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
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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
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¢ 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) introdﬁciﬂg 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 formed.under the above conditions
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the invention WIIl now be described with reference to the production
between 100 and 10,000 pm.

Preferably 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 |
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 Dbacteria

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/SGD3/00017 .4 the ability to netabolise materi a
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drawn at thegy éﬂgta%taﬁafreéy%hﬁ tﬁé‘&cﬁ&ds%ébﬁp]lo The re m 1 actor was
oper at ed, f or 4 h percycle™with an hydraulic retention tirme (BRT) of 8 It

and a substrate rl‘@adculgtmm{)q)eafeaemrkw (1.2 m height) with a working volume of 2.4 1

were used for sequential aerobic sludge 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 star,ted*tq: by adding
an active biomass sludge. In the exampiés 800 ml of municipal activated sludge
(3000 suspended solids per litre) was addé'd Rcactor 1 (R1) was fed with glucose as
sole carbon source and reactor 2 (R2) w1th acetate as sole carbon source. Other

20 operation conditions were kept the same for ‘both reactors. Effluent was drawn at the
middle port 12 of the column 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
chemit:al 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™



chem cal oxygen demand (COD) n¥3 per day was applied. The filling and
wthdraw tine were each 5 min, the settling tinme was varied from20 to |
m n and twe 02570edrai nder was the reaction tine. No idlingPCrrssosve®iappl i ed
in the present re~earch. The nean sludge retention tinme was 7 d in Rl and
9 d inR2. Sludge wastage was perforned thyough effluent discharge. An
oxygen containing gas which in the case of the exanples was introduced
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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 pm or an image ana1y31s system (Quantimer 500 Image
Analyser; Leica Cambndge Instruments GmbH Nubloch, Germany) when the size
20 was greater than 1880 pm. - Microbial observatlon 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”,



20 was greater than 1880 pm . Mcrobial observation was conducted by using
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aerobic sludge blanket reactors fed with glucose and acetate, respectively. The
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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
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After operation for 3 wecks, a stable concentration of 5.9 g MLSS I’ in R1 and
15 86 g MLSS I in R2 was reached: The mature granules from R1 still had
filamentous bacteria extmding from the, A‘granule surface. However, ‘the mature
granules from RZ had a'smooth surface as few filaments were observed. Glucose-
fed granules had a mean dlameter of 24 mm, with a range of
1.0 —3.0 mm, while granules grown on acetate had a mean diameter of 1.1 mm, with
20 a range of between 0.5 and 1.5 mm. The mxcroblal diversities of the glucose-and
acetate-fed granules were different and the glucose-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 32.2 g I'! in R2. The biomass densities of granules
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15 ellipse equivalent to the granule (0=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.



reactors -had high physical strength and roundness. The roundness of a
granule is calculated as 4aareal/periniete? in which perineter is the

| engt h ofwohg/ogrean p ules outline. Aspect ratio is the ra&CrsGoabween the
maj or axis and the mnor aspect- of an 15 ellipse equivalent to
the.granule (0=line, l1~=circle). The characteristic data of both

gl ucose-and acetate-fed mature granul es,are sunmari zed, in Table L The
systerns were run very stably for nore than. 3 nonths before the
experinents were stopped wth a COD renoval efficiency of around' 97% at
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10 starvation phase existed during SBR operation. Thus, the aeration time penod
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 aerobic starvation.
15 It is believed that under starvation condruons bacteria became more
hydrophobxc which, in - turn, facilitated m1crob1al adhesion and aggregatmn
Aggregation can be regarded as an effective strategy of cells: against starvation.
Figure 4 shows changes in the hydrophobiei’ty of the cell surface observed in R2 fed
with acetate. As can be seen in Fig. 4, the seed sludge had a hydrophobicity of 39%
20 - and the hydrophobicity of the cell surface mcreased to 73% after the formation of
aerobic granules at week 3. A similar trend was. also observed in R1 fed with
glucose. It is believed that the hydrophobiclty of the cell surface is an important
afﬁmty 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.



5 The degradation tinme needed to reduce substrate concentration to a

m ni mum was determ ned during SBR operation. The degradation tinme

di spl ayedwa osiogsisd i cant reducing trend with the increasePCh/SGogo@perati on.
cycles. In R2 fed with acetate, iion f Fig. 3 shows -that the tine: for
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t he hydrophgbi ¢i . surface increased to 73% after the formation
of granule -Sgbé@:ﬁlébsﬂgg*flar trend was al so observed in, R -fed

-with -aerobic yglggesee VerifyStheetfifestest hiyatodyhemliy dhemebifoidey onf adrobic
cell surface is an inportant “affinity force in the self-imbbilization and
attachment efamudition, tetSBR! systemiafFigo 1bledrwithrglocess was stastedyup jwith, two

t hermodynam ¢_sense, 25 increasing -t dr ophobi city.jof cel]. surfaces
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10 As nenti ehestdalppmmles hwemppheaeasfillly betltizatedpin ithai SBR opsrajed ja$nai high

superficial air velocity of 0.025 m s and preferably above 0.03 m s1. However, at a

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
SBR, which is cauised by upflow aeratioﬁgj. could force those periodical starvation-
triggered denser aggregates to be shaped,gi:s;;‘regular granules, which have minimum

20 . surface free energy. . |

The microbial granules were cultured in a sequencing batch reactor with a
medium containing glucose as the main source of carbon, as described earlier.
A‘}erage diameter was 2.4 mm. Settling time was 2 min. Three 168 tRNA-targeted
oligonucleéﬁde 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



sequenci ng batch reactor (SBR) systens serves as a trigger for mcrobial
granul ation in activated sludge. However, the contribution of other

oper at i orwomasndict® ons shoul d preferably be controll ed esp@cirsiGog00017

hydr odynam ¢ shear and flow 5 pattern in the reactor. Turbul ence caused b y
upflow air aeration nmay act as the nmain draulic shear in a colum-type
SBR system and can be approxi mately described by superficial air
velocity., in order to verif~"the effect of . hydrodyn%‘r,\r:c shearing forgce
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carl or arubadt BNAERGEI AT BIGR0R0 R BT NS HERRILREE, The,
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t he gra;\gl egﬂ%cy I %H. Zéﬁ%ﬂﬁﬁrggﬁy\ggegwﬁﬁ&t hlg’ sequence -

5' - GCTGCCTCS0% fssansanide. These conditibas have he¢rh eptimizadofirrtherspeific hindingedfl t o

det ect Bacteria. The Bactol OSO. probe wi th the sequence 5'-
GCACTTAAGCCENDASR Tand3 Nspgkd 6 B&bﬁgi &ippand éé(éﬂ%Y:of@@- g?rFﬁ?“F(%@f‘d Eub3geand n

Sghir et al ., ( Quant i f{ cat.on. of ri PSEyé hi hﬂmﬁn‘?&?l

flora by ol B@Sﬁﬁ&%bot *’8@%’8% ﬁ%%rdi@%?ﬂh &%%PF%E‘B%MFY% 3% «

Envi ronment aj McsledRsR} Qith 6 Hiede68wd 2pfotRBd TS prabes edeits twashed out after
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



WD 03/ 070649 PCT/ S&3/ 00017 fluorochrone CY5. The Nsnil56 probe contai ned

t he sequence 5' - TATr AGCACATCTTTCGAT- 3" and was often used for the

det ect i orwofo3/oamsmoni um oxi di zi ng bkteria fromthe,' N trosecorsas3/eioust er.
This probe was |abeled with tetrachl orofluorescein (TET). Al probes were

purchased from5 Research Biol abs, Si ngapgne. G anul es-- "were cut with a
cryom crotone (Leica .CMB050) and 50 ItmSections were coverect by 200.[d
of hybridization solution for Tobe solution was added into the well. FISH

(Ki m and | vdmbium 260 lasep a633tnm apdmaeasyset imehannebAswith 2 longpgssohlier pH0
me. hybridization buffer were as follow Eub338, 110 pnol--nrl; B actol 080,
305 pi nol--mAd. Nsml56, 130 pmol -nrl- The 10 specinmens were incubated for 4
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h .,at 50'C sitaatedst af depth of Go+kden fremithe eapeobithergranuler Aesbicconditions in
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(Mol ecul'ar Probes, OF, USA). Final concentration-ofthe mcrospheres was 2.
10" parti cl gesdnée of pbligategarmendhic batigeia Bueraroides uppclhisylayerarsituai@bat a
confocal |aser scanning mcroscope (CLSM (d ynpus, Japan)., Geen and._red
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N B b e Al by o Fover o1 ad biidrotial CAHIAF L depthl éf'sdb | 206673

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.



bandpass filter 580nm - 640 nm Red fluorescence from CY5 was excited by a
WO 03/ 070649 PCT/ S&3/00017 12 helium neon |laser at 633 "M and neasured in
channel 2wwaioBl7m49 ongpass filter 660 nm The edges of thecgrsaesh@iner e
detecte d by analyzing the intensity of the light through the granule. The
aerobic layer in "the granule -was detectgyl by the presence 5 of obligate
aer obi ¢ amonum oxi di zi ng bacteria Nitrosononas ' This |ayer was SPP

situated at a depthof .70-1.UO pmfrom,the ea e rahi
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pm rom the grapil &ismRCARC AumbErsTBE aaBARbRD bactkayCtnd tht hasecintdi gasesyand
grown granul e was J%tected by :the presence:.of -obligate anaerobic bacteria
Bact er oi des opgdhic Abids proeced dwring anacaokid faimentatiepean lradgodhe doguctinn of
fromthe surface of the granule. The |ayersf a bact er,i a. was

aerobic ..
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in the channel s nd pores. These plugs di mni shed the mass transfer
-rate of bo@ﬁwﬁﬁpﬁ? #% and netabolites. Pol ysacchari de formation peaked
at a depth of 40Qu}jipld fchlign kY bear Angiratddawith défetdhoe b specifiomnedia, any
-limtation in mcrobial aggregates may bezévercone by the 20 formation of
channel s - angijgeid Ssedifadan bé ereatothtx tedive therdheorcally and diplogicallyr oxifiweble
aerobic granules in these exanples al so contain channels and pores that
penet r ai@d matedalthereinf 900 [an fromthe surface of the granule. The
anaerobic layer fornmed " when the porosity and channelling in the granule
interior receded. CGenerally, -the depth of the anaerobic | ayer depends on
the mcrobial metabolic activity and 25 transport of oxygen through -the
channel s and the pores. Plugging of these channels



and pores by polysaccharides will likely pronote the formation of the
anaerobic |layer. The central core of the granule consisted of dead cells.
Cel | deatWwowas7o6ps obably caused by diffusion limtation aRdTSeos/dooat so be
pronoted by the plugging of the channels with pol ysaccharides. WO

03/ 070649 PCT/ SG03/00017 13 The detectionygpf an anaerobic |ayer in
aerobically gromn granul es can have application in the size optim zation
of these graaiéﬁ@6 Large granules -are likely to contain significant
nunbers of a $d bacteria, and the associated gases and organic
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i nvention has beeg) il | iftddaiciitg white watdreineng eedctorsquntaihing avpabtive tiomass
liquid nedia can be treated to reduce chem cally and biologically

oxi di sabl® 10 mater| a$ludgere| n. WO 03/070649 PCT/ SG3/00017 14 CLAI M5 1
A nmet hod of produgjng aerqbjc biogranul es for the treatnent-of te wate

conprising the st®bs o$“ Ying ARSI P 2ASdP the Fepclor g ee eammng
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oxygen into the sl udgewhfbrtlﬂee%@slg of'BkPsen: LBRtaSHRP %&\s%m‘i)iﬁﬂ a superficial
containing gas providing a superficCial Uptlow gas velocity above 015 cni's;
10 ¢) initiating a perupﬂowfgasuﬂetomabmwarﬂzﬁ icorfs;i-n -the reactor while

conti nui nO(g

<) 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 | N |
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



to -supply oxygen-containing gas; d) allow ng formed aerobic granules to
settle; e) discharging an& eplacing at. |east a -portion of the waste
-water; Wpomwwepwating steps (a), (b), (c), (d) and (e) untC/SGogog@nanul es
have 15 predeterm ned physical properties; and g) -recovering bionass
granules within those predeterm ned properties. 2. The method of claim]
wherein the starvation period in the déactor is at |least 75%of the
reaction cycle. 20 3.~ The nmethod of claim| wherein the steps.(b)

to-.(,.qy ar em@g?agya V& Wﬁga?@biwao ﬁﬁ&lfeé Pr IS ltReathBRt bEAFhLRN

cycle belng repe a pl times To produce biogranul es of the
pr edet erghRg@ompfRingthedtepkiyf: met hod of claim | wherein the flow of
oxygen- cont ai ni nggas into'said reactor creates turbulent flow wi thin the
reactor. 5. Td)e nahiroducihgovastewhtenhntos reactes; superficial upfl ow gas
velocity is above 0.3 cnis-and Iess t han % 6 cnm's., 30, WD 03/070649

PCT/ SG03/ 0001  15eedingihe seacteorawish apagHYe Wﬁ%‘r‘@%ﬁeﬁ‘%l ogranul es for the
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material; 5 ¢) SURRILRIBHERA 16 ML & sg&ﬁﬁonq&%xéﬁa&mafeﬁm&gamvwew de a
-m xing ygen tot orrass terial -in said waste action andox
7 water; the supmvytepfﬁ@( Sgnm@m@ammg @ak Providing @psuperficad]

upfl ow gas velocity greater~t han 0.2 n|t| ating a period of

nutrient starvati axpﬂdwtgaevbﬁootm@eamfaﬂngl-z

d)  initiating a penod of nutrient starvauon of the biomass material while
10 continuing to supply oxygen 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 ‘gran:ules 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’.



10 continuing to supply oxygen, containing gas; e) allow ng forned -aerobic
granules to settle,in a settling zone in said reactor; f) discharging at
| east a pwotworeed the waste water; g) repeating steps (apcrscshoountil at
|l east a portion of the biograndles in 15 said settling zone are within
predeterm ned properties; and h) recovering said biomass granql es wth
those predeterm ned properties. 7. The hod of clainb, wherein the
superficial upflow gas velocity is greater than 0.3 cnfs and less than 16
cm's. 20 8. 1The Mhehwdthold 6f slaimb6 Wikieinnthst lfﬂé e&ﬁhu@ﬂdﬁyﬁﬁk&ﬂ 351’685{32 is. an
aeration stage of a single reaction cycle, the starvation perio sting
at | east’ 75avehge partidle sizcof betwesm 10Pand 16,0084#0d. of claim 6 wherein the
predet er mi ned physical property is a 25 roundness aspect of 0.0 to 3.0.
10. The method of claim®6 wherein }he gr e\o/l\le)t ggrogggﬁh%sé[”cglmg; gggrlt?y |12 a
i f t we 4 to Cir
?ﬁnSITLg (r)ret Eﬁd |I&F&° é‘ﬁ@ﬂ prhereipcthet @mnﬁ@cfr?ngﬁam pztffﬁqhgr fc?m@lzi an
aver age Jcle of - bet ween. 100 .and, 10, 000 pm e met hod of claim
6 whe?ei % ‘{SISi%Ehef'?%‘}?séﬁg}&B%ﬂ“S?StPﬁgxggmd 5 biogranul e to the
nearest surface is |ess than. 800 um 13. The nethod of claim#6 wherein
the" mumdianmeter is 1600 pm 14. The nethod of ?l ai m 6 V\/nerel n'tht(:ahe
settling zo i's gm‘ﬁf‘ﬁ r in
ratio bgt weg:?lE thfgﬁﬁ?})éngé(zbgglaélé%e%?%ggbgl%%r anul es an suspen “smal | er
particles of the biomass is between 0.001 to -0-20.

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 seiected

biogranules and suspended smaller particles of the biomass is between 0.001 to
0.20.



