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Abstract

The combined strong hydraulic selection pressur8RHwith overstressed organic
loading rate (OLR) as a fast granulation strategg wsed to enhance aerobic granulation. To
investigate the wide applicability of this strategy different scenarios and its relevant
mechanism, different settling times, different inlens, different exchange ratios, different
reactor configurations, and different shear forea@emused in this study. It was found that
clear granules with a size of 624 um were formed2ah with steady state reached within
three days when the fast granulation strategy wad in a lab-scale reactor seeded with well

settled activated sludge (Reactor 2). However, \esnappeared after 2-week operation and
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reached steady state after one month at the taditstep-wise decreased settling time from
20 to 2 min with OLR of 6 g COD/d (Reactor 1). With the fast granulation strategy,
granules appeared within 24 h even with bulkinglgiias seed to start up Reactor 3, but
6-day lag phase was observed compared with Re@ct&oth Reactor 2 and Reactor 3
experienced sigmoidal growth curve in terms of kasmaccumulation and granule size
increase after granulation. In addition, the repoilole results in pilot-scale reactors (Reactor
5 and Reactor 6) with diameter of 20 cm and hedgntieter ratio (H/D) of 4 further proved
that reactor configuration and fluid flow patteradhno effect on the aerobic granulation
when the fast granulation strategy was employetlbmmass accumulation experienced a
short lag phase too in Reactor 5 and Reactor 6oAlh overstressed OLR was favorable for
fast granulation, it also led to the fluffy gramsilgfter around two-week operation. However,
the stable 6-month operation of Reactor 3 demamestrthat the rapidly formed granules
were able to maintain long-term stability by recgciOLR from 12 g COD/Idto 6 ¢
COD/L-d. A mechanism of fast granulation with the strgte§ combined strong HSP and

OLR was proposed to explain results and guide plegation with this fast strategy.

Keywords: aerobic granule; hydraulic selection puoes, organic loading rate, start-up;

long-term stability; SBR
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1. Introduction

Aerobic granule technology has been intensivelgistiialmost for two decades, which
has great potential in wastewater treatment dube@dvantages of excellent settling ability
of biomass, high biomass retention, and wide apptios in treating various types of
wastewater (Adav et al. 2008). However, the medmarof aerobic granulation is still not
fully understood, which impedes the optimizationl application of this technology for real
wastewater treatment. A distinct example is thablaie granulation in pilot-scale reactor
treating real wastewater took much longer time timalab-scale reactor (Ni et al. 2009; Liu
et al. 2010). Therefore, different strategies hia@en proposed to enhance the formation of
aerobic granules.

Metal ions or metal were believed to be able toekrate the start-up of aerobic
granules by forming nucleus first for bacteria taeh (Jiang et al. 2003, Wang et al. 2012.
Kong et al. 2014), but 16 days were still requif@dthe formation of aerobic granules (Jiang
et al.,, 2003). When pure culture with high self+aggtion and coaggregation ability was
mixed with activated sludge to bioaugment granatgtiit took 8 days to form aerobic
granules with a mean diameter of 446 pum (lvanoal.et2006). Although bioaugmentation
with specified pure culture speeds up the procésembic granulation, it is complex and
expensive in the practice. In addition, aerobicngtation could be enhanced by seeding
sludge with good settling ability such as crusheanglar sludge (Verawaty et al. 2012),

long-term stored aerobic granules (Liu et al. 200%)r activated sludge with excellent
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settling (Song et al. 2010). Adding external @armedia (Li et al. 2011, Liu et al. 2014)
could also be helpful to provide nucleus for baatén attach just like the initial formation
stage of biofilm. Although all of these abovemenéd strategies could speed up aerobic
granulation in a varied degree, granulation wads redt improved drastically. Furthermore,
all of these strategies require external auxilimyls which increase the operational cost of
aerobic granule reactor. Therefore, applying a Engperational approach to enhance
aerobic granulation is desirable and promisingdat application.

A great deal of effort has been put into enhangranulation by just manipulating
operational conditions. For example, by directlyngs5-min settling time rather than
step-wise decreased settling time to start up oeaQin et al. (2004) observed aerobic
granules on day 7, which was much faster than stivéh step-wise decreased settling time.
Alternating feed loading rate was also believebddable to stimulate more EPS secretion for
an enhanced aerobic granulation (Yang et al. 204dang et al. (2013) reported that by
employing combined strong hydraulic selection presg¢HSP) such as short cycle time and
short settling time with high OLR e.g. 24 g CODRdlaerobic granules were formed within 7
hours. This strategy led to not only the fastesingtation ever reported so far with the
simplest operational strategy, but also a goodredteve to study the mechanism of aerobic
granulation. However, the operation with the fasitegy (Zhang et al. 2013) only lasted for
12 days in a lab-scale reactor. It is not sureyidly formed granules with the fast strategy
could be maintained stably for the long term. Idiidn, the effects of many factors such as

inoculums, reactor configuration, exchange ratioeas force and comparison between
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traditional granulation and fast granulation wem fully investigated to see if this fast
strategy is applicable for wider scenarios. Therefdhis study aims to systematically
investigate the fast strategy proposed by Zharad. &013 for aerobic granulation as well as

long-term stability of granules formed by fast sty .

2. Materialsand methods

2.1. Reactor setup and operation

4 identical lab-scale reactors (R1, R2, R3 andw#) a working volume of 2 L and
2 pilot-scale reactors (R5 and R6) with a workioduwme 25 L were used to cultivate aerobic
granules. Both lab-scale reactors and pilot-sadetors were bubble columns except that a
stirrer with three-layer blades at different heghtere installed to provide the strong
mechanical shear force in R6. The main differerfaeactor configuration between lab-scale
reactor and pilot-scale is that diameter of pilotls reactor was 20 cm with reactor
height/diameter (H/D) ratio of 4 while the diametdérlab-scale reactor was only 5 cm with

reactor H/D ratio of 20. The detailed reactor cgafations are listed in Table 1.

Fine air bubbles for aeration were supplied throaglair sparger at the reactor bottom with

an airflow rate of 2.4 cm/s in R1, R2, R3 and R4levlmembrane air diffuser was used in R5
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and R6 with an airflow rate of 1.6 cm/s. In additithe stirrer speed in R6 was maintained at
120 rpm during the aeration period. The flow diagiaf reactor operation was same as those

reported by Liu and Tay (2007b).

Reactors were operated in a sequencing batch mutiefduent was discharged from the
middle port of the reactor with a volumetric excbarratio of 50-70%. Both feeding time
and discharging time were set as 5 min and noiarraias supplied to reactors during the
feeding period. Detailed operational conditions bsted in Table 1 for the comparison
between reactors with different settling time, eiént inoculums, different reactor
configuration and different shear force. Freshvat#éid sludge collected from a local
municipal wastewater treatment plant was firsticated with the same synthetic wastewater
as used in R1-R3 for 4 days in a barrel. Then toémated activated sludge was inoculated
into the reactors for start-up except R3. For @aR3, a bulking sludge from a deteriorated

reactor in the lab was used as inoculums to stueletfects of inoculums on fast granulation.

Reactors R1, R2, R3, R4, R5 and R6 were operateglfolays, 14 days, 171 days, 14 days,
10 days and 10 days, respectively. The operati@ixaeactors is summarized in Table 1
with the combined strong HSP and high OLR to study

i) Effects of initial settling time

i) Effects of settling ability of seed sludge

i) Effects of exchange ratio
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iv) Effects of reactor H/D ratio and reactor diameter
V) Effects of mechanical shear force from stirrer

2.2. Medium

A synthetic wastewater with the following compasits was used as influent for
cultivation of aerobic granules in the reactors: BCGodium acetate), Ni€l, K;HPO,,
CaCh2H,0, MgSQ7H,O, FeSQ7H,O, HBO;, 2ZnCh, CuCh MnSO4H,0,
(NH4)eM070244H,0, AICl3, CoCh-6H,0, NiCl,. The COD concentrations in the influent
were changed in different reactors to get diffel®hRs ranging from 8 g COD/H to 12 g
COD/L-d, but COD: NH"-N: P ratio was always kept at 100: 5: 1. The catregions of

other components were same as those reported kndiday (2007b).

2.3. Analytical methods

COD, sludge volume index (S}, mixed liquor suspended sludge (MLSS), and mixed
liquor suspended sludge (MLVSS) were analyzed icoatance to the standard methods
(APHA, 1998). SV4 was measured in a similar manner as3;5¥y modifying the settling
time from 30 minutes to 5 minutes. Average partgilee was measured by a laser particle
size analysis system (Malvern MasterSizer Seri€2BMalvern Instruments Ltd, Malvern,
UK). The morphology of sludge was observed, andgduphotos were taken by the image

analysis system (Image-Pro Plus, V4.0, Media Cyters) with an Olympus SZX9
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microscope. Microbial compositions of granules webserved qualitatively with scanning
electron microscope (SEM) (Stereosan 420, Leical€iaige Instruments), with the same

method reported by Ivanov et al. (2006).

2.4. Calculations of the specific biomass accumulation rate and the specific biomass growth

rate by size

The biomass accumulation in reactor depends on bimimass growth and biomass
wash-out. The specific biomass accumulation rat§ {d the reactor can be described as
g=dx/xdt in the exponential phase, in whixis the biomass concentration at tintein
the reactor.s=dD/dt can be used to describe the biomass growth ragizey(um H) in

the exponential phase, in whicB is the mean size of sludge at tinte

3. Reaults

3.1 Effects of the step-wise decreased settling time and the fixed settling time on the

formation of aerobic granules

Fig. 1 shows the sludge morphology in R1 at thp-siise decreased settling time and in R2
at the fixed settling time of 2 min. Compact grasuvith clear boundary appeared in 24 h in

R2 while sludge was still in suspended state inaRé&r 336 h. In addition, it can be seen
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from Fig. 2 that the sludge size increased to 6@¥giter 72-h operation in R2 while the
sludge size was only 230 um even after a 336-hatiperin R1. S\ of the sludge in R2
maintained at lower values than that in R1 durirggerthan a 10-day operation as shown in
Fig. 2 although there was a transient rise ofs3f124 h. SV4 and size of sludge combined
with sludge morphology are usually used to judgeftirmation of aerobic granules. Fig. 1
and Fig. 2 clearly show that sludge in R1 did mahsform from suspended state to granule
form even after 336-h operation in terms of $\Wludge size and sludge morphology.
Actually, small granules were observed after 2-wepération in R1 and the SV/of sludge

in R1 decreased to less than 100 mL/g after 18 daygsiltivation (data not shown). Mean
size of sludge increased greatly after the settimg was decreased gradually. It took about
4 weeks for granular sludge to be mature in R1cé&tihe step-wise decreased settling time
was widely used in literature, the changes of sSWILVSS and sludge size in the whole
process were not repeated here. In terms of grasizde sludge S¥land MLVSS, reactor
R2 actually reached steady state after 72 hoursh&dest of our knowledge, this is the
fastest time reported ever to reach a steady istatéab-scale reactor for aerobic granules.
The specific biomass accumulation rate in the oeacind the specific biomass growth rate
by size are depicted in the Fig. 3. It can be gshahthe growth rate of sludge size in R2 is
almost 3.0-fold of that in R1 and the specific bam® accumulation rate in R2 is 2.9-fold of
that in R1 in the exponential period. In additian,lag phase for biomass accumulation and
size increase of sludge was observed in R2. Silhdbeaother operational conditions were

same except for the mode of settling time, it wasught that the evident difference of
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granulation speed in R1 and R2 was due to the bpesh strategy of settling time, which

influenced the granulation speed significantly.

3.2 Effects of inoculums and exchange ratios on the formation of aerobic granules with the

combined strong HSP and overstressed OLR

Well settled sludge is usually employed to seedtogaor granulation. In this study, well
settled sludge with Sylof 108 mL/g and bulking sludge with SVof 484 mL/g from a
deteriorated reactor were inoculated to start @etoers R2 and R3, respectively. Since the
settling ability of seed sludge to R3 was very paod hydraulic retention time was further
shortened to 2 h to increase hydraulic selecti@ssure, the vast majority of sludge was
immediately washed out of the reactor with onlyusu 0.5 g/L of biomass was retained in
the reactor after 24 h, which was much lower th&i b/L at 24 h in R2 (Fig. 2). Even in
this case, however, it is quite interesting to bt small granules appeared at 24 h in R3
just like in R2 and no flocs were observed afteh2&ince little biomass was retained in R3,
SVI was not measured from 0 to 96 hr. At 96 h, SWIR3 was only 68 mL/g, which was
similar to that in R2. Obviously, granules werenfed very quickly in R3 too even with
poorly settled inoculums containing large amountilamentous bacteria. The big difference
in terms of aerobic granulation in R2 and R3 isydhke appearance of evident lag phase in
R3 due to the very low biomass concentration fralmh2 As both short settling time and

short cycle time were used in this study, the imistedbiomass wash-out within 24 h led to

10
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the low inoculation ratio if the only retained biass after 24 h was considered as the actual
inoculated sludge, which was only 10% in R3 whi&@®@3in R2 compared with the steady
state biomass concentration. The biomass concemtrettange with 10% actual inoculation
ratio in R3 had the exactly same sigmoidal growttve of typical bacteria (Zwietering et al.
1990) with lag phase, exponential phase and stgladse as shown in Fig. 2. But 36% actual
inoculation ratio in R2 eliminated completely lalyage with immediate exponential growth
of biomass. Interestingly, granule size experienited same changing trend with biomass
concentration in R3 experiencing typical sigmoidmbwth curve while in R2 having
exponential growth immediately. Due to the lag ghaad higher OLR in R3, the reactor
reached the steady state after 240 h in termsoohdss concentration, which was one week
slower than R2, but still much faster than the respwith other fast start-up strategies. In
addition, it was noted that granule growth ratesizg in R3 was 6.99um/h while it was 4.67
pm/h in R2 although the specific biomass accunaatates in two reactors were similar.

As reported before (Liu and Tay, 2007a), starvaitonot a prerequisite for granulation. In
this study, although aerobic granules appearedirwi?d hours, effluent COD in R3 was
ranging from 600 to 900 mg/L during the first 128ubhs because the biomass concentration
was only around 0.5 g/L. However, once the lag ehasterms of biomass concentration
ended, effluent COD dropped significantly to lekant 50 mg/L at 192 h. During the
subsequent operation period for the long-term ktastudy, effluent COD in R3 was
always maintained at around 50 mg/L due to highmbiss concentration. For R2, effluent

COD was around 50 mg/L due to relatively high bismaoncentration e.g. around 2 g/L,

11
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even at the initial stage of reactor operation.sThHemonstrated again that microbial
aggregation for granulation was independent owvatian or if COD could be fully removed.

R2 with exchange ratio of 50% and R4 with excharage® of 70% did not present any
difference (data in R4 not shown) in terms of agrgvanulation at the same OLR, which
indicates that exchange ratio between 50% and 78806 o influence when the strong
hydraulic selection pressure from short cycle tamel short settling time was used in this
study.

3.3 Effects of reactor configurations and mechanical shear force on the formation of aerobic

granules with the combined strong HSP and overstressed OLR

Similar to lab-scale reactor, the vast majoritypmfmass in R5 and R6 was washed out in the
first several cycles after start-up, and onlydittiomass was retained due to strong hydraulic
selection pressure. However, white granules wesemied after 24-h operation as shown in
Fig. 4. During the first 96-h operation, biomasdumee in R5 after 30-min settling was
below 0.28 L. However, the newly formed granuledtiplied rapidly after 96-h operation
and biomass volume increased significantly, and tieached 4.8 L after 216-h operation as
showed in Fig. 5. Therefore, it can be said thatithv biomass concentration during the first
96 hours due to the strong hydraulic selectiorsqaree can be increased rapidly after
granules were formed in the 20-cm diameter readtbe granulation of sludge in R5 was
similar to that in R3, which indicated that reactbameter and reactor H/D ratio did not

influence granulation speed with the strong hydcasglection pressure. However, even with

12
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the inoculation of well settled sludge in the p#aile reactor R5, the biomass washout was
much more serious with an obvious lag phase in geoh the increase in biomass
concentration than in the lab-scale reactor R& Well known that reactor with a diameter
smaller than 10 cm has serious reactor wall eff@bich could retain biomass with high
density at the bottom part of the reactor to awsash-out at strong hydraulic selection
pressure. Therefore, the lag phase in pilot-scadetor R5 is probably due to the poor
retention of biomass in the reactor with a diamefe20 cm lacking of reactor wall effect.
Fig. 6 shows the concentration of granular sludgagathe reactor height in 5-cm diameter
reactor and 20-cm diameter reactor. Obviously, rdeetors used in this study with 5-cm
diameter themselves possess the capability tonrdti@mass, which also play a role for

hydraulic selection pressure and retain more bismath shorter lag phase.

R6 with the stirrer had the similar granulation lwiR5, but fluffy granules and smooth
granules coexisted in the reactor even at the begynning i.e. 24 hours as shown in Fig. 4.
This is beyond the expectation as it is commonhebed that high shear force could lead to
the smaller but more compact granules (Liu et @02). Compared with R5, the high share
force from mechanical stirrer in R6 resulted in enfuffy granules and only fluffy granules
were observed after 216 h as seen in Fig. 4. SEdbptof the granules in R5 and R6 at 240
h showed that filamentous bacteria growing fromitterior of granules and coexisted with
rod bacteria. Due to the overgrowth of filamenttasteria, settling ability of granules in

both R5 and R6 deteriorated leading to the biorwsssas shown in Fig. 5. The operation of

13
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R5 and R6 were collapsed after 10-day operatiogh iixed mechanical/pneumatical shear
force in R6 alone was not able to maintain theibtalof granules. This is likely that high
shear force is not a critical factor for granulgbgity or high shear force alone is not enough
to maintain granule stability. The results hereidate clearly that the factors which
inducethe formation of aerobic granules are notesanth those which could maintain the

stability of the newly formed granules.

3.4 The operational strategy to maintain the long-term stability of the rapidly formed aerobic

granules

Based on the aforementioned results, combinedgtH3P with overstressed OLR enhanced
aerobic granulation significantly. To investigatee tlong-term stability of these rapidly
formed granules, reactor R3 started up with bullsiugige was operated more than 180 days.
Although high OLR is beneficial to accumulate enodgpomass in reactors and shorten time
required to reach the steady state, it has beeanrtegpthat high OLR led to fluffy granules
and the instability of reactor operation (Zhengakt 2006). To maintain the long-term
stability of rapidly formed granules, the cycle énrm R3 was extended from 1 hto 2 h to
reduce the OLR from 12 to 6 g CODd after 2-week operation. During the following
5.5-month operation, granules in R3 always maiethigood settling ability, constant

granule size and biomass concentration as showvngin7, which demonstrated that it was
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feasible to use 12 g CODM. OLR combined with strong HSP to start up reaetithin 1-2
weeks and maintain the long-term operational stalaf granules with reduced OLR such as

6 g COD/Ld.

4. Discussion

4.1. Fast granulation using the combined strong HSP with overstressed OLR

Aerobic granules appeared within 24 hours in atters with different inoculums, different
exchange ratios, different reactor configuratiahBerent shear force by using the combined
aeration and mechanical stirrer, which highly ufided that the combined strong HSP with
overstressed OLR are crucial factors for fast gedion. Table 2 summarizes all fast
granulation strategies reported so far and the amoisgn between them. For a fair
comparison, the time for appearance of aerobiculearand the time taken for reaching the
steady state in terms of granule size and biomassentration were used. It can be seen
from Table 2 that the strategy using combined H8® averstressed OLR in this study
achieved e the fastest granulation with granulgseaged within one day and steady state
reached within three days.

Aerobic granulation is a process that bacteriaadtdd self-aggregated and form compact
structure with a size of 0.1-5 mm. It has been ¢inbuhat the basis for aerobic granulation is

a repetitive selection for sludge particles culiahin the SBR such that denser components

15



314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

are retained in the system while lighter and disperparticles are washed out (Qin et al.
2004b). Settling time and HRT controlled by cydled and exchange ratio in sequencing
batch reactor were thought to be the most impohigdtaulic selection pressure for aerobic
granulation (Qin et al., 2004a; Wang et al., 206®wever, much biomass would be washed
out and incomplete COD degradation would happestrdng hydraulic selection pressure
was used e.g. settling time and HRT were too sfitw. operational strategy with step-wise
decreased settling time is thus usually used todabhe biomass wash-out during the start-up
period for aerobic granular sludge reactor. Mearleyluycle time longer than 3 h is usually
used to provide a periodical feast-famine phase single cycle, which was considered as a
critical factor for the granulation (Tay et al.,®0 Li et al. 2006). Generally, 2 weeks were
required to grow compact aggregates and more thamwwnth were taken to form mature
granules at step-wise decreased settling timelab-&cale reactor. However, it can be seen
very clearly from Fig. 2 that although the changingnds of biomass concentration and
sludge SVI with the traditional step-wise decreasettling time at the beginning of reactor
operation were similar to those in R2 and R3 dutimg first 24 hours, the changes in R1
during 336 h were far more mild with much smallepss compared with R2 and R3. To

enhance aerobic granulation, these changes haviedocome drastically by strong HSP.

In addition, it has been reported that starvatsonat prerequisite for aerobic granulation (Liu
et al. 2007a). Overstressed OLR has been provewitewce more EPS production which is

favorable for granulation (Yang et al. 2014). Aecated start-up and granulation processes
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by the application of stressing OLR without achmgvicomplete substrate removal was also
reported in UASB (Francese et al., 1998; Show .et2804).Therefore, OLR of 8 and 12 g
COD/L-d combined with strong hydraulic selection pressuas used for the fast start-up of
aerobic granular sludge reactor in this study. HIIR is crucial not only for changing the
aggregation ability of flocs by secreting more E®&tSchanging cell surface properties but

also for the rapid biomass accumulation as showign3.

4.2 Uncoupled optimal conditions for fast granulation and maintaining long-term stability of

granules

Although granules appeared within 24 hours in efictors, compact granules turned into
fluffy leading to the biomass washout and the g@éaof reactor operation after a certain
period in R5 and R6. Obviously, the optimal comiis for aerobic granulation and
maintaining the long-term stability are differentedto the changes of sludge size, biomass
concentration and fluid mixing in reactor. In tisigidy, OLR of 8 and 12 g COD/. were
used for accelerating aerobic granulation. Howewdras been reported that high OLR such
as OLR of 8 g COD/ld could lead to the instability of aerobic granuleeng et al. 2006).

It was believed that a high COD loading easily tecdbutgrowth of filaments and unstable
reactor operation (Beun et al., 1999; de Kreuk,5200he results by Chen et al. (2008)
showed that aerobic granules could maintain a teng- stability even at the OLR of 15 g

COD/L-d when high aeration rate was used. In additioa,|thv aeration rate such as 0.3
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cm/s in famine period did not affect the long-testability of aerobic granules (Liu and Tay,
2006). Thus, the instability of aerobic granulesler high OLR might mainly come from
the DO limitation in the feast period. In this sgjugince COD was ranging from 600-900
mg/L during the first 120 h in R3 due to low biom@®ncentration, DO was still as high as 6
mg/L even with OLR of 12 g COD/d. DO limitation in R3 with high OLR during
granulation period was thus reduced by low biontasgentration. To maintain the stability
of rapidly formed granules by exerting high OLR a&tiebng HSP, increasing aeration rate or
reducing OLR should be adopted after granulesarmadd. The cycle time of reactor R4 was
extended to 2 h with OLR reduced accordingly to G@D/L-d after 2-week operation. The
results in R4 indicated that rapidly formed grasuhere able to maintain the good stability
during 6-month operation period. In addition, itsnought that the rapid growth of bacteria
in granules was likely to result in the instabiliy aerobic granules. Thus, slow-growing
bacteria were selected to enhance the long-terpiligtaf aerobic granules (de Kreuk et al.,
2004). However, R3 demonstrated that granulaticedpand bacteria growth rate in the
start-up period does not affect the long-term $itgbof granules as long as the optimal
conditions are used respectively. Therefore, iasy efficient to start up aerobic granular
sludge reactor with the strong HSP and high OLRtier rapid granulation while reduced
OLR or improved aeration rate are used to maintha long-term stability of aerobic

granules.
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4.3 Mechanism of fast granulation using the combined hydraulic selection pressure with

overstressed OLR

Different hypothesis has been proposed to try tplaex the mechanism of aerobic
granulation. However, the most hypotheses proposede based on certain specific
experiments within a certain limits, which was theasily contradictory to the experimental
data reported later with different operational dtods. For example, starvation was
believed to be as the most important factor fookiergranulation (Tay et al. 2001; Li et al.
2006), but granules were cultivated successfullhout starvation (Liu et al. 2007a). Short
settling time was thought to be crucial for theriation of aerobic granules (Qin et al. 2004),
but aerobic granules were still formed with longtlsey time such as 30 min (Wan et al.
2011). In this study, various factors such as ihouos, reactor configuration, mechanical
shear force, exchange ratio have been investigaidd the combined strong HSP and
overstressed OLR strategy for fast granulation. $hecessful granulation under various
conditions indicates that there are common crutators for fast granulation and a
mechanism could thus be proposed to explain thisn@menon. Fig. 8 depicted the
mechanism of fast granulation with the combinedrsirHSP and overstressed OLR strategy.
In the granulation phase, strong hydraulic selacpfiessure leads to slightly diluted (when
seeded with well settled sludge in slim reactorsignificantly diluted (when seeded with
poorly settled sludge or in a evenly mixed reactiogs, which experience overstressed OLR

as well as strong hydraulic selection to stimulaRS production (Yang et al. 2014) and cell
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414
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417

surface property change for easy aggregation. Duleet strong hydraulic selection pressure,
the flocs which do not aggregate to form granukesveashed out leaving only granules in
reactor. In the second phase, granules multiply garckly under overstressed OLR to reach
steady state. The rapid rise of biomass conceotrativolves the increase in both granule
size and granule number, which follows the sigmloigiwth curve, a typical growth
characteristic of pure bacteria. In this sensecadd consider the newly formed granules as
granule inoculums to grow and multiply. Since glareannot compete with flocs in terms of
substrate utilization and biomass growth (Liu e2@l12), the wash-out of enough flocs from
reactors immediately by strong hydraulic selectfmessure is a prerequisite for newly
formed granules to grow exclusively. Weaker hydcasélection pressure sill could lead to
granulation, but the granule percentage in the diiskidge would decrease with the
reduction in strength of hydraulic selection presq@in et al. 2004a).

5. Conclusions

The strategy with combined strong HSP and overstesOLR to speed up aerobic
granulation was applicable to wider scenarios digas of settling ability of seed sludge,
exchange ratio between 50% and70%, reactor cowafigur with different diameter and
reactor H/D ratio, and mechanical/pneumatic shemef Although high OLR may lead to
fluffy granules and collapse of reactor operatittre rapidly formed granules with the fast
start-up strategy were able to maintain long-tetabisty by reducing OLR to a suitable
level after the steady state was reached. Thetsesuthis study indicates that the crucial

conditions for aerobic granulation and maintainiogg-term stability of aerobic granules are
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different, which could be well controlled to acheeboth fast granulation and long-term

stability.
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Fig. 1 Morphology of sludgein R1 and R2 in the first two weeks with a multiplication of 6.3
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and R3 during the exponential growth period



“ @& 500pm

Fig. 4 Morphology of sludgein R5 and R6 in the first ten days observed by Image Analyzer

and SEM
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Table 1 Reactor characteristics and detailed experimental conditions of the sequencing batch

reactors
Reactor irrer SVI of i i
reacior (;T:;Cétoerr ReH(';}C[’;or Wolrki ng S(tlzo inocul ulms H ET (t:lynilee Ex(_:har;/ge Setgﬂ in lo;)dri?%n: (;t .
(cm) VO(‘L‘;“E pm)  (migh) O gyt o™ s gcop Lt dY
Effects of initial settling time
R1 20 - 108 4 2 50 20-2" 8
R2 20 - 108 4 2 50 2
Effects of property of seed dudge
R2 20 - 108 4 2 50 8
R3 20 - 433 2 1 50 12
Effects of exchange ratio
R2 20 - 108 4 2 50
R4 20 - 108 4 2 70
Effects of reactor H/D ratio and reactor diameter
R2 5 20 2 - 108 4 2 50 8
R5 20 4 25 - 120 2 1 50 12
Effects of mechanical shear force
R5 20 4 25 - 120 2 1 50 2 12
R6 20 4 25 + 120 2 1 50 2 12
Long term stability of granule with fast formation using strong hydraulic selection pressure
R3 5 20 2 - 433 2-4 12 50 2 126"

* 0-7 days, settling time 20 min; 7-11 days, settling time 15 min; 11-14 days, settling time 10 min; 14-18 days, settling time 7 min; 18-21
days, settling time 5min; after 21 days, settling time 2 min.

** 0-14 days, organic loading rate 12 g/L - d; after 14 days, organic loading rate 6 g/L d

10



Table 2 Comparison of aerobic granulation speed with different strategies for enhancement

Time taken

for the Time taken
Strategizes for improving aerobic Wastewater carance to achieve References
granulation treatment ap steady state
of granules (days)
(days)
ca’™ COD 16 50 Jiang et al. 2003
Addition of metal M2 AI%* C?e%g”vg N ; 43 Wang et al. 2012
ions or metal COD and N
zero-valent Fe - 43 Kong et a. 2014
removal
Bioaugmentation pure cuIture isolated coD 5 8 lvanov et al. 2006
by pure from aerobic granules
culture/ludge with
. . COD and N Verawaty et a.
high Z%quritta)g/;anon crushed granules removal - 60 2012
Stor?gni‘f;b'c coD - 20 Liuet d. 2005
Selection of good g
seed sludge sludge from beer
wastewater treatment - 7 35 Song et al. 2010
plant
granular activated Low strength ) .
Addition of carrier carbon COD 100 Lieta. 2011
media poly aluminum cob 7 30 Liuet a. 2014
chloride
Shorte”t'irr‘T?esett' 'ng cop 7 21 Qinetal. 2004
Extendi ng starvation coD 13 i Gao et al. 2011
period
Inc&e:;ngﬁhﬁfn d COD 21 - Gao et al. 2011
A'telr(;‘:é'i Eggeed COD 8 : Yang et . 2014
Manipulation of .
operational Cog‘b' ned strong HSP CoD 0.29 12 Zhang et dl. 2013
conditions an oyerstressed OLR
Combined strong HSP
and overstressed OLR .
with bulking sludge as cob 1 10 This study
seed
Combined strong HSP
and overstressed OLR .
with well settled COD 1 3 This study
sludge as seed

11



Table 1 Reactor characteristics and detailed experimental conditions of the sequencing batch

Reactor Stirrer  SVIof . ;
Reactor ; ; Cyele Settlin Organic
Reactor diameter Reactor  working (120 inoculums HRT Exchange loading rate

me . 8
cm) HD vo(I:;ne pm) (migh G @y e ®8)  (omin) (g COD L &)

Effects of initial settling time

Rl 5 20 2 - 108 4 2 50 20.2" 8
R2 5 20 2 - 108 4 2 50 2 8
Effects of property of seed sludge

R2 5 20 2 - 108 4 2 50 2 8

R3 5 20 2 2 433 2 1 50 2 12
Effects of exchange ratio

R2 5 20 2 - 108 4 2 50 2 8

R4 5 20 2 k. 108 4 2 70 2 8

Effects of reactor H/D ratio and reactor diameter

R2 5 20 2 - 108 4 2 50 2 8

RS 20 4 25 - 120 2 1 50 2 12
Effects of mechanical shear force

RS 20 4 25 - 120 2 1 50 2 12

R6 20 4 25 + 120 2 1 50 2 12

Long term stability of granule with fast formation using strong hydraulic selection pressure
R3 5 20 2 - 433 2.4 12 50 2 12-6"

* 0-7 days, settling time 20 min, 7-11 days, seitling time 15 min; 11-14 davs, settling time 10 min; 14-18 days. settling time 7 min; 18-21
days, settling time Smin; after 21 days, settling time 2 min.
** 0-14 days, organic loading rate 12 g/L"d; after 14 days, organic loadingrate 6 gL"d



Table 2 Comparison of aerobic granulation speed with different strategies for enhancement

Time taken .
. , . for the e t.:i.ken
Strategizes for improving aerobic Wastewater to achieve
J appearance . References
granulation treatment steady state
of granules
(days) (days)
Ca* COD 16 30 Jiang et al. 2003
Addition of metal Mg> AP~ cgﬁ}:{;‘lh - 43 Wang etal 2012
ions or metal -
zero-valent Fe Cgi:::lh - 43 Kongetal 2014
Bicaugmentation  pure culture isolated coD 5 3 Tvanov etal. 2006
by pure from aerobic granules
cfi;:z Siugg:u_\;i:h crushed granules CODand N - 60 Veramaty etal.
ag%{}f g removal 2012
- cop . 20 Liu et al. 2005
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seed sludge e Jom delr
wastewater reatment 7 35 Song etal. 2010
plant
granular activated Low strength 5
Addition of carrier carbon COD i Peal 201
helia 1’“";;;;‘;.‘{“:‘“‘“ COoD 7 30 Liu etal. 2014
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E"“nd’p“ei:;‘““m coD 13 . Gao etal. 2011
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Combined strong HSP
and overstressed OLR cop 1 3 This study

with well settled
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Fig. 4 Morphology of sludge in R5 and R6 in the first ten days observed by Image Analyzer
and SEM
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Highlights:

e A new operational strategy was used to speed up aerobic granulation

e  Suspended sludge turned into aerobic granules within 24 hours

e  Steady state of aerobic granule reactor was reached within 3 days

e Seed sludge, exchange ratio, reactor configuration and shear force did not affect granulation
e Rapidly formed granules maintained long-term stability at reduced organic loading rate



