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HIGHLIGHTS

aeration as new strategy which shortens the time of the granulation process.
• Pulsed
aeration favours a faster development of PAOs and GAOs than continuous one.
• Pulsed
superficial gas velocities are different in pulsed and continuous aeration.
• Minimum
efficiencies of C, N and P do not depend on the aeration regime.
• Removal
• To form aerobic granules with low-strength wastewater (190 mg COD/L) is possible.
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The reduced footprint of Aerobic Granular Sludge (AGS) systems constitutes a good alternative to conventional
treatments, despite their associated drawbacks (long start-up periods and high aeration requirements for
granules formation and integrity). This study presents a pulsed aeration regime as a strategy to overcome these
problems. Two AGS sequencing batch reactors (SBRs) were operated treating low-strength wastewater (190 mg
COD/L) with pulses of 1 s ON/2 s OFF (R1) and continuous aeration (R2). Initially, different superficial gas
velocities (SGV) of 3.6 cm/s (R1) and 1.2 cm/s (R2) were imposed for the same airflow (448 L/cycle).
The granulation process was completed in 38 days for R1 whereas it took 48 days for R2. Denser and smaller
granules were formed with pulsed regime and phosphate accumulating organisms were developed faster. The
removal efficiencies were practically the same in both SBRs, being of 85% for COD, 95% for phosphorus and 30%
for nitrogen.
After granules formation the airflow in both reactors was reduced. For a SGV of 1.2 cm/s both systems behaved similarly. The minimum SGV required to maintain a uniform mixture of the biomass inside the reactor was
1.2 (R1) and 0.5 cm/s (R2), meaning less air consumption in the pulsed system (149 L/cycle) compared to the
continuous one (179 L/min). Therefore, pulsed aeration successfully reduced granulation periods and aeration
requirements in AGS systems.

1. Introduction
The first biotechnological developments based on aerobic granular
sludge (AGS) appeared by the end of the 90’s operated as sequencing
batch reactors (SBR). In these systems, the biomass retention is better,
and the microbial aggregate structure is denser, stronger and with
better settling properties than in conventional activated sludge (CAS).
Consequently, the AGS is capable of treating high organic loadings requiring a small footprint due to the easy separation, by settling, of the
biomass from the effluent [1,2]. Furthermore, aerobic and anoxic processes can take place simultaneously inside the granules as they are

provided with aerobic outer layers and anoxic core [3]. However, long
start-up periods are necessary, and the process implies significant energy consumption associated to the aeration requirements to granulate
the biomass [4–6].
In AGS systems, air has a triple role: it is important not only to
ensure the development of the biological reactions but also provides
enough shear stress to enhance biomass granulation and is responsible
for a uniform mixture inside the reactor to maintain the biomass in
suspension [7]. Previous studies indicate that a minimum shear stress,
usually expressed in terms of superficial gas velocity (SGV), is necessary
for the granulation process, establishing a SGV of 1.2 cm/s as the
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minimum value [8]. Lower values lead to unstable and breakable aggregates [9], whereas values between 2.4 and 3.2 cm/s were optimal to
maintain stable granules and achieve good removal performances at
long-term operation [10].
Studies have been conducted to reduce the air supply, which diminishes energy costs and promotes the development of the denitrification process [11]. Nevertheless, in these cases, granules with
worse settling properties were developed and longer start-up periods
were required due to the diminishment of the applied shear stress. Jiang
et al. [12] introduced an anoxic stage after the aeration period in a
reactor enriched in Phosphate Accumulating Organisms (PAOs). Despite the high removal efficiencies achieved (88.5% of nitrogen, 90% of
phosphorus and 80% of Chemical Oxygen Demand, COD), the granulation process was slow, and 80 days were necessary to achieve a full
granular system. Wan et al. [5] needed 175 days to obtain mature
granules with SGV values between 0.63 and 2.23 cm/s.
To maintain the appropriate shear stress for granulation and reduce
the start-up periods associated to low air supply an additional unit
(mainly mechanical stirrers) is included, but it has associated relevant
energy costs [13,14]. A mechanical stirrer was needed to achieve the
mixture during the anoxic phase [6]. The combination of mechanical
stirring and an on-off regulator of air has been also tested [3]. Other
strategies to reduce the aeration include: 1) a constant dissolved oxygen
(DO) concentration by controlling the air flow, 2) headspace gas recirculation, 3) alternation of high and low DO concentrations, maintaining a constant gas flow by adding N2 gas in the periods of low DO
concentration and 4) intermittent aeration [15].
An alternative to these strategies is the use of a pulsed regime (alternation of seconds of aeration and no aeration), which has been
proven helpful to improve the properties of the biomass in other biological systems. Franco et al. [16] used a strategy of pulsed feeding in
UASB (Upflow Anaerobic Sludge Blanket) reactors and were able to
maintain higher solid concentrations in the reactor (47.6 g VSS/L), in
comparison with a reactor without pulses (16 g VSS/L), due to the faster
settling velocity of the biomass. In another study, UAFs (Upflow
Anaerobic Filters) were operated with pulsed feeding, which enhanced
the granulation of the biomass, increased the useful volume and allowed the treatment of higher Organic Loading Rates (OLRs) in comparison with a UAF without pulsed feeding [17].
The pulsed aeration regime must guarantee a minimum air flow of
the pulses to maintain a uniform mixture inside the reactor during the
non-aeration times. Furthermore, the non-aerated periods need to be
defined so that the settling of the biomass is avoided. For a fixed SGV,
the pulsed regime will imply a lower air consumption at the end of the
aeration stage compared to a continuous mode, since the time of
aeration is shorter. As far as the authors know, pulsed aeration has
never been applied in AGS to remove carbon, nitrogen and phosphorus.
It was only applied to the cultivation of nitrifying granules by Belmonte
et al. [18], but without success, since air pulses were not enough to
suspend the biomass.
Therefore, the objective of this research work is to study for the first
time the impact of pulsed aeration on aerobic biomass granulation and
PAO development and, once the granular biomass is established, the

removal efficiencies and stability at long-term operation. Furthermore,
the SGV in the pulsed and the continuously aerated SBR reactors were
gradually reduced to determine the minimum SGV that can be applied
and optimize the aeration requirements in both types of systems.
Additionally, the importance of the results relies on the fact that the
applied organic matter concentration was low, which hinders the
granulation process [19,20].
2. Materials and methods
2.1. Reactors description
Two SBRs with a working volume of 1.7 L and a height to diameter
(H/D) ratio of 4 were used. The volumetric exchange ratio was of 50%,
and the hydraulic retention time of 6 h. The length of the operational
cycle was 3 h, distributed as follows: 60 min of anaerobic feeding-reaction, 112 min of aerobic reaction, 7 – 1 min of settling and 1–7 minutes of effluent withdrawal. The settling time was gradually decreased
from 7 to 2 min (day 99) and finally 1 min (day 128), in both reactors,
to increase the hydraulic selection pressure. The time reduced in the
settling phase was added to the withdrawal stage, so that the anaerobic
and aerobic phases were not affected by the change. Both reactors were
fed from the bottom in plug flow mode.
The air was introduced by fine bubble diffusers located at the
bottom of the reactors and it was supplied by the compressed air main
line of the building. The airflow was firstly controlled by pressure reducers, located at the end of the main line, and then the fine adjustment
was made by a flowmeter. In both reactors, the working time of the
aeration was regulated with electrovalves. The activation of the electrovalves and the pumps (for feeding and effluent discharge) in the
different cycle phases was controlled by a Programmable Logic
Controller (PLC, Siemens model S7-224CPU). In Reactor 1 (R1), air was
provided in pulsed regime, consisting of air pulses of 1 s followed by 2 s
without aeration (1 s ON / 2 s OFF). In Reactor 2 (R2), the air was
supplied in a continuous regime during the aerobic phase. The duration
of the pulses (ON/OFF) was selected so that a complete mixing (uniform suspension and distribution of the biomass) in the reactor was
assured without the need of a mechanical stirrer. Both reactors were
operated for 486 days, and their operation was divided in different
operational stages depending on the supplied airflow, according to
Table 1. The aeration strategy, in the different stages, was selected to
compare the pulsed and the continuous aeration modes, considering the
following scenarios: granulation with the same air volume in the cycle
(Stage I for both reactors); stability of the granules at 1.2 cm/s (Stage II
for R1 and Stage I for R2); stability of the granules at 0.7 cm/s (Stage III
for R1 and Stage II for R2).
During Stage I (days 0–397), the airflow of both reactors was fixed
to provide the same air volume during a cycle (448 L/cycle). This involved air pulses of 12 L/min in R1 and a continuous supply of 4 L/min
in R2. Therefore, during the 112 min of the aeration period, in R1 the
SGV of each pulse was 3 times higher (3.6 cm/s) in comparison with R2
(1.2 cm/s, the minimum value to develop stable granules).
In Stage II (days 398–464), the airflow of each pulse in R1 was

Table 1
Characteristics of the operational stages of R1 and R2.
Reactor

Operational days

Aeration regime

Air flow (L/min)

SGV (cm/s)

Total air volume per cycle (L)

Air saving (%)b

R1

Stage
Stage
Stage
Stage
Stage
Stage

Pulsed: 1 s ON/2 s OFF

12a
4.0a
2.4a
4.0
2.4
1.6

3.6a
1.2a
0.7a
1.2
0.7
0.5

448
149
89
448
269
179

0
66.7
80.1
0
40.0
60.0

R2

a
b

I (0 - 397)
II (398 - 464)
III (465-486)
I (0 - 397)
II (398 - 464)
III (465-486)

Continuous

Values corresponding to each air pulse.
Determined using as a basis the total air volume per cycle applied in the granulation stage (Stage I).
2

Biochemical Engineering Journal 149 (2019) 107244

P. Carrera, et al.

Fig. 1. Images of the granules of R1 on days 38 (a), 48 (b), 373 (c) and 462 (d) and granules of R2 on days 38 (e), 48 (f), 373 (g) and 462 (h). The size bar indicates 2
mm.

reduced to 4.0 L/min, corresponding to an air consumption of 149 L/
cycle, to evaluate the pulsed regime at the stablished threshold value
for SGV of 1.2 cm/s and to compare with R2 in Stage I. The airflow of
R2 was reduced from 4.0 to 2.4 L/min (269 L/cycle).
In Stage III (days 465–486), the airflow of R1 was reduced from 4.0
to 2.4 L/min (89 L/cycle), to evaluate the pulsed regime at a SGV value
of 0.7 cm/s (lower than the recommended one) and compare with R2 in
Stage II. In R2 a reduction from 2.4 to 1.6 L/min was applied (179 L/
cycle).

week, to avoid the alteration of the biomass. Additionally, measurements of the liquid phase concentrations inside the reactors were made
in some specific operational cycles.
Microbial populations in the granules were analysed by
Fluorescence in situ hybridisation (FISH) technique. Firstly, granules
were disaggregated, without breaking the cells, by sonicating them in a
probe sonicator (UP200 s, Dr. Hielscher). Later, they were fixed with
4% (wt/vol) paraformaldehyde solution for 2 h [26]. Then they were
immobilized on microscope slides and successively dried with ethanol
at 50, 80 and 98% (vol/vol). The hybridisation was carried out at 46 °C
for 90 min, adjusting the percentages of formamide to each probe. The
targeted microorganisms were PAOs and glycogen accumulating organisms (GAOs) (Table S1, Supplementary Material). Details of oligonucleotide probes are available at probeBase [27]. The oligonucleotide
probes were labelled with the fluorochromes Cy3 (Carbictanine 3) and
FITC (Fluorescein-5-isocyanate). DAPI (4, 6-diamidino-2-phenylindole)
was used as universal dye for the detection of DNA in the samples.
Fluorescence signals were recorded with an acquisition system (Coolsnap, Roper Scientific Photometrics) coupled to an epifluorescence
microscope (Axioskop 2, Zeiss, Germany).
The relative abundance of PAOs and GAOs, referred to the total
bacteria domain, was determined by taking and processing at least 15
images with DAIME software [28].

2.2. Inoculum and feeding characteristics
The reactors were seeded with 1.7 L of activated sludge from a
Wastewater Treatment Plant (WWTP) located in Galicia (NW of Spain),
characterized by a SVI30 of 187 mL/g TSS, and solids concentrations of
5.25 g TSS/L and 4.33 g VSS/L.
Both reactors were initially fed with synthetic wastewater, according to de Kreuk et al. [21] (without allylthiourea (ATU) addition),
containing 380 mg COD/L, 47.2 NH4+-N/L and 26 mg PO43-P/L. A
volume of 1 mL of trace solution was added per litre of feeding. The
trace solution composition was prepared according to Vishniac and
Santer [22]. From day 27 onwards until the end of the experimental
period, the concentration of the feeding was decreased by half to feed
190 mg COD/L, 23.6 mg NH4+-N/L and 13 mg PO43-P/L. This composition corresponded to an OLR of only 0.8 kg COD/(m3·d).

3. Results and discussion

2.3. Analytical procedures

3.1. Pulsed vs. Continuous aeration

The pH, the concentrations of ammonia (NH4+), nitrite (NO2−),
nitrate (NO3−), phosphate (PO43-), Chemical Oxygen Demand (COD),
Total Organic Carbon (TOC), Total Suspended Solids (TSS), Volatile
Suspended Solids (VSS) and the Sludge Volume Index after 30 min
(SVI30) were measured according to the Standard Methods [23]. The
SVI after 5 min (SVI5) was determined by reading the height of the bed
of granules inside the reactor 5 min after the beginning of the settling
phase. The DO concentration was measured with an on-line probe
(Hach® LDO101). The morphology and size distribution of the granules
were measured with a stereomicroscope (Stemi 2000-C, Zeiss) and
using an Image Analysis procedure [24]. At least 200 elements were
registered to calculate the mean diameter of the granules and its standard deviation. Biomass density was measured with dextran blue according to the method described by Beun et al. [25]. The analysis of the
influent and effluent concentrations (COD, N species and phosphate)
was performed 2–3 times per week, while the analysis of the biomass
characteristics (solids, SVI, density and diameter) was done only once a

3.1.1. Granulation process
The same air volume of 448 L/cycle was added in Stage I to R1 and
R2 while the imposed pulsing conditions in R1 fixed a SGV of 3.6 cm/s
and the continuous aeration in R2 to 1.2 cm/s. During the first days of
Stage I an important decrease of the biomass concentration in both
reactors took place, from 4.33 to 1.04 and 1.23 g VSS/L in R1 and R2,
respectively. This reduction was due to the imposed settling time to
favour the washout of the flocculent sludge and promote the granulation process. This strategy led to a fully granular biomass on day 38 in
R1 (pulsed aeration), in the form of white and small granules (Fig. 1a),
whereas in R2 (continuous aeration) the granulation process was not
completed by that time (Fig. 1e). In R2 it took ten more days (until day
48) to achieve the complete biomass granulation, while at the same
time in R1 the aggregates evolved, and a small fraction of big granules
coexisted with small ones (Fig. 1b). Average particle diameter of the
granules of 1.2 ± 0.2 and 1.1 ± 0.3 mm were registered on day 48 in
R1 and R2, respectively.
3
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Fig. 2. Evolution of SSV ( ), SST ( ), SVI5 ( ), particle diameter (
) and density ( ) in R1 (a, c) and R2 (b, d). The discontinuous
lines indicate the change of stage.

Only a few studies have succeeded in cultivating aerobic granules
with low-strength wastewater (< 200 mg COD/L). Li et al. [29] needed
to add granulated carbon to form granules using a feeding containing
200 mg COD/L. Ni et al. [19], feeding 35–120 mg/L of soluble COD,
observed the first granules after 80 days of operation and were able to
obtain an 85% of the biomass as granules after 300 days. With respect
to the applied OLR, 75 days were needed to obtain granular biomass
with applied OLRs of 1.05–1.68 kg COD/(m3·d) [30] and 90 days to get
a fully granulated system applying an OLR of 0.76 kg/(m3·d) [31]. In
comparison with these studies, the granulation period in both reactors,
R1 and R2, was shorter. The different results could be related to the
different selected strategies to obtain granular biomass, since in those
reported studies the SBR cycle was aerobic whereas in the present research an anaerobic feeding period was used, promoting the growth of
PAOs [32].

Lgranule, the SVI5 of 45 mL/g TSS and the average diameter of
2.3 ± 0.9 mm (Fig. 1c). In the case of R2 a biomass concentration of
3.28 g VSS/L was reached, characterized by values of SVI5 of 62 mL/g
TSS, density of 60 g/Lgranule and particle diameter of 3.4 ± 0.9 mm
(Fig. 1g).
The higher shear stress produced by the air pulses applied to R1
could explain the differences between the properties of the granules in
R1 and R2. This is in accordance with the research of Chen et al. [10],
who observed that the higher the applied shear force the denser and
more compact granules are obtained. This could be also the explanation
for the faster granulation of the biomass in R1 in comparison to R2.
3.1.3. Reactors performance
The removal efficiencies of COD reached values of 70–80% in a few
days from the start-up in both reactors during Stage I (Fig. 3a, b).
During the start-up period, COD was mainly removed during the
aerobic stage, and phosphorus removal did not occur. Once PAOs were
developed (confirmed by FISH analysis, see below), the COD depletion
took place mainly during the anaerobic stage coupled to phosphorus
release to the bulk. The phosphorus concentration varied between
30–40 mg PO4−3-P/L at the end of the anaerobic feeding (Fig. 3c, d).
Due to the insignificant content of PAOs in the inoculum (not detected
by FISH analysis) and their slow growth, 60 days in R1 and 80 days in
R2 were necessary to achieve a stable PAO activity and high percentages of COD removed during the anaerobic stage of 85% in R1 and R2
(Fig. 3c, d). Phosphorus removal percentages achieved in R1 and R2
were of 95% (Table S2, Supplementary material). In both reactors, a
small fraction of COD remained in the effluent probably due to the
presence of non-biodegradable substances in the feeding, like EDTA
(present in the trace solution), corresponding to approximately 30 mg

3.1.2. Biomass properties
Once the granulation process was completed, the solids concentration increased in both reactors to 3 g VSS/L and reached a value of 8
and 7 g VSS/L for R1 and R2 (Fig. 2a, b), respectively, despite the low
organic matter concentration (190 mg COD/L) in the feeding. The reduction of the settling time on day 99 to 2 min and on day 128 to 1 min
mainly affected the particle diameter, which increased up to the maximum value of approximately 3.5 mm, while the SVI5 decreased to
50–60 mL/g TSS (Fig. 2c, d).
At the end of Stage I, the differences of density and SVI5 values
between R1 and R2 became significant. In R1 denser granules with
better settling properties than in R2 were obtained (Fig. 2c, d). These
properties enhanced the retention of biomass in R1, when the concentration was of 5.63 g VSS/L on day 373, the density of 86 g VSS/

Fig. 3. Removal percentages of COD ( ), nitrogen ( ) and phosphorus ( ) in R1 (a) and R2 (b) and phosphorus concentration at the
end of anaerobic phase ( ) and % of the COD removal occurred
during the anaerobic stage ( ) of R1 (c) and R2 (d).
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Fig. 4. Relative abundances at different operational days of (a) PAO (probes PAO462, PAO651 and PAO846) and (b) GAO (probes GAOQ989 and GAOQ431) in the
microbial community of R1 and R2.

COD/L [33].
The faster increase of PAO abundance in R1 compared to R2 was
confirmed by FISH analysis. It was at the end of Stage I when the PAO
abundance was similar in both reactors and represented 70–80% of the
total bacteria domain (Fig. 4a). However, in R1 a gradual increase of
GAO abundance was registered, reaching a 6% of the total bacteria
domain on day 374, whereas in R2 GAOs were not detected until day
465 (Fig. 4b).
Ammonia was completely oxidized to nitrate in both reactors, but
due to the absence of denitrification, nitrogen removal was due to
biomass growth, with average values of 32 and 28% in R1 and R2,
respectively (Fig. 3a, b, Fig. S1, Fig. S2).
The differences observed in the operation of the two reactors were
evaluated by the monitoring of respective operational cycles of day 91.
Phosphorus release took place, in both reactors, during the anaerobic
feeding phase, followed by its uptake during the aerobic phase (Fig.
S1a, b, Supplementary material). A small fraction of the COD remained
at the end of the anaerobic phase (Fig. S1c, d) and slightly decreased
during the aerobic period and amounted to 15% and 30% of the total
COD removed for R1 and R2, respectively. Complete ammonia oxidation to nitrate took place during the aerobic phase (Fig. S1a, 5b).
Heterotrophic denitrification did not occur in this period due to the low
COD concentration in the bulk, which was previously removed in the
anaerobic feeding phase. The limited availability of a carbon source
[34] and consequently the low COD/N ratio hindered the presence of
an external electron donnor to make heterotrophic denitrification occur
[35]. In addition, the high oxygen concentration almost up to the saturation value (Fig. S1c, d) hindered the existence of enough anoxic
zones inside the granules for the denitrification to take place. The same
performance was observed by De Kreuk et al. [21] and Zhong et al.
[36]. Only in those systems provided with an anoxic phase the development of denitrifying PAOs (dPAOs) occurred as they use nitrite and
nitrate as electron acceptors to uptake the phosphorus released to the
bulk [36,37]. In the cycle of R2 (continuous aeration) both ammonia
oxidation and phosphorus uptake took place slower than in R1 (pulsed
aeration).
These differences between the cycles of both reactors can be attributed not only to the faster development of PAOs in R1, but also to
the different biomass concentrations of 3.88 and 2.04 g VSS/L in R1 and
R2, respectively. These different concentrations could be linked to the
different properties of the biomass, which favoured its retention in R1,
as discussed previously.
Therefore, the results obtained in Stage I showed that, with the same
volume of air, the pulsed aeration regime, in comparison with the
continuous mode, reduced the time of the granulation process and
enhanced a faster development of PAO activity. In addition, smaller and
denser granules with better settling properties were obtained in R1,
which means a higher retention of biomass in the pulsed aerated system
than in the continuous one. In terms of removal efficiencies, the
achieved values were practically the same (Table S2).

3.2. Evaluation of the minimum air consumption
In Stage II and III experiments were performed to determine the
minimum air volume consumption which allows maintaining the stress
required for granules stability and aerobic activity of the biomass in
both reactors.
3.2.1. Effect of progressive airflow reduction
The progressive reduction of the airflow had effects in the biomass
properties of the pulsed aerated system. In Stage II the reduction of
airflow supplied to R1 involved the decrease of SGV to 1.2 cm/s and a
reduction of the air consumption to 0.73 Lair/(Lreactor·min). This change
caused the loss of density of the granules from 86 to 40 g VSS/Lgranule on
day 461 (Stage II) and the decrease of the average diameter from
2.3 ± 0.9 to 1.9 ± 0.7 mm (Fig. 1d). However, both the SVI5 and the
solid concentration remained in the same values (48 mL/g TSS and
4.79 g VSS/L on day 461).
The further reduction of the airflow to a SGV of 0.7 cm/s in R1
(Stage III), which supposed an air consumption of 0.44 Lair/
(Lreactor·min), resulted in a low airflow not being enough to maintain the
biomass in suspension inside the reactor during the aeration stage. This
was due to the good settling properties of the biomass [18] and the high
solid concentration in the reactor (around 5 g VSS/L). Since it was not
possible to achieve a good mixture inside the reactor, it was only operated for 20 days. The lack of mixture and shear stress caused the
worsening of the biomass properties, increasing the SVI5 to 72 mL/g
TSS on day 484. The density and the concentration of the biomass with
values of 4.67 g VSS/L and 38 g VSS/Lgranule were similar to Stage II at a
SGV of 1.2 cm/s. The particle diameter was also maintained, with a
value of 1.9 ± 0.5 mm. Due to the bad suspension of the biomass in R1
at 0.7 cm/s no more SGV reductions were applied in this system.
In R2 (continuous aeration) the properties of aerobic granular
sludge operating with 0.7 cm/s (Stage II) were maintained in comparison with Stage I (1.2 cm/s), which meant that the reduction of the SGV
to 0.7 cm/s did not have an important impact in the mature granules.
On day 461, an average particle diameter of 3.5 ± 0.9 mm, a density of
40 g/Lgranule, SVI5 of 57 mL/g TSS and 4.21 g VSS/L were measured.
With the reduction of the SGV from 0.7 cm/s (1.32 Lair/(Lreactor·min),
Stage II) to 0.5 cm/s (0.88 Lair/(Lreactor·min), Stage III) the SVI5 remained stable while the biomass concentration slightly increased and
the density and particle diameter decreased. However, the differences
in the values were not relevant and the operation of the reactor remained stable.
With respect to the removal percentages, no significant differences
were observed in the COD, N and P removal percentages of both reactors (Table S2; Fig. 3a, 3b). COD, P and N removal percentages
ranged in both reactors between 93 – 87%, 92–97%, 36–44%, respectively. The effluent quality fulfilled the discharge requirements for
sensitive areas except for the total nitrogen (TN) concentration, which
was still above 10 mg TN/L.
Regarding the presence of slow growing microorganisms, PAO
abundance decreased in R1 and R2 from 70 to 80 to 60–65% (Stage II)
of the total bacteria domain. GAO abundance progressively increased in
5
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R1 (pulsed aeration), being 10% on day 465 and 25% on day 485, while
in R2 (continuous aeration) remained at 10%.

Required supplied air volume is significantly lower in the case of the
pulsed regime than in the continuous one. The SBR operates satisfactorily with a consumption of 0.73 Lair/(Lreactor·min).
The pulsed regime favours the faster development of PAOs and the
presence of GAOs.

3.2.2. Comparison between pulsed and continuous aeration at the same
SGV
The SGV was fixed as a comparison parameter between both reactors and it was of 1.2 cm/s (Stage II for R1 and Stage I for R2) and
0.7 cm/s (Stage III for R1 and Stage II for R2). These fixed values corresponded to different airflow and consumed air volumes in both reactors (Table 1).
The main differences between the granular biomass in R1 and R2
with the SGV of 1.2 cm/s were the average diameter of the granules and
the SVI5 (Table S2). Both were lower in R1 with pulsed aeration than in
R2 with continuous air supply (Fig. 2c, d). However, the density of the
granules diminished in R1 and became lower than that of the granules
from R2 of 64 g VSS/Lgranule on day 393 (Stage I).
The operational cycle of day 455 was measured for R1 to compare
its performance with a cycle of R2 at the same SGV of 1.2 cm/s (day
366). In R1 (Fig. S2a, c) no COD removal was registered during the
aerobic phase, the complete oxidation of ammonia to nitrate took place,
and denitrification did not occur, as discussed previously. In the cycle of
R2 on day 366 (Fig. S2b, d), the aerobic COD consumption was reduced
in comparison to the cycle of day 91. In terms of nitrogen, the behaviour of the system was similar to the cycle of R1. The DO concentration
in both reactors was still too high (almost 8 mg O2/L) to allow denitrification processes (Fig. S2c, d). Consequently, both systems need to
be optimized in order to increase the nitrogen removal efficiencies.
Regarding the performance of the reactors with the SGV of 0.7 cm/s,
it was not possible to maintain the biomass in suspension inside the
reactor in R1, whereas R2 remained operating in a stable mode, like in
the previous stages.
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