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Elucidating performance failures in use of granular sludge for nutrient removal
from domestic wastewater in a warm coastal climate region
Lorena B. Guimarãesa,b,c†*, Jamile Wagnera, Tiago R. V. Akabocia, Gilberto C. Daudta, Per H. Nielsenc,
Mark C. M. van Loosdrecht b, David G. Weissbrodtb,c†* and Rejane H. R. da Costaa*
aDepartment of Sanitary and Environmental Engineering, Federal University of Santa Catarina, Florianopolis, SC, Brazil; bDepartment of
Biotechnology, Delft University of Technology, Delft, The Netherlands; cDepartment of Chemistry and Bioscience, Centre for Microbial
Communities, Aalborg University, Aalborg, Denmark

ABSTRACT
The effects of domestic wastewater and a coastal warm climate on granular sludge and biological
nutrient removal were evaluated using a pilot-scale sequencing batch reactor (SBR). The reactor
operation employed two different operational strategies (OS) based on up-flow feeding regimes,
defined as fast (OS1, flow rate = 18.0 L min−1 and flow velocity = 22.0 m h−1) and slow (OS2, flow
rate = 3.5 L min−1 and flow velocity = 4.3 m h−1). Under slow feeding, larger (OS1: 290 µm; OS2:
450 µm) and faster settling granules were obtained (OS1: 109; OS2: 74 mL g−1 TSS). The slow
feeding regime was also advantageous for the hydrolysis of particulate organic matter (OS1: 1.3;
OS2: 3.1 g CODtot g

−1 VSS d−1) and for phosphorus removal (OS1: <33%; OS2: >97.5%). Neither
strategy resulted in substantial biomass accumulation in the reactor (OS1: 0.7; OS2: 1.5 g VSS L−1),
and high concentrations of nitrite were observed in the effluent (9–27 mg NO−

2 −N L−1). Ordinary
heterotrophic organisms dominated the granular sludge developed under both feeding regimes
(OS1: 30% of Thauera; OS2: 56% of Comamonas), while polyphosphate-accumulating organisms
(PAOs) were only detected during OS2 (2.3–3.4% of total bacteria). A successful granular sludge
process should be able to cope with high fluctuations in wastewater loads caused by rain events
(82–182 mm month−1 in Florianopolis, Brazil). In order to achieve higher water quality, strategies
identified for an efficient granular sludge SBR operation included (i) management of an anaerobic
phase for PAO selection, and (ii) aeration control for successful nitrification/denitrification.
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Introduction

Full-scale plants using the granular sludge technology for
biological nutrient removal (BNR) are increasingly
installed worldwide for the treatment of municipal and

industrial wastewaters [1–3]. The technology currently
covers treatment capacities ranging from five thousands
to more than 1 million population equivalent (PE) [4]. The
method was first developed in Europe and has more
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recently been adopted in developing countries such as
Brazil, so significant differences in sewage and climate
conditions need to be considered in the design and
operation of such processes. Although the granular
sludge process has been successfully implemented for
municipal wastewater [1], the complexity of real waste-
waters and the effects of low loads are still a challenge
in terms of process performance [5,6]. Domestic
sewage contains a range of dissolved and particulate
organic substances, whose impacts on granulation and
BNR need to be understood. The effects of low strength
and fluctuating carbon load have so far received little
attention. Additional issues found with real sewage are
long granulation times, unpredictable granule mor-
phology, granule disintegration, and inefficient BNR [7].

The initial design criterion of many granular sludge
investigations has been based on a reactor column geo-
metry with a high height-to-diameter ratio (H/D = 9),
assuming that granules would form and that flocs
would be washed out from the system [8]. Operational
conditions have included a high hydrodynamic shear
force and a short settling time, which have been pre-
viously considered crucial for granulation [8]. The hydro-
dynamic shear force has been enhanced by superficial
up-flow gas velocities above 1.0 cm s−1 [9]. Short settling
times [10] have been achieved using hydraulic pressure
to select for biomass particles with high settling vel-
ocities (>30 m h−1).

Pilot designs have often been initially developed by
analogy to traditional laboratory-scale systems used to
cultivate ‘aerobic granules’ [7]. An SBR operation invol-
ving feeding, reaction, and settling offers easy and
flexible operation, while generating substrate gradients
that stimulate granulation. A high aeration flowrate in a
shallow column design induces granulation by shear
force, but can affect BNR efficiency by resulting in too
high concentration of dissolved oxygen (DO) if not con-
trolled. Feeding and aeration regimes can be adapted
to tune phosphorus (P) removal and denitrification
[11,12]. However, challenges faced by domestic waste-
water systems are high load fluctuations and much
lower COD and P concentrations (200–600 mg COD L−1;
2–4 mg PTot L

−1) [13] than often experienced under
synthetic laboratory conditions (400–800 mg COD L−1;
10–200 mg P L−1). Therefore, the growth of polypho-
sphate-accumulating organisms (PAOs) is limited, so
P removal is consequently impaired under such con-
ditions [7]. Volatile fatty acids (VFAs) can be used to
enhance N and P removal [14], but this approach has
significant cost implications for large-scale operations.
Use of a static feeding regime, under anaerobic con-
ditions, is a practical and economically viable option
for promoting PAO selection, granule stability, and

BNR [11]. When enhanced biological P removal (EBPR)
is not targeted, selection for glycogen-accumulating
organisms (GAOs) can foster granulation together
with C and N removal [15].

In most subtropical climate regions, low strength
municipal wastewaters present loads that can fluctuate
widely, due to frequent and heavy rain events. This is
the case in Florianopolis, Brazil, where precipitation
showed a median of 110 mmmonth−1 and 1st and 3rd
quartiles of 87 and 182 mmmonth−1, respectively [16].
The configuration of SBR operation with low strength
municipal wastewater has been based on a 4-h cycle,
with fast feeding followed by an extended aerobic reac-
tion, settling, and withdrawal [5,17–19]. Variation of waste-
water temperature in warm humid subtropical coastal
climate regions, such as Florianopolis (median and 1st
and 3rd quartiles of 25, 21, and 27°C, respectively) can
be an important factor affecting process performance,
especially in relation to PAO and GAO competition [20].

In Brazil, earlier pilot investigations with domestic
wastewater in the Florianopolis catchment area
[5,19,21] achieved granule formation together with
removal of organic matter (expressed hereafter as chemi-
cal and biochemical oxygen demand equivalents: COD
and BOD), as well as ammonium, resulting in compliance
with national quality criteria [22] (Table 1). However,
granule disintegration was observed and the effluent
BOD and nitrogen (N) concentrations could still be con-
sidered high, since the Brazilian discharge limits
(120 mg BOD L−1

Eff or 60% removal; <20 mg NH4− N
L−1
Eff ) are higher than European requirements (25 mg
BOD L−1

Eff or 70–90% removal; 10 mg NTot L−1
Eff or 70–

80% removal) [23]. In addition, nitrite reached
15 mg NO−

2 − N L−1
Eff , similar to earlier reports for granular

sludge, including with the use of synthetic wastewater
[24]. Phosphorus removal has not been targeted in
developing countries, such as Brazil, since no national
discharge limit exists for this nutrient (Table 1).

The results of previous studies with low strength
municipal wastewater under variable load conditions
and high weather variations [5,19,21] showed that
process improvements are still needed. Despite comply-
ing with the Brazilian national standards [22], the treated
effluent concentrations for some parameters remain
high, relative to international standards [23,25] (Table
1). Process failures such as granule disintegration,
nitrite accumulation, and unsuccessful EBPR make the
system vulnerable, requiring operational modifications.
SBR cycle configurations vary among studies, with gran-
ulation having been reported under pulse [17], slow up-
flow [1,11,26], and fill-and-draw [6] feeding regimes.

In the present study, two feeding regimes and their
effects on granulation and BNR performance were
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evaluated using a pilot SBR treating municipal sewage
under warm coastal conditions. The effects of the two
operational strategies were assessed in terms of
granule properties, biomass accumulation, BNR, and bac-
terial selection. The results are thoroughly explored, con-
sidering the challenges resulting from process failures,
together with engineering aspects for improving the
technology.

Materials and methods

Operational strategies

Two operational strategies (OS1 and OS2) were carried
out using a pilot SBR. Cycles of 4 h (Table 2) were per-
formed with either (i) pulse feeding followed by an idle
phase (OS1) or (ii) slow up-flow feeding (OS2), consider-
ing the effects on granulation and BNR applied to

Table 2. SBR operational strategies and domestic wastewater characteristics and loading.
Operational set-up and cycle configuration OS1 OS2

Organic loading rate (kg CODTot m
−3 d−1) 1.1 ± 0.4 2.1 ± 0.6

Organic loading rate (kg CODsol m
−3 d−1) 0.6 ± 0.3 1.0 ± 0.3

Ammonium loading rate (kg NH+
4 − N m−3 d−1) 0.16 ± 0.05 0.28 ± 0.07

Phosphorus loading rate (kg PTot m
−3 d−1) 0.018 ± 0.006 0.027 ± 0.006

Hydraulic retention time (days) 0.30 0.28
Domestic wastewater characteristics
Total COD (mg CODTot L

−1) 335.0 ± 123.8 595.6 ± 164.7
Soluble COD (mg CODSol L

−1) 202.4 ± 97.4 292.7 ± 86.1
Ammonium nitrogen (mg NH+

4 − N L−1) 51.8 ± 10.9 78.8 ± 18.5
Total phosphorus (mg PTot L

−1) 5.5 ± 1.8 7.6 ± 1.9
COD:N:P ratio (g CODs: g NH+

4 − N: g TP) 100:27:2.8 100:27:2.5
pH (-) 7.2 ± 0.2 6.9 ± 0.2
Temperature (°C) 26 ± 3 26 ± 2

Table 1. Directives for emission quality standards of Brazil, Santa Catarina State (Brazil), European Union, and Switzerland, comparing
from less to more stringent limits on wastewater discharge.

Parameter

Effluent quality standards directives (if not specified: mg L−1
Eff ) % removal versus raw influent load

Brazil
[a]

Santa Catarina State
[b]

European Union
[c]

Switzerland
[d]

Total suspended solids 1 mL L−1
Eff

in 1 h
Locally 60c1 / 35c2

70% c1 / 90% c2
20d2 / 15d3

n/a
Total COD n/s

n/s
n/s
n/s

125
75%

60d2 / 45d3

80%d2 / 85%d3

Soluble COD n/s
n/s

n/s
n/s

n/s
n/s

10 mg DOC L−1

85% DOC d1

BOD5 120
60%

60
80%

25
70–90%

20
90%

Total nitrogene n/s
n/s

n/s
n/s

15c3 / 10c4

70–80%
ALAP
AMAP

Ammonium/ammonia-nitrogen 20
n/a

n/s
n/a

n/s
n/s

2
90%

Nitrite-nitrogen n/s n/s n/s 0.3
Total phosphorus n/s

n/s
4

75%
2c3 / 1c4

80%
0.8
80%

aCONAMA (2011); Criterion for settling materials: 1 mL L−1
Eff (1 h, Imhoff cone).

bCONSEMA-SC (2009): Criterion for suspended solids defined by the local environmental licensing authority.
cEUR-Lex (1991): Different criteria vs. plant size: c1 2k-10k p.e.; c2 >10k p.e.; c3 10–100k p.e.; c4 >100k p.e..
dWPO (1998/2016): Different criteria vs. plant size: d1 >2k p.e.; d2 <10k p.e.; d3 >10k p.e.. For soluble organic matter, a discharge limit for dissolved organic carbon
(DOC) is set at 10 mg DOC L−1

Eff , with 85% removal of DOC. Nitrogen should be removed as maximum as possible (AMAP) to reach a residual concentration as low
as possible (ALAP). Directives are also specific to plant connection to catchment area of the North Sea (sensitive area; nitrate to be removed) or the Mediter-
ranean Sea (less sensitive area).

eTotal nitrogen is determined as the sum of total Kjeldahl nitrogen (NOrg + NH4-N), nitrite-nitrogen, and nitrate-nitrogen (NOx-N).
n/s: not specified.
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domestic wastewater from the Florianopolis catchment
area. The idle and slow feeding phases were performed
without mixing and were intended to provide putative
anaerobic conditions to select for PAOs and EBPR.
During aeration, an up-flow superficial air velocity of
1.1 cm s−1 (39.6 m h−1) was applied under both strat-
egies, which ensured complete mixing (without mechan-
ical mixers) and DO close to saturation (8–10 mg O2 L

−1)
inside the SBR column. The settling time was decreased
stepwise from 30 to 13 min (OS1; working height of
2.18 m) and from 30 to 15 min (OS2; 2.42 m) during
start-up, in order to wash out flocs and select for a
rapidly settling biomass.

Granular sludge characteristics and BNR
performance

The characteristics of the biomass were determined by
measurements of the sludge volume index after 5, 10,
and 30 min (SVI5,10,30) [27], observation of the shapes
of the aggregates by optical microscopy (BX40 micro-
scope, Olympus, Japan), and analysis of particle size dis-
tributions by laser diffraction (MasterSizer Series 2000,
Malvern Instruments, UK). The volume percentage of
sludge with particle size below 200 μm was used to
determine the time when the biomass switched to a pre-
dominance of granular sludge (SVP-SB200 < 50%) [26].

Temperature, pH, and DO were not controlled but
were recorded in the bulk medium of the reactor using
an on-line multi-parameter probe (Model 6600 V2, YSI,
USA). Periodic analyses of suspended solids, COD,
ammonium-nitrogen (NH+

4 − N), and total phosphorus
(TP) were performed according to standard methods
[27]. The organic substrate (determined as COD) in the
influent and effluent was divided into two main fractions
in terms of form and size: particulate (CODx) and soluble
(CODsol) [28]. In this study, CODTot was measured in the
raw influent and in the effluent containing the sus-
pended organic solids particulate fraction, while CODsol

was measured after filtration through a cellulose
acetate membrane (0.45 μm pore size). The CODx frac-
tion was obtained by subtracting CODsol from CODTot

and was used to calculate the hydrolysis time (see
below). Nitrate (NO−

3 − N), nitrite (NO−
2 − N) and phos-

phate (PO3−
4 − P) were measured by ion chromatography

(Dionex Corporation, USA). Free ammonia (FA) was deter-
mined as described by Anthonisen [29].

Calculations

Process data were used to compute the following main
kinetic parameters of interest [30]: volumetric rates
(rCOD, rNH4 , rPtot) and biomass specific rates (qCOD, qNH4 ,

qPtot) of nutrient removal; observed biomass specific
growth rate (µobs); observed saturation constant (Ksobs);
and decay rate (kd).

Volumetric rates of nutrient removal (rCOD, rNH4 , rPtot)

rCOD, NH4,Ptot =
(Ci − Ce)Ve/tc

Vr
(1)

Where:
rCOD, NH4, Ptot are the volumetric rates of nutrient
removal (COD, NH+

4 − N, or PTot, in mg d−1 LR
−1);

Ci is the concentration in the influent (COD, N, or P, in
mg L−1);
Ce is the concentration in the effluent (COD, N, or P, in
mg L−1);
Ve is the effluent volume in the SBR operating cycle (L);
tc is the cycle time of the SBR operation (d);
Vr is the working volume of the SBR reactor (LR).
Biomass specific rates of nutrient removal (qCOD, qNH4 , qPtot)

qCOD, NH4,Ptot =
(Ci − Ce)Ve/tc

VrXVSS
(2)

Where:
qCOD, NH4, Ptot are the observed biomass specific rates of
nutrient removal (COD,NH+

4 − N,orPTot, inmg d−1 g VSS−1);
XVSS is the concentration of volatile suspended solids in
the reactor (g VSS L−1).

Observed specific biomass growth rate (μobs)

1
mobs

= u (3)

Where:
µobs is the observed biomass specific growth rate (d−1);
θ is the solids retention time (d).
Observed half-saturation constant (Ksobs)

1
mobs

= Ksobs
mmax

× 1
Ci
+ 1

mmax
(4)

Where:
Ksobs is the substrate concentration at which the growth
rate corresponds to half the µmax (mg COD L−1);
µobs is the observed biomass specific growth rate (d−1);
μmax is the maximum biomass specific growth rate of the
microorganisms (d−1);
Ci is the influent substrate concentration (mg COD L−1).

According to the Lineweaver–Burk plot (or double
reciprocal plot), Ksobs can be obtained by plotting
1/µobs versus 1/Ci, with a slope of Ksobs/μmax and y-axis
intercept of 1/μmax.

Biomass specific decay rate (kd)

1
u
= Y × qobs − kd (5)
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Assuming that Y and kd are constant for a steady state
system, their values can be obtained by plotting 1/θ
versus qobs, with a slope of Y and y-axis intercept of kd.

Additional calculations were performed to determine
the settling velocity and the theoretical contact time
between the influent and the biomass required to
promote the hydrolysis of organic matter [31].

Settling velocity (vsettling)
The sludge settling velocity was measured by adding 1 L
of mixed liquor to a measuring cylinder.

vsettling = (VBiomass,i − VBiomass, f )/tsettling
Ac

(6)Where:
vsettling is the sludge settling velocity (cm min−1);
Vbiomass,i is the initial volume filled by the mixed liquor
(mL);
Vbiomass,f is the volume filled by the mixed liquor after
settling (mL);
tsettling is the time taken by the biomass to settle (min);
AC is the end area of the cylinder used for the measure-
ment (cm2).

Theoretical contact time for hydrolysis (tH)

tH = Xs/Vr
qH

(7)

Where:
tH is the contact time between the biomass and the
influent particulate matter required to promote hydroly-
sis (d);
Xs is the mass of particulate matter in the influent (g Xs);
Vr is the working volume of the SBR reactor (LR);
qH is the specific rate of particulate matter hydrolysis
(g Xs L

−1 d−1).

Biomass specific hydrolysis rate of particulate
organic matter (qH)

qH = kH × XS/XH
KX + XS/XH

× XH (8)

Where:
kH is the hydrolysis rate constant (g Xs g

−1 XH d−1);
XH is the concentration of heterotrophic biomass respon-
sible for Xs hydrolysis (g XH L−1);
Kx is the saturation coefficient for particulate substrates,
considered as 1 g Xs g

−1 Xh for the temperature range
of the present study (10–30°C).

Hydrolysis rate constant (kH)

kH(T ) = k(20 ◦C)× e(uT×(T−20 ◦C)) (9)

Where:
k(20°C) = 3 g Xs g

−1 XH d−1;
θT = 0.04, considering that k(10°C) = 2 g Xs g

−1 XH d−1 [31].

Molecular analyses of bacterial population
dynamics

Mixed liquor samples were collected during aeration.
DNA was extracted using PowerSoil® DNA isolation kits
(MoBio Laboratories Inc., USA), according to the manu-
facturer’s instructions. Bacterial community compo-
sitions and population dynamics were analyzed by V1-
V3 16S rRNA gene-based amplicon sequencing, using
the MiDAS field guide [32]. The two universal bacterial
primers 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and
534R (5′-ATTACCGCGGCTGCTGG-3′) were used for PCR
amplification. The pools of amplicons were sequenced
at a depth of 23,600 ± 5,400 reads per sample (min:
12,100; max: 34,400), using a MiSeq desktop sequencer
(Illumina, USA). Mapping was conducted against the
curated MiDAS reference database to assign reads
forming operational taxonomic units (OTUs) to closest
bacterial relatives. Each sample dataset was rarefied to
10,000 reads and was processed in R using ampvis [33].

Analyses of 16S rRNA-targeted fluorescence in situ
hybridization (FISH) [34,35], coupledwith epifluorescence
microscopy (EFM), were conducted to visually confirm
shifts in predominant bacterial guilds and populations
of interest, using the oligonucleotide probes EUBmix
(eubacteria), NSO190 (β-proteobacterial ammonium-oxi-
dizing bacteria), NEU (Nitrosomonas spp.), NIT3 (Nitrobac-
ter spp.), Ntspa662 (genus Nitrospira), AMX820 (anaerobic
ammonium-oxidizing bacteria), and PAOmix (‘Candidatus
Accumulibacter’), as defined in ProbeBase [36].

Results and discussion

Granulation under pulse and slow up-flow
feeding regimes

Under both operational strategies with pulse feeding
(OS1) and with slow up-flow feeding (OS2), granulation
was achieved in 56 days (SVP-SB200 < 50%) in the pilot
SBR fed with the low strength and warm domestic
sewage from Florianopolis (Table 3). The biomass of
OS2 displayed a higher level of granulation, larger aggre-
gates, and better settling properties (Table 3).

However, neither strategy resulted in substantial
biomass accumulation in the system (OS1: 0.7 ± 0.3;
OS2: 1.5 ± 0.3 g VSS L−1; Figure 1A). In both cases, the
sludge retention time (SRT) was quite short, with values
of 6.5 (OS1) and 15.5 days (OS2). A much higher
biomass concentration of up to 8–10 g VSS L−1 is
required for process scale-up and intensification, while
SRT exceeding 20 days is typical for a well-performing
granular sludge system [1].

The strategy OS2 resulted in a slightly higher biomass
concentration, together with better physical properties
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of the granular sludge. This could be ascribed to the
higher COD concentration in the wastewater for OS2
(596 ± 165 mg CODTot L

−1; 2.1 ± 0.6 kg CODTot m
−3 d−1),

compared to OS1 (335 ± 124 mg CODTot L
−1, 1.1 ±

0.4 kg CODTot m
−3 d−1) (Figure 1A, Table 2). Wagner

and Costa [37] have compared the effects of organic
loading rates (1.4, 1.0, and 2.0 kg COD m−3 d−1) on gran-
ulation in an SBR treating domestic sewage, obtaining
higher VSS concentrations and more compact granules

at the highest rate. The biomass specific rate of total
COD removal (qCODtot) was concomitantly higher for
OS2 (3.1 ± 1.4 g CODTot day

−1 g−1 VSS) than for OS1
(1.3 ± 0.7 g CODTot day

−1 g−1 VSS) (Figure 1B). Such a
relationship between higher concentration and higher
removal rate of COD was not observed for the soluble
COD fraction (Figure 1A and B). This indicated a
primary involvement of consumption of the particulate
organic fraction (CODx) by the higher amount of
biomass that accumulated under the operational con-
ditions and higher influent concentrations of total COD
prevailing under OS2.

During up-flow feeding, the contact time between the
influent and the biomass was extremely short under OS1
(24 ± 12 s) and was only moderately longer under OS2
(2.1 ± 0.4 min), due to the low biomass concentrations
and relatively high influent up-flow rates and velocity
(OS1: flow rate = 18.0 L min−1 and flow velocity =
22.0 m h−1; OS2: flow rate = 3.5 L min−1 and flow vel-
ocity = 4.3 m h−1). The slightly longer contact time pro-
vided by OS2 may have increased the retention of
particulate organic matter, hence enhancing its hydroly-
sis [38]. A higher quantity of dissolved and readily biode-
gradable COD (CODrb) was likely available for uptake and
biomass growth under OS2. In laboratory-scale systems
fed with mixtures of dissolved and particulate organics,
a higher biomass concentration and compact granules
with better settling abilities have been obtained when
the slow (and putatively anaerobic) up-flow feeding
period was extended in order to enhance hydrolysis
[38]. Therefore, the design of the anaerobic selector
should be based on optimization of the contact time,
rather than the feeding phase duration per se [39].

Kinetics of biomass development

Kinetic calculations indicated that a theoretical contact
time between the wastewater and the biomass of 11–
56 min was required for full hydrolysis of the particulate
organic matter during feeding, considering fluctuations
in the particulate organic matter and the wastewater
temperature (14–30°C). Therefore, contact times of 24
± 12 s (OS1) and 2.1 ± 0.4 min (OS2) were not substan-
tially different, and too low to stimulate hydrolysis. Strat-
egy OS2 achieved higher biomass, which could
potentially lead to increases of adsorption of particulate
organic matter [40], of hydrolysis, and of biomass specific
rates of total COD removal. Methods for the quantifi-
cation of adsorption and hydrolysis should be developed
to validate these hypotheses.

The observed granulation kinetics was influenced by
the type of operation (Table 4). According to the
Monod theory, at low substrate availabilities, as in the

Table 3. Physical properties of the granular sludge at steady
state for the two operational strategies (OS), compared to the
activated sludge inoculum.
Sludge physical
properties

Inoculum
of OS1

Granular
sludge OS1

Inoculum
of OS2

Granular
sludge OS2

SVP-SB200 (%)* 94 45 ± 4 94 22 ± 11
Mean size (µm) 93 289 ± 25 88 449 ± 90
SVI30 (mL g−1 TSS) 220 109 ± 27 296 74 ± 16
SVI10 (mL g−1 TSS) n.a. 141 ± 46 n.a. 85 ± 22
SVI5 (mL g−1 TSS) n.a. 216 ± 110 n.a. 109 ± 31
SVI30/SVI10 - 0.8 ± 0.1 - 0.9 ± 0.1
SVI30/SVI5 - 0.6 ± 0.1 - 0.7 ± 0.1

*The volume percentage of sludge with particle size below 200 μm was used
to identify a predominance of granular sludge in the reactor (SVP-SB200 <
50%) [26].

n.a. – not analyzed.

Figure 1. Impact of influent organic matter and operational
strategies on granular biomass accumulation and COD removal:
Loading fluctuations in the real wastewater (A); Biomass
specific rates of COD removal (B).
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present study, the growth kinetics becomes substrate
limited. The half-saturation constant (Ks) is an important
parameter reflecting the growth rate. According to Line-
weaver-Burke linearization, the observed value (Ksobs)
here was lower for OS1 (110 mg CODSol L

−1) than for
OS2 (410 mg CODSol L

−1). The Ksobs results encountered
in the present study are much higher than Ks value of
20 mg COD L−1 for municipal wastewater given in early
ASM1-3 models [42]. Organisms that present lower KS
have higher affinity for the substrate and exhibit higher
growth rates at low substrate conditions, consequently
outcompeting the other organisms present in the
reactor [41]. However, the difference in Ks here may
relate more to the different diffusion limitation effects
depending on the size of the bioaggregates present
under OS1 (290 µm) and OS2 (450 µm) than to difference
in microorganism physiologies [41].

The observed biomass specific growth rate (μobs) for
OS1 (0.18 d−1) was two-fold higher than for OS2
(0.08 d−1). However, the biomass specific decay rate
(kd) indicated a loss of biomass that was four times
higher for OS1 (0.154 d−1) than for OS2 (0.038 d−1).
The kd values for OS1 were above those generally
found for activated sludge systems (0.06–0.1 d−1) [43],
corroborating the low accumulation of biomass in this
system.

Different mechanisms can explain biomass decay and
loss, including endogenous metabolism, lysis, and preda-
tion processes [30]. Endogenous respiration [31] may
have resulted from long periods of starvation under full
aeration at DO close to saturation (8–10 mg O2 L

−1).
The contact time between the wastewater and the
biomass was minimal and did not allow for full CODsol

uptake for storage. For both strategies, most of the
COD was consumed (oxidized) during the first 30–
40 min of aeration (designated as COD feast time)
(Figure 3A and B). The processes subsequently continued
during 170 min of aeration under COD starvation. The
starvation times were considerably longer than 80% of
the duration of the aeration phase. This probably
affected the growth of the ordinary heterotrophic organ-
isms (OHOs) that populated the sludge under both OS
(see below). This caused extra energy consumption by
over-aeration, in addition to low reactor capacity. Most
of laboratory studies have indicated stable granulation
under a feast/famine regime at high DO concentrations
[44]. Here, we praise that a reactor regime dedicated to
biomass accumulation and stable granulation should
involve alternation of an anaerobic C-feast phase fol-
lowed by an aerobic C-famine phase [15]. Under such
regime, slow-growing and C-N-P-removing organisms
store the organic substrates (after hydrolysis and pre-fer-
mentation as volatile fatty acids) as intracellular polymers
(poly-β-hydroxyalkanoates), prior to using them for
growth when the external substrate is depleted. In this
way the organisms are capable of balancing their
growth.

Nitrogen removal

Ammonium removal increased concomitantly with gran-
ulation under both OS1 (73 ± 8%, 13 ± 4 mg NH+

4 − N
L−1
Eff ) and OS2 (78 ± 15%, 17 ± 12 mg NH+

4 − N L−1
Eff )

(Table 4). Maximum removal efficiencies reached 83%
(6.6 mg NH+

4 − N L−1
Eff ) on day 133, for OS1, and 95 ± 5%

(5 ± 5 mg NH+
4 − N L−1

Eff ) from day 175 to 200, for OS2.
Higher efficiency of 97%, with 1.1 mg NH+

4 − N L−1
Eff ,

was previously achieved for a full-scale SBR operating
with simultaneous feeding and effluent withdrawal
(60 min under dry weather; 90 min under rainy
weather), followed by aeration to maintain dissolved
oxygen between 1.8 and 2.5 mg L−1 (300 min under
dry weather; 60 min under rainy weather), and finally a
settling/sludge withdrawal/idle period (30 min) [1].

The volumetric rate of ammonium conversion (rNH4 )
was almost two-fold lower for OS1 (0.12 ± 0.03 g
NH+

4 − N day−1 L−1
R ) than for OS2 (0.21 ± 0.06 g

NH+
4 − N day−1 L−1

R ) (Table 4), which was possibly
linked to the different biomass concentrations. The rNH4

Table 4. Averages and standard deviations for removal
efficiencies, effluent concentrations, and kinetic parameters, for
both strategies, during the entire operational periods.
Removal efficiencies OS1 OS2

CODTot (%) 64 ± 28 67 ± 19
CODSol (%) 67 ± 19 78 ± 9
NH+

4 − N (%) 73 ± 8 78 ± 15
PTot (%) 18 ± 14 48 ± 29
Effluent concentrations
CODTot (mg L−1) 105 ± 54 188 ± 120
CODSol (mg L−1) 55 ± 19 62 ± 27
NH+

4 − N (mg L−1) 13 ± 4 17 ± 12
NO−

2 − N (mg L−1) 17 ± 8 20 ± 7
NO−

3 − N (mg L−1) 8 ± 7 0.7 ± 0.3
PTot (mg L−1) 4.5 ± 1.5 4.1 ± 2.9
Kinetic parameters
Ksobs (mg COD L−1)a 110 410
µobs (d

−1) 0.18 ± 0.07 0.08 ± 0.03
Kd (d

−1)a 0.154 0.038
rCODTot (g CODTot day

−1 L−1
R ) 0.80 ± 0.41 1.36 ± 0.57

qCODTot (g CODTot day
−1 g−1 VSS) 1.05 ± 0.47 0.85 ± 0.43

rCODSol (g CODSol day
−1 L−1

R ) 0.49 ± 0.33 0.83 ± 0.30
qCODSol (g CODSol day

−1 g−1 VSS) 0.58 ± 0.25 0.51 ± 0.25
rNH4 (g NH+

4 − N day−1 L−1
R ) 0.12 ± 0.03 0.21 ± 0.06

qNH4 (g NH+
4 − N day−1 g−1 VSS) 0.18 ± 0.08 0.10 ± 0.06

rNO−
2
(g NO−

2 − N day−1 L−1
R )b 0.05 ± 0.04 0.08 ± 0.05

rNO−
3
(g NO−

3 − N day−1 L−1
R )b 0.03 ± 0.03 0.003 ± 0.002

qNO−
2
(g NO−

2 − N day−1 g−1 VSS)b 0.10 ± 0.08 0.05 ± 0.03
qNO−

3
(g NO−

3 − N day−1 g−1 VSS)b 0.07 ± 0.06 0.002 ± 0.002
rTP (g PTot day

−1 L−1
R ) 0.004 ± 0.003 0.013 ± 0.008

qTP (g PTot day
−1 g−1 VSS) 0.005 ± 0.004 0.008 ± 0.006

aNo standard deviation because Ks and Kd were obtained by plotting a linear
curve and the values were obtained from the slope and y-axis intercept.

bVolumetric and biomass specific rates of NO−
x production.
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values were lower than obtained previously under lab-
oratory-scale synthetic conditions (0.4 g NH+

4 − N day−1

L−1
R ) [11], but similar to the performance of a full-scale
system (0.17 g NH+

4 − N day−1 L−1
R ) [1]. Aeration can be

extended to improve ammonium removal, while control-
ling DO (1.8–2.5 mg L−1) [9], in order to favour N removal,
while limiting endogenous respiration.

The biomass specific rate of ammonium removal
(qNH4) (Figure 2A) increased under both OS, indicating
progressive establishment of the AOB guild and activity.
Nonetheless, stable operation had not yet been reached
by the end of the experimental periods. Slightly higher
qNH4 was obtained for OS1 (0.02–0.32 g NH+

4 − N day−1

g−1 VSS) than for OS2 (0.02–0.28 g NH+
4 − N day−1 g−1

VSS). A similar value of 0.024 g NH+
4 − N day−1 g−1 VSS

has been obtained previously for a pilot SBR reactor
fed with real sewage, with anaerobic feeding (1 h), aera-
tion (at saturation level, 180 min), settling (8–45 min),
and discharge [26]. Higher qNH4 of 0.59 g NH+

4 − N
day−1 g−1 VSS was achieved using low strength synthetic
wastewater, but with a much higher ammonia concen-
tration in the influent (292 ± 12 mg L−1, COD/N = 1) and
a longer SBR cycle (12 h), especially considering the aera-
tion period (705 min) [45].

Nitrification remained incomplete, with unfavourable
accumulation of nitrite for both OS. In the case of OS1,
nitrite and nitrate fluctuated in the effluent with 17 ±
8 mg NO−

2 − N L−1 and 8 ± 7 mg NO−
3 − N L−1, respect-

ively (Table 4). The application of OS2 led to partial nitrifi-
cation (20 ± 7 mg NO−

2 − N L−1; 0.7 ± 0.3 mg NO−
3 − N

L−1). Nitrite accumulation has been found previously in
laboratory-scale systems [24], as well as in earlier pilot
investigations conducted in Florianopolis [5,21]. In such
cases, AOB outcompeted nitrite-oxidizing bacteria
(NOB) [19]. Granulation start-ups have shown nitrite
accumulation prior to nitrate formation, correlating
with the sequential development of AOB and NOB [46].
Studies of granular sludge have found NOB repression
and nitrite accumulation resulting from the

establishment of AOB colonies in the outer shell, which
consumed the available oxygen [47]. However, this was
probably not the case in the present study, since DO
was maintained at the saturation level and the granule
size was relatively small, which would not favour this
limitation. Specific physical-chemical factors, such as
elevated temperature and high concentration of free
ammonia, could explain the repeated failure of nitrifica-
tion in the present pilot system operated in a warm
coastal environment.

AOB outcompeted NOB under mesophilic conditions
above 25 °C, for both OS1 and OS2. Differences in the
growth rates of AOB and NOB at high temperature (typi-
cally 35 °C) have been used to design single reactor
systems for high ammonium removal over nitrite
(SHARON®) [48]. In the present case, the warm weather
conditions (18–30°C) contributed to nitrite accumulation
by preferentially selecting for AOB, rather than NOB. The
NOx

− production values (Table 4) showed that for both
strategies, the volumetric and biomass specific pro-
duction rates were higher for nitrite (OS1: 0.05 ± 0.04 g
NO−

2 − N day−1 L−1
R and 0.10 ± 0.08 g NO−

2 − N day−1

g−1 VSS; OS2: 0.08 ± 0.05 g NO−
2 − N day−1 L−1

R and
0.05 ± 0.03 g NO−

2 − N day−1 g−1 VSS) than for nitrate
(OS1: 0.03 ± 0.03 g NO−

3 − N day−1 L−1
R and 0.07 ±

0.06 g NO−
3 − N day−1 g−1 VSS; OS2: 0.003 ± 0.002 g

NO−
3 − N day−1 L−1

R and 0.002 ± 0.002 g NO−
3 − N day−1

g−1 VSS).
The formation of free ammonia (FA) results in partial

nitrification. Concentrations between 0.1 and 1.0 mg FA
L−1 inhibit NOB activity. AOB are only inhibited at
much higher concentrations of 10–150 mg FA L−1 [29].
The formation of FA depends on pH, temperature, and
NH+

4 concentration. Here, FA was correlated to nitrite
accumulation. The evolution of FA during typical SBR
cycle profiles was recorded for both strategies (Figure
3). For OS1 (day 170, Figure 3C), ammonium oxidation
to nitrite occurred during 1.6 h from the start of aeration.
The FA concentration then decreased from 1.8 to

Figure 2. Ammonium specific removal rates (qNH4 ) (A); Total phosphorus specific removal rates (qTP) (B).
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0.21 mg FA L−1 in 1.6 h. In the next 2.1 h, FA reached
values below 0.1 mg FA L−1, while rNO3 increased from
0.67 to 8.78 mg NO−

3 − N L−1 h−1. In the case of OS2
(day 130, Figure 3D), a stable partial nitrification to
nitrite was observed, leading to 0.4–1.5 mg FA L−1 over
the full cycle. The combination of higher ammonium
concentrations in the wastewater during OS2 (29–
114 mg NH+

4 − N L−1), compared to OS1 (29–69 mg
NH+

4 − N L−1), together with a slightly basic pH (7–7.3),
resulted in higher FA concentrations and inhibition of
NOB.

Granule fraction and size affect mass transfer
phenomena, with diffusional restrictions leading to gra-
dients of dissolved substrates and oxygen across the
biofilm depth. Microbial guilds are established along
substrate and redox gradients [11], while simultaneous
nitrification and denitrification (SND) can occur during
aeration, depending on granule metrics, depth of pen-
etration of DO and nitrogenous electron acceptors, and
microbial activity. Typical DO penetration depths of
300 µm have been measured using microsensors in nitri-
fying granules [49] and in COD- and N-removing

granules [50]. This value represents the entire granule
diameter recorded here. Under OS1, low granulation
levels, small aggregates, and DO saturation probably
resulted in solely aerated biovolumes. The DO saturation
level during aeration (Figure 3A and B) promoted nitrifi-
cation, but prevented simultaneous denitrification. NOx

decreased only slightly during idle under OS1 (from 48
to 41 mg Nsoluble L−1) and during feeding under OS2
(from 79 to 68 mg Nsoluble L

−1). These two phases were
intended to be anaerobic, but were anoxic due to NOx

accumulation. In OS1, both nitrate and nitrite could be
used as terminal electron acceptors, while only nitrite
could be used for this purpose in OS2 (Figure 3C and D).

Phosphorus removal

For both OS1 and OS2, only low biomass specific rates of
total phosphorus removal (qTP) (Figure 2B) were
observed on more than 100 days. Nonetheless, a dou-
bling trend was detected by the end of OS2 (0.022 g
PTot day

−1 g−1 VSS), indicating the progressive establish-
ment of PAOs. The period of highest qTP matched that

Figure 3. Typical operational cycle profiles of COD and DO (A, B), nitrogen compounds and free ammonia (C, D), and pH and temp-
erature (E, F), under OS1 (left side) and OS2 (right side), after the granulation start-up period.
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with high EBPR efficiency (>97.5% and <0.2 mg PTot L−1
Eff

for days 165–193). Under OS1, no increase in qTP was
observed and the maximum EBPR efficiency was only
33%, with 3.9 mg PTot L

−1
Eff discharged.

The PAO biomass specific rates of polyphosphate
storage (qPP,PAO) used in EBPR modelling are 1.5 (20 °C)
and 3.6 (28 °C) g P day−1 g−1 CODPAO [31]. The
maximum qTP achieved here corresponded to 0.016 g P
day−1 g−1 CODx, using a conversion factor of 1.366 g
CODx g

−1 VSS (as C1H1.8O0.5N0.2). Amplicon sequencing
revealed good EBPR under OS2with ‘CandidatusAccumu-
libacter’ at 2.3% (total read count). This model PAO was
not detected under OS1. Its relative abundance under
OS2 corresponded to approximately 0.042 g VSSPAO L−1

and 5 g VSSPAO in the reactor, and to an effective qTP of
0.5 g P day−1 g−1 CODPAO. This activity is still low for an
intensified and stable EBPR. Selecting for 3-fold higher
amount and activity of PAOs in the VSS is required,
employing an improved anaerobic selector [51].

The P loading rate and C:P ratio also affect EBPR. The
values of these parameters were similar for OS1 (18 mg
PTot L

−1 day−1; 71 g CODTot g
−1 PTot) and OS2 (27 mg

PTot L
−1 day−1; 84 g CODTot g

−1 PTot). A typical C:P ratio
below 20 g COD g−1 PO3−

4 − P has been used together
with anaerobic-aerobic alternation to achieve enrichment
of PAOs at bench scale, with the excess phosphorus being
discharged through the outlet. High P limitation, corre-
sponding to a C:P ratio of 200 g COD g−1 PO3−

4 − P,
selects for GAOs [20]. A C:P ratio of around 50–100 g
COD g−1 PO3−

4 − P sustains PAOs, given suitable environ-
mental conditions (temperature and pH). The C:P ratio
obtained here constituted a good basis for PAO selection.

The domestic wastewater presented low P concen-
trations (6.8 ± 2.0 mg PTot L

−1) and limited amounts of
VFAs (>20 mg COD L−1), which have presented chal-
lenges in other studies [52]. The influent COD was
largely in particulate form (45; 38–55% of CODTot). The
SBR cycle should be configured with a substantial
anaerobic contact time inside the biomass to permit
the hydrolysis of particulate matter, followed by VFA pro-
duction and uptake by PAOs. This can be tested in
different ways, with a simple mathematical model
being useful for this purpose [39]. During the feeding
phase, the influent flow rate should be adjusted accord-
ing to the biomass bed height. Influent recirculation
loops across the bed can be included in order to increase
the frequency of contact between the wastewater and
the biomass. An anaerobic mixed batch phase can be
inserted after feeding, in order to extend the anaerobic
contact time. During start-up, an amendment of phos-
phorus or VFAs (for example, from pre-fermented
excess sludge) could be used to balance the CVFA:P
ratio, depending on the local sewage condition.

Bacterial ecology signatures related to BNR

The combination of CODsol leakage and aeration at DO
saturation resulted in selection for faster-growing OHOs
that were easily able to outcompete the slower-
growing PAOs and GAOs. This can lead to the prolifer-
ation of filaments and finger-type bulking structures. Irre-
gular granules with high SVI destabilize the process and
hamper EBPR [11].

OS1 led to substantial selection for AOB, with 4–10%
Nitrosomonas during days 140–177, associated with the
highest qNH4 values. In OS2, this guild was almost not
detected by amplicon sequencing (<0.03%) (Figure 4).
Betaproteobacterial AOB were nonetheless detected for
both OS1 (day 156) and OS2 (day 165), using FISH-EFM
with the NSO190 oligonucleotide probe. For OS2, colo-
nies of Nitrosomonas spp. were detected with the NEU
probe (day 91) (Figure 5).

Ammonium oxidation can be performed by hetero-
trophic populations such as Pseudomonas [53]. This
genus was detected for both OS1 (9–1%, on days 77–
107) and OS2 (24–8%, on days 56–91). Comamonas, a
known heterotrophic nitrifier [54], was more abundant
for OS2 (4–56%, on days 123–186), compared to OS1
(3–23%, on days 49–98) (Figure 4). Ecophysiology ana-
lyses could be used to confirm the nitrification func-
tional property of these potentially nitrifying-
denitrifying organisms in the granules. The primers
and FISH probes used were unable to detect
ammonium-oxidizing archaea (AOA). Further investi-
gations could screen for a broader set of ammonium-
oxidizing organisms (AOOs).

Bradyrhizobiaceae populations were detected in OS1
during two periods (days 0–107: 0.9–3%; days 126–177:
0.1–0.5%) and in OS2 continuously (0.2–2%). Their OTU
sequences were mapped against the NCBI nucleotide
database using BLASTN [55] and were affiliated at 99%
identity to the genus Nitrobacter. However, multiple
other species also related to this genus at high identity.
The 500 bp amplicons were too short to discriminate
between phylotypes, with longer sequences being
needed for this purpose. FISH highlighted the presence
of both Nitrobacter (NIT3) and Nitrospira (Ntspa662) in
OS1, where they formed small clusters, while these
organisms were not detected in OS2. Nitrospira can
also be involved in complete ammonium oxidation
[56]. Granular sludge studies have highlighted occur-
rences of imbalance between AOB and NOB, with the
latter being predominant [57,58] and showing either
Nitrobacter or Nitrospira as the predominant NOB.
Anaerobic ammonium oxidizing organisms (AMOs)
were not detected by FISH and were not covered by
amplicon sequencing, due to the primer pair used.
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The twoOS led to different compositions of the guild of
putative denitrifying heterotrophic organisms (DHOs).
The conditions of OS1 selected mainly for members of
the Rhodocyclaceae family, with Thauera (7–29%) as the
predominant genus (Figure 4). Under OS2, Comamonas
(4–56%) and Acidovorax (0.7–17%) affiliates of the Coma-
monadaceae family weremore abundant (Figure 4). Gran-
ules cultivated by Adav [59] have been able to consume
high concentrations of nitrite, under predominance of
Comamonadaceae relatives (52%) located at 100–200
μm of granule depth. Conversely, the granules described
by Yan [60] decreased nitrite and nitrate, with Thauera
(20%) as the dominant DHO. The DHO composition
depends on the main carbon sources and electron
donors contained in the wastewater. Here, the same
sewage was used for both OS. The difference in the
DHOs could have been related to the electron acceptor
available and the operational conditions applied. This
highlights the impact of operational conditions on bac-
terial ecology.

Operation with slower up-flow feeding under OS2 led
to progressive selection of the genus Macellibacteroides,

from 0.04% (day 56) to 34% (day 123) (Figure 4), with a
concomitant increase in ‘Ca. Accumulibacter’ (from 2.3
to 3.4%). In OS2, PAOs were detected by FISH, qualitat-
ively confirming the sequencing result (Figure 5). Macel-
libacteroides showed a substantial presence in OS1 (8–
25% for days 49–63). This fermentative organism can
act as a useful indicator of hydrolytic and fermentative
processes in the sludge [61]. Ecophysiological and
genomic analyses could be used to elucidate the metab-
olism of this organism in this ecosystem.

Suggestions to improve granular biomass
accumulation and BNR

The bacterial ecology of granular sludge was affected by
the conditions imposed under the two different OS.
Starting from process failures identified in the two strat-
egies applied here, microbial ecology concepts are
translated hereafter into possible ways to optimize
granular sludge processes that handle low strength
domestic wastewater under warm coastal climatic con-
ditions. The recommendations may be applicable to

Figure 4. Bacterial community dynamics during the OS1 and OS2 operational periods. OTUs with relative abundance below 5% are
included in ‘Others’.
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most granular sludge systems handling municipal
wastewater.

Feeding issues
The cycle configuration should improve the supply of
CODrb by hydrolysis of raw organic matter, in order to
increase biomass accumulation and P removal. Given
the insufficient anaerobic contact time between the
influent and the biomass, observed for both strategies
(OS1: 24 ± 12 s; OS2: 2.1 ± 0.4 min), an extended anaero-
bic feeding would enable pre-fermentation of CODrb into
VFAs that are stored by PAOs and GAOs, as a prerequisite
for good granulation [15,58]. This should benefit from
the flexible SBR technology, using (i) a slow up-flow
feeding regime through a substantial bed of biomass,
(ii) a pulse feeding followed by a prolonged anaerobic
mixed batch phase, or (iii) a combination of both [39].
In contrast to widely held beliefs, EBPR or full BNR in
granular sludge does not occur directly during transport
through granule layers per se: well-controlled alternation
of substrate and redox selection pressures is required
along SBR operation, as for activated sludge systems
[39]. PAOs and GAOs become established by means of
alternating anaerobic C-feast and aerobic C-starvation.
While enhancing granulation, PAOs provide EBPR, effec-
tively for free, and assist in enabling compliance with
more stringent regional water quality standards.

Aeration issues
Aeration phase duration and DO control are crucial for
controlling biomass accumulation, AOB, and BNR. Due
to the insufficient AOB activity and DO at saturation
under both strategies, optimization by extending this
phase and reducing the level of DO could improve nitrifi-
cation by consuming ammonium, lowering FA, and pre-
venting nitrite accumulation. Control at moderate DO
prevents endogenous respiration by over-oxygenation
and promotes anoxic biovolumes for SND. Leakage of
terminal electron acceptors (DO, nitrite, and nitrate)
from the aeration to the anaerobic feeding or anaerobic
batch phases should be suppressed by DO control for
SND, or by alternated nitrification-denitrification (AND)
and/or inclusion of a post-anoxic phase to reduce
residual concentrations of NOx

−. The use of AND should
be considered for enhancing N removal [12]. Here, high
residual concentrations of ammonium and nitrite, in an
almost equimolar ratio, could be used to stimulate the
growth of AMOs.

Settling considerations
The hydraulic selection pressure for granulation is deter-
mined by the settling time and the volume exchange
ratio. Short settling times select for dense aggregates
[8,10]. Bench-scale studies have used fast settling times
shorter than 5 min, with reactor working heights of

Figure 5. Fluorescence in situ hybridization of β-proteobacterial AOB (NSO190), Nitrosomonas spp. (NEU) and ‘Ca. Accumulibacter’-like
PAOs (PAO mix) on bioaggregates formed under operational strategies OS1 and OS2.
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about 1 m, hence selecting for aggregates with settling
velocities above 12 m h−1. The pilot start-ups involved
stepwise decreases in settling time, nominally selecting
for particles settling faster than 4.5–10 m h−1. For both
OS, the settling velocities increased from the inoculum
stage (1.8 m h−1) to the granules stage (3.3 m h−1), but
nonetheless remained low. The feeding flow rates
(OS1:18 L min−1; OS2: 3.5 L min−1) and flow velocities
(OS1: 22.0 m h−1; OS2: 4.3 m h−1) were too high for
both, and should be lowered in order to maintain
biomass in the system. An excessively strong hydraulic
selection pressure can be problematic [1], notably due
to a high fraction of slowly biodegradable particulate
organic matter (Xs). Continuous wash-out of slowly
settling biomass limits the growth of granules [6,38].
High Xs, as in real wastewater, can hinder biomass
accumulation and substrate removal, so settling and
feeding patterns should account for the type of substrate
present. In full-scale operation, lower hydraulic selection
pressure, with 30 min settling followed by a simul-
taneous fill/draw regime, enabled the biomass to settle
for a longer time, with discharge at the reactor head
lasting 60–90 min [1].

Effects of fluctuations in operational conditions
SBR configurations need to be adapted according to local
wastewater and climate conditions, taking fluctuations
into account. A suitable reactor loading is crucial for
achieving satisfactory granulation and BNR rates. The
low strength of wastewater with high variation, as
observed in the present study (high standard deviations,
Table 2), should be counteracted by adjusting SBR phase
lengths as a functionof thefluctuationsof influent concen-
trations. Thedaily organic loading rate canbe increasedby
shortening the cycle during rainy periods [1,2], with 50%
extension of the feeding phase duration and substantial
decrease of the aeration phase having been found to be
effective for treatment of a 5-fold higher hydraulic load
of wastewater. Consideration of yearly statistical time
series of influent concentrations, rainfall, and temperature
is essential for setting operational conditions. Tempera-
ture variations affect the contact time requirements in
the SBR phases, by analogy to increase or decrease of
redox volumes in flow-through activated sludge systems.
Managing the effects of temperature fluctuations, rainfall,
and infiltration of saltwater is crucial for the success of
microbial selection, granulation and nutrient removal pro-
cesses under coastal conditions.

Conclusions

The adoption of the granular sludge technology requires
strong consideration of specific local conditions, in order

to engineer the SBR operation for efficient microbial
selection, granulation, and BNR. Failures in biomass
accumulation and BNR performance were observed
under the operational strategies applied here involving
rapid and slow feeding regimes. Potential operational
solutions were proposed to achieve a robust granular
sludge process for the treatment of low-strength and
highly-fluctuating domestic wastewater.

. Although biomass did not substantially accumulate in
the reactor under either strategy, OS2 displayed a
higher granulation level, larger aggregates, and
better sludge settling properties. The slower feeding
pattern permitted a slightly longer anaerobic
contact time between the wastewater and the
biomass, hence providing better conditions for par-
ticulate organic fraction hydrolysis, compared to
OS1, although total anaerobic consumption of COD
was still not achieved. Therefore, the design of the
anaerobic selector must permit optimization of the
contact time during the feeding phase, in order to
improve total COD removal, specifically aiming at
biomass accumulation and robust granulation.

. As a consequence of the inefficient anaerobic selector,
COD was oxidized aerobically. Faster growth of het-
erotrophic microorganisms was observed for OS1
(µobs = 0.18 d−1), compared to OS2 (µobs = 0.08 d−1),
but was associated with a faster decay rate (OS1:
0.154 d−1; OS2: 0.038 d−1) resulting from endogenous
respiration due to long periods of starvation under
aeration with DO at saturation concentration.
Biomass accumulation should get fosterd under
reactor regime involving anaerobic C-feast followed
by aerobic C-famine, which would favour slow-
growing and C-N-P-removing organisms. This strategy
would enable the organisms to balance their growth.

. The removal of ammonium increased under both OS,
indicating progressive establishment of the AOB guild
and activity. However, effluent ammonium could
reach even lower concentrations, while nitrification
remained incomplete, with unfavourable accumu-
lation of nitrite under both OS. High temperature
and FA concentration were related to NOB inhibition
and consequently to this failure in nitrification in the
present pilot system operated in a warm climate
region. For both strategies, the presence of DO at sat-
uration levels also hampered denitrification. The
removal of N could be improved by increasing the
duration of the aeration phase, while maintaining
low concentrations of oxygen, or by using additional
post-phases.

. Strategy OS2 showed a progressive establishment of
PAOs, achieving high EBPR efficiency (>97.5% and
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<0.2 mg PTot L−1
Eff ) at the end of the operational period.

Removal of P was impaired by the low P concen-
trations (6.8 ± 2.0 mg PTot L

−1) and limited amount of
VFAs in the domestic wastewater, combined with
incomplete anaerobic consumption. Therefore, an
extended anaerobic feeding could enable pre-fermen-
tation of CODrb into VFAs stored by PAOs and GAOs,
as a prerequisite for good granulation and P removal.

. A reduction of hydraulic selection pressure driven by
the settling time would diminish biomass wash-out,
while SBR cycle adaptations according to weather
fluctuations would greatly assist in improving oper-
ational processes involving the treatment of munici-
pal wastewaters in subtropical coastal regions.
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