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a b s t r a c t

The time required to stabilise mature aerobic granules is rather variable. In addition, cultivation time and
the structural characteristics of granules seem to be related to the nature of wastewater influent.
Granular sludge has been used for the treatment of several industrial wastewaters, but nothing has been
reported about wastewater characterized by the simultaneous presence of hydrocarbons and high
chloride concentration. In this work, the authors analysed the granulation process and performance as
well as the physical characteristics of aerobic granules in two Granular Sequencing Batch Airlift Reactors
(GSBARs), fed with acetate-based synthetic wastewater in reactor 1 (R1) and with a mixture of real and
simulated slop (R2). The results obtained in 100 days show that full granulation was achieved in both
reactors. The granules in R2 developed more quickly, but they appeared slightly unstable and more
susceptible to breaking. Despite high salt concentration, the efficiency of phosphorous and carbon
removal was satisfactory. Low nitrification activity was observed in R1, confirming that a longer time is
necessary to obtain the acclimation of autotrophic biomass in aerobic granules. In R2 the combined effect
of salinity and hydrocarbons caused the inhibition of the autotrophic biomass, with the consequence that
nitrification was absent. Hydrocarbons were initially removed by adsorption afterwards by biological
degradation with a removal efficiency of over 90%.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

In the last decade, aerobic granular sludge has attracted
increasing interest as one of the most promising technologies for
wastewater treatment. Aerobic granular sludge offers many ad-
vantages over conventional activated sludge systems, due to its
high metabolic activity, excellent settling capacity, the simulta-
neous nitrification denitrification (SND) capacity (De Kreuk et al.,
2005), and the ability to tolerate and degrade toxic organic com-
pounds, such as phenol, antibiotics, etc. (Liu et al., 2009; Amorim
et al., 2014). On account of these, aerobic granules are suited for
the treatment of industrial wastewater, containing recalcitrant and
xenobiotic substances. Many studies have analysed the granulation
process using both industrial and simulated wastewater. Inter alia,
Di Bella and Torregrossa (2014) used granular sludge for landfill
leachate treatment. Val del Río et al. (2012) treated different in-
dustrial wastewater produced by dairy products, in the fish canning
orsino).
industry, a plant processing marine products and a pig farm.
Recently, Moreira et al. (2015) observed that granular sludge is able
to remove fluoxetine via adsorption phenomena. However, in these
cases, if contaminants are not degraded biologically, desorption
phenomena may occur, causing a significant deterioration in
effluent quality (Amorim et al., 2014).

The time required to get stable mature granules is rather vari-
able and seems related to the nature of the influent. Taheri et al.
(2012) obtained aerobic mature granules after 70 days treating
saline wastewater. Zhang et al. (2011) obtained granular sludge
after 140 days treating petrochemical wastewater, while Abdullah
et al. (2013) after 60 days treating agro-based wastewater. Hence,
it is clear that the start-up of an aerobic granular sludge reactor is
strongly influenced by the nature of the wastewater, since the
presence of certain substances could promote the granulation
process. For example, divalent ions, such as metals (Fe, Al), were
reported to play an important role in microbial aggregation (Li
et al., 2014). Authors agree that metals bind to the negatively
charged particles present on the surfaces of bacteria, and to
extracellular polymeric molecules, acting as a bridge promoting
bacterial aggregation. At the same time the presence of some

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:santofabio.corsino@unipa.it
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ibiod.2015.09.009&domain=pdf
www.sciencedirect.com/science/journal/09648305
http://www.elsevier.com/locate/ibiod
http://dx.doi.org/10.1016/j.ibiod.2015.09.009
http://dx.doi.org/10.1016/j.ibiod.2015.09.009
http://dx.doi.org/10.1016/j.ibiod.2015.09.009


List of abbreviations

AOB ammonium oxidizing bacteria
BOD biological oxygen demand
COD chemical oxygen demand
DO dissolved oxygen
EPSs extracellular polymeric substances
F/M food to microorganisms ratio
GAOs glycogen accumulating organisms
GSBARs granular sequencing batch airlift reactors
HRT hydraulic retention time
MLSS mixed liquid suspended solids concentration
MLVSS mixed liquid volatile suspended solids
NOB nitrite oxidizing bacteria
PAOs polyphosphate accumulating organisms
PN proteins

PNf protein content at the end of the famine phase (f)
PNF protein content at the end of the feast phase (F)
PS polysaccharides
PSf polysaccharides content at the end of the famine phase

(f)
PSF polysaccharides content at the end of the feast phase

(F)
SND simultaneous nitrification denitrification
SRT sludge retention time
TN total nitrogen
TP total phosphorus
TPHs total petroleum hydrocarbons
TSS total suspended solids
VER volumetric exchange ratio
VSS volatile suspended solids

Table 1
Influent characteristics of Reactor 1 and 2 (measurement unit is mg L�1 for each
parameter).

Parameter Reactor 1 Reactor 2

COD 900 ± 15 1350 ± 50
BOD5 850 ± 20 1150 ± 50
TOC 380 ± 10 550 ± 25
NeNH4 90 ± 5 105 ± 5
TN 90 ± 5 115 ± 10
TP 20 ± 2 25 ± 3
Total petroleum hydrocarbons (TPHs) e 6.8 ± 1.5
Aromatic hydrocarbons e 1.18 ± 0.25
Chloride 225 25,000
Pb e <2
Cu e <2
Mn e <2
Zn e <2
Surfactant (SDBS) e 30 ± 3
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compounds such as metal (Cd, Pb, Cu, Zn, Mn), chloride, hydro-
carbons, surfactants and others, may inhibit some bacterial strains
and consequently the system performance is lowered (Pronk et al.,
2014). Therefore, if on one hand these compounds can accelerate
the granulation, on the other they can have adverse effects on
biological performance. For these reasons, the treatment of indus-
trial wastewater is a complex research topic.

In recent years, great attentions has been paid to oily waste-
water generated by ships in the engine-rooms (bilge water) and by
the washing of oil tanks (slops) (Sun et al., 2010; Di Bella et al.,
2014). This “special” wastewater is a complex mixture of various
compounds such as solvents, surfactants, metal salts, oils and so on.
The presence of such substances, in conjunction with the high
salinity levels (up to 25.000 p.p.m.), make conventional biological
systems unsuitable for their treatment. In literature there are
several studies about the treatment of saline wastewater using
granular sludge (Bassin et al., 2011; Pronk et al., 2014), while few
are relating to the treatment of wastewater contaminated with
hydrocarbons (Zhang et al., 2011). However, no experiences on
granulation process both with saline and oily wastewater have
been reported. Therefore, the combined effect of salinity and hy-
drocarbons on aerobic granular sludge formation and structural
characteristics, as well as its biological performance, needs to be
investigated.

The aim of this work was to analyse the granulation process and
the physical characteristics of granules in two Granular Sequencing
Batch Airlift Reactors (GSBARs). One of the GSBAR was fed with
acetate-based synthetic wastewater (R1), while the other (R2) was
fed with a mixture of real slop and simulated slop. Granulation rate
in time and granule characteristics were investigated, in terms of
sizes, density, settling velocity, water content, EPS production,
nutrients and hydrocarbon removal.

2. Materials and methods

2.1. Pilot plant description

Experiments were carried out for 100 days in two GSBARs as
described by Beun et al. (2002). The first GSBAR, called R1, was
inoculated with activated sludge collected from Palermo's munic-
ipal wastewater treatment plant, while the second, called R2, was
inoculated with activated sludge, collected from a Biofilm-
Membrane BioReactor (BF-MBR) bench scale reactor treating slop.

R1 was fed with acetate-based synthetic wastewater, while R2
was fed with a mixture of slop (20 percent in volume) and
simulated slop (80 percent in volume). In the simulated slop, a
known amount of sodium acetate was added, in order to obtain the
same COD of real slop (z1300 mg l�1).

The synthetic wastewater had the same composition described
by Beun et al. (2002). The characteristics of R1 and R2 influents are
summarized in Table 1.

In order to compare the granulation processes and the features
of the granules, the main operating conditions were kept the same
for both reactors. Each reactor had a working volume of 3.5 L with
an internal diameter of 8.6 cm and a filling height of 60 cm. Both
reactors contained an internal riser (50 cm high and 5.4 cm internal
diameter). Air was introduced via a fine bubble aerator at the base
of the reactor. The effluent was discharged using a solenoid valve
placed at 30 cm from the base of the reactor, and the volumetric
exchange ratio (VER) was 50% in each cycle.

The reactors operated with different cycle length. R1 operated in
3 h cycles, consisting of 10 min of influent feeding, 160 min of
aeration, 5 min of settling and 5 min of effluent withdrawal. In R2
on the other hand, to promote hydrocarbon biodegradation, in line
with other studies reported in the literature concerning oily
wastewater treatment (Pendashteh et al., 2012), a longer cycle
length was imposed, so that the cycle length would not limit the
biodegradation process. R2 operated in a 12 h cycle, consisting of
10 min of influent feeding, 700 min of aeration, 5 min of settling
and 5 min of effluent withdrawal. Hydraulic selection pressure was
the same for both reactors, and only particles with a settling ve-
locity higher than 3.6 m h�1 were kept within the reactors. Because
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of different influent organic loads, the F:M ratio was balanced in R1
and R2 controlling the suspended solid (SS) concentration within
reactors. In order to maintain the same hydraulic share forces in
both reactors, air flow velocity was controlled by a flow-meter in a
range of 3.5 ± 0.5 cm s�1. C:N ratio in R1 was 10:1. The same ratio
was kept in R2 by adding ammonium chloride (NH4Cl) according to
BOD variation. Operating conditions are summarized in Table 2.

Dissolved oxygen (DO) concentration was not limited, conse-
quently its concentration ranged from 4 to 8 mg l�1 during the
aeration phase. Cycling SBR operations have been automatically
handled by a Programmable Logic Controller (PLC).
2.2. Analytical procedures

All the physico-chemical analysis (TOC, COD, BOD, NH4eN,
NO3eN, NO2eN, PO4eP,TSS,VSS) were performed according to
standard methods (APHA, 2005) twice a week. In addition, sizes of
granules, density, settling velocity, sludge volume index after 5 min
of settling (SVI5), hydrophobicity, and EPSs were performed once a
week to limit the sludge withdrawal. In R2 the Total Petroleum
Hydrocarbons (TPHs) measurements were carried out after the
55th day at regular time intervals, when pseudo-steady-state
conditions, in terms of granule sizes and SS concentrations were
reached. The size of granules, in the first phase, was measured by
laser diffraction (Malver Mastersizer®, 2000 series) with tap water
as the suspension medium and standard optical parameter. Here-
after, when granule sizes exceeded 2 mm, dimensions were ana-
lysed by digital image capture by means of a stereo-microscope.
Afterwards, granule size distribution was obtained by measuring a
significant number of particles (approximately 500) using an image
analyzer (Di Bella and Torregrossa, 2013). Granulation rate was
evaluated as the percentage of particles with a diameter over
600 mm, according to Liu et al. (2012). The density of granular
sludge was determined using the Dextran Blue method described
by Beun et al. (2002).

The settling velocity was determined by placing individual
granules in a graduated cylinder and measuring the time it took to
drop from a fixed height (Bartrolí et al., 2010). The hydrophobicity
of the cell surface was determined with the method described by
Rosenberg et al. (1980). EPSs analysis were carried out by the
Heating Method described by Le-Clech et al. (2006), which consists
of a two-step process to extract first Soluble Microbial Products
(SMPs), then EPS bound (EPSb) afterwards. The carbohydrates were
determined according to the phenolesulphuric acid method with
glucose as the standard (Dubois et al., 1956), while the proteins
were determined by the Folin method with bovine serum albumin
as the standard (Lowry et al., 1951). In this work the total EPSs
content (EPST) was considered as the sum of the protein and car-
bohydrate content, which are the dominant polymeric constitu-
ents. The samples for EPSs analysis were taken twice in a reaction
cycle. The first was taken when most of the substrate was oxidized
(end of the feast phase), while the secondwas taken at the end (end
of the famine phase). DO concentration was monitored during the
cycle in order to identify the end of the feast phase as described by
Di Bella and Torregrossa (2013). The TPHs concentration was
measured by means of soxhlet extraction from samples with hex-
ane and gas chromatography equipped with a flame ionization
Table 2
Operating conditions for Reactor 1 and 2.

Cycle length [min] Settling time [min] VER [%]

Reactor 1 180 5 50
Reactor 2 720 5 50
detector (GC-FID, Agilent 6890N), in accordance to standard
methods (APHA, 2005). The analysis of EPSs, density, hydropho-
bicity, TSS and VSS were done in triplicates, while THPs were run
five times. All the other measurements were done one time. In
order to evaluate the contribution of each parameter on physical
characteristics of granular sludge, the simple multiple linear
regression method was applied. According to this method, the
Pearson linear correlation has been used in order to investigate the
statistical significance of the linear correlations.
3. Results and discussion

3.1. Granules formation

Stable aerobic granules in both reactors was obtained, although
the cultivation time was different. In R1 after 14 days a small
number of fine bio-aggregates with a diameter over 0.6 mm started
to appear, showing the beginning of the granulation process. A
significant number of granules were visible only after 44 days.
These granules had a regular outer shape and exhibited a yellow
appearance (Fig. 1a), in accordance with aerobic granules cultivated
with synthetic wastewater in other studies (Tay et al., 2001). On the
98th day, a discrete number of mature granules with an average
diameter of 1 mm were visible within a heterogeneous mixture of
small granules and flocculent sludge (Fig. 1b).

In R2 the granules developed more quickly. After 15 days large
granules with a diameter over 1 mm were observed (Fig. 1c).
Gradually, granules with a diameter of 2 ± 0.5 mm prevailed in the
reactor after 30 days (Fig. 1d). These granules had a smooth outer
surface and were characterized by a brownish colour. At the end of
the observation period (98th day), the mature granules had an
average size of 1.9 mm.

In Fig. 1e, f, the granules sizes and the granulation rate are
shown. In R1, both granule sizes and granulation rate increased for
the whole cultivation period. The size of the mature granules (98th
day) were almost 1 mm and the granulation rate was almost 30%.

In R2, both the granule sizes and the granulation rate resulted
higher for the whole cultivation period. The mature granules were
dominant after 30 days, with a granulation rate of about 60%. The
granulation rate then slowly decreased to a steady-state value
(about 40%) at the end of the observation period (the 98th day),
despite the granules average diameter remaining about 2 mm. It is
possible that, as theorized by Verawaty et al. (2013), the R2 granules
had reached their critical size. In more detail, the granules larger
than the critical size would be more prone to undergo breakage or
attrition, due to the consequences of particle collision energies and
structural weaknesses. The granule sizes remained quite stable on
average, because the growth and the detachment of outer layers
were balanced. The sludge resulting from the granule detachment
mainly settled in less than 5 min, therefore it was not washed out
with the effluent and consequently the granulation rate decreased.

3.2. Physical characteristics of aerobic granules

In order to compare the granules physical characteristics, EPS
content, cell hydrophobicity, MLVSS/MLTSS ratio, density, settling
capacity and effluent suspended solids concentration were
F:M [KgBOD KgVSS�1 d�1] Air flow velocity [cm sec�1] C:N [e]

0.42 ± 0.10 3.5 10:1
0.41 ± 0.25 3.5 10:1



Fig. 1. Reactor 1 granules at 44 day (a) and 98 (b); Reactor 2 granules at 15 day (c) and 30 (d); granules sizes (e) and granulation rate (f) during cultivation period.
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analysed.
EPSs play a major role in granular sludge formation and stability.

In a typical sequencing batch reactor (SBR) reaction cycle, two
different phases can be identified. In the former, that is character-
ized by high substrate availability (feast phase), microorganisms
degraded the substrate producing EPSs, which served as a carbon
and energy source for the endogenous respiration in the latter
period (famine phase). As a consequence, the EPSs content was
modified during the reaction cycle. Few authors reported EPSs
variation during a reaction cycle (Zhu et al., 2012), but no infor-
mation are available about their changes during the whole granu-
lation process.

In order to clarify this, the protein and polysaccharide content of
granular sludge was analysed at the end of both the feast and
famine periods. The protein fraction (PN) of EPS was much higher
than the polysaccharide fraction (PS) in both granular sludges. EPS
content showed a “saddle” trend in both reactors, but slightly
shifted in time (Fig. 2a, b). In the earlier stages of the granulation
process, a significant PS and PN production was observed. Protein
and carbohydrate content rose quickly, then reduced significantly.
As reported by Zhu et al. (2012) in this phase, the microorganisms
began to adjust their metabolisms to the new feed and high shear
forces, so the EPS content grew rapidly. In this period the first bio-
aggregates appeared in the reactor. However granules did not
prevail in the bioreactor, but were dispersed in a suspension of
flocculent sludge. Due to sludge wash-out, which generally char-
acterizes the early stages of the granulation process, the EPS con-
tent decreased. As the poor-settling microorganisms were
discharged, and the microbial community with good flocculation
were enriched in the reactor, PN and PS content increased again. In
this phase other dense and stable granules formed and sludge
became granular (maturation phase). It would appear that poly-
saccharides favour the formation of isolate bio-aggregates, while
the proteins determine the granulation of sludge. As reported by
Zhang et al. (2011) the increasing of the PN:PS ratio was accom-
panied by the formation of aerobic granules.

In R1, although the protein content was higher than the poly-
saccharides content, the latter developed more rapidly in the first
30 days; in fact, as can be observed in Fig. 2c, PN:PS ratio reduced in
this period. Due to their simpler molecular structure,



Fig. 2. EPS (a), (b) and PN/PS ratio (c), (d) trend with time in feast/famine periods.
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polysaccharides are perhaps synthesized more rapidly than protein
molecules that are structurally more complex. Hereafter, PN con-
tent increased significantly, so PN:PS ratio grew from 3 to 6. A
steady-state conditionwas reached after 65 days. Maximum PS and
PN production was observed at the end of the feast period, as
observed also by Zhu et al. (2012). PS and PN concentrations
reached their maximumvalues, whenmost of the organic substrate
was removed from the bulk (feast phase), after 20 and 45 min on
average, in R1 and R2 respectively. When the maturation of the
granules occurred at the end of the feast phase the PN content was
about 6e7 times greater than the PS. In the famine period, the PN
and PS content decreased for thewhole duration of the experiment.
In detail, it was noticed that, when large mature granule begin to
appear in bioreactor, PN content reduced on average of about
14e15%, while PS content reduced about 40%, hence PN:PS ratio
increased during the famine period up to 13. This was probably due
to PS consumption by microorganisms during the starvation phase
(Adav and Lee, 2008). The large granule sizes and their density in
fact, may constitute a barrier to nutrient diffusion inside the inners
layers, so microorganisms in the absence of primary substrate used
carbohydrates instead of proteins due to their simpler molecular
structure. Zhu et al. (2012) in their study reported that about 50% of
proteins and 47% of carbohydrates were consumed during the
starvation phase. In this case the difference in protein reduction is
due to the shorter duration of the starvation phase (2.5 h vs 10 h);
specifically, it is possible to note that in the first phase of the famine
period, the microorganisms preferentially consume storage PS,
using the PN only at a later time.

Due to salinity and hydrocarbons in R2 significant differences
with R1 were found. The protein content was much higher than the
carbohydrate content; however, their ratio increased in comparison
with the early days: when steady-state conditions were reached, at
the end of the feast phase their ratio stabilized around 6, while in
the famine phase it was around 8 (Fig. 2d). The difference with
respect to R1 was due to the longer duration of the famine period,
which induced microorganisms to degrade more polymers as car-
bon and energy sources for endogenous respiration in the aerobic
starvation phase. In this case, PN and PS reductionwas about 40 and
60 percent on average respectively. Therefore also a substantial rate
of protein was consumed, resulting in the decreasing of the PN:PS
ratio with respect to R1. Compared to R1 granules, R2 EPSs content
was higher; indeed, during granule formation, EPS content was
about 550 mg gVSS�1 vs 340 mg gVSS�1 at the end of the feast
phase, while at the end of the famine period, more comparable
values were observed (250 mg gVSS�1). During the feast phase, PN
content was almost double in the R2 granules, while PS contentwas
similar. During the famine phase, PN, as well as PS content in R2,
despite their significant reduction comparing with the feast phase,
remained higher than R1. Therefore, it is possible to assert that
granules developed earlier in R2 due to greater PN production
during the feast phase. The results obtained are in agreement with
Taheri et al. (2012) and Wan et al. (2014), who observed that under
high saline conditions microorganisms produce more EPS, to
regulate their osmotic pressure with the outside. With PN content
increasing, the sludge surface properties underwent a modifica-
tion; the positive charges of the amino groups reduced the sludge
surface electronegativity (Zhu et al., 2012). In addition, proteins
bonding with the metal ions and oily particles content in influent
wastewater could also reduce cell surface electronegativity, thus
contributing to microbial aggregation.

Sludge hydrophobicity showed a similar trend with time respect
to EPS content. As can be observed in Fig. 3a, hydrophobicity
increased in both reactors in the early days of the granulation
process, then decreased significantly for a few days and at the end
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increased slowly to a steady-state value. During the first four
weeks, R2 granules exhibited a higher hydrophobicity with respect
to R1 (93% vs 89%). Hereafter, hydrophobicity was higher in R1.
These results highlighted that EPS strongly affected sludge hydro-
phobicity. Indeed, proteins are hydrophobic compounds, hence
produce sludge hydrophobicity increase, favouring cell adhesion
and lastly granule formation. According to these observations, a
significant correlation between PN content and cell hydrophobicity
has been found. As can be seen in Fig. 3b, in R1 a good corre-
spondence between protein content and cell hydrophobicity was
observed. After a first application of the simple multiple linear
regression method, it was possible to identify the best relation-
ships, shown in Fig. 3. More in detail, this relationship showed a P-
value lower than 0.1, that indicate a good correlation and the sta-
tistical independence among the analysed parameters, confirming
Fig. 3. Hydrophobicity of granular sludge with time (a); correlation between granules
hydrophobicity and EPS proteins content in R1 (b) and R2 (c).
the key role proteins played in the modification of the physical
properties of granules. In R2 on the other hand (Fig. 3c), the cor-
respondence resulted lower, because both salinity and hydrocar-
bons have direct and indirect effects on cell hydrophobicity. As
reported in other studies (Ismail et al., 2010; Sun et al., 2010;
Pendashteh et al., 2012), high salt concentration directly affects
sludge hydrophobicity, because Naþ ions produce a change in the
cell surface properties, while at the same time involving major EPSs
production (Taheri et al., 2012; Di Bella et al., 2013; Wan et al.,
2014). As for hydrocarbons, nothing has been reported about
their effect on EPSs production. Nevertheless, as will be discussed
in the following pages, hydrocarbons were adsorbed inside the
granules early in the granulation process, contributing to form a
thin hydrophobic membrane on the granules that led to an increase
in sludge hydrophobicity. Therefore, hydrocarbons had a direct
impact on sludge hydrophobicity in R2, which implied the lower
correspondence between PN and cell hydrophobicity observed.
Therefore, it is possible that oil droplet inclusion, as well as high
protein production, mainly caused by influent salinity, had pro-
duced a significant sludge hydrophobicity increase, allowing sud-
den granules formation.

In order to obtain the same F:M ratio in both reactors, the
concentration of solids was maintained at about 11 ± 0.5 gTSS l�1

and 6.5 ± 0.25 gTSS l�1 in R1 and R2 respectively, by purging
periodically a certain amount of granules. Consequently, the sludge
retention time (SRT) was 16 ± 0.4 days for R1 and 11 ± 4 for R2 on
average. The VSS:TSS ratio was also quite different. In R1 it reached
a stationary value of 68%, while in R2 it was 51%. The lowest values
observed in R2 were perhaps due to the trapped oil which tends to
be incorporated within the granules (Pendashteh et al., 2012).
Sludge density was different for both granule types (Fig. 4). R1
mature granules were characterized by a density of
232 ± 20 gTSS lgranules�1 , while the R2 granules showed a significantly
lower density equal to 71 ± 8 gTSS lgranules�1 (Fig. 4a). These values are
comparable with those observed in other studies with acetate-
based synthetic wastewater (Jemaat et al., 2013) and industrial
wastewaters (Val del Río et al., 2012). However, it is not clear if the
granule density reductionwas attributed to high salinity conditions
or oil contained in the wastewater and if the effect of the former
prevailed on the latter or vice versa. According to Taheri et al.
(2012), influent high salt content could cause the formation of
granules that exhibit a more porous structure, with granules
exhibiting a smaller amount of suspended solid mass per volume.
At the same time, it is obvious that the presence of oil droplets
within the granules made them less heavy. Probably, both salt and
oil act simultaneously on sludge density reduction, but further in
depth analysis is needed to clarify their role in density change. It
was also noted that there were significant correlations between
granule density and VSS:TSS ratio (Fig. 4b, c), although in two
different domains of density, as previously observed. Also in this
case the P-value resulted lower than 0,1 confirming the statistical
independence of these parameters. As reported by Verawaty et al.
(2013), the development of bio-aggregate dimensions and their
densification, resulted in a gradual reduction of nutrient and oxy-
gen diffusion within the granules. Therefore, the fraction of death
cells inside the core and inert material percentage within the
granules increased, determining their mass. In addition, in R2 the
inclusion of oil droplets within the granules reduced the density
and at the same time the VSS:TSS ratio.

According to these results, granule settling velocity resulted
higher in R1. Mature R1 granules in fact settled with a velocity of
85 ± 5 m h�1, while in R2 70 ± 5 m h�1. Despite this slight differ-
ence, the SVI5 values were comparable. The SVI5 value in R1 sta-
bilized around 28 ml g�1 after 78 days, while in R2 on 30 ml g�1. In
spite of substantial density difference, both granular sludges



Fig. 4. Granules density trend with time; correlation between granules density and
volatile/total suspended solid ratio in R1 (b) and R2 (b).

Fig. 5. Total suspended solid concentration in R1 and R2.
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showed excellent settling capacity. Therefore, as the density fa-
vours the development of granules with excellent settling proper-
ties, excessively high values of density do not cause a substantial
increase in these characteristics. In fact, a very dense structure may
be an obstacle to oxygen and nutrient diffusionwithin the granules
as a consequence the nutrient removal process was hindered.

Effluent TSS concentrationwas higher in R2 (Fig. 5); on the 35th
day, a significant increase of suspended solids in R2 effluent was
observed, following a partial breaking of granules. TSS concentra-
tion in the effluent remained stable for about 40 days, then reduced
rapidly while granule strength increased again.

Several reasons for structural granule strength reduction can be
put forward. As previously discussed, R2 granules had a higher inert
fraction content, as well as a lower density. As observed by Ismail
et al. (2010), under strong saline conditions, Naþ ions replace
Ca2þ ions in the bio-aggregate matrix, so although granules are
distinctly bigger, they become weaker and their density reduced.
Moreover, the inclusion of oil droplets within the granules resulted
in the reduction of the density of the bio-aggregates. In addition, as
previously discussed, until the 40th day, a significant EPS content
reduction during the extended starvation time was observed. In
fact, EPS were used bymicroorganisms as a substrate source during
the endogenous starvation time. It is worth to note how PN
reduction between the 18th and 70th day coincided with an effluent
suspended solid concentration increase. In addition, after the 70th

day, both PN and PS reduction during the famine phase was lower.
Therefore, it is possible that PN reduction during the starvation
phase is one of the causes of the lower granule density and
consequently of their greater structural weakness. Unfortunately, it
cannot be exactly established which factors were prevalent. It is
probable that all of them have acted synergistically with each other,
determining granule weakening. Since both the salt and oil con-
centration in the influent wastewater were almost stable, it is
possible that the role of EPS, and mainly of proteins, was more
relevant than others. In fact, the increase of protein (PN) content
and the reduction of EPS consumption during the famine period
observed after the 58th day, resulted in a higher granule
compactness, as proved by less sludge washout.

These results confirm that the granulation process was more
rapid when sludge was fed with industrial wastewater (Liu et al.,
2011); in fact, under the stress generated by the toxic compounds
contained in the industrial wastewater, microorganisms secreted
more EPSs (data discussed below), which accelerated the aggre-
gation process. However, the granules were structurally less stable
and they were therefore more susceptible to flaking.

3.3. Organic carbon, nitrogen and phosphorous removal

In Fig. 6 data related to nutrient removal are shown. In both
reactors, removal efficiency of organic matter was satisfactory.

COD removal efficiency was higher in R1 (Fig. 6a), in which
reached values of about 98%, while in R2 (Fig. 6b) it was slightly
lower (about 88%). Bearing in mind that the main organic carbon
source in R2 was sodium acetate (about 80 percent), it is plausible
that this was almost completely oxidised, while the other organic
components such as hydrocarbons, or rather recalcitrant com-
pounds contained in the real slop, were not completely metabo-
lized by microorganisms. As a result carbon efficiency removal was
low. However, as COD measurements might be affected by high
salinity of samples, direct total organic carbon analysis (TOC), was
also performed (data not showed). TOC removal efficiencies were
about 90%, confirming the results obtained with COD analysis.
Accordingly, high salinity conditions and the presence of hydro-
carbons had no significant effect on the efficiency of organic matter
removal, probably due to previous biomass acclimation.

As for nitrogen, very poor removal was observed in both re-
actors. The authors point out that nitrogen, as well as the efficient
removal of phosphorous were not the main focus of this study.



Fig. 6. Influent, effluent concentrations, and removal efficiency for COD in R1 (a) and R2 (b); influent, effluent concentrations of nitrogen compounds, and removal efficiency for TN
in R1(c); and R2 (d); influent, effluent concentrations, and removal efficiency for TP in R1 (e) and R2 (f).
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However, nitrogen and phosphorous removal might provide sig-
nificant observations regarding granule stratification.

In R1, nitrification efficiency decreased sharply in the first 20
days due to sludge washout, so NH4eN concentration in the
effluent resulted high (Fig. 6c). In the following weeks, nitrification
efficiency slowly increased up to approximately 45% on the 60th

day, when the sludge age stabilized at around 16 days. Ammonium
effluent concentration was about 20 mg l�1 and total nitrogen
removal was a little more than 50%. After the 66th day, a significant
nitrite accumulation in the effluent was observed (over 20 mg l�1),
suggesting that the nitrification process was not complete. Deni-
trification efficiency was very low, due to the small granule di-
mensions (1 mm). Effluent nitrate concentration was medium
4mg l�1. In these conditions in fact, the anoxic layer was quite thin,
with respect to the aerobic layer, especially during the famine
period when the nitrification process occurs. As a result the
simultaneous nitrification/denitrification (SND) process was not
complete (Di Bella and Torregrossa, 2013).
In R2, a minimum nitrification activity was observed between

the 15th and the 39th day (Fig. 6d). Contrary to R1, no nitrite
accumulation occurred. Except for this short period, nitrogen con-
sumption was due to heterotrophic synthesis, so total nitrogen
removal was around 26%.

The low efficiency of nitrogen removal observed in R1 could be
attributed to several causes. As confirmed by other studies, in the
early stage of granulation process, only carbon removal occurred.
Much longer periods, in the order of 60e150 days have been re-
ported for the achievement of high N removal performances
(Lochmatter and Holliger, 2014), due to severe washout occurring
in the first weeks of the granulation process. So N-removal process
may be a lengthy process because nitrifiers are slow growing mi-
croorganisms. In addition, the strong thickening that occurs as a
result of cell adhesion in the first stage of the granulation process
may significantly reduce the oxygen penetration dept within
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granules, with the consequence that a significant amount of nitrite
in the effluent could be observed. As reported byWang et al. (2007),
in aerobic granular sludge ammonium oxidizing bacteria (AOB)
develop more rapidly than nitrite oxidizing bacteria (NOB), hence a
partial nitrite accumulation in the effluent could be observed dur-
ing the granulation process.

In R2 nitrification absence cannot be univocally explained. As
said before, a minimum nitrification activity between the 15th and
39th day was observed, when the sludge age was about 16 days.
However, as previously said, the SRT resulted lower in R2 for most
of the cultivation period. In such conditions, autotrophic microor-
ganism accumulation was difficult to achieve. Therefore, one of the
causes could be the failure to achieve steady state conditions in
terms of solid retention time. This would confirm the greater time
required to remove nitrogen from granular sludge. In addition, it is
also true that high salt concentrations rapidly inhibit NOB micro-
organisms (Bassin et al., 2011), but it is also possible that long term
exposure results in the inhibition of AOB microorganisms. Lastly, as
reported by Hu et al. (2005), AOB may be inhibited by synthetic
organic compounds, therefore it is possible that hydrocarbons
might have inhibited their growth, due to long term exposure. To
better understand this aspect future studies are necessary.

During the early stages of the granulation process phosphorous
efficiency removal was low for both reactors. After 80 and 40 days
respectively, the R1 (Fig. 6e) and R2 (Fig. 6f) granules were suffi-
ciently large, so the anaerobic layer could form, and phosphorous
removal was achieved. At the end of the cultivation period, phos-
phorous removal efficiency was 50% and 80% for R1 and R2
respectively. Phosphorous efficiency removal was higher in R2
despite higher influent salinity. As reported by Pronk et al. (2014),
high chloride concentrations produce a gradual inhibition of Poly-
phosphate Accumulating Organisms (PAOs). However, it was also
observed that the inhibitory effect is not direct. In fact, the inhibi-
tion is due to the presence of high nitrite concentrations, resulting
from the partial nitrification process. According to Pijuan et al.
(2011), free nitric acids have a greater inhibitory effect on PAOs
compared to Glycogen Accumulating Organisms (GAOs), giving a
greater competitive advantage to the latter. Similarly, nitrate
accumulation, resulting from poor denitrification, might inhibit the
PAOs. Hence, if no nitrite or nitrate accumulation occurs, PAOs
could acclimate within the granules, therefore phosphorous
removal could be achieved. Therefore, in R2 the higher phospho-
rous efficiency removal observed with respect to R1, might be due
to nitrite or nitrate absence, caused in turn by autotrophic bacteria
inactivity. In fact, after the 60th day in R1 a large amount of nitrite
and nitrate began to appear in the effluent as a consequence of
partial nitrification and denitrification respectively. Bearing in
mind what has been said before, efficient nutrient removal has not
been the main focus of this work, but its analysis might be used to
form hypothesis about granule stratification.

Based on the previous observations and analytical data, it is
possible to confirm that the R1 granules had three layers (aerobic,
anoxic, anaerobic), while R2 ones had only two (aerobic, anaerobic).
The absence of the anoxic layer on the one hand increased the
depth of the anaerobic one, and on the other, reduced the
competition between the PAOs and GAOs bacteria, improving the
efficiency of phosphorous removal.

3.4. THPs removal

TPHs analysis was performed in R2 when mature granules were
achieved. In Fig. 7a, TPHs concentration and removal efficiency are
shown. Until the 30th day, the removal efficiency of TPHs was about
30%, but it increased to close to 50% on the 55th day, when the
granulation rate reached its maximum value. This is probably
attributable to the physical phenomenon of oil droplet adsorption
within the granules as previously disclosed. After the 55th day, a
considerable increase in the removal efficiency was observed and a
value of 90% on average was reached. As previously observed, after
the 55th day, a slight decrease of both the granulation rate and the
size of the granules was observed, which implied an increase in the
specific area of the granules. This resulted in an increase of the
active sites for hydrocarbon adsorption, hence the efficiency of
physical removal improved. In addition, from the literature it is
known that the EPSs are beneficial for organic pollutant adsorption,
since they have hydrophobic properties (Sheng et al., 2010). Thus,
as the EPSs content was significantly higher, they possibly played a
dominant role in the adsorption process. However, this large in-
crease might be only partially attributed to an improvement in
adsorption capacity of aerobic granules. As reported by Moreira
et al. (2015) aerobic granules show excellent adsorption capacity.
Authors reported that aerobic granules were able to remove about
70% of fluoxetine influent load by adsorption phenomena. However,
under continuous feeding, the adsorption capacity gradually
reduced due to saturation of granules adsorption capacity. Similar
results were obtained by Amorim et al. (2014) in the treatment of
wastewater containing fluoroquinolones (FQs). All these studies
show that the removal of pollutants was rapid in the initial stage,
but gradually decreased with time until reaching an equilibrium,
indicating that the maximum adsorption capacity of granules had
been reached. Therefore, if no biological consumption of adsorbed
compounds occurred, granules gradually lost their adsorption
properties. As a result, if pollutants are mainly removed by
adsorption, efficiency removal gradually decreases to zero. How-
ever, in this study TPHs removal efficiency did not decrease; indeed,
it gradually increased to a steady-state value of about 90%. There-
fore, it is possible that TPHs were removed also biologically,
although its contribution cannot be exactly quantifiable. As
observed by Pendashteh et al. (2012), acclimated microorganisms
are able to remove hydrocarbon compounds. In addition, the same
authors reported that the increase of hydraulic retention time
(HRT) resulted in an improvement in the efficiency of hydrocarbon
removal, due to the higher contact time between microorganisms
and pollutants. It is well known that granular sludge has high
biomass retention due to its dense and compact structure, so a large
number of microorganisms develop within these bio-aggregates.
Moreover, hydrocarbon adsorption inside the granules imply a
longer contact time with microorganisms, promoting their bio-
logical degradation. It is worth noting that from the 30th day
(Fig. 7b) a gradual increase of the ratio between proteins and car-
bohydrates, both evaluated at the end of the famine and feast pe-
riods, was observed. As reported by Zhu et al. (2012),
microorganisms during the feast period degrade readily biode-
gradable substrate and store energy in the form of polymers to
serve as carbon and energy source for endogenous respiration in
the aerobic starvation phase (famine period). Therefore, during the
famine period, a reduction of EPSs, both in protein and carbohy-
drate fractions, generally occurs. The increase of the ratio of both
proteins and carbohydrates evaluated at the end of the famine (PSf,
PNf) and feast periods (PSF, PNF), might be likely due to the
biodegradation of a slowly degradable substrate (hydrocarbons)
during the famine period, that was degraded preferentially instead
of the EPSs. On the basis of these considerations, it is reasonable to
assert that THPs were removed biologically.

4. Conclusions

The granulation process in two GSBAR fed with acetate-based
synthetic wastewater and slops was analysed. Aerobic granules
successfully developed in both reactors, but the granulation time



Fig. 7. TPHs concentrations and efficiency removal (a); time course of proteins and carbohydrates ratios evaluated at the end of famine and feast period (PSf/PSF and PNf/PNF) and
TPHs efficiency removal (b); oil droplet inclusion within the granules (c).
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was different. The granules fed with slops developed more quickly
than others due to major EPS production and to the trapping of oily
particles that increased the sludge hydrophobicity. However they
became slightly unstable due to high Naþ concentration and also to
PN reduction in the long starvation phase. Despite high salinity,
excellent performances in terms of carbon removal were obtained.
Poor nitrification efficiency was observed in R1 during the first 100
days, confirming that longer times are required for the completion
of the process. In R2 a further effect of inhibition due to salinity and
to the presence of hydrocarbon compounds on autotrophic mi-
croorganisms was hypothesized, and nitrification was practically
absent. TPHs were removed both physically and biologically due to
longer contact time, with a removal efficiency of over 90%. The
results obtained suggest that aerobic granulation could be achieved
despite very high salt concentration and hydrocarbon content.
Moreover they seem to accelerate the granulation process.
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