactant and

sodium hypochlorite

Wastewater treatment required
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Dispersion by
sodium
hypochlorite and

solvent extraction

Surfactant-chelate

Selective
dissolution of

NPCM by protons

Enzymatic

digestion

Bead mill

High-pressure

homogenization

High purity

Negligible or no polymer

degradation

Consumption of large volume of

volatile and toxic solvent

Not environmental friendly

Higher recovery cost

High purity

Convenient operation

Low environmental pollution

Large volume of wastewater

Slight polymer degradation

High recovery

High purity

Low operating costs

Severe reduction in molecular
weight if the process parameters

are not controlled stringently

Mild operation condition

Good recovery

Complex process

High cost of enzymes

No chemicals used

Less contamination

Not susceptible to blockages

No micronization of PHA

granules

Require several passes

Long processing time

Various process parameters have

to be controlled precisely

No chemicals used

Less contamination

Poor disruption rates for low

biomass levels
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Supercritical fluid

(SCF)

Cell fragility

Self-flotation

Severe micronization of PHA

granules

Depends on both process and
microbial physiological

parameters

Possible for thermal degradation

of desired products

Formation of fine cellular debris
that interfere with downstream

processing

Simple and rapid

Low cost

Low toxicity

Dependent on process

parameters

Frequent need for clean up

Difficulties in extracting polar

analytes

Difficulties in dealing with natural

samples

Low recovery

Simple recovery methods

Mild extraction conditions

Need to balance cell wall

softening and cell wall integrity

Cost effective as additional steps

could be avoided

Consumption of large volume of

toxic and volatile solvents
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548

Air classification
Dissolved air-

flotation

Aqueous two-
phase extraction

(ATPE)

Spontaneous

liberation

Gamma irradiation

High purity

Low recovery

No chemicals used

Less contamination

Require several consecutive

floatation steps

Short processing time

Low material cost

Low energy consumption

Good resolution

High yield and relatively high

capacity

Dependent on process

parameters

Issue of robustness and

reproducibility

Absence of commercial kits to

evaluate ATPE at bench scale

Poor understanding of the

mechanism

No extracting chemicals needed

Low recovery

Retention of solvent solubility
due to the low degree of cross-

linking

No chemicals used

Low contamination

Length of irradiation time

High initial investment cost

2.2.5 Challenges and perspective

Generally, in producing bioplastics that are random copolymers, there are still some

549 challenges in obtaining desired proportion of monomers which highly influenced the
550 mechanical and thermal properties. Using the knowledge accumulated from previous research,
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an ideal bacteria strain which is economically feasible for large-scale PHAs production can be
designed. More work should be done in high cell density cultivation method coupled with PHA
biosynthesis from low-value by-product or mixedculture fermentation to further improve
theeconomic competitiveness of the bioplastics. Other than that, environmental factor, such
as temperature, pH, dissolved oxygen (DO), by-product inhibition and nutrient concentration
can be further optimized to improve the bacteria growth rate and PHA content as well as
obtain desired mechanical and thermal properties. As mentioned previously, novel PHA
biopolymers should be further researched for awider range of application and to be able for
large-scale production. Table 2.3 presents a list of challenges in current PHA productionwith

corresponding proposed solutions.
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573 Table 2.3: List of challenges in current PHA production with corresponding proposed

574 solutions

Challenges

Proposed solutions

High production cost of PHA compared to

conventional petrol-based plastics

Unsatisfactory growth rate and PHA content

for large-scale production

Limited range of application

e More work should be done on high cell
density cultivation method coupled
with PHA biosynthesis from low-value
by-product or mixedculture
fermentation

¢ Genetically modify microorganisms to
utilize wider range of carbon source
more efficiently

Further optimize environmental factors, such
as temperature, pH, dissolved oxygen (DO),
by-product inhibition and nutrient

concentration

Explore the hidden potential of novel PHA

biopolymers

575

576
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2.3 AQUEOUS TWO-PHASE SYSTEMS (ATPS)

In 1896, aqueous two-phase systems (ATPSs) has been introduced to the world by
Beijerinck, however, it only starts attract interest from researchers and industries in the 1950s
due to Andersson’s work (Ferreira et al., 2008). Up to the present time, various studies have
been performed on ATPSs from different combinations of polymer and polymer or polymer
and salt. The application ranges of ATPS are wide and includes proteins, microorganisms,
nucleic acids, animal and plant cells (Walter et al., 1985), amino acids (Liu et al., 2012), lipids
(Sharpe, 1985), antibiotics (Jiang et al., 2009), antibodies (Azevedo et al., 2009), small
organic species (Huddlestion et al., 2002), metal ions (Rogers et al., 1996, Bauer and Rogers,
1996), as well as micro and nano-solid particulates (Dembczynski et al., 2010). ATPS has also
been further applied on the delignification of paper pulp processing (Willauer et al., 2000, Li
et al., 2001) and as green reaction media (Chen et al., 2005). Table 2.4 presented some
examples of ATPE that can be used for protein or bioproduct partitioning, however, the list is

not meant to be exhaustive.

Not mentioning the phase-forming polymers which have enzyme-stabilizing properties,
ATPS which consists of high water content (70-90 % wt/wt) provides a mild environment for
separation of sensitive bioproducts without causing denaturation (Ng et al., 2012), while high
interfacial contact area facilitated efficient mass transfer due to low interfacial tension.
Compared to conventional solvent extraction techniques which consume a huge amount of
volatile and toxic solvents, the phase-forming components of ATPS are generally safe, non-
flammable, non-toxic and relatively environmental-friendly (Li and Peeples, 2004). In contrast
to chromatography techniques that require a long processing time and high operation cost,
applications of ATPSs on purification of both high- and low-value products give satisfactory
purity and yield, presenting the robustness, flexibility and potential universal application of
this technique (Silvério et al., 2013). Furthermore, phase separation can be done selectively

and rapidly under room temperature with relatively little energy inputs (Nilsson et al., 2002).
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Apart from the ability to handle high capacity and reduce the volume of subsequent
purification steps (Rabelo et al., 2004), large-scale purification using ATPS can be easily and
reliably predicted from laboratory data (Moreira et al., 2013). Thus, ATPS is a viable solution
for the industrial demand of cost-effective and highly efficient large-scale bioseparation

technology with short processing time (Ferreira et al., 2008).

The partitioning of biomolecules can be manipulated by changing the types, molecular
mass or concentration of polymers; types and concentrations of ions in the system (Leuchau
etal., 2011); pH; and the addition of salts (Persson et al., 1998). Strategies such as alteration
of amino acids composition (Berggren et al., 1999), peptide tags addition (Berggren et al.,
2000) by genetic engineering, pH altering (Persson et al., 1999b) and addition of co-solutes
(such as non-ionic surfactants or salts) (Cunha et al., 1998) can be used to direct or enhance
the partitioning of biomaterials to the desired phase. For example, large monovalent ions such
as SCN-, I and ClO4™ are used to promote the partitioning of hydrophobic positively charged
molecules to the hydrophobic phase (Johansson et al., 1997), while partitioning of
hydrophobic negatively charged molecules to the hydrophobic phase can be enhanced by
addition of salt with hydrophobic cation such as triethylammonium phosphate (Persson et al.,

1998).
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Table 2.4: List of ATPS systems

A. Polymer-polymer-water systems

Polymer

Polyethylene glycol

Thermoseparating polymers (EOPO, UCON,

HM-EOPO)

Starch derivatives

Ficoll

Polyvinyl alcohol

Polymer

Dextran

Starch derivatives (methylcellulose,

hydroxyethyl cellulose, etc)

Ficoll

Polyvinyl alcohol

Dextran

Starch derivatives

Dextran

Dextran

Dextran

B. Polymer-low molecular weight solute-water systems

Polyethylene glycol

Thermoseparating polymers

Polyvinyl alcohol

Salt (Potassium phosphate, etc)

Amino acid

Mono/ Dissacharide

Peptide/ Protein

Salt

Butylcellosolve
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2.3.1 Thermoseparating-based aqueous two-phase extraction (ATPE)

EOPO random copolymers have been used to form ATPSs with potassium phosphate,
sodium or ammonium sulfate, dextran and other starch derivatives as the replacements of
PEG (Dembczynski et al., 2010) where much liquid-liquid equilibria have been studied and
the phase diagrams were determined. Other than easy phase separation and good results of
biomolecules partitioning (Hasmann et al., 2008), a thorough literature review shows that a
lower amount of phase-forming components is required to form the two phases for
thermoseparating ATPS, thus, the risks of both precipitation of proteins and salting out are
minimized (Rabelo et al., 2004, Show et al., 2012a). Besides, most protein recovery
techniques are not suitable for larger molecules (>100 nm in size) such as plasmid DNA, the
application of thermoseparating polymer-based ATPS has been researched and revealed the

huge potential for the large-scale application (Kepka et al., 2004).

Besides coupling with other phase-forming components to form ATPS for the purpose
of two-stage extraction, aqueous solutions of TSP can also be used for bioseparation (known
as cloud point extraction, CPE) accounting to volume exclusion effect (Kepka et al., 2003).
Using the concept of temperature-induced phase separation, TSPs has decreased solubility in
its aqueous solution and form two phases (water and polymer phases) eventually after heated
beyond a critical point, known as lower critical solution temperature (LCST) or cloud point
(CP) (Li et al., 2002a). In these systems, the top phase has almost 100% water content,
while the bottom phase contains EOPO with a concentration of 40-60% (Persson et al., 1999b).
The concept of thermoseparation-based ATPS is shown in Figure 1.2. This feature simplifies
the extraction of the target product and makes the recycling and reutilizing of polymers
possible without the need for additional third component or extra separation steps. This makes
bioseparation more cost-effective and environmental-friendly, which is suitable for the

industrial-scale application and aids in further purification steps as well (Kepka et al., 2004).
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The CP of TSPs aqueous solution can be easily identified by the solution turbidity
(Rabelo et al., 2004). For example, the CP of a 10 wt/wt % solution of EO20POso, EO30PO70
and EOsoPOso is 30 °C, 40 °C and 50 °C, respectively (Persson et al., 2000b). The commonly
used polymer in ATPS, PEG, is also a TSP. However, LCST above 100 °C (low-molecular-mass
PEG has CP as high as 180 °C) is unsuitable for the most case of thermoseparation for
biomaterials [18]. A novel TSP, hydrophobically modified EOPO (HM-EOPO), presented by
Johansson and his coworkers (Johansson et al., 1999) has low CP around 12°C at 3 % wt/wt,
which means that thermoseparation can be done near room temperature. The behavior of
polymers in solution depends on the EO/PO ratio, as well as block size, molecular mass, and
concentration of EO and PO (Rabelo et al., 2004). Given that CP decreases with increasing
hydrophobicity (i.e. increase of PO content), CP further depends on the concentration of
copolymer (Persson et al., 1998). Strategies such as making the polymer more hydrophobic
or addition of hydrophilic salt (e.g. sodium sulfate), acids/bases (Persson et al., 1999b) or
ionic surfactants (e.g. sodium dodecyl sulfate (SDS)) (Cunha et al., 1998) have been used to

lower the CP of TSPs and promote partitioning of target products.
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Figure 1.2: Concept of thermoseparation-based ATPS

2.3.1.1 Influence of EO:PO Ratio

Following the decrease in EO/PO ratio, EOPO copolymers that have a higher PO content
become more hydrophobic, more viscous and have a lower CP as PO monomers have a longer
hydrocarbon chain (Berggren et al., 1995). They also form stronger hydrophobic interaction
with proteins with high hydrophobicity. On the other hand,gellification can be observed in
copolymers, that contain a high EO %, such as copolymers with 50 % and 80 % EO content
(Rabelo et al., 2004). Also, the LCST of TSP with 50% EO content is not affected significantly

by polymer concentration (Rabelo et al., 2004). A TSP with 50 % PO content was found that
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is more suitable for partitioning of cyclodextrin glycosyltransferase as the polymer phase

provides the greatest solubility, thus avoiding the precipitation in interphase (Ng et al., 2012).

2.3.1.2 Influence of EOPO Molecular Weight (Mw)

The hydrophobicity of the polymer increase following the Mw due to increase in
hydrophobic area to hydrophilic group ratio. Besides requiring lower concentration to form
ATPS for the copolymer of high Mw (Ng et al., 2012), random EOPO copolymers with high Mw
result in lower LCST and provide highly efficient temperature-induced phase separation
together with recovery of target bioproducts (Rabelo et al., 2004). The Mw of EOPO also has
a significant influence on the partitioning of alarge protein (Johansson et al., 1998), with the
example of partition coefficient (K) increase with copolymer MW in bromelain recovery (Rabelo
et al., 2004). In partitioning of L-asparaginase in PEO-PPO-PEO/phosphate system,
purification factor (PF) generally showed an increasing trend for increasing triblock copolymer
molar mass, whereas there is no specific trend for K though those with higher molar mass
gave a higher value (Zhu et al., 2007). Comparing between EOPO 970 and 3900, the former
needed higher concentrations of EOPO to form two phases that might cause precipitation at
the interphase and volume exclusion effect, which causes negative impacts on K and the

purification factor(Ng et al., 2012).

2.3.1.3 Influence of Tie-Line Length (TLL)

The TLL of a system can be modified by altering either phase-forming component
concentration or both. In conventional ATPE, it is well known that partitioning of biomolecules
become more extreme following the increasing concentration of phase-forming components
(Albertsson, 1986) with examples such as amylase (Li et al., 2002a), endo-polygalacturonase

(Pereira et al., 2003), human immunoglobulin G (Ferreira et al., 2008) and lysozyme
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(Dembczynski et al., 2010) in thermoseparating ATPE as long as volume-exclusion effect does
not take place. This is due to entropic effect which causes partition of target biomolecules to
the other phases plays a major role in the systems containing high polymer concentration.
On the other hand, in the system with low polymer concentration, electrochemical force
becomes the dominating factor for polymer/salt system, whereas entropic driving force is

greatest for polymer/polymer system (Nilsson et al., 2002).

However, being more hydrophobic than conventional PEG which has astabilizing effect,
ahigh concentration of TSP might interfere with enzyme activity thus inhibit it (Moreira et al.,
2013), or cause precipitation at the interphase and introduce volume excursion effect (Ng et
al., 2012). On the other hand, high salt concentration interact and subsequently modify the
protein charges, leading to protein dehydration (Ng et al., 2012). The partitioning of some
bioparticles such as plasmid DNA (Kepka et al., 2004) is very sensitive to slight changes in
theconcentration of phase-forming polymer. During theinvestigation of laccase extraction, the
shortest TLL of four systems which composed of UCON with citrate and formate salts were
chosen as least phase-forming components are required and have lowest viscosities (Lladosa

et al., 2012).

2.3.1.4 Influence of Volume Ratio (Vr)

To minimize the downstream processing volume and production cost, the subsequent
step after designing a primary purification ATPE is the volume reduction of bioproduct-
containing phase. In theory, Vr can be adjusted by altering the phase compositions along the
same tie-line without affecting the partitioning behavior of the biomolecules. Following
thereduction in top phase volume, there is more free-volume in bottom phase which provides
better removal of contaminant to the desired phase. However, low V: reduces the top phase’s
free volume and might limit the solubility of bioproducts, thus require a certain degree of
compromising (Ng et al., 2012, Show et al., 2012a). In both small- (5 g) and large-scale (5
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kg) recovery of apolipoprotein A-1miano from Escherichia coli, the system volume is reduced
by 30 % (Persson et al., 1998). In theseparation of plasmid DNA from a protein mixture with
RNA, the total protein in top phase is reduced by 23 % with volume reduction of approximately

fourfold and RNA removal up to 80 % (Kepka et al., 2004).

2.3.1.5 Influence of Temperature

Due to the strong influence of polymer concentrations on each phase, partitioning of
biomaterials in thermoseparating system is strongly influenced by temperature. The low CP
of thermoseparating polymers is advantageous as the risk of denaturation in temperature-
induced phase separation is minimized. Although less salt concentration is required to form
biphasic system at high temperature (Pereira et al., 2003), literature had reported that high
temperature may induce aggregation and precipitation of biomolecules (such as human
immunoglobulin G, especially for system with high concentration(Ferreira et al., 2008)), or

even inhibit the enzyme activity (such as bromelain (Rabelo et al., 2004)).

Temperature plays an even greater role in bioseparation utilizing ATPE formed by TSPs
as it affects the partition behavior of protein during term separation. In thermoseparation,
the polymer concentration of polymer-rich phase become higher with increasing temperature
which leads to areduction in free space per unit volume, causing more proteins partition to
the water phase (Johansson et al., 1999). A system’s entropy dominates with increased
thermoseparation temperature which favors less extreme partitioning for bioproducts with
high hydrophobicity (Johansson et al., 1997). Apolipoprotein A-1 partition strongly to the
polymer-rich phase at 22 - 32 °C during thermoseparation of HM-EOPO/water system
(Johansson et al., 1999). In some ATPE systems, phase inversion occurs at atemperature
higher than room temperature, such as 30 °C. For example, phase inversion at 30 °C is
desired for extraction of endo-polygalacturonase in UCON/sulfate system as it partition
preferably to the bottom phase (Pereira et al., 2003).
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2.3.1.6 Influence of pH

Normally influenced by the nature of phase-forming salt or/and adjusted by adding
appropriate amounts of strong acid and base solution, system pH plays a crucial role in
thermoseparation-based ATPE as it modifies the phase-forming polymer concentration and
influence partitioning of the target product. Literature also reported that alkaline salt is more
effective in recovery of certain proteins, and vice versa (Chen et al., 2014). Some bioproducts
have optimal activity within therange of pH, especially enzymes, such as fungal laccase (acidic
pH range) (Moreira et al., 2013). Besides that, system pH generally has no effect on the CP
of TSPs, with the exception of cationic hydrophobically modified ethylene oxide polymer (HM-
EOPO) which CP increased rapidly at pH < 9 (Jonsson and Johansson, 2003). The hydrophobic
interaction dominates at pH around pl of biomolecules due to zero net charge of proteins
(Berggren et al., 1995), while electrostatic forces show agreater effect at other pH(Show et
al., 2012b). Table 2.5 presented a list of bioproducts with their optimal extraction pH in

thermoseparating ATPE.

2.3.1.7 Influence of Salt Addition

Salt addition plays a significant role in thepartitioning of protein in thermoseparation-
based ATPE. One important thing to noted down is that the salt concentration should be at
least tenfold higher compared to the buffer to obtain a dominating effect in an ATPE(Kepka
et al., 2004). Due to thediverse affinity of ions for the different phases where effects
contributed by anions is stronger compared to cations, theaddition of cosolutes such as salts
into system serve as “counter-ions” which enhance the partition of bioproducts to the
preferred phase. The Hofmeister series serve as a rule of thumb for relative hydrophobicity
of particular ion (Berggren et al., 1995). The electrical potential difference between the two
phases (Donnan potential) formed by partitioning of the cations and anions between the two
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phases will generate an electrochemical driving force and subsequently influence the
partitioning of biomolecules and/or other charged particles in the system (Kepka et al., 2004).
With increasing anion hydrophobicity by theaddition of large monovalent ions such as EtsNH™,
Cl- and ClO4, the partition coefficient increased for a positively charged biomolecule, while
decreased for a negatively charged biomolecule(Berggren et al., 1995). However, it must
remember that amphiphilic proteins, which has low solubility, tends to precipitate at high salt

concentration (Persson et al., 1998).

Partitioning of salts and their influence in partitioning of some model proteins such as
BSA and lysozyme have been investigated in the systems such as TSP/polymer systems
(Berggren et al., 1995) and TSP/water systems (Johansson et al., 1999), TSP/TSP systems
(Persson et al., 1999a). Besides that, theinfluence of salts on thepartitioning of peptides in
UCON/water system (Johansson et al., 1997) and TSP/dextran system (Berggren et al., 2000)

have been investigated as well. It was

Table 2.5: Summary of bioproducts with their respective optimal extraction pH

Bioproducts (pI) System Optimal pH Reference
BSA (5.0) HM-EOPO/water 7 (Johansson et al.,
1999)
Ciprofloxacin EOPO/phosphate 11 (Chen et al.,
2014)
Cyclodextrin EOPO 3900/phosphate 7 (Ng et al., 2012)

glycolsyltransferase

(6.9)
Fruit bromelain (4.6) PEO-PPO-PEO/water 6 (Rabelo et al.,
2004)
L-asparaginase (4.9) PEO-PPO-PEO/phosphate 5 (Zhu et al., 2007)
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Laccase

Lipase (6.3)

Lipase (6.3)

Lysozyme (10.7)

UCON/phosphate

EOPO 3900/water

EOPO 3900/phosphate

EOPO/phosphate

4.6

8.5

(Moreira et al.,

2013)
(Show et al.,

2012b)
(Show et al.,

2012a)
(Dembczynski

al., 2013)
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found that the difference in top phase-forming polymer’s hydrophobicity has little influence
on salt partitioning (Johansson et al., 1999). Phosphate and borates salts were employed in
thepartitioning of plasmid DNA with the former giving a better result, while LiCl showed no
effect (Kepka et al., 2004). Studies showed that phosphate addition increase the partition
coefficient of bromelain, but the PF has been reduced which might due to thesalting-out effect
on total protein in the system (Rabelo et al., 2004). Using Box-Behnken design, the addition
of NaCl has been concluded as the most significant factor in lysozyme recovery by

thermoseparation-based ATPE(Dembczynski et al., 2013).

Furthermore, salts addition such will promote the hydrophobicity difference between
the phases, causing a decrease in CP due to strengthened hydrophilicity of water-rich top
phase (Cunha et al., 1998). The fall in CP following the rise in salt concentration can be
explained by the reduced counter-ion entropy due to decrease in thedifference of ion
concentration between the two phases with increasing salt addition to the system (Jonsson
and Johansson, 2003). The literature reported that there is only insignificant variation in LCST
in the range of phosphate salts addition (15 to 100 mM) (Rabelo et al., 2004). Cunha et al
(Cunha et al., 1998) investigated the influence of salt addition on thecomposition of TSP/water
ATPE system and found that concentration of polymer in bottom phase increase with salt
added. Lastly, there are studies showed that polymer recovery increased with theaddition of
10 mM chloride, phosphate or sulfate salt, however, there are no significant differences that

were found when different types of salts were utilized (Persson et al., 2000b).

2.3.1.8 Affinity partitioning

Covalent binding of thermoseparating copolymer phase with affinity ligands can assist
in directing the partition of target products to the desired phase. Triethylene glycol-diglutaric
acid, a free ligand with carboxyl functional group was utilized to direct human immunoglobulin
G partition to UCON-rich phase due to electrostatic interactions between the negatively
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charged carboxylic group and positively charged human immunoglobulin G (Ferreira et al.,
2008). Higher partition coefficient and purity together with recovery yield were achieved
across a range of UCON with different Mw, but thereduction in performance can be observed
from those with higher Mw which due to both increasing hydrophobicity and volumeexclusion
effect. It was also reported that ligand’s influence become more significant at high dextran
concentration. Not only does that ligand addition not complicate the recycling process, it can
be recycled and reutilized as well, leading to a more efficient and cost-effective recovery

process (Ferreira et al., 2008).

2.3.1.9 Recycling of EOPO copolymers

As mentioned before, thermoseparation-based ATPE has outstanding advantages over
conventional ATPE as the polymers can be recycled and reutilized due to its characteristic of
thermoseparating into one water phase and one polymer-rich phase as the temperature
exceed CP. Not only being a greener and cheaper downstream processing technique,
separation of target products exclusively in water phase also makes the recovery more

efficient.

Polymer recycling had been studied in depth by Persson et al (Persson et al., 2000b).
It is reported that copolymer with higher PO content can be separated from water more
efficiently, whereas polymer recovery is better with acopolymer of higher Mw. Besides that,
polymer recovery increased can be up to 90 % with thermoseparation temperature in a non-
linear way and 10 to 15 minutes appeared to be the threshold where recovery of thecopolymer
is no longer increased. The recycling studies were performed with lysozyme and BSA using
EOsoPOso/Reppal PES 100 system and the proteins showed constant partition behavior
throughout the four cycles even with salt addition (Persson et al., 2000b). The recovery and
recycling of thermoseparating copolymers are influenced by the geometry of the vessel and

heat transfer capacity as well (Persson et al., 2000a).
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In most of the recycling studies, the yield and purity fall following the recycling cycles
due to increasing amount of contaminants in bottom phase after each cycle, thus,
recommending that the EOPO copolymer can only be recycled and reused few times with
example such as cyclodextrin glycolsyltransferase (twice) (Ng et al., 2012), ciprofloxacin
(twice) (Chen et al., 2014). However, it appears that the recycling can be performed
continuously as long as thefresh salt phase is used after every few recycling since constant
polymer recovery was achieved throughout the studies. There are exceptions in both
lysozyme (Dembczynski et al., 2010) and lipase (Show et al., 2012a) extraction studies which
showed that the parameters such as purity, yield and Vr are quite stable, regardless of high
accumulation of contaminant protein in bottom phase throughout four consecutive recoveries.
Besides, it had also been shown that recycling of both phases are possible when the ATPE is
formed by two different TSPs and can be recycled at least 3 times without significant decrease

in yield and purity (Persson et al., 1999a).

Table 2.6 summarizes the recent applications of thermoseparation-based ATPE on

separation of biomaterials with their respective recovery efficiency and recycling properties.
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888  Table 2.6: Summary of recent application of thermoseparation-based ATPE on bioseparation

Bioproduct System Recovery efficiency Polymer Reference
Recycling
a-amylase EOPO 2500/sulfate 91 % yield / 3.31 PF N.A. (Li and Peeples,
2004)
CGTase EOPO 87 % yield / 13.1 PF 2 times (Ng et al., 2012)
3900/phosphate
Ciprofloxacin EOPO L31/K2HPO4 97.7 % extraction 2 times (Chen et al,,
efficiency 2014)
Endo- UCON/sulfate Up to 99 % vyield / 10 N.A. (Pereira et al.,
polygalacturonase PF 2003)
Human UCON/dextran 82 % vyield / 100 % N.A. (Ferreira et al.,
immunoglobulin G purity 2008)
Laccase UCON/KH2PO4 134 % vyield / 1.31 PF N.A. (Moreira et al.,
2013)
Laccase UCON/K2HPO4 K=0.272 N.A. (Silvério et al.,
2013)
Lipase EOPO 99 % vyield / 14 PF 3 times (Show et al.,
3900/phosphate 2012a)
Lipase EOPO 3900 99 % vyield / 14 PF N.A. (Show et al.,
2012b)
Lysozyme EOs0POs0/K2HPO4 85 % vyield / 16.9 PF 3 times (Dembczynski et

al., 2010,
Dembczynski et

al., 2010)
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2.3.2 Extractive Bioconversions

Extractive bioconversion (also known as extractive fermentation or extractive
cultivation) which integrates fermentation together with downstream processing (clarification,
concentration and partial purification) using a continuous process has gained increasing
interests (Show et al., 2012b, Canales et al., 2009, Li et al., 2002a, Chavez-Santoscoy et al.,
2010, Sinha et al., 2000, Ng et al., 2013, Zijlstra et al., 1998, Kuboi et al., 1995, Li et al.,
2000, Kulkarni et al., 1999, Umakoshi et al., 1996, Pandey and Banik, 2011, Ooi et al., 2011,
Kwon et al., 1995, Banik et al., 2003). The main principle of extractive fermentation using
ATPE is to promote the partitioning of the target product in one phase, while cell and
substrates accumulated in the other phase (Ooi et al., 2011). Literature have shown that TSPs
has surfactant effect on cell membrane’s permeability which enhances enzyme secretion
(Show et al., 2012b). Thermoseparation-based extractive cultivation has been applied on the
biosynthesis of starch (Li et al., 2002a, Li et al., 2002b) and lipase (Show et al., 2012b), while
was proposed to be studied on laccase (Silvério et al., 2013). Preliminary studies were
normally performed to obtain the suitable ATPE system for extractive bioconversion (Li et al.,

2002a, Silvério et al., 2013).

In extractive fermentation, choice of phase-forming components requires careful
consideration as ahigh concentration of salts will inhibit cell growth, while dextran, on the
other hand, promote cell growth but is economically unfavorable for thelarge-scale application
(Ooi et al., 2011). Microorganisms and enzymes need to stay in a range of pH and
temperature for optimal bioconversion. Medium viscosity which influenced by TSP’s EO:PO
ratio, concentration or molecular mass is an important element due to thelimitation of oxygen
mass transfer by increased viscosity, leading to retarded cell growth and fall in bioproduct
formation (Show et al., 2012b). Besides that, it needs to be noted down that agitation speed
influence the productivity and partition behavior of biomaterial in extractive cultivation. High

shaking speeds promote the production of target bioproducts due to enhanced rate of oxygen
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mass transfer and cell growth, but also forming homogeneous cultivation medium as a result
of intermixing between two phases leading to reduced partitioning efficiency (Pandey and
Banik, 2011). Bioreactor scaling-up studies further proving that agitation serves as an
important role in extractive bioconversion involving highly viscous phase-forming components
such as EOPO (Show et al., 2012b). Extractive cultivation studies can be fitted with kinetic
models such as Michaelis-Menten kinetic model to get a better understanding the kinetic

mechanism behind the bioconversion (Li et al., 2002b).

2.2.3 Integration with other purification techniques

Other than integration with upstream fermentation to form extractive bioconversion,
thermoseparating ATPE were also often integrated with other purification techniques, such as
high-pressure homogenizer (Zhu et al., 2007), cross-flow membrane (Dembczynski and
Biatas, 2013) and HPLC/UV (Chen et al., 2014) to improve the performance of downstream

processing and reduce the total operation cost.

For conventional extraction and separation of intracellular bioproducts, cell disruption
is normally done by (bio)chemical or mechanical means. To minimize adsorption on cell debris
during cell disruption as well as eliminate the centrifugation and storage process, in-situ ATPE
integrated with high-pressure homogenizer was performed for extraction of L-asparaginase.
A higher yield (73.3 %) and improved specific activity (94.8 U/mg) with a shorter total process
time are obtained through this integrated process compared to that of conventional ATPE

(52.1 % and 78.6 U/mg respectively) (Zhu et al., 2007).

As the use of centrifugation for theindustrial-scale process is uneconomical,
thermoseparation-based ATPE coupled with cross-flow membrane separation technique was

investigated for pilot-scale separation and recovery of lysozyme. This integrated process
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provided specific activity and yield of 34 000 U/mg and 47.5 % with polymer recovery up to

83.9 % in single extraction step (Dembczynski and Biatas, 2013).

Because of the limitation in traditional detection techniques such as high-performance
capillary electrophoresis and spectrofluorimetry due to their high detection limit and complex
pretreatment, thermoseparation-based ATPE coupled with HPLC/UV detection system have
been proposed for separation and concentration of ciprofloxacin. The optimized ATPE was
performed on real samples, such as milk, egg, and shrimp and presented satisfactory results

following the maximum residual limits developed by the Europian Union (Chen et al., 2014).

2.3.4 Challenges and perspectives

The efficiency and effectiveness of ATPEare very dependent on process parameters,
such as tie-line length, volume ratio, pH, temperature, additions of salts or ligands and others.
In thermoseparating ATPE, asides from high yield, elements such as high purity, high
concentration factor, thesimplicity of product recovery, cheap chemical cost and
environmental friendliness should be taken into consideration as well (Dembczynski et al.,
2010). More efforts should be put into develop novel thermoseparating polymers with unique
characteristics and study different types/combinations of abiphasic system. Mathematical
models can be established to generalize correlations between different parameters and predict
the partitioning behavior of bioproducts in the system. Other than that, poor understanding
of the mechanisms behind ATPE and issue regarding reproducibility and robustness also
hinders the wide application in industry. Kinetics of bioseparation and underlying mechanisms
can be further studied and simplified into simpler concepts. Commercial kits used to assess

and evaluate ATPE at bench scale should also be researched and developed.
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Chapter 3

MATERIALS AND METHODS, PRETREATMENT STRATEGIES AND

CHARACTERIZATION OF PHAs
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3.1 Introduction

This chapter focused on describing materials such as bacteria strain and chemicals
which will be used throughout the research. Furthermore, common experimental procedures
and techniques, including the production of polyhydroxyalkanoates (PHAs), quantification by
gas chromatography (GC), partitioning behavior of PHAs with governing equations were also
described. Other than that, the chapter also studied different cell pretreatment strategies and

performed characterization of PHAs.

3.2 Materials and Methods

3.2.1 Materials

C. necator H16 strain was kindly provided by Yuan Ze University, Taiwan.
Poly(ethylene glycol-ran-propylene glycol) monobutyl ether with a molecular weight of 3900
g/mol (EOPO 3900), UCON HTF 14, benzoic acid and propanol were purchased from Sigma-
Aldrich (M) Sdn Bhd (Selangor, Malaysia). EOPO 3900 and UCON HTF 14 are both TSPs with
EO:PO ratio of 50:50, though EOPO 3900 has a higher molecular weight and is more
hydrophobic. All the salts used in this study were obtained from LGC Scientific Sdn Bhd

(Selangor, Malaysia). All the other chemicals used in this study were of analytical grade.

3.2.2 Production of PHAs

The bacterial cells were first cultured on agar plates at 30 °C for 24 hours. An inoculum
was prepared in a 10 ml nutrient broths (8 g/L) by inoculating the medium with a single
colony from the cultured agar plate. The culture was then grown aerobically at 30 °C for 24
hours. Subsequently, the inoculum (5 % v/v) was transferred to a 250 ml shake flask
containing 100 ml operating volume of defined medium supplemented with glycerol of 30 g/L
and yeast extract of 2 g/L. The inoculated fermentation medium was then incubated

aerobically at 30 °C for 72 hours. The defined medium was composed of Na2HPO4-7H20, 6.7
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g/L; KH2PO4, 1.5 g/L; (NH4)2S04, 2.5 g/L; MgS04-7H20, 0.2 g/L; and CaClz, 10 mg/L) and
0.5 % v/v of trace mineral solution (Na2EDTA, 6.0 g/L; FeCls-6H20, 0.29 g/L; H3BOs3, 6.84
g/L; MnCl2>-4H20, 0.86 g/L; ZnCl2, 0.06 g/L; CoCl>-6H20, 0.026 g/L; and CuS0O4-5H>0, 0.002

g/L).

Without undergoing extra clarification or filtration step, the cultured broth of C. necator
H16 was directly subjected to ultrasonic cell disruption with an ultrasonic processor (Hielscher,
UP4005) at 30 kHz per cycle for 15 min to obtain intracellular PHAs. Disrupted biomass was

stored in 500 ml graduated laboratory bottles.

3.2.3 Quantification of PHAs by gas chromatography (GC) analysis

For the determination of PHAs content, the GC method by Akaraonye et al. with minor
modification was employed (Akaraonye et al., 2012). 2 ml of chloroform and 2 ml of propanol
with 15% v/v of sulphuric acid were added to about 2 mg of dried samples. After incubation
at 100 °C for 2 hours, the sample was cooled rapidly and 1 ml of water was then added to
the sample to remove the sulphuric acid. The sample was then allowed to settle until
separated into organic and aqueous phases. Then, 0.2 pul of the organic phase (bottom phase)
was injected into Clarus 500 gas chromatograph (Perkin Elmer, United States) equipped with
a DB-WAX capillary column (0.25 mm by 30 m; 0.25 um film thickness). The initial oven
temperature is set at 60 °C and held for 3 min, then increased to 210 °C at a rate of 10 °C/min
and held for 3 min at the same temperature. The PHA content of the injected samples was
determined by internal standard calibration using PHA reference compound and benzoic acid

internal standard.
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3.2.4 Partitioning behaviors of PHAs in ATPE
The partitioning of PHAs can be described by their respective partition coefficients (Kpa),

which defined as the ratio of PHAs concentration in the top to that in the bottom phase:

Kpa=Concr/ Concs (3.1)

The purity, % was defined as the ratio between the mass of PHAs as quantified by GC and

thetotal mass of dried sample used for the GC analysis:

Purity = (Mpra / Msample) X 100 (3.2)

Where Meha is the mass of PHA (g) and Msample is total mass of dried sample used (g).

The phase volume ratio, V- was defined as ratio between top phase volume and bottom phase

volume:

Ve = Vr/ Vs (3.3)

Where Vt and Vs are top and bottom phase volume respectively.

Recovery Yield (Y), % of PHA in top phase was calculated as the ratio between PHA

concentration in top phase and the initial PHA concentration in the extract:

Y = (Concr x V1) / (Conce x VE) (3.4)

Where Concrand Conce are PHA concentration of top phase and extract respectively and Veis

extracted volume.

Purification factor (PF) was defined as the ratio of top phase PHA purity to the overall PHA

purity:

PF = (Top Phase PHA Purity) / (Overall PHA Purity) (3.5)
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3.2.5 Different strategies of cell disruption

Three different cell disruption strategies, which are sonication by two different
equipment and microwave were employed to study their efficiency of disrupting C. necator
cells. Without undergoing extra clarification or filtration step, the cultured broth of C. necator
H16 was directly subjected to ultrasonic cell disruption with an ultrasonic cell disruptor
(Hielscher, UP4005) at 30 kHz per cycle and ultrasonic water bath (Elmasonic E30H, Germany)
at different amplitudes for 5 min to obtain intracellular PHAs. For the study of cell disruption
of the microwave, the cell culture was subjected to cell disruption in the microwave at a
different time as well as for different heating power. After cell disruption, 1 mL of the crude
cell was sampled and diluted to a suitable dilution (<300 CFU) before cultured in agar plate

for 24 hours. Then, the number of viable bacteria is calculated.

3.2.6 PHAs characterization

Fourier Transform Infrared (FTIR) Spectroscopy. The functional groups, types of
bonding, and identified components in the samples were determined by a Perkin-
ElmerSpectrum RX1 (Massachusetts, U.S.). The infrared spectra of the samples were recorded

in the range of frequency of 400 - 4000 cm~1.

Thermo Gravimetric Analysis. Thermal stability of the PHA was investigated by
Thermogravimetric analysis (TGA) using a TGA-DSC 1 Mettler Toledo (Greifensee, Switzerland)
under 20 ml/min nitrogen atmosphere. The temperature range was from 30 < to

800 <C with a heating rate of 10 C/min.
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3.3 Results and Discussion

3.3.1 Different strategies of cell disruption - Sonication and microwave

Defined as sound wave transmitted at a frequency range beyond the upper audible
limit of human hearing (usually above 20 kHz per second), ultrasonic wave has been used for
cell disruption to kill harmful microorganisms or extract intracellular bioproducts. The
examples from literature are such as human myelomonocytic lymphoma U937 cells (Feril Jr
et al., 2003), phycocyanin (Furuki et al., 2003), bacteria cell (Wrigley and Llorca, 1992,
Ordofez et al., 1987, Guerrero et al., 2001, Lo "pez-Malo et al., 1999, Manas et al., 2000),
vegetal tissues (Toma et al., 2001), herbal extracts (Vinatoru, 2001), viruses (Taylor et al.,
2002) and others. Other than cell disruption, utilization of sonication in extraction offers the
benefits of improved penetration, mass transfer intensification and capillary effects (Toma et
al., 2001). Therefore, in this study, two ultrasonic extraction equipment include ultrasonic cell
disrupter and ultrasonic water bath have been used to study the effectiveness of ultrasonic
wave in cell disruption. It should be noted that 400 W and 330 W are the maximum amplitude
that can be provided by the ultrasonic cell disruptor and ultrasonic water bath in the study

respectively, thus, affect the design of the experiment.

Table 3.1 a and b demonstrate the cell disruption efficiency of ultrasonic cell disruptor
and ultrasonic water bath under the influence of different amplitude. Clearly shown in the
results, ultrasonic cell disruptor generally offered a better cell disruption efficiency compared
to ultrasonic water bath. For all three amplitudes, the ultrasonic cell disruptor achieved almost
complete cell disruption, which means that amplitude of 120 W is sufficient to release PHAs
from the cells. On the other hands, the ultrasonic water bath can only reached 80 % cell

disruption efficiency for all three amplitudes.

Although both methods utilize ultrasonic wave to disrupt the cell membrane and thus,
release the intracellular PHAs, there is a simple reason behind the difference of cell disruption

efficiencies. The most fundamental difference between the two strategies is thelocation of

74



1092

1093

1094

1095

1096

1097

1098

1099

1100

1101

1102

1103

1104

1105

1106

1107

1108

1109

1110

1111

1112

the source of theultrasonic wave. The source of theultrasonic wave by ultrasonic cell disruptor
is located within the PHAs crude extract as the ultrasonic probe in inserted into the crude
extract. This ensures the ultrasonic energy is fully utilized to disrupt the bacteria cell without
losses. On the contrary, the PHAs crude extract receives anultrasonic wave from the
surroundings when placed in an ultrasonic water bath. There is a loss of ultrasonic energy due
to diffraction and absorption by the water medium or any impurities present when the wave

traveled from the source to the crude extract through thewater.

Similarly, themicrowave has also been used in the same applications, which most
studies focus on extraction of lipids from microalgae (Lee et al., 2010, Zheng et al., 2011,
Guldhe et al., 2014, Grimi et al., 2014). Table 3.1 c and d demonstrate the results of cell
disruption efficiency of microwave under influences of microwave time and heating power.
Under the condition of constant 20 W heating power and 60 °C temperature, the cell disruption
efficiency increase linearly by 7 % for every 60 s of microwave time increment. Following this
linear relationship, a microwaving time of approximately 257 s (less than 5 minutes) is
predicted to be required for complete cell disruption. On the contrary, a heating power in the
range of 50 to 100 W for 60 s is required for themicrowave to completely disrupt the cell
where the final temperature falls between 60 to 80 °C. Therefore, it can be concluded that

both ultrasonic cell disruptor and microwave show great promise for efficient cell disruption.

Table 1a: Cell disruption efficiency of ultrasonic cell disruptor under the influence of

different amplitude

Amplitude (W) Cell disruption efficiency (%)

120 99.9
240 99.9
400 100.0
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Table 1b: Cell disruption efficiency of ultrasonic water bath under the influence of different

amplitude

Amplitude (W) Cell disruption efficiency (%)

99 79.3
198 81.4
330 80.0

Table 1c. Summary of influence of microwave time on cell disruption efficiency at constant

20 W heating power and 60 °C temperature

Time (s) Efficiency (%)

60 76.3
120 83.4
180 90.8

Table 1d. Summary of influence of heating power on cell disruption efficiency at constant 60

S microwave time

Heating Final Temperature Efficiency
Power (W) (°0) (%)
50 60 91.8
100 80 100.0
150 100 100.0
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3.3.2 PHAs characterization

Figure 3.1 demonstrates the FT-IR analysis result of PHAs synthesized by R. eutropha
H16. The IR spectroscopic analysis provided further insights into the chemical structures of
the polymer and reveal the monomeric units. The wave number (cm™) and percent light
reflectance correspond to the function groups present in the PHAs. A very sharp reflectance
observed at 1730 cm indicated the presence of C=0 functional carbonyl bonding. The
presence of carbonyl bonding at this wave number demonstrates a very strong presence of
PHB in the produced structure. The sharp peak of carbonyl bonding also indicated that PHAs
synthesized are of highly ordered crystalline nature (Cha et al., 2016). Similarly, FTIR
confirms sharp peak of methyl (-CHs) and ethyl (-CHz) functional group at 1381 cm and
1458 cm respectively as well as band stretching between 1101 to 1282 cm™and 3437 to
3905 cmlillustrated presence of carbon oxygen stretch of the esters (C-O-C) and hydroxyl (-
OH) functional group respectively (Cha et al., 2016, Nair et al., 2014). The strong band at

1230 cm* was predicted to be of an alkyl (-CH) stretch.

Figure 3.2 shows the result of thermogravimetric analyses (TGA) of PHAs produced by
R. eutropha H16 during heating treatment from 30 <C to 800 <C under inert atmosphere (N2).
It was observed that the compound was stable up to 230 <C. Then, the PHA gave a rapid
thermal degradation between 230 and 290 <C which incongruent with values reported in the
literature, such as 210 - 280 <C by Tanamool and his coworkers (Tanamool et al., 2011). The
maximum thermal degradation temperature of the PHA is 269.19 <C, which is similar to the

literature of 259 to 283 <C (Cha et al., 2016).
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3.4 Conclusion

Comparing between three different cell disruption techniques, ultrasonic cell disruptor
and microwave demonstrated promising results of total cell disruption in a short amount of
time. Biopolymer synthesized by C. necator H16 was confirmed by FTIR analysis
demonstrated functional groups which include CH, CH2, CH3, C=0, C-0-C, and OH. The results
have confirmed that the biopolymer produced by C. necator H16 is poly-3-hydroxybutyrate

compound. The PHA produced has a maximum thermal degradation temperature of 269.19 <C.
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Chapter 4

CLOUD-POINT EXTRACTION VERSUS THERMOSEPARATING POLYMER/SALT ATPE

OF GREEN-POLYMERS FROM CUPRIAVIDUS NECATOR LYSATE
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4.1 INTRODUCTION

Firstly discussed in the early 1990s, thermoseparating polymers (TSPs) have been
found to be able to replace conventional phase-forming polymers, such as poly(ethylene
glycol)s (PEGs) to form aqueous two-phase systems (ATPSs) together with Dextran (Berggren
etal., 1995, Hou et al., 2014). Being more hydrophobic than PEGs, TSP/Dextran, and TSP/salt
systems have a wider range of hydrophobicity differences which can be employed to promote
the partition selectivity of bioproducts (Abbasiliasi et al., 2014). Furthermore, a lower
concentration of phase-forming components is required to form thermoseparating-based
ATPSs, which not only reduces the risk for protein precipitation (Li and Peeples, 2004) and
has a shorter phase separation time but also increasing the cost-competitiveness and

environmental-friendliness of thermoseparating-based ATPE (Kepka et al., 2004).

Besides coupling with other phase-forming components to form ATPS for the purpose
of aqueous two-phase extraction (ATPE), cloudpoint extraction (CPE) has been developed
based on the concept of temperature-induced phase separation. CPE is done by heating TSP
(aqueous) solution to a temperature few °C above lower critical solution temperature (LCST)
or cloud point (CP) temperature which consequently induces thermoseparation (Moreira et al.,
2013). The solution then becomes cloudy and separates into two phases, which are the top
phase which contains mostly water and the bottom phase which consists of concentrated TSPs.
Target products will then partitioned to either the water-rich top phase or the polymer-rich
bottom phase, depending on size, hydrophobicity and charge of biomolecules as well as
“volume-exclusion” effect. However, in this case, target products are preferably partitioned
to the top phase, so that the polymer-rich bottom phase can be recycled and reutilized. It
should be noted that polyethylene glycols (PEGs) which are commonly used for ATPS is also
a type of thermoseparating polymer, however, it has an LCST above 100 °C (around 180 °C
for those with lower molecular weight) which is unsuitable for thermo-based bioseparation as

most biocomponents are sensitive to high temperature (Ng et al., 2012). Having a lower CP
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which as low as 47 °C, TSPs are much more suitable for temperature-induced CPE of

biomaterials (Moreira et al., 2013).

A thorough literature review has shown that the only reported work on PHAs
partitioning using ATPE is by Divyashree and his coworkers (Divyashree et al., 2009).
However, the work focused on separation of polyhydroxybutyrate-co-hydroxyvalerate [P(HB-
co-HV)] from the hydrolyzed bacterial cells using conventional PEG/phosphate-based ATPE.
Moreover, there is a lack of discussion on important ATPE-influencing parameters such as
polymer’s molecular weight, the concentration of phase-forming components, tie-line length
(TLL), volume ratio (Vr) and others. Henceforth, factors like TSP types, the concentration of
phase-forming components (both TSPs and salt), pH and effect of centrifugation have been
studied in this chapter to achieve satisfactory PHAs yield and purity in thermoseparating
polymer/salt ATPE. Furthermore, the isolation and purification of PHAs from Cupriavidus
necator H16 utilizing CPE technique and thermoseparating polymer/salt ATPE were also
studied for the first time in this chapter. For CPE study, the key influencing parameters such
as type and concentration of thermoseparating polymer, salt addition, feedstock load, and
thermoseparating temperature were investigated. The attempt of recycling and reutilizing the

thermoseparating polymer for PHAs extraction has also been conducted.

4.2 MATERIALS AND METHODS

4.2.1 Partitioning of PHAs using CPE

ATPE system was prepared in a 50 ml centrifuge tube by mixing the thermoseparating
polymer (in wt/wt %) into deionized water. The crude PHA feedstock was mixed well with
aqueous solution of thermoseparating polymer (agitated in a vortex for 2 minutes at 2500
rpm) before the mixture was incubated in water bath at 65 °C for thermoseparation. After

the stages of equilibration and phase separation, the top phase was carefully removed using
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a pipette, while the bottom phase was then sampled through the interface. The samples from
both phases and disrupted biomass are centrifuged and washed with deionized water for three
times before left in the oven for overnight at 70 °C to be dried. The dried samples from both
phases and disrupted biomass were analyzed for P(3HB) content using gas chromatography
(GC). As for the recycling studies, a 40 g system was first prepared at an optimized
temperature of thermoseparation. The top phase was removed and the mass of this phase
was then determined. Later, the fresh water and feedstock were added to the recycled
thermoseparating polymers and a new stage of ATPE repeats. All experiment works were done
at least duplicate. Error bars were obtained by evaluating the difference between

minimum/maximum and mean value.

4.2.2 Binodal phase diagram construction

The binodal curves were plotted using the turbidometric titration method, as described
by Kaul (Kaul, 2000). The phase diagram depicts the equilibrium boundary between the single
phase and multiple phases under a set condition. A mixture of EOsoPOso and salts of known
concentrations are titrated with deionized water until the turbid solution become clear. The
binodal curve was fitted into empirical equation suggested by Merchuk et al (1998), which as

below:

Y =aexp(b X X% —c x X?) (4.1)

where X and Y aremassfraction of salt and EOsoPOso respectively.

4.2.3 Partitioning of PHAs in thermoseparating copolymer/salt ATPS
A 40 g ATPS was prepared by mixing the phase-forming components which are TSP
and salt (in wt/wt %) with the crude feedstock. The mixture was then allowed to settle for

phase separation. After the stages of equilibration and phase separation, the top phase was
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carefully sampled using a pipette, while the bottom phase was then sampled through the
interface. The samples from both phases and disrupted biomass are centrifuged and washed
with deionized water for three times before left in the oven for overnight at 70 °C to be dried.
The dried samples from both phases and disrupted biomass were analyzed for P(3HB) content
using gas chromatography (GC). All experiment works were done at least duplicate. Error

bars were obtained by evaluating the difference between minimum/maximum and mean value.

4.3 RESULTS AND DISCUSSION

4.3.1 Cloud point extraction (CPE) of PHA in thermoseparating ATPS

4.3.1.1 Cloud Point Curve

Two types of TSPs, UCON and EOPO 3900 were employed in this thermoseparation-
based CPE of PHAs which both are of EO:PO 50:50 ratio. These two random copolymers were
chosen due to the fact they were extensively used for thermoseparating ATPE in literature
(Moreira et al., 2013, Dembczynski et al., 2010, Show et al., 2012a, Show et al., 2011, Chen
et al., 2014, Dembczynski et al., 2010). Also, some literature suggested that the random
copolymer with EO:PO ratio of 50:50 (such as EOPO 3900 and UCON HTF 14) are more
suitable for biomolecule partitioning (Ng et al., 2012).Figure 4.1 presents the CP of
thermoseparating polymers over a range of TSPs concentration (wt/wt %). It can be clearly
observed that CP plummet until 5 wt/wt % of TSP concentration, then remains fairly constant
afterward for both UCON and EOPO 3900. Although EOPO 3900 has lower CP at lower
concentration (0 to 7.5 wt/wt %), both polymers have similar CP beyond 7.5 wt/wt %

concentration.
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Figure 4.1: Cloud point of thermoseparating polymers over a range of polymer

concentration (wt/wt %)

4.3.1.2 Effect of polymer concentration

The study of CPE of PHAs was done over a range of TSPs concentrations at
thermoseparating temperature of 65 °C. The systems in CPE normally possess high Vr (i.e.
large volume of water phase), ranging from 2 to 20. Figure 4.2 demonstrates the purification
and recovery result of PHAs utilizing UCON- and EOPO 3900-based CPE. The recovery yield
and PF showed a maximum of 87 % and 1.2 fold, respectively at 8 wt/wt % of UCON
concentration. Other than that, the PHAs seem to partition preferably to the UCON-rich
bottom phase in this system as most of the PF obtained were lower than 1. It was also clearly
observed that the recovery yield of PHAs followed a similar trend as PF over a range of UCON
concentrations. Both yield and PF have a decreasing trend from the maximum point at 8
wt/wt % to 13 wt/wt %, which increase afterward with the yield increased at a higher rate
than PF. This increasing trend might due to the “excluded-volume effect” which showed a

dominating effect forces both PHAs and contaminants partitioned to the water-rich top phase
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following the reduction in “free-space volume” in bottom phase. In this case, PHAs extraction
using UCON-based CPE did not show a promising result as the PHAs recovered in the top
phase has a lower purity than that of initial extract, thus, is deemed inefficient and undesirable

in the purification process.

On the other hand, for EOPO 3900 system, the recovery yield of PHAs was found to be
generally higher than UCON system, where all yield was greater than 64.5 % and reached a
maximum of 82.2 % at 20 wt/wt % of polymer concentration. The PHAs recovery yield
obtained are much higher compared to that of literature which used conventional
PEG/phosphate ATPE (51 %) (Divyashree et al., 2009). The high yield of PHAs compared to
that of UCON is caused by the excluded volume effect due to the stronger hydrophobic effect
of EOPO 3900, as the water phase is more entropically favorable for the biomolecules,
compared to the polymer-rich phase (Dembczynski et al., 2010). The value obtained for PF
over a range of TSP concentration was generally higher than 1, with the highest value of 1.3
achieved at 14 wt/wt % of EOPO concentration though it has a significantly lower yield
(72.5 %) compared to that of 20 wt/wt %. Therefore, thesubsequent experiment of
thermoseparation-based aqueous two-phase extraction (ATPE) of PHA has been chosen to be
performed at 20 wt/wt % of EOPO 3900 concentration with the recovery of 82.2 % and PF of

1.29.
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Figure 4.2: Results of PHA partitioning over a range of thermoseparating polymer

concentrations

4.3.1.3 Effect of salt addition on PHAs partitioning

Salt addition plays an important role in the partitioning of protein by thermoseparation-
based ATPE. Firstly, the addition of cosolutes such as salts which act as “counter-ions” can
promote the partition of biomolecules to the targeted phase due to thediverse affinity of
different ions for the two phases by which the anions has a stronger effect than cations.
According to the Hofmeister series, the more hydrophobic (chaotropic) ions will partition
preferably to the more hydrophobic phase. The addition of salts will cause the cation and
anion to partition between the two phases. The electrostatic potential difference caused by
the uneven partitioning of the ions will generate an electrochemical driving force and influence
the partitioning of biomolecules and/or other charged particles in the system (Cunha et al.,

1998).

Secondly, the addition of electrolytes such as salts will increase the hydrophobicity

difference between the phases by strengthening the hydrophilicity of the water-rich top phase,

88



1320

1321

1322

1323

1324

1325

1326

1327

1328

1329

1330

1331

1332

1333

1334

1335

1336

1337

1338

1339

1340

1341

1342

1343

1344

1345

that in turn causing a decrease in CP. On the other hand, other cosolutes, such as ionic
surfactants have opposite effect on CP with anionic surfactant have a greater impact than
cationic surfactant (Cunha et al., 1998). However, literature showed that there is no
significant change or little variation on LCST for the addition of phosphate salts (0 to 100 mM)

(Rabelo et al., 2004).

Thirdly, there are also some studies focused on the effect of different salts on the
recovery of TSPs(Persson et al., 2000b). These studies concluded a significant increase in
polymer recovery from 69 % up to 92 % was observed with the addition of 10 mM sulfate,
phosphate or chloride salt. It was also pointed out that there is no significant difference in the

recovery of the polymer when utilizing different types of salts(Persson et al., 2000b).

In this study, three different salts have been selected to investigate their influence on
PHAs partitioning, which are ammonium sulfate ((NH4)2S04), dipotassium phosphate (K2HPO4)
and sodium chloride (NaCl). The hydrophobicity of the anions studied in this work is ranked
in the following order: ClI-> HPO42> S04?", while the hydrophobicity of the cations is Na*> K*>
NH4*. The addition of salts is in the range of 0 to 100 mM concentration following the
literature(Kepka et al., 2004, Berggren et al., 1995, Persson et al., 2000b).Table 4.1 presents
the results of salt addition on PHA partitioning. At 10 mM of added salt concentration, every
salt gave a higher yield and PF compared to that of control (i.e., without salt addition).
However, this phenomenon changed as the salt concentration increased. In the case where
the concentration of (NH4)2S04 increased, PHAs partitioned preferably into a TSP-rich bottom
phase which may due to a slight fall in pH of the system, causing a decrease in PF and recovery
yield. For K2HPO4, the yield reached the highest (87.9 %) at 50 mM of salt concentration,
while greatest PF (1.26 fold) was obtained at 100 mM of salt concentration. It also can be
observed that the whole range of 10 to 100 mM K2HPO4 addition gave higher recovery yield
than control, which may due to the alkaline condition helps to release PHA granules more

completely (Tamer and Moo-Young, 1998). On the other hand, PHAs partitioning showed a
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lower yield and PF than control for most NaCl addition concentration except for 10 mM.
Nevertheless, the addition of 10 mM NaCl gave both the highest yield (90.9 %) and PF (1.34)
among all other salts across a range of concentrations. Thus, 10 mM NaCl was selected in

further optimization of PHAs partitioning.

Table 4.1: Effects of salt addition on PHA partitioning

Recovery Yield

Salt type Concentration (mM) PF (fold) (%)
(NH4)2S04 10 1.21 90.6
50 1.20 84.0

100 1.17 75.9

K2HPO4 10 1.23 87.0
50 1.03 87.9

100 1.26 82.5

NaCl 10 1.34 90.9
50 0.82 54.2

100 0.80 53.5

Control 1.17 80.6

4.3.1.4 Effect of crude load on PHAs partitioning

In the study of PHAs isolation and purification utilizing CPE, PHAs crude feedstock was
directly added to the thermoseparating ATPS after cell disruption without extra clarification
or filtration steps, thus saving extra unnecessary purification cost. For the purpose of scaling-
up, it is crucial to understand the limit of PHAs crude load that the system can process within
a satisfying range of purity and yield. Without considering the mass of crude feedstock, the

operating mass of the system throughout the study was maintained at 40 g.
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Figure 4.3 presents the effect of PHAs crude load on the partitioning behavior over a
range of crude load. The PF showed an increasing trend from 15 to 37.5 wt/wt %, and it
dropped sharply afterward. It was observed that the optimum crude load for a 40 g system
fall in the range of 35 to 40 wt/wt %. The partitioning of overall biomass to the top phase
continued to increase as the crude load increased after 40 wt/wt %, however, the PHAs
concentration at top phase increased at a comparatively lower rate (data not shown). This
might due to three reasons. Firstly, the huge amount of large descending contaminant
particles might have created a downward drag force which is stronger than the hydrophilic
affinity between PHAs and the water phase. This directs the partitioning of biopolymer
molecules towards the bottom phase. Following that, the second possible reason is that the
large quantity of PHAs biomolecules may collide and aggregate together during
thermoseparation, thus, forming larger and heavier particles which then fall to the bottom
phase due to the gravitational force. The last conceivable explanation is that the reduction of
free space in the water phase causing it can no longer support the massive amount of
bioparticles and contaminants. Hence, the optimized crude load of 37.5 wt/wt % (yield =

92.9 %, PF = 1.39 fold) was chosen for further experimental works.

Effect of PHA crude load
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Figure 4.3: Effect of crude load on PHA partitioning
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4.3.1.5 Effect of thermoseparating temperature on PHA partitioning

Cloud point (CP) temperature, also known as lowest critical solution temperature
(LCST) is the temperature where the TSPs started to be “undissolved” from their aqueous
solution. However, thermoseparation-based extraction is generally done at a temperature few
degrees above the CP to facilitate phase separation, thus reducing the time required
(Berggren et al., 1995). Moreover, the concentrations of the polymer in both phases are
strongly influenced by the thermoseparation temperature. The polymer-rich phase becomes
more saturated as the thermoseparating temperature increases, which reduces the free space
for biomolecule per unit volume. This also causes the bioparticles to have an increase
tendency to separate into the water phase. Other than that, the thermoseparating
temperature also has a significant influence on bioseparation as high temperature may cause

denaturation of protein, thus affecting the quality of bioproducts (Show et al., 2012b).

The system is composed of 20 wt/wt % EOPO 3900 with the addition of 10 mM NaCl.
It was found that the biopolymers have partitioned preferably to the water-rich phase at all
the investigated temperature. Figure 4.4 illustrates the effect of thermoseparating
temperatures on the partitioning of PHA. The highest PF was obtained at 60 °C (1.42 fold)
while thermoseparation at 75 °C gave the maximum yield (98.8 %). To avoid denaturation of
biomolecules due to high temperature and reduce high heat energy consumption, 60 °C has
been chosen as the most suitable thermoseparation temperature with the yield of 94.8 % and

PF of 1.42 fold.
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1399 Figure 4.4: Effect of thermoseparating temperature on PHA partitioning
1400
1401 4.3.1.6 Repeated extraction and recycling of thermoseparating polymer in CPE
1402 Repeated extraction has been suggested might be able to enhance biomolecule

1403 partitioning and improve the purity of final product. The results of repeated extraction for
1404 PHAs are tabulated in Table 4.2. The table clearly shows that there is a trade-off between the
1405 recovery yield and PF as yield drop while PF rise following the increasing times of repeated
1406  extraction. The fall in yield might be due to loss of PHAs into the bottom phase during repeated
1407  extractions and a sharp decline can be observed after second extraction. Therefore, there is

1408 a need of certain degree of compromise to obtain desired recovery yield and PF.

1409 Table 4.2. Repeated extraction of PHAs
Extraction Yield (%) PF
First 96.7 1.45
Second 89.8 1.53
Third 72.6 1.60
1410
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In this thermoseparating-based ATPE, the biomolecules partitioned preferably to the
water top phase and the EOPO 3900 can be recycled to form a new stage of ATPE. The
recovery and recycling of the EOPO 3900 copolymers are dependent on the geometry of the
vessel and heat transfer capacity. The vessel geometry affects the heating rate and sample
losses in the interface. A narrow tubing not only promotes the heating rate but also reduces
the loss of sample due to the smaller interfacial area (Persson et al., 2000b). Therefore, 50
ml centrifuge tube was used throughout the study for consistency purpose. Moreover, the
EOPO 3900-rich bottom phase which contains the contaminants were directly recycled and
used in the subsequent stage without going through any extra purification process and
additional top-up of fresh polymer. After the polymer-rich bottom phase was collected and
combined with fresh water top phase to form new ATPE, a new batch of feedstock was added

to the system.

Table 4.3 summarizes the results of recycling and reutilization of EOPO 3900 in PHAs
recovery. Based on Table 4.3, it was observed that the purity of PHAs decreased as the EOPO
3900 was being recycled (a reduction rate of approximately 2 to 3% for each cycle). This was
due to the fact that the polymer-rich bottom phase had been increasingly saturated with the
contaminants as the thermoseparating polymers being recycled and reused. However, in this
case, the EOPO 3900 does not undergo further purification process to remove the
contaminants and PHAs in the bottom phase. Moreover, “volume-exclusion effect” occurs due
to saturation in bottom phase, promotes partitioning of both PHAs and contaminants to the
top phase in the subsequent stage of PHAs extraction. It can also be observed that the overall
yield does not follow a specific trend. Conclusion can be made that the EOPO can be recycled
and reutilized for PHA partitioning up to at least twice with insignificant reduction in the
recovery yield and purity of PHA. These results were satisfactory where three repeated
extraction and purification of PHA was done while retaining similar partitioning behavior.

Based on the experimental data, the PF obtained was predicted to reach a constant at 1.356
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after the 5th repeated extraction. Taking in the factor there is only a decrease of 6.7 % in
EOPO 3900 concentration after the first extraction, thus theoretically, the EOPO 3900 can be
continuous recycled and reused until the concentration of thermoseparating polymer reaches

a level too low which it can no longer support a thermoseparation system.

Table 4.3: Recycling and reutilization of EOPO 3900 in PHA partitioning

Purity (%) PF Overall Yield (%)
First extraction 26.9 1.45 96.7
First recycling 26.1 1.41 86.9
Second recycling 25.5 1.38 95.9

4.3.2 Partitioning of PHAs using thermoseparating ATPE

As mentioned in the “Introduction” section, one of the main objectives of this chapter
was to study the application of thermoseparating ATPE on PHAs purification utilizing TSP/salt
system. Other than phase composition, the partitioning of biomolecules in thermoseparating
ATPS depends on characteristics of target products, such as molecular size, hydrophobicity,
molecular conformations and electrochemical properties. The partitioning of bioproducts in
ATPS cannot easily be predicted due to an insufficient understanding of theexact mechanism
behind it (Karkas and Onal, 2012). Thus, key-influencing parameters such as the type of
thermoseparating polymer, the concentration of phase-forming components, pH and effect of
centrifugation have to be optimized systematically in order to develop a suitable and effective

thermoseparating ATPE for PHAs partitioning.
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4.3.2.1 Binodal phase diagram

Partitioning of PHAs was studied in 2 different ATPSs which consisted of two
thermoseparating polymers, which are EOPO 3900 and UCON HTF 14 with ammonium sulfate
(AS), (NH4)2S04. Due to the unique characteristic of TSP, they were chosen to form ATPS with
salts instead of conventional poly(ethylene glycol), PEG. Moreover, a lower amount of
copolymer is required to form ATPS as they were comparatively more hydrophobic due to the
presence of propylene glycol monomer. Salts with multivalent anions such as SO4%" and HPO4*

are highly effective in forming ATPS due to their strong salting-out ability.

Presented in Figure 4.5 and 4.6 respectively, the binodal curves were fitted into the
empirical equation suggested by Merchuk and his coworkers (Merchuk et al., 1998), which is
Y = aexp(b X X®° —c x X3) where X and Y are wt/wt % of salt and TSPs respectively. From the
diagrams, it can be clearly observed that a higher concentration of salt and polymer is
required to form biphasic system for UCON HTF 14 system compared to that of EOPO 3900

systems as the former is comparatively less hydrophobic though having the same EO:PO ratio.

EOPO 3900/Ammonium Sulphate Binodal Phase Diagram
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Figure 4.5: Binodal phase diagram of EOPO 3900/Ammonium sulfate
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UCON HTF 14/Ammonium Sulphate Binodal Phase Diagram
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Figure 4.6: Binodal phase diagram of UCON HTF 14/Ammonium sulfate

4.3.2.2 Effect of polymer type and salt concentration

Tie-line length (TLL) of ATPS can be changed by adjusting either phase-forming
component concentration or both simultaneously with TLL increase following the phase-
forming component concentration. In this part, TLL was first altered by only manipulating the
salt concentration at fixed polymer concentration (i.e. 10 wt/wt %). 10 wt/wt % of TSP
concentration was chosen to enable the study of a wider range of salt concentration (i.e. from
8 to 22 wt/wt %). Having a higher molecular weight, EOPO 3900 is considerably more
hydrophobic as well as require less concentration to form ATPS with ammonium sulfate as

shown in Figure 4.5.

Figure 4.7a and Figure 4.7b present the effect of salt concentration on PHAs
partitioning for EOPO 3900 and UCON HTF 14 systems respectively. For UCON system, PHAs
yield increased from 8 wt/wt % to 14 wt/wt % salt concentration with a maximum of 29 %
reached at 14 wt/wt %, then decreased and remained constant afterward. Kpa does not follow

a specific trend and has the highest value of 1.63 at 14 wt/wt % of salt concentration. In this
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system, purification factor, PF demonstrated a decreasing trend following the increasing salt
concentration and has a sudden drop after 14 wt/wt %. This may due to the biopolymer
molecules precipitate and accumulate at the interface caused by strong “salting-out” effect as
a result of an increase in salt concentration (Jiang et al., 2015). It is also noteworthy that Vr
remains constant at a value of approximately 0.25 in the range of 10 to 22 wt/wt % of salt

concentration for UCON system.

For EOPO 3900 system, biopolymer yield shared a similar trend as UCON system with
a maximum value of 37.9 % obtained at 14 wt/wt % of salt concentration. Similarly, PF
decreased with the rise in salt concentration and achieved a fix value of approximately 1.0
after 14 wt/wt % of salt concentration which is caused by the Vr reached constant at a value
of approximately 0.22. This can be explained by the increasingly dominating “salting-out”
effect of ammonium sulfate which forces more contaminants partitioned to the top copolymer-
rich phase (Barbosa et al., 2011). However, the “free-volume” of the top phase reached a

minimum and can no longer accommodate more biomolecules after 14 wt/wt % where

“volume-exclusion” effect which is stronger than “salting-out” effect started to take place.

The results revealed that the P(3HB) partitioning can be influenced by the types of
TSP. Comparing between the two TSPs, a higher Kpa and vyield is achieved by EOPO 3900
system over a range of salt concentration which may contributed by the stronger hydrophobic
interaction between copolymer-rich phase and PHA biomolecules. EOPO 3900 system
generally presented Kpa higher than 1 (range from 1.228 to 2.405) with the highest value
(2.405) achieved at 14 wt/wt % of salt concentration, showing that PHAs partitioned
preferably into polymer-rich top phase, but this is not the case in UCON system. PHAs
partitioning by UCON system mostly gives a Kpa value of unity or less than unity which means

that the bioproduct partition equally to both phase or preferably to the bottom phase.

On the other hand, both systems have reached an agreement that the purity of PHAs

obtained dropped significantly after 14 wt/wt % of salt concentration which indicates
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electrochemical force indeed plays an important role in PHAs partitioning. EOPO 3900 system
has a higher purity at the lower range of salt concentration (8 to 14 wt/wt %), but the opposite
case happened at the higher range of salt concentration (16 to 22 wt/wt %). Moreover, EOPO
3900 system generally has a much higher PF than UCON system as the latter generally
showed a poorer degree of purification. It can be due to the stronger hydrophobicity of the
TSP-rich top phase. This is in accordance with the literature as a higher concentration of
copolymer is required to form biphasic for UCON HTF 14 and this may cause volume exclusion
effect as well as precipitation at the interphase (Ng et al., 2012). These concluded that EOPO
3900 is a more suitable phase-forming TSP for PHAs partitioning and recovery. Therefore, 14

wt/wt % of salt coupled with EOPO 3900 ATPE was selected for further optimization.

Effect of salt concentration (EOPO 3900/AS)
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Figure 4.7a. Effect of salt concentration on PHA partitioning (EOPO 3900/AS)
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Figure 4.7b. Effect of salt concentration on PHA partitioning (Ucon/AS)

4.3.2.3 Effect of polymer concentration

Following the study on the influence of salt concentration, the effect of TSP
concentration was investigated by varying polymer concentration from 4 to 18 wt/wt % at
constant 14 wt/wt % salt concentration as illustrated in Figure 4.8. From Figure 4.8, it can be
observed that the yield increase following polymer concentration until Vr reaches constant at
approximately 0.4 where the biomolecules reached their solubility limits and the “volume-
exclusion” effect started to take place. In a system with high concentration of TSPs, the
polymer’s entropic effect is dominating (Kepka et al., 2004), thus the biomoleculess partition
favorably to the salt-rich bottom phase. Therefore, a maximum yield of 40.3 % was achieved
at 14 wt/wt % polymer concentration. On the other hand, PF presented a similar trend as
yield with highest PF obtained at 14 wt/wt % (2.09 fold). Therefore, ATPS with 14 wt/wt %

of EOPO 3900 and 14 wt/wt % of ammonium sulfate was chosen for further optimization.
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Figure 4.8. Influence of polymer concentration on PHAs partitioning for UCON/AS

4.3.2.4 Effect of system pH on partitioning of PHAs

Serving an important role in the partitioning of PHAs by thermoseparating ATPE,
system pH in this study was adjusted to the range of pH 4 to 8.8 by the addition of suitable
amounts of H2SO4 and NHs (aq) solution. Besides than altering bioproduct partitioning, system
pH also modifies the phase-forming polymer concentration in both phases (Pandey and Banik,
2011) as polymer either gains or loses charge (Show et al., 2012b). For conventional PEG-
based ATPE, literature had reported that there was zero recovery of P(3HB-co-3HV) in top
phase for pH less than 7, while better separation and recovery were achieved at pH 8 and
above (Divyashree et al., 2009). However, this was not the case in thermoseparating-based
ATPS as presented in Figure 4.9. From pH 4 to 8, PHAs partitioning showed a steady yield of
60 to 63.5 % with highest value of 63.5 % achieved at pH 6 (except for the sudden drop of
yield at pH 8.8 with value 46.4 %), demonstrating the robustness of thermoseparating-based
ATPE in PHAs purification and recovery. On the other hand, partitioning of PHAs presented a

slight increase in PF following the pH, with the maximum obtained at pH 8 with the value of
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1559 1.35. Therefore, it can be concluded that the optimum separation and extraction of PHAs can
1560 be done around pH 6 to 8 with a minimum trade-off between PF and yield (less than 6.3 %
1561  for yield and less than 4 % for PF). Also, thermoseparating-based ATPE at pH 6 with the

1562 highest Kpa of 3.67 and yield of 63.5 % was selected for further study.

Influence of pH on PHAs partitioning
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1564 Figure 4.9. Influence of pH on PHAs partitioning
1565
1566  4.3.2.5 Effect of centrifugation speed
1567 As reported in the literature, centrifugation might be able to reduce the time needed

1568  for phase separation (Li et al., 2015) and enhance the partitioning of desired product (Tou et
1569 al., 2014). Following that, this study was conducted to investigate the effectiveness of
1570 centrifugation in the purification and recovery of biopolymers by thermoseparating ATPS.
1571  Table 4.5 presents the influence of centrifugal speed on PHAs partitioning where the control
1572 is the system which was left to stand still until complete phase separation. Come to an
1573  agreement with the literature(Dembczynski et al., 2013), thermoseparating ATPS has a
1574 relatively short phase separation time (less than half an hour). From the table, it can be

1575 clearly observed that the control system has a much higher purity (69.6 %), thus a higher
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value of PF (1.88 fold) was obtained compared to those that have been centrifuged. However,
it has a lower yield (31.5 %) than the system with centrifugation carried out at 150 g which

has a 41.2 % yield.

The mechanism behind the partitioning of PHAs can be understood through the Lamm

equation (Behlke and Ristau, 1998) which is given by g—fz li[ng—:—swer] where C, t, r, w

ror
are concentration, time, radial position and angular velocity respectively, and s and D are the
sedimentation and diffusion coefficients respectively. By assuming the initial condition where
C =C,andr, <r<n where r, and r, are the meniscus and bottom position respectively, the

equation is Laplace transformed and solved to give

C o G _, {2 B <(1 -z)+ ar) a <—a(1 — Z)) <(1 —-z)— a‘[)
=5 e erfc 72@ p exp o erfc 72@

Y or <(y2 —af)r—2(a+y)(1 - Z)) X erfe ((1 —2)— yr)}
e P 4qe 2vaet

where
—1)+1 —1)+1 2 -1
_ z0p=D+1 6,:Z(Xb )+ e b:(r_b),Z:x and0<z<1.
(xp—1) xp—1 (xp—1) xp—1 To *p—1

If x, » w0, we can see that the first and the third terms disappear and we have
1 —
CNPB w?*, Eqn 4a

Using equation 4a, the theoretical value of purity in top phase can be predicted and
calculated. Figure 4.10 shows the comparison between experimental data and the theoretical
prediction. The experimental data is in agreement with the theoretical prediction. It can be
clearly seen that the maximum PHAs purity (approximately 65 %) can be obtained at around
350 - 400 g centrifugal force. Therefore, it can be concluded that thermoseparating ATPE
does not require additional centrifugation step to facilitate phase separation and promote

biomolecule partitioning, thus, reducing overall purification cost.
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1599 Table 4.5: influence of centrifugal speed on PHAs partitioning

Centrifugal
force (g) Yield (%)  Purity (%) PF
50 28.7 23.2 0.63
100 26.9 24.0 0.65
150 41.2 39.3 1.06
250 27.7 56.9 1.54
500 26.7 58.1 1.57
1000 15.2 17.8 0.48
control 31.5 69.6 1.88
1600
+  Experimental
Theoretical
T
5
o
o
o
’— -
15 1 1 1 1 1 1 1 1 1
0 100 200 300 400 500 6OO 700 800 900 1000
Centrifugation Speed
1601
1602 Figure 4.10. Influence of centrifugation speed on PHAs partitioning
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4.3.2.6 Recycling and reutilization of EOPO copolymer in PHAs partitioning

Other than having the advantage of being more hydrophobic than conventional PEGs,
TSPs such as EOPO copolymers have the distinct characteristic of reduced solubility in its
aqueous solution as temperature increase which leads to phase separation when exceed
certain temperature limits. This enables efficient recovery of desired product exclusively in
the waterphase while the copolymers can be recycled and reutilized in a new cycle of

bioproduct extraction which is greener and more cost-competitive (Persson et al., 2000b).

Following the in depth study done by Persson and coworkers(Persson et al., 2000b),
temperature-induced phase separation was performed at 65 °C for 15 minutes as complete
phase separation can only be achieved at temperature few degree Celsius above LCST (around
50 to 55°C) and 15 minutes is the threshold where there is no longer increment for copolymer
recovery. The presence of sulfate salts in the top phase enhanced the recovery of the
copolymer as literature reported there is an increase from 69 % to 95 % of polymer recovery
with the addition of only100 mM sulfate salts (Persson et al., 2000b). Other than that, the
EOPO copolymers were recycled and reutilized in a new stage of extraction without the
addition of fresh bottom phase. Observation indicated that the Vr reduced after each cycle,

due to a slight loss of polymer during recovery, leading to decreasing top phase volume.

The recycling and reutilization of EOPO copolymer in 3 cycles are presented in Table
4.6. In first extraction stage, PHAs purity of 60 % and yield of 72% was achieved, following
with a slight fall in both PHAs purity and yield for the second stage of extraction. However,
the yield dropped significantly after the third cycle, due to growing amounts of impurities in
bottom phase and weaker "“salting-out” ability of ammonium sulfate after every cycle.
Therefore, it is recommended that the EOPO copolymers can be recycled and reused for two

times in PHAs partitioning, in congruent with many bioproducts as reported in the literature,
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such as cyclodextrin glycosyltransferase (Ng et al., 2012), ciprofloxacin (Chen et al., 2014)

and others.

Table 4.6: Recycling and reutilization of EOPO copolymer

Cycles Purity (%) PF Yield (%)
1 59.6 1.61 72.2
2 54.4 1.47 63.1
3 47.0 1.27 59.7

4.4. CONCLUDING REMARK

Aiming to develop a cost-effective and environmental-friendly extraction strategy for
isolation and recovery of PHAs from C. necator H16, the partitioning behavior of biopolymers
was investigated utilizing the thermoseparation-based ATPE technique called cloud point
extraction (CPE) strategy. Cloud-point diagram has shown that both TSPs, which are EOPO
3900 and UCON HTF 14 have a similar cloud point beyond 7.5 wt/wt % concentration.
Comparing between two TSPs, EOPO 3900 was preferred as UCON-based system did not show

a promising result.

The purification of PHAs utilizing CPE was satisfactorily achieved in the system of 20
wt/wt % EOPO 3900 and 10 mM NaCl addition at thermoseparating temperature of 60 °C with
a limit of 37.5 wt/wt % of crude feedstock. With a recovery yield of 96.7 % and PF of 1.45
fold, PHAs were partitioned preferably to the water-rich top phase, which makes the
subsequent downstream processing simpler and cheaper. The recycling and reutilization of
EOPO 3900 can be done for at least 2 times without significant loss of yield and purity. The

results proved that CPE is a powerful and potential technique for PHAs purification and
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recovery as the technique showed a much higher PHAs recovery yield (approximately 2 times)

in comparison with literature.

To further improve the final quality of PHAs recovered, thermoseparating polymers
have been coupled with ammonium sulfate to isolate and purify biopolymers from a crude
feedstock of C. necator. Thermoseparating-based ATPE of PHAs could be effectively done
under the condition of 14 wt/wt % of EOPO 3900 concentration, 14 wt/wt % of ammonium
sulfate concentration and pH 6 without the needs of extra centrifugation steps. Yield and
purity up to 72 % and 60 % can be achieved with the copolymers can be recycled and reused

for two times.
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Chapter 5

THERMOSEPARATING AQUEOUS TWO-PHASE EXTRACTION OF

POLYHYDROXYALKANOATES (PHAS) FROM CUPRIAVIDUS NECATOR FEEDSTOCK

USING STATISTICAL DESIGN OF EXPERIMENT (DOE)

109



1669

1670

1671

1672

1673

1674

1675

1676

1677

1678

1679

1680

1681

1682

1683

1684

1685

1686

1687

1688

1689

1690

1691

1692

1693

5.1 INTRODUCTION

Despite numerous advantages offered, the main downside of bioproduct purification
using ATPE is the complex mechanism behind the partition of target product which influenced
by a long range (hydrophobic and electrostatic) and short range (van der Waals) molecular
interaction between the bioparticle and the system. In addition, there is a shortage of suitable
mathematical laws and models to explain it (Dembczynski et al., 2013). As there are many
parameters play in parts for bioproduct partitioning by ATPE, this resulting in a highly complex
task for optimization. The conventional method of change one-factor-at-a-time (OFAT) (also
known as single factor optimization) which optimize one parameter at a time while keeping
the other variables constant using a trial and error approach (Dembczynski et al., 2013)as in
the previous chapter requires a huge amount of time and labor consumption with a large
number of experiments needed to be conducted (Kammoun et al., 2009). Not only that, it
also does not guarantee the identification of the global optimum and cannot give insights on
interactions between the independent parameters (Wiendahl et al., 2012, Aydog an et al.,

2010).

In order to overcome this, statistical design of experiment (DOE) was widely utilized
for optimization, modeling and identification of main influencing parameters as well as the
significant interactions between them by utilizing minimum amount of experiments (Santos
et al., 2011). Examples of literature that employed DOE strategy for purification of
bioproducts are such as plasmid DNA (Wiendahl et al., 2012), human immunoglobulin G
(Ferreira et al., 2008), lysozyme (Lu et al., 2013, Dembczynski et al., 2013), 1,3-propandiol
(Aydog an et al., 2010), fibrinolytic enzyme (Ashipala and He, 2008), human antibodies
(Azevedo et al., 2007), lectin (Porto et al., 2011), B-glucuronidase (Ross and Zhang, 2010),
collagenase (Lima et al., 2013), ciprofloxacin (Mokhtarani et al., 2008), human antibodies

(Rosa et al., 2007), amylase (Kammoun et al., 2009) and other bioproducts.
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Nevertheless, thorough literature review had shown that the application of DOE on
PHAs purification has yet to be described. Henceforth, in this chapter, the experimental
design methodology have been conducted on the purification and recovery of crude PHAs
extract from Cupriavidus necator, aiming to identify the optimal ATPE conditions for primary
purification of thetarget product. In order to screen the important ATPE-influencing
parameters, a two-level full factorial design was utilized to study the influence of and
interaction between the parameters, such as the concentration of potassium phosphate,
EOs0POso, NaCl addition as well as pH on partition behavior of PHAs. Followed by the
determination of global optimum region using the method of the path of steep ascent, Box-
Wilson central composite design (CCD) was utilized to achieve a global optimum of PHAs

purification and recovery.

5.2 MATERIALS AND METHODS

5.2.1 Experimental design and statistical analysis

A two-level full factorial design (2%) was carried out to investigate the effects and
interactions among important parameters in thermoseparating-based ATPE of PHAs. Four
independent parameters, including potassium phosphate concentration (Xi), EOPO
concentration (X2), pH (X3) and addition of sodium chloride (X4) were taken into account and
studied at two widely spaced levels. The low (-) and high (+) levels of the factors were 8
wt/wt % and 15 wt/wt % for potassium phosphate concentration, 10 wt/wt % and 18 wt/wt %
for EOPO concentration, 8 and 10 for system pH and 0 mM and 100 mM for sodium chloride
addition. The factor combination is presented in Table 5.1. The reason behind the choice of
the levels for EOPO concentration and phosphate concentration is to make sure that the
formation of two-phase has a high enough volume ratio so that the “volume-exclusion” effect
does not happen. Volume-exclusion occurs when the free space available for target products

in either one of the phase is reduced, causing partitioning to the opposite phase (de Medeiros
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e Silva et al., 2013). System pH levels were chosen based on literature review of PHAs
partitioning (Divyashree et al., 2009). The levels of sodium chloride addition were selected
following the results of the previous chapter. The partition coefficient (Kpa), recovery yield

and purification factor (PF) were selected as response variables.

After the screening of important parameters using full factorial design, the global
optimum region is determined using the method of the path of steepest ascent. Following
that, the influence of key parameters on partitioning behavior of PHAs was evaluated utilizing
a Box-Wilson central composite design (CCD). A total of 13 experiments were conducted, with
5 repetitions of a central point for the evaluation of the experimental error variance. The
experiments were conducted in a random manner, obeying the condition for observations to
be distributed randomly and independently which helps, as well as, to eliminate the influence
of unknown factors. The “Design Expert” software (Version 7.0.0, Stat-Ease) was used for
regression and graphical analysis of the data obtained. Three replicates were conducted for

each experimental run.

5.2.2 Partitioning of PHAs in thermoseparating ATPE

A 40 g two-phase system was prepared by mixing the phase-forming components
which are EOPO and salt (in wt/wt %) with the crude feedstock. The mixture was then allowed
to settle for phase separation. After the stages of equilibration and phase separation, the top
phase was carefully sampled using a pipette, while the bottom phase was then sampled
through the interface. The samples from both phases and disrupted biomass are centrifuged
and washed with deionized water for three times before left in the oven for overnight at 70 °C
to be dried. The dried samples from both phases and disrupted biomass were analyzed for

PHAs content using gas chromatography (GC).
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5.3. RESULTS AND DISCUSSION

5.3.1 Screening of important ATPE-influencing parameters

In ATPE, biomolecules have complex partitioning behavior which influenced by charge,
molecular size, electrochemical properties and hydrophobicity of the proteins. The partitioning
of biomolecules can be manipulated by adjusting factors like theconcentration of phase-
forming components, pH and salt additions. A two-level full factorial design (2%) were
conducted to investigate the influence and interaction among 4 ATPE-influencing variables,
which are potassium phosphate concentration (X1), EOPO concentration (X2), pH (X3) and

NaCl addition (X4) in PHAs partitioning by thermoseparating-based ATPE.

The full factorial designs and the responses are presented in Table 5.1. It can be
observed that there is a wide variation of Kpa (0.402 - 16.547) and recovery yield (16.8 -
93.9 %) which is due to the intended variation in the factor combinations and this revealed
the significance of optimization in achieving better recovery yield and purity (Kammoun et al.,
2009, Ross and Zhang, 2010). From the results in Table 5.1, it can be seen that run 6 achieved
the highest Kpa (16.5) and yield (93.9 %), while run 10 obtained the highest PF with the
value of 1.54. Utilizing Design Expert software, the analysis of variance (ANOVA) was
performed to verify the validity of the models, evaluate the statistical significance of all factors
and determine the influence of these factors on the response variables. These models
consisted of four main effects, six two-parameter interactions, and four three-parameter
interactions, with the last one that is a four-parameter interaction which was given the

assumption of being negligible due to hierarchical reasons (Lima et al., 2013).

Table 5.1: Experimental design and results of response variables where X1 = potassium

phosphate concentration, X2 = EOPO concentration, X3 = pH and X4 = NaCl addition
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X1 X2 X4 PF
Run  (wt/wt %) (wt/wt %) X3 (mM) Kpa  Yield (%) (fold)
1 8 10 10 0 0.814 24.6 0.93
2 8 10 8 0 0.646 21.4 0.93
3 15 10 10 0 3.371 57.4 1.35
4 8 18 8 0 0.431 25.5 1.07
5 8 18 8 100 0.402 24.8 1.04
6 15 18 10 0 16.547 93.9 1.46
7 15 18 10 100 5.585 85.5 1.48
8 15 10 8 0 1.554 38.3 0.95
9 8 10 8 100 0.525 16.8 0.67
10 15 18 8 100 12.291 92.5 1.54
11 15 18 8 0 8.047 86.8 1.52
12 15 10 8 100 1.314 32.9 1.22
13 8 18 10 0 0.512 30.1 0.96
14 15 10 10 100 2.322 45.5 1.04
15 8 18 10 100 0.369 22.7 1.04
16 8 10 10 100 0.817 24.6 1.21
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5.3.1.1 Effect on the “Yield”

From a practical point of view, an efficient purification and extraction of ATPE requires
the maximum recovery of target product with the purity as high as possible. From Table 5.1,
the results demonstrated that the maximum yield was achieved in the run 6 with the value of
93.9 %, while the minimum was obtained in the run 9 with the value of 16.8 %. The full
statistical results for the response variable “Yield” are shown in Table 5.2. On the basis of the
result, the f-value of 1007.69 with a low probability value (Prob > F = 0.0247) indicates that
the overall regression model was significant with 95 % of confidence. The value of the
coefficient of determination, R? can be utilized to assess the ratio of total variation ascribed
to each fit. With value always between 0 and 1, R? larger than 0.75 shows a good fit of the
model to the response variable (Kammoun et al., 2009), while a value larger than 0.9 are
greatly satisfying in the DOE for bioprocess (Santos et al., 2011). For recovery yield, the high
value of R?, which is 0.9999 demonstrates a good response between the model and the
experimental results. This also indicates that the interrelationship among the independent
variable can be satisfactorily represented by the model with only less than 0.01 % of total
variations were not able to be explained by the model. The adjusted coefficient of
determination, R2%4j can be used to measure the accuracy of a model for the response variable
(Dembczynski et al., 2013). The R2a; of 0.999 was in a good agreement with the predicted
R?, R?%red of 0.982, which shows that the predicted values are compatible with the

experimental results.

Values of “Prob > F” less than 0.05 reveal that the model terms are statistically
significant model terms, while values larger than 0.10 show that those are insignificant model
terms (Aydogvan et al., 2010). For recovery yield, the regression analysis of the experimental
design has indicated that the linear model terms (X1 and X2) and interactive model term (X1X2)
were the significant model terms. Nevertheless, the linear model terms (X3 and X4) and

interactive model terms (X1X3, X1X4, X2X3, X2Xa, X3Xa, X1X2X3, X1X2X4 and X2X3X4) were not
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significant at 5 % level. By discarding and pooling all statistically insignificant model terms
(Prob > F > 0.05) into the error term and using only significant model terms, the new reduced
model was attained for response variable “Yield”. Using ANOVA, the statistical analysis
demonstrated that the reduced model was significant at a confidence level of 95 % with the
p-value much lower than 0.05 (Prob > F < 0.0001). By taking into account the significant
linear model terms and interactions, the regression analysis of Yield data provided the

following first-order model:

Y =45.21 + 21.39 X1 + 12.52 X2 + 10.56 XiX2

Generally, the contribution of the model terms to the response variables can be
evaluated utilizing the degree of the corresponding coefficients of the linear regression
equations (Lu et al., 2013). From the regression equation, it can be observed that potassium
phosphate concentration (X1) had the strongest positive effect on recovery yield. As shown in
the experimental design results, the recovery yield is generally higher at high (+) level of X1
where the yield can achieve as high as 93.9 % for run 6. At system of higher phosphate
concentrations, the strengthened “salting-out” effect reduces the solubility of PHA in the salt-
rich bottom phase, by promoting aggregation and hydrophobic interaction. This, in turn,
directs PHA partition to the polymer-rich top phase which has lower salt concentration,
facilitating the extraction of PHAs to the EOPO-rich phase (Porto et al., 2011). This is in
accordance with other works in thepartitioning of others biomolecules by ATPE, such as
recovery of papain (Jiang et al., 2015), lectin from Carnavaliagrandiflora seed (Porto et al.,
2011) and collagenase from Penicillium aurantiogriseum(Lima et al., 2013) as well. More
importantly, it is worth mentioning that the highest yield obtained in thecurrent study is
significantly higher than that of literature which utilized PEG/phosphate system (40 to 50 %)

(Divyashree et al., 2009).

In addition to Xi, the regression equation also suggested that EOPO concentration (Xz2)
is a significant positive parameter for recovery yield as well. There are two main forces
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dominating in the polymer-rich phase, which is “volume-exclusion” effect and hydrophobic
interaction. As the “volume-exclusion” effect is no longer in the picture as mentioned above,
the increasingly stronger hydrophobic interaction between polymer-rich phase and PHAs
molecules due to increasing concentration of thermoseparating polymers causes PHAs
partition preferably to top phase (Lu et al., 2013). Several studies on ATPE also showed the
similar results, such as lysozyme (Dembczynski et al., 2013, Dembczynski et al., 2010), lectin
(Porto et al., 2011) and papain (Jiang et al., 2015). Another essential point is the recovery
yield was also positively affected by the synergistic positive interaction between phosphate
and EOPO concentration (X1X2). The simultaneous rise in the level of both parameters has a
stronger impact on the increment of recovery yield than the expected add up of those of the
individual parameter. The combined effect can be observed in run 6, 7, 10 and 11 where yield
can achieve a high value of at least 85 % when both phosphate and EOPO concentration were

at high (+) levels.

Supported by the literature (Divyashree et al., 2009), the recovery yield remains
constant in the selected range for pH, thus, it is not a significant model term with 95 % of
confidence. Though, with Prob > F of 0.0519, pH still bring positive impacts on recovery yield,
agreeing with the results of Table 5.1 (with the exception of run 5 and 15 as well as run 7
and 10). In this respect, it should not forget that system pH serves an important role in
thermoseparating ATPE as it influence partitioning of the bioproduct by modifying the solute
charge (Lima et al., 2013). Therefore, PHA partitioning is preferable to be performed at a
more basic pH (Divyashree et al., 2009), still, it is worth mentioning that extreme pH will

cause degradation to PHA granule morphology.

Because of the diverse affinity of ions for the different phases where anions give a
stronger effect compared to cations, the addition of co-solutes like salts into two-phase
system serve as “counter-ions” which promote the partition of biomolecules to the desired

phase (Berggren et al., 1995). The reason of salt addition parameter is not significant at 5 %
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level might be due to the high content of multiple salts in the PHAs crude extract used and
thus, the NaCl addition does not have a dominating effect (Kepka et al., 2004). Nevertheless,
although very slight, salt addition with Prob > F of 0.0717 gives a negative influence on
recovery yield, as illustrated in the result of Table 5.1 (except for run 10). Previous ATPE
works on clavulanic acid from thefermentation broth of Streptomyces clavuligerus(Santos et
al., 2011) and bacteriocin-like inhibitory substance from Pediococcus acidilactici Kpl10
(Abbasiliasi et al., 2014) have also illustrated the similar results. Thus, according to the full
factorial design, theaddition of NaCl as co-solute should be avoided for maximum recovery of
PHAs. To sum up, a high yield of PHAs can be obtained at ahigh concentration of EOPO 3900

and phosphate salt as well as thecondition of basic pH without any addition of NaCl.
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Table 5.2: Full statistical result of ANOVA for response variable “Yield” where X1 =

potassium phosphate concentration, X2 = EOPO concentration, X3 = pH and X4 = NaCl

addition
Sum of Mean Prob >
Source Squares DF Square F Value F

Model 12070.8 14 862.2 1007.687 0.0247
X1* 7323.1 1 7323.1 8558.750 0.0069
X2" 2507.5 1 2507.5 2930.613 0.0118
X3 128.3 1 128.3 149.897 0.0519
Xa 66.8 1 66.8 78.107 0.0717
X1X2" 1783.0 1 1783.0 2083.799 0.0139
X1X3 20.9 1 20.9 24.462 0.1270
X1Xa 3.3 1 3.3 3.893 0.2986
X2X3 100.5 1 100.5 117.459 0.0586
X2Xa 7.7 1 7.7 9.000 0.2048
X3Xa4 32.2 1 32.2 37.640 0.1029
X1X2X3 33.4 1 33.4 38.978 0.1011
X1X2X4 20.5 1 20.5 23.931 0.1284
X1X3X4 21.4 1 21.4 25.000 0.1257
X2X3X4 22.3 1 22.3 26.093 0.1231
Residual 0.9 1 0.9
Cor Total 12071.7 15
R2? 0.9999
R2adj 0.999
R2pred 0.982
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5.3.1.2 Effect on the “Partition Coefficient”

Generally employed to assess the effectiveness of biomolecule separation by ATPE,
the extreme value of partition coefficient (Kpa) signifies the effective extraction of target
biomolecules from the systems, while the value close to unity (1) indicates the almost equal
partition between both phases which is undesirable in ATPE. For thermoseparating ATPE, the
partitioning of target products to polymer-rich top phase (Kpa> 1) is highly desirable due to
theexclusive recovery of bioparticles in the water-rich top phase during the secondary ATPE.
As shown in Table 5.1, the maximum Kpa (16.547) was achieved in run humber 6, while run
number 15 gave the minimum Kpa (0.369). The highest partition coefficient achieved in this
study is comparable to that of literature which utilizes PEG/phosphate system (Kpa = 4 to 15)
[8]. The statistical results for reduced model of response variable "Kpa” are presented in Table
5.3. The statistical analysis of Kpa indicated that some parameters were statistically
significant with 95 % of confidence. Three out of the four linear model terms, which are Xi,
X3 and X4 have asignificant influence on Kpa. For this response variable, EOPO concentration
only gives a slight but positive effect as the intended selection of Xz levels to prevent the
“volume-exclusion” effect. Not only that, some of the interactive model terms (X1X2, X2X3 and
X2X3X4) were significant at 95 % of confidence level as well. The reduced model can be

described by the following regression equation:

1/Kpa®> = 0.95 - 0.43 X1 - 0.057 X3 + 0.046 X4 - 0.18 X1X2 + 0.054 X2X3 + 0.033

X2X3Xa

It is worth mentioning that the empirical relationship between the Kpa and the test variable
is better characterized using an inverse square root function instead of normal linear function

due to the significant deviation from normality demonstrated.

The f-value of 221.5 and p-value at a level below 0.0001 demonstrated a very high
significance for the regression model and confirms the adequacy of the reduced model. With
the high value of R2 (0.997), it shows that the real relationship between the response variable

120



1890 and independent parameters is adequately represented by the model. This indicates that 99.7 %
1891  of the variability in response could be explained by the model. The close values of R?aqg; and
1892 R2pred Which are 0.992 and 0.979 respectively demonstrate a good degree of correlation
1893 between the theoretical values predicted by the reduced model equation and experimental

1894  responses.

1895 Similar to the response variable “yield”, the most significant and positive influence on
1896 the response variable “Kpa” at a confidence level of 95 % was that exerted by the potassium
1897 phosphate concentration (X1). As shown in Table 5.1, only Kpa for high level (i.e. 15 wt/wt %)
1898  of Xigives value larger than 1 (ranging from lowest of 1.3 to highest of 16.5). The same result
1899 is also reported by Dong and his coworkers in extraction of phenylethanoid glycosides from
1900 Cistanche deserticola stems as the partition coefficient of echinoside increased following the
1901 rising sulfate concentration (Dong et al., 2015). The same applies to the partitioning of
1902 collagenase (Lima et al., 2013), lysozyme (Dembczynski et al., 2013), and lectin (Porto et al.,
1903 2011). Also, a positive interaction effect between Xi and X2 was observed, revealing a
1904  synergism between the two variables. Therefore, higher Kpa will be achieved with high level
1905 of both potassium phosphate and EOPO concentration, which especially can be seen in run 6

1906 and 10 (with Kpa higher than 12).

1907 For salt addition, it is in agreement with “Yield” response that it should be completely
1908 avoided to achieve high Kpa. Agreeing with Divyashree and his co-workers which reported
1909 that significant increase in Kpa can be observed after pH 8 (Divyashree et al., 2009), the
1910 results of Table 5.1 demonstrated that high Kpa can be obtained at a higher pH value. This is
1911  also observed in partitioning of fibrinolytic proteases from Streptomyces sp. DPUA1576 in
1912  PEG/phosphate system (de Medeiros e Silva et al., 2013). However, the simultaneous increase
1913 in the level of EOPO concentration and pH lowers the value of Kpa unless there is dominating

1914  positive influence from X1 as in run 6.
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For this response variable, there were some significant two- and three- parameters
interactions involving every parameter which can be observed. The overall influence of a given
parameter on this response variable is affected by the levels of the other parameters. Thus,
this makes the estimation of these effects on Kpa very complicated due to the strong influence
of one of the parameters in the interaction to the others. Still, it can be concluded that both
high salt and EOPO concentration with basic pH and no addition of cosolute will contribute to

high Kpa in PHAs partitioning.

Table 5.3: Statistical result of ANOVA for the reduced model of response variable “Kpa”

where X1 = potassium phosphate concentration, X2 = EOPO concentration, Xs = pH and X4 =

NaCl addition
Sum of Mean

Source Squares DF Square F Value Prob >F
Model 3.568 9 0.396 221.5 < 0.0001
X1 2.891 1 2.891 1615.4 < 0.0001
X3 0.052 1 0.0516 28.8 0.0015
Xa 0.033 1 0.0332 18.5 0.0057
X1X2 0.516 1 0.516 288.5 < 0.0001
X2X3 0.046 1 0.0460 25.7 0.0022
X2X3X4 0.018 1 0.0179 10.0 0.0265
Residual 0.011 6 0.0018
Cor Total 3.579 15
R2? 0.997
R2adj 0.992
R2pred 0.979

122



1927

1928

1929

1930

1931

1932

1933

1934

1935

1936

1937

1938

1939

1940

1941

1942

1943

1944

1945

1946

1947

1948

1949

1950

1951

1952

5.3.1.3 Effect on the “Purification Factor”

Serves as the primary purification tool of PHAs, purification factor (PF) is used to define
the purification efficiency of thermoseparating ATPE. Contradicted to the wide variation of Kpa
and yield, the PF obtained in the factorial design were in a smaller range where an average
value of 1.235 with the fluctuation of 0.3 was achieved for most run (with the exception of
run 9 which has a value of 0.67). Based on the statistical results for reduced model of response
variable of “PF” illustrated in Table 5.4, the reduced model was significant at a confidence
level of 95 % with f-value of 42.6 and probability value much lower than 0.05 (Prob > F <
0.0001). With a value of 0.966 for R?, this indicated that 96.6 % of the experimental data
was compatible with the predicted data from the model. The value of R%adj was calculated to
be 0.943, close to that R%pred (0.893), which demonstrate a high degree of correlation between
the predicted and observed values. The model can be adequately utilized to predict the data
within the range of variables studied. The reduced model can be described by the following

first-order model:

PF=1.15+ 0.17 X1 + 0.11 X2 = 0.067 X1X2 — 0.062 X2X3 = 0.077 X1X3X4

The regression analysis of PF indicated that the X1 and Xz were significant with 95 %
of confidence among the investigated independent parameters as shown in the equation.
Other than that, the interactions between independent parameters such as XiXz, X2X3 and
X1X3X4 also play significant roles in thepurification of PHAs by thermoseparating ATPE. As
expected of the positive main effect of phosphate concentration, a dramatic increase of PF
values can be observed at the elevated levels of this parameter, especially shown in run 10
and 11 with PF greater than 1.5. This was also demonstrated in thepartition of collagenase
from Penicillium aurantiogriseum by Lima and his colleagues with improving purification when
utilizing higher phosphate concentration (Lima et al., 2013). Similarly, PF was found to be
positively correlated with the EOPO concentration (X2) as well. This trend is congruent with

the purification of other bioproducts utilizing ATPE as reported in theliterature. For example,
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the purification factor of a-amylase from Aspergillus oryzae was increased by threefold at

thehighest level of PEG concentration (20 wt/wt %) (Kammoun et al., 2009). Study on

isolation of lysozyme from crude hen egg white has reported a high PF value was achieved at

high polymer concentration as well (Lu et al., 2013). Despite that, the simultaneous increase

of X1 and Xz, as well as X2 and X3, has a negative impact on PF. To summarize, PF is the most

complicated response variable to be optimized due to the complicated positive contributions

from the linear model terms combined with negative contributions from the interactions

between them.

Table 5.4: Statistical result of ANOVA for reduced model of response variable “PF” where Xi

= potassium phosphate concentration, X2 = EOPO concentration, X3 = pH and X4 = NaCl

addition
Sum of Mean

Source Squares df Square FValue Prob >F
Model 0.955 6 0.159 42.6 < 0.0001
X1 0.459 1 0.459 122.9 < 0.0001
X2 0.205 1 0.205 54.8 < 0.0001
X1X2 0.072 1 0.071556 19.2 0.0018
X2X3 0.061 1 0.061256 16.4 0.0029
X1X3X4 0.095 1 0.094556 25.3 0.0007
X1X2X3X4 0.064 1 0.063756 17.1 0.0026
Residual 0.034 9 0.003734
Cor Total 0.988 15
R? 0.966
R2?adj 0.943
RZ%pred 0.893
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5.3.2 Method of path of steepest ascent

Following the preliminary screening using full factorial design, it can be clearly
observed that the concentration of both phase-forming components, which are phosphate
salts and EOPO together with the synergistic interaction between them play a significant role
in PHAs partitioning by thermoseparating ATPE. Therefore, these two parameters were chosen
to be further optimized utilizing response surface method (RSM) design to obtain a better

partitioning results for PHAs from C. necator feedstock.

Based on the first-order regression equation from the full-factorial model, the method
of the path of steepest ascent was employed to determine the global optimal region for PHAs
partitioning conditions. Details of the experiments and results are illustrated in Table 5.5. It
clearly demonstrated that ATPS 2 is the system that falls in the global optimal region with
highest Kpa, Yield, and PF of 15.45, 93 % and 1.29 respectively. Henceforth, a system with
conditions of 17.54 wt/wt % phosphate salts, 18.04 wt/wt % EOPO and pH 9 was selected as

the center point for further experiments.

Table 5.5: Result of method of path of steepest ascent

Phosphate EOPO
concentration concentration Yield PF

(wt/wt %) (wt/wt %) Kpa (%) (fold)
-1 8.48 11.98 1.39 51.0 0.97
0 11.50 14.00 2.78 67.6 1.04
1 14.52 16.02 5.65 82.2 0.92
2 17.54 18.04 15.45 93.0 1.29
3 20.56 20.06 14.62 93.0 1.05
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5.3.3 Response surface method (RSM) experiments

RSM experiment design was performed to optimize the isolation and purification of
PHAs using the minimum amount of experiments, thus reducing the time consumption and
overall cost. For all the RSM experiments, the response variables which is the recovery yield
and PF, have been experimentally investigated and optimized as a function of two independent
parameters, phosphate concentration (X1:) and EOPO concentration (Xz2). A Box-Wilson central
composite design (CCD) was chosen for the optimization of the PHAs purification process.
With a face centered star points design, the CCD is made up of 13 experimental points,
including a complete 22 factorial matrix, augmented with 2 “star” (axial) points on each design
parameter axis at a distance of 1.414 from the center point together with 5 center points
(Azevedo et al., 2009, Aydog an et al., 2010). Quintuple run of center point are performed
to ensure the uniform precision of the experiments. The inconsistency of the experiment
results which represents pure experiment error caused by measurement of the dependent

variable can be estimated from the inconsistency of the repeated runs (Rosa et al., 2007).

The design matrix of the CCD and the experimental results of PHAs isolation and
purification by thermoseparating ATPE are demonstrated in Table 5.6. From Table 5.6, it can
be seen that the yield of PHAs achieved a minimum of 80.8 % at run 1, while 8 out of the 13
runs achieved yield as high as 99.9 %. On the other hand, the PF of PHAs purification fell in
the range of 1.10 to 1.54 with the maximum was achieved in the run 11 (1.54 fold), while
the minimum was obtained in the run 8 (1.10 fold). Yields close to 100 % are repeatedly
reported for purification of bioproducts using ATPE (de Medeiros e Silva et al., 2013).
Henceforth, we chose to model PF and not the recovery yield as most of the run has reached

almost 100 % yield, thus, does not require further optimization through modeling.

Utilizing Design Expert software, the analysis of variance (ANOVA) was done to confirm
the validity of the models, assess the statistical significance of all factors (main parameters

and all their possible linear and quadratic interactions) and investigate the impacts of these
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factors on the response variables (Rosa et al., 2007). The results of ANOVA are illustrated in
Table 5.7. Based on the result, the f-value of 12.88 with probability value much lower than
0.05 (Prob > F = 0.002) indicates that the overall regression model was significant at 95 %
level of confidence. Combining this with insignificant lack of fit (Prob > F = 0.784), this
demonstrates that the response surface of the experimental design can be adequately

described by the quadratic model with interaction.

With the high value of R? (0.902), it indicates that the real relationship between the
independent parameters and response variables can be adequately represented by the model.
This shows that 90.2 % of the variability in response can be explained by the model. The RZag;
of 0.8319 was in a reasonable agreement with theR?pred of 0.7303, which shows a good degree
of correlation between the predicted values with the experimental results.The regression
analysis of the experimental design has indicated that both the quadratic model terms (X12
and X22) were the significant model terms. However, the linear model terms (X1 and X2) and

interactive model term (X1X2) were found to be not significant at 95 % of confidence level.

Applying multiple regression analysis, a second-order polynomial equation was used
to describe the empirical relationship between the purification factor and the independent
variables. Although there were some factors which were insignificant statistically at a
confidence level of 95 %, none of the model terms were discarded and pooled into the error

terms due to hierarchical reason.

PF =1.42 - 0.03 X1 + 0.041 X2 - 0.016 X1X2 - 0.15 X12 - 0.091 X2

Generally, the impact of the model terms to the response variables can be determined
by the degree of the corresponding coefficients of the regression equations (Lu et al., 2013).
Although EOPO concentration (X2) is not a significant model term at a confidence level of 95 %
with the Prob > F of 0.0786, the independent parameter still brings positive impacts on the

PF. This was also demonstrated in the purification of lysozyme from crude hen egg white at
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high concentration of polymer (Lu et al., 2013). Similarly, a threefold increase in purification

factor has been observed at high level of PEG concentration for isolation of a-amylase from

Aspergillus oryzae(Lima et al., 2013).

Table 5.6: Experimental design and results of response variables

Phosphate

concentration

EOPO

concentration

Run (wt/wt %) (Wt/wt %) Yield (%) PF (fold)
1 13.28 18.05 80.8 1.14
2 14.53 20.05 98.8 1.30
3 14.53 16.03 86.2 1.17
4 17.55 15.18 99.9 1.20
5 17.55 18.05 99.9 1.42
6 17.55 20.90 99.9 1.29
7 20.55 20.05 90.5 1.17
8 20.55 16.03 99.9 1.10
9 21.80 18.05 91.6 1.12
10 17.55 18.05 99.9 1.40
11 17.55 18.05 99.9 1.54
12 17.55 18.05 99.9 1.37
13 17.55 18.05 99.9 1.39
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Table 5.7: Full statistical result of ANOVA for response variable “PF”

Sum of Prob >
Source Squares DF Mean Square F-Value F

Model 0.21 5 0.042 12.88 0.002
X1 7.30E-03 1 7.30E-03 2.26 0.1762
X2 0.014 1 0.014 4.24 0.0786
X1 X2 1.02E-03 1 1.02E-03 0.32 0.5908
X12 0.15 1 0.15 46.25 0.0003
X22 0.058 1 0.058 17.84 0.0039
Residual 0.023 7 3.23E-03
Lack of Fit 4.84E-03 3 1.61E-03 0.36 0.784
Pure Error 0.018 4 4.44E-03
Cor Total 0.23 12
R? 0.9020
RZ%adj 0.8319
R2pred 0.7303
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5.3.4 Model analysis

The quadratic model obtained was utilized to estimate the response surface for
response variable “"PF”. Three-dimensional graph was constructed to visualize the relationship
between independent parameters and response variable. The interaction between phosphate
salt concentration and thermoseparating polymer concentration as well as their optimum
range can be well defined via the response surface plots. According to the response surface
as in Figure 5.1, PF does not have a linear correlation with either phosphate concentration or
EOPO 3900 concentration. In addition, it reached an optimum of 1.431 fold at 17.12 wt/wt %
of phosphate concentration and 18.52 wt/wt % EOPO 3900 concentration. The purification
factor achieved in this study is in congruent with isolation and purification of other bioproducts
as reported in the literature. Examples are such as extraction of recombinant cutinase from
E. coli cell homogenate (2.5 fold) (Kepka et al., 2003), purification of papain (3.6 fold) (Jiang
et al., 2015), and partitioning of a-amylase from Aspergillus oryzae (3.2 fold) (Kammoun et

al., 2009).
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5.3.5 Recycling and reutilization of phase-forming components

Employing the technique of change one-factor-at-a-time in previous work, we studied
the isolation and recovery of PHAs in an EOPO/phosphate system by replacing conventional
PEG with thermoseparating copolymer which is thermoresponsive and recyclable. Recovery
and reutilization of thermoseparating polymers has been successfully performed in previous
study as well as extraction of other biomolecules as shown in literature. However, phosphate
salts used in ATPE might pose environmental threat, thus, there will be significant advantages
for recycling phosphate salts as well. Therefore, the recycling and reutilization of bottom
phase-forming components was also introduced and described to lower the purification cost

and minimize the environmental impact.

During the first extraction of ATPE, the EOPO-rich phase was removed from the
primary system and placed into another centrifuge tube. Following that, the EOPO-rich phase
was diluted with distilled water of 1:1 ratio and heated at 65 °C in water bath for 15 mins
which allow for temperature-induced phase separation. With top phase contains of almost
100 % of water and bottom phase with EOPO concentration of 40-60%, a secondary two-

phase system for PHA extraction and polymer recycling was formed.

To maintain the optimal conditions for PHAs isolation and recovery, fresh EOPO and
phosphate salts were topped up at the next cycle of PHA extraction. This is shown in Table
5.8, where the primary two-phase systems have only small variation in volume ratio (< 0.22).
This is due to the fact that the composition of all the systems were similar to each other. The
similar trend is observed for PF where the purification efficiency of ATPE stayed in the range
of 1.78 to 1.90. On the other hand, the yield of PHAs extraction via ATPE presented a
decreasing trend throughout the 4 cycles, which may due to the increasing amount of

contaminants in the systems. In the last cycle of extraction (i.e., 4 cycle), the yield has
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dropped approximately 10 % compared to the first extraction, though still remained as an

acceptable yield (87.2 %).

Therefore, a total recovery yield greater than 85 % was obtained for two-step ATPE
separation for four cycles. This indicated that most of the PHAs were exclusively partitioned
to the water-phase in the secondary two-phase system. Following the models of Flory-Huggins
solution theory, “excluded-volume” effect plays an important role in the separation of PHAs
from the polymer phase, as the water-rich phase is entropically more favorable for PHAs

compared to the polymer-rich phase.

Table 5.8: Results of PHA extraction in recycling EOPO/phosphate ATPE

PHA extraction Overall Yield (%) PF (fold) Vr
First extraction 97.4 1.80 1.06
I recycling 90.5 1.78 0.98
IT recycling 96.2 1.90 0.85
ITI recycling 87.2 1.80 0.91

5.3.6 Comparison between DOE and single factor optimization strategies

As mentioned previously, the conventional method of single factor optimization (also
OFAT) is often used in finding the optimal condition for partitioning of bioproducts using ATPE.
Therefore, this section compares the results obtained using OFAT and DOE strategies in the
partitioning of PHAs utilizing thermoseparating ATPE. Table 5.9 compared the optimum result
obtained from two different strategies, while table 5.10 and 5.11 tabulates the statistical
result of ANOVA for response variable “Yield” and “PF” from the experimental data using the
OFAT strategy. The ANOVA analysis has shown similar result as the previous section, where
both salt and polymer concentration are key influencing parameters for both yield and PF at

a confidence level of 95 % with probability value much lower than 0.05 (Prob > F < 0.0001),
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while pH does not cause a significant impact. Therefore, statistically speaking, OFAT and DOE
deliver the same result, although OFAT does not provide insight on the interaction between

different parameters.

On the other hand, the yield optimized using OFAT strategy is not as high as its
counterpart from DOE, this might due to the global optimum was not achieved during
optimization. Though, the PF obtained for both methods are comparable. In conclusion, DOE
plays an important role in pinpointing the key influencing parameters and demonstrating the
interaction between parameters with minimum runs of experiments, while OFAT can use to
demonstrate the trend of increasing effect of the specific parameter with the input from

experimental data enable detailed analysis on the cause of the trend.

Table 5.9: Comparison between optimum result for one factor at a time (OFAT) and design

of experiment (DOE)

Strategy Yield (%) PF (fold)

OFAT 72.2 1.61

DOE 97.4 1.80

Table 5.10: Statistical result of ANOVA for response variable “Yield” using OFAT

Sum of Mean
Source  Squares df Square F Value Prob >F
X1 607.979 7 86.854 24.342 < 0.0001
X2 3604.489 6 600.748 29.333 < 0.0001
X3 426.2207 5 85.244 1.990 0.152612

Table 5.11: Statistical result of ANOVA for response variable “PF” using OFAT
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Sum of Mean
Source Squares df Square F Value Prob >F
X1 16.46975 7 2.353 109.442 < 0.0001
X2 7.624743 6 1.271 21.709 < 0.0001
X3 0.168009 5 0.034 0.778 0.584365
2120
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5.4. CONCLUDING REMARKS

Aiming to obtain the global optimal condition of PHAspurification as well as study the
interactions between the independent parameters, the chapter researched on the purification
and recovery of biopolymers from fermentation broth of C. necator via thermoseparating
polymer/salt ATPE utilizing statistical design strategy. The screening of the main influencing
parameters which consider four different factors which are concentration of phosphate salts
and EOPO, addition of salts and pH on partitioning of PHAs was performed utilizing two-level

full factorial design with the responses selected are recovery yield, Kpa and PF.

The full factorial design allowed the definition of appropriate models for the estimation
of the most crucial process parameters, such as yield, Kpa and PF. For all the responses, the
most influencing factors were the concentration of phosphate salts and EOPO as not only they
provided significant positive impacts on most of the responses, while the synergistic positive
interaction between the two factors demonstrated greater influences as well. PF is the most
complicated response variable to be optimized due to the complicated positive contributions
from the linear model terms combined with negative contributions from the interactions
between them. Utilizing the full factorial design, the highest partition coefficient (16.6) and
yield (93.9 %) was obtained at the conditions of 15 wt/wt % phosphate concentration, 18
wt/wt % EOPO concentration and pH 10 without the addition of NaCl. These results are more
promising than the recovery of PHAs by PEG/phosphate system previously reported by
Divyashree and his coworkers (Divyashree and Shamala, 2010). On the other hand, the
highest purification factor (1.54) can be achieved at the same concentration of phosphate and

EOPO, but with pH 8 and 100 mM addition of salt as cosolutes.

Using both the influential factors screened, the method of path of steepest ascent was
employed to determine the global optimal region for PHAs partitioning conditions. The
recovery yield of PHAs from C. necator fermented broth achieved as high as 99.9 % utilizing

DOE strategy. On the other hand, Box-Wilson central-composite design showed that
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PFreached an optimum of 1.43 fold at 17.12 wt/wt % of phosphate concentration and 18.52

wt/wt % EOPO 3900 concentration.

The recycling and reutilization of both phase-forming components has also shown that
thermoseparating ATPE is a more environmental-friendly and economical favorable technique
for isolation and purification of PHAs. A total of 4 successive purification cycles with satisfying
yield and purification factor were demonstrated. In order to improve the partition yield, some
further improvements can be considered to be applied such as the complete removal of PHAs
and contaminants in phosphate phase using regeneration technique (for example, membrane
diafiltration technique) after several extraction cycles. In conclusion, this opens promising
standpoints for utilizing thermoseparating ATPE as the primary step in the isolation and

purification of PHAs from fermented broth.
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Chapter 6

EXTRACTIVE BIOCONVERSION OF POLYHYDROXYALKANOATES (PHAs) FROM

CUPRIAVIDUS NECATOR
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6.1 INTRODUCTION

Extractive bioconversion, also known as in situ product recovery is a technique that
integrate upstream fermentation and downstream purification. This integrated approach
offered several benefits, which includes lower product degradation, preservation of biological
activity, minimize inhibition by end-product, steps reduction, as well as energy and time
savings. Extractive bioconversion can be done via aqueous two-phase system (ATPS) due to
several advantages offered by ATPS. Other than providing a mild environment for cell growth
and bioseparation due to high water content, ATPS has the capability to handle large volume
and scale-up can be reliably predicted from laboratory data. Examples of extractive
fermentation via ATPS including alkaline phosphatase (Pandey and Banik, 2011),
cyanobacterial products (Chavez-Santoscoy et al., 2010), cyclodextrin glycolsyltransferase
(Ng et al., 2013), lactic acid (Kwon et al., 1995), lipase (Ooi et al., 2011, Show et al., 2012b),

nisin (Li et al., 2000), xylanase (Kulkarni et al., 1999) and other bioproducts.

Prior proceeding to extractive bioconversion of polyhydroxyalkanoates (PHAs) via
thermoseparating ATPS, there is a need to select a suitable carbon source(Koller et al., 2011).
There are some important elements that needed to be considered when choosing the ideal
microorganism and carbon source for industrial scale biosynthesis of PHAs, such as substrate
cost, maximum polymer vyield, growth rate, PHAs productivity, quality and quality of
biopolymer accumulated, and downstream processing cost (Choi and Lee, 1997, Choi and Lee,
1999b). It is noteworthy that carbon source has been reported as the most influencing factor

for PHAs price (Chanprateep, 2010).

How green are green plastics?The “environmental friendliness” of PHAs has been
questioned as a product which is produced from renewable or natural source or is
biodegradable is automatically equalled to environmental-friendly material (Akiyama et al.,
2003). As the “green” substitute of petrochemical-based plastics, the overall process of PHAs

biosynthesis must be environmental-friendly enough and causes less negative impacts on the
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environment (Belboom and Léonard, 2016). Being a well-established and systematic concept
that implements environmental sustainability (Kylili et al., 2016), Life Cycle Assessment (LCA)
has been applied by several researchers (Kim and Dale, 2005, Kim and Dale, 2008, Gurieff
and Lant, 2007b, Koller et al., 2013, Pawelzik et al., 2013, Harding et al., 2007a, Khoo and
Tan, 2010, Akiyama et al., 2003, Hottle et al., 2013, Heimersson et al., 2014, Alvarez-Chavez
et al., 2012, Pietrini et al., 2007, Heyde, 1998, Gerngross, 1999) on “cradle-to-grave” or
“cradle-to-gate” environmental analysis of PHAs biosynthesis, comparison with conventional
plastics and other bioplastic, and from many different points of view. Most works
demonstrates that PHAs are more environmental-friendly compared to conventional plastics,

while some of the earlier works give different conclusions (Gerngross, 1999, Heyde, 1998).

Literature have always reported environmental impacts in terms of carbon dioxide
equivalent emissions (global warming potential) and/or energy consumptions (Akiyama et al.,
2003, Kim and Dale, 2005, Kim and Dale, 2008, Gurieff and Lant, 2007b). However, these
are not comprehensive enough and hardly cover every aspect, includes smog formation,
ozone depletion, acid rain formation, water pollution, and other pollutions (Harding et al.,
2007a). Developed based on sustainability concept of LCA, WAR algorithm is an
environmental index that can covers a wide range of environmental concerns (Young et al.,
2000). Also, R&D stage is a crucial stage to integrate environmental concern inherently into
the process design as there are plenty of opportunities and the modification cost is cheap
(Koller et al., 2013). Therefore, focusing on R&D stage, this chapter aimed to develop a
preliminary integrated analysis of economic and environmental performances to screen
suitable carbon source in a simple and rapid way for extractive bioconversion of PHAs by

coupling material cost evaluation and WAR algorithm.

Following that, no literature sources to date have reported the extractive bioconversion
of PHBs from Cupriavidus necator using thermoseparating ATPS. Focusing on important
parameters such as polymer concentration, cultivation temperature and pH, this chapter
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studied the influence of these parameters on biomass growth and PHB accumulation. Finally,
scaling up to 2 L fermenter was performed to investigate the reliability and predictability of

scaling-up ATPS from laboratory data.

6.2 MATERIALS AND METHODS

6.2.1 Materials

In the preliminary screening of carbon source, the substrates used are soybean oil,
waste cooking oil, crude and refined glycerol. C. necator were cultivated for 72 hours at 30 °C
and pH 7 in 5 L bioreactor containing 3.5 L working volume of defined medium with 2 g/L
yeast extract and optimized carbon source of 5 % wt/v for soybean oil and waste cooking oil,
while 3 % wt/v for crude and refined glycerol. The stirring speed was controlled by dissolved
02 (DO) concentration which maintained at 50 % and air flow rate at 1vvm. The process flow

diagram for production of PHAs from C. necator was presented in Figure 6.1.

Inoculum  Air

Fermentation media: 1 1

Carbon source

Water ——]  Sterilizer »| Fermenter »| Centrifuge
Salts
Ethanol Liquid waste
! 4
PHB Bl P Precipitation | i . Chloroform chlorof
— - e ilter <@ reacton < ilter < eavine == Chloroform
Liquid Solid waste

waste
(NPCM)

Figure 6.1. Process flow diagram for PHAs production
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6.2.2 Integrated economic and environmental assessment

For all assessment, the system boundary only covered the “gate-to-gate” analysis of
upstream PHA biosynthesis as the main objective of this work is to screen the suitable carbon
source that satisfies both economic and environmental criteria. Cost and environmental
impacts of utility is assumed to be same for each carbon source due to the same fermentation

condition.

6.2.2.1 Economic assessment of PHA biosynthesis

The economic performances of PHA biosynthesis are evaluated by calculating the raw
material cost which dominates the major shares of PHA’s production cost. Below shows the

material cost calculation,

Material cost = Y.(Cost of chemical components per kg x R?) (6.1)

Where cp = chemical components, R = chemical components used per kg PHA produced (kg

cp/kg PHA).

6.2.2.2 Environmental assessment of PHA biosynthesis

Based on the potential environmental impact (PEI) balance concept introduced by
Hilaly and Sikdar (Hilaly and Sikdar, 1995), Young and Cabezas (Young and Cabezas, 1999)
have introduced WAR algorithm that focuses on waste minimization across the process
boundary. With an extensive chemicals database, WAR algorithm covers four local
toxicological impact categories which are human toxicity potential by ingestion (HTPI),

terrestrial toxicity potential (TTP), human toxicity potential by either inhalation or dermal
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exposure (HTPE), and aquatic toxicity potential (ATP) and four global atmospheric impacts
which are global warming potential (GWP), ozone depletion potential (ODP), photochemical
oxidation or smog formation potential (POP), and acidification or acid-rain potential (AP). The

equations used are as shown below

Impactf°t® = ¥ (Impact;” x RP) (6.2)
PEI = ¥™ Impactfot (6.3)
EB = Y PEI introduced — Y. PEI deducted (6.4)

Where EB = environmental burdens

PEI categories are combined into a single PEI index utilizing weighing factors which show the
relative or site-specific considerations of user. Following the literature (Young et al., 2000),
with no specific site in mind, the weighting factor for all categories in this case study will be

given equivalent values of unity.

6.2.3 Multiple-objective optimization

In this case study, there are two objectives, which are economic and environmental
concerns that needed to be taken in account for alternative selection. As these objectives
have the possibility to be conflicting in nature, this becomes a multiple-objective optimization
problem. Thus, there is a need for utilizing “fuzzy optimization algorithm” as a decision making
tool on the trade-off between the different objectives of the process optimization. In fuzzy
objective optimization, a degree of satisfaction, Ac has to be introduce to each objective which
can be expressed as a linear function bounded by lower and upper limits of the target objective
as shown in equations (6.5) and (6.6). Equation (6.5) is used for a target objective to be

maximized, while equation (6.6) is used for a target objective to be minimized.
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1 v, < vt
0<Xx=<1 (6.7)

Where V, is the score of the carbon source (eg. Material cost for economic, Total PEI and EB

for environmental), vt and vY is the lower and upper limit respectively.

All 2, have to be maximized in order for all A, to achieve high level of satisfaction. Developed
by Zimmermann (Zimmermann, 1978), max-min operator tool can be utilized to maximize
the least satisfied degree of satisfaction by guaranteeing all A, will be satisfied to at least the

value of A. Therefore, the overall objective now is to maximize A as shown in equation below.

Ao = A (6.8)

6.2.4 Sensitivity analysis

Sensitivity analysis was conducted to determine the robustness and sensitivity of the
integrated assessment. For this purpose, 5 different cases were considered where the most
influencing factors were manipulated. In the first 4 cases, yield and price of both refined and
crude glycerol were manipulated, while in the last case, the weighting factor was utilized for

multi-objective optimization instead of fuzzy optimization algorithm using the equations below.

PEI weightage = 1 - Cost weightage (6.9)

EB weightage = 1 - Cost weightage (6.10)
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6.2.5 Extractive bioconversion of PHB using thermoseparating ATPE

Using the carbon source selected, the two-phase medium was prepared by autoclaving
stock solution of EOPO 3900 along with some distilled water in the flask and then mixing with
sterilized stock culture medium to give final desired concentration of all components in 100
mL. The respective media were inoculated with 5 % v/v of C. necator inoculum. Samples of
5 mL which are withdrawn periodically during fermentation were centrifuged and dried in the

oven for overnight at 70 °C for cell mass and PHB content determinations.

A 40 g two-phase system was extracted from the fermentation medium and incubated
in water bath at 65 °C for thermoseparation. After the stages of equilibration and phase
separation, the top phase was carefully removed using a pipette, while the bottom phase was
then sampled through the interface. The samples from both phases and disrupted biomass
are centrifuged and washed with deionized water for three times before left in the oven for
overnight at 70 °C to be dried. The dried samples from both phases and disrupted biomass

were analyzed for PHAs content using gas chromatography (GC).

6.2.6 Scaled-up bioreactor fermentation

The scaling-up of extractive bioconversion was performed in a 2 L fermentor with a
working volume of 1.5 L. The respective media were inoculated with 5 % v/v of C. necator
inoculum. The cultivation was carried out at 30 °C and pH 6 for 72 hours with air flowrate of

1vvm and dissolved oxygen (DO) of 50 %.

144



2333

2334

2335

2336

2337

2338

2339

2340

2341

2342

2343

2344

2345

2346

6.3 RESULTS AND DISCUSSION

6.3.1 Preliminary screening of carbon source

6.3.1.1 Basis for assessment of PHA biosynthesis

Showing the raw material cost at year 2016 in USD $/kg and the PEI score for each
chemical components in each categories respectively, the foundation for the economic and
environment assessment of PHA production is presented in Table 6.1. The inoculum cells were
deemed negligible to be considered as raw material cost due to rapid dividing rate of bacteria
cells (Raynolds et al., 2000). The PHA biosynthesis from C. necator H16 using four different
substrates, which are soybean oil, waste cooking oil (WCQO), refined and crude glycerol has
been studied and optimized with the yield obtained are 20.73, 11.05, 31.07 and 25.01 g/L of
PHAs respectively. Following that, the relative mass of carbon sources of soybean oil, WCO,
refined and crude glycerol are 2.412, 4.524, 0.966 and 1.2 kg/kg PHA. The material and

energy flows used in the study are provided in Table 6.2.
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2347 Table 6.1: Data of raw material cost and PEI

Price TTP HTPE ATP GwP oDP PCOP AP
Chemicals? (USD $/kg)>  HTPI (kg')® (kg')® (kg™*)* (kgt)® (kgt)° (kg')® (kg™)* (kg™)°
Na2HPO4 0.25 0.045 0.045 0 0.002 0 0 0 0
KH2PO4 0.3 0.156 0.156 0 0.005 0 0 0 0
(NH4)2S04 0.1 0.177 0.177 0 0.025 0 0 0 0
MgSOa4 0.05 0.070 0.070 0 0 0 0 0 0
CaClz 0.08 0.191 0.191 0 0 0 0 0 0
Na:EDTA 1.55 0.156 0.156 0 0.007 0 0 0 0
FeCls 0.2 0.835 0.835 0.082 0.011 0 0 0 0
H3BOs 0.4 0.141 0.141 0.119 0.028 0 0 0 0
MnCl2 0.3 0.488 0.488 0.021 0.014 0 0 0 0
ZnCl2 0.18 1.070 1.070 0.238 0.065 0 0 0 0
CoCl2 0.8 0.490 0.490 0.595 0.033 0 0 0 0
CuSOa4 1.15 1.250 1.250 0.095 1.380 0 0 0 0
Yeast Extract 0.3 0 0 0 0 0 0 0 0
Soybean Oil 0.615 0.059 0.059 0 0.489 0 0 0 0
Refined
Glycerol 0.4 0.030 0.030 0.048 0 0 0 0.993 0
Crude Glycerol 0.2 0.030 0.030 0.048 0 0 0 0.993 0
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Waste Cooking

Oil¢ 0.2 0.098 0.098 0 0.792 0 0 0
2348 2 All the chemical prices were obtained from Alibaba.com [32], with exception of soybean oil
2349 [33].
2350 P The PEI score can be obtained from the database of WAR Algorithm Graphical User Interface
2351 (Environmental Protection Agency, U.S.)
2352 ¢ PEI for waste cooking oil are of palmitic acid as most of the waste cooking oil are palm oil-
2353  based.
2354 Table 6.2. Material and energy values for PHAs production

Feed

Electricity (MJ)? 648 Salts:

Air (kg) 19.4 Na:HPO4 (kg) 23.45

Water (kg) 3.5 KH2PO4 (kg) 5.25

Carbon source: (NH4)2S04 (kg) 8.75

Crude glycerol (kg) 105 MgSO0s4 (kg) 0.7

Pure glycerol (kg) 105 CaClz (kg) 0.035

Soybean Oil (kg) 175 Trace mineral salts (kg) 0.25

Waste Cooking Oil (kg) 175

PHAs Products Solid waste (biomass)

Crude glycerol (kg) 87.54 Crude glycerol (kg) 40.29

Pure glycerol (kg) 108.75 Pure glycerol (kg) 38.01

Soybean Oil (kg) 72.56 Soybean Oil (kg) 56.88

Waste Cooking Oil (kg) 38.68 Waste Cooking Oil (kg) 83.44
2355  2Energy requirement by fermenter is assumed as 0.5 kW/m3 (Harding et al. 2007)
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6.3.1.2 Economic assessment of PHA biosynthesis

The results for both economic and environmental assessment for PHAs biosynthesis
are displayed in Table 6.3. From the result, it is clearly shown that crude glycerol (0.362
USD$/kg PHA) is the most economic competitive substrate, followed by refined glycerol
(0.484 USD$/kg PHA) as they gave a better biopolymer yield compared to others. The raw
material cost calculated is comparable with literature value of 0.118 and 0.149 USD$/kg for
crude and refined glycerol respectively (Posada et al., 2011). As the by-product in biodiesel
synthesis, glycerol’s price fall drastically following the rapid growth of biodiesel industry and
has huge potential as carbon source for PHA biosynthesis (Posada et al., 2011). Being the
unwanted waste from food industry, WCO also demonstrates its value as substrate for PHA
production (1.180 USD$/kg PHA). Agreeing with literature (Akaraonye et al., 2012), further
analysis has shown that carbon source has dominated the share of raw material cost which
contribute at least 66.3 % of the total cost. Internal rate of return (IRR) and total annual cost
(TAC) has always been used by literature (Gurieff and Lant, 2007b, Van Wegen et al., 1998,
Choi et al., 2010) to evaluate economic performance of PHAs biosynthesis process. However,
these assessment techniques are not suitable for rapid screening at early stage as tedious

and rigorous calculations are required.

6.3.1.3 Environmental assessment of PHA biosynthesis

During environmental assessment for different process alternatives, WAR algorithm
considers the “worst case scenario” which is the accidental release and disperse of all
chemicals into the environment, achieves dangerous levels of concentration, causing short or
long term impacts to human, terrestrial, aquatic and global atmospheric. Therefore, from

Table 6.3, the production of PHA from refined glycerol gives the least environmental impact
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2380 (Total PEI = 1.130), where WCO scores the worst (Total PEI = 4.657) as total loss of

2381  containment for this process will give the most negative impact on the environment.

2382

2383 Table 6.3. Economic and environmental evaluation between different carbon sources for C.

2384 necator
Carbon Sources Soybean oil WCO Refined Crude
Glycerol Glycerol
Material Cost (USD$/kg 1.631 1.180 0.484 0.362
PHA)
HTPI (kg PHA™) 0.192 0.533 0.061 1.000
TTP (kg PHA™) 0.192 0.533 0.061 1.000
HTPE (kg PHA™) 0.0002 0.0004 0.046 0.095
ATP (kg PHA'Y) 1.184 3.590 0.003 0.003
GWP (kg PHA) 0.000 0.000 0.000 0.000
ODP (kg PHA™) 0.000 0.000 0.000 0.000
POP (kg PHA'?) 0.000 0.000 0.959 1.958
AP (kg PHA) 0.000 0.000 0.000 0.000
Total PEI (kg PHA'!) 1.568 4.657 1.130 1.404
Environmental Burdens +1.568 -4.275 -1.062 -1.320
(kg PHA™)
2385
2386
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Detailed environmental analysis showed that biosynthesis of PHA does not cause much
burden on global atmospheric except when utilizing glycerol as carbon source. Release of
crude and refined glycerol to the surroundings will cause formation of photochemical smog
with POP of 0.959 and 1.404 kg PHA™! respectively. Other than that, comparing between
different carbon sources, accidental release of soybean oil and WCO into water body will cause
water pollution and endangers aquatic life with ATP of 1.184 and 3.590 kg PHA! respectively.
Thus, these concerns needed to be taken into account when choosing PHA production plant

site.

On the other hand, the process of turning unwanted byproducts into value-added
products helps in reduction of environmental impacts by eliminating the release of waste to
the environment from the point of view of overall sustainability. Therefore, utilizing glycerol
and WCO as substrate for PHA biosynthesis cause deduction in environmental burden as
presented in Table 6.3. Hence, the environmental burdens for PHAs synthesized from WCO,
refined and crude glycerol has the value of -4.275, -1.062 and -1.320 respectively, while

environmental burden for soybean oil have the same value as that of Total PEI

Compared to CML 2 baseline 2000 V2.03 and TRACI model used by Harding and his
coworkers (Harding et al., 2007a) and Kim and Dale (Kim and Dale, 2008) respectively, the
chemical database of both the environmental assessment techniques are not comprehensive
enough to cover the whole range of chemicals consumed in biosynthesis of PHAs from C.
necator. On the other hand, non-renewable energy use (NREU) or fossil energy consumption
and global warming potential (GWP) or greenhouse gases (GHG) emissions used by Akiyama
and his colleagues (Akiyama et al., 2003), Gurieff and Lant (Gurieff and Lant, 2007b), Yu and
Chen (Yu and Chen, 2008) as well as Miller and his coworkers (Miller et al., 2013) requires
massive amount of information to obtain the impact value for every single component.
Although these strategies may not be suitable in rapid screening for choice of bacteria and
carbon source, they are able to provide detailed insights on cradle-to-gate environmental
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performance of PHAs and can be further improved if the assessment could cover a wider range

of environmental impacts.

6.3.1.4 Multi-objective optimization using fuzzy approach

Following the two different environmental perspectives, there are two different

scenario for multi-objective optimization. First scenario aims to minimize both raw material

cost and PEI by considering the “worst case scenario”, while the second scenario focusing on

overall sustainability which minimize the raw material cost as well as environmental burden.

The result of multi-objective optimization using fuzzy approach is displayed in Table 6.4. In

the first scenario, crude glycerol obtains the highest A (A = 0.922), which may due to its high

yield and considerably cheap price among other substrates. Similarly, crude glycerol also

achieves the highest A (A = 0.494) for second scenario, due to its economic advantages and

sustainability using it as carbon source for PHA biosynthesis. This has concluded that the

crude glycerol is the most optimal carbon source for PHA biosynthesis.

Table 6.4. Results of multi-objective optimization for two different scenarios

Soybean Refined Crude

Carbon Source oil WCO Glycerol Glycerol
Cost Ao 0 0.355 0.904 1.000
PEI Ao 0.876 0 1.000 0.922
EB Ao 0 1.000 0.450 0.494
(Cost +PEI) A 0 0 0.904 0.922
(Cost + EB) A 0 0.355 0.450 0.494
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6.3.1.5 Sensitivity analysis

Aiming to investigate the consequences of “what if ?” scenarios, a sensitivity analysis
was conducted by considering the main parameters that influence both economic and
environmental performance of PHA production by different carbon sources. Five different
cases were considered as the parameters have huge influence on the results of multi-objective
optimization and might have an influence on the result when the value of the parameters
fluctuates. The results of 5 cases were displayed in Table 6.5a, b, c and d respectively as well

as Figure 6.2a and b.

In case 1, the raw material cost, PEI and EB of PHA production from crude glycerol
increase from 0.362 to 0.538 USD$/kg PHA, 1.404 to 1.560 kg PHA!, and -1.320 to -1.466
kg PHA"! respectively with the yield decrease by 10 %. Following that, for crude glycerol, the
(Cost + PEI) A decrease from 0.922 to 0.878, while (Cost + EB) A increase slightly from 0.494
to 0.519. Thus, refined glycerol has become the best carbon source from the point of view

“worst-case scenario”.

In case 2, the raw material cost, PEI and EB of PHA synthesized from refined glycerol
decrease from 0.484 to 0.440 USD$/kg PHA, 1.130 to 1.027 kg PHA! and -1.062 to -0.966
kg PHA! respectively following 10 % rise in yield. On the basis of that, for refined glycerol,
the (Cost + PEI) A increase to 0.969 from 0.904, while the (Cost + EB) A reduce from 0.450
to 0.434. Same as previous case, the multi-objective optimization give the same result where

refined glycerol became a better substrate than crude glycerol.

In case 3, following 10 % increase in the crude glycerol price (ie. USD$ 0.22), the
overall raw material cost of PHA from crude glycerol increase to 0.386 from 0.362 USD$/kg
PHA. Following that, the (Cost + PEI) A of refined glycerol increase from 0.904 to 0.921,

become quite close to that of crude glycerol (0.922). Therefore, it can be predicted that the
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refined glycerol will replace crude glycerol as the best carbon source as the price of crude

glycerol further increase.

In case 4, the total raw material cost of PHA from refined glycerol drop from 0.484 to
0.446 USD$/kg PHA following the reduction of 10 % in refined glycerol price (i.e. USD$ 0.36).
With that, the (Cost + PEI) A of refined glycerol rise to 0.934 from 0.904, making the refined
glycerol a more desired substrate for PHA biosynthesis. Therefore, it can be concluded that

the integrated assessment is sensitive to the price and PHA yield of the substrate.

In case 5, weighting factor is utilized for multi-objective optimization instead of fuzzy
approach. From “worst case scenario” viewpoint, WCO and crude glycerol has the similar
increasing trend as the weightage of cost increase, while soybean oil and refined glycerol
presents a different trend. Crude and refined glycerol maintains a high score of at least 0.9
throughout the range of weightage with crude glycerol take over the most optimal substrate

after cost weightage of 0.5.

On the other hand, based on the concept of overall sustainability, WCO’s score falling
as the cost weightage increase, while soybean oil’s score remains 0 throughout the range of
weightage. Both crude and refined glycerol has increasing score following the rise of cost
weightage, with crude glycerol’s score constantly on top of refined glycerol. Agreeing with
fuzzy approach, crude glycerol is the most optimum carbon source for both scenario, followed

by refined glycerol.
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2473 Table 6.5a. Result of case 1 where crude glycerol yield decrease by 10%

Soybean Refined Crude
WCO
Carbon Source oil Glycerol Glycerol
Cost (USD$/kg PHA) 1.631 1.180 0.484 0.402
PEI (kg PHA™) 1.568 4.657 1.130 1.560
EB (kg PHA!) 1.568 -4.275 -1.062 -1.466
Cost Ao 0 0.367 0.933 1
PEI Ao 0.876 0 1 0.878
EB Ao 0 1 0.450 0.519
(Cost +PEI) A 0 0 0.933 0.878
(Cost + EB) A 0 0.367 0.450 0.519
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2476 Table 6.5b. Result of case 2 where refined glycerol yield increase by 10%

Soybean Refined Crude
WCO
Carbon Source oil Glycerol Glycerol
Cost (USD$/kg PHA) 1.631 1.180 0.440 0.362
PEI (kg PHA™) 1.568 4.657 1.027 1.560
EB (kg PHA!) 1.568 -4.275 -0.966 -1.466
Cost Ao 0 0.367 0.969 1
PEI Ao 0.851 0 1 0.853
EB Ao 0 1 0.434 0.519
(Cost +PEI) A 0 0 0.969 0.853
(Cost + EB) A 0 0.367 0.434 0.519
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2479 Table 6.5c. Result of case 3 where crude glycerol price increase by 10%

Soybean Refined Crude
WCO
Carbon Source oil Glycerol Glycerol
Cost (USD$/kg PHA) 1.631 1.180 0.484 0.386
PEI (kg PHA™Y) 1.568 4.657 1.130 1.404
EB (kg PHA) 1.568 -4.275 -1.062 -1.32
Cost Ao 0 0.367 0.921 1

PEI Ao 0.876 0 1 0.922

EB Ao 0 1 0.450 0.494
(Cost +PEI) A 0 0 0.921 0.922
(Cost + EB) A 0 0.367 0.450 0.494
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2482 Table 6.5d. Result of case 4 where refined glycerol price decrease by 10%

Soybea Refined Crude
WCO
Carbon Source n oil Glycerol Glycerol
Cost (USD$/kg
1.631 1.180 0.446 0.362
PHA)

PEI (kg PHA!) 1.568 4.657 1.130 1.404
EB (kg PHA) 1.568 -4.275 -1.062 -1.320
Cost Ao 0 0.355 0.934 1

PEI Ao 0.876 0 1 0.922
EB Ao 0 1 0.450 0.494
(Cost +PEI) A 0 0 0.934 0.922
(Cost + EB) A 0 0.355 0.450 0.494
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2484
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6.3.2 Extractive Bioconversion of PHAs via ATPS

6.3.2.1 PHB partitioning in thermoseparating ATPS

The aim of the extractive fermentation of PHAs in a thermoseparating polymer-based
aqueous two-phase system is to integrate cultivation, centrifugation, washing, purification
and recovery steps into fewer steps, thus minimizing processing steps, time and energy. The
examples of extractive fermentation of intracellular products include glucose-6-phosphate
dehydrogenase from Bacillus subtilis using poly(ethylene glycol)/dextran system (Tanaka et
al., 1993), B-galactosidase from Escherichia coli using poly(ethylene glycol)/phosphate
system (Kuboi et al., 1995) and heat shock proteins from E. coli using poly(ethylene

glycol)/dextran system (Umakoshi et al., 1996).

6.3.2.2 Growth behavior of C. necator at different polymer concentration

When performing the extractive bioconversion of PHB from C. necator, it is paramount
to determine the polymer concentration that can sustain stable cultivation of C. necator and
support PHB accumulation. Therefore, C. necator cells were grown in fermentation media
containing different concentration of thermoseparating polymers. Figure 6.3 displays the
biomass growth and PHB accumulation curve at different thermoseparating polymer
concentration. At all polymer concentrations, biomass growth does not display a growth lag
phase, which means EOPO 3900 does not inhibit cell growth. Also, all the concentrations
demonstrate a similar initial growth rate, ranging from 0.05 to 0.056 g/L.hr. This especially
observed in 5 wt/wt % which has exponential growth until 24th hour. However, the cell growth
slowed down after 12t hour for polymer concentration more than 10 wt/wt %. It can be seen
that C. necator at 5 wt/wt % of thermoseparating polymer concentration has the highest cell
growth with maximum of 1.4 g/L achieved at 72th hour as well as PHB accumulation with
maximum of 0.224 g/L obtained at 72th hour. Another observation that can be made is that

similar cell growth and PHB accumulation curve were achieved at 10 and 15 wt/wt % of
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polymer concentration, with 15 wt/wt % generally has slightly higher cell growth. It has been
reported that low concentration of polymer is preferred in extractive fermentation, so that the
two-phase system which is also the fermentation system is less viscous to ensure efficient
oxygen mass transfer for cell growth and PHB accumulation (Kuboi et al., 1995, Kwon et al.,
1995). Furthermore, literature stated that high concentration of polymer might cause
precipitant forming at the interphase (Ng et al., 2013). Therefore, thermoseparating polymer

concentration of 5 wt/wt % was chosen for subsequent experiments.

Effect of polymer concentration
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Figure 6.3: Effect of polymer concentration on biomass growth and PHB accumulation

6.3.3.3 Growth behavior of C. necator at different cultivation temperature

Temperature plays an important role in extractive bioconversion of PHB from C.
necator as most microorganisms have the best growth at an optimal temperature. Low
temperature will inhibit the bacteria growth, while high temperature may result in
denaturation of protein. Figure 6.4 presents the influence of temperature on biomass growth
and PHB accumulation. As observed, C. necator cultivated at 30 °C has the highest biomass

growth of 1.8 g/L at 60% hour as well as highest PHB accumulation of 0.249 g/L at 72th hour.
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2535  Although with different initial growth rate, DCW of C. necator reached the same at 1.4 g/L
2536  after 72th hour for both 25 °C and 35 °C. However, PHB accumulation reached the highest at

2537  0.224 g/L at 35 °C cultivation temperature, while only reached 0.18 g/L for 25 °C.

Effect of temperature
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2538 Fermentation time (hr)
2539 Figure 6.4: Effect of temperature on biomass growth and PHB accumulation
2540
2541 6.3.3.4 Effect of pH
2542 System pH is a key factor in extractive bioconversion of PHB from C. necator as

2543  extreme pH may inhibit cell growth which cause long lag phase and lead to low PHB yield.
2544  Furthermore, pH also influence the partitioning of PHB as it alter the concentration of polymer
2545 in each phase (Pandey and Banik, 2011). To investigate the influence of pH on extractive
2546 bioconversion of PHB in a 5 wt/wt % solution of EOPO 3900, the study was conducted by
2547 manipulating pH of the fermentation medium in the range of 5 to 9, which was done by adding
2548  appropriate amounts of sodium hydroxide (NaOH) and sulfuric acid (H2S04) solution. Table
2549 6.6 summarizes the result of biomass growth as well as PHB accumulation and partitioning
2550 due to influence of pH. It can clearly observed that the growth of C. necator is strongly

2551 inhibited at pH 5, an acidic condition. This may due to disruption of cell membrane at acidic
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condition and a lower cultivation pH might stop the biomass growth at all. However, a slight
acidic condition, pH 6 support the biomass growth and PHB accumulation as it achieved both
highest DCW and PHB content at 2.02 g/L and 21.8 % respectively. It also seems that pH
does not really have a significant influence on PHB accumulation. For partitioning of PHB, the
highest yield of 99.1 % is obtained at pH 8, which followed by pH 6 at 97.6 %. For purification
factor, pH 8 achieved the highest value with 1.42 fold. Screening for a cultivation pH which
provides high biomass growth and PHB accumulation with acceptable yield and PF, pH 6 was
chosen for subsequent experiment as it has a significantly higher biomass growth and PHB

accumulation compared to pH 8.

Table 6.6: Effect of pH on biomass growth as well as PHB accumulation and partitioning

PHB content

pH DCW (g/L) (%) Yield (%)  PF (fold)
5 0.59 17.8 61.6 1.16
6 2.02 21.8 97.6 1.36
7 1.39 17.6 85.1 1.37
8 1.48 16.9 99.1 1.42
9 1.65 19.7 58.5 1.05

6.3.3.5 Scale-up to bioreactor

In order to investigate the scale-up capability of extractive bioconversion via
thermoseparating ATPS, the two-phase system with 5 wt/wt % polymer concentration was
scaled-up to 2 L bioreactor with operating volume 1.5 L. The fermentation was done at 30 °C
and pH 6 for 72 hours with air flowrate of 1vvm and dissolved oxygen (DO) of 50 %. To

reduce energy required and chemical cost, the fermentation was done without pH control.
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The biomass growth and PHB accumulation in 2 L bioreactor is demonstrated in Figure 6.5.
The 2 L fermenter showed initial exponential growth rate until 12th hour and has an initial
growth rate of C. necator in 2 L bioreactor is 0.363 g/L.hr, which is much higher compared to
that of laboratory flask scale (0.056 g/L.hr). The biomass reached a maximum of 5.77 g/L at
48% hour, almost three times compared to the DCW obtained for laboratory flask scale. On
the other hands, the PHB content topped at 0.398 g/L at 60%" hour. For partitioning behavior
of PHB in 2 L bioreactor, the PF obtained is 1.36 fold and the yield achieved is 96.7 %, which

is similar to the result demonstrated by laboratory flask scale.

2L bioreactor scale-up

7 0.6
6 0.5
5
—_ 0.4
~ —_
Z4 =
= 03
o3 I DCW
o 02 &
) . PHB
1 0.1
0 0
0 10 20 30 40 50 60 70 80

Fermentation time (hr)

Figure 6.5. Biomass growth and PHB accumulation in 2 L fermenter

6.4 CONCLUDING REMARKS

Aiming to screen suitable carbon source for extractive bioconversion of PHAsin a simple
and rapid way, a preliminary integrated analysis of economic and environmental
performances have been developed by coupling material cost evaluation and WAR algorithm.

The integrated economic and environmental assessment has successfully compared and
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analysed PHAs production from 4 different carbon sources, which are soybean oil, waste
cooking oil (WCO), refined and crude glycerol. In congruent with fuzzy optimization, it can be
concluded that the crude glycerol is the optimal carbon source for PHAs biosynthesis from the
viewpoint of both economic and environmental with the material cost of 0.362 USD$/kg PHA
and total PEI of 1.404. Agreeing with literature, carbon sources have shown to dominate the
major share of raw material cost. For potential environmental impacts, crude and refined
glycerol may cause formation of photochemical smog, while soybean oil and WCO might
endanger aquatic life if leaked into water body. Insight from the sensitivity analysis has
showed that this integrated assessment is sensitive to PHAs yield and price of the substrate,
while giving similar results when using different multi-objective optimization tools. This
integrated economic and environmental assessment has successfully proved to aid in

providing a rapid preliminary analysis of carbon sources for PHAs biosynthesis.

Aiming to integrate upstream fermentation and downstream purification into fewer
steps, extractive bioconversion of PHAs via thermoseparation-based ATPE was developed. The
results proved that the thermoseparating ATPS demonstrated a huge potential as it is able to
sustain stable cultivation of C. necator and support PHB accumulation. Under the condition of
5 wt/wt % EOPO 3900 concentration, 30 °C fermentation temperature and pH 6, the strategy
achieved highest DCW and PHB content of 2.02 g/L and 21.8 % respectively with a yield and
PF of 97.6 % and 1.36 fold respectively. Scaling up to 2L bioreactor, the biomass and PHB
content reached a maximum of 5.77 g/L and 0.389 g/L respectively with a yield and PF of
96.7 % and 1.36 fold respectively. Thus, it can be concluded that that the scaling-up can be

easily and reliably to be predicted from experimental data.
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Chapter 7

ECONOMIC AND ENVIRONMENTAL ANALYSIS OF PHAs PRODUCTION PROCESS
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7.1 INTRODUCTION

As mentioned in previous chapters, ATPE serves as a primary integrated recovery step
of isolation, purification and concentration which partially removing the impurities from the
target product and reducing the subsequent downstream processing volume. Other than
providing a mild environment for bioseparation, ATPE also utilizes safe and relatively
environmental-friendly phase-forming components, consumes little time and energy as well
as the scale-up can be predicted reliably from experimental data. However, there are doubts
that does utilization of thermoseparating ATPE as primary recovery step really provide an
economic competitive edge as well as arguments that it being not environmental-friendly
enough. Henceforth, there is a need to perform a detailed economic analysis to evaluate the

economic performance of PHAs purification and recovery via thermoseparating ATPE.

For environmental performance evaluation, life cycle analysis (LCA) has been widely
utilized for the environmental performance assessment of products and services. However,
LCA can be very tedious or not suitable to be applied at some process design stages due to
insufficient data and the needs of rigorous calculation. Therefore, some researchers focus on
certain part of the life cycle by applying the concept of LCA and developed sets of indicators
and indexes based on the sustainability concept, such as Sustainable Process Index (SPI)
(Krotscheck and Nardolawsky, 1996), Waste Reduction (WAR) algorithm (Young and Cabezas,
1999), Environmental Fate and Risk Assessment Tool (Shonnard and Hiew, 2000), Eco-
indicator 99 (Goedkoop and Spriensma, 2001), GreenPro (Khan et al., 2001), IChemE
sustainability metrics (IChemE, 2002) and others. The researchers have also applied LCA on
PHA’s biosynthesis, comparison with conventional plastics and other bioplastic, and from
many different points of view (Hyde, 1998, Grengross and Slater, 2000, Akiyama et al., 2003,
Harding et al., 2007a, Kim and Dale, 2005, Kim and Dale, 2008, Pietrini et al., 2007, Gurieff
and Lant, 2007a, Heimersson et al., 2014, Khoo and Tan, 2010, Zhong et al., 2009).

Nevertheless, agree with literature (Heimersson et al., 2014), researchers have always
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reported environmental impacts in terms of carbon dioxide equivalent emissions (global
warming potential) and/or energy consumptions, especially the early LCA studies of PHAs
(Gurieff and Lant, 2007; Miller et al., 2013; Fernandez-Dacosta et al., 2015). These are not
comprehensive enough and hardly cover every aspect, include smog formation, ozone

depletion, acid rain formation, water pollution, and other pollutions.

Henceforth, in the final section of the research, it is essential to design the PHAs
production process using thermoseparation ATPE as primary recovery strategy and evaluate
its performance as well as compare with other isolation and purification strategies as there
has not been any study reported on this to date. Furthermore, it is important to pinpoint the
processing steps that can be further improved. Economic and environmental analysis of the
production and recovery of PHAs by thermoseparating ATPE will allow for the industrial-scale
PHA production price estimation and for the evaluation of the economic and environmental
feasibility of PHA production. In this chapter, both economic and environmental performance
of PHAs production process with thermoseparating ATPE as primary recovery step was
evaluated and compared with other purification and recovery strategy. Computer-aided
process simulation has been utilized as planning, design, optimization and evaluation tool of
chemical process. Full-scale process flowsheets of PHA production processes were drawn
designed with concrete simulation basis and detailed explanation on the process flow provided.
Detailed cost analysis was utilized to calculate equipment, raw material and utility cost, PHAs
selling price, and profitability analysis as well as identify economy “hot-spots”. WAR algorithm
which was selected as the environmental indicator not only requires minimum amount of data,

it also covers a wide range of environmental aspects.

7.2. MATERIALS AND METHODS

7.2.1 Process analysis tool
The conceptual process design follows a hierarchical design strategy based on
heuristics and experience, to develop the processing flowsheet. Process analysis and
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economic evaluation for PHAs biosynthesis and recovery were carried out using SuperPro
Designer v6.0 from Intelligen Inc. (Scotch Palins, NJ, USA). Microbial biomass was modeled
as dextrose (Choi et al., 2010), while PHA was modeled as repeating unit of PHA (C4Hs02)
and the analysis did not account for polymerization energy. Two different process flowsheets
for the biosynthesis and recovery of PHAs are shown in Figure 7.1a and b. The first one is
extractive bioconversion of PHAs via thermoseparating polymer-based ATPS coupled with
recovery using surfactant and sodium hypochlorite digestion, while the latter is a conventional
PHAs production with recovery using surfactant and sodium hypochlorite digestion. Some
equipment and other secondary pieces such as valves and piping are omitted for simplicity in
the flowsheet but are taken into consideration in the economic analysis. Pumps are provided
wherever necessary. For all assessment, the system boundary only covered the “gate-to-gate”

analysis from upstream PHAs biosynthesis to the final product of PHAs powder formation.

7.2.2 Raw materials

The media of PHAs biosynthesis consist of glycerol as a carbon source and various
inorganic salts. The cost of inorganic salts was excluded due to the insignificant share in the
final production cost of PHAs (Choi and Lee, 1997). Cupriavidus necator H16 was the bacterial

strain selected for this analysis.

7.2.3 Fermentation

Fermentation medium was prepared in a blending tank (P-12) was sterilized in a
continuous heat sterilizer (P-13). Then, the medium and air were supplied to fermenter (P-2)
for 42 hours of fermentation period at 30 <C. After the cultivation, fermentation broth was

moved to the holding tank (P-14).
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7.2.4 Recovery of PHAs by thermoseparation coupled with surfactant-hypochlorite
digestion (Figure 7.1a)

Culture broth collected in the holding tank was transferred to the thermoseparation
tank (P-3 and P-4) for thermoseparation at 60 < for 15 minutes residence time. The PHAs
after thermoseparation achieved a purification factor of 1.42 and recovery yield of 94.8 %
based on results in the previous chapter. 95 % of thermoseparating polymer was assumed to
thermoseparate to the bottom phase which makes up approximately 60 wt/wt % of bottom
phase with remainder is mostly water. Afterward, the bottom phase was sent for wastewater
treatment, while the top phase consisted of mostly water and the PHAs product was
transferred to a centrifuge (P-4) to separate PHAs from aqueous solution. Centrifugation also
removes soluble cellular materials (especially nucleic acids) to improve the efficiency of
subsequent downstream processing and reduce the viscosity of process fluid (Van Wegen et

al., 1998).

Following that, surfactant solution (10 % w/v) was added to the outflow of aqueous
solution from centrifuge with surfactant to biomass ratio 1:3 and mixed at 55 <C for 15
minutes of mean residence time to obtain recovery yield of 86.6 % and purity of 98 % (Dong
and Sun, 2000). PHAs were then separated from the aqueous solution containing dissolved
NPCM by centrifugation (P-7). The PHAs was then cleaned with 30 % wt/v sodium hypochlorite
solution to achieve purity of 99 % with a yield of 95 % (Fernandez-Dacosta et al., 2015a,
Ramsay et al., 1990). After centrifugation (P-8), the PHAs granules were then washed with
an equal volume of water (P-9 and P-10) (Yu and Chen, 2006) and were finally spray dried
(P-11) using continuous spray drying system to obtain PHAs products of 99.9 wt/wt % purity.

This process will be referred as process 1 throughout the chapter.
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7.2.5 Recovery of PHAs by surfactant-hypochlorite digestion (Figure 7.1b)

The process is similar as above except the culture broth was directly transferred to
continuous centrifugation (P-4) after the holding tank skipping the thermoseparation step.
The PHAs recovery strategy of surfactant-hypochlorite was employed in this study as it was
demonstrated to be more economical and environmental-friendly than the others (Choi and
Lee, 1997, Jacquel et al., 2008, Posada et al., 2011, Fernandez-Dacosta et al., 2015b). This

process will be referred as process 2 throughout the chapter.
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7.2.6 Economic Analysis

All costs in this chapter are given in 2016 US$. This analysis was estimated for a 10-
year period at an annual interest rate of 6 %, considering the straight line depreciation method
and a 40 % income tax. The price of carbon source and other major raw materials were as
following in US$/kg: glycerol, 0.5; EOPO 3900, 1.0; surfactant (SDS), 0.8; hypochlorite
solution, 0.2; water, 0.0012. Also, the prices used for electricity, water and low-pressure
vapor were 0.03044 US$/kWh, 0.0004 US$/kg and 0.0042 US$/kg, respectively. The labor
cost used for operatives was assumed to be 25US$/man-hour. The above-mentioned software
has been used to estimate the capital costs of process units and the operating cost as well as

perform the profitability analysis.

7.2.7 Environmental Assessment

Based on the potential environmental impact (PEI) balance concept introduced by
Hilaly and Sikdar (Hilaly and Sikdar, 1995), Young and Cabezas (Young and Cabezas, 1999)
have introduced WAR algorithm that focuses on waste minimization across the process
boundary. With an extensive chemicals database, WAR algorithm covers four local
toxicological impact categories which are human toxicity potential by ingestion (HTPI),
terrestrial toxicity potential (TTP), human toxicity potential by either inhalation or dermal
exposure (HTPE), and aquatic toxicity potential (ATP) and four global atmospheric impacts
which are global warming potential (GWP), ozone depletion potential (ODP), photochemical
oxidation or smog formation potential (POP), and acidification or acid-rain potential (AP).
Using WAR algorithm, the environmental performances for both process were evaluated with

the most potential hazard equipment was identified.
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7.2.8 Sensitivity Analysis

Sensitivity analysis was conducted to investigate the influence of different operating
costs on the PHAs price, and to identify the opportunity for further improvement. For these
purposes, 4 different cases were considered where the most critical and influencing factors

were manipulated using spreadsheet software, Excel 2013 (Microsoft, Redmond, WA, USA).

7.3. RESULTS AND DISCUSSION

7.3.1 Material and Energy Flows

The targeted amount of PHAs production in the simulations was 9,000 tons per year.
The total operating hour was assumed to be 7,920 hours per year. Considering 42 hours of
fermentation period added with the 12 hours of turnaround time which required for cultivation
tank cleaning and recharging, 146 fermentation runs can be carried out per year. These values
were used to determine the material flow as well as estimate the sizes of the processing
equipment. Table 7.1 presents the summary of material and energy flows for both processes,
while Table 7.2 a and b tabulate the summary of material flow in each stream. Based on the
process flowsheet, 190.3 tons of glycerol are required as carbon source per batch to achieve
9,000 tons of annual PHAs production. It is clearly shown that process 2 requires almost 10
folds of surfactant and hypochlorite solution compared to process 1. For utility usage, both
processes consume slightly over 25,000 MWh of electricity, 129 kilotons of chilled water and
approximately 50 kilotons of steam per year. For material flow, the two processes have similar
mass flowrate at the fermentations stage with process 1 has additional EOPO 3900, while
process 2 has a higher mass flowrate at the downstream processing due to a large amount of

surfactant and hypochlorite solution utilized.
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Table 7.1. Material and energy flows per batch for 9,000 tons PHAs production per annum

using two different recovery strategies

Outputs
Input (to/batch) Process 1 Process 2 (ton/batch) Process 1 Process 2

Carbon
Glycerol 190.3 190.3 dioxide 29.5 29.5
Oxygen 43.3 43.3 Biomass 70.3 70.4
Surfactant (SDS) 3.1 46.3 Oxygen 1.5 1.5
Hypochlorite
solution 0.9 9.7 PHAs 68.4 68.5
Water 576.4 1,031.70 Water 639.9 1,095.30
EOPO 3900 38.2 0.0
Energy (per year)

Electricity
Chilled water (ton) 129,302 129,267 (MWh) 25,602 27,290
Steam (ton) 52,630 47,914
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2789 Table 7.2a. Material flows for each stream for process 1 (in tons/batch)

EOPO
Chemicals Glycerol Water 3900 S-128 S-101 Air Vent S-116  S-107
PHAs 68.4 68.4
Biomass 70.3 70.3
Water 535.6 535.6 535.6 30 569.2 569.2
Glycerol 190.3 190.3 190.3
Oxygen 43.3 1.5
CO2 29.5
EOPO
3900 38.2 38.2 38.2 38.2 38.2
Chemicals S-102 S-106 S-104  S-105 S-103 SDS S-109 S-112 S-110
PHAs 68.4 64.8 3.6 64.8 64.8 8.7 56.2
Biomass 70.3 27.7 42.6 27.7 27.7 26.6 1.2
Water 569.2 514.7 54.5 514.7 0.05 27.8 27.8 27.9
SDS 3.1 3.1 3.1
EOPO
3900 38.2 1.9 36.3 1.9

Washing

Chemicals  NaOCI S-113 S-114  S-115 Water S-118 S-119 S-120 PHB

PHAs 56.2 2.8 53.4 53.4 53.4 53.4
Biomass 1.2 0.6 0.6 0.6 0.6 0.6
Water 2.1 2.1 2.1 54.8 54.8 54.8
NaOCI 0.9 0.9 0.9
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2792 Table 7.2b. Material flows for each stream for process 2 (in tons/batch)

Chemicals Glycerol Water S-128 S-129 Air S-101 Vent S-102

PHAs 68.5 68.5

Biomass 70.4 70.4

H20 535.6 535.6 535.6 569.3 30 569.3

Glycerol 190.3 190.3 190.3

02 43.3 1.5

CO2 29.5

NaOCl

Chemicals S-105 S-103 SDS S-104 S-112 S-106 NaOCl S-113

PHAs 68.5 68.5 9.2 59.3 59.3

Biomass 70.4 70.4 69.2 1.2 1.2

H20 559.2 416.6 416.6 416.6 0.04 22.6 22.6

SDS 46.3 46.3 46.3

NaOCl 9.7 9.7
Washing

Chemicals S-114  S-115 Water S-118 S-119  S-120 PHB

PHAs 3 56.3 56.3 56.3 56.3
Biomass 0.6 0.6 0.6 0.6 0.6
H20 22.6 56.9 56.9 56.9
NaOCl 9.7
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7.3.2 Economic analysis

By integrating a holding tank preceding the recovery process, fermentation and
recovery process could be decoupled. Thus, the entire purification process can be carried out
continuously during the fermentation plus its turnaround period. Increasing the production
capacity has shown to be able to reduce total capital and operating cost of PHAs production
process (results not shown). The capital cost included: cost of rotary and static equipment,
piping, wastewater treatment system, etc. On the other hands, the operation and
maintenance (O&M) cost included: cost of chemicals, manpower, utilities, wastewater
treatment, maintenance and insurance. Table 7.3a and b summarize the specification and
purchase costs of the major equipment for both process. To reduce the equipment cost and
optimize the operating cost, the sizes of the process unit in the isolation and recovery
operations were adjusted so that the entire recovery process could be operated in 54 hours.
As shown from the tables, much of the capital cost is due to the fermenter and the centrifuges.
Based on these results, the fixed capital cost, the annual operating cost, and profitability
analysis were estimated and summarized in Table 7.4a and b respectively. For the direct cost,
total (f.0.b) equipment costs were calculated to be USD$ 22.5 million and USD$ 27.5 million
for process 1 and 2 respectively. The capital cost of process 1 and 2 are USD$ 130.6 million
and USD$ 160.1 million respectively, while the annual operating cost for process 1 and 2 are

USD$ 51.7 million and USD$ 57.9 million respectively.

The profitability analysis was done based on the assumption of selling price of PHAs at
10.0 US$/kg. The production cost of PHAs for process 1 and 2 is 5.77 US$/kg and 6.12 US$/kg,
respectively at this production scale. The price obtained was comparable to those reported in
literature, with examples of 5.35 US$/kg at production scale of 4,300 tons for PHA production
from E. coli using dairy whey (Van Wegen et al., 1998), 6.14 US$/kg at production scale of
2,850 tons (Choi and Lee, 1997), 8.32 US$/kg at production scale of 100,000 tons (Lee and

Choi, 1998), , 5-10 €/kg for PHA production from whey (Koller et al., 2007), and 5.38
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USD$/kg at fermentation capacity of 1,000 m3/day (Mudliar et al., 2007). Due to the high
amount of surfactant and sodium hypochlorite used in process 2, the wastewater treatment
cost also doubled compared to process 1. Therefore, it proved that utilizing thermoseparation-
based ATPE as primary recovery step not only helps to reduce chemical cost, it also minimizes
downstream equipment cost and wastewater treatment cost. At the selling price assumed, it
was shown that PHAs production using thermoseparation recovery strategy have a payback
period of fewer than 4 years and ROI of 25.2 %, while the surfactant-hypochlorite recovery
strategy requires more than 4 and half years with ROI of 21.8 %. This is due to the higher
facility-dependent cost which includes depreciation, equipment maintenance, insurance, local

taxes and factory expenses.
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Table 7.3a. Major equipment specification and purchase cost (based on 2016 year) to

achieve 9,000 tons PHAs production per annum using the recovery strategy of

thermoseparation coupled with surfactant-hypochlorite digestion.

Equipment (Quantity) Description Cost ($)

Fermenter P-2 (1) Volume = 321.3 m3 9,774,000
Power = 2189 kW

Blending Tank P-12 (1) Volume = 80.9 m3 506,000

Heat Sterilizer P-13 (1) Diameter = 1.2 m 758,000
Length = 12.8 m

Disk-Stack Centrifuge P-4 (6) Sigma factor = 188335 m? 3,498,000
Power = 648 kW

Flat Bottom Tank P-14 (2) Volume = 117.6 m3 166,000

Spray Dryer P-11 (1) Dryer diameter = 0.127 m 115,000
Dryer height = 0.382 m

Thermoseparation Tank P-1 & P-3 (1) Volume = 46.2 m3 278,000

Blending Tank P-6 (2) Volume = 67.7 m3 948,000
Power = 12kW

Disk-Stack Centrifuge P-7 (3) Sigma factor = 154435 m? 1,569,000
Power = 121 kW

Disk-Stack Centrifuge P-8 (2) Sigma factor = 196405 m? 1,192,000
Power = 76 kW

Blending Tank P-9 (1) Volume = 36.8 m3 390,000
Power = 6 kW

Disk-Stack Centrifuge P-10 (2) Sigma factor = 145513 m? 1,014,000

Power = 65 kW
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Table 7.3b. Major equipment specification and purchase cost (based on 2016 year) to

achieve 9,000 tons PHAs production per annum using the recovery strategy of surfactant-

hypochlorite digestion.

Equipment (Quantity) Description Cost ($)

Fermenter P-2 (3) Volume = 305.3 m3 9,519,000
Power = 2073 kW

Blending Tank P-12(1) Volume = 76.6 m3 496,000

Heat Sterilizer P-13 (1) Diameter = 0.8 m 747,000
Length = 15.6 m

Disk-Stack CentrifugeP-4 (6) Sigma factor = 214650 m? 3,750,000
Power =365 kW

Flat bottom tank P-14 (1) Volume = 111.5 m?3 159,000

Spray dryer P-11(1) Dryer diameter = 0.3 m 115,000
Dryer height = 0.9 m

Blending TankP-6 (9) Volume =73.5 m3 4,392,000
Power = 60 kW

Disk-Stack CentrifugeP-7 (5) Sigma factor = 218230 m? 3,155,000
Power = 285 kW

Disk-Stack Centrifuge P-8(2) Sigma factor =132394 m? 964,000
Power = 65 kW

Blending Tank P-9(1) Volume = 63.8 m3 465,000
Power = 6 kW

Disk-Stack Centrifuge P-10 (2) Sigma factor = 144942 m? 1,012,000

Power = 67kW
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Table 7.4a. Economic analysis of PHAs production (9,000 tons per annum) using the

recovery strategy of thermoseparation coupled with surfactant-hypochlorite digestion.

FIXED CAPITAL ESTIMATE SUMMARY (2016 prices)

A. TOTAL PLANT DIRECT COST (TPDC) (physical cost) Cost ($)
a. Equipment Purchase Cost (PC) 22,454,000
b. Installation (summed over all units) 6,287,000
c. Process Piping (0.35 X PC) 7,859,000
d. Instrumentation (0.40 X PC) 8,982,000
e. Insulation (0.03 X PC) 674,000
f. Electrical (0.10 X PC) 2,245,000
g. Buildings (0.45 X PC) 10,104,000
h. Yard Improvement (0.15 X PC) 3,368,000
i. Auxiliary Facilities (0.40 X PC) 8,982,000
70,955,000
B. TOTAL PLANT INDIRECT COST (TPIC)
a. Engineering (0.25 X TPDC) 17,739,000
b. Construction (0.35 X TPDC) 24,834,000
42,573,000
C. OTHER COSTS (0OTC)
a. Contractor's fee (0.05 X (TPDC + TPIC)) 5,676,000
b. Contingency (0.10 X (TPDC + TPIC)) 11,353,000
17,029,000
D. DIRECT FIXED CAPITAL (DFC)
TPDC + TPIC + OTC 130,557,000
ANNUAL OPERATING COST (2016 prices) Cost ($)
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A. RAW MATERIALS
a. Glycerol 15,982,000
b. Water 116,000
c. Surfactant (SDS) 415,000
d. Hypochlorite solution 31,000
e. EOPO 3900 6,418,000
22,962,000
B. LABOR-DEPENDENT ITEMS
a. Lumped operating labor (57,370 h X 57.5 $/h) 3,299,000
B. Laboratory (0.15 X a) 494,850
3,793,850
C. FACILITY-DEPENDENT ITEMS 23,858,000
D. OTHER CONSUMABLES 0
E. UTILITIES 1,052,081
F. WASTE TREATMENT/DISPOSAL 61,000
Total annual operating cost 51,726,931
PPROFITABILITY ANALYSIS (2016 prices) Cost ($)
A. Direct Fixed Capital 130,557,000
B. Working Capital 2,490,000
C. Startup Cost 6,528,000
D. Total Investment 139,575,000

E.

Revenues

PHAs

F.

Annual Operating Cost

Cost ($/year)

89,619,000

51,727,000
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G. Gross Profit (E-F)

H. Taxes (40 %)

I. Net Profit (G-H + Depreciation)
J. Return On Investment (ROI)

K. Payback Period

L. IRR (After Taxes)

M. NPV (at 7.0 % interest)

37,892,000
15,156,800
35,138,000
25.18 %
3.97 years
21.48 %

130,369,000 $
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Table 7.4b. Economic analysis of PHAs production (9,000 tons per annum) using the

recovery strategy of surfactant-hypochlorite digestion.

FIXED CAPITAL ESTIMATE SUMMARY (2016 prices)

A. TOTAL PLANT DIRECT COST (TPDC) (physical cost) Cost ($)
a. Equipment Purchase Cost (PC) 27,535,000
b. Installation (summed over all units) 7,710,000
c. Process Piping (0.35 X PC) 9,637,000
d. Instrumentation (0.40 X PC) 11,014,000
e. Insulation (0.03 X PC) 826,000
f. Electrical (0.10 X PC) 2,753,000
g. Buildings (0.45 X PC) 12,391,000
h. Yard Improvement (0.15 X PC) 4,130,000
i. Auxiliary Facilities (0.40 X PC) 11,014,000
87,010,000
B. TOTAL PLANT INDIRECT COST (TPIC)
a. Engineering (0.25 X TPDC) 21,752,000
b. Construction (0.35 X TPDC) 30,453,000
52,205,000
C. OTHER COSTS (OTC)
a. Contractor's fee (0.05 X (TPDC + TPIC)) 6,961,000
b. Contingency (0.10 X (TPDC + TPIC)) 13,922,000
20,883,000
D. DIRECT FIXED CAPITAL (DFC)
TPDC + TPIC + OTC 160,098,000
ANNUAL OPERATING COST (2016 prices) Cost ($)
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A. RAW MATERIALS
a. Glycerol

b. Water

c. Surfactant (SDS)

d. Hypochlorite solution

B. LABOR-DEPENDENT ITEMS
a. Lumped operating labor (70,861 h X 57.5 $/h)

c. Laboratory (0.15 X a)

C. FACILITY-DEPENDENT ITEMS
D. OTHER CONSUMABLES

E. UTILITIES

F. WASTE TREATMENT/DISPOSAL

Total annual operating cost

PPROFITABILITY ANALYSIS (2016 prices)
A. Direct Fixed Capital

B. Working Capital

C. Startup Cost

Total Investment

E. Revenues
PHAs
F. Annual Operating Cost

G. Gross Profit (E-F)

15,982,000
208,000
6,221,000

325,000

22,736,000

4,075,000

611,250

4,686,250
29,256,000
0
1,083,663

122,000

57,883,913

Cost ($)
160,098,000
2,555,000

8,005,000

170,658,000

Cost ($/year)

94,656,000
57,883,000

36,772,000
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H. Taxes (40 %) 14,708,800

I. Net Profit (G-H + Depreciation) 37,273,000
J. Return On Investment (ROI) 21.84 %
K. Payback Period 4.58 years
L. IRR (After Taxes) 18.05 %
M. NPV (at 7.0 % interest) 117,213,000 $
2845
2846 Table 7.4c: Summary of comparison between Process 1 and Process 2
Process 1 Process 2
(with thermoseparation) (without thermoseparation)
Total (f.0.b) equipment cost USD$ 22.5 million USD$ 27.5 million
Capital cost USD$ 130.6 million USD$ 160.1 million
Annual operating cost USD$ 51.7 million USD$ 57.9 million
Production cost 5.77 USD$/kg 6.12 USD$/kg
Payback period > 4 years < 4.5 years
ROI 25.2 % 21.8 %
2847
2848 Table 7.4c has summarized the comparison between economic feasibility of process 1

2849  and 2. Process 1 has shown to be much cost efficient compared to Process 2. Figure 7.2 a
2850 and b depict the breakdown of operating cost for PHAs production using the two different
2851 recovery strategies. For process 1, contribution of both raw material cost and facility-
2852  dependent cost are almost the same (45 % and 46 % respectively). The high raw material
2853  cost is due to the high cost of EOPO 3900 which can be further reduced if it is recycled as
2854 EOPO 3900 can be recycled up to twice as reported in previous chapter. On the other hands,
2855  facility-dependent cost dominated operating cost for process 2 with 51 % share, while raw
2856  material cost contributed 39 %. The cost of the carbon source also contributes significantly
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2857

2858

2859

2860

2861

2862

2863

2864

2865

2866

as glycerol alone was as high as 30.9 % and 27.6 % of total operating cost for process 1 and
2 respectively. This was comparable to those as reported in literature, such as 30.7 % for
PHAs production by recombinant E. coli utilizing glucose as carbon source (Choi and Lee, 1997)
and up to 45 % as mentioned by Posada and coworkers (Posada et al., 2011). Henceforth,
utilizing a cheaper carbon source such as cheese whey, waste cooking oil, cane and beet
molasses, sludge waste, POME and others has the potential to reduce the final PHAs
production price significantly. Nevertheless, it must be keep in mind that PHAs content,
productivity, yield and downstream recovery process should be considered as well when using

cheaper carbon source.

Breakdown of operating cost for
thermoseparation

0% 2% 0%
= raw material

= labor-dependent items
facility dependent items
46% = consumables

m utilities

= waste treatment
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Breakdown of operating cost for surfactant-
hypochlorite digestion

0%

0% 2%

= raw material

= labor-dependent items
facility dependent items

51% = consumables

= utilities

= waste treatment

Figure 7.2. The breakdown of operating cost for PHAs production (9,000 tons per annum)
using the recovery strategy: (A) thermoseparation coupled with surfactant-hypochlorite

digestion and (B) surfactant-hypochlorite digestion.

7.3.3 Environmental analysis

Following the rising concern of community and government on the environment,
minimizing the environmental impact of PHA production process is a necessity other than
achieving economic competitiveness. Among range of indicators stated in “Introduction”
section, SPI (Koller et al., 2013), Tools for the Reduction and Assessment of Chemical and
Other Environmental Impacts model (Kim and Dale, 2004), CML 2 Baseline 2000 v2.03
assessment method (Harding et al., 2007b) and Eco-indicator 99 (Zhong et al., 2009) have
been used to evaluate the environmental performance of PHAs production aside from those
that utilized complete LCA study. In this chapter, environmental analysis was done to evaluate
and compare the environmental performance of both process using WAR algorithm due to its

wide-covering environmental impacts and comprehensive chemical database. There are 7

main chemicals which involved in the processes, including glycerol, water, oxygen, carbon
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dioxide, SDS, sodium hypochlorite solution and EOPO 3900. However, it should be noted that
the environmental data on SDS and EOPO 3900 is not available. Being toxic to human
(through inhalation) as well as terrestrial and aquatic life, sodium hypochlorite solution is the
most hazardous chemical presents in the PHA production process. Since the consumption for
both processes are almost similar for most chemical except for SDS, hypochlorite solution and
EOPO 3900, it is obviously that process 2 has a worse environmental performance as it utilizes
almost 10 fold hypochlorite solution compared to process 1. Therefore, it is advised that the

recycling of hypochlorite solution should be done as much and as efficient as possible.

On the other hand, the chemical which brought the most negative impacts on the
environment is glycerol due to the amount utilized. Glycerol dominates as much as 99.7 %
and 97.2 % of environmental impacts for process 1 and 2 respectively. Other than causing
harm to human via inhalation and exposure as well as terrestrial and aquatic life, glycerol
also causes the formation of photochemical smog. Careful handling of chemical and excellent
ventilation is required to avoid any accident or leakage to the surroundings. Other than that,
carbon dioxide produced during fermentation is one type of greenhouse gases and contributes
to global warming. Henceforth, the fermenter is the piece of equipment among all the process

units that needed most attentions to minimize environmental impacts of the process.

7.3.4 Sensitivity analysis

Aiming to investigate the consequences of “what if?” scenarios, a sensitivity analysis
was conducted by considering the main parameters that influence economic performance of
PHA production by different recovery strategies. Four different cases were considered as the
parameters contributes to significant share of operating cost and might have an influence on
the result when the value of the parameters. The results of the 4 cases were displayed in

Figure 7.3 a, b, c and d.
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In case 1, the price of carbon source, which is glycerol was varied from 0.1 to 1.0
USD$/kg due to it significant contribution to operating cost as mentioned in previous section.
As predicted, the PHAs price of both processes increase linearly with similar increment (0.34
to 0.36 USD$/kg PHAs increment per 0.1 USD$/kg glycerol price increased) as the glycerol
price increase. On the other hand, the labor cost was varied from 10 to 40 USD$/man-hour
in case 2 to investigate the effect of fluctuation of labor cost on PHAs production price. Though
lesser than previous case, manipulating labor cost still has a significant influence on PHAs
price for both processes. Similarly, the price of electricity was manipulated from 0.01 to 0.055
USD$/kWh in case 3 to study the sensitivity of PHAs price towards fluctuation of electricity
price. Compared to previous 2 cases, PHAs price is much less sensitive to change in electricity
price in both processes as insignificant increment in PHAs price is observed over a range of

electricity price.

Case 4 is a sensitivity analysis which investigates the impact of change in surfactant
price towards PHAs price in both cases. The price of SDS is manipulated from 0.3 to 1.1
USD$/kg. For process 1, The PHAs price is insensitive to change of the SDS price due to small
amount of surfactant consumed. However, this is not the case for process 2 as the PHAs price
changes drastically as the surfactant price varied. The PHAs prices drops following the fall in
surfactant price, even until a point (SDS price ~ 0.35 USD$/kg) where process 2 become
more economic favorable than process 1. It should be noted that original price of SDS is 0.8
USD$/kg. Therefore, it is possible for process 2 to outperform process 1 in term of economic
performance (though not environmental performance) where a low cost surfactant with
similar performance as SDS is present. In conclusion, the cost of carbon source and labor
have significant influences on PHAs price for both processes, while the surfactant price is a

crucial parameter to evaluate the economic performance of process 2.
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Figure 7.3: Sensitivity analysis where: (A) Case 1 where glycerol price change, (B) Case 2

where labor cost change (C) Case 3 where electricity price change and (D) Case 4 where

surfactant price change.
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7.4. CONCLUDING REMARKS

In the final part of the research, the PHAs production process using thermoseparation
ATPE as primary purification and recovery strategy was design and the performance was
evaluated. The evaluations on economic and environmental performance of two PHAs
production processes using surfactant-hypochlorite digestion recovery strategy with and
without thermoseparation were performed. The results shown that most of O&M cost is
contributed by facility-dependent cost and raw material cost, while the main contributor of

raw material cost is carbon source.

An integrated approach including process design, economic and environmental
assessments identifies PHAs production process with thermoseparating ATPE as primary
recovery step outperformed the other in term of both economically and environmentally. PHAs
production process which utilize thermoseparation ATPE recovery strategy achieves PHA
production cost of 5.77 US$/kg with payback period of less than 4 years and ROI of 25.2 %

assuming selling cost of 10 US$/kg.

Insight from the sensitivity analysis has demonstrated that while costs of carbon
source and labor have significant influence on PHAs price, the cost of surfactant is still the
crucial parameter when comparing performance of both the processes. This proved that
utilizing thermoseparation-based ATPE as primary recovery step not only helps to reduce
chemical consumption, it also minimizes downstream equipment cost and wastewater
treatment cost. It also demonstrated that thermoseparating ATPE is an economical viable and

technically feasible PHAs primary purification strategy.
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8.1 Conclusion

Aiming to develop a cost-effective and environmental-friendly extraction strategy for
isolation and recovery of PHAs from C. necator H16, the partitioning behavior of biopolymers
was first investigated utilizing the thermoseparation-based ATPE technique called cloud point
extraction (CPE) strategy. The purification of PHAs utilizing CPE was satisfactorily achieved in
the system of 20 wt/wt % EOPO 3900 and 10 mM NaCl addition at thermoseparating
temperature of 60 °C with a limit of 37.5 wt/wt % of crude feedstock with a recovery yield of
96.7 % and PF of 1.45 fold. To further improve the final quality of PHAs recovered,
thermoseparating polymers have been coupled with ammonium sulfate to isolate and purify
biopolymers from a crude feedstock of C. necator. Thermoseparating-based ATPE of PHAs
could be effectively done under the condition of 14 wt/wt % of EOPO 3900 concentration, 14
wt/wt % of ammonium sulfate concentration and pH 6 without the needs of extra

centrifugation steps with yield and purity up to 72 % and 60 %.

Following that, design of experiment (DOE) technique has been used to obtain the
optimum PHAs purification condition by thermoseparating ATPE. Using two-level full factorial
design, the most influencing factors were the concentration of phosphate salts and EOPO as
not only they provided significant positive impacts on most of the responses, while the
synergistic positive interaction between the two factors demonstrated greater influences as
well. Using Box-Wilson central-composite design, the recovery yield of PHAs from C. necator
fermented broth achieved as high as 99.9 %, while the PF reached an optimum of 1.43 fold

at 17.12 wt/wt % of phosphate concentration and 18.52 wt/wt % EOPO 3900 concentration.

Without adding any fresh phase-forming components, the recycling and reutilization
of EOPO 3900 can be done for at least 2 times without significant drop in purification purpose.
On the other hands, with the addition of fresh phase-forming components, a total of 4

successive purification cycles with satisfying yield and purification factor were demonstrated.
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Thus, it has been shown that thermoseparating ATPE is a more environmental-friendly and

economical favorable purification technique for recovery of PHAs.

Using the preliminary integrated economic and environmental assessment developed,
the crude glycerol is the optimal carbon source for PHAs biosynthesis from C. necator H16.
The extractive bioconversion of PHAs via thermoseparation-based ATPE was performed. The
results proved that the thermoseparating ATPE demonstrated a huge potential as it is able to
sustain stable cultivation of C. necator and support PHAs accumulation. Under the condition
of 5 wt/wt % EOPO 3900 concentration, 30 °C fermentation temperature and pH 6, biomass
and PHB content of 5.77 g/L and 0.389 g/L with a yield and PF of 96.7 % and 1.36 fold was

obtained in a 2L bioreactor.

In the final part of the research, the evaluations on the economic and environmental
performance of two PHAs production processes with and without thermoseparation as primary
purification strategy were performed. The results showed that most of O&M cost is contributed
by facility-dependent cost and raw material cost, while the main contributor toraw material
cost is carbon source. An integrated approach including process design, economic and
environmental assessments identifies PHAs production process with thermoseparating ATPE
as primary recovery step outperformed the other in term of both economically and
environmentally. PHAs production process which utilizes thermoseparation ATPE recovery
strategy achieves PHA production cost of 5.77 US$/kg with a payback period of fewer than 4

years and ROI of 25.2 % assuming selling cost of 10 US$/kg.

The results proved that thermoseparating ATPE is a powerful and potential primary
purification step in the total PHA purification train as the technique showed a much higher
PHAs recovery yield (approximately 2 times) in comparison with the literature. These results
are more promising than the recovery of PHAs by PEG/phosphate system previously reported

by Divyashree and his coworkers (Divyashree and Shamala, 2010).
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In conclusion, this opens promising standpoints for utilizing thermoseparating ATPE as
the primary step in the isolation and purification of PHAs from fermented broth. The economic
and environmental evaluation proved that utilizing thermoseparation-based ATPE as primary
recovery step not only helps to reduce chemical consumption, it also minimizes downstream
equipment cost and wastewater treatment cost. It also demonstrated that thermoseparating

ATPE is an economically viable and technically feasible PHAs primary purification strategy.

8.2 Limitation and Future Works

As ATPE is usually not selective enough, it should be remembered that it is not a total
solution for isolation, extraction and final separation of bioproducts. Therefore, coupling of
thermoseparating ATPE with highly selective yet many expensive techniques such as
chromatographic method, enzyme digestion, etc to achieve final desired purity for purification

and recovery of PHAs can be studied and optimized.

In this work, mathematical models have been used to fit the ATPS bimodal curves,
predict partitioning of PHAs in centrifugation as well as estimate the response variable under
the influence of ATPE parameters. However, the work doesn’t go into depth on mathematical
modeling as it is outside the scope of the research. Henceforth, mathematical models can be
developed to understand the mechanism of thermoseparating ATPE and predict partitioning

of PHAs.

Moreover, other scope future works for this research includes develop new type of
thermoseparating polymer which better properties, such as lower thermoseparating
temperature. In order to improve the partition yield, some further improvements can also be
considered to be applied such as the complete removal of PHAs and contaminants in
phosphate phase using regeneration technique (for example, membrane diafiltration
technique) after several extraction cycles. The extractive bioconversion of PHAs can also be

studied in a larger scale (e.g. 50L) as well as the design of industrial bioreactor optimal for
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extractive bioconversion purpose. With the knowledge and insight obtained, it is sincerely

hoped that this research will be able to shed some light on the underlying mechanism of PHA

purification by ATPE and build a solid foundation for further study.
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3718 Table 7.1: Results of UV-vis spectrophotometer standard curve

Cell | Water | Absorbance | True Absorbance Petri Petri dish | DCW | Concentration
(ml) [ (ml) (ODsoo) (ODsoo) dish (g) | + Cell (g) | (9) (g/L)
4.0 0.0 3.221 3.203 8.755 8.778 0.023 5.650
3.0 1.0 3.111 3.094 8.751 8.768 0.017 4.250
2.0 2.0 2.923 2.905 8.746 8.757 0.011 2.725
0.6 3.4 2.504 2.486 8.805 8.811 0.006 1.425
1.2 2.8 2.828 2.810 9.093 9.103 0.010 2.425
1.4 2.6 2.912 2.894 8.807 8.818 0.011 2.825
2.5 1.5 3.178 3.160 8.799 8.818 0.019 4.700
1.6 2.4 2.980 2.962 9.096 9.109 0.013 3.275
2.8 1.2 3.228 3.210 9.086 9.108 0.022 5.475
3.5 0.5 3.303 3.285 7.837 7.864 0.027 6.850
2.3 1.7 3.154 3.136 7.479 7.498 0.019 4.875
0.3 3.7 1.935 1.917 7.465 7.467 0.002 0.450
0.5 3.5 2.314 2.296 7.452 7.456 0.004 1.000
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