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ABSTRACT
Sequencing batch reactors (SBR) treating high-strength greywater need an aerobic granular sludge (AGS) with good properties, such as a low
sludge volume index (SVI) and high settling velocities and substrate uptake rates to yield short settling and aeration stages. To promote the
formation of stable granular sludge, the length of the famine phase could be a key factor. In this regard, the effect of the duration of this
variable on the AGS properties was assessed by comparing a gradual versus an abrupt reduction of the famine phase in two SBR treating
greywater. The initial average famine phase of 3.3 h was gradually reduced to 0.3 h over 20 weeks in one reactor, and abruptly in another
one. This condition induced ﬁlamentous outgrowth, as well as the deterioration on the properties of the sludge; the effect was more
accelerated when the famine periods were abruptly shortened. In both cases the reduction on the famine periods induced increased organic
loading rates, which led to degranulation events when it was higher than 2.5 g-chemical oxygen demand g-volatile suspended solids1 d1.
Afterwards, the biomass adapted to this situation, by forming new small-ﬁlamentous aggregates with similar SVI to that of the stable AGS
formed with the longest famine period.
Key words: aerobic granules, famine phase, greywater, sequencing batch reactor, wastewater treatment
HIGHLIGHTS

•
•
•
•

The reduction in the famine phase length induces ﬁlamentous overgrowth and the deterioration of the properties of AGS.
Overstressed organic loading rates can lead to the biomass degranulation.
Small-size ﬁlamentous aggregates can present a similar sludge volume index to that of the stable-AGS.
A famine fraction of 0.55 with respect to the total cycle length is enough to ensure the stability of the AGS.

GRAPHICAL ABSTRACT

This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC BY-NC-ND 4.0), which permits copying and redistribution
for non-commercial purposes with no derivatives, provided the original work is properly cited (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Downloaded from http://iwaponline.com/wst/article-pdf/84/4/906/926877/wst084040906.pdf
by guest

Water Science & Technology Vol 84 No 4, 907

INTRODUCTION
The installation of decentralized greywater treatment systems to reclaim water for non-potable uses and nutrients, requires a
set of low footprint and efﬁcient technologies (Bajpai et al. 2019). Greywater can be efﬁciently treated by sequencing batch
reactors (SBR) with aerobic granular sludge (AGS), which is a bioﬁlm that presents remarkable properties, such as high density (κg) and settling velocity (vs), low sludge volume index (SVI) and a structure which withstands toxics and organic shocks
with high substrate (rs) and oxygen uptake rates (OUR) (Sengar et al. 2018; Sharaf et al. 2019; Avila et al. 2021). These characteristics allow an efﬁcient solid–liquid separation, as well as the application of high volumetric exchange ratios (Ver) and short
aeration and settling stages; key parameters to reduce the hydraulic retention time (HRT). AGS has been applied for the treatment of different kinds of efﬂuents, including petrochemical (Caluwé et al. 2017), swine (Wang et al. 2020), chemical
industrial wastewater (Qi et al. 2020), and greywater (Rojas-Z et al. 2017) showing that it is a robust and ﬂexible technology
with a broad ﬁeld of application. However, when aerobic granular systems are fed with complex wastewaters, containing
slowly biodegradable pollutants in particulated form, the deterioration of the granular structure due to the growth of ﬁlamentous microorganisms has been observed (Pronk et al. 2015; Yuan et al. 2019).
Filamentous overgrowth in AGS is a negative aspect that affects the stability and the operational efﬁciency of the SBR, as it
leads to the increase of the granules size, producing ﬂuffy and bulky aggregates with poor settling properties and density,
which can be easily washed out from the system (Sharaf et al. 2019). This phenomenon is produced by the adsorption
and degradation of the particulated substrates at the surface of the granules during the aeration stage, leading to substrate
diffusion gradients that cause the growth of ﬁlamentous and ﬁnger type structures. To avoid it, non-aerated feeding for the
hydrolysis of the particulate substrate is recommended (Pronk et al. 2015). Nevertheless, even with non-aerated feeding
phases longer than 90 min, the complete hydrolysis is not guaranteed (de Kreuk et al. 2010; Wagner et al. 2015). In this
regard, the inclusion of famine periods during the aeration stage results in a clue variable to promote the formation of
stable AGS because it positively inﬂuences the granulation process, accelerating the formation of highly-structured and compact aerobic granules (Corsino et al. 2017; Sun et al. 2021). In general, the duration of the famine phase represents between
65% and 70% of the total cycle length (López-Palau et al. 2012; Corsino et al. 2017; Sun et al. 2021). However, the operation
with such a long starvation period reduces the volumetric treatment capacity because of the increase of the HRT. Therefore, it
is necessary to identify the minimum famine phase that does not cause ﬁlamentous growth or favors the formation of stable
AGS to keep a high rate SBR performance.
This work addresses the inﬂuence of the duration of the famine phase on the properties of the AGS, as well as the
adaptation capability of the biomass to changes in the aeration conditions and in the organic loading rate (OLR) (gradual
increases versus OLR shocks). For this purpose, an experiment was designed to compare an abrupt versus a gradual reduction
in the famine phase time (tfam) in two SBR of AGS fed with greywater.

METHODS
Experimental setup
Two identical SBR with a height/diameter ratio of 10:2 and working volume of 3.3 L were fed with greywater in a non-aerated
mode, from the bottom of the SBR. The efﬂuent was withdrawn through an adjustable port, whose position was ﬁxed above
the settled granular sludge bed (Figure 1). The growth of biomass during the experiment changed the height of the settled
granular sludge bed, which concomitantly adjusted the position of the withdrawal port to prevent the draining of solids
from biomass with the efﬂuent. To avoid an excessive increase in the height of the settled sludge bed, the biomass was
periodically purged to maintain exchange volume ratios Ver (V0/VT) 0.70.
As a consequence of the adjusted position of the withdrawal port, the length of the ﬁlling (tf ), settling (ts), and withdrawal
(tw) stages, as well as the exchange volume ratio, varied during the experiment. The cycles stages length was ﬁll (tf ) 1.5–3 min,
settle (ts) 9.5–11 min, and withdrawal (tw) 2–3 min. To modify the value of tf and tw, the pump’s velocity was adjusted.
To analyze the effect of the reduction of the famine phase over the granular sludge properties, the aeration stage length (tae)
was gradually reduced over 20 weeks in R1 (Runs I to IV), and abruptly reduced from 5.8 to 2.8 h in R2 (Runs I and II).
Table 1 shows that the reduction of tae produced a shortening of the famine phase (tae–tfeast ¼ tfam).
The inﬂuent used as feed for both SBRs was a greywater mixture from washbasin, shower, kitchen sink, and washing
machine. The individual samples were obtained from a household in Mexico City. After the collection, the composite samples
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Figure 1 | SBR diagram: Vt ¼ working reactor volume, V ¼ settled granular sludge bed volume, V0 ¼ Vt–V ¼ exchanged volume.

Table 1 | Characteristics of the operational cycles of both SBR
R1
R1 and R2

tae (h)

R2

Run I

Run II

Run III

Run IV

Run II

5.8

4.6

3.8

2.8

2.8

Average tfeast (h)

2.5

2.5

2.5

2.5

2.5

Average tfam (h)

3.3

2.1

1.3

0.3

0.3

Run duration (d)

0–35

36–70

71–105

106–140

36–140

were stored at 5.0 + 2 °C for its preservation and analysis. Table 2 shows that the physicochemical composition of greywater
presented a wide variability during the experimental period due to the natural variation of domestic habits.
Both reactors were inoculated with a sample of mature and stable AGS, previously cultivated in a laboratory-scale SBR
with an HRT of 8 h, using greywater from the same household as inﬂuent (Rojas-Z et al. 2017). The granules presented a
rounded-shaped morphology (Figure 4(a)), with a zone settling velocity and SVI of 16.5 m h1 and 67.6 mL g1, respectively.
The mixed liquor suspended solids (MLSS) during the start-up was 1.5 g L1.

Analytical methods
Total and soluble chemical oxygen demand (CODt, CODs), total and volatile suspended solids (TSS, VSS), sludge volume
index (SVI), and vs as zone settling velocity were determined according to Standard Methods (APHA 2012). The biomass
disintegration coefﬁcient (δ) was determined stirring a mixed liquor sample at 200 rpm for 5 min and measuring the
supernatant solids as TSS (Ghangrekar et al. 2005). Granules density (κg) was calculated by the blue dextran method
(Beun et al. 2002) and the particle size distribution (PSD) by Laguna et al. (1999). The extracellular polymeric substances
(EPS) was determined by the heating extraction method (Le-Clech et al. 2006), in which a mixed liquor sample taken at
the end of the cycle was centrifuged at 2,800 g for 15 min and ﬁltered with a 0.45 μm pore size membrane. The ﬁltrate
was used to determine the not-bound EPS (NB-EPS), and the precipitate was resuspended and heated in water bath at
80 + °C for 10 min. This sample was centrifuged at 2,800 g for 10 min and ﬁltered for tightly-bound EPS (TB-EPS) extraction.
The EPS was quantiﬁed by the protein (Lowry et al. 1951) and carbohydrate concentrations (DuBois et al. 1956).
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Table 2 | Average composition of the greywater used as inﬂuent
1

Concentration (mg L

CODT

662 + 185

CODs

495 + 197

CODp

168 + 81

NHþ
4 -N

18.7 + 17.3

PO34-P

10.5 + 6.0

)

Figure 2 | (a) CODS soluble consumption (▪) and change on the OUR (♦) during the aeration stage, (b) OUR as a function of substrate
concentration (CODs).

The COD removal rate (rCODs) was evaluated following CODs consumption in 27 different SBR cycles. Bulk liquid samples
were taken from the reactors at time intervals and ﬁltered for CODs analysis. The AGS OUR was determined by using a fast
response dissolved oxygen (DO) meter (WTW, 3410 IDS), for which AGS samples were taken from the SBR and placed in
contact with greywater in 600 mL glass vessels, keeping the same substrate to microorganisms ratio (S/X) as in the SBR. The
OUR at deﬁned intervals was determined by measuring the DO consumption when the aeration was shut off, in 12 different
assays. The beginning of the feast phase was observed when the OUR was no longer CODs dependent.
AGS morphology and structure were analyzed using a digital cellphone camera and a scanning electron microscope (SEM)
(Jeol, JSM-5900 LV). For SEM analysis, granule samples were ﬁxed for 20 h with a 0.35 M glutaraldehyde in phosphate buffer
solution (pH ¼ 7.4), and then washed using phosphate buffer and post-ﬁxed with 0.1 M OsO4 for 2 h. Then they were dehydrated with increasing ethanol concentrations (30, 40, 50, 70, 80, 90, and 100%) in successive steps every 15 min, and to the
critical point using a dryer (Tousimis, Sandri 780B). Finally, samples were coated with gold for observation.

RESULTS AND DISCUSSION
Analysis of the aeration stage of the SBR cycles
The feast phase began with the aeration stage of the SBR, in which the readily available substrate was fast removed
(Figure 2(a)), inducing high oxygen uptake (OUR ¼ 55 mg-DO L1 h1) and COD removal rates (rCODs ¼ 8 + 2.9
mg L1 h1). The organic assimilable soluble pollutants of greywater were mostly degraded or adsorbed down to 50 mgCODs L1 at an average time of 2.5 + 0.5 h (tfeast), when the OUR dropped with no further CODs removal. The variation
within the feast phase length during the operation, which was reﬂected on the standard deviation, was due to the natural
ﬂuctuation of the pollutants concentration in the greywater used as feed (Table 2), as well as by a possible variation on its
biodegradability.
The data showed in Figure 2(a) were ﬁtted to potential models to obtain the trendlines for both proﬁles, obtaining r2 values
higher than 0.99. The interpolation from the trendlines allowed the relationship between the OUR and CODs to be
determined. As can be observed in Figure 2(b), during the feast stage, the OUR depends on the soluble available
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Figure 3 | Evaluation of the SVI (♦) and κg (•) on the granular biomass from R1 and R2.

substrate. Afterwards, when the CODs reached its minimum (∼50 mg-CODs L1), the famine phase began, whereas the OUR
continued decreasing due to the oxidation of the absorbed substrate during the feast phase (Figure 2(b)). When the absorbed
substrate was depleted, the endogenous respiration was reached with a value of ∼20 mg-DO L1 h1 after 3.5 h of aeration
(Figure 2(a) and 2(b)).
According to kinetic analysis, the feast phase lasted an average of 2.5 + 0.5 h. Therefore, the famine phase (tfam ¼ tae–tfeast)
had an average length of 3.3 h during Run I and decreased with the reduction in tae in the subsequent runs, until it was minimized to 0.3 h in Run IV in the R1 and Run II in the R2, when tae was 2.8 h in both reactors (Table 1).
Effect of the reduction of the famine phase tfam on the stability of aerobic granules
Figure 3 shows the effect of the tfam reduction on the biomass properties. In R1, the initial reduction of tae from 5.8 to 4.6 h
decreased the tfam from 3.3 to 2.1 h without affecting the properties of the AGS (Figure 3). However, with the subsequent
reduction of tfam to 1.3 h (only 34% of tae), a loss on granular properties was induced, with the SVI increment, and the κg
and vs reduced (Figure 3 and Table 3). A further tfam reduction to 0.3 h resulted in a recovery of the biomass settling properties, with the biomass exhibiting similar SVI and vs values to those observed with the initial tfam of 3.3 h (Figure 3 and
Table 3). In R2, the sudden reduction in tfam from 3.3 to 0.3 h considerably affected the biomass physical properties, increasing SVI and decreasing κg and vs (Figure 3 and Table 3). Thereafter, from day 90 onwards, the biomass showed a recovery of
its properties, with SVI, κg, and vs reaching 80 mL g1, 20 g L1, and 20 m h1, respectively. This behavior suggests that the
reduction on tfam temporarily affects the AGS properties; however, the biomass adapts to the operation with shorter hydraulic
conditions.
Results show that ﬁlamentous aggregates under short famine conditions can exhibit similar settling properties (vs and SVI)
to those observed in granules operated with long famine periods. However, the κg remained considerably lower and the
δ higher (Figure 3 and Table 3), indicating a poor density and structural integrity of the ﬁlamentous aggregates formed
under short periods, which could affect their stability in the long-term operation. The poor properties of ﬁlamentous granules
have already been reported by Sharaf et al. (2019), who indicates that the ﬁlamentous overgrowth affects the stability of the
aggregates, even leading to the disruption of their structural integrity, causing their disintegration.
Morphology and structure of AGS
Along with the loss of compactness and settleability, the tfam reduction led to a gradual growth of ﬁlamentous organisms on
the granular structure. During the application of a tfam ¼ 3.3 h, the biomass consisted of granules with the highest sedimentation and compactness properties, with a round-shape morphology (Figure 4(a)). However, the reduction if this variable led
to the growth of ﬁlamentous microorganisms at the granules surface in both reactors, inducing the formation of highly ﬁlamentous aggregates (Figure 4(b)–4(d)). The ﬁlamentous outgrowth occurred at a higher rate in R2, where 10 d after the abrupt
reduction in tfam was applied, the predominance of ﬁlamentous aggregates was observed (Figure 4(e)–4(g)).
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Table 3 | Operational conditions and AGS properties during the different experimental periods
R1
R1 and R2
tfam

R2

3.3 h

2.1 h

1.3 h

0.3 h

0.3 h

2.2 + 0.4

2.9 + 0.2

1.9 + 0.5

1.8 + 0.3

2.1 + 0.8

1.1 + 0.4

1.1 + 0.2

1.6 + 0.6

2.6 + 0.6

2.6 + 1.5

vs (m h1)

18.4 + 1.9

19.1 + 1.3

16.5 + 2.3

18.0 + 4.6

15.8 + 4.0

δ (%)

0.56

0.81 + 0.42

0.61 + 0.60

0.97 + 0.45

1.21 + 1.08

Operational conditions
X (g-MLSS L1)
1

Bx (kg-COD kg-VSS

1

d )

Physical properties

Figure 4 | AGS morphology in R1 (stepwise decrease of tae) and R2 (abrupt decrease of tae). (a) R1 and R2, tfam ¼ 3.3 h, 24th day. (b) R1, tfam ¼
2.1 h, 68th day. (c) R1, tfam ¼ 1.3 h, 105th day. (d) R1, tfam ¼ 0.3 h, 119th day. (e) R2, tfam ¼ 0.3 h, 68th day. (f) R2, tfam ¼ 0.3 h, 105th day. (g) R2,
tfam ¼ 0.3 h, 119th day.

The analysis of the morphology and structure of the biomass by SEM revealed that the granules at a tfam ¼ 3.3 h had a
deﬁned surface morphology (Figure 5(a)), with an internal structure integrated by an EPS matrix and bacteria
(Figure 5(b)–5(d)). This EPS matrix probably supported the high structural integrity and compactness of the granules
during that run (Figure 3 and Table 3). On the other hand, the ﬁlamentous granules formed under short length famine conditions in R2 presented a highly porous surface (Figure 5(e) and 5(f)), integrated by ﬁlamentous microorganisms (Figure 5(g)),
which clustered, forming ﬁnger-type structures (Figure 5(f)) similar to those reported by de Kreuk et al. (2010). The analysis of
its internal structure showed the predominance of different bacteria consortiums (Figure 5(f)), like that of the non-ﬁlamentous
granules observed during Run I (tfam ¼ 3.3 h).
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Figure 5 | Structure of AGS at tfam ¼ 3.3 h (a–d) and tfam ¼ 0.3 h in R2 (e–h).
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Figure 6 | Change on the average particle size of the AGS with the modiﬁcation on the tfam in R1 (♦) and R2 (▪).

Analysis of the effect of the speciﬁc organic loading rate, Bx, on AGS PSD and structure
The reduction in tae resulted in the increase of the speciﬁc organic loading rate (Bx) (Table 3). Granular biomass showed a
good stability at Bx between 0.5–1.5 kg-COD kg-VSS1 d1; however, the application of Bx higher than 2.5 kg-COD kg-VSS1
d1 induced organic loading shocks and overstressed conditions that resulted in the partial biomass degranulation on days
108 in R1 and days 40 and 73 in R2.
For both cases, the partial degranulation considerably affected the biomass properties (Figure 3 and Table 3), as well as the
PSD (Figure 6). During the operation at tfam ¼ 3.3 h, the granular biomass presented an average particle diameter of 3.1 mm.
However, after the degranulation in R1, the average particle size decreased to 0.84 mm and the biomass presented a broad
size dispersion, with more than 50% of the particles in the range of 0.25–2.8 mm. In R2 the particle size reduced with the
application of organic overstressed conditions. However, at the end of the experiment (d140), the biomass was partially
recovered from the previous degranulation events while the dispersion was more uniform (50% of particles with diameter ¼
1.2–2.8 mm).
Overall, it can be inferred that the application of organic overstressed conditions leads to the formation of ﬁlamentous
aggregates, with a lower diameter than that observed in the stable aerobic granules formed under long famine periods and
low organic load rates.
Biomass degranulation and ﬁlamentous overgrowth due to the application of high organic loads have already been reported
(Pronk et al. 2015; Iorhemen & Liu 2021). When the aeration periods are shortened, the speciﬁc organic load rate and the
feast/famine ratio are increased, producing stressing conditions characterized by a continuous availability of substrate during
most of the aeration stage, which favors the selection of the slow growing ﬁlamentous microorganisms with high substrate
afﬁnity, against ﬂoc forming-substrate accumulating bacteria (Liu & Liu 2006). This phenomenon can be potentialized
with the use of complex efﬂuents like greywater, in which the initial hydrolysis of the particulate substrate increases the
length of the feast phase. If the soluble products from the hydrolysis are consumed in the external area of the granules
during the aeration stage, substrate and oxygen diffusion gradients are produced, avoiding the uniform substrate uptake
throughout the granular structure (Layer et al. 2019). This situation induces the growth of ﬁlamentous aggregates, with a
porous and weak structure and irregular morphology (Pronk et al. 2015), similar to those observed during the application
of a tfam ¼ 0.3 h for both reactors.
In the current study, the depletion and subsequent recovery on the properties of the biomass indicates that the reduction on
tae initially induces stress conditions which leads to the deterioration of the biomass properties (Table 3). Subsequently, the
biomass showed an adaptation reﬂected on the recovery on their settling properties. This adaptation was associated with a
biological selective process, in which those microorganisms presenting high degradation activity under short famine periods
were selected. Floc-forming bacteria shows high substrate uptake rates when the concentration in the bulk liquid is high,
absorbing the substrate and storing it as reserve during the famine phase (Liu & Liu 2006). Thus, the reduction of the
famine periods negatively affects the performance of ﬂoc-forming bacteria and favors the proliferation of ﬁlamentous microorganisms, which show a high activity under continuous substrate availability conditions.
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Figure 7 | TB-EPS (▪) and NB-EPS (▪) content and protein to carbohydrate (PN/PS) ratio (▴) in granular biomass from R1 and R2.

EPS in granular biomass
The EPS content is a factor which deﬁne the strength and stability of the granular biomass (Rusanowska et al. 2019; Avila
et al. 2021). EPS tightly bound with cells (TB-EPS) form an inner matrix which provides structural stability to granules. Nonetheless there is a fraction of EPS dissolved in the supernatant (NB-EPS) which are detrimental for the biomass stability and
the treatment process performance, by affecting the biomass settleability and the efﬂuent ﬁlterability on tertiary treatment
units (Le-Clech et al. 2006).
In R1 the TB-EPS content of the aerobic granules decreased with the change in tfam from 3.3 to 2.1 h (Figure 7(a)). However,
with the subsequent reduction of tfam to 1.3 and 0.3 h, a recovery trend was observed, even exceeding the values of Run I.
A similar pattern was observed in R2, where the sudden reduction of tfam to 0.3 h led to the drop in the TB-EPS content
(day 68). Afterwards, the recovery of the concentration of TB-EPS was observed (Figure 7(b)) in such a way that the ﬁlamentous aggregates at day 135 (tfam ¼ 0.3 h) exceeded by 36% the observed values in the AGS at a tfam ¼ 3.3 h.
The high TB-EPS content on granules during Run I in R1 and R2 could be the result of the extended famine periods applied
(tfam ¼ 3.3 h), since microorganisms produce EPS to sustain their metabolism during periods of endogenous respiration
(Corsino et al. 2017). This high concentration of polymers could have induced the high structural and compaction properties
exhibited by the biomass during the longest famine period.
On the other hand, the reduction and subsequent recovery in the TB-EPS content, observed with the shortening of tfam,
could be related with the aforementioned adaptation process that resulted on the predominance of ﬁlamentous granules.
During the transition process of stable-compact granules to ﬁlamentous aggregates, the TB-EPS content was considerably
reduced. Probably this factor affected the structural stability of the granules, facilitating the partial degranulation when
organic overstressed conditions were applied. Thereafter, with the predominance of ﬁlamentous aggregates, microorganisms
accumulated EPS to keep the stability of the structure. However, in this case, the EPS were not consumed due to the
minimization of periods of endogenous respiration. High EPS contents by ﬁlamentous microorganisms have been reported
by Le-Clech et al. (2006).
Regarding the analysis of the NB-EPS, in R1 a decreasing trend in their concentration was observed with the modiﬁcation
on tfam to 2.1 and 1.3 h, but a considerable increase with the further change to 0.3 h (Figure 7(b)). In R2, the sample analyzed
on day 68 (tfam ¼ 0.3 h) showed an increase of 60% in the NB-EPS concentration with respect to the granular sludge of the
ﬁrst operational run (tfam ¼ 3.3 h). This indicates that the ﬁlamentous aggregates formed at tfam ¼ 0.3 h produced larger
NB-EPS than the compact-stable granules, which could be related with the stressing conditions induced by the increasing
speciﬁc organic loading rate, Bx, resulting in EPS being released to the mixed liquor.
The amount of proteins (PN) in the biomass of both reactors was always higher than that of the carbohydrates (PS). A PN/PS . 1
ratio can be interpreted as a positive factor in the structural stability of granular sludge because proteins contribute more to hydrophobicity than carbohydrates, reducing electrostatic repulsions and encouraging the bacterial aggregation (Rusanowska et al. 2019).
Maybe this factor allowed the formation of new granules after the degranulation induced by organic overstressed conditions.
Overall, the operation with the longest tfam of 3.3 h and low Bx promoted the most stable granular biomass with high
settling and structural properties, as well with a high TB-EPS content and low NB-EPS concentrations in the supernatant.
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CONCLUSIONS
The famine phase reduction allowed shortening of the HRT, increasing the volumetric treatment capacity of the SBR.
However, short famine periods induced the deterioration of the physical properties of the biomass due to ﬁlamentous outgrowth. The ﬁlamentous growth on granular biomass is a progressive process, observed about day 10 when the tfam was
abruptly reduced from 3.3 to 0.3 h, and in a longer period about day 45 when the tfam was gradually reduced. This resulted
in a loss of compactness and integrity in the biomass of both reactors, manifested in an increase in the SVI and the reduction
of the density, settling velocity, and the disintegration coefﬁcient. Biomass properties were especially affected in R1 when the
tfam was reduced from 2.1 to 1.3 h, leading to the poorest observed values, whereas in R2, the abrupt reduction on tfam led to
the continuous deterioration of the physical properties during the subsequent 45 days. The reduction on tfam led to the application of organic overstressed conditions, which induced the instability in the granular biomass properties and led to the
eventual degranulation when the applied Bx was higher than 2.5 kg-COD kg-VSS1 d1. This phenomenon could be related
to steep diffusion gradients induced by the increase in the particulated substrate supply rate. Under this situation, the granular
structure is weakened because of the reduction in the EPS content. However, after the degranulation events, the biomass of
both reactors exhibited a recovery due to the formation of new small ﬁlamentous granules, indicating the adaptation of the
biomass to the change in the feast–famine balance conditions.
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