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Production of Polyhydroxyalkanoates
Technical Field

- The present appliéation relates to a process for

. prodﬁCtion of polyhydrcgyalkanoates (PHAS) .

Background

‘Polyhydrbxyalkanoates (PHAS) are polyesters

~accumulated in biomass of many species of bacteria under

growth limiting conditions. Due to their biodegradability

~and  capability of  being produced' from renewable

~‘resources, - PHAs can  be used as alternatives to non-
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'degfédable petroleum"baéed plastics.

~ Aseptic’ cultivation of PHAs is employed in known

processes. However, such processes reguire cultivation of

Selected or genetically recombinant strain of bacteria.

Furthermore, such processes also = require thermal

sterilization of materials and eguipment as well as
speclialized eguipment. The cost of aseptic cultivation
is several times higher than the cost of non-aseptic
cultivation. _ _

Cheap sources of carbon and energy are considered for
the production of PHAs. These souréés areirmunicipal
wastewater, activated sludge of municipal wastewater
treatment plant, paper mill wastewater, corn-steeped
liguor, molasses,  activated sludge palm oil mill
effluent, starch and Stérch~containing wastes, industrial
effluents containing fatty acids. Some known processes

require organic wastes to undergo acidogenesis and

Esubsequently the organic acids produced can ke
':pélymérized by' PHA-producing microbial species to. form

-PHAs (i.e. a two~-stage system).

Excess of carbon and energy source may'léad'to the

‘growth of glycogen-accumulating microorganisms but this



10

WO 2011/112154 PCTISG2011/000094

problem can be overcome by acidification of the medium

- with a mixture of volatile fatty acids. The fatty acids
~for PHAs synthesis can be produced from organic wastes.
4 Hydrolysﬂs and ac1dogene51s are usually the first steps.
:iln convertlng the oxganlc wastes to fatty ac1ds that can.
- be further utlllzed by-PHAs Droduc1ng bacteria. However,
iwhen dlffe”ent organic wastes are used for fermentation,
the remalning dissolved organlc substances and particles
‘ often;reduces the yleld,of PHAs in the_bmomassi and also

_fr@du¢és the quality of PHAs produced.

" In another known process, PHAs are produced through

3 C];tHerm§l gasification 'of organic materials with carbon

a5Tfmoﬁ§x§defaﬁd:hydxogenfﬁfollowed by bacterial assimilation
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7‘”,‘05 ‘the gases into the cell material.  However, one
‘]:‘5 . .

disadvantage of such 2 ‘method is that it 4is usually

dpplicable for photosynthetic bacteria only and under

anaerobic conditions. Accordingly, such a method often

has limited applicability with respect to the type of

organic materials that can be used in the production of

.PHAS.

In proddcing PHAs, some known techniques also employ
specific selection methods to select PHAs producing

micro-organisms. In one known method of selecting " PHRs

.producing micro-organisms, a feast-famine c¢ycle & is

applied to a2 fermentation reactor, wherein the cells are
first grown to a desired concentratiocn without nutrient
limitation, after which an essential nutrient is limited

to allow PHA synthesis. However, such method is limited

‘th being wused in batch - and - semi-batch processes.
303 ‘Fﬁrthexmore, such methods require control of the
- operating conditicns Ttp ensure that non-PHAs producing

micro-organisms do not accumulate to undesirable levels,

which may be detrimental to the growth c¢f the resident

PHAs'producing micro-crganisms. In such methods, during



15

20

25

WO 2011/112154 PCT/SG20TTA0G0M

the famine phase the micro-organisms fregquently also tend
tc alter for a long time thelr natural cellular behavior

due to cellular starvation. This may undesirably result

- in the growth rate of the micro-organisms, including PHAs
producing miéroﬁorgaﬁisms being adversely affécted;_;The
PHA -prodﬁéiﬁg ability_ of the PHAs Lprodﬁcingi*miCro;
orgahisms may ailso be:negatively affected as the micro-
:organisms switches to a Tcellular étarvation mode’ . In

7,',:addition,' if many feast—famine cycles are run,

lO\;aCﬁﬁmﬁ?ation of non—producing or low=-producing PHAs-

‘ Zmroduc1ng nicro- orgaﬁlsms may result, as mentfonéd above

‘jmay be detrimental to .the growth of the resident PHAs

TEproduczng mlcro organlsms possibly due to high  cell

Concentratlon Lthermore, batch production reguires
hlgh-sbart—up costs due to long Start—up period:

PHAs recovery also poses a technological challenge,

. due to the solid state of PHAs granules and cell biomass.

According fto the present state-of~the-art, PHEA-containing
biomass 1s processed either by extraction of ‘a dried

biomass with organic solvents of PHAs, chemically by

~addition of cell-destroying substances, . or enzymatic.
EGenerally, an extraction step is effected after the cells
‘have been subljected to a treaitment e.g. mllllng or‘wéth a. '

-reducing agent.

To avoid the use of flammable and toxic organic

solvents in the chemical extraction of PHAs, aother

methods using safer solvents have been developed. For

example, proteclytic enzymes can be used. However, not

, ‘jonly'are such processes expmns1v@ and not amenable to
30‘,large scale operatlon, only-a relatively small proportion

'of PHAS are,obtained:from the preccess.. In other words,

known technigues of -PHAs extraction are ﬁelatively

inefficient and do not vield desirable throughput.



10

15

20

25

30

In summary, current known technologies of PHAs
production have seversl disadvantages including: (1) the
need to usge aseptic culture of selected or genetically
modified strains that reguires high expenses for
gterilization of eguipment and wmedium, as well as
maintenance of aseptic conditions during bilosynthesis of
PHA; 2) the need to use relatively expensive nutrients
such as pure mineral salits and glucose or other pure
sources of carbon and energy; 3) the need to use

selection techniques which are limited to batch processes

and which may adversely disrupt the normal cellular

behavior of PHAg producing micro-organisms and 4) the
need to use expensive, flammable and toxic organic
solvents or energy-consuming methods for extraction of
PHAs from bacterial cells.

Furthermore, known methods of PHARs synthesis and
extraction suffer from high c¢cost or environmental
pollution, and are difficult to be industrialized.
Accordingly, there is a need to provide a method for the
production of PHAS that overcomes, or at least
ameliorates, the disadvantages mentioned above. There is
also a need " tc provide a method for selecting PHAs
producing wmicroorganisms that overcomes oxr at least
ameliorates, the disadvantages mentioned above. There is
algso a need to provide a method for extracting PHAs from
PHAs producing microorganism that overcomes or at least

ameliorates, the disadvantages mentioned above.

Summary
According to an aspect, there 1is provided a process
for producing polyhydroxyalkanoate (PHA) comprising the

steps of:
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culturing a biomass containing PHA-producing microbes
accumulating PHAs in a culture media containing supplied
hydrogen gas and volatile organic compounds; and
hydrolyzing gaid PHAs-producing microbes using
microorganisms selected from the PHAs-containing microbes.
Zcocording to an embodiment, there is provided a

process for producing polyvhydroxyalkanocate {PHA)
comprising the steps of culturing a biomass containing
PHA-producing microbes 1n a culture media and hydrolyzing

said PHAs -producing micrcobes using microorganisme

43
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selected to release PHAs from thé PHAs~containing
- microbes. Advantageously, the process avolds the need to
 j2”use sleents:to extra¢t the PHA,_whicﬁ has a .numbér of
I‘advantages Flrstly,  using micronS“to extract' PHA :f”
: ﬁSJLZeduces the cost of productxon because chemlcal so?vents.;“i
. ;do not have to be utlllzed and therefore purchased.tO'-
obtain PHA and hence 'solvents are not a material cost.
. The disclosed proceSS‘cén thereforé be utilized to more
eéonomicaily‘produce PHA Secondly, thes use of micro-
iOiforganlsms to. extract PHA avoids the use of solvents and

 'ffthereby avomds' the productlon, of toxic products which

%TEE must be dlsposed of.

S More advantageously, the procésé évoids the‘neéd:to
;:use J'flammable and - toxic organic éolventsz in the
i57 extractioﬁ of PHAs. The process is capablé of reduding
'the cost of PHA production while mitigating the negative
_potential environmental impact of using flammable and
'toxic organic sclvents, thereby increasing the economic
-viability of PHA plastics relative to pétrochemical—based
'20 ‘plastics. In one embodiment, the culture media comprises
7 ~jhydxogen gas. In another‘embodimeﬁt, the process.further
- comprises injecting a stream of . hydrogen gas:intofséid
culture medium, The hydrogsn gas ié preferably
substantially Thomogenously dispersed throughout éaid
25 culture media. Injecting a stream of hydrogen gas into
| said culture medium increases the production yield of
PHAs relative to when hydrogen gas is'not injected into

sald culture. ‘ ‘
in one Lembodlment the culture media comprises a
30 ﬁ;cérbon nutrient source, such as a carbohydrate source.
- ‘The presence of the 'carbohydrate sdurce‘ pﬁovides‘ an
energy scurce of the microorganism, allowing production
of PHAs to be possible. The process may also com?rise

the step of maintaining the supply of hydrecgen in the
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. culture media at mass ratioc in the range of from:0.0l to

ffO'l 'bﬁ hydrogen to | the mass of PHAs produced{ By .

‘ ralntalnzng ‘the specific mass ratio, it ‘has ' been | - -

‘"iQ.dlscovered that a ,'relatively high' 'levél.f of 'PﬁAs
;5 productlon .can be achleved The process. may also comprlse
‘ H‘th@ step of_nwlntalnmng the supply of,carbohydrates in
the éﬁlture media at mass ratio in the range of from 1 to

.5 of éarbohydrates to the mass of PHAs produced. Also, it

5 j:hasrbéeﬁ discovered thaf the mass ratio of carbohydrates

lqifpreéeﬁt ﬂo“the mass Qf:PHAS'prodﬁced is also crucial in

"?fmalntaznlng a constanf'effactive production of PHAs. The
- ocess may also comprlse the step of malntalqlng the
"fsupply of a;\least one cof organic aczds and 1lplds 1n the
culture medla at mass ratioc in the range of from 0. 5 to 5
iSA of organlc acids to the mass of PHAs produced leew1se,
' it has been discovered that the amount of organic acids
.or lipids is also determinant on the consistency and
'.level of PHAs being produced.
In one embodiment, the process comprises the step of
20 pfoviding volatile organic compeunds (VOCs) to said
- culture medium. In another embodiment, the process
further comprises 1n3ec+1ng a gas compr*slng the volatzle
‘organic compounds into said culture medium. The pIrocess
may also comprise the step of maintaining the supply of
25_ gaseous volatile organic compounds in the culture media
at a mass ratio in the range cf from 0.5 to 5 to the
_quantity of PHAS produced. The mass ratic of wvolatile
j_organic compounds supplied to the mass of PHAs produced
- .is crucial in malntalnlng a constant effective production
f30-'of PHAS. Tt has been surprlslngly found that injecting a
' :gas comprising volaﬁile organic com@ounds ﬁnto‘]said
.culture nmedium increases the production yield ofl PEAS
‘relative to when volatile organic compounds is not

injected intc said culture medium. The addition of
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volatile organic compounds into the culture medium

enhances the synthe$is of PHAs by introducing
;substitue nts 1in the iside chains: Aavantaaeously, the
; process employing the use of volatile -organic’ compoundsjff-
.;may be used for a wide range of mlcroorganlsms_and under
asrobilc conditions, - which =~ are more effective 7 for
bacterial growth and production cf PHAs than anaerobic
.conditions. The volatile organic compounds may provide a
,.riisou:cg of carbon andg,énergy for the PHAs production.
iQf;A&vaﬁﬁageOuéIy,‘the éﬁ?ply of VOCs in:the gaseous phase
- :ito the culture media provzdes a higher purlty of the VOCs

"waSlnce VOCs ln the llquld phase may comprise of 1mpur1t1es

'whlch are absent in the gaseous phase cf the VOCS. .

In one embodlment the process ﬁomprlses the step of
maintaining the pH of ‘the culture»media in the rangs of ¢

to 8. Advantageously, this maintenance of the pH in the

specified range contributes to the overall increase in

production of PHAs. The step of maintaining the pH of the

-culture media may comprise providing an organic acid to

‘said culture media.

In one embodiment, the process comprises the step of
maintaining generally'aerobic conditions in said culture
media during said culturing step. The culture media may
comprise 0.1 mgL™* to 1 mgl™ of dissolved oxygen during
said culturing step.

.In another embodiment, the process comprises the

. step of maintaining the culture media at 100 mgL™ to 1000

! bf organic carbon during said culturing step.

The process may also include bkefore said culturing

- step, the step of fermentlng a populatlon of PHA-

producing microbes in a microbial fermentation zone. The
microbial fermentation zone may be charged with a natural
source of microbes that contain PHA-producing microbes.

The microbes or microorganisms that may be used in said
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fermentation zone for the preoduction of volatile oxganic
compounds and hydrogen include but are not limited to the
gspecies of the genera Acetobacter, Bacteroides,
Clostridium, Citrobacter, Enterobacter, Moorella,
Propionibacterium, Ruminococcus, Thermoanaerobium.

In one embodiment, the microbial fermentation zone
is maintained at substantially anaerobic conditions. In
one embodiment, the process comprises the step of
producing hydrogen gas in said microbial fermentation
zone. Advantageously, the hydrogen produced can used for
injection into the culture medium as described above.

In one embodiment, said fermentation zone comprises'
of a 1liguid phase and a wvapor phase. In another
embodiment, the process comprises the step of obtaining
the wvolatile organic compounds from said microbial
fermentation zone. In one embodiment, the obtaining step
comprises the step of removing a vapor phase adjacent to
or above said fermentation =zone. Advantageously, the
volatile organic compounds produced can be used for
injection into the culture medium as described abkove.The
microbial fermentation zone may be maintained at a pH in
the range of 5 to 8. The microbial fermentation zone may
also be maintained at a reduction potential of fxom -50
mV to - 400 mVv.

According to an embodiment, there is provided a
method of increasing the proportion of PHAs-producing
microbes relative to non-PHAs producing micrcbes in a
culture media containing both PHAs-producing microbes and
non-?PHAz producing microbes, the method comprising the
step of {a2) incubating said culture media in a selection
zone under conditions to enable faster propagation of the
PHAs-producing microbes  relative to the  non-PHAs
producing microbes for a period of time to produce a

culture media having more PHAs microbes relative to non-
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PHAs  producing mic:@besf Advantageoﬁsly, the method
jﬁpfovides-fdr;positive]fselection,:wherein‘PHAskthd‘u’fCing :
microbes are “selected” by virtue of their prolific
.fgrowth rate. Even more advantageocusly, the. méthod, does
ot iéad to adverse changes in cellular behavior of the
, microbes caused by cellular starvation. This allows PHAs-
;:prodac1ng microbes to continue grow1ﬂd, multiplying and

- preducing PHAs normally without any apprec¢ab1e decline

"Vfln overall grow h rate ‘or PHAs Droducxng rate. The PHAs-

1o ¢

~p:oduelng mlcroorganlsms include but are not limited to

" 'the | species | of the:'génera Acinetobacter, Alcaligenes,

“ifAlcanlvorax, Azotobacter, Bacillus, Burkholderla,'Delftia,
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jKiebszella, : Marlnobacter, Pseudomonas, Ralston¢a,

‘Rhisobium.

In one embodim@nt[ pricr to step (aZ), the method

Further comprises the step of (al) providing a carbon

. gource 1in the culture medium to increase the store of
- PHAs present in  the PHAS producing - microbes.
‘Advantageously, this :step enables rapid propagatioh of

'PHAs producing microbes as well as restores and increases

the PHAsS stores within these micro~organisms.

In another embodimént, the providing step {al) and
incubating step (a2) are carried out in separate
chambers. This beneficially enables the providing step

{aly and incubating step (a2) to - be carried out

‘simultaneously in two. different sets of operating

',;cbnditions' Advantageously, this allows the method to be

,7adomted in & contlnuous process,‘saving large amount of

30

“operation time and 1ncr6351ng the overall eff1c1ency of

the process

In one embodiment, the method further comprises thes

istep of (a3) passing the culture media from tﬁe chamber

where the incubating step (a2) takes place; back to -the

other chamber where the providing step {(al) takes place.
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This step allows the “positively selected” PHAs-producing
microbes to assimilate carbon source rapidly in the
presence cof a carbon source, thereby overall producing an
increased amount of PHAs. Preferably, the sgteps (al),
{a2) and (a3) take place continuously. Advantageously,
this enables the c¢ycling of the culture media between the
providing step and incubating step continuously allowing
rapid “positive selection” as well as the production cf
PEAs to take place rapidly. More advantageously, this
method can be incorporated into a continuous process and
is not limited £for use 1in a batch process, thereby
increasing the overall throughput.

In one embodiment, the residence time of the culture
media in the chamber where the providing step (al) takes
place is from 6 to 24 hoursg. The residence time of the
culture media in the chamber where the incubating step
(a2) takes place may be from 0.5 to 2 hours. In one
embodiment, the ratio of the residence time of the
culture media in the chamber where the providing step
(al} takes place to the residence time of the culture
media in the chamber where the incubating step (a2) takes
place is from 5 to 15. The dissolved oxygen in the
incubating step (a2) may also be maintained at 1 mgL™’ to
10 mgL™*. Advantageously, the above conditions contribute
to the overall success and effectively of the method.

According to an aspect, there is provided a method
of extracting PHAs from PHAs-containing microbes, the

method comprising the steps of: hydrolyzing the cell

walls of the PHAs-containing wicrobes to release PHAg °-

from the PHAs-containing microbes; and separating said

released PHAs from said microbes;

10



wherein the hydrolyzing step comprises the gtep of using
microorganisms that release enzymes that hydrolyzes bacterial
cell walls;

wherein the microorganisms that release enzymes that
hydrolyzes bacterial cell walls are fungi selected from the
group congisting of fungil from the genera Absidia, Agaricus,
Aspergillus, Chaetomium, Fusarium, Neurospora, Penicillium,
Phanerophaete, Phialophora, Pleurotus, Rhizoctonia  and
Trichoderma.

According to an embodiment, there is provided a

method of extracting PHAs from PHAs-containing microbes,
the method comprising the steps of hydrolyzing the cell
walls of the PHAs-containing microbeg to release PHAS
from the PHAs-containing microbes; and separating said
released PHAs from sald microbes. Advantagecusly, the
method 1is a cost effective and efficient method of

extracting the PHAs from PHAs-containing microbes.

10a
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In one embodiment, the hydrolyzing step comprises
the step of using microorganisms that release enzymes
that hydrolyzes Dbacterial cell walls. The microocrganisms
that release enzymes that hydrolyze bacterial cell walls
may include fungi selected from the group consisting of
fungi from the genera Absidia, Agaricus, Aspergillus,
Chaetomium, Fusarium, Neurospora, Penicillium,
Phanerophaete, Phialophora, Pleurotus, Rhizoctonia and
Trichoderma.

In one embodiment, the hydrolysing step is performed
simultaneocusly with the separating step to thereby reduce
the time of contact between the hydrolvytic enzymes and
said released PHAs. Advantageously, this reduces the
possibility of PHAs being undesirably hydrolysed by the
hydrolytic enzymes. The separating step may comprise
using at least one of flotative separation,
centrifugation or membrane separation.

According to another aspect, there is provided a
process for producing polyhydroxyalkanoate (PHA)

compriging the steps of:

(a) incubating a culture media containing PHAs-producing
microcbes and non-PHAs producing microbes in a selection
zone under conditions to enable faster propagation of the
PHAs-producing microbes relative to the non-PHAs producing
microbes, wherein said incubating 1is undertaken for a
period of time to produce culture media having more PHA
microbes relative to the non-PHA producing microbes;

b)providing said culture media produced in salid incubating
step {a) to a culturing zone to culture the PHA-producing

micrcbes in a culture media containing hydrogen gas;

11
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¢) providing said PHA produced in said providing step (b)
to an extraction zone in which said PHA producing microbes
are hydrolyzed by microorganisms to releagse PHAs from the
PHAs-containing microbes; and
d) isolating said PHAs from said culture media.

According to an embodiment, there is provided a
process for producing polyhydroxyalkanoates (PHAS)
comprising the steps of {a) incubating a culture media
containing PHAs-producing micrcobes and non-PHAs producing
microbes in a selection zone under conditions to enable
faster propagation of the PHAs-producing microbes
relative to the non-PHAs producing microbes, wherein said
incubating is undertaken for a period of time to produce
culture media having more PHA microbes relative to the
non-PHA producing microbes; (b) providing said culture
media produced in said incubating step (a) to a culturing
zone to culture the PHA-producing micrcbes in a culture
media ; (c¢) providing said PHA produced in gaid providing
step {a) to an extraction zone in which said PHA
producing microbes are hydrolyzed by microorganisms to
release PHAs from the PHAs-containing microbes; and (4)

isolating said PHAs from said culture media.

1la
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' In one embodiment, at least one of steps (a) to . (d)

in the  process 1ls° carried out under non-aseptic -

conditions. In another embodiment, the process further

: comprisés the step of returning a portion of the PHA-
-prodﬁding‘microbes produced in step (b} to the selection

zone

j Definitions'

Tbe follow1ng words and terms used herein Shall have

. The term polyhydroxyalkanoate (PHR), as used in

the cont@xt of the present specification, zéfers-broadly

to renewable, thermoplastic, aliphatic polyestérs and/or

co-polyesters, which may be produced by pclymerization of
the respective monomer hydroxy aliphatic acids (including

dimers of the hydroxy aliphatic acids), by bacterial

Cfermentation @ of starch, sugars, lipids, etc. PHA

polymers may include poly-beta-hydroxybutyrate (PHB)

.{also Xnown as _polyw3whydzoxybutyréte), poiy—aiphaw-'

hydroxybutyrate {(also known as polym2mhydroxybutyr§te),
poly—B—hydroXypropionate, poly-3-hydroxzyvalerate, poly-é4-

hydroxybutyrate, pdlywé—hydroxyvalerate, poly-5~
hydroxyvalerate, poly-3-hydroxyhexanoate, " poly-4-
hydroxyvhexanoate, poly~6-hydroxyhexanoate,

polyhydroxybutyrate-valerate (PHBV), polyglycelic acid,

‘polylactic .acid (PLA); etc., as well as PHA copolymers,

" blends, mixtures, combinations, thereof.

The term “biomass”, as used in the context of the

present specificaticn, may include natural PHA-producing

bacteria, transgenic PHA-producing bacteria or mixtures

thereof. In addition, said biomass may include mixtures
of different varieties of PHA~-producing bacteria, for
example, mixed cultures cof Escherichia coli and Aeromcnas

hydrophilia. Bicomass may also include mixtures of plant

12
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biomass, bacterial biomass, and/or any other type of PHA-

containing biomass.

The term “non-aseptic”, as used in the context of

the present specification, refers to substantially no

sterilization and disinfection of the medium and
‘equipment, s0 accepting presence of microorganisms other

}Jthat #hose;of interesﬁ. This may also encompass non-pure

"EcﬁltureS‘:of microorganisms of interest. Likewise, the
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'“teimjﬁaSEPtic? should'be-construed accordingly.

0

" The term‘“anaerobic”, as used ‘in the context of the

present specification, refers to conditions whereby an

electron acceptor such as oxygen, nitrates and/or

sulfates are completely absent, or substantially absent.

The term “aesrcbié”, as used in the context of the

‘present specification, refers to conditions whereby there

is present at least one terminal electron acceptor such

_as oxygen, nitrates and/or sulfates.

The term “batch process”, as used in the context of
the present specification, refers to a process wherein
all or at least a portion of the reactants are added to a
reactor and then proceeds according to a predetermined
course of reaction, during which no product is removed
from the reactor.

The term Ycontinuous process”, as used in the

‘context of the present specificatien, refers tc a process

"wherein reactants are continually introduced and products

withdrawn simultaneously in an uninterrupted manner when

- in use or in operation.’

The term “nutrients” in the context of this

‘specification is understood to comprise any substance

‘that allows or contributes the growth of the micro-

organism.

The term "microbes”™ generally refers to, for

example, microorganisms such as bacteria, fungil, viruses,

13
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like biological entities and combinations thereof. The -
‘terms micrcbes and microorganisms - will [ be  used

:interchangeably herein.

‘The term “natural scurce” refers to a material that

‘veccurs in the natural environment, and may comprise one
- 'or mbre bioclogical entitles. For example, a natural
'f;sbu:ée‘of micorganisms (can be obtained from soil, waste

'EWatér;and food Wastenj

”fThe'term‘“volatiie:organic compound” {("VOC”) as used

.ﬁeréiﬁ Shalﬂ be givern their ordinary'ﬁean;ng and Shall
  include, but not be limited to, highly -evapbrafive,

carbon-based chemical substances; chemical compounds that

evaporate readily at room temperature and contain carbon;
and/or compounds comprising carbon which participate in
atrmospheric - photochemical reactions. The VOCs may be

found from the vapor phase ©f an enclosed fermentation

' chamber that contains a population .of microbes that
‘produces PHAS. Typical volatile organicfcompounds include
.alcoheols and fatty aclds, particularly low carbon number

alcohols and fatty acids.

Unless specified otherwise, the terms “comprising™
and "comprise", and grammatical variants thereof, are

intended to represent "open" or "inclusive" language such

~that * they include recited elements - but also permit

“inclusion of additional, unrecited elements.

.- As ‘used herein, the term "about”, in the context of

" .coneentrations of  components of the  formulaticns,

ctypically means +/- 5% of the stated wvalue, more

typically +/- 4% of the stated value, more typically +/-
3% of the stated wvalue, more typically, +/- 2% of the
stated value, even more typically +/~:1% of the stated
value, and even more typlcally +/~ 0.5% of the stated

value.

14



- WO 2011/112154 ‘ PCT/SG2011/000094 ‘

?hroughout this disclesure, certain embodiments may
rbe disclesed in a range.formau. It should be understood
that . the description in range format 1s merely for

convenience and brevity and should not be construed as an

i 1nfi@wale llmltatlon Qn the scope _of the discleosed

j'ranges Accordingly, the descriptién of a range should be

l' jcons1der@d to have . specifically disclosed all  the

“jﬁ;p0551ble ,sub ranges jas well as  individual numerical
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f vaa1ues wi thln that xange For examble,'descrlptlon of a
10 frange such as from 1. to "6 ‘should be con51dered to" have‘
: "spcc;flcally' disclosed sub~ranges such  as from 1 to 3,

From' 1 to 4, from 1 ﬁQ.S, from 2 to 4,:from 2 to 6, from
3 to 6 ?tc.f‘as well as individual numbers within that

~ range, for example, 1, 2, 3, 4, 5, and 6. This applies

regardless of the breadth of the range.

Disclosﬁre of Optional Embodiments
Exemplary, non-limiting embodiments ofigmocesé for
producing polyhydroxvalkanctae  {PHAs), ~a method - of
increasing. the proportion of PHAs-producing microbes
relative to ‘non~PHAs producing micrecbes in .a culture
media containing both 'PHAs—producing' microbes and non-

PHAs producing microbes, and a method of extracting PHAs

. from PHAs-containing microbes will now be disclosed.
25

The process for producling - polyhydroxyalkanotae

'j(?HAS) ‘compﬁises thé' steps of culturing a biomass

- containing. PHA-producing microbes in a culture media and

providing said biomaSs  to an extraction zone in ‘which
said PHA-producing ‘_ microbes are hydroiyzed' by
microorganisms to release PHAs from the PHAs-containing
microbes., The  hydrolyzing step comprises  using
microorganisms that release enzymes that hydrolyzes

bacterial cell walls. The microorganisms that release

. enzymes that hydrolyzes bacterial cell walls may be fungi
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 selected from the group consisting of fungi from the

genera Absidia, Agaricus, Aspergillus,  Chaetomium,

Fusarium, Neurospora,” Penicillium, Phanercphaete,

7Phiaiophora,.Pleurotus, Rhizoctonia and Trichoderma.

"In one embodlment the process for producing PHAs

'ffcomprlses the step of culturlng a blomass containing PHA~

’];produc1ng m;crobes ]ih‘ a culture media containing

20

25
S e the quantlty of PHAs produced. Preferably, the mass

30

fihydrogen .lIh one embodlment, the process fﬁrther
,:ﬁi;comprﬁses the step of 1njactlng a stream of hydrogen gas
10.

_“contains PHA-producing bacteria selected from the genera

into said culture medlum« In one embodlment the biomass

-consisting of Acinetobacter, Alcaligenes, Alcaniveras,
Azotobacter, Bacillus, Burkholderia, Delftia, Klebsiella,
. Marinobacter, Pseudomonas, Ralstonia, Rhisobium.
15

'In one embodiment, the culture media = comprises

Volatile organic compounds (VOCs}). The VOCs may comprise

cne or more of the folldwing: volatile fattyracids.and

alcohols.

In one samboediment, the culture medisz comprises a3

‘carbon nutrient source, such as carpbohydrates. The method

may also comprise the step of maintaining the supply of
hydrogen in the culture media at mass ratio in the range
of ffom about 0.01 to about 0.1, from about 0.02 to about
0.09, from about 0,03 to about 0.08,‘from about 0.04 to

faboutio 07 or from aboﬁt 0.05 to about 0.06 of hydrogen

‘ratio. of hydxogen to the quantity of: PHAs pxoduced is

"about 0.02. In another embodiment, the process comprises

the step of maintaining the supply of carbohydrates in
the culture media at mass ratio in the range of from
about 1 to.about 5, from about 2 to about 4 or from about
2 to about 3 of carbohydrates to the guantity of PHAs
produced. Preferably, the mass ratio of carbohydrates to

the gquantity of PHAs produced is about 2. The process may

16
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also comprise the step of mainﬁaining the supply of:

. organic acids or lipids in the culture media at mass
ratic in the range of‘from about 0.5 to about 5, from
‘abouﬁ;-l to about 4.5, from about 1.5 to about 4, from
:‘a5outﬂ2 to about 3.5 or from about 2;5 to about 3 of
5fdrgéﬁic acids or 1ipidsﬁto the quantity'of PHAs produced.

ﬁiPreferablyg ﬁhe-mass'ﬁatio of organlc ac1ds or llplds to

‘ufthe quantlty of PHAS produced is about 1.

10 |

20
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TcuLtur@ media at mass ratio in the range of from abo ut ]

Ln one embodlmeﬁt,‘the process comprlses the step of

‘malntalnlng the supply: of volatlle organlc ac1ds in the

e

- to about 3, from about 2 to about 4 or from ébout 2 to

about. 3 of volatile organic acids to the quantity of PHAs

v t prodﬁced.APreferablyﬁ the mass ratio of volatile_organic
15

acids'to the guantity of PHAs produced is about 2.

The process may .also comprise the °~ step of

“.maintaining the pH of»the culture media in the range. of

from about 6 to about,S, from about 6.5 to‘abéuti??B'or'

from about 6.5 to about 7. In one embodiment, the,step of

maintaining the pH of the culture media comprises

providing an organic acid to said culture media. The

process may also include the step of maintaining
.génerélly aerobic conditions in said culture media during
. E,Said ﬁulturing step.

250

%n one 'embodim@ﬁt} the process the culture media

jicomprzses from about O 1 mng to about- 1 mgL ™t from about
 70 2 mng to about 0. 9 ngL™*, from about 0 3 mng to about
0.8 mglL™t, from about 0.4 mgL™* to about 0.7 mgl™, or from

about 0.5 mgL'l to about 0.6 mglL™” of dissolved oxygen
during said culturing step. Preferably, the culture media
comprises apout 0.5 mglL™! of dissolved oxygen d&ring said
culturing step ' ' |

In another embodiment, the process comprises the

step of maintaining the culture media at from about 100

17
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mgL™l to about 1000 mgL™, from about 200 mgL™> to about
900 mgL!, from about 300 mgL™ to about 800 mglL™, from
about 400 mgL™' to about 700 mgl™', or from about 500 mgL™

_ito about 600 mng of organlc carbon during said culturing
‘Fstep Preferabiy, about 500 mgL™l of organ;c carbon 1is

'f;maantalned in the calture media.

En cne embodlmeno, hydrogen gas .in the culituring

»‘-‘ii;.jzone ls substantlally homogenously dlspersed throughout

}S‘ogaseous volatile organic compounds may be substantlally

20

30

: _”;sald culture_medla, The hydrogen gas may be substantlally
100

hOmogénously" vertlcally and horizontally ,dlsporsed

:throughout the culture media.

In one embodiment, gaseous velatile organic
commounds in the culturing zcne are substantially

homogenously dispersed throughout said culture medla The

Homogenously vertically - and horizontally  dispersed

_throughout the culture media.

In one embodiment, wherein before said culturing
step, the process comprises the sStep of fermenting a
population of PHA—producing microbes in a microbial
fermentation zone. The microbial fermentation zone may be

charged with a natural source of micrcbes that contain

. PHA-producing microbes. In one embodiment, fermentation
. of organic compounds  1s carried ocut in -microbial

25 ° fermentation zone. The fermented organic compounds may

include at least one of carbohydrates, liguid and sclid

lipids, microbial blomass and waste organic. compounds

- fermented by bacteria selected from the genera con51st1ng

but are not limited toof Acetobacter, Bacterozdes,
Clestridium, Citrocbacter, Enterobacter, - Moorella,
Propionibacterium, Ruminococcus, Thermoanaerobium. The

mass ratio of supplied fermented carbohydrates and

. fermented microbial biomass in microbial fermentation

‘zone may be maintained at from about 1 to about 10, from

i8
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about 2 to about 9, from about 3 to about 8, from about 4
to abgut 7, from about S'to about 6. Pref@rably the mass

ratio of supplied ferménted carbohydrates and - fermented

- microbial biomass in microbial fermentation =zone is

- maintained at 3.

.In one embodiment, thé microbial fermentation zone

. .is maintaired at substantially anaerobic conditions. The

‘"5fmicr¢5ial fermentation . zone may be inoculated. with a

20

30

‘'natural source of anaerobic microcrganisms. ﬁ In ‘one

iO"embodimentﬂ - the ‘natural source . of anaerocbic.

microorganisms is soll, becttom sediments of aguatic
systems, or anaerobic sludge.

‘The process may inciude the step of producing

s hydrogen gas in said microbial fermentation zone. The
15 es

. ¥elatile organic compounds in said micreobial fermentation

:process"may include the step of producing gaseous

'uzone. The wvclatile organic compounds may be - extracted

from the microbial fermentation =zone and transferredrto
sald culturing zone. Typically, the fermentaticn zone is
contained within an enclosed wvessel with a liquid
fermentation‘phase and a volatile phase above it that is
contained within a chamber. Accordingly, the wvolatile

organic compounds may be extracted from the chamber by

N ‘Eapplying a vacuum from which they are then passed to the
25 -

"oneﬁjembodim@nt, the process comprises. the. step . of

ia'culture media for culturing PHA-producing microbes. 1In

‘maintaining the microbial fermentation =zone at a pH in

the range of 5 to 8. The process may also comprise the
step of maintaining the microbial fermentation zone at a
reguction potential of from about -50 mV to about - 400

v, from about -100 mV to about - 350 mV, from about -~

150 mV to about - 300 mV or from about -200 mV to about

- 250 mv.

19
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In another embodiment, wherein after said culturing
step, the process comprises the step of extracting PHA

from . said cultured PHA-producing microbes. In one

:f embddiment the extraction step comprises the step of

7;hydrolyzzﬂg the PHA-produ01ng' microbes to release said

EV[?ﬁPHAs " The step of hydxolyz¢ng may comprise the use of

'ff}u81ng mlcroorganlsms tnat release enzymes that hydrolyzes

‘lffbacuerzal Ccell walls In one embodlment ; the

10

20

30

7jmicréérganisms that . release eniymesi that hydrolyzes

‘bactéerial cell walls’ are fungi selected from the group

'con31stlng of fungi fr om. the genera Abs&dia, Agaricus,

Aspergililus, Chaeteomium, Fusarzum, Neurospora,

‘Peniciliium, : Phaneropbaete, Phialqphora,- Pleurctus,
- RhlZOCtOﬁla and Trichoderma. '
15

In one embodiment, wherein before said hydrolyzxng

:Step, said PHA-producing lmicrobes are substantiglly

. separated from the bicmass. The extraction step may be

undertaken in an extraction =zone at generally acidic

conditions. The acidic conditions of sald extraction zone

‘can be at a pH within the range of from about 2 to about

5 or from about 3 to about 4.
In one embodiment, the process further comprises the

step of separating said released PHAs from said microbes.

" The extracting step méy 2lsc be performed simultaneocusly
{25'5w1th the separating sLep to thereby reduce the time. of

" contact between the hydrelytic enzymes: -and said released

PHAs. In one embodiment, the process comprises the’ step
of introducing an oxidént, such‘as hydrogen péroxidé or
sodium hypoéhlorate to said extraction =zone. The
treatment of bacterial biomass to dissolve bacterial cell
wall and non-PHA polymers may be with a solution of

sodium hypochlorate from about 0.5 to about 2% (w/v) oz

 from about 1 to about 1.5% % (w/v).. The treatment of

bacterial biomass to dissolve bacterial cell wall and
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non-PHA polymers with sodium hypochlorate may be carried
out from about 1 to about 8 hours, from about 2 to about

7 houﬁs, from about 3 to‘about 6 hours or from about 4 to

‘fabo@tl 5 hours. The treatment of bacterial biomass to

';ﬁdi$S§lvefbactgrial cell wall and n@anHA polymers with a

““fﬁsalutiOn of sodium hYpoéhlorate may'also be carried out

 f at pH of from about 11 to about 12 or from about 10 5 to
"fabout 11.5. |

EOF organ1c acids, lipids, nutrients disclésed herein may be

-In 'onej embodlment the supply of carb@hydrates,

from.at least cne of the following sources: reject water

of mﬁnicipal. wastewater treatment plants, glucose or

" glucose~containing wastes, sugar or sugar-containing

- wastes, 1actose or lactose ~containing waste such as

15+ cheése  whey; aceta;e, "vinegar - or ‘acetate- contalnlng e

20
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waste, valeric acid = or Valérate—contalnlng wastes, -

. stevia extracts, rebaudiocside A (RA),'stevia; extract,

cassava starch, corn starch, potato starch and starch-

containing wastes, palm o0il, vegetable oil, other

‘wastewater Ifrom processing plant of tomatoes, potatoes,

cheese, soya bean, vegeatable ¢ii, sugar cane (molasses)

‘and food waste, solid organic waste, waste biomass from

;fmunlcmmal or lndustrlal wastewate* treatment plant.

The method of lncrea51ng the proportlon rof 'PHAs-
produclng ‘microbes f:elatlve to non~FHAs ' producing

micrebes in a culture medla containing b@th‘ PHAS~

producing microbes and non-PHAs producing. microbes

comprises the. step of {a2) incubating said culture media
in a selection zone under conditions . to @nable faster.
propagation of the PHASeproducing microbes relative to

non-PHAs producing mlcxobes feor Za period of tlme ~to

produce a culture medla hav ng more PHA mlcrobes relatlve

. "to non-PHA producing micrcbes. In one embodiment “,ﬁhé' “

conditiens in the selection zone apart from enabling

21



10 .

15

20

25

30

WO 2051/112154 PCT/SG2011/600094

faster propagaticn of the PHAs-producing microbes

relative to non-PHAs producing microbes, does not

substéntially lead to adverse physiclogical changes in
;‘cgllular--behavior of. the microbes caused by cellular

~ starvation.

"';'ﬁn oné:embodimenﬁ, wherein prior to step (aZ), the

'&f,'méthd&‘further comprisés the step of (al} providing said

culture media with a carbon source to increase the store

of PHAs present in the PHAs producing microbes. The

;feeding step (al) and incubating step (32) may be carried

out in separate chambers.

The methed may further comprise the step of (a3)

‘passing the culture media from ‘the chamber where the

incubating step (a2} takes place, back to the other

chambér where the feeding step (al) takes place. Iﬁ one

-embodiment, the steps {(al), (a2) and (a3) take place

. continuously.

The residence time of the culture media in the

" chamber where the feeding step {(a8l) takes place may be

from about & to about 24 hours, from zabout 8 to about 22

hours, from about 10 . to about 20 hours, from about 12 to-

.abcocut 18 hours or from abkout 14 to about 16 hours. The

residence time of the culture media in the chamber where

' the where the incubéting step (a2) takes place may be
:about from abcut 0.5 to.about 2 hours 5r from 1 to about
.1.5 hours. The ratio of the residence time of the culture
imedia in the chamber where the feediﬁg step (ai) takes

place to the residence time of the mixture in the chamber

where the incubating step (aZ) takes place may be from
about 5 to about 10, from about 6 to about 10, from about

7 to akout 10, from about 8 to about 10, or from about 9

“to about 10.

In one embodiment, wherein the dissolved oxygen in

the incubating step (22) 1s maintained at from about 1
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-1

mgL™! to about 10 mglL™*, from about 2 mgL™* to about 9 mgi~

1 from about 3 mgL™' to about 8 mgL™'  from about 4 mgL™*
 to about 7 mgL’} from.'about 5 mgL? to about 6 mgL’t
;ulﬁPreferab1y ‘the dlssolved oxygen JJ} the incukating step

fi(az) ls malntalned at 3 mgL™

_7 The method of extractlng PHAS from PHAS- contalnlng
ﬁ'microbes, the methodlcomprislng the steps of hydrolyzxng
the céll walls of the PHAs—containiﬁg microbes to release
. PHAs  from the PHAs—containing microbes; and separating

10 = 'said released PHAs from said ﬁicrobes. |
| In one embediment, the hydrolyzing stepi comprises
using microorganisms that release enzymés that hydrolyzes
'-‘bactéfial ceil walls, The mlcroorcanlsms that velease
 fienzymes that hydrolyzes bacterial cell walls may b@ fungll
15-‘ selected from the group cons;st;ng of fung1 from the
genera Absidia, Agaricus,  Aspergillus, Chaetomium,
Fusarium, Neurospora, Penicillium, FPhanerophaete,
7Phialqpbora, Pleurotus, Rhizoctonia and Trichoderma. The
hydrolysing step may be performed simultanecusly with the
20 ‘separating step to thereby reduce the time of contact

- between the hydrolytic enzymes and sald released PHAs.

in one embodiment, the separating step comprizes
.iusin@‘ at. least 1one of flotative separation,

7 centiifugatidn or m@mbﬁéne separation. | '
251 | - The disclosed prdcess and/or meﬁhod.rmay also be

carried out in non-aseptic conditions.

Brief Deséripticn of Drawings
The accompanying 'drawings illusﬁrate a disclesed
30 embodiment and serves to explain the principles of the
disclosed embodiment. It 1s to be understood, howsver,
. that = the drawings - are designed for, purposes: of
-illustration. only, aﬁdgnot as a definition of the limits

‘of the invention.
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Fig. 1 shows a schematic process flow diagram of the

PHA ptoduction process;

 Eig. Za. is a gzaph showing the change in pH with

 Trespect to the change in time (measured in days}) in the

iffapaeroblc reactor 6 of Flg I.

f;ﬁ 2b is a graph show;nc the change in Ox1datlonf

'j:Reductlon Potentlal V{DRP, measured in- mllllvolts, MRV )
with respect to the change in time {measured in days) in

‘the anaerocbic reactor 6 of Fig. 1.

Fig. 3 is another graph showing the change in the

biomass concentration (measured in grams per litre) with

‘ffﬂrespect te the change in time (measure in hours) of the

15 -
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‘aeroblc reactor 8 of Flg.'l.

Detailed Description of Drawings
Referring now to Fig. 1, there is shown a system 100

for use in the produétion of PHA. The system 100

consists of stirring tanks (2, 4), anaerobic reactor 6,

aerobic reactors (8, 10, 12), settling tanks (14, 16),

alr compressor 18, storage tanks (20, 22, 24, 26, 28), a

Esépérétor 30, granulaﬁed activated carbon (GAC) filter 32

pumps (34, 36, 38, 40, 42, 44, 46, 48, 50, 52) and a air

'flow meter 54.

Twe stirring tanks (2, 4) are previded for the
storage of lnorganic ‘nutrients and organic' nutrients
respectively. Stirring tank 2 houses the inorganic

medium (hereafter “MZ”) which is to be supplied to

- aerobic reactor 8, which preferentially stlmulates the

j'c‘;J:o\»\ﬂ:l'l of microbes adapted for PHA productlon

:The: znorganlc medlum M2 in stirring tank *2 is
prepared as follows: 300 g of glucose is dissolved din 15

L of tap water. 5L of other solutiocns, selected from the

24
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group consisting of: reject water, solution c¢f inorganic

nutrients, solution of crganic acids after fermentation,

.aCetic acid, wvaleric  acid, chloric.'acid and sodium
'{vhydrOXLde, ‘are added. to this volume so that the final
-choncentratzon of carbohydraLes in the medium is 20 g/L.

ffSL of reject water procured from a nmn101pal wastewater

treatment ,plant containing approximately 1lg volatile

- fatty acids per litre is further added to thé medium. The
‘ ‘final concentration of volatile fatty -acids is about 5
16

. not used, inorganic nutrients can be manually added to

g/L. If reject water of municipal wastewater plants is

- the  medium, to achieve the respective final

. < concentrations:

15

20

Compound | Ceoncentration (gL*)
(NHq) 2C1 'Zg

-KH2P04 - 0.5

Call,. 280 ' 0.1

MgClg 6H20 ' ) 0.1

‘Ferric EDTA sodium. salt|0.1 .

hydrate
"MnCl,.4H,0 - ' ' 0.01

"NagMOOQ.szo ’ 0.001

The pH of the inorganic medium M2 is kept in a range
of 6.5 fto 8.2, This incrganic medium M2 is then pumped

into reactor 8 at a rate of 1 L/hour (24 L/day).

The organic medium M1 in stirring tank 4 is prepared
as follows: 300 g of glucose is dissolved in 10L of tap

water. 10L of bkiomass Suspension {with PHA extracted) is
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further added to this volume so that final concentration
of Cérbohydrates in this medium is about 20 g/L and the
- final’ concentratlon of protein is about 0.8 g/L (i.e. the

'f;fmnal concentratlon of nltrogen is about 0.12 g/L}. This

_ .;Eo;gan}c 'medlum M1 i_ _then pumped 1nto the anaercbic
:l”ﬂiréédﬁér 6 at a raté ;EL/houz (24L/déy); This organic
,nutriént medium is also pumped into reactor 10 at afrate_
of 1L7/hour (24L/day). | o
'Anaérobic reactor 6 serves as the fermentation
iO reactdr, primarily for the production of organic acgids,
- volatile organic compounds and hydrogen gas.  Anaerobic
reactor 6 has an operating volume of 13L. To start up the
“Cfanaérébic reactor 6, it is filled wmth 6L of organﬂc
'fmedlum Ml f:om btALflng tank 4 and 1T of an- anaeLob
iS"501l suspengion. This soil suspen510n is made by mixing
éf 0.5 kg of wet anaerobic scll obtained from wetland or
- lake shore, witﬁ 1L of tap water. This soil mixture is
then allowed tc settle for 1 hour and filtered through a
0.lmm screen in order remove the soil debris. The
20 ‘.filtered soii suspension is theﬁ added into anaerobic
-Ereactor 6.
:_énaerobic conditions are maintained in the reactor
‘6, with the oxidation-reduction potential (ORP) Lk@pt
: -]lowsr. than ~50 mV. Batch cultivation is fhereafter
25 continued for 4 days, during which the pH is maintained
- at around © ~ 8. During this‘time, organic compounds are
fermented by one or more bacteria species provided in
reacter 6 to produce hydrogen, volatile organic compouhds
and organic acids. |
30 o 'Dux;ng ‘ continuoué -operatlon, stlrrlng tank 4
' -supplles organic medium {(hereafter “Ml”) to the anaeroblc
‘reactor & at 1L/hr. Lysed and/or 1ntact biomass ex1+1ng

from reactor 12 is recycled into anaerobic reactor 6 at a
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rate of 1L/hour (24L/day). Volatile organic compounds
.Aexitiﬁg from. reactdrf 10 are recycled into anaerobic
-‘fréadﬁdx 6 at a rate of gas 10L/hour (240L/day). The
fjpfbd@étiohs of anaerobic fermentation, primarily organic
_ﬁadids; Volatile orgahic compounds  and hydrogen,: are

“routed to reactor 10.

‘Reactor 8 has an operating volume of 6L.;Réa¢tor 8

provides a nutrient deficient phase, whereby microbes
which are capable of producing and/or storing PHAs are
preferentially selected over microbes which cannot

',-pronCe or store enough PHA to survive this nutrient

"ijdefiéient phase.

15
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f%o start up reactor 8, 3L of organic medium M1, 2.5L

of ‘ihorganic mediuﬁ:'MZ and QO.5L of aerobic soill

'spspension is added to reactor B. . The soil suspension

is cbtained via the same method as that described above,

‘with the difference being that the soil is aercbic. Batch

cultivation is then carried out for 2 days.

When in continuous operation, reactor 8§ is supplied

by stirring tank 2 with inorganic medium M2 at a rate of

,:1L/hr;' Reactor 8 also receives biomass pumped from

réactor 10 at a rate of 3L/hr.. BAir is supplied . to

reactor 8 at 2L/min, causing an aeration rate of 0.33L/L

min. Air is supplied from a compressor 18, which is in

fluid communication with reactors 8, 10 and 12. The rate

of alr flow is monitored by a flow meter 54. The microbe
suspension in reactor 8, which has been enriched in PHA-

producing micrcbes, is pumped back intc reactor 10 at a

‘rate of 4L/hour.
Reactor -10 has &ﬁjoperating volume of 13L. ‘Reactor

10 is primary reactofﬁfor the production of ?HA,:thtdtgh

the cultivation of micrcbes capable of producing and

storing PHA. To¢ start up reactor 10, it is filled with
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10L of organic medium M1 from stirring tank 4, 2L of
“inorganic medium M2A:frbm. stirring tank 2 and 1L of
‘;'aérdbic soil;suspension. The scil suspensicn is cbtained

(- the seme way as that for reactor 8. Batch cultivation is

§'ET}subsequently carried ﬁﬁﬁ;for 2 dayé;
jWhen in continuodsicpefation, reacior 10 is suppiiéd‘
' withj0rganic.medium M1 from stirring tank 2 at.a rate of
'le/hr "The rate at whlch the organic medlum is supplled
to reactor 10 may be adjusted to obtain a totai organic
iO :carbon {TCC} .concentration at about SOOmg/L. The organic

]acid&,_ﬁolatile organic compounds and hydrogen, reaction

'jpfodqcts.from reactor 6, are pumped into reactor lOfat a _-:-

”{irétéﬁofoL/hﬁ. It is;ébserved thaﬁ the3gr¢wth of;tﬁé;PHA-:'”'
'Econtéﬁning'microbes is significantly ifiproved bylﬁéééing

15 the hydrogeri gas into reactor 10. It is observed fhét the
| growth of the PHA containlng znlcrobes is significantly
“improved by passing the volatile organic compounds into

. reactor 10. Biomass from reactor 8 is pumped into ﬁeactor

_ 10 at a rate of 3L/hr. Aeration rate in reacter 10 1is
20 . about 10 times lesser than the aeration rate in reactor
8, i,e., air is supplied at about 0.4L/min and the
ir@sﬁlﬁant aeration rategis 0.03L/Lmin. Air flow rate may

" be adjuétéd- as need to achieve 'a_:diséol#ed ‘SXYgen
concentration of about 0.5 mg/L. A portion Qf the gas

25  exiting reactor 10, which is enriched in volatile organic
compounds, is recycled back to reactor 6 at a ﬁate of'gas

10L/hr {240 L/day).

The suspension from the top: of reactor 10 is
::dlscharged intc a settllng tank 14 at a rate of 6L/nr :
30 Liguid from - “the top of settling -tank 14 is ‘discharged R
‘ ‘éznto a drain by gravity. The settled. blomass at the
-bottom of settling tank 14 is pumped:into.reactor g at
3L/hr, reactor 10 at 3L/hr and reactor 12 at 0.5L/hr.
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éeactor 12 provides for the extraction of PHA from

the microbes. The operating volume of reactor 12 is 13L.
:ZTQ.stért-up the reactor 12, 11L of settled biomass from
5fséttling‘tank 14 and 2L of aerobic, acidic forest soil

. 'suspénsion are added into reactor 12. The soil suspension

"jfis bbﬁaiﬁed by mixing 2kg of the aerobic, aciéic forest

10

 CQnténts is adjustad_td about 4.5 using 0.1M solution of

15

20

25

30

'soil with 2L of tap water. The mixture is alloWed to

'settle for an hour and is filtered through a lmm screen

to remove the soil debris, The resultant soil suspension

is then addéd into reactor 12. The pH ¢f the resdctor

) hydrochloric' acid. Batch cultivation takes place for 4

days. Thereafter, Treactor 12 is 'fife 'with' micrOM._fti

orcanlsms capabl@ of relea31ng extra- cellular enzymes for

the hydroly51s of bacterlal cell walls.

During the c¢ontinuocus phase, reactor 12 is supplied

"with biomass pumped from settling tank 14 at a rate of

2L/hr. 0.1M HC1 from storage tank 28 is added

continuously into readtor 12 at a rate of 0.01 - 0.1L/hr,
.in order to maintain pH in the range of 4.3 - 4.6. At
'ithlS stage, a portion of- the mlcrobes undergo lysis and
jthe'PHA is extracted from the cell in the form of PHA

granules.

- The foam at the top of reactor 12 is discharged into
a separation. tank 16, where. the separaticon df the PHA
granules and the cell debris takes place. The éxtraction
cof PHA from the cells c¢f the PHA-producing microbes is
performed simultaneously with the separation of the PHA

granules  from the cell debris to minimize interactions

jb@tﬁéen the ﬁydrolytiéjenzymes andfthélPHA graﬁuiéé;-?he"'

separation is perforﬁéd-by flotation of the ?Hé‘grahﬁles"”

at a pH of about 3.5. A portion of the liquid exiting
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':fand 12 exrts from the’ top of these reac;ors at a rate of
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separérion tank 16 is recycled back to reactor 6 at a

;.raté‘bf 1L/hr.

The crude PHA is. then passed to tank 20 at a rate of

VfﬂO SL/hr, where it lS sub]ected to further purlflcatlon, _
jrreatment by bleach solution pumped from tank 26. The
:ﬁpurlfled PHA is passed to aﬁd stored inltank 22jbefore it

iis pumped into the drying and granularion unit 24. The
'VEdrying may bé carried.:out at 60°C and the granulation

‘carried at 180°C.

‘The effliuent alr from the aeroblc reactors, 8,-10

”“JO 44L/m1n and is thereafter routed.,o a qeparator 30 and'
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'ta granulated actlvated carbon .(GAC)ﬂ fllter 32{jfdr

‘trearment"prior to being discharged to the surrounding

environment.

Referring now to ‘Fig. Z2a and Fig. 2b, there are

respectively depicted two graphs showing the changes in
'pH and OQRP with respect to time occurring in reactor 6,
.~ /As can be seen from Fig. 2a, pH gradually decreased from
20

7.5 to about 5.5 over 9 days and the pH did not record a
further change on the 10 day. It is postulated that as

-more organic acids are produced due to the fermentation

process, the pH drops accordingly until the net organic
acid concentration in reactor Tbecomes substantially
constant. This can be due to steady state being reached,

where the amount of organic acids being routed to reactor

.10 is replaced by newly $ynthesized organic acids in the

fermentation reactor,. with no net increase or decrease in

organic acid concentration.

In the second graph, it can be seen that the redox
potential decreases sharply over the first 8 days and
remains fairly  constant over the next two days at

approximately ~-220 millivolts. The high negativity of the
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‘fthen'fmaintains at & vwvalue of abdut 5g/L. . This
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. redox’.potential is indicative of the anaerobic conditions
 ﬁeésén£iall for the fermentation and the production of
1Lorgénié Racids and h&diogen. It -can be seen that the
,1c¢ndi§igné,ih the‘reé¢ﬁbr grew mofe aha@robic'with.;ime

'jVQntilfa steady state value was reached.

-Now'referring to,Fig.'B, there is depicted a graph
showing the change of biomass concentration with respect
te time in the reactor 10. As expected, the biomass

concéntration‘grows at a fairly constant pace, peaking at

Zabout\'Sg/I, on the 40 -hour. The biomass concentration

. ‘concentration is indicative of the. maximum ~microbe

15
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‘material and as biomaterials for applications in both

25
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.- population sustainable, wherein further growth - is

prevented by a limiting factor, such as the rate. at which

organic nutrients are assimilated.

Applications

The disclosed methods and processés may be applied

in numercus industrial applications, not least in the

production of biodegradable plastics as packaging

conventionél medical devices and tissue engineering.

The disclosed methods and processes are able to
synthesize PHAs into PHAchontaining blomass efficiently
and eccnomically. Furthermore, as the disclosed methods
and process can employ wastewater or solid organic wastes

as the medium for the production of PHAs, these methods

‘reduce cost of raw materials used.:

In one embodim@nt;,through thé'uniqu@ Combination cf

-anaerocbic fermentation, aerobic ‘bicmass . growth,
‘microaerophilic biosynthesis of PEAs,  microbial

hydrolysis of biomass containing PHAs, and flotative
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y:concehtration of PHAé,jthe disclosed method is further

 'capable of and eqsurlng a continuous production of PHAS.

Furthermore, the dlsclosed methods aveid the need to

e use flammable and toxic organic Solvents in the chemlcal
‘;extractlon of PHAs. Advantageously, the dlsclosed method

is capable of minimizing environmental pollution.

The disclosed methods and processes are also not

=

restricted to the use o¢f pure cultures of Dbacteria.

“Advantageously, the methods and processes can be carried

lO,Zjout in aseptlc condltloms. Meore- advantageously, large

:ff"amount of resources does not have to be expended to “keep

f:ath ‘process condltlons sterile of free from forel n
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{jmlcro organlsms.

The dlSClosed method of 1ncrea51no the proportlon of
PHAs—pxoduCLng microbes Trelative to non—PHAs producing

fiicrobes in a culture media containing both PHAs-

. producing microbes and non-PHAs producing microbes is not
jlimited to being used in batch pxecesses. Advantageously,
‘the disclosed methods do rnot result in the micro-
foﬁgenisms frequently altering their natural cellular

‘behavior due to cellular starvation, which when occurs,

may undesirably result in the growth rate of the miero—
organisms, including PHAs producing micro-organisms being
adversely affected. Hence, the method of the present
disclosure may result in higher rate of PHA production

due to the absence of disturbances in cell physiology

‘{during the. famine-feast c¢ycles that are carried out in

-known processes.

More advantageously, the disclosed methods can be

used in continuous processes which increase the overall

processing efficiency.

It will be apparent that various other modifications
and adaptations of the invention will be apparent to the

person skilled in the art after reading the foregoing
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,‘;dlsclosure w1thout departlng from the Splri» and scope of
7-théf 1nventxoq and ﬁit is  intended that ail »Shch

'i_mcdlflcatlons and- adaptatlons come Withln Lhéﬁ scopek of

'ﬂ:the appended clalms.
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Claims
1.4 process for producing golyhydroxyalkanoate {PEA)
comprising the steps of: '
culturing a Dpiomass containing PHA-producing microbes
accumulating PHAs in a culture media containing supplied
hydrogen gas and veolatile organic compounds; and
hydrolyzing said ?HA5~producing microbes using

microorganisms selected from the PHAs-containing microbes.

2.2 process as claimed in claim 1, comprising the step of
injecting a stream of hydrogen gas into said culture
mediym,

3. A process as claimed in claim 1, comprising the step of
injecting a gas comprising veolatile organic compounds into
said culture medium,.

4, The proc'ess as claimed in cleims 1 or .3, comprising' the
step of maintaining the supply of volatile organic
compounds in the culture media at a mass ratio in the range

of from 0.5 to 5 teo the quantity of PHAs produced.
5. The process as claimed in an'y of the preceding claims,

whérein the culture medlia comprises a carbon nutrient

source.
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€. The process claimed in cleim 5, wherein the carbon nutrient

gource comprises carbohydrates.

7. The process as claimed in claims 1 or 2, comprising the
step ¢f maintaining the supply of hydrogen in the culture
media at mass ratio in the range of from 0.01 to 0.1 of

hydrogen to the quantity of PHAs produced.

' B. The process as claimed in any one of the preceding claims,
comprising. the step o0f malntaining the supply of
carbohydrates in the culture medlia at mass ratio in the

range of from 1 to 5 of carbohydrates to the mass of PHAs
‘produced.

9. The process as clalmed in any one of th‘e preceding ciaims,
comprising the step of maintaining the supply of ‘at least
one of organic aclds and lipids in the culture media at
mass ratio in the range cf from 0.3 te & of corganic acids

or lipids to the mass of PHAs produced.

10. The process as claimed in any one of the .prececiing
claims, comprising the step of maintaining the pH of the

culture media in the range of from €.to 6.
11, The process as claimed in claim 10, wherein the step
of malntaining the pB of the culture media comprises

providing an organic acid to said culture media.

1z. The process a5 claimed in any of the preceding claims

compri.éing the step of meaintaining generally aerobic
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conditions in said culture, media during said cuituring
step,

13. The process as claimed in claim 12, wherein culture
media comprises from 0.1 mgl™ to 1 mgL' dissolved oxygen

during said culturing step.

14. The process as claimed in any one of the preceding
claims, comprising the step maintaining the culture media
at from 100 mgl™! to 1000 mgL™t of ofganic carbon during said
culturing step.

15. The process as claimed in any one of the preceding
élaims, whereln sald coulturing step éomprises culturing
.said‘ PHA-producing microbes in a culturing zone in which
said hydrogen gas is substantially homogenously dispersed
throughout said culture meciia&

16, The process as claimed in any one of the preceding
claims, wherein before said culturing step, the process
comprises the step of fermenting a population of PHA-

producing microbes in a microbial fermentation zone.

17, The process as claimed in claim 16, wherein microbial
" fermentation zone 48 charged with natural source of

nicrobes that contain PHA-producing microbes.

18. The process as claimed in claim 16 or claim 17,
wherein the microbial fermentation =zone is maintained at

substantially ansercbic conditions,

AMENDED SHEET
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19. The process as claimed in any one of claims 16 to 18,
comprising the step of producing hydrogen gas in sald
microbial fermentation zonse.

20. The process ag claimed in any one of claims 16 to 19,
comprising the step of obtaining the volatile organic

conmpounds from said microbial fermentation zone.

21, The process as claimed in claim 20, wherein the

obtaining step cdmprises the step of removing a vapcr phase

above said fermentaticn zone,

22. The process as claimed in any one of claims 16 to 19,
comprising the étep of wmaintaining the  nmicrobial
fermentation zone at a pH in the range of 5§ to 8.

23. 7 The process as claimed in any one of claims 16 to 271,
" comprising the stap of maintaining the microbial

fermentation zome at a reduction potential cf from -50 v
to -400 mv.

24. The protess &35 claimed in any one of the preceding
claims, wherein after said culturing step, the process

comprises the step of extracting PHA from sald culiured
PHA-producing microbes.

25. The process as claimed in claim 23, wherein said
extraction step comprises the step of hydrolyzing the PHA-
producing microbes to release said PHas,

26. The process as claimed in claim 25, wherein the s=step

of hydrolyzing comprises the use of using

37

AMENDED SHEET
IPEA/AU




PCT/SG2011/600094
Recetved 10/01/2012

Asticle 34 Amerdments (clean)

microorganisms that release enzymes that hydrolyzes bacterial
cell walls. ‘

27. The process' as claimed 1in claim 26, wherein the
microorganisms that release énzymes that hydrolyzes
bacterial c¢ell walls are fungl selected from the group
consisting of fungi from the genera Absidia, Agaricas,
Aspergillus, Chaestomium, Fusarium, Neurcspora, Pen:’;fcillium,
Phanerophaete, Phialophora, Pleurotus, Rhizoctonia and
Trichoderma. |

28, The process as claimed in any. one of claims 24 to 26,
_wherein before sald hydrolyzing step, sgzid PHA-preducing
microbes are substantially separated from the biomass.

29, The process as claimed in any one of claims 24 to 27,
wharein sald extraction step 1s undertaken in an extraction

zone at generally acidic conditions.

30. = The process as claimed in claim 28, wherein said
acidic conditions  of sald extraction zone are at a pH

within the range of from 2 to &.

31. The process as claimed in any one of claims 26 to 29,

further comprising the step ©f separating said released
PHAs from said microbes.

32.  The process as claimed in claim 30, wherein the
axtracting step is performed simultanecusly with the
separating step to thereby reduce the time of contact

between the hydrelyvitic enzmas gnd said released PHAs,
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33. The process as <claimed in claim 27, comprising the

step of introducing an oxidant to said extraction zone.

34, 5 nmethod o©of extracting PHas from PHAs-containing
microbes, the method comprising the steps of: hydrolyzing
the cell walls of the BPHAs-containing microbes to release
PHAs from the FPHAs-containing nmicrobes; and separating said

released PHAs from said microbes:

wherein. the hydrolyzing step comprises the step of using
ricroorganisms that release enzymes that hydrolyzes bacterial -
cell walls; ‘

wherein the microorganisms that relesse enzymes that
hydrolyzes bacterial cell walls are fungi selected from the
group consisting of fungi from the gensra I&bsidia, Agaricus,

Aspergillus, Chaetomium, Fusarium, NWeurospora, Penicillium,

Phanerophaete, Phizlophora, Pleurotus, Rhizoctonia and
Trichoderma. )
35, The method as claimed in  claim 34, wherein <the

hydrolysing step is performed simultaneously with the
separating step to thereby reduce the time of contact

between the hydrolytic enzymes and said released PHAS.

36. The method of any one of claims 34 to 35, wherein the

separating step comprises using at least one of
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flotative separation, centrifugation or membrane separation.

37. A process for producing polyhydroxyvalkanoate (FHA)
comprising the steps oi:

{a) incubating a culture media.'c_ontaininé PHAs-producing
microbes and non-PHAs producing microbes in a selection
zone under conditions to enable faster propagation of the
PHAs—producing:microbes relative - to the non-PHAs producing
microbes, wherein saici incubating i1s undertaken for a
periocd of time to produce culture media having more PHA
microbes relative to the non-PHA producing microbes;
b)providing szid culturs media produced in sald incgubating
step (a) to a culturing zone to culture the PHA-producing
microbes in a culture media containing hydrogen gas;l '
) providing said PHA produced' in =said providing step (b)
to an extraction zone iﬁ which said PHA producing microbes
are hydrolyzed by microorganisms to release PHAs from the
FHAs-containing microbes: and '

d) isolating said PHARs from said culture media.

3q, The process as claimed in claim 37, wherein at least

one of steps fa} to (d) 1s carried out under non-aseptic
conditions.

39. The process as claimed in claim 37 or claim 38,
comprising the step of returning at least a portlion of the‘
PHA-producing microbes  produced in  step (b} to the
selection zone.
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