WO 03/ 070649 PCT/ SG3/00017 1 Aerobic biomass granules for waste water
treatnent Background of the .invention 1. Field of the invention 5 This
i nvent i ormwvoroaloatees to the production of the bionmass of aerchisGogp@nul es
for the treatnment of waste water. In the 'treatnment of waste waters by
oxi dative biological purification in aerolpic granular sludge bl anket
(AGSB) reactors, waste water flows in an upward direction through an

oxi dation chanber in whig¢h m.cy0-organis re.present vement of the
suspensi on of waste wat MMMWPJ%M%Sw wat er
chanber is prOV|ded by the introduction of an oxygen-contai ning gas which
al so serves to mx the suspension of biological material and waste water.
Wthin the éﬁ%ﬂf PofelidRenignes of regul ated settling which cooperate
in the renoval accunul ation of granules of a specifed size range. 15
Gt her types #f OxFitddiof¢heé rewention whi ch rely on the introduction of an
oxygen-cont ai ni ng_gas_ at the bottom of an_oxjdation chanber doubling up
through Swaste walbis inyemtion relatesdosthe nyedqtion 9f ther biomeags wof aggobis| granules
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and the remaining suspension returned to the oxidation chanber.
reactors are inner zones of regulated settling which cooperate in. the removal or

accumulation of granules of a specified size range.

15 | Other types of oxidative reactors which rely on the introduction of an
0xyéen—containing gas at the bottom of an oxidation chamber doubling up through
waste water to Be freate'd are generally referred to as uplift reactors. Such reactors
are generally seeded with an active biological sludge which consumes contaminants

~within the waste water thus réduc’ing the level of those contaminants and producing

20 . biomass which can later be removed from the reactor for recycle, or other uses, or
disposal. ' . |

One such reactor is disclosed in US P-atgntﬂ No. 5,985,150 assigned to
Biothane Systems International B.V. In this patent, there is ‘disclosed an uplift
reactor in which unsupported granular sludge is used to treat waste water. In this

25 reference the sludge is introduced either as a supported or unsuppoﬂ:ed sludge into
the reactor and waste water and an Qxygen—containing gas supplied through the
bottom of the reactor. The granular sludge is carried with the upwardly flowing gas
into a settling region where a‘ﬁortioﬁ of the waste water is separated from the sludgé
and the remaining suspension returned to the oxidation chamber.

30 One problem with oxidative waste water treatment in reactors of this type is



30 One problemw th oxidative waste water treatnment in reactors of this
type is WO 03/070649 PCT/ SG3/00017 2 the | ack of cohesion between the
unsuppor two oBioosess t hus naki ng the handling of the bi onk€3/Sgeseroat | y
difficult. In particular, renmoving the biomass fromthe treated waste
wat er and produci ng bi omass which, is suitebly robust to be used as a seed
for other reactors, has proved to be difficult. 5 However despite the
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properties to-be used effectively in acrobic uplift reactors.
¢ It is an object of the present invention to provide a method of production of
15  aerobic biogranules which can be used in the treatment of waste water.
Summary of the invention
The present invention is directed to .a method of producing aerobic granules
under controlled conditions for the treatment of wa'ste' ‘water. The method
comprising the steps of: '
20 a) introducing Weste water into 3 reactor containing an active biomass ;
b) supplying an oxygen-conteining gas to the reactor to provide a mixing
action and transfer of dissolved oxygen into the sludge in the waste
water, the supply of oxygen-containing gas providing a superficial
upflow gas velocity above 0.25 cm/s; |
25 ¢) - initiating a period of nutrient starvation in the reactor while continuing
to supply oxygen-containing gas; '
d) . allowing fdrmed aerobic granules to settle;
e) discharging and replacing at least a portion of the waste water;
f) repeating steps (a), (b), (c), (d) and (¢) until the granules have
30 predetermined physical properties; and



e) discharging and replacing at |least a portion of the waste water; f)
repeating .steps (a), (b), (c¢), (d) and (e) until the granules have 30
pr edet er mvoad/oplsysi cal properties; and WO 03/ 070649 PCT/ S@3/S00800017 3 Q)
recovering biomass granules within those predeterm ned properties. The
applicants have found that aerobic granuleg suitable for uplift reactors
and particular AGSB reactors may be fornmed.under the above conditions

ithout th df th f [ terials. 5 1t is.beli d.t hat
Uhe ot arvat: o peg) od HaGoVeRng biasnes ETNGS UHBH tebn Brd RN BT
bi t I t . ' h t I I t
of “the i nvent on. Thpepelfans 19yP detnd ShaAoRt Pty sifsulb TofIBIE fe e
{reatment hay g, BINELCAGSILARYR hal e roteli Alde: I8¢ abis bandiBbhs withour

reactors. Pr8f ese physical aracteristics 1 nclude a roundness
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nventi on; Ll o fcfindPRinihe IRl KRB erfiicS NGitBR! fort@s6rin uplift
treat ment; 2@3#95’9‘;“"4&. S a‘%%‘ﬁ{‘%ﬁ’ eagﬁgngese I n hydrlophobi city of {’he
cel | surfacerquéRirs. PReferdblontiidsaephypichl Ftigarhetefistics dnglndpha stvomidngss taispect

ghang_es i n hydrophobicity as a function of starvatiopn time. Detai liecijé .
escri ptldn bétweehd).Prefd  densiphetweemi.090-tonk8H ipemt.iand Psragg partiche size
I nvention w Ilaclatvx%%xav’l%% a%%sfé,b&?fxm"“ th reference to the production -
Préferably the distance from any position within the biogranules to the outer
~surface of ‘the biogranules is less than 800 pm. Thus for perfectly spherical
biogranules the maximum diameter is 1600 pm. '
15 Description of the drawings
Figure 1 is a schématic diagram of a column-type reactor used to perform the
method of the invention;
° Figure 2 is a process flow diagram of the method of the invention;
Figure 3 is.a graph of a COD remov;ii during waste water treatment;
20 Figure 4 is a graph of the changes i;.l:hydrophobicity of the cell surface over
operation time; and ) , o
Figure 5 is a graph showing the changes in hydrophobicity as a function of
starvation time. '
Detailed vdescripﬁon of the preferred embodiment of the invention
25 While the invention will now be described with reference to the production
of aerobic biogranules in specific media, it would be readily recognised by those
skilled in the art that the invention is applicable to the production of aerobic
biogranules in any waste water system.

Due to the nature of bacterial degradation in waste waters, those bacteria

30  which are best adapted‘to the particular media will proliferate while those without



of aerobic biogranules in specific nmedia, it would be readily recogni sed by
those skilled in the art that the invention is applicable to the
product i owomB/oasuobi ¢ bi ogranul es in any waste water sysPEmISGDs/@o0td t he
nature of bacterial degradation in waste waters, those bacteria 30 which
-are best adapted to the particular nediagv|| proliferate while those

w t hout WD 03/ 070649 PCT/ S@&3/00017 4 the ability to netabolise materia
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t he supply of gas d, al-l.owi ng:thé biopass:to settl.e. followed by the
fourth stepwgﬂ%@ﬁ&ﬂg?ﬁ@%oﬁé&%wafm@w%m%ﬁﬂ% he bi omass to
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and the internal dianeter of the reactor vias 5 cn). The reactors were fed
wi th wast e \bytthe sapplysifagased- up by addi ng “an active biomass sludge: In the

exanpl es 800 m of nunicipal actiyated sludge, (3000 suspended, solids pe
litre) Ws addedTheethirdostep shamn ipKiguse %mwhgqsu%eggmgs&eswpghesffgﬁﬁ an

source and reactor | a eqca 4:her - 20

oper ati on canmn e BPlnath B FHE KMo By PR 3R OFqifdiRping e
drawn at thgy gp'ng%@ah@%gyc' Fhe bivMnAekoRpH0. The reactor was operated
for 4 h per clf/ Wi hygraulic retention time (HRT) of 8 It and a

substrate | oad? lng‘vymizgll:x?n—w;& tegctoch #0n( .2l mdejgleh vdtnamwebrkingDyoline: pk2.4dhy
was appl i ed 'we-lx:g %sgéll lftl)rl s%%uggt?alvge}o%q{: (’siﬁvxdge blanket systems (both reactors had the same
15 geometrical configuration, as shown in Figure 1, and the internal diameter of the
reactor was 5 cm). The reactors were fed with waste water and Astar{ted*'tq: by adding
an active biomass sludge. In the exampiés 800 ml of municipal activated sludge
(3000 suspended solids per litre) was addé'(_i. Reactor 1 (R1) was fed with glucose as
sole carbon source and réactor 2 (R2) w1th écetéte as sole carbon source. Other
20 operation conditions were i{ept the same for fboth reactors. Effluent was drawn at the
middle port 12 of the colurﬁn 10. The reactor was operated for 4 h per cycle with an
hydraulic retention time (HRT) of 8 }‘h and a substrate loading rate of 6.0 kg
chemiéal oxygen demand (COD) m™ per day was applied. The filling and withdraw
time were each 5 min, the settling time was varied from 20 to 1 min and the
25  remainder was the reaction time. No idling time was applied in the present research.
The mean sludge retention time was 7 d in R1 and 9 d in R2. Sludge wastage was
. performed through effluent dischargé. An oxygen containing gas which in the case
of the examples was introduced through an air diffuser 11 by an air pump in the
bottom of .the column and control‘léd by a mass flow controller. An air flow rate of

30 3.0 1 min” was applied. This gave a superficial gas velocity of 0.025 m s™



time were each 5 min, the settling tine was varied from20 to 1 mn and the
25 remai nder was the reaction tinme. No idling tinme was applied in the
present rwe@antis49 The nean sludge retention tine was 7 dpca/SRu3/emd79 d in
R2. Sl udge wastage was perfornmed through effluent discharge. An oxygen
containing gas which in the case of the exanples was introduced through an
air diffuser 11 by an air punp in the bottomof the colum and controlled
by a nass flow controller. An air flowrate of 30 3.0 1 min 1 was appli ed.
This gave aMegiarficial gas velocity of 0.025 in s -1 WD 03/070649
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exam nati on of ‘water” and 15 waste water, 19th edn, \ashington DC. American
Publ i c. Heal tnflviend i ualwmasTmijustgdmﬁl(hbjsﬂmdmomeﬁM&g" pyndhSGer

particle size analysis, system (MasterSizer  Serjes, 2600; | vern. .

I nstrunents Ltd, Iﬁ’&l‘iﬁ%r“ﬁ‘,“%?é‘éﬁ‘ Y& ﬁ?‘?éﬁ%ﬁ?g\dﬂ%ﬁl sgp&’age ¥%a’§“¥"’e%§qilﬂ’én
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m croscopy: or image analysis (I'A). The m crobial conpositions of granules
wer e standard method (APHA 1995) Standard methods for the examination of water and

15  waste water, 19th edn, Washington DC: American Public Health Association. The

granule size was measured by a laser particle size analysis system (MasterSizer

Series 2600; Malvern Instruments Ltd, Malvern, Worcestershire, UK) when the size
was less than 1880 pum or an image analysis systeni (Quantimer 500 Image
Analyser; Leica Canibridge Instruments GmbH, Nubloch, Germany) when the size
20 was greater than 1880 pm Microbial oﬁégrvation was conducted by using either
microscopy:or image analysis (IA). The microbial compositions of granules were
observed qualitatively with a scanning electron microscope (SEM) (Steriosan 420;
Leica Cambridge Instruments). The granule samples were gently washed with
phosphate buffer solution and allowed to settle naturally. The granules were then
25 fixed with 4% paraformaldehyde and left for 4 h. The fixed granules were
dehydrated by succ.ess.ive passages through 40, 60, 80 and 100% ethanol and then
dried either bjr Freeze Dryer (Edwards, Crawley, West Sussex, UK) or Critical
Poihts “‘Dryer (E3000) (V G Microtech, East Grinstread, West Sussex, UK) and
finally observ‘ed. by SEM. The biomass density was measured by following the

30 method of Beun ef al. (1999), “Aerobic granulation in a sequencing bath reactor”,



observed qualitatively with a scanning el ectron m croscope (SEM (Steriosan
420; Leica Canbridge Instrunments). The granule sanples were gently washed
with phowplavashuffer solution and allowed to settl e nat @CalSIGp3/000he

granul es were then 25 fixed with 4% paraf or mal dehyde and 1eft for 4 h. The
fixed granules were dehydrated by successjve passages through 40, 60,80
and 100% et hanol and then dried. either by Freeze Dryer (Edwards, Craw ey,

??fq;? end, ekt é&gg&fiiﬁz:;saa?ﬁé&? E«?E%g?frmia(: :3%%@%%%5%@%@&“ od
“aer obi c. gy ARSI Ry KoseRberthd (154 AR of Giklerl 48 pmatocatBons; a

PCT/ SG03/ 00 6 3 9 Auds o e | :
det erm ned %@?Fe%ﬁ%ﬁﬁ%ﬁﬁ%&“ﬁ%ﬁn ‘élgﬁieﬂt)blg (’1980 ,Mgﬁg%zﬂ%)é
of ‘bacteri a flgrohy 9 093P PMexadecarid (PR MBI Was ubed ayEAES diydephobid phusd.aCke
hydr ophobi city"™,” FEMS M'crobi ol ogy  Lettéers. 9, 29-33. Hexa ecane (0.25 nl)
was used5as hydeoghobiciphowias pimessedThas Shéypesphtage cof yoells asdhpringsdd dhe
the" --percentage of cells adhering to théihexadadecene, after 15-mn
partitioni ndexadadesane aftere dgrminapantitioning Gsynule o sirength g Wase mgasuesd By

TSy on oo vine ko BRERRaFRt ol e 306 HSiiendh Ay YA {Bhotgn

and expressed. in t | yndbehil @ ohe %guc dnolisdy) Bad
as 10 the S%t‘# gpo@ﬁe&i?%g%ug&%?%w% val at ?jlrazé}tsgélpen%e s%lgi do( SI)3 and
the total V3S1-4d8 sid expreided in thans of tRf intedritkicogfficient () Mlticlois défimat adbi c
granul ati on was nonitored by neans of optical m cro‘scopé an_| A techni %ue
and SEMI@lur ithe ratiee of tbe sesidual granvle wnletlermuspendedesalist VS ard the tofrk VS
reactors fed wth glucose and acetate, respectively. The 15 physi cal
characteri staiﬂi?Eaé’ﬁEﬁH%E‘?rgﬁfﬁfs@&%i ty of sludge in-terms of SVI, settling

velocity, size, hydr %&B{ibﬁiéfy aeﬁﬁ@g;ﬁﬂ&fiﬂﬂ%&ﬁ@nﬁeﬂdﬁﬁﬁﬁemr 6f ®piidal

determ ned during the experinents. sl udge croscopit exam nation of
seed sl udge giiek®opyOanaAA qecthnifuie i andpSEMahiring the operation of two sequential

aerobic sludge blanket reactors fed with glucose and acetate, respectively. The

15 physical characteristics and microbial activity of sludge in terms of SVI, settling
velocity, size, hydrophobicity, SOUR, strength and roundness were also determined
during the experiments. ' '.

Seed sludge | 4
Microscopic examination of seed sludge taken from a local municipal waste

20 water treatment plaﬁt shé’wed a fypica'l?’: morphology of conventional activated
shudge, in which filaments are oﬁserved.' A SEM micrograph further revealed that
the seed sludge had a very loose and irregular three-dimensional structure. The
average floc size of the seed sludge was around 70 pm with an SVI gfaiuc of 280 mi
g?. As SVI values of activated sludge about 150 ml g’ are typically associated with

25 filamentous growth, , the seed sludge used seemed to be dominated by filamentous

 bacteria.
Characteristics of aerobic granules
The characteristics of aerobic granules at different stages and seed shudge,
were determined. Seed sludge had a mean diameter of 70 um with an SVI value of

30 280 ml g”'. Many filamentous bacteria were present in the seed sludge. One week



20 water treatnment plant showed a typical -norphology of conventional
activated sludge, in which filanents are observed.' A SEM m crograph
"further, woesmaleed that the seed sludge had a very | oosePam$Gos/h@gul ar

t hree-di nensional structure. The average floc size of the seed sludge was

around 70 mwth an SVI value of 280 m -1. As SVI values of activated
sl udge about 150 ml g"1 are typically associated wwth 25 fil anent ous
grow h, , the seed sludge used seened to be dom'_'pat ed by fil anentous

bacteria. Chdteactart-up} thesSYI haé detieasagt tm 9@ sl Tgie i Rdransk E78 silig s imR2 and
aerobic granules at different stages and_ seed sl udge. :&r det e{( ) ned.
Seed sl udge dempast mggregaiesrwere observesl i hiotihreactery (Fig, gt Tythe
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concentration in the reactors gradua},ly I ncreased - after .startth- up. After
operation fleslyvwsbrw, thatssludge setileability atnproves sigmfiganihysgs 1the granglation
15 8.6 g MSS i"1 in R2 was reached: The mature granules fromRl still had
fil ament ous W88¥EPSa extruding fromthe ; .granule surface. However, A he
mature  granul es 4 003,32,:8 3dnlertPRRhinSHE res@oRSgra@ually Liti®REE AR Start-up.
observed. G ucose- . : .

After operation for 3 weeks, a stable concentration of 5.9 g MLSS I'" in R1 and

poasy

15 86 g MLSS I in R2 was reached: The mature granules from R1 still had
filamentous bacteria extruding from ﬂ;legigranule surface. However, ‘the mature
granules from R2 had a'sﬁxooth surface'aé few filaments were observed. Glucose-
fed granules ‘had a mean diametéf of 24 mm, with a range of
1.0 —3.0 mm, while granules grown on acéféte had a mean diameter of 1.1 mm, with

20  a range of between 0.5 and 1.5 mm. Th:eiit'hicrobial diversities of the glucose-and
acetate-fed granules were different and the é"lucos-e—fed granules mainly consisted of
coccoid bacteria in the internal part of the granule and some rod-like bacteria at the
surface, with filaments tangled together; however, rod-like bacteria were
predominant in whole acetate-fed granules.

25 The mature granules-cultivated in'R1 and R2 were found to have very good
settleability. The settling velocfty was 35 m h" for glucose-fed granules and 30 m
h! for acetate fed granules: This settling velocity of aerobic granules is comparable
with that of anaerobic gfanules .cultivated in upflow anaerobic sludge blanket
reactor (UASB). Results further showed that the mature granules had a dry biomass

30 density of 41.1 g I in RI and 322 ¢ I" in R2. The biomass densities of granules



fed granules had a nean dianeter. of 2.4 mm with a range of 1.0 -3.0 nm
whil e granul es grown on acetate had a nean dianeter of 1.1 nun, with 20 a
range of wetmesw4®D.5 -and 1.5 nm The m crobial diversiti ®@ET6GOs/M®17

gl ucose-and acetate-fed granules were different and the gl ucose-fed

granul es mainly consisted of coccoid bagteria in the internal part of the'
granul e and sone red like bacteria at the surface, with filanments tangled
toget her; however, rod-|ike bacteria were predonjnant in whole acetate-fed
granul es. tEachademBidysnd flawere selabvelyi loxk semparedrvithngrapplegeghtaingdria ao
have very good. . settl.eabilijty. Th et {.1J ng. yel ocj was 35 mh"1 for

gl ucose-f es%qa?%ﬁmgglatt%&“ ﬁ%lacﬁ@q&%g Lc)et i éﬁh@%ﬁ@&&ty ‘ﬁ# bigmassi ng
velocity ofa, i <SG : n%l\llﬂgl , ) r.Qhi r aoul es
cul tivat e?fiﬁ“%ﬂfigﬁ %evﬁgé%gg% 0 ?ég ?ﬁg@gg@?@%ﬁ’e anc_lorﬁi(‘lﬁ%%?&&ggﬁ 1 ER
further shyyRidddaystehs, BRI s8R WsAhic histatalgétfob R BEsadRiciEas bﬁ%cuﬂé
41.1 g 1"1 in Rl and 32.2 g 1"1 in R2. The bi onass densities of grahules WO
03/ 070649 RarérSAIs/icisly.7a Iagh eetaimablle bidRiasznidk the reecter wedudd iensline & daster
conpared wi th granules obtained in. a_sequencing batch airlift reactor (48
g 1-1). Hapdenoreetiicionf iramayal of osgenipipewstants,ahile eycalient setthing grantas es
would result . fr he, denser . m.cr obi ‘structure,. | I 0l ogi, cal . systens,
bi omass séFyESE g‘gif%%%? gg?ﬁ&%%‘f’ g‘%%?ﬁéﬁ?‘é&ﬁ‘?@ﬁﬂr@%‘%r G WalCTipt t er
Qobvi ously,  a hifgfy | nall B P irod8eEh | 4 1d.ensure ster
and nore efficient a%‘?kgdv : 92?3 organi c %g{:c%l‘&t gﬁ@%@%{@gﬁ@g@l %’ﬁ?gfgg’ l'ing
granul es miceotsiabactivity, ihoteriub fISOWK, uectorntionsl adtivaltal skidgeSB94eis
treati ng wast.e water. .The aerobic granules fed with gl ucose and acetate

exhi bi®ed QugnMLARS S h ™ for ghisose fedemature granules andh35.9ms O, MbVSSK 2 foi onal
activated. sl ud 69.4 | +10.02g,,.M.VSS h-1 for gl ugcose  f.ed tufe
granul es é’ﬁﬁta%ﬂg! HE%?QM@S@#@‘ R thecmature; H&FLR‘%“Y N ggt_h I'n
addi tion, : : ﬁéh%ﬂy faﬂdrpe% h ' .
physi cal g%%%%%ﬁﬁ@%&ﬁéss e%ggg nessg'o}[hé?gl%% Sea?gl Qllgg lceu %t ed
as 4ar ea/ palcul@éd ad darsdpeinRes? TR tWhichSpérifeter 18 ithe 18kgth 6 HeAPHirRTes
outline. Aspect ratio is the ratio between the nmgjor axi s and the m nor

aspect - ofoutlinel Aspett mi® Bdbe vatiebetweent the nyajenakes and-the meinof aspedt @)f.anlThe

h istic d f both ~
char af % er Ieflgl;s% eq%&x?algnt tootiie‘ granule (O=line, 1=circle). The characteristic data of both

glucose-and acetate-fed mature granules are summarized in Table 1. The systems
~ were run very stably for more than 3 monfhs before the experiments were stopped |
with a COD rqmoval efficiency of around 97% at steady state when a loading rate
of 6.0 kg COD m™ d! was applied.':.},.:[he resulting aerobic bio,éfanules are
20  particularly well suited ‘to‘l'lée as seed in AGSB reactors.
- TABLE 1 o
Characteristics of glucose- andfacetate-fed mature aerobic granules

Glucose | Acetate
Average diameter (mnm) 24 i.1
SVI (ml'g™) 51-85 50-80
Settling velocity (mh™) - 35 130
Biomass concentration in reactor (g 1) 59 |86
Granule density (g 17) 41.1 32.2
Granule strength (%) . 98.2 97.1
Average aspectratio®* -~ . 0.79 0.73
SOUR (mgO, g h)- -~ 69.4 55.9
COD removal efficiency (%) 97 98

*Roundness of the particle (B=line .I=circle)
25 SVI, Sludge volume index; SOUR, specific oxygen utilization rate;
COD.



gl ucose-and acetate fed mature granules .are :summarized in Table 1_ The
systens were run very stably for nore than 3 nonths before the experinents
wer e st opwed3owissh a COD renpval efficiency of around 97%Ppel/Ssvaemy7 st at e
when -a loading rate of 6.0 kg. COD m3 d71 was applied.: ;.The resulting
aerobic biogranules are 20 particularly well suited to ruse as seed in
AGSB reactors. TABLE 1 Characteristics of (Qucose- and. acetate-fed mature
aerobic granules .d ucose Acetate Average,.diameter nm2.4 1.1 SW
(mlk-1) 51-85 50-80 Settling velocitu mIf 35 30 Bionass concentration
in reactor 1'' 57%¢ SBR systehn operatieyiaid sequendihglcysk: of feeding, herativnesejtling/o
98.2 97.1 Average aspect ratio* . 0.79 0.73 SOUR (rn "QZ 9-"h7")' 69.4
55.9 COD r emudvdibcleirging ef sypetaataniofuid: Aouadasuls roicrepsspusms grewng 1y the

1=circle) 25 SVI, Sludge yol ung i ndex; .SOUR  specific oxygen utilization
rate; COD. Sﬁ?@ﬁ@ﬂ%@@“ﬁﬁﬁ%ﬁ%@&ﬁ%%ﬁ SYstem operates in a
sequenci ng cycl e Qf f{eedi aeration, . setdt.| | ' gl s

super nat gnt flui J%eéegrg&qr}ggmlqle “r‘?F‘@"r toor;%&yr‘# g‘%%s%%ﬂ‘%ﬁ?ﬁ{“?#ewa %&ﬂngys em

are subj ect ggd?flc (gets . s%’g?%ﬁ%‘ S]?ﬁfif[ﬁ}dt%. 9t Rormlafios tHESERPRIyEAR dibfficant

needed to r oncentration to a mni nrum was déterm ned

during SBR gpgudhi arendlhathde@ Adedaserinttheroptrativmypclen ki Bii fedcwnth acetate,
reducing trend with the increase in the -operation cycles. In R2, fed with

acetate, Filjg. 3 showssthahthe time: farrfeODoreagchon deerat 1099 tor mpb' decreasel Ny
i od oy md Bt 8 46 T'h at By 20 Fof o §fvn Getatioll péticl, 1 ApSSéd 1At a

10 starvation phase -existed during SBR operation. Thus, the aeration ‘time - peﬁod
indeed consisted of two consecutive phases, a degradation phase in which the
substrate was depleted to a minimum, followed by an aerobic starvation phése in
which the external substrate was no longer available for inicro-organisms. It is

" believed that 80% of the aeration period was in a state of acrobic starvation.

15 It is believed that under 'starvétion conditions, bacteria became more
Bydrophobic‘ which, in turn, facilitated _microbiél adhesion and aggregation.
Aggregation can be regarded as an effective strategy of cells against smaiion.
Figure 4 shows changes in the hydrophobiéi’ty of the cell surface observed in R2 fed
with acetate. As can be seép in Fig. 4, thé seed sludge had a hydrophobicity of 39%

20 - and the hydrophobicity of the cell surfa‘ég‘iincreased to 73% afier the formation of
aerobic granules at week 3. A similar trend was also observed in R1 fed with
glucose. It is believed that thefh)'rdrophobicity of the cell surface is an important
afﬁnity force in the self-immobilization and attachment of cells. .

Without wishing to be restricted to theory, in a thermodynamic sense,

25 increasing the hydrophobicity of cell surfaces causes a decrease in the excess of
Gibbs energy of the surface and further results in higher cell-to-cell interaction
strength as well as a dense and stable structure. Conseciuently, starvation-induced
changes in the characteristics of the cell surface and morphology seem to be in

favour of the formation of strong microbial aggregation.



10 starvation phase existed during SBR operation. Thus, the aeration
"-tinme period indeed consisted of two consecutive phases, a degradation
phase , i rwO:mfo7sh9 t he substrate was depleted to a m ni nulrCTiSG0s/omed by an
aerobic starvation phase in which the external substrate was no | onger
avai |l abl e for'nicro-organisns. It is beljeved that 80% of the aeration
period was "in a state of aerobic starvation. 15 It is believed that under

starvation conditions, bacteria becanme . € h u
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i ncreased t gordditioas tsﬁd&ulﬂl’]ﬁefe!amlytbmmioliedmspbmﬂg hyduidysandg SMI@I@ aw
simlar trend was al so observed-in RI -fedswth glucose. It is believed
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hydr ophobi chz%ggéqughlws%lpgﬁfs causes a decrease in the excess of G bbs

energy of t e anhd her results in higher cell-to-cell

i nteraction strgnged o WRirifyothedefiedtsef aptrailynbinéc shearbigiforce on aercbic
Consequently, starvation-induced changes:-tn the characteristics of_ the

cel | surfacgrai:mlhb | umr,nhelmt swtﬂm’gg'/ﬁolg azifed];)wmgluws&’gis? started: vp Wit two .
strong nicrobial aggregatio i_one
aboveg 1he d@fﬁ@h%gﬁef%ﬂﬂ ea%vg ?’@%ﬂ%ﬁ% éﬁ?&ﬁ@sﬂa @ét"ﬁs
reactor (SB 1
ot vat ed s oML BeETRGT e SRR ot *4* %9??%%9% dBefHOE B volicR) SrU008mE .

shoul d pref ﬁhaéljaﬁuf?ﬁ WerR 6194&%11 ﬁﬁﬁecs kdrit, Bﬁﬂb@l?'ﬁlﬁffwﬂ@dkeﬂomﬂ repular

pattern in the reactor. Turbul ence caused b ow alr aeration may act as
the main hyblped igeamilesrwere sucwmbshrllyt m’vm gty shenPBRn @pertedbat a hig

Fhe ot fect superipinl ot velasky ShBARH 57 GPde éb%xeﬂfrdﬂr ofvelRE, dth
15 relatively high superficial air velocity of 0.041 m s”, granulation occurred and,

because of the high shear strength, smooth, dense and stable aerobic.granules were

formed. According to the thermodynamic‘ laws, the hydraulic shearing force in

—h

SBR, which is cauised by upflow aeratiorl: could force those periodical starvation-
triggered denser aggregates to be shaped as regular granules, which have minimum

20 . surface free energy.

Thc microbial granules were cuItured in a sequencing batch reactor with a
medium containing glucose as the main source of carbon, as described earlier.
A‘rerage diameter was 2.4 mm. Settling time was 2 min. Three 168 tRNA-targeted
oligonucleeﬁde probes were used to study the structure of the granules by FISH.

25 The Eub338 probe with the sequence 5'-GCTGCCTCCCGTAGGAGT-3' was
labeled with the fluorochrome CY?2 and used to detect Bacferia. The Bacto1080
probe with the sequence 5'- GCACTTAAGCCGACACCT -3' was specific for
Bacteroides spp. (as described in Sghir et al., 2000) Quantification of bacterial
groups within human fecal flora by oligonucleotide probe hybridization, Applied

30 and Environmental Microbiology 66:2263-2266 and was labeled with the



granul ation, the SBR systemof Fig.. 1 fed with glucose was started up with
two -10 different superficial air velocities of 0.008 and 0.025 ms-1.,
respect i Weby3/otae4mas found that, when the SBR operated at PATISG0&00017
superficial :air velocity of 4008ms i, no granules were observed i-n the
system but only fluffy flocs. However, regular shaped granules were
successfully cultivated in the SBR operated at a high superficial air

velocity of 0.025 in s-1 and %eferably above 0.03 in s, i. However, at 15
rel atively finghochupmefi €%3. ailheveNsaIlS) oprapeps containedy, 0%, SCABSOGSc A T ed

and, because of .t ' rength, snoot dense cand, st ohjc
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shearing force in S -whi ch 1,S.: d QR . u r
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regul ar gfamﬂe‘?éq Wh%et?é&ﬁo@ﬂ%%&@binzqul’af AR PﬁﬂﬁseWrGYpuiﬂhaséd cfrobi al
granul es were cultured 1n a sequenci ng batch reactor with a nedi um

cont ai ni g Wedemeh Biolhbs SiigapereurGenolescwebo mut asith es arytmicrotone dl.eica
Average dianeter was 2.4 mm Settling ti-me was 2 mn. Three 16S B

r RNA- t ar get €IM3050)yantli 60 qun isdetigmsowets eavieteciby 300 gl nfihypridization splution for
the granules by FISH 25 The Eub338 probe with the sequence_ . .

5' - GCTGOCTCEISHAGGacPg Ivigasv, 2uwd) 4@ Wl oh proke ﬁ@%ﬂ@c\ﬁ%ﬁgd@(ﬁaﬁbeu‘é@ﬂto
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TVora by ol Eybadte a0 ol Eobatiti 8800568 Shidnt OMGURES £ BultiRn. (eS|
M cr obi g} gggxi%&m%% i e f e GRofied ot 4 BRe!500C Ward tHeteybifdifatidh/$¥idEon contained

PCT/- S0 uorochrone CY5. The Nsmil56 probe contained the
sequence 5' 50VATIAGEAIIRT Thedecaiditions hdvevheerobpimizeskeforithe sperifigdrindmgoaf of

anmoni um oxi di zing bacteria frgmthe. N trosonon | yster. Thi e S
| abel ed -wi t Fubdd8and disenl o peahesi Gﬁmmﬂ.lvwvvaps@@slﬁﬁéﬁésepﬁﬁﬁé@éggf% 5

(Lot on  veBueoRn SHORRE ched o ST aneiiler dblirbly P NS i Bined,

sol ution fogimyltaneously with these two probes. The probes were washed out after

0

i

15 hybridization with 1 ml of washing buffer (hybridization buffer without formamide)
for 2 h-at 50°C because the recommended wash temperatures were 54°C for Eub
probe, 50°C for Bacto1080 probe, and 48°C ‘for Nsm156 probe.

To detect the exopolysaccharide (EPS) matrix in the granule, FITC-labeled lectin
(ConA-FITC) from Canavalia ensifo@zis (Sigma, USA) was applied. A

20 LIVE/DEAD® BacLight Bacterial Viability Kit (Molecular Probes, OR, USA) was
used to detect dead cells. To detect chanﬁels and pores with diameters greater than
0.1 pm, granules were incubated for 4 h with a suspension of 0.1 pum TetraS;Sec
Fluorescent Microsphere Standards (Mélecular Probes, OR, USA). Final
concentration-of the microspheres was 2-10° particles-mi™.

25 The granule images were acquired by a Fluoview300 confocal laser scanning
microscope (CLSM) (Olympus, Japan). Green and red fluorescence were excited by
a 10 mW argon laser at 488 nm, separated with a 570 nm splitting filter and
detected in channel 1 with a 16ngpass filter 510 nm and in channel 2 with a

bandpass filter 580nm - 640 nm. Red fluorescence from CY5 was ‘excited by a



FISH (Kimand |vanov, _2uu0). 10 gl ot.probe solution was added into the
well. Final concentrations of 'tne probes in nme hybridization buffer were
as foll owo o838, 110 pnol nrl; Bacto0l080, 305 pnol-nr 1, PREsGE58000130

prol -nrl - The 10 specinens were incubated for 4 h at 50C, and the

hybridi zati on sol ution contained 50% fornrgm de. These conditions have been
optim zed for the specific binding of Eub338 and Nsml56. probes (Ki m and

| vanov, 2000). Because the Eub338 and Bacto0l080 probes had simlar nelting
t enper at ur e, hefiuStneas Igser fab 633 dim sinduneasweesliin ohagineh 2twish @ lopgpasschlier 666
probes were washed out after 15 hybridization with 1 m of washing buffer
(hybri di zat i®8- buffer without formam de) for 2 h .,at 50C because the

reconmmended wash .t,e r at S wer . f or.-.Bact.0

probe, and 48C f q@%ﬁg@%ﬁ%%anu%éégi é‘%{equgg’ye%‘%%g%c aride (E é?%%t
matrix in th i th 1 WhS)detdciitl R phése
ensiforms ?&%{@%EW‘%%%%@%C ll%%égﬁlﬁ E/ DEAD( ) eBac]_i ght Bgct ePich
Vi abi ity Kidf dhshesadrabicimheninfRxidizg beteris Nitrosonteios sppdEhis lagét was To
detect channels and pores with dianeters greater than 0.1 m granules vwere
i ncubat ed f Gitudtdd atiat depth o FPerutl am fodmahd eppe tEthepspaude. Arrabiecorditions in

M crosphere Standards (Ml ecul ar- Prgbes, OR UgA): Final . g¢oncentrati onof
the mi cr osptibe daterias of thegranale werelikely supported by g%gpgsg%gégxy%ﬂ:mu A

acquired by Fl yovi ew300 capfocal | aser scanni 1.CT \ .
(o s, ) hanmels andipores cCRagiet abd Botes BN AREctedlifi B8 SHRne Shi'arosity o,
| aser at 488 S LB ~3n5 bt £ ] | and detected in
channel 1 W\{aﬂlﬁgqe%%%%%&@%%%}??ﬁgiéggﬂ%ﬂatﬁghﬁé%ﬁ%ﬁi}ée% c\?\l]th a bandpass
filter 3g0nm - 6%&%aé%69icf‘ia%befmﬁ@@erdm@uny%w, anfé veah Boteotedy the
03/ 070649 PCT/ S@3/00017 12 helium neon laser at 633 nm and nmeasured_ in
channel 2 wigrbsemct ofigbligate arlaeeobié bacterimBatteroilkty spp oThisHayayrwansigraled at a
detected by analyzing the intensity of the light through t{1e gr'%nul e. . The
aer obi ¢ | ayaleptin of 00+ £09 woydrom ghe sugigce pfithe gasalendde layer of anaerobic

bacteria was followed by a layer of dead microbial cells at a depth of 800 - 1000.um

from the surface of the granule. Anaerobiosis and cell death in the granule interior

15 was probably promdted by the formation of polysaccharide plugs in the channels

and pores. These plugs diminished the mass transfer rate of both nutrients and

metabolites. i’olysacchafidc formation péﬁked at a depth of 400 pm from the
surface of the granule. - |

Diffusion limitatio‘# in micrbbiajl;;éggregates rﬁay‘ be overcome by the

20 formation of channels and i)ores that mterconnect the surface and the interior. The

aerobic granules in these examples also c&ﬁain channels and pores that penetrated

to depths of 900 pm from the surface of the granule. The anaerobic layer formed

when the porosity and channelling in the granule interior receded. Generally, the

depth of the anaerobic layer depends on the microbial metabolic activity and

25  transport of oxygen through the channels and the pores. Plugging of these channels

and pores by polysaccharides will likely promote the formation of the anaerobic

layer. The central core of the granule consisted of dead cells. .Cell death was

probably caused by diffusion limitation and could also be promoted by the plugging

of the channels with polysaccharides.



5 of obligate aerobic amoni um oxi di zi ng bacteria N trosononas spp. This

| ayer was situated at a depth of 70-1UO mfromthe; edge of the granule.
Aerobi ¢ cwodBHiems in the interior of the granul e;; were [PCHSIGp3/support ed
by the transport of oxygen through channels and pores. Channels and pores
Were detected in the granul e and porosityi3val ues peaked at depths of 300 -
500 pin fromthe granule .surface. 10 The anaerobic | ayer in the

SnBerobre ﬁaggﬁ“rqp dicdionrof aa oI pe iy BeroR G ERH AElIES'Bn have
800 - 900
: m {Sﬁ'{‘ 51 grye %ﬁ}% %y@?m%%ﬁo&g BP'&‘:ES@ pah aeé WY fbe Prafileeabdlikely to

bacteri a walPP ad mc . celll s at a:depth of 800

$100-0_.. ™ Ichffid MeilibhRC Rufbetd0f Ginasebic. bAttadnokidshs aseciateldl gakest dnd n
t he granule Interi was pr:obably pronoted by 'the formation of

pol ysacchar igggadit u@ﬁislptoaﬁme&mmugamerm fonmengatiam carelqar tgdhel destrrctinyof ne

mass transfer rate of both nutrients and . #etabolites. .Pol saﬁcharlde d
f or mat i ofi -pehdseczranulas dBersfase;. W@@mfﬂmﬁ@r e the Actotie g%‘HE‘ Brifiopose

For mat i on LQ@%S%&&Q&B@&?&%& Wieee e in UE e dhfhpE o e

interior. The c granul es in these exanples also contain channels and
pores that ﬁ@ﬁ@?ﬁ Tt o depths of 900 mfromthe surface of the granule.
The anaerobi c | axgp gﬁ ﬁ‘ha& BEerPﬂI&ﬁfafdd wWithl réfeenieetb ispecific média, any
granul e interior rece nera ly, the @gepth of the anaerobic |ayer

depends on hpidinédibi @i bettratdd to aeducei the chemieally and dyielogicallyoeyidisable

t hrough the channel s and the pores. Plugging of these channels and pores
by pol yd@cchatedaktheidin. | i kely pronote the formation of the anaerobic

| ayer. The central core of the granule consisted of dead cells. Cell death
was probably caused by diffusion limtation and could al so be pronoted by
the plugging of the channels with pol ysaccharides. WO 03/ 070649

PCT/ SG03/ 00017 13 The detection of an anaerobic |ayer in aerobically grown
granul es can have application in the size optimzation of these granules.
Large granules -are likely to contain significant nunbers of anaerobic:
bacteria, and the associ ated gases and



organi ¢ aci ds produced during anaerobic fernentation can lead to the
destruction of 5 - these granules. Therefore, the optimal dianeter for the
aer obi ¢ gwenalew49 s proposed to be |ess than 1,600 gm .. PCHiS&03/800uW ce t he
di stance fromthe .granule surface to the anaerobic layer. Wile the

i nvention has been illustrated with referepywe to specific nedia, any
liquid nmedia can be treated to reduce the chemcally and biologically

oxi di sabl e ‘ terial therein. WO 03/070649 PCT/ S@G03/00017 14 CLAIMS 1.
A et hod of ng aerobic biogranules for.the treatnent of waste water

conprising the st Bme

cont ai ni ng aﬁ actmeﬁ(’dn@g}&@c&% rgﬁc\ﬁaéxg‘ﬂgfe&%a%&oxygegégo ztff Hvatar
gas to the rgﬁﬁb mgq_h s@F-a mxing action and transfer of dissolved
oxygen into t ngu ge ga#the waste water, the supply of oxygen,

cont ai ni ng gas prayi di igrodusitipewhste ivadter inpd hmmscomhmmgtanaﬂm’ednﬁnﬁgs
cm's; 10 c) initiating.a period of nutrient starvation in the reactor while

continuinfg to -suppl ysludggen cont ai ni ng gas; d) aI | owi ng formed aerobic

%2?2: wat ; . §Lpe3§um§y£%2a%é”»%ge RqaBin £28 (8 ths Repclau o BRpY I ixing”
15

bi omass. gféﬁm e i ¢ nceh 888 TRl oy S e k)

claim1 wherein the St%i’e%t R su 'Gfiokf" éxb%oﬁ@ﬁﬁhgrgds @%diﬂgsd s(%é%di‘zil

the reaction cycle. 20 3. The nethod of ai 'm 1-wherein he steps
:(d) are the .equi val espflow gas velocity above 0.25 cmfs; -

10 <) initiating ‘a period of nutrient starvation in the reactor while continving
to-supply oxygen-.contéining gas;
d) allowing fbrmed aerobic granules to settle;
€) discharging and«:replacing at least a portion of the waste water;
D | repeating steps (a), (b), (c), (d) and (e) until the granules have
15 predetemnned physical propertlcs and -

g)  recovering biomass. granules within those predetermined properties.

2. The method of claim 1 wherein the starvation period in the reactor is at least

75% of the reaction cycle. -

20 ‘ . ,
3..  The method of claim 1 wherein the steps (b) to (d) are the :e,quivaient of a
single reaction cycle, the reaction cycle being repeated a piurahty of times to
produce blogranules of the predetermined size.

25 4. The method of claim 1 wherein the flow of oxygen-containing gas into said

reactor creates turbulent flow within the reactor.

5. The method of claim 1 wherein the superficial upflow gas velocity is above
0.3 cm/s and less than 3.6 cm/s.
30



single reaction cycle, the reaction cycle being repeated a plurality of
times to produce biogranules of the predeterm ned size. 25 4. The net hod
of cl ai mwowherein the fl ow of oxygen-containing .gas int®CIsGH3/000@act Or
creates turbulent flowwthin the reactor. 5. The nethod of claim1 wherein
t he superficial upflow gas velocity is above 0.3 cm's and |less than 3.6
cm's. 30 WO 03/070649 PCT/ SG3/ 00017 185 6. The net hod of produci ng aerobic
bi ogranul es for the treatnent of waste water conprising the steps of: a)

i nt roduck ng wasd ??émggrqfi @fogucgl&ﬁfl‘;’bﬂf bidraddiRsl i f0f thé trdaffeAL bf Whdtean

active bi'omass materr al; pl'yi ng oXygen containing.gas to the
react or @gtepbgmbg@,ﬁ%ﬂﬁie@tmofaction and oxygen to the suspension of bionmass
material in said waste water, the supply of oxygen-containing gas
provi di ng a saper fintrodhcing prdstawvgtes 1ntel oxsiactorygr eater, an 0.25 cm's;  d)
initiating a period of nutrient.starvation of the bjianpss material while
10 conti nui ngpt o SeppIg the yepctor with @iastNg bieraassanateriabwi ng f or med . aer obi ¢
granyl es to settle in,a settling zone in sajd, r r'éé i.schargi.ng at
Ieasg a porti®n ofst"ﬂglmgtf’é‘%%ﬁ?&"? 9 mﬁe%%a{q H&gﬁ%gﬁ‘g tp rl’%’gie(g)m.l_ %‘EI at
| east a portion Ofadidf dHaAyARH!t6 e Susplnsidfldf ti6ihd ficFl th 84il Whid!
predeterm ned properties; and h) recovering said biomass granules wth
those predet er m nagatef,oftRr Ssly of/ oxygen:cmithindng foas | providing \ahsupsrficidie
superficial upflow gas velocity is greater than 0.3 em's and less than 3.6
cm's. 20 8. The matpftwv ghs velacity @redienthan 02%pw/;c) and (d). are the
aeration stage of a_..sjngle reaction.cycle, the ar,y.ation r i.qd sting
at |east '75%of tiRBIADEA P%%O@ngei.ﬂ s{arvauon.ofhxe biowmass miaterial whild

10 continuing to supply exygen containing gas;

€) allowing formed aerobic granules to settle in a settling zone in said
réactor;
f) discharging at least a portion of the waste water;
g) repeating steps (a) to (f) until at least a portion of the biogmnules in
15 | said settling zone are within predetermined properties; and

h) recovering said biomass graniiles with those predetermined properties.

7. The method of claim 6, wherein thé'éuperﬁcial upflow gas velocity is greater
than 0.3 cm/s and less than 3.6 cm/s. |

20 ‘
8. The method of claim 6 wherein steps (c) and (d) are the aeration stage of a
single reaction cycle, the starvation period lasting at least 75% of the aeration stage.

9. The method of claim 6 wherein the predetermined physical property is a
25 roundness aspect of 0.0 to 3.0.

10.  The method of claim 6 wherein the predetermined physical property is a
density of between 1.004 to 1.85 glem’.



9. The nethod, of claim®6 wherein the predeterm ned physical property is a
25 roundness aspect of 0.0 to 3.0. 10. The nethod of claim6 wherein the

pr edet er mvoed/opleysi cal property is a density of between PCOGE08/00017 85
glcnB8. WD 03/070649 PCT/ SG03/00017 16 11. The nethod of claim6 wherein
the predeterm ned physical property is an average particle size of between
100 and 10,000 pm 12. The nethod of clai #6 wherein the distance from any
part of the formed 5 biogranule to the nearest surface is | ess than. 800
um 13. The liet h@heomethod of 6lathies eviteréinethc Hretsferme '

14. The method of claim6 wherein the settl @gﬂg@gﬁgﬂf@%ﬁﬁ(ﬁ}g@%%‘%

The nethod avempeiparticloszeaifibetween HI0 snd£0,000 s he bi omass of sel ect ed
bi ogranul es and suspended snaller particles of the biomass is between 0.001

to -0.20.
12.  The method of claim 6 wherein the distance from any part of the formed

5  biogranule to the nearest surface is less than 800 ym.
13.  The method of claith 6 wherein thé'ffiaximum diameter is 1600 pm.

14.  The method of claim 6 wherein the settling zone is non-aerated.
10 |
15.  The method of claim 6 wherein the ratio between the biomass of selected
biogranules and suspended smaller particles of the biomass is between 0(301 to
0.20.



