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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
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s mont ari viindB i PRagofs R teatr ybaka Pomdeadis "and cont rol ); 20
[00081 FIG 3 are graphs of time courses of PHA formation with the

silicon-densgMNMERYADE THE ISVEMNTION R ~, zitropha and PHA synthesis on
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dense negrbr anefoos] t NeheHeRBtGnRatOE relsted /04 Bidcésd ahdl Syl E6roupRhgineon of

t he PHA-producing reactor); [00091 FIG 4 are graphs of tinme courses of PHA
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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
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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 mcuq/cmmagmns and theul ar

i ght (M)_of. PHA 50 t 100 141 The s f
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conpartnentaCIJSQr aci dogenesi s of organi c wastes W|thout 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 [00161 Food scraps were
collected froma |ocal canteen, m xed with water in 1:1 (ww, and bl ended
to sl urrywomaexebi ¢ di gestion of solid waste was conduct @¢TAISO3BI2ZVL in a
5L reactor with 3 L working volume. An inoculumfor food waste

aci dogenesi s was prepared by keeping food wastes under anaerobic
conditions. The inoculum (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 NaCH, and r 0@Es] t Fobdd @craps were dodlegtetl opnplbalicanebmuhixed GithNeatef irither pH
control was inplenented after the anaerobic digestion was coupled with PHA

product i on (Wb 27d bieadest torsiurye ubnassehic Alpertionrgsolidyagsigseag cppgduotidaat 35 °C

duction., . ' i ntai ned, b : 9
Cl ants. (priraoyt EoRPLrRRag” Fpurme PR bihgllbdey s il dye 20
extract, 5 pgefRfdli31RepMg fSodwhdlEkhide mactdttc SaiiRtion3U Thi éiculunt (R51BEMHUM

w t hout agar was al so used for seed culture. The seed was prepared in 2 L

f1 asks 60Etvé‘1")m/€:r$gn'8©‘d)wﬁﬂh frashislwmyi ta stert aeerobicghggstien.t he slurry pht wapfitst pm and
30'C. T : ' i i
For pha pr JdUSIen 4 PSR M aER R (ARG b PHERBIART drhoBa B RS g O

(NH4) 2S84, fortBer HIIROEwaSindglelteRi@after e 4nRrdiSBigestivndvdsdoupledrvaied BHANT
solution that caontained (per liter of | MHO): 2.78 g FeS04-7H20,1.98 g
MhC12- 4H20 produgtion.cos04- 71120, 1. 67 g CaCl2-21120, 0.17 g CUd 2-2H20, and
0.29 g ZnSM4. 7TH2O. [ 00181 PHA was synthesized by R eutropha cells cul tured

inal6 L aifg bli . J i LESE g[apﬁ,o k and)
with 1.3 L wo %ﬁlzg VO ué%’ggfpégﬁf{zﬁéggv%ﬁﬁ? gﬁggtup H:at co&ﬁ?ﬁe&sggﬂ;-}llg
pr oductiDon stkinhwasnazinahied byimgeshiyonboflturoou2.§8s-ages slaftsd pHab0)dmgériniog §henr r y

in reactor 10, (anaerobic digesti eagctor) was cycl etween, the two
reactors yihée% %%V?aﬂ Fftack zﬁ%be‘%%_xéﬁ%’ %gﬂ%m}a?%?n%i??ﬂ@?hﬁ%uf‘lﬁe i31% hat was
i mrersed i Byidierith BRURIM $hYhi a%gr s I8 G4 for sekd CalttireDURBkESOWAEREDRE -
Under a concentration gradient across the barrier, the fernentative
aci ds in the2dcflatke caitaining 508rmel medinsf ieraretdry shakert foe24 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 FeSO47H,0, 1.98 g MnC1,-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 | | 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 [tmthickness and 0.23 inin

| ength). The PRA-synthesis reactor was maintained at 3 0 'C via a water
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Wi th two SI o&lﬁ@e&i r| eﬁ*ula{'f&p CU| YVT@Q&%OI? ﬁurﬁxe?ﬁhh@qsﬁwpg 1f%§0\§&lé(f Opha

harvested frOM A hi re was re- suspended | m ner al
sol uti ofi. Aenpethturescodkrobby theivatardiath (4a. 4 g/ L) and lactic aci d 10 (ca. 4
g/ L) was added into the mineral solution as the sol e carbon source for PHA

synthesis. Th i ssol oncentrati S. nai nt | ned ove 20% air
sgturati on V\fqﬂﬂﬁl yﬁ&@@? ?f&aéﬁl PO P‘ier “gﬁ’éé’&d adlrgb’fﬂs The
cultivati OEoﬁﬁﬂ%r%yE&lﬁféﬁﬁlaQQ%ﬁﬁéﬂt&%qlﬂ{p %@w:lﬁ?x @B@&Bﬁd&i‘hi‘é@ﬁuﬁﬁ@& rol | ed

at 7.5 by adding 3 M HQ or i on. growt h was nonitored
by neasuri mg)ouhk&gneilluadtss@éﬂseatgop@@lhﬁw&ste@ﬁ@nnnnumw fgoadtrdwys el | wei ght

d PHA det f | | f
Ul tur 6 br SV inant FTF gL R BBRYr OB ACH e E SR a5 o
const ang W?éag h &/L)D\bl& MR Btb HRGhRErA é&l{ﬁlél’ﬂ@s th¥ 8616 chibd s dowgb hﬁ‘ FHWA excess
chl orof orm nL chloroformfor 0.2 g cell biomass) at 60 'C for 24

hours. The sm@esaﬂ;aThes,@Bsowed@sWWW@tmabynmalsmaamtmﬁd abnm?@l”/ o air gHtuEtioni | t er

d defined d d_and it
and gt ey LR BN o OGRS hen B RSO baplo b s
t enper at ur @entFHIRARKA0 CONhE Mie YRSVag SbAARRARAS 75N ddaingetEEel of 3 MIRaOBHA nmass

inthe dry cell mass. Acetic acid, propionic acid and butyric acid were
solution. Cell growth 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 capploBasas3col um 25 ((err)0.25 mx25 in, Supel co, BEAUSOY/BI2DEC acid
was neasured by high performance liquid chromatography equi pped with a C
18 colum and a UV Diode-array detector at 2 10 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/ p@2439 %’E&ms&aﬁﬁﬂlé’@&arﬁﬂ&%bhdrﬁpawm ad@bdlvdrhlb slarr9fweady | ase and

| i pase in a food scrap.slurry were determ ned usi | ase and | .
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on viscosity neasurenent to give a viscosity-average nol ecul ar wei ght, M.
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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 e P el 8fe Rt 5 bigkRe b ashieRC e gt s morg, 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 (I I 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
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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,

t he concentacauigated giidkiyuin pyrder-pnadudieg cals- PHod owitery and R AoeorcenirationF| G

1) were nuch_hi S om t he d rane. After

nour st he Tatibgd FeBH e Tt B TR, ek e IGe B on ek ect BREL S pra
synt hesi s. thAEtho&OBO294,/624 £31) iR FIQCHL iThe dpy 64l ﬂlﬁkscreaéhéﬂ)ﬂw Wg/ﬁriﬁi 78 ﬂﬁiu'sc

acids in the broth of poI mer 30 synthesis reached O. 0. 1.40 and

1.5 /1 g/ ‘9‘/ retyplewes teg Gimeshigheuthyn tharveined 113 rede) 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 oot knd Beetid abiddr S,
respectively (FI G 4b They. were nuch hi gher than those (60 2% 6.5 g/ L)

in FIG 3a.Wapistegied ip s molechisdiopvay apoyt ZrM?lBﬂH&G@t of5hghi ch was two
tinmes high ) [ﬁ!?ﬂﬁg
Fur t her nor ZEmE gﬂlg Bgllleng:g if&%?ngésléonpﬁv Q{}i‘? Vgﬁr&%r oxybutyrate E %rlg; and
hydr oxyival eviti ¢e stidpne drgse pasemémbiand, evarsthoygi bnemau ethohinpsfippogphioacd and
acetic acids was _detected. in PHA and its |l e fraction was about 2.8%
duri ng rmst(léfmgﬁéwaﬁé?%ﬁ?@é‘ﬂhﬁr?“wwg’r?tgl(a@ﬁ} In contrast, no HV unit was
detected in the PRA 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%ﬂlec 6 grgrrparreg{%e spec t?&lfz cel |
growt h rat eynthetic jat@r(dps) € R éwrdﬂﬂé\wiﬂmhb bved types af esriise Thy ppokjfiotelR.
t h
eut ropha w g'grcr)]wt 1hr§tets \er%ré Xé) essm% ar WIE}{ ll)otfx ﬁense p%assepa%(éldflalllgmg glelmbranes 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 OIS R ASSTT @ Pf [f00f 3 SC apq PH - 858.80 6f 0 894 5.3 378

Anyl as%ﬁg%tg% vﬁ%v&YW) 8%. 0 77.3 70.5 54.8 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
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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
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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
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L menbr angopitiie AFALyL LERS 196, S AHrpIae 9 hggllza%gfts el i th B e 2
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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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(1.6 mm thickness)
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5 Dialysis membrane

2.52E-2

1.07E-2

0.135

0.147

6 Dialysis membrane®

2.61E-2

9.59E-3

0.140
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10

15

20

Liquid media:

A: Water solution (pH 5), and acetic, propionic, butyric and lactic acids are 5, 2, 25 and

30 g/L, respectively.

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

respectively.

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

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,

11-
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propionic, butyric and lactic acids are 5. 45, 1.84 5 d 31 6 g/L,
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eutropha as t PRA production. “From the anaerobic
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obt ai ned. F.urtherm)fe, th& conposi tion. Of&‘fCi&,ﬁg‘ﬁture I n.the
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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.
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di al ysis nmenbrane, the acid mass transfer rates were greatly inproved, and
the transferred acids were a m xture of acetic, propionic, butyric and

| acti c acwO3/02489t0 the 5 inprovenent in nmass transfer offCprusps/ontoz acid
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C/N 4 9 30 45 72

Myv (kD) 820 830 730 580 510
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[00341 By utilizing the system and process of the present invention,

organi c acids are continuously released from anaerobi c di gestion of food
scraps amaotisaeBerred across a barrier for PHA synt hesi CTRSoz2e2 t her e
are no solid mxing and hydraulic washout of cells, an enriched culture of
PH A synthesis can be maintained to produce a biomass of 5 very high PHA
content. The 72.6% (ww) PHA achieved is a high polynmer content obtained
from organic waste treatnment and conparable to the polymer content obtai ned
from pure gWhaebtseldimedisat ati on. The hi gh pol ynmer content is the
prerequisite to develop a downstream process for cost-effective pol yner
recovery fromcell mass. Thus, the . present invention d ngtrates that
organi c wastes can be d}gﬁftp?cg%%cqng?mygpmceng&ai){@égtfé%@ OF?%BW% 3
shows the VinseAsistiNcIAKRE BIShIMbRFAk #1oa1e8 (A s WYikh @dmpfilks: pol ymers produced
under controlled carbon-nifrogen weight ratios (C/N). Table 3.
Viscosity-average Ml ecular Weight (M/) of PHA Biopolyners formed on

Organi c Aci ds under 1@ ti alreataghton¢iganic opetes wathian acdoRpnichNcpbRl gopuidion

M/ (kD) 5820. 83{9 730 580 Sg% -13 )I\QIOBI 06243% PCT/ US03/ 01202 What is

cl ai med 3 s: Dy HrshCquRaRtinent o form, yefatlq areaig atds afd o5 't o bi odegr adabl e

thernoplastic materials including pol yhydroxyal kanoates (PHAs) which
conprises: (a) treatify thsolomedzing thexslile vigatiicanids dydolmyifoxyhkandital
population 5 in a first_ conpartnment to formvolatile organic acids; and
(b) pol yner PHNPpredeingmigrobial pegighine serukcoypasmnsphintosbiAtnoat e  (PHA)

produci ng m crobial species in a second conpartnent to form PHAs, wherein

the volatile organic @ﬁifrgﬁl Cﬁ”k? ?ol%ﬁfé’&gﬁ{ié %di&@'ﬁ?aﬁﬁ&réd for&%l th%ﬁ?éi‘?oﬂ%econd

conpartnments via nol ecu usi on across barriers. 1 e nmethod as
recited i n scandwdmpantnemes via pivdedabédiffusidnecrogs ardersbi al  species are R
eutropha or P. ol eovorans.

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:

-14-



3. The method as recited in claim1l1l, wherein (a) occurs in an anaerobic
envi ronnment and (b) occurs in an aerobic environnent. 4. The nethod as
recited iwoaBaszsd, wherein the PHAs contain 3 to 5 carbomCTaBosronzorrers. 5.
The nethod as recited in claim1, wherein the PHAs contain 6 to 14 carbon
nononers. 6. The method as recited in claim1l, wherein the PHA is pol y(3-
hydr oxybut yrate) or pol y(3-hydroxybutyrate-co-3-hydroxyval erate). 20 7. The
nmethod as recited in claiml, wherein the conpartnments are bioreactors. 8.
A system for converti(@y ordfrst eompartraentfor peidercyesisiaborganin asies) anst i ¢
mat eri al s i ncludi ng pol yhydroxyal kanoates (PHAs) which conprises: -14 WO
03/ 062439 PCT/ US03/ 0 2 ' ' j

§ @bofld I:ér%ﬁr%‘can(rféﬂt HE? %n¥ I)&?lgltrer %%es&%ﬂ&%ﬁ@é&ﬁm%s

organi ¢ wastes; and ( a second ¢ yner “synt hesi s

enri ched cuftpolys/draxyaliahody GHX)y@oladinginécroblelgpepico cemprigngRe ewsbipdia, P.
species conprising R eutropha, AP. oleovorans, or mxtures thereof, 5
wher ei n t he? e@ofi@hsh QEF‘%W&EB@E“&M transferred fromthe first to the second
conpartnments through barriers. 9. The systemas recited in claim8, wherein

the barrgers prevent g $bRghOfermBh&afifPAdds £8 radsfeP@ fbGUhEHES G suedm@r 1N
the two conpartnents. 10. The systemas recited in claim8, wherein the

barri ers nmedomiprictmenis therghbarries.cul ture 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.

-15-



