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the waste, atisache intewest bbausdofimis poftislane B Biopegddublagdidmhfived ’Spetroleum-

Furtherrmr%, eaahi%,acid,conc ntration due to :
ased synthetic plastics such as polypropylene andrpolyethylene. Efforts have been made

to produce PHASs by microbial fermentation on glucose and organic acids. The
15  production of biodegradable thermoplastics fror 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 fafty 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 synthesis 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.



the high mcrobial activity of acidogenic mcrobes would inhibit the
m crobial activity of PHA-producing cells. -1 WO 03/062439 PCT/ US03/ 01202
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[0013]  The present invention relates to a method and system for converting
organic wastes to biodegradable polyhydroxyalkanoates (PHAs). The method comprises
(2) 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.
[0013]  The present invention will be further described by the following examples.

25  Examples



[ 00151 The present invention will be further described by the foll ow ng
exanpl es. 25 Exanples -3 WO 03/ 062439 PCT/ US03/ 01202 (MACO) of 6, 000-8, 000

" (flat widgbodes2m@ 28 pmthickness and 0.23 min |ength). peh S03/0120
PHA- synt hesi s reactor was naintained at 30 C via a water |acket and2 pH 7.5

by adding 3 MHC or 3 M NaOH solution. The di ssol ved oxygen concentration
was maintai ned at about 20% of air saturation with 3-vvm aeration. Further
in FIG 1, there is provided 5 tenperature control by the water bath 14.
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m xt ure of MHCY bf 8 MNaOH selutich. JTHe)digsotvell @& yieh @ibehthBoh s mhisthinbd YRS
added into the ggne al solution as the sole carbon source for PHA
synt hesi s. 20842 (mﬁﬁ%‘@ﬁhémmt&m ShvrihasinddGa i athaweds prayided20% ai r

sat ur at§ onge 'eﬁi‘m%'c\’)iiﬁbﬁ%tﬁ iv&&;r%g&l] llqin agi tation speed of 600 rpm The

cultivation tenperature s controlléd at 30 C and the pH was controll ed
at 7.5 by adding 3 MHCI or 3 MNaOH solution. Cell growmh was nonitored
by neasuri ng [i08&9jopt PHA prdustionyfrqpOBmiaturé@0purebutydib ah@ 060¢ abdywae! | wei ght

d PHA trati . d i d fol : Thirt il ilit f
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chloroform (10 nL chloroformfo g ce | omass 24 hours.
The resi dusiispemsici dn hedsL mimarahselition. A mixtarciofbutynic avidh(ca 408/83 snd labtiekciand

defin as,th si dual, bi ss.. A PHA 20 fi] mwas forned and_its mass was
wei g hglg) af ch‘rfg)l:@ “@ﬁl%%‘?’ﬁ‘?%&%‘n%tﬁﬁiﬂlﬁ% &g tjnq,gﬁ%?qré%so&gcer ©5FHenper at ure.
The .PHA cogyin@iithis\ehe @pdsb R84 o29zeh REnERHEEM REEmBIntHiR& s 20985 Sdhudalibn AT Y
cell mass. Acetic acid, propionic acid and butyric aci 3 were neasured by
gas chr omaVihdapmy aegtienmdiangitation spegdof 6@hiprat Toncwdévationdempsrailive was
controlled at 30 °C and the pH was controlled at 7.5 by adding 3 M HCl or 3 M NaOH

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 capiliary column

25 (¢0.25 mmx25 m, Supelco, USA). Lactic acid was measured by high performance liquid
chromatography equipped with a Cyz column and a UV Diode-array detector at 210 nm.
The mobile phase was a 0.2% H3PQy solution. The composition of PHA was determined

after methanol esterification by GC-mass spectroscopy, a method developed by Lageveen

et al.



I njection of acidified aqueous sanples (pH 2 to 3) into a fused silica
capillary colum 25 (4)0.25 mmx25 m Supel co, USA). Lactic acid was

"~ measur ed W oBlogazper f ormance |iquid chromat ography equip ] C18
colum and a UV D ode-array detector at 210 Mh. The nobi quwgés@u@%s a

0. 2% H3PO4 sol ution. The conposition of PHA was determ ned after nethanol
esterification by GC-mass spectroscopy, a nethod devel oped by Lageveen et
al. -5 WD 03/062439 PCT/ US03/ 01202 (00251 PHA production coupled with

anaerobic dig j=on Qod. scr aps ..conduct.ed. i n.the, ai r bubbling

reactor 11 wi ?‘?MP@D %%‘é?r%qucﬁg?%’@ﬁ%swﬁiﬁ%@r %g'gesqw%frfgﬂ‘iscé% Wsal'ysi s
nmenbrane.  fkebfucledinane airbabblinEreaabl BIOwitR twh tdeh bPBAMEEIO Bensiififket e dense
phase nmenbrane was used for acid transfer fromthe acidic sltrry. The 5

resi dual biteaRsngard diglysis aeasmbrrns FIG. 8 shews the timeceprsesiof PEA poodnstionThe PHA

content a | 0. 2% and 6. L 1n,. 70 hours,
respective IQ@EE %&%g?ﬂﬁ%ﬁ%@%%ﬁgp&%g % Ef?é& &%?53%" t?(ﬂg thfeacidic shugys Iﬁﬂer y
ver e tr ansfresidialbiomdsh oag dickeased fbin 12EMABMES ghilh3Hbutd eTH PHLA @BRteHENSE
phase marrb%ga&ﬁld used as the sole carbon source for cell growh as well

as PHA acc encengaiiangeached 0 3ok erdhdl euin/70 hovss irerpeoiively FGedt)ed 10

in the cul . r . | rent Al , Wi ch pended on
their rel a?%ﬁm@é}t%it@%‘i% 5%‘%&3% ?g‘%%lg EIM%%SW%%%%Fﬁﬁ%%ﬁg%H% tion
by K et at r dipbagiofhe silivdhw deisa phas enrhdenided aBtHeydolCoaborsofese hPEa) or
fermentati veﬁi d and it concentratjon was bel ow 120 ng/L in the m neral
sol uti on. @8 N&ils BHA acopmaulatinm. Acseguepignis and butwiccifisewre detected

concengpat i ' r ' ' ' 15 propionic
aci d appoaroa R RPARIIE Lsapid ARl e Rk Mep Rl Mg,
and 1.6 nuptes offmeassdrznsferthyoudbotp areabratietand icbesiagitibndsk eivirophd &0S i n t he

mermbr ane. wirdighal doigh e B PR el e the Gelor (amuriaiva sridandded 1. b g1 L
PEin pr oduc g ot Saey e oo 32 el ) SRRl IS IR TR o (e
fastest due to its highest concentration difference across the barrier. Acetic acid and
15 propionic acid appeared in the late stage, and their concentrations reached 3.0 mg/L and
1.6 mg/L, respectively. Compared with the acid concentrations in the acidic shurry, the
acid concentration differences across the dense phase membrane were 27.4 g/I. (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. 42). With a large

-



20 nenbrane was up to
the di al ysis nenbrane

32.6 gl L.

was used

were detected after 40 hours.
25 transferred through the dialysis nenbrane in addition to the three

volatile fatty aci ds.

FHA- produci ng reactor (11 in FIG 1)

dense phase nenbrane.

because of the sl owdown of PHA synthesis.
propi oni Tablet. YEigyme dctiviGibs 4 diffcet

Mor eove

After 60

as a barrier
© product i owo Bakysacetic acid and butyric acid were detect
stage in the PHA-producing reactor,

r,

hour s,

The

1eb8ls Bupinl Rfael)

while lactic acid and
Different fromFI G 3b,

the concentrati ons of four
were nmuch hi gher than those fromthe
the acid

[00261 FIG 4 shows the PHA production when
bet ween aci dogenesi s and PHA

Apdahii

|l actic acid was al so

early
aci d

acids in the

concentrations rose quickly
concentration of acetic,

esi s

L]
reached 0.42, 0.16, 1.40 and 1.51 g/P respectively (FlyﬁrgreS?& ée’%haa | ar ge
-7 WD 03/062439 PCT/ US03/ 01202 Tabl escrapsEnzyne activities at different pH
| evel s during anaerobic digestion of food scraps pH6. 86. 56. 05. 75. 35. 0
Anyl| gseacti (o8 705548364+

I

. Yy g—tt Se—ptt -y
(u/L)38. 937. Y S8 7 os 885 o pr Boeack ablvi y 37 E 5.0
(u/ L)Ep—F12424 115 2__12() 515 1002911 Anyl aseland lipake showed hijgh
actiu%“g@'g%immgm pH¥% el ls: 7p7r30t elase’0-3holed SHiSgh hct BOAty |at-178w pH
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scrap digestion, conpgred to constant pH leyel. In the rst ays
nost of "The easity digestible sotids—had—been—tused—antd Lhc r-erebial

actigi ty declined. The enzymatic activities even at a neutral pH |evel
[0029]
showed high activity at low pH levels. This poinis to the fact that starch and oily matter

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 w/L), compared to 40-80 w/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
dependent 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

9.



becanme | ow (10-15 u/L), conpared to 40-80 u/L at the beginning of anaerobic
di gestion. [0030] Acid nmass transfer fromthe acidic slurry to the PHA

" synt hesi ' 5 was essential to the coupling of the The
mass tra?lvsv erk]!rﬁg%%s of organic acids affected not only tkg}fshﬁ\ﬁ@ ﬁ{ hesi

but also the food scrap digestion, because the pH could be control | ed W|th
continuous renoval of the organic acids. PHA production is dependent on

t he carbon source provided, and, to sonme extent, nore PHA coul d be

synt hesi ze vath ore. aci ds_bein fegre fromt acidic reactor at a
faster ratg) ?&S@oﬁ?ﬁ ﬁﬁ’%fﬁ'é‘sgg%%s siggflag falysis £ - &% A9- ddos thet he
aci dic sl urdeusmamehgﬁn@aﬁmhf&%ymr%tm gé ¥ il anyl ase and

li pase for hydrolysis of food scraps. [0031] mass transfer of the snall
nol ecul es of organic acids relies on nnlecular diffusion in the barriers,
and hence, the barrTahleg; RDialysisaatesof arginjaadids wiweetnedizt thréughD 03/ 062439

PCT/ US03/ 01202 bar ri éwe.deAs¢ phasennevabeanesadd ione dialysiymieathrangi | ar di al ysi s
rates (Mo. 2 & No. 4 for the dense phase nenbranes and No. 5 & No. 6 for

thg_ di alhys I's enbrane.) Table 2 Dralysi %c{@&gg,mg}atgg@&gbgseg& s two ;
medi a t hr( t RS e W
di al ysis rg?gs (ﬁ%onlﬂﬁgzeg m No. I\;n%f)%?gﬁg(g di aﬁ%ﬁ | c{acl rygﬁ'lc g t3§9’r qﬁ
aci dLacti (r—;c-'r cid i“"] Se—4Te 5452 96E-40 -(3.-2-mm
t hi ckness) 2Déns€ REMBrand . o E-§2.¢ 5E— 56. 16E-40 1|6 mm t hi ckness)
| 1.14E-5 2.96E-4 0
(3.2 mam thickness)
2 | . Dense membrane®
1.94E-5 2.25E-5 6.16E-4 0
(1.6 mm thickness)
3 Dense membrane”
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 mum 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,

-11-



3Dense nenbrane 9. 7251. 24E-46. 07E-40 (1.6 mm t hi ckness) 4Dense nenbrane

2. 01E-52. 14E-56. 21E-40 (1.6 nmmthickness] 5D al ysis

" menbr ane B%E/’O%lls 7E-20. 1350. 147 6Di al ysi s nenbrane2. 61E- %ﬁ OE- 30. 1400. 154
Liquid nedia: A ter solution ((H5), and acetic, propi i ,SﬂﬂWic and

| actic acids are 5, 2, 25 and 10 30 g/L, respectively. B: Water sol ution

(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 | & aGl al .4 1. 25. T..an 1 [L, respecti.yvely.
00321 1 el vi 0034 o Rt e Sstet it prock ol R S Brfhghon CRERECHGHE! Y
butyric aciae colflin@bekly Aitédsed f6inchnAasBicliRERtibS 660l sClapeaid @EReerAd defiRs a

carbon source for PHA production. Fromthe anaerohic digestion of organic
wast es, a rhasiarder B Afsypihesis- aBpeauseberparoas solimiing ydeadie wishpwtad nor e,

t he conposi_tj aC] ] %t A . - i PHA
“synthest s wiis datbrBbe i Sl T R Brbaub £ Bt 8F
coupl i n§. \ethhigh®HicostethThe 7%%(@@?,beuh¢hié\@da§hﬁigm1ﬁh& doRfepf aci d
transferred, -11 WO 03/062439 PCT/ US03/01202 [ 0034] By utilizing_ the system
and proces® OTH (OE&EHY W FRUOGRL a8 cPp CE 69HLP u
bisfingdhis 4G BARITIGR S¥ G PPEb o dbe DAl tony obtaimed

I df i j . fi . .
bar 1 or o BHRLRTARREE FALRGRILE TR hihRdlyREt ARt b pRENESLTY (BEA0ER,
washout of dosimktrsam processribrémstieffadtiverpelyeher Ptddveryrdiasell neas Deasydient ai ned

to produce a bi onass, of . -
P present invention demonstirates that organic wastes can be utilized for valuable products.

10 [0035]  Table 3 shows the viscosity-average molecular weight (Mv) of PHA
polymers produced under controlled carbon-nitrogen weight ratios (C/N).

Table 3. Viscosity-average Molecular Weight (Mv) of PHA Biopolymers formed on
Organic Acids under Initial Carbon/Nitrogen ratio (C/N)

C/N 4 9 30 45 72

Mv (kD) 820 830 730 580 510

-13-



5-very high PHA content. The 72.6% (ww) PHA achieved is a high pol yner
content obtained fromorganic waste treatnment and conparable to the

" pol ymer owotsné24sbt ai ned from pure glucose fernentation. pFpgishdgRep0! yner
content is the prerequisite to develop a downstream process for
cost-effective polyner recovery fromcell mass. Thus, the present

i nvention denonstrates that organic wastes can be utilized for val uable
products. 10 [0035] Table 3 shows the viscosity-average nol ecul ar wei ght
(M) of PHA pol yner apr odufimsticanmyeheiment for adidopenesty dfangaiit wagtes andi ght
ratios (C/N). Table 3. Viscosity-average Ml ecul ar Wi ght (M/) of PHA

Bi opol yners forned o Organi ¢ Aci ds under, I niti al rbon/ Ni t.rogen ratio
(C'N) O NA9304572 l\/yrtH(D) g’ﬁm& ﬁg\f@w’@@ﬁ@%‘aﬁi&%ﬁ@@@@ OPIE) a
first conparpheBMydrok9ilkaia PréaRingAhBAdHI S sPBELomHhd B) erropfhis ORd
conmpartnent, for polyner synthesi's by enriched cultures of

pol yhydr ox phiovarasat @ nimkmys thewsdfici ng mi crobi al speci es conprising H
eutropha, P. oleovorans, or mxtures thereof, 5 wherein the fernentative
acids age transferred fr he first to.1he secand. conpar ts through
barrieré. 9. The sys%’ &ﬁrg{g%eeﬁf@%”aa%fvﬁ ac?’r&ﬁi &0 "réfqp%eé%g{’]"rtﬁ%F?oB&event
m xi ng of compeaRieals tigohisbarfarist | cul ates and water in the two conpartments.

10. The systemas recited in claim@8, wherein the barriers naintain

different 10 culture_conditions _in_the two conpartnents.
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 compariments.

-15-



