WD 03/ 062439 PCT/ US03/ 01202 PRODUCTI ON OF Bl CDEGRADABLE THERMOPLASTI C
MATERI ALS FROM ORGANI C WASTES FI ELD OF THE | NVENTI ON 5 100011 The present

i nventi orwpeBat®39t o systens and processes for produci ng Poirasegpedabl e
thernoplastic materials fromvarious organi c wastes. BACKGROUND OF THE

| NVENTI ON 100021 Pol yhydr oxyal kanoat es (PHAs) are pol yesters accunul ated by
many prokaryotic organisns as intracellular carbon and energy reserve
materials under limted 10 nutrients, such as nitrogen or phosphorous. PHA

pol ymers denonstrate ther mMp@pUCTION ORBIODEGRADABEE dependi ng upon

their particul ar cPHRIEVIONMASTIEMATERIALS PROM OREGANIECHALTIS er est
because of their potential use as biodegradable alternatives to petrol eum

based synt hﬁ@fD%ﬁﬁtﬁ%iNme ypropyl ene and pol yet hyl ene. Efforts

have been nade to produce y mcrobial fernentation on glucose and
organi ¢ aci ds. 15 _producti.on aof bi odegradabl e thernopl astics from
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contribute 878454 MRHRoASNRRRERAL fofMRPRhs SFdaRiwast@St es are usually
conplex in nature, and cannot be directly wutilized by PHA-producing

m crobes such as Raistonia eutropha, a representative bacteriumfor PHA
synt hesi s. BAGHOGROCNBQAFIFIBIYIHNTEONs the first step in converting 20
the wastes to short-chain fatty acids such as acetic, propionic and butyric
aci ds, that caie0orie fBRolyhedronydlkinoatts (BHREY arppoliustienagcbantleteddy tddnypr esent ,
there are technolqgical, difficulties in coupling the waste aci dogenesjs
and PHA synPlRE&iyStic prggaismsis dEacpiiar Gaghap and Gnarey T6RATYS MgieHAt Uprpr HF’(S‘EAJci ng

cells ¢ b i i ] r i I@&ﬁ,@ byt he
f or mer gdr]e lg'iltﬁgﬁcth §3@{11?? fdlnrza)g%l gilyI thgﬁ#g%#e%w%ﬁdggﬁ?%ﬁ&% t e&%@bgol id
mass, howevelastid mopatiehdapendingupdn thelpaticiddo gompolitibmr Thésk ectieriads poley mer
recovery, due to.the considergble amunt of non-biodegradable matter in
[ he o &, Hbagiel imtgestieani Of MR oGO DB S BHIas g ARS8 petroloum”

Fur t her nor epased BifiReRGh1sk i D@ s Rl pPohyiliR 4n polyetnyli3h Bkl Ml é@beddGhidd t Y
of aci dogenic mtrobes would irnhibi't the m crobial "activity of
to produce PHAs by microbial fermentation on glucose and organic acids. The
15  production of biodegradable thermoplastics from organic wastes can provide multiple

benefits to the environment, and contribute to sustainable development.

[0003]  Organic wastes are usually complex in nature, and cannot be directly
utilized by PHA-producing microbes such as Ralstonia eutropha, a representative
bacterium for PHA synthesis. Hydrolysis and acidogenesis is the first step in converting

20 the wastes to short-chain fatty acids such as acetic, propionic and butyric acids, that can
be further utilized by PHA-producing bacteria. At present, there are technological
difficulties in coupling the waste acidogenesis and PHA synthesié steps. In essence, both
acid-producing and PHA-producing cells can be cultivated in a mixed culture, and the
acids released by the former are directly utilized by the latter. The PHA content of the

25  solid mass, however, is not high enough (10-30 % by wt.) for effective polymer recovery,
due to the considerable amount of non-biodegradable matter in the waste, as well as the
biomass of non-PHA producing microbes. Furthermore, a high acid concentration due to
the high microbial activity of acidogenic microbes would inhibit the microbial activity of

PHA-producing cells.



PHA- producing cells. -1 WO 03/062439 PCT/ US03/01202 [00041 An i nproved
systemcould contain two separate bioreactors, in order to satisfy the

di f f er entwplg®smBogi es and netabolic activities of the tweCTyseyoh2

m crobes; one for acidogenesis of organic wastes, and a second for an
enriched culture of PHA- producing strains, such as R eutropha. The
fermentative acids should preferably be 5 transferred fromthe first
reactor to the second reactor w thout causing a solid mxing between the

two reactors, [O04hat Aaningrovedgsiemuotildr@ntdin Rvo seplarampbiareaciols, in SidghtoPHA
content can be maintained_ in the second _reactor. Furthernore, the acid

accumul at i oftisRathedibtorentnhysiqlagiis apfymoitolic arigtieeeldhe FvabPPHoRIniEolss: under
control . SUW@E&E a%ogéeigs%gl;f’ﬁ%h%és%s[%@Qﬁéeclﬁtﬁfog@g%gﬂahéd%ﬁﬂﬁe' fﬁ,@-' ates

to a process and sys upling t anaero Igestion o ood
scraps w t hptdiecipgatiains, snoh e Rpairopfar Thy farbamattvescidPilas)d prefEhablpbesent

i nventi on nakes. use. of l.ecul e diffusion.through barriers, a therefore
does not° r e ated. @wéﬂ?ﬁ¥%ma°@r ﬁf*rﬁﬁaeonﬂég%mri quﬁcal%w@a%m

efficient opgkakh Bt twoRBAdErs HotfiRaR Ehibhddcultike SFINMLNGE A Rith Q3RS PEWG 1 1

a diagram of the set-up of coupling the food scrap anaerobic i gestion and
PHA pr oduct content[cd0 0% maiit@ine? irsthe sgpoag neactlr. Furtherowue,shsawd adamouhlstinnsgnd

di gesti on under. anaerQhi.c ondi tions - formation of four major
s mant ari viinaB i PRaCofs R teathr ybaka Pomdeadim "and cont rol ); 20
[0008] FIG 3 are graphs of time courses of PHA formation with the

silicon-densSgMNMERYADE THE ISVENTION R eutropha and PHA synthesis on the
fermentative acids transferred fromthe acidic slurry through the dense

nenbrangy b: t[y@os[ 9amhe paktaSnveldbe eRes ioh HrdBesdiane kdters hrloupin@ihet NE
PHA- producing reactor); [0009] FIG 4 are graphs of tine courses of PHA
product i on whaskohindiggstamyafifeod srapserit thia erqductiomef prlylayirexyabiadsataetRitAgd in
the mneral ThS lpfjetsérﬁrfm(f)gntigr@ran‘_a £ lgslé%'f Blecule diffusion through barriers, and therefore

does not require frequent foul cleaning, resulting in a reliable and efficient operation.

BRIEF DESCRIPTION OF THE DRAWINGS

15 [0006]  FIG. 1 is a diagram of the set-up of coupling the food scrap anaerobic
digestion and PHA production;

[0007]  FIG. 2 are graphs of time courses of food scrap digestion under anaerobic
conditions (a: formation of four major fermentative acids; b: solid waste digestion, pH

change and control);

20 [0008] FIG. 3 are graphs of time courses of PHA formation with the silicon-dense
membrane (a: growth of R. eutropha and PHA synthesis on the fermentative acids
transferred from the acidic slurry through the dense membrane; b: the organic acids

detected in the mineral solution of the PHA-producing reactor);

[0009] FIG. 4 are graphs of time courses of PHA production with the dialysis
25 membrane (a: the organic acids detected in the mineral solution of PHA-producing
reactors; b: growth of R. eutropha and PHA synthesis on the fermentative acids

transferred from the acidic slurry through the dialysis membrane;

2-



reactors; b: growth of R eutropha and PHA synthesis on the fernentative
acids transferred fromthe acidic slurry through the dialysis nenbrane; -2
WO 03/ 062%B838Ms9JS03/ 01202 [0010] FIG 5 is a graph of tPoe/uso/e1202

per cent age of hydroxyval erate (HV) nonomer in the copol ynmer of

pol y( hydr oxybut yr at e- co- hydr oxyval erate) synthesized fromthe fernentative
acids transferred fromthe dialysis nenbrane; [0011] FIG 6 is a graph of
the specific PHA synthetic rates and specific cell 5 growth rates with the

dense nmenbr angoguy thﬂ@:ilsa!sx?k%hrfmmma@ ;peldnthgt thﬁroZy@fl&at@r(HWPS of time

courses of a batch culture o eutropha on a binary m xture ure

butyric acimoagiger|inghe @pabn@rpﬁpomda@iybu%ﬁ@-@mhwét%ﬁ@e@m SYWbCSI@éem fic

consunptl on - r hesis on the m xed
aci ds). ?ﬁggﬁ WM@@%‘%J&E{_E%H% H%ﬁﬁﬁ%m%%ﬁﬂ The present

i nventi on reI ates to a nethod and system for converting organic wastes to
bi odegr adabl e [pe11]hy dFlex Bak b gadpbaifeise {pltifis PHA bynthatichatts andpsdcifiescell( a)
treating the organic wastes with an aci dogenl c.mcrobial population to form
vol atile oFgHir@ieaeitisthe daeserpympians A the S1alvvs BEMPFES ol atil e organic

aci ds by PHA-produci ng 15 m crobi al species to form PHAs. The particul ar
PHAS may COWPJOG"& e| t n%fapﬁé"éf ﬂﬂné Sourk& of a%fclﬂ%mtufmr%&ﬁ‘oﬁa PR
chain (6 to 14 carbon m)no HA- producing m crobi al species may
be, e.g., Rnnwmmplm@of)pur@but;dn@camlr@déacti'c'held(las thrsiacid/caneentagyons and theul ar

wei ght (M) of. .PHA ners r nges 50 to, 100 14 The stem f or
converting Sc?PﬂQﬁF@M’QEI?tSS Uh’a 1 5”%3@0%&55?&5 Iﬂ?)mé( irst
conpartnentaCIJSQr aci dogenesi s of organi ¢ wastes w t hout oxygen and (b) a
second conparthnent, for polynmer synthesis by enriched cultures of R
eutropha, P. ol eovorans, or mxtures thereof wth oxygen A barrier

facili t159 c RBSERIPREON QEtTHE@REEEBMQE%EQMMENT The conpartments are
characteristically bioreactors. [00151 The present invention will be
further descril®@3]by Thepressnt wenigorenetatgsite ¢ method and system for converting

organic wastes to biodegradable polyhydroxyalkanoates (PHAs). The method comprises

(a) treating the organic wastes with an acidogenic microbial population to form volatile
organic acids; and (b) polymerization of the volatile organic acids by PHA-producing

15  microbial species to form PHAs. The particular PHAs may comprise either short chain (3
to 5 carbon) monomers or long chain (6 to 14 carbon) monomers. The PHA-producing
microbial species may be, e.g., R. eutropha or P. oleovorans. The viscosity-average

molecular weight (Mv) of PHA polymers ranges from 50 to 100 kD.

[0014]  The system for converting organic wastes to biodegradable PHAs
20 comprises: (a) a first compartment, for acidogenesis of organic wastes without oxygen;
and (b) a second compartment, for polymer synthesis by enriched cultures of R. eutropha,
P. oleovorans, or mixtures thereof with oxygen. A barrier facility couples the first and

second compartments. The compartments are characteristically bioreactors.
[0015]  The present invention will be further described by the following examples.

25  Examples



25 Exanples -3 WD 03/062439 PCT/ US03/ 01202 [0016] Food scraps were
collected froma |ocal canteen, m xed with water in 1:1 (ww, and bl ended
to sl urrywomaexrebi ¢ di gestion of solid waste was conduct @dTaiS03®122 in a 5
L reactor with 3 L working volune. An inoculumfor food waste aci dogenesis
was prepared by keeping food wastes under anaerobic conditions. The

i noculum (25-30% 5 v/v) was mxed with fresh slurry to start anaerobic
digestion. The slurry pHwas first adjusted to 7.0 with 6 M NaCOH, and

raised to 7.0 Pm‘mw tHa6d BEtapd WeRadllbaedbonta Pocal calveen, friied avithpihteointi: bl was
i npl emented after the anaerobic digestion was cougl ed with PHA production.

[0017] Ral $wén), anéblendgshia shroc Arsgebigdigesinadiselid pagesrasgardycied atPRECLO
trai .mai Nt ai ned t hl. | t .0 | & 0
cont ai ni ng it Bert eRpErHh 3 Fopitis POGHK L4 Boglluf Op@Alerdl SlcheR R fa)

and 5 g (Nigd ylaaapin$qa@d whastbS R afidefdbidstiditionsl tThe idocbiai (25330%) SO
used for seed culture. The seed was prepared in 2 L flasks containing 500
n nedi m iviv)avasonixed withdflash shusry to stast anecrpbiy digastiemd TBoslary phhwaghirst mass

was harvest ed - S.US { LDer | it | tyon. 15
The m ner aI"0BBINt on CIRE AT AGHduft kb to % Wil MRt OB ST
3. 79 KH2PO4urthd} pH @nbloBw4s indldmbeited atter the bedestic 8igkstidnonas doapledavitiaPHad

(per liter of 1 MHCl): 2.78 g FeSO4.7H20, 1.98 g MCl2.4H20O, 2.819

CoSO4. 7H20 pradustioly CaCl2. 2H20, 0.17 g CuCl2.2H20, and 0.29 g ZnSO4. 7H20
[0018] PHA was synthesized by R eutropha cells cultured in a 1.6 L

ai r - bubbl i ng i or,%@sg I { 608 wAGy g ot .3 L
wor ki ng vol uné‘.ﬁﬁﬂ?e s%’ggvlvse&g?g@] ggtﬁggf ’462& coﬁﬁ%gr,%&ggﬁoﬁﬁagf P{)}% W th
anaer oitDc dirgmsvasanainthirfed by manthlyssubdiitire aic2.O%gager slagts(pHy7.0)ncongrning (pet 0

(anaer obi c _di gestion reactqr cycled between the eactors via a
peristalti élt‘ﬁgnsf)g i@sﬁﬁﬁraﬁt’ ?zﬁo%pg‘% eﬁfﬁfi‘f‘ti gg p%ﬂﬁ? %ndtlggt(]ﬁ%)zwé' ﬁ’rﬁ@arné%d in
the m ner aly §andtitR thelifint RAGLY aghd whthiso R4dATh 8d CEREEOThe sbdihR4s Frepared
concentration gradient 25 across the barrier, the fernmentative acids in the
aci di ¢ sl urin @ InBasks tomasingr 708dni mediutrhia a rotary shaker for 24 h at 200 rpm and 30 °C.

The cell mass was harvested and re-suspended in a mineral solution for PHA production.

15  The mineral solution contained (per liter): 1.0 g (NH4)2S0y4, 5.8 g KoHPOy, 3.7g KH,POy,
0.4 g MgSQy, and 1mL microelement solution that contained (per liter of 1 M HC1): 2.78
g FeS047H,0, 1.98 g MnCl1,-4H,0, 2.81 g CoSO47H,0, 1.67 g CaCl,:2H,0, 0.17 g

CuCl1,-2H50, and 0.29 g ZnSO4 TH,0.

[0018] PHA was synthesized by R. eutropha cells cultured in a 1.6 L air-bubbling
20  bioreactor (Bioengineering AG, Switzerland) with 1.3 L working volume. FIG. 1 shows
the setup that couples PHA production with anaerobic digestion of food scraps. The
acidogenic slurry in reactor 10 (anaerobic digestion reactor) was cycled between the two
reactors via a peristaltic pump 13 and a tubular barrier module 12 that was immersed in
the mineral solution in reactor 11 (air-bubbling reactor). Under a concentration gradient
25  across the barrier, the fermentative acids in the acidic slurry were transferred into the
reactor 11 where they were utilized as the sole carbon source for PHA synthesis. Two
types of barriers were used: A dense phase membrane made of silicone rubber
(polysilozane) tubing (ID 3.2 mm, 1.6 mm or 3.2 mm wall thickness and 5 m in length),

and a dialysis tubular membrane (cellulose) with nominal molecular weight cut-off

-



reactor 11 where they were utilized as the sole carbon source for PHA
synthesis. Two types of barriers were used: A dense phase nenbrane made of
si | i cone wolWB®6243¢ pol ysi |l ozane) tubing (ID 3.2 nm 1.6 mmpPer/idoZorm wal |
thickness and 5 in in length), and a dialysis tubular nmenbrane (cellul ose)
wi th nom nal nol ecul ar weight cut-off -4 WO 03/062439 PCT/ US03/ 01202

(MACO of 6,000-8,000 (flat width 10 nm 28 mthickness and 0.23 in in

| ength). The PHA-synthesis reactor was nmaintained at 30 C via a water

j acket andgpﬂw o 3 M, Hagtd 0 d
oxygen concent @gﬁiog)r{?’g{nggg’prgqﬁ%aéyﬁg 1O%m Z%t 20&?%%%??%5%&?%@?&2 er\nMigh

3-vvm aer aPHsyiithésidwehctonwd ﬁamﬂaméd’e& 30 °Coviph Mated ¢utkbt Ayl 7 Stoyr L1dagd r ol
by the water bath 14. [0019] PHA production froma m xture of pure butyric
and | acti c MEE9riad NaQJf gefetiens, Thasdigsodvadraxgyren epngentrationayasantinieined @t pped
wth two Siy¥ I S opha
har vest ed Pr%%zg@ﬁgfirl eﬁ?lja%lp cuIMg&ﬁug%rgr%&lseg@p@%gﬂﬁw%lf!ﬁ%o‘ﬁ&lén(”{ ner al
sol uti ofi. Aempethturescoditrobby theiveaterdiath (4a. 4 g/L) and lactic acid 10 (ca. 4
g/ L) was added into the mineral solution as the sol e carbon source for PHA

synthesis. Th i ssol oncenirati S, nai nt |ned ove 20% air
Saturaci on widdloF oA Rt i B ke cPvE PP EGRERE The

cul tivati oot RIFRAI Qstét'E@nﬁ’(\@ﬁlaQ(Pﬁfeﬁﬁéﬂt@rdeqlﬂfp é@vﬁﬁh%% sb!lﬁlalié*& ¥R naBks.0l | ed
at 7.5 by adding 3 MHCL or 3 M i on. growt h was nonitored

by neasuri ng:ouhES@xteﬂlaaass@éﬂseatgop@@lhﬁrvasteﬁﬁ@nnnnutmﬁntﬁ@@fz@]hum waget| wei ght

d PHA det f | | f
Ul ture br URIGE Bt [ PFGgaheiorb antiy ohbuiiaen ieed elognt bEatial o
constany weih &/L)P\W% MRIR @td HRGhRErA Eﬁﬁhéljﬂﬁs th¥ 9MBichribé s doeré Kk FHA excess

chloroform (10 nL chloroformfor 0.2 g cell biomass) at 60 C for 24 hours.
The resi dudyntbesig. dT’ Mm@SSO&m@wmm&amw@ﬁ mmt@mgqh a‘é@‘@l 2446 alfr sitteatioand

defined as resi dual 1 nmass was
wei ghed af t“é&ﬁ HE &t lrogfa% mé%athSﬁgpééltO o;ﬁg e‘él?('nﬁ?rb{jl omPe rea&?ffgr dture.
The PHA cogbgidllcdas BQGCIaTﬂQ@aeﬁ}ﬁ{ s c&ﬁf&@ataags ungadaﬁ@ 3 MHACTBSS M Rabe dry

cell mass. Acetic acid, propionic acid and butyric acid were
solution. Cell growt was monitored by measuring the optical density (OD) at 620 nm.

15 [0020]  Dry cell weight and PHA concentration were determined as follows:
Thirty milliliters of culture broth was centrifuged at 10,000 g for 10 min and lyophilized
to constant weight. PHA was extracted from the lyophilized cells in excess chloroform
(10 mL chloroform for 0.2 g cell biomass) at 60 °C for 24 hours. The residual solid was
removed by filtration through a glass filter and defined as the residual biomass. A PHA

20  film was formed and its mass was weighed after the chloroform was completely
vaporized at room temperature. The PHA content was defined as the percentage of the
PHA mass in the dry cell mass. Acetic acid, propionic acid and butyric acid were
measured by gas chromatography equipped with a flame ionization detector by direct
injection of acidified aqueous samples (pH 2 to 3) into a fused silica capillary column

25  (¢0.25 mmx25 m, Supelco, USA). Lactic acid was measured by high performance liquid
chromatography equipped with a Cig column and a UV Diode-array detector at 210 nm.
The mobile phase was a 0.2% H3PQj, solution. The composition of PHA was determined
after methanol esterification by GC-mass spectroscopy, a method developed by Lageveen

et al.



measur ed by gas chromat ography equi pped with a flame ionization detector by
direct injection of acidified aqueous sanples (pH 2 to 3) into a fused
silica capoloBasy3col um 25 (40.25 nmx25 in, Supel co, USA) pCrawsvd/er2ezi d was
measured by high performance liquid chromatography equi pped with a C18
colum and a UV D ode-array detector at 210 nm The nobil e phase was a

0. 2% H3POX4 sol ution. The conposition of PHA was determ ned after nethanol
esterification by GC nass spectroscopy, a nmethod devel oped by Lageveen et

al. -5 WO 03/ pERAB9 W%ﬁﬁﬂl%mﬂlﬂ%bhdﬁ@iwfﬁ aaﬁ;bdwdrhlb slarr9fwedéry| ase and

| i pase in a food scrap.slurry were determ ned usi | ase and | .

L: Base ESTWW@GGW@%%@Q se W&lﬁ%@“&l%&g@m >USg EQiease ACYibh
azocol I . s ur%ﬁv&q OlB851E Ottt b r\é’?eﬁséi&ﬁvﬁg‘a}ég&h S ¥ ttbzg .
catal yzed the rel ease o azo dye and ave an ab bance change 0 . 001/ mn

at 520 nm chta]saea fe rEhasermﬂaaoudb/aancBgam anfabihbarpe | camgeso 0D 1/mimsy 520 nhased
on viscosity neasurenent to give a viscosity-average nol ecul ar wei ght, M.

[0023] EIG 2 cours f batch d| estl on, and, aci dification
of ond> ser 0o i ERRGBR ST BEEA BT TR BESH e dvigtasey

det ect ed agndabreARhOH 1&@5v&wsaylav&agé%%h@mé@@mbhem lactic acid and
butyr| c acid were thegtwo maj or~ 10 aci ds, and hei’r concentrations reached

6 g/L and 27.4 g/L after 20 days. About 5. g/L of acetic acid and 1.8
g/ L of propi of@®3kci &I%Zéh%%@mmwsemébmh@lgpsilomagégpﬁdﬁivaumofkegt at

ur ry had G oes P el 8fe Rt 5 bighRe b ashieRe e gt S tbsmorg, L e
di gest ed i Herddbnthaiys prdﬁmetss@lm c%ftﬂétﬁ Kdeed zhd“@%dlbut?ﬁ& Ycill vekd\heftivb Slajor days,
and 15 nore than 59.5% of the gestl bI e food sc s were consuned during

this péPi odcigs, andileir copsentsations sigplead %Yldfzﬂ , gfter 30 daysouhpu Sedue t o

the accunu r t ed
back to 7. & RE detle abaHE 1B rEro SP?&&%E%%%?C Rebditad 5 R HBR FERHE 75,
adj ust ed béatkee apfuite cvustantdbwslefor pidstieftthe timeqFI@cid), rel ease rate. The
acidic slurry was cycled through the tubular barrier nodule (12 in FIG 1).

Since the 10024  The initial slurry had a solid content of 172 /L, and 60.3% (w/w) or 103.7
g/L was digested in 34 days. The solid mass declined quickly in the first 7 days, and

15 more than 59.5% of the digestible food scraps were consumed during this period of time.
The pH dropped rapidly from 7.0 to below 5.0 due to the accumulation of large amounts
of organic acids. The pH was adjusted back to 7.0 three times in the first 10 days. After
that, the pH was not adjusted because of a much slower pH decline or acid release rate.
The acidic slurry was cycled through the tubular barrier module (12 in FIG. 1). Since the

20  acid molecules were transferred through the barrier into the polymer-producing reactor
(11 in FIG. 1) and utilized by R. eutropha cells, the pH in the anaerobic digestion reactor
(10 in FIG. 1) was controlled. About 13.7% of the digestible food scraps were digested in
the last 17 days (FIG. 2b). The slowdown of solid digestion was not only attributed to the
low pH level, but also to the residual solids that became difficult to digest. This indicated

25  that most of the easily digestible components in food scraps were quickly consumed in
the early stage. After the acid concentrations reached almost constant levels at the 17"
day, the acidic slurry was cycled through the barrier module 12 immersed in the PHA-

producing reactor 11 for PHA synthesis.



20 acid nol ecul es were transferred through the barrier into the

pol ymer - producing reactor (11 in FIG 1) and utilized by R eutropha
cells, thwopblos233¢2 he anaerobi c digestion reactor (10 in PCE&USL)0W2OS
controlled. About 13.7%of the digestible food scraps were digested in the
| ast 17 days (FIG 2b). The sl owdown of solid digestion was not only
attributed to the |ow pH level, but also to the residual solids that
becanme difficult to digest. This indicated 25 that nost of the easily

di gesti bl e conpermnt SPHA pre@ttiss calfed RitR afiatir6tit MigestsileEdod Berapdwaear | y
stage. After the acid concentrations reached al nost constant |evels at the
17th day, conducied i the sirdubblingrsaetor ] kwith fiyve dijres of barsigrs; depseipbatfl e 12

i mersed in_the PHA-.Rr (o] c P esd - .

03/ 062439 ﬁ&??ﬁféﬁgﬁﬂdlg‘ﬁgv%[‘ﬁ%g‘é’%ﬁgkg% F’(])Sé‘acg ?}bentﬁ@‘ég%‘ﬂé% SERHA Bﬁoél\é‘% N
di gesti on okhdmoe dsisephaserhedbra@omds adeddor fcid hansfer frbnibhe adidic shast Ofhel 1
with two types of barriers; dense phase_ nenbrane and di al ysis nenbrane.

FIG 3 shovissitdwal bigmass wsirceased fpmal .Y eddtodt-» 8- inydppurhel GoRtesk

nmb i: fe@ryo b6l I : i dual
b1 g wnaHTER cbflenitch (b QI loy) TG S B YO bt sbictensl ey B8R 00
and PHA COﬁﬂﬁﬂﬁfealﬁd that theaciﬁeih he aéi%dc&lhﬂ'rﬁwﬁregfdnsisrred@? theweHs ofﬁsqumbph?el y |
FIG 3a). _This neans that the aci in the acidjc urfy were tra
Eo t he 2)el  thraygh ghe s‘é‘h@qnspiﬁase H%ﬁwswﬁ{aﬁe aud ppedsdberale Erbim sirsRb ke and
used as t NG 5QliPa CAUPATPRRYEEnttiof: ChletictbRdhidend BltdridfoidHere detected

accunul ati o propionic an utyric I

1ds were detected 10 in the
cul t ur eltbr dnlthodulfire buoth oo auatopbia bif diffenent tires shickhdependisheritien reativehei r

relative rates.of mass _transfer thraugh the nmenbrane and consunption by R
eut r opha pfraeﬁﬁﬁW%E%Sfeé&ﬁr&Eglﬁ éﬁe@e _?‘?e Qf’te“sprnis‘émgté?rgbx\gse t’F?é’?’ﬁgj?or _
ferment ati vigdRedudl #78k (FIS. 3DOHRRMJI Rid RBEs RNAH6! RWndmbtivacid 4dd ithe m ner al
solution. Its transfer rate was the fastest due to its highest

concent r at | eoncefitfation sas belowr B¥smpfanithe minsral spludipnc Ita seasferidtesasthepi oni ¢

aci d appear i.n the. | at t age nd .heir concentrati.ons,reach .0 ng/L
and 16 nrttestAut Sl ofie SR RARR AR o T RASEIAlRE A TRE e o (e
aci di ¢ 13 urgrdpiohiteicidepdare@ RE@RUA3 kiage) abdl tHedf ®MEEBratiohOERCHJIES O BIRFE afhase
menbrane were 27.4 g/ L (butyric . . L. .

1.6 mg/L, respectively. Compared with the acid concentrations in the acidic slurry, the

acid concentration differences across the dense phase membrane were 27.4 g/L (butyric

acid), 5.5 g/L (acetic acid), and 1.8 g/L (propionic acid), respectively. No lactic acid was

detected in the PHA-producing reactor even though its concentration difference across the

20 membrane was up to 32.6 g/L.

[0026]  FIG. 4 shows the PHA production when the dialysis membrane was used
as a barrier between acidogenesis and PHA production. Both acetic acid and butyric acid
were detected in the early stage in the PHA-producing reactor, while lactic acid and
propionic acid were detected after 40 hours. Different from FIG. 3b, lactic acid was also

25  transferred through the dialysis membrane in addition to the three volatile fatty acids.
Moreover, the concentrations of four acids in the PHA-producing reactor (11 in FIG. 1)
were much higher than those from the dense phase membrane. After 60 hours, the acid
concentrations rose quickly because of the slowdown of PHA synthesis. The
concentration of acetic, propionic, butyric and lactic acids in the broth of polymer

30  synthesis reached 0.42, 0.16, 1.40 and 1.51 g/L, respectively (FIG. 4a). With a large
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acid), 5.5 g/L (acetic acid), and 1.8 g/L (propionic acid), respectively.
No lactic acid was detected in the PHA-producing reactor even though its
concent r awDo/0634B9 er ence across the 20 nmenbrane was up t ®C3AIS63/gi202 [ 00261
FIG 4 shows the PHA production when the dialysis nmenbrane was used as a
barri er between aci dogenesis and PHA production. Both acetic acid and
butyric acid were detected in the early stage in the PHA-producing
reactor, while lactic acid and propionic acid were detected after 40 hours.

Different fonasmnFbforgailc abias biif %hgteﬂ-@@th@&fgqa m@élalysmﬁérﬁbfaﬁel EHA ugh the
di al ysi s nmenbrane |n addition To the three volatil'e fatty acids. Moreover,

t1 ?e concentacﬁunﬁuia@dqmd{bum m&msr—pmdum% Mjlé\r bz owitery and é’ﬁfbcor(ci%tratmnﬂ G
were nuc S om t he rane ter
nour st he Tatibgd FeBH e Tt B TR, ek e IGe B on ek ect BREL S pra

synt hesi s. {ffitho&O@0294,/628 £91) iR FIQCHL iThe dBy @al ﬂlﬁkscreaéhéﬂ)ﬂw Wg/ﬁriﬁi 78 ﬂﬁiu'sc
acids in the broth of poI mer 30 synthesis reached O. 0. 1.40 and

1.51 g/ b, reltiglewns weo merhighentiyn thavatied 11 dredle) obimnwuhﬁbﬂamgniembrane
PCT/ US03/ 0 h th
di al ysi s rrejpzr!r%%gtmgorrg’ggéoggal ag%%&'u %ltcgﬁplg‘%ﬁp‘gﬁ@d%&%g }{5%%#&%5 Qrg‘gci tngecel | s.

PHA cont enthyﬂfdiy?ﬂ&aWPtT}ﬁiHWmﬁtﬁﬁﬁm(iyﬂtﬁetﬁ%daﬁi&n Poorfogit nd Acetid ablddr S,
respectively (FI G 4b They. were nuch hi gher than those (60 2% 6.5 g/ L)
in FIG 3a.Wapistegied ip %sm&cmowa?abw%%ﬂgnﬁw%w@ @hi ch was two

tinmes high ) he ?ﬂﬁg
Fur t her nor ZEmE gﬂlg Bgllleng:g if&%?ngésléonpﬁv Q{}i‘? Vgﬁr&%r oxybutyrate E %rlg; and
hydr oxyal ewigt the sttidpne dérise piiasehémbriaat, eversthoygt bnemau ethohinpsfippogphioacd and
acetic acids was _detected. in PHA and its |l e fraction was about 2.8%
during nost(1§mg/kd wap QPﬁ?‘éﬁ?ﬁié‘ﬂhﬁrﬁ’“ltPWg’r?ti“l(a@?;) In contrast, no HV unit was
detected in the PHA obtained 10 with the silicone dense phase nenbrane,
even though aﬁa@h' Y Rlcof | QRkific Gl Frovith & gated in
the culture br[ot (FIG gb)o. E’f’%%%% S%FIIGC 6 grgrrparreg{%e spec t?&lfz cel |
growt h rat eynthptiaratesq(pre) bi 8. Elophaywitihthe tweo typeeef far&s. GheBpeotfid cadpha wi t h
the two ty pgggwt 1fra193§ rWrelréa xrrgry s;rnqtl?ar V%%’H)(Id’l %elgs% lpklase and dialysis membranes and
15  reached 0.018 h™' at 16 h and 0.020 h™" at 11 h, respectively. The specific PHA synthetic

rates, however, were very different. The specific PHA synthetic rate with the dense

membrane increased slowly and reached the maximum value 0.047 h™! at 70 h, while with

the dialysis membrane, the specific PHA synthetic rate reached the high value quickly,

resulting in the accumulation of a large amount of PHA in cells, even in the early stage of

20  PHA synthesis.

[0028]  During food scrap digestion, the pH dropped due to the accumulation of
large amounts of organic acids, and the digestion rate was influenced by the change of
pH, that in turn affected the enzymatic activities of solid hydrolysis. Table 1 shows the
activities of three major extracellular enzymes useful in the hydrolysis of food scraps at

25  different pH levels in the first 14 days. It is apparent that enzyme activities depended on
the pH level, the amylase for starch hydrolysis and the lipase for fat hydrolysis in

particular.
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03/ 062439 PCT/ US03/ 013202 Tablje 1. Enzyne actiyities at|different pH | eyels
during i e L ABSUT & Pf [ 00 3 SCf apgp pH . 858.85 6[ 0 8§94 °-3 378

Anyl as%ﬁg%tg% \%ﬂvgtYW) 8%. 0(977. 3 70.5 p4.8 30. 14 .17.3 Lipase agqtivity
(u/ L)389-3+4-36-3 35 %23+ 139 rafeaseractiowtyCuh 67124

24, 1 1319256 3Cviy{ug") [8@%1 Arn?fa‘ge anjc?(ﬁxgase 3hdwed| hi §fact]i vilties| at
neutrlal_pH levels; pragtease howed_hiigh activity at |l ow pH| LS
poi nt|sProteastastivity (uilddt d08F chl andbi Iy mtter| i A5200d| scPZps wver @04ui bkl y
hydrql yzed at neutral [pH, and |protein hydrolysis was accelerated at | ow pH,
rel easing am no acids as nutrients. A pH swing between the 10 neutral and

aci disc | evel s,
[0029]

showed high activity at low pH levels. This points to the fact that starch and oily matter

t herefore, enhances the food scrap digestion, conpared to a
Amylase and lipase showed high activities at neutral pH levels; protease

in food scraps were quickly hydrolyzed at neutral pH, and protein hydrolysis was

accelerated at low pH, releasing amino acids as nutrients. A pH swing between the
10  neutral and acidic levels, therefore, enhances the food scrap digestion, compared to a
constant pH level. In the first 14 days, most of the easily digestible solids had been used
and the microbial activity declined. The enzymatic activities even at a neutral pH level

became low (10-15 wL), compared to 40-80 u/L at the beginning of anaerobic digestion.

[0030]

was essential to the coupling of the two reactors. The mass transfer rates of organic acids

Acid mass transfer from the acidic slurry to the PHA synthesis medium

15
affected not only the PHA synthesis but also the food scrap digestion, because the pH
could be controlled with continuous removal of the organic acids. PHA production is
dependént on the carbon source provided, and, to some extent, more PHA could be
synthesized with more acids being transferred from the acidic reactor at a faster rate. The

20  continuous removal of the accumulated acids in the acidic slurry could also raise the

enzyme activity such as amylase and lipase for hydrolysis of food scraps.

[0031]

molecular diffusion in the barriers, and hence, the barrier structure has a significant effect

The mass transfer of the small molecules of organic acids relies on



constant pH level. In the first 14 days, nost of the easily digestible
solids had been used and the mcrobial activity declined. The enzymatic
activiti ewoamsmmn4ar a neutral pH |l evel becane |ow (10-15 ®Crjusozorpared to
40-80 u/L at the beginning of anaerobic digestion. [00301 Acid nass
transfer fromthe acidic slurry to the PHA synthesis nedium 15 was
essential to the coupling of the two reactors. The nmass transfer rates of
organic acids affected not only the PHA synthesis but also the food scrap
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the organi c aci PHA production 1s dependent on the carbon source
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te
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acids réli @sm)) nThenteinsfen kates off the a@dbwereralmh&t deubled avhen thovaembrane thickness
barrier str uct re h a ni f.i (o JA US03/ 01202
on the dif 8% ﬁre?sg?gr "‘é? g {I{é i?%dng Iy\?abqg 2 %‘%fé;t%r:é organic

acids in t??oﬂﬂ?ﬁ’érﬁl tdtﬁ@t&ﬁprﬁ@dl%ﬂﬂlefrﬁaﬁbﬁﬁé &ﬂclﬁlbw W)th&mm@pha&e types of
barriers (dense phase vs. dialysis). For the dense phase nenbrane, the

ef fect of mﬁénbfemﬂﬁrdrtbe same ranssairasiongnedionts aarpesthe ateelb%tf@@ﬁﬂatr@a By

usi ng the t f

The transf Z?tg? %@d B’ tgé Ll\?/gé;cg% ‘EQE’?@%@@&(“?& I%TbTrg%%ez m

t hi cknees mﬁseldemiﬁamgdhiaham chaid imbutyeiclhckl gave(ﬂﬁ@md ﬂhea‘nghe’a’t sotubikitylie 2)
The rates are_ proportional to he rfé r cal t he ne ane t@‘?ﬂk es
Wth the ddrsgenspplase messang, andhen 1OR Faig YVBish gyas de or 0ss

L menbr angopitiie AFALyL LERS 196, S AHrpIae 9 hggllza%gfts el i th B e 2

size and p Ity o e acl O The relatively |ong
al i phatic «alﬁao]atﬂerfatlnqulds m the ddlsg@hasetmﬁnlaandwbtaeaffacgaldéytbmamd isblubaty n

Fol | owed by TS PN ES it et PP oREos The S aBTRY 852 PHPEAEHh o 1o
t Ee fags - Rferdilifs i @é‘x%ﬁtet{xtérﬁ“it@ %fanétr‘er MR lgtﬂaé (Tenfséf)ﬁéée Adrlsrahd) BRGuLAAGR
phase nenprane were a fected bo aci sol ubi
acid, with an extra hydroxyl group on its a carbon, has a hlgher polarity than propionic
acid, its solubility is much lower in the silicone membrane, and a negligible mass transfer
is observed. For the dialysis membrane, a different mass transfer mechanism of acid
molecules was observed. Theoretically, all the small molecules MW<MWCO) can
20  defuse through the membrane regardless of their ionic or free molecule forms. The
dialysis rates of acetic, propionic and butyric acids through the dialysis membrane were
increased by 1298, 448 and 225 times, respectively, compared with those in the dense
phase membrane (No. 4 & No. 6 in Table 2). Furthermore, lactic acid, which could not
be transferred in the dense phase membrane, was also quickly transferred through the
25  dialysis membrane. Surface fouling or microbial attachment on a membrane surface is a
ubiquitous phenomenon when the surface is in contact with microbial cells and slurry,
which may reduce the mass transfer rate and cause frequent non-production cleaning.
Comparing the mass transfer rates of the organic acids in the food scrap slurry and water

solution indicates a negligible effect of surface fouling on the rate in the two types of
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as well as nol ecular diffusion within the menbrane. The solubility of a
particular acid 15 determnes to a great extent its transfer rate in the
dense phawe mwatasane. Because lactic acid, with an extraPaydrsoxgyi2oyr oup on
its a carbon, has a higher polarity than propionic acid, its solubility is
much lower in the silicone nenbrane, and a negligible mass transfer is
observed. For the dialysis nenbrane, a different nass transfer nmechani sm of
acid nol ecul es was observed. Theoretically, all the snmall nol ecul es
(MMMACO)  caRietd. Aelddsewhier an@ih dliney ARIGMABEdBESR Tatke8%0.of &INWI4rfot i C Or
free nolecule forns. The dialysis rates of acetic, propionic and butyric
aci ds t hr oulghsa pheseingnpsings pah& Nerelorithedialysie tnapybrazgB, 448 and 225
times, respectively, conpared with those in the dense phase nenbrane (No.

4 & No. 6 in Table %Lble@rlzﬁgs%ﬁ%srdf%%&lﬁc ﬁ&igggn #hd ﬁ&gfao hJudpt  be

transferred in the dense a ransferred

ney wa ul ¢

t hrough the 25 dial ysi® pﬁﬁ%ﬁmg@r%eg aﬂgtﬂ"ler‘lgalg?m meé‘x‘b%‘ﬂl& at t achnent
on a nerbrane_surface is a ubiguitous. phn[\rgrnr:g'}np when the surface is |
contact wifth rficrobial cells anf_slurry, Acihiislysisaggtes Gamolseia” npss

transfer ridf® jandenbreeesimedjaent Awstic peidd|icPrapioni¢ edBufgric addnpiastinpcide
mass trangfer |[rates of the orgahic acids |n témdfood scrap sldrry and water
sol uti on i|ndi dat €xeng: mesbiaied! e] ef fect of | surface fguling on tlhe rate in
the two types jof -10 WO 03/ 062489 RGE-§SO0B/ OlLA2s barr peks-4 Adi ds ign watjer
and in sldrry (hag g kakaddsg! Ypis rates (No. 2 & Ng. 4 for the dense

phase nenh ?l S ﬁéﬁse@gEmgrﬁe. 6 for—thejdiratysisenbrane. j[Table—2:
at’eq of 0rg

o anes [and ong, gi ol ysi-s menb| aneo et 1 o S1791 o |r aPHEEChma / 500 m N

Menbr anes/medi SPr obionic Butyric acid lactic acid —acid -1
Dense nentjr angA Depsymgmbrapge. 51 2. 96E-4 0
9.72E-5 1.24E-4 6.07E-4 0
(1.6 mm thickness) ’
4 Dense membrane”
2.01E-5 2.14E-5 6.21E-4 0
(1.6 mm thickness)
5 Dialysis membrane® | 2.52E-2 1.07E-2 0.135 0.147
6 | Dialysis membrane® 2.61E-2 9.59E-3 0.140 0.154
Liquid media:

A: Water solution (pH 5), and acetic, propionic, butyric and lactic acids are 5, 2, 25 and
10 30 g/L, respectively.

B: Water solution (pH 5), and acetic, propionic , butyric and lactic acids are 25 g/L,
respectively.

15 C: Food waste slurry (pH 5), and acetic, propionic, butyric and lactic acids are 5.45, 1.84,
25.7 and 31.6 g/L, respectively.

[0032] Individual organic acids including acetic acid, propionic acid, butyric acid
20  and lactic acid have been used by R. eutropha as the carbon source for PHA production.
From the anaerobic digestion of organic wastes, a mixture of fermentative acids was
usually obtained. Furthermore, the composition of acid mixture in the polymer-producing
reactor for PHA synthesis was determined by the types of barriers used for reactor

coupling. With the dense phase membrane, butyric acid was the major acid transferred,
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(3.2 mmthickness) 2 Dense nenbrane 1.94E-5 2.25E-5 6.16E-4 0 (1.6 mm

t hi ckness) 3 Dense nenbrane 9. 72E-5 1.24E-4 6.07E-4 O (1.6 mmthickness) 4
Dense nmeryDan®6RA3DIE-5 2. 14E-5 6. 21E-4 0 (1.6 nmthi ckne®€r/Bohabysi s
menbrane 2.52E-2 1.0713-2 0.135 0.147 6 Dialysis nmenbrane 2. 61E-2 9. 59E-3
0.140 0.154 Liquid nedia: A Water solution (pH 5), and acetic, propionic,
butyric and lactic acids are 5, 2, 25 and 10 30 g/L, respectively. B:
Water solution (pH 5), and acetic, propionic, butyric and lactic acids are

25 g/ L, resdeht PHAl fprmddwas a homdpolgmier(est. upaly(3ipidr&ybutymatey ®EIB)aor
propionic, butyric and lactic acids are 5. 45, 1.84 5 d 31 6 g/L,
respect i veICQPO%’EI%SZ{%-g." ?Y)(%()‘{YQFO’W lj'é(Fﬁt?fC%‘. ?@@“:?WF‘{?W%QP%E é’s ihithe
pr opi oni ¢ acﬁélgsis m&%&afe, fifel ddid BlssARMsfePFidsCw @t ofball§ YRpRARA, 4hRGHe DY R

e carbon source for

eutropha as t PHA production. “From the anaerobic
di gest i on dfansfegadiacidemstes mixture oftagetic, pfopi@ricybutyaici and lagticdsidsaPDuets ted | y

obt ai ned. F.urtherm)fe, th& conposi tion. Of&‘fCi&,ﬁg‘ﬁture I n.the

Eol ymer : prdH’t?E?r?&len el [k i OBVH’FC}?E; gglt " %19'@12 H?%lga%r;g;ﬂi‘%e tgptes of
arrrers u TR GRGEE! Wik syWiHe & RiddeRl dRIHEAE Foid yric

aci d was tﬁggﬁa)?’g? acigrpy)r%lnsferred,s -11 6@ 0(?):/ 82%@89 PCT/ U803/01262 yand

t he PHA f orfredirepks andhasamelayneasurablegnonopesiric(w@ittin Sy Bimee thetaspolymdBpf or
hydroxybutyrate and hydroxyvalerate had more desirable material properties than PHB,
the HV content of copolymer can be controlled by encouraging more propionic acid

10 production in the acidogenesis reactor.

[0033] Because butyric acid and lactic acid are the major acids from the food
scrap digestion, their mass transfer rates were five to six times higher than that of acetic
acid and fifteen to sixteen times higher than that of propionic acid in the dialysis
membrane. Thus, butyric acid and lactic acid were the major substrates that appeared in

15  the polymer-producing reactor for cell growth and PHA production. The culture of R.
eutropha on individual butyric acid or lactic acid showed that both acids were an
appropriate carbon source for PHA synthesis. The maximum cell biomass and PHA
content were achieved at their concentrations at around 10 g/L, and no considerable acid
inhibition was observed at this concentration level. Figure 7 further shows the batch

20  culture of R. eutropha on a binary mixture of pure butyric acid and lactic acid. Butyric
acid and lactic acid were utilized almost simultaneously, with lactic acid being used faster
than butyric acid. The maximum specific consumption rates of butyric acid and lactic
acid reached 0.20 h™! at 12 h and 0.23 h™! at 10 hours, respectively (Fig. 7a). The dry cell
mass and PHA content reached 3.98 g/L. and 66.1% at 16 hours, respectively (Fig. 7b).

25  The formed polymer was a homopolymer (PHB). This suggests that the mixture of
butyric acid and lactic acid is a good carbon source for PHA synthesis, but unlike
propionic acid, lactic acid cannot be used for synthesis of hydroxyvalerate (HV)

monomer, even though both acids have three carbons.

-12-



copolyners (e.g., poly(3-hydroxybutyrate-co-3-hydroxyval erate), PHBV). Wth
the dialysis nenbrane, the acid mass transfer rates were greatly inproved,
and the wopan®bmsyed acids were a m xture of acetic, propiPeriusSp3/medyric and
| actic acids. Due to the 5 inprovenent in mass transfer of propionic acid
with the dialysis nenbrane, the hydroxyval erate (HV) nononer was

synt hesi zed from propionic acid and acetic acid by R eutropha and becane
a nmeasurabl e nononeric unit in PHA Since the copolyner of hydroxybutyrate
and hydroxyval[ed3f]e MByutilizieg thesiysteinl aadrpamcess wthppmp@rtnnwtlommgmmmd& he

HV content of copol yner can contr in pi oni c
acid 10 pr@ageqqtmopﬂyfﬂ%asgybr Cﬁg%‘»%BPP fo[oé %‘é‘gﬁ (ggrf)%i[%ﬁ?sé 3aci d
and lactic gy hssrnffrf%!n@rB@Eahﬂétﬂef%hb%oﬁ&ﬁﬁ'xm%ﬁﬁ&ﬁ dth@leswhadut éhei r
mass transfer rates we Ive to six tinmes higher than t at of acetic acid

and fiftee ncetlsa, asi enriekad mlmﬁsoﬁﬁlgheyn&lbmmmm mmntamedptb oprducasbibmass phe

di al ysi a Thus, b s acr d wer

substrates ‘fq% g@ﬁ’&é‘éP%@ UILILé flzr'\se/a @%%@?A 8‘66 il hl%ha%c{l%m%{](gorn?%%l I
growt h and Riifn&l fEMTrbRHilc wilie tehthidat Saddoniparatieio e palyater costen dbdthed
butyric acid or lactic acid showed that both acids were an _appropriate

car bon sou rﬁ:@nfpure Enose fernientation. Tipchighrelyiner eeitentps M@eﬁt‘ﬁ&t evelgPfent

wer e achiev their co cen S / i der abl e
acid inhitf¥ e%?%’ﬁ?’ V& a??tte?tﬁ& O?%H%rer% F}%n&lclg%/le F?gﬂsge further
shows the b&taé‘eht et dbnoreiratBs (HALSIORE avaltes aarbbenﬁﬂilyzemfmt vil@abdé produs.
butyric acid and lactic acid. Butyric acid and lactic acid were utilized

al nost simultaneously, with lactic, aci.d being used fastglré Z’E %yrl c
aci d. e naxilRl#als pebatle 3 s%m@ﬁg@chﬁtyr@{e&ge@po BRI tc@”hv et c
acid reache Igolgmﬁ%p*% GihuoBd udder BoRRSl A ArboRnibech Qv pinsiod @RECL vel v (Fi g.

7a). The dr nass ontent reached 3798 g/L and 66. 1% at 16
hours, respectively (Fig. 7b). 25 The formed pol ymer was a honopol yner
(PHB) . Thi sTabig@es tVasdobity- awmgmoluctdanwvexgiutwv)mfel’dw Biopolymers foraeddn s a

good carbon source fo PHA IH? unl i ropr ni cid, lactic
acid cannot be used f Fgaé% %8151 al 62 .’rt’a‘? ﬁ%}’(& oner, even
t hough both aci ds have three car bons. -12
C/N 4 9 30 72
Mv (kD) 820 830 730 580 510
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WO 03/ 062439 PCT/US03/01202 [00341 By utilizing the system and process of
the present invention, organic acids are continuously rel eased from

anaer obi cwaoiogeexdon of food scraps and transferred acrossPaT/usas/oizer for
PHA synt hesis. Because there are no solid m xing and hydraulic washout of
cells, an enriched culture of PHA synthesis can be nmaintained to produce a
bi omass of 5 very high PHA content. The 72.6% (ww) PHA achieved is a high
pol ymer content obtained fromorganic waste treatnment and conparable to

t he pol ynerWihatiseidimedisai ned from pure gl ucose fernentation. The high

pol ymer content is the prerequisite to develop a downstream process for
cost-effective polyner recoye fromcell .mass. Thus, t rese .

i nvention dem)nsf'r at eér?ﬁg‘?a/%é%’é‘ﬁf’ N2 AR Yfﬁsiest}% Eﬁdiegﬁagg@eﬁlﬁmf?gli[aﬁf%l e
products. 19,{-B60R85dc1ldR} Boidhydie¥alkdiRaiet PEIRALY Whil 8588fsd3D! ecul ar wei ght
(M/) of PHA polyners produced under controll’ed carbonh-nitrogen wei ght
ratios (C/N). Table 3. Viscosity-average Ml ecul ar Wight (M) of PHA

Bi opol ymers formed on(2) O glaedtiog Hled okganindeastes withi 2alacidegerin mNkrobisg pepulatiano
(N CN 4.9 30 45 72 (kD) 820..830 730 580 510 -13 WD 03/062439

PCT/ US03/ 01 rswoé?pﬁrgnegly 9 ﬁgﬁwﬁoia?ﬂigrggnﬁgf &6t converti ng organic
wastes to bi odegradabl e thernoplastic materials including

pol yhydr oxyal kanoat es(b PHAs)lymbiiziRg ciswalatile 8igahi@)aclds dgtpohthytiiayolkgeddite
wastes with_an acidogeni ¢ nmicrobial, population 5 in a first conpartnent to
f or m vol at i (Pl Ryafndngmicaebialspgcienin prscopbeqmpasgang to fosmdtiAs or gani c

aci ds by pol yhydr oxyal kanoate (PHA) producing m crobial species in a
second compartment t owf Q6 R Sla LRG0y fhilibliel REGANL A 8 are
transferred fromthe first to the seécond conpartnents via rmfecu e

di f f usi on ascasbcdmparinemss. vid thaleculdhdiffiribhackossbargerst ed in claim 1, wherein
t he PHA produci ng m crobi al

10 2. The method as recited in claim 1, wherein the PHA producing microbial

species are R. eutropha or P. oleovorans.

3. The method as recited in claim 1, wherein (a) occurs in an anaerobic

environment and (b) occurs in an aerobic environment.

4, The method as recited in claim 1, wherein the PHASs contain 3 to 5 carbon

15 monomers.

5. The method as recited in claim 1, wherein the PHASs contain 6 to 14

carbon monomers.

6. The method as recited in claim 1, wherein the PHA is poly(3-
hydroxybutyrate) or poly(3-hydroxybutyrate-co-3-hydroxyvalerate).

20 7. The method as recited in claim 1, wherein the compartments are
bioreactors.
8. A system for converting organic wastes to biodegradable thermoplastic

materials including polyhydroxyalkanoates (PHAs) which comprises:
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species are R eutropha or P. oleovorans. 3. The nmethod as recited in claim
1, wherein (a) occurs in an anaerobic environnment and (b) occurs in an

aer obi c ewoisosa¥ent. 4. The method as recited in claiml, pararses/m2ohe PHAs
contain 3 to 5 carbon 15 nonomers. 5. The nethod as recited in claim1,
wherein the PHAsS contain 6 to 14 carbon nononers. 6. The nethod as recited
inclaiml, wherein the PHA is poly(3- hydroxybutyrate) or

pol y( 3- hydr oxybut yr at e- co- 3- hydroxyval erate). 20 7. The nmethod as recited
inclaimi1, wherein t@ conpest comparinentcor pridogenesivpborganic Avasies; agh f or
converting organi c wastes to bi odegradabl e thernoplastic materials

i ncl udi ng pol yhydr oxyah kan i i i LA 9
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wast es; andf{po)yts/dsesalidneter{Pai A nEotucifipmiqobighspecisy céthpssisg Ry eigrapihahBd
cultures of pol yhydroxyal kanoate (PHA) produci ng m crobial species

conpri si ng ReoveR o pHRIXNEes thereody or ans, or mixtures thereof, 5 wherein the
fernentative acids are transferred fromthe first to the second
conpartments through PRLLHAHS ferPenthiife SIS HBARERE £6M thé fitdt 8 teGecoMaer ei n
the barriers prevent mxing of mcrobial cells, particulates and water in
t he two congarganterenss. thaotigh Phriesyyst em as recited in claim 8, wherein the
barriers nmaintain different 10 culture conditions in the two conpartnents.
- 15 9. The system as recited in claim 8, wherein the barriers prevent mixing of

microbial cells, particulates and water in the two compartments.

10.  The system as recited in claim 8, wherein the barriers maintain different

10  culture conditions in the two compartments.
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