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ABSTRACT
In wastewater treatment, aerobic granular sludge (AGS) technology is a relatively new alternative to the activated sludge method. The biogranulation of biomass ensues when appropriate environmental conditions in a
reactor are ensured, and one of the factors determining this is the organic loading rate (OLR). As a literature
review suggests, the optimal values of OLR for AGS technology are in the range of 2.50–7.50 g COD/(dm3∙d),
the aim of the work detailed here was to evaluate the impact of powdered ceramsite on biogranulation in two
Granular Sequencing Batch Reactors (GSBRs) in which OLR was equal to just 2.10 g COD/(dm3·d) (R1) and
1.0 g COD/(dm3·d) (R2). The research was carried out in laboratory scale with using synthetic wastewater containing different concentration of organic compounds. In the course of the research, a more intensive process
of biogranulation was noted in reactor R1, and mean diameters of granules on the last day of experimentation
were 962 and 274 µm for R1 and R2, respectively. While the organic loading rate equal to 2.10 g COD/(dm3·d)
could allow granule formation, the results also pointed that lower food-to-microorganism (F/M) ratios favour
biogranulation. This parameter was indirectly affected by the application of powdered ceramsite, because the
powdered material improved the sludge sedimentation properties (average values of SVI30 being 30.1±12.8 and
36.9±10.9 cm3/g). The result of this was more-limited leaching of biomass from reactors (with average values
for MLVSS at 4.37±1.23 and 3.03±0.67 g/dm3).
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INTRODUCTION
Aside from activated sludge and biofilm,
aerobic granular sludge (AGS) represents a third
form by which microbial aggregation takes place
in the context of wastewater treatment. The efforts to encourage biomass to assume the form of
aerobic granules are thus considered among the
most-promising new biotechnologies in wastewater treatment [Long et al., 2019; Sguanci et al.,
2019]. Compact structure, high settling capacity,
tolerance to high organic load as well as a potential to remove carbon, nitrogen and phosphorus
compounds simultaneously are all major advantages of this technology [Zou et al., 2019].
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However, biogranulation is such a complicated matter that there is no full clarification of
the mechanisms by which aerobic granules form
[Long et al., 2019]. The operating conditions underpinning biogranulation are limited by many
parameters, including seed sludge, a feast-famine
regime, settling time, the volume exchange ratio,
cycle time, the concentration of organic compounds in wastewater, organic loading rate, and
other environmental conditions [He et al., 2016].
Most AGS processes have been used to
treated medium- or high-strength wastewater, with organic loading rates in the range of
2.5–15.0 g COD/(dm3·d). Previous studies have
shown what values for OLR facilitate the granule
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formation [Sheng et al., 2010; Zhou et al., 2015].
According to a literature review, the optimal OLR
with AGS technology should be of between 2.50
and 7.50 g COD/(dm3·d) [Kim et al., 2008; Sarma
et al., 2017; Czarnota et al., 2018]; where OLR is
low, the granules become hard to cultivate. The
problem here lies in the time needed for the granules to form and achieve an appropriate volume
share within the reactor. This has had its impact on
the ways the AGS-based systems have developed,
as well as on their consistent operation, and on the
efficiency of wastewater treatment achieved [Li et
al., 2011; Sguanci et al., 2019].
In the research by Derlon et al. (2016), an OLR
equal to 0.4±0.2 g COD/(dm3·d) provided for the
appearance of granules after 3 months. They were
small, with a 30% fraction of the flocs present in
the sludge. In turn, Zhang et al. (2011) reported
that with an OLR equal to 0.58 g COD/(dm3·d),
the granules that formed were of loose, porous
and hollow structure. Furthermore, such granules
became unstable when their diameter increased
above just 1 mm.
For their part, Zou et al. (2019) indicated that
the long startup time remains one of the main
challenges in making AGS technologies work
in practice. In this context, the research is paying much attention to the improvement of the
biogranulation process. For example, acceleration of this process and reduction of the startup
time are the two aims of the trials that additionally dose reactors with, for example, multivalent
cations, sludge micropowder, granular sludge and

mineral or organic powdered materials (Sarma et
al., 2017; Czarnota et al. 2018).
Thus, the work detailed in this paper sought
to compare biogranulation in two GSBRs working at different OLR values, albeit both below the
values regarded as either optimum or minimum
for the AGS technology. Therefore, the trials under those circumstances also investigated the role
of supplying powdered ceramsite to reactors, with
a view to intensifying biogranulation and helping
maintain the granule stability.

METHODS AND MATERIALS
Reactor set-up and operation
The research was conducted in laboratory
scale for 85 days, with a 4-day initial adaptation
period. Two identical GSBRs of 3.0 dm3 working
volumes were used (Fig. 1).
The height/diameter ratio of each reactor was
11.1 (internal diameter 7.0 cm, working height
78.0 cm). The reactors operated on successive
4-hour cycles (30 min – feeding, 195 min – aerobic reaction, 4 min – settling, 5 min – decantation, 6 min – idle phase), with a volumetric
exchange ratio (VER) of 50%, resulting in a
hydraulic retention time (HRT) of 8 h. The filling phase saw wastewater introduced through
a layer of settled biomass, while the reaction
phase featured an aeration rate maintained at
1.83 dm3/min, with air supplied via the diffuser at
the bottom of the reactor. Powdered ceramsite (at

Figure 1. A schematic representation of the experimental set-up: P1 and P2 – feeding pump,
P3 and P4 – effluent pump, PC – control panel, D – air blower, RT1 and RT2 – rotameter
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3.0 g/dm3) was supplied to both reactors. The adopted organic loading rate values in the reactors
were different. In R1 reactor the OLR was about
2.10 g COD/(dm3·d), while in the R2 reactor, this
parameter was 1.0 g COD/(dm3·d). GSBRs were
operated automatically through time controllers,
while operating temperatures in the 20–30°C
range were maintained.

such as Ca2+, Mg2+ and Fe3+ are regarded as important for biogranulation. The leachable concentrations of substances from the material were
451.65 µg Ca/g, 0.50 µg Fe/g, 97.87 µg Mg/g and
23.01 µg Si/g.
Methods of analysis

The inoculum was activated sludge from a nitrification tank at the Rzeszów WWTP, with SVI30
of 151 cm3/g and MLSS of 5.96 g/dm3. This was
dominated by small flocs that were neither very
concise nor of regular shape. A small proportion
of the seed sludge had assumed the form of spherical flocs with compact structure. In the trials described here, the volume of inoculum was 1.8 dm3
(or 60% of the working volume of the reactor).
The synthetic wastewater used was one in
which the main sources of organic, nitrogen
and phosphorus compounds were provided by
glucose (at 0.812 and 0.369 g C6H12O6/dm3 in
R1 and R2 respectively), ammonium chloride
(0.15 g NH4Cl/dm3) and potassium dihydrogen
phosphate (0.043 g KH2PO4/dm3), respectively.
This composition was in line with that detailed
by Thanh et al. (2009). A fuller characterisation
of the synthetic wastewater used in this study is
provided in Table 1.

Standard methods (after APHA, 2005) were
used in determining mixed liquor volatile suspended solids (MLVSS), mixed liquor suspended solids (MLSS), sludge settling velocity (SV),
and the sludge volume index after 5 minutes
of sedimentation (SVI5), or after 30 minutes
(SVI30). The morphology of sludge flocs and
aerobic granules was examined under an Olimpus BX51 optical microscope, while the method
proposed by Arrojo (2007) was used to measure
sludge flocs and aerobic granules. CellQ image analysis software estimated granule diameters, with once-weekly measurements made
on a minimum of 200 granules per reactor. The
method with dextran blue was used to determine
the biomass density (mass of granules per unit
volume) (Beun et al., 2002). However, as powdered mineral materials were being applied, the
measurements began on day 15.
Standard methods (after APHA, 2005) were
also applied in determining chemical oxygen demand (COD), the values obtained serving in the
calculation of organic loading rate (OLR), as well
as the food-to-microorganism ratio (F/M).

Characteristics of powdered ceramsite

Statistical analysis

Powdered ceramsite is a waste fraction arising as ceramic aggregates are produced, of natural
grain-size in the 0–200 µm range (d10 = 3.643 µm;
d50 = 24.110 µm; d90 = 85.279 µm). Otherwise, this
material has a specific surface area of 5.183 m2/g,
an apparent density of 2.6182 g/cm2 and a settling
velocity of approx. 9.0 m/h. Chemically, the material is of a composition dominated by ions of Si
(216.30 mg/g), Ca (75.90 mg/g), Al (46.47 mg/g),
Fe (45.15 mg/g) and Mg (21.61 mg/g). Cations

The statistical analysis was carried out using
STATISTICA 10 PL software. The dependent relationships between two variables (and their statistical significances) were identified by reference
to Pearson linear correlations, with a significance
level of α = 0.05 assumed. The Mann-Whitney
U Test served in the evaluation of differences between means. The probability of error relating to
the adoption of the hypothesis that means differed
was set at 5% (p < 0.05).

Seed sludge and characteristics
of the influent

Table 1. Characteristics of the synthetic wastewater
Reactor

COD
[mg O2/dm3]

R1

862.8±31.0

R2

408.9±12.9
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NH4-N
[mg N/dm3]

TN
[mg N/dm3]

PO4-P
[mg P/dm3]

TP
[mg P/dm3]

36.4±1.8

42.2±1.6

8.65±0.19

9.35±0.20

COD/TN

COD/TP

20.5±1.3

92.3±2.7

9.7±0.5

43.7±1.5
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RESEARCH RESULTS AND DISCUSSION
The biogranulation process
The reactor operating at higher OLR was
characterised by a more-intensive shaping of
granules (Fig. 2).
On day 15 of the research, granules accounted for 15% of the R1 reactor and 12% of
the R2 reactor. By day 29, the percentage of
granular biomass in R1 was already approaching 48%. In turn, in the R2 reactor, the proportion of granules only increased significantly between day 29 and day 36, by which time 76% of
granular biomass was of the 200÷400 μm size
fraction. In the R1 reactor, operating with an
OLR equal to 2.10 g COD/(dm3·d), an increase
in the proportion of granules achieving larger
diameters was observed on subsequent days
of the study. Moreover, no significant increase
in the proportion of smaller granules was observed in this reactor in the course of the work,
attesting to the stability of the aggregates cultivated. In R1, full biogranulation was observed
after 50 days, while by day 85, more than 50%
of all granules were larger than 1000 µm. In
contrast, in the R2 reactor with an OLR of 1.0 g
COD/(dm3∙d), the aggregates of 200 to 400 μm
dominated from day 36 onwards. In this reactor, it was only after day 71 that the biomass of
flocs smaller than 200 μm accounted for less
than 20% of the total. Through to day 43 of research, mean granule sizes in the two reactors
were comparable (at 298.46 and 245.60 µm,
respectively). Thereafter, the granules of much
greater size were observed in the reactor fed

with wastewater with a higher concentration of
organic compounds.
In the presence of low OLR values, the support for biogranulation in the form of powdered
ceramsite was seen to make the appearance of
aerobic granules possible. The aggregates cultivated in the R2 reactor were of smaller diameters than the granules obtained under comparable technological conditions, but with granular
activated carbon (GAC) added. Li et al. (2011)
conducted a study with an OLR of 0.80 g COD/
(dm3∙d), dosing their reactor with 3.0 g/dm3
GAC of grain size of approx. 224 µm. Those
authors reported a day-70 mean granule size of
around 350 µm. In turn, Tao et al. (2017) studied
biogranulation where OLR was of approx. 1.0 g
COD/(dm3∙d), and dosing with GAC of 125–300
μm grain size (14.5 g/reactor volume). By day
60 of their work, those authors had obtained the
granules of mean size around 500 μm (compared
with ≤ 200 μm up to day 30).
In our work, microscopic imaging revealed
ceramsite particles present within the structure
of activated sludge flocs and granules. The ceramsite grains were present in the entire volume
of the reactor and uniform suspension of powdered ceramsite with biomass was observed. The
formation of granules containing ceramsite microparticles was also noted (Fig. 3).
Role of OLR and F/M on biogranulation process
The values for organic loading rate adopted in
the work detailed here were below the values considered optimal for the AGS technology. In the R1
reactor, there was a highly significant correlation

Figure 2. The biogranulation process – percentages of granules in the assumed diameter ranges
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Figure 3. Powdered ceramsite in floc and granule structure (A – 4th day of research, B – 36th day of research)

between a slightly-greater OLR and greater
growth of granules (p<α, p=0.0015). A moderate positive correlation between these parameters
was observed for the R2 reactor. The analysis
showed no significant effect on biogranulation of
an OLR value equal to 1.0 g COD/(dm3·d) (p>α,
p=0.2527) (Fig. 4a). Such results lead to a conclusion that a load of 2.10 g COD/(dm3·d) – slightly
below the minimum value deemed optimal – also
makes the granule formation possible.
Tao et al. (2017) also showed that low
loading with organic compounds, i.e. about
1.0 g COD/(dm3∙d) was partly responsible for a
longer granulation time (of 61 days). The particles
of GAC they applied were shown to accelerate
this process, constituting a biomass microcarrier.
In both of our reactors, the sludge organic
load (F/M ratio) influenced biogranulation significantly. The values for this parameter were in the
0.340–0.909 g COD/(g MLVSS∙d) range in R1,
and between 0.252 and 0.497 g COD/(g MLVSS∙d)
in R2. The correlation between F/M and granule
growth was an inverse high one in R1 and an inverse very high one in R2. In both reactors, the
relationship between these parameters achieved
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significance (p<α, p=0.0199 for R1 and p=0.0001
for R2). Thus, the results show that – with the
technological parameters adopted – granule formation is more favoured where the values for
COD loading of sludge were lower (Fig. 4b). The
support for biogranulation an addition of powdered ceramsite can offer, where technological
parameters are unfavourable, can thus be regarded as a positive influence, when it comes to the
formation of aerobic granules in association with
improved sludge sedimentation properties and reduced leaching of biomass.
Mean diameter of granules reported by us for
day 85 in the R1 reactor was 960 µm. Czarnota
et al. (2018) reported mean size of granules equal
780 µm in a reactor with the addition of powdered
ceramsite on the 89th day of the study. The ORL in
R1 was lower than that applied by Czarnota et al.
(around 2.55 g COD/(dm3∙d), while the COD of
their raw wastewater was 717.1±62.6 mg O2/dm3.
Such results suggest that it was the higher concentration of organic compounds in the wastewater fed to our R1 reactor that resulted in the
formation of larger granules.
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Figure 4. The effect of OLR on granule formation (a) and the relationship between F/M and granule growth (b)

The granules in our R1 reactor were also larger than those obtained by Wei et al. (2010), who
supported their biogranulation process with powdered activated carbon (PAC) at an OLR of about
2.10 g COD/(dm3∙d). In turn, Wei et al. (2013)
observed that the microorganisms attached to the
surface of the zeolite (of 200 µm mean grain size)
that formed their floc-zeolite structure. In turn,
their OLR was of about 1.80 g COD/(dm3∙d).
There are also reports in the literature of powdered materials allowing granular biomass to be
obtained in a very short time. He et al. (2016) obtained mature granules from 700–1300 µm in diameter as early as on day 4. Those authors ran their
study with a load of approx. 1.80 g COD/(dm3∙d),
also deploying yellow earth of ca. 270 µm grain
size in support of the biogranulation process. He
et al. (2016) suggested that rapid biogranulation
could be achieved using a powdered material of
high silicon and aluminium content and greater
grain size.
Selected physical properties of biomass
Once the system had been inoculated with
activated sludge, the MLSS concentration in the
reactors reached a level of about 3.80 g/dm3. In
turn, the application of powdered ceramsite (at
3.0 g/dm3) raised the value further to approx.
7.23 and 7.13 g MLSS/dm3 in R1 and R2 reactors, respectively. The material with biomass
was evenly suspended in both reactors. On the
day of system startup, The MLVSS concentrations were of 3.34 g/dm3 in the R1 reactor and
3.0 g/dm3 in R2. In turn, the respective contents
of mineral substances were 3.89 and 4.13 g/dm3.
Time adaptation of the system saw MLSS values in the reactors decreased by about 51%. In

contrast, the MLVSS values decreased by approx.
35% (in R1) and 38% (in R2). Subsequently, the
biomass concentrations were of 3.49÷7.48 g and
3.50÷5.16 g MLSS/dm3 in R1 and R2 (Fig. 5a),
while the MLVSS values ranged from 2.17 to
6.56 (R1) and from 1.85 to 4.01 g/dm3 (R2). The
values for the MLVSS/MLSS ratio thus oscillated
between 0.62 and 0.88 in R1 and 0.53 and 0.82
in R2 (Fig. 5a). The obtained values for the ratio show the share of mineral parts in biomass.
A lower coefficient for the changes in biomass
concentration, and thus higher stability, was observed in the R2 reactor.
Our two reactors differed in a statistically
significant manner, in relation to both MLSS
and MLVSS (p <α, p = 0.0056 and p = 0.0020,
respectively). These differences were mainly
due to the organic loading rates assumed, which
were of around 2.10 g COD/(dm3·d) in R1 and
1.0 g COD/(dm3·d) in R2.
Following the inoculation of reactors and application of powdered ceramsite, the SVI30 values were of 91.3 cm3/g (R1) and 70.1 cm3/g (R2).
However, in the course of research, the values oscillated between 16.6 and 57.1 cm3/g and between
26.5 and 62.0 cm3/g (Fig. 5b). The reactor operating at lower OLR showed slightly greater stability of the sludge volume index, with differences
in average values nevertheless achieving p<α
statistical significance (p=0.0312). Our results
for SVI30 are comparable with those presented by
Li et al. (2011). In their reactor dosed with GAC,
day 25 brought an SVI30 value of around 37 cm3/g.
On the other hand, with their GAC-dosed reactor,
Tao et al. (2017) had a day-30 sludge volume index almost three times as high as the one noted in
our own work.
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Figure 5. Profile for MLSS and MLVSS/MLSS (a) and for SVI30 and SVI5/SVI30 (b)

Under the technological paramaters adopted,
the application of powdered ceramsite served to
limit the leaching of biomass, with the sludge
organic load (F/M) reduced, and sedimentation
properties of the sludge improved as a consequence. A more-favourable SVI30 was observed
where values for F/M were lower (Fig. 6a).
Our reactors were found to be characterised
by a high inverse correlation between the decreasing SVI5/SVI30 ratio and increasing floc size
(in the initial days of the study) or by the increasing granule size (in the further course of the experiment). The relationships achieved statistical
significance in both the R1 and R2 reactors (p<α,
p=0.0109 and p=0.0107 respectively) (Fig. 6b).
The dosing of GSBR reactors with powdered ceramsite provided for increased biomass
settling velocities – of 14.5±7.8 m/h (R1) and
9.2±2.7 m/h (R2). The R1 reactor operating at
a higher OLR (Fig. 7a) had a significantly higher settling velocity, albeit with this parameter

proving highly variable. The higher values for
settling velocity in this reactor were mainly due to
the presence of granules of greater diameter. The
Mann Whitney U-test did not show significant differences for average settling-velocity values (p>α,
p=0.0905). However, in both reactors, the relationship between settling velocity and granule diameter was shown to be statistically significant (p<α,
p=0.0000 for R1 and p=0.0002 for R2) (Fig. 7b).
The granule densities achieved during study were higher in the reactor operating at a higher OLR, with the average values for this parameter (from day 15) being
32.74±7.74 g MLVSS/dm3granules (R1) and
23.23±2.91 g MLVSS/dm3granules (R2). Thereafter,
the density achieved by biomass increased slowly. Both reactors exhibited significant increases
in average diameters of granules (after 50 days
in R1 and 29 days in R2), as well as a greater
increase in the granule density. The values noted
for biomass density in R1 resulted mainly from

Figure 6. Scatter graph showing the dependent relationship between F/M and SVI30
(a) or diameter of granules and SVI5/SVI30 (b)
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Figure 7. Average values for settling velocity (a) and the relationship between SV and granule diameter (b)

Figure 8. Scatter graph showing the dependent relationship between density of biomass
and diameter of granules (a) or MLVSS (b)

a higher concentration of MLVSS, and the size of
aggregates (Fig. 8a and 8b).
Minh (2006) also observed an increase in the
granule density along with the increasing diameter. In turn, the research carried out by CydzikKwiatkowska et al. (2013) showed that the highest
concentration of microorganisms in granule structure was achieved by aggregates not larger than
1.0 mm. Granules of less than 1.0 mm achieved
the biomass density of up to 30 g/dm3, with these
values decreasing as size increased further (with
4.0 mm granules for example characterised by
density stabilised at 2.0 g/dm3). The authors stress
how the reactor processes like nitrification and simultaneous nitrification-denitrification favoured
the appearance of high-density granules, as nitrifiers form tightly-packed consortia within biomass,
with nitrification generating the electron acceptors
supportive of bacterial growth within granules.
The granules in our R2 reactor had much smaller

diameters than the biomass in R1. However, the results obtained for biomass density in the two reactors were in the range of 10–120 g MLVSS/dm3gran[Nor-Anuar et al., 2012], and such values typify
ules
hard, compact granules. It should be noted that this
is one of the five reference parameters used to assess the physical strength of aerobic granules [NorAnuar et al., 2012].

CONCLUSIONS
The addition of powdered ceramsite to the reactors operating at the OLR values of 2.10 g COD/
(dm3∙d) and 1.0 g COD/(dm3∙d) provided for biogranulation, even if granule sizes differed greatly.
The results show unequivocally that an organic
loading rate of around 2.10 g COD/(dm3·d) will
sustain granule formation, despite this value being
widely regarded as sub-optimal. However, in both
209
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reactors, the biogranulation process was determined by the more-limited loading of sludge with
organic compounds (F/M), as a reflection of higher
biomass concentrations in the reactors. The application of powdered ceramsite influenced the achievement of higher MLVSS values directly, due to improved sludge-sedimentation properties (reflected
in values for SVI5, SVI30 and SV), with more-limited leaching of biomass observed in consequence
during the settling phase. The powdered ceramsite
acted as ballast for sludge flocs, with sedimentation properties of biomass improved, as well as
a microcarrier of biomass that gains incorporation
into the floc/granule structure.
Moreover, reference to the literature indicates
that the concentration of organic compounds
present in the wastewater supplied to a reactor is
one of the main factors influencing the process of
granular-biomass formation.
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