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A B S T R A C T   

In this study, a sequencing batch reactor (SBR) with aerobic granular sludge (AGS) was operated with synthetic 
wastewater containing environmental relevant concentrations of 17β-estradiol (E2), 17α-ethinylestradiol (EE2) 
and sulfamethoxazole (SMX). Despite the presence of the studied PhAC, the granular fraction clearly predomi-
nated (TSSgran/TSS ranging from 0.82 to 0.98) throughout the monitoring period, presenting aggregates with 
high organic fraction (VSS/TSS above 0.83) and good settling characteristics (SVI5 ranging from 15 to 39 mL/ 
gTSS). A principal component analysis (PCA) with quantitative image analysis (QIA) based data allowed to 
distinguish the different operational periods, namely with mature granules (CONT), and the E2, EE2, and SMX 
feeding periods. It further revealed a positive relationship between the biomass density, sludge settling ability, 
overall and granular biomass contents, granulation properties, granular biomass fraction and large granules 
fraction and size. Moreover, a discriminant analysis (DA) allowed to successfully discriminate not only the 
different operational periods, mainly by using the floccular apparent density, granular stratification and contents 
data, but also the PhAC presence in samples. The filamentous bacteria contents, sludge settling properties, 
settling properties stability and granular stratification, structure and contents parameters were found to be 
crucial for that purpose.   

1. Introduction 

It is known that pharmaceutical active compounds (PhAC), namely 
17β-estradiol (E2), 17α-ethinylestradiol (EE2), and sulfamethoxazole 
(SMX), can inflow into wastewater treatment plants (WWTP) resulting 
from different sources, including human excretion, pills production, and 
Human and veterinary activities (Combalbert and Hernandez-Raquet, 
2010; Nieto et al., 2007; Ting and Praveena, 2017). Indeed, E2, EE2, 
and SMX, have already received wide attention due to several ecosystem 
and human health impacts that their presence in the environment pose 
Leal et al., 2020b. The presence of such compounds in surface waters can 
be partially explained by their inefficient removal in full scale WWTP 
including conventional activated sludge (CAS) (Joss et al., 2006). In fact, 

the concentrations of several PhAC usually found in aquatic environ-
ments range from ng L− 1 to μg L− 1 (Ebele et al., 2017), being also found 
in quite toxic concentrations in pharmaceutical industry wastewaters in 
a higher mg L− 1 range (Sanderson et al., 2004; Vergili and Sezin, 2017). 
Thus, this entire range of concentrations could be considered as envi-
ronmentally relevant (Weltje and Sumpter, 2017). 

Sequencing batch reactors using aerobic granular sludge (SBR-AGS) 
have already been used to treat troublesome wastewaters including 
petrochemical, pulp and paper, hypersaline, oily, sulfur-laden, fish 
canning, high strength organic and heavy metals rich effluents (Caluwé 
et al., 2017; Corsino et al., 2016; Farooqi and Basheer, 2017; Hamza 
et al., 2018; Paulo et al., 2021; Wei et al., 2017; Xiong et al., 2020; Xue 
et al., 2017). Regarding the particular case of PhAC, references can be 
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found in literature reporting AGS as suitable for the treatment of 
wastewaters containing E2, EE2, and SMX (Balest et al., 2008; Kang 
et al., 2018; Kent and Tay, 2019; Liu et al., 2019). 

A number of references report that the control of AGS systems could 
be improved by the enlightenment of the aggregates structure, 
morphology and size (Cydzik-Kwiatkowska et al., 2013; Long et al., 
2019; Rusanowska et al., 2019; Verawaty et al., 2013). Quantitative 
image analysis (QIA) has proven to be a suitable tool for the structural 
assessment of biological aggregates in WWTP, such as the identification 
of CAS dysfunctions, including viscous and filamentous bulking abnor-
malities, ferric chloride effect in the morphology and settleability of AS 
systems, among others (Asensi et al., 2019; Mesquita et al., 2011a, 
2011b). QIA techniques have also been employed for monitoring 
anaerobic granular sludge systems (Costa et al., 2010) and more recently 
in assessing mature and stable AGS systems (Leal et al., 2020a). How-
ever, the effect of PhAC on the AGS structure and density is still poorly 
understood. 

Due to the large amount of information provided by QIA, its com-
bined use with chemometric techniques has become increasingly 
important in organizing and extracting relevant information from such 
comprehensive datasets. Thus, different multivariate statistical tech-
niques, including cross-correlation (CC), principal component analysis 
(PCA), decision trees (DT), partial least squares regression (PLS), and 
discriminant analysis (DA), among others, were already successfully 
applied for a number of studies encompassing biological WWT systems 
monitoring (Amaral, 2003; Deepnarain et al., 2019; Kim et al., 2011; 
Leal et al., 2016; Mesquita et al., 2016). 

Taking the above into consideration, the main objective of this work 
was to assess the effect of three different PhAC (E2, EE2, and SMX) on 
the biomass morphology and structure of an SBR-AGS system using QIA 
methodologies. Chemometric (PCA and DA) multivariate statistical 
techniques were employed as an early detection mechanism of possible 
system dysfunctions caused by the presence of the studied PhAC. 

2. Material and methods 

2.1. Experimental setup 

In this work, a 5 L lab scale SBR, was operated at room temperature 
(18–23 ◦C) with AGS for the treatment of a synthetic effluent (De Kreuk 
et al., 2005) containing 1000 mg COD L− 1, 200 mg NH4

+-N L− 1 and 80 
mg PO4

3--P L− 1. Each operational cycle lasted for 6 h encompassing 120 
min of feeding, 232 min of aeration, 3 min of settling and 5 min of 
withdrawal, and a hydraulic retention time of 12 h. Air was supplied at 
7.50 L min− 1 resulting in a superficial air velocity above 1.8 cm s− 1 

during the monitoring period. 
The SBR-AGS was operated for 49 days in the absence of PhAC, 

acting as a control phase. The results of this control experiment (CONT) 
can be found elsewhere (Leal et al., 2020a). Three experiments were 
later conducted in the presence of E2 (0.221 mg L− 1), EE2 (0.278 mg 
L− 1), and SMX (0.290 mg L− 1), dissolved in ethanol, to mimic phar-
maceutical industry wastewaters (Mills et al., 2015). Each PhAC was fed 
every other week, at two separated times during the week, and possible 
system dysfunctions were evaluated. In each experiment, carried out 
sequentially in the same SBR, before the first day of PhAC addition, the 
reactor was operated for 22 days without PhAC for the AGS stabilization. 
All PhAC feeds were protected from light to minimize the compounds 

photodegradation. The main operational phases of the SBR-AGS are 
presented in Table 1. 

2.2. Chemical analysis 

The total and volatile suspended solids for the overall biomass 
(TSStotal and VSStotal), and floccular (TSSfloc, VSSfloc) and granular 
(TSSgran, VSSgran) fractions, as well as the sludge volume index at 5 
(SVI5) and 30 min (SVI30), were determined according to standard 
methods (APHA, 2017). The aggregates density (Dens.) was determined 
with Blue dextran by the method described by (Beun et al., 2002). 

Chemical oxygen demand (COD), ammonium nitrogen (N–NH4
+), 

nitrite (N–NO2
–), nitrate (N–NO3

–) and phosphorus (P) concentrations 
were determined with Hach Lange cell tests (Hach Lange, Dusseldorf, 
Germany). The total inorganic nitrogen (TIN) concentration in the 
influent was assumed to be equal to the ammonium concentration, while 
the TIN in the effluent was determined as the sum of ammonia, nitrite, 
and nitrate concentrations. 

The E2, EE2, and SMX chromatographic analysis of the synthetic 
feeding entering the reactor (INLET), was performed by a Shimadzu 
Corporation apparatus (Tokyo, Japan) consisting of an UHPLC (Nexera) 
with a multi-channel pump (LC-30 CE), an autosampler (SIL-30AC), an 
oven (CTO-20AC), a diode array detector (M-20A) and a system 
controller (CBM-20A) with built-in software (LabSolutions), according 
to (Fonseca et al., 2013; Quintelas et al., 2019). The INLET collected 
samples were centrifuged at 8000g and filtered with 0.2 μm filter prior to 
HPLC analysis. E2, EE2, and SMX (98%) were acquired from Sigma 
Aldrich. Blue dextran was acquired from GE Healthcare Biosciences. 

2.3. Sludge sampling 

A volume of 600 mL of sludge was collected at mid-point depth in the 
reactor, in the beginning of the aeration phase to obtain homogeneous 
and representative biomass samples. The samples were kept under 
moderate agitation conditions to avoid settling and promote the mixture 
between the solid and liquid phases. A 500 μm sieve was next employed 
to separate the granular and suspended (floccular) fractions according to 
(Leal et al., 2020a). For that purpose, 35 mL aliquots were used in the E2 
experiments (initial granular TSS concentrations under 15 g L− 1) and 10 
mL aliquots were used for the EE2 and SMX experiments (initial granular 
TSS concentrations above 15 g L− 1). 

From the floccular fraction, aliquots of 10 μL (in triplicate) were 
collected with a micropipette, with a sectioned tip to allow the larger 
aggregates to flow through, deposited onto a slide and let to air-dry, in 
accordance to (Leal et al., 2020a). Images were then acquired in an 
Olympus BX51 microscope (Olympus, Shinjuku, Japan) and in a Nikon 
Eclipse Ci-L (Nikon Corporation, Tokyo, Japan) in bright field at a total 
magnification of 40 × for the CONT and E2 experiments and 100 × for 
the EE2 and SMX experiments. A total of 150 images (50 image-
s/triplicate) were acquired resulting in a 12,000 flocs/sample average. 

Regarding the granular fraction, the entire set of granules retained in 
the sieve, from the 10 and 35 mL aliquots, were deposited in a Petri dish 
and acquired in an Olympus SZ 40 stereomicroscope (Olympus, Shin-
juku, Japan) at total magnification of 15 × . For the case of the SMX 
experiment, a Leica S8AP0 stereomicroscope (Leica, Wetzlar, Germany) 
was used under a total magnification of 16 × . This resulted in an 
average of 840 granules/sample for the 35 mL aliquots and 394 gran-
ules/sample for the 10 mL aliquots. 

2.4. QIA methodology 

Two previously developed QIA routines were run on the acquired 
images in Matlab 7.8 (The Mathworks, Natick, MA) for the structural 
and morphological characterization of the granular and floccular frac-
tions, respectively. A detailed description of these routines can be found 
elsewhere (Amaral, 2003; Deepnarain et al., 2019; Leal et al., 2016; 

Table 1 
Operational phases of SBR-AGS.  

Operational phase Duration PhAC operational strategies 

CONT 49 days Operation in absence of PhAC 
E2 86 days Feeding of E2 every other week 
EE2 28 days Feeding of EE2 every other week 
SMX 28 days Feeding of SMX every other week  

C.S. Leal et al.                                                                                                                                                                                                                                   
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Fig. 1. Evolution of the TSS and VSS for the granular and floccular fractions for the E2, EE2, and SMX experiments monitoring period. a) TSStotal (floccular+-
granular), b) VSStotal (floccular+granular), c) TSSfloc, d) VSSfloc, e) TSSgran, f) VSSgran, g) TSSgran/TSStotal, h) VSSgran/VSStotal, and i) VSS/TSS. 

C.S. Leal et al.                                                                                                                                                                                                                                   
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Fig. 2. Evolution of the AGS density and settling properties for the E2, EE2, and SMX experiments monitoring period. a) Density, b) SVI5 and c) SVI30/SVI5.  

Fig. 3. Evolution of the percentages in area (for flocs) and in volume (for granules) according to the size class for the E2, EE2, and SMX experiments monitoring 
period. a) F1-%A, b) G1-%V, c) F2-%A, d) G2-%V, e) F3-%A and f) G3-%V. 

C.S. Leal et al.                                                                                                                                                                                                                                   
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Mesquita et al., 2016). 
The collected structural and morphological parameters were the 

aggregate’s projected area (Area or A, for flocs), projected volume (Vol. 
or V, for granules), equivalent diameter (Deq or D), length (L), width 
(W), robustness (Rob.), eccentricity (Ecc.) and convexity (Conv.), among 
others, as well as the total flocs area (TA) per volume and total granules 
volume (TV) per volume. Furthermore, the total filamentous bacteria 
(protruding and free filaments) length per volume (TL), total filaments 
length per total flocs area (TL/TAfloc), total filaments length per TSS (TL/ 
TSSfloc), and total filaments length per VSS (TL/VSSfloc) were also 
assessed. The main parameters determined for the suspended (floccular) 
and granular sludge fractions can be found in section 1 of the supple-
mentary material. A detailed description of these parameters can also be 
found in (Leal et al., 2020a). 

Given their wide size stratification, the flocs were further divided 
into three classes considering its Deq: F1 (<25 μm), F2 (25–250 μm) and 
F3 (>250 μm). For the same reason, three size classes were also 
considered for the granules, again based on the Deq: G1 (<0.25 mm); G2 
(0.25–2.5 mm) and G3 (>2.5 mm). The number percentage (%Nb) for 
both flocs and granules, area percentage (%A) for the flocs, and volume 
percentage (%V) for the granules, were also determined for each size 
class in order to evaluate the dominant size class. The chosen parame-
ters, and size classes, have already been proven to be useful in mature 
AGS monitoring (Leal et al., 2020a). 

2.5. Principal component analysis 

In the current study, principal component analysis (PCA) was per-
formed for the ensemble CONT, E2, EE2, and SMX experiments 
regarding the SBR-AGS physicochemical parameters (with and without 
density) and/or the main QIA morphological parameters of both gran-
ular and floccular AGS fractions. The main objective of the employed 
PCA focused on the establishment of the key interrelationships between, 
and within, the physicochemical and morphological parameters, as well 
as with the found clusters. 

2.6. Discriminant analysis 

Likewise PCA, discriminant analysis (DA) was performed for the 
ensemble CONT, E2, EE2, and SMX experiments regarding the SBR 
physicochemical parameters (with and without density) and/or the 
main QIA morphological parameters of both granular and floccular AGS 
fractions. The main objective of the employed DA focused on selecting 
the best orthogonal combinations of the physicochemical and/or 
morphological parameters, for the separation of each experiment group. 

Matlab 7.8 (The Mathworks, Inc. Natick) was used to perform both 
PCA and DA. A total of 34 observations and 140 variables were 
employed for both analyses when the sludge density was included, 
whereas 28 observations and 139 variables were employed otherwise. 
Ensemble and separate PCA and DA were performed for the floccular 
and granular fractions, as well as for the sludge physicochemical and 
structural properties. 

3. Results and discussion 

3.1. Operational parameters 

The average values of the PhAC concentrations entering the reactor 
(INLET) were similar (0.221, 0.278, and 0.290 mg L− 1 for E2, EE2, and 
SMX respectively). The chemical oxygen demand (COD) removal effi-
ciency was above 91%, throughout the experiments, whereas the total 
inorganic nitrogen removal (TIN) varied from 84% to 100%. On the 
other hand, the total phosphorous (TP) removal was quite poor during 
all experiments, and never surpassing 42.6% in all cases. More data on 
the performance of the SBR-AGS in terms of COD, TIN and TP removal 
efficiencies can be found in section 2 of the supplementary material. 

3.2. Overall biomass characterization 

The SBR-AGS biomass characterization throughout the monitoring 
period, in terms of the TSS and VSS, for the granular and floccular 
fractions, is presented in Fig. 1 for the studied PhAC. 

The total VSS (Fig. 1b) in the E2 experiment presented an average of 
15.6 (±5.0) g L− 1 and the total TSS (Fig. 1a) an average of 17.7 (±5.7) g 

Fig. 4. Evolution of filamentous bacteria contents during the monitoring period a) TL b) TL/TAfloc c) TL/TSSfloc d) TL/VSSfloc.  

C.S. Leal et al.                                                                                                                                                                                                                                   
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L− 1, resulting in a VSS/TSS ratio of 0.88 (±0.03). With respect to the 
EE2 experiment, the total VSS averaged 19.7 (±2.0) g L− 1 and the total 
TSS 20.7 (±2.2) g L− 1, resulting in a VSS/TSS ratio (Fig. 1i) of 0.95 
(±0.01). Slightly higher contents were obtained for the SMX experi-
ment, with the total VSS averaging 23.2 (±1.9) g L− 1 and the total TSS 
averaging 24.4 (±2.0) g L− 1, resulting in a VSS/TSS ratio of 0.95 
(±0.00). The suspended solids (both VSS and TSS) contents at the 
beginning of the E2 experiment were quite lower than for the EE2 and 
SMX experiments due to the fact that the experiments were performed 
sequentially (E2 followed by EE2 and by SMX). Indeed, the reactor 
biomass at the end of each experiment, following a 22 days period 
without PhAC for AGS stabilization, was used for the subsequent 
experiment. The obtained solids contents were found to be similar to a 
hybrid granular sludge system operating under low hydraulic pressure 
(Lang et al., 2015), whereas similar VSS/TSS values were obtained in the 
start-up period of a pilot scale granular sludge reactor treating low 
strength wastewaters (Isanta et al., 2012). 

Both solids (TSS and VSS) contents at the beginning of the E2 
experiment were quite lower than for the EE2 and SMX experiments. The 
VSS/TSS ratio allowed establishing a high, and relatively constant, 
organic fraction of the aggregates, for the EE2 and SMX experiments. On 
the other hand, regarding the E2 experiment this ratio increased during 
the monitoring period until reaching similar values to the EE2 experi-
ment in the end. 

With respect to the granular fraction, the VSSgran (Fig. 1f) in the E2 

experiment averaged 14.3 (±4.6) g L− 1 and the TSSgran (Fig. 1e) 16.1 
(±5.2) g L− 1. These values increased to 19.4 (±2.1) g L− 1 for the VSSgran 
and to 20.1 (±2.2) g L− 1 for the TSSgran, regarding the EE2 experiment, 
and to 22.9 (±2.0) g L− 1 to 23.8 (±2.0) g L− 1, respectively, for the SMX 
experiment. The granular fraction behavior, given its clear predomi-
nance in the total biomass (discussed below), was found to mimic the 
total solids contents. 

On the other hand, for the floccular fraction of the biomass, the 
VSSfloc and TSSfloc (Fig. 1d and c) were somewhat similar, presenting 
lower values (around 3% of the TSS and VSS of total biomass (flocs +
granules)) when compared to the granular fraction throughout the 
monitoring period of the EE2 and SMX experiments, and up until day 34 
of the E2 experiment. From that day onwards they sharply increased and 
become oscillating for this PhAC varying from 4 to 18% of the TSS of 
total biomass (flocs + granules). 

Considering the total biomass (flocs + granules), it was evident that, 
for all experiments, the granular fraction clearly predominated (average 
values above 90% for all experiments), being slightly higher for the EE2 
and SMX experiments, than in the E2 experiment where a small decrease 
could be found. These results might indicate that the E2 caused a more 
pronounced effect in the AGS system compared with the other studied 
PhAC (despite the SVI30/SVI5 value of 1) for this experiment (discussed 
below). 

The SBR-AGS biomass settling characteristics (SVI5 and SVI30/SVI5) 
and density, for the studied PhAC monitoring periods, are presented in 

Fig. 5. PCA with the mature AGS experiment data. a) Operational periods and b) AGS structure, contents and settleability.  

C.S. Leal et al.                                                                                                                                                                                                                                   
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Fig. 2. 
The E2 experiment biomass density (Fig. 2a) averaged 93.4 (±30.9) 

g VSS L− 1 biomass, while for the EE2 averaged 95.1 (±16.4) g VSS L− 1 

biomass. Regarding the SMX experiment, the biomass density was 
higher than for the estrogens, showing an increasing trend throughout 
the monitoring period, and averaging 146.4 (±26.4) g VSS L− 1 biomass. 
The obtained lower density values are within the published studies in 
the literature for AGS pulsed aerated operation and granules disinte-
gration in long term AGS systems operation (Carrera et al., 2019; Yuan 
et al., 2017). On the other hand, the higher values are within the range 
of continuous AGS systems operation when performing nitrification and 
simultaneous biodegradation of p-nitrophenol (Jemaat et al., 2013). 

The E2 experiment SVI5 (Fig. 2b) value averaged 26.4 (±7.7) mL g− 1 

TSS, the EE2 averaged 22.8 (±3.2) mL g− 1 TSS, whilst the SMX pre-
sented a lower value of 17.9 (±1.4) mL g− 1 TSS. In all cases, the pre-
sented values, and variation range, allow to infer, globally, a biomass 
with good settleability characteristics. In fact, similar SVI results have 
already been found for AGS in SBR systems, during the treatment of 
sulfonamides, including SMX and tetracyclines (Liu et al, 2006, 2019; 
Mendes Barros et al., 2021). Taking into consideration that possible AGS 
systems dysfunctions can also be evaluated by monitoring the 
SVI30/SVI5 ratio (Fig. 2c), a quite stable system was observed regarding 
the EE2 and SMX experiments presenting a constant value of 1 (with 
exception of the last day of EE2 experiment resulting in most of the EE2 
data points overlapped by SMX data points in Fig. 2c) and a slight 
instability for the E2 (ranging from 0.93 to 1 and averaging 0.98 ± 0.02). 

Considering the above results, the EE2 presence did not strongly 
affected the high, and relatively constant, organic fraction of the ag-
gregates, nor the granular fraction which clearly predominated. On the 
other hand, the biomass settling ability and aggregates’ density 
decreased from mid-point in the experiment onwards. The E2 presence 
led to the most apparent effect in the SBR-AGS biomass with a slight 
decrease in the organic fraction, biomass settling ability and aggregates’ 

density and a smaller final granular biomass contents, despite the in-
crease in the aggregates organic fraction. On the other hand, the SMX 
presence led to the less pronounced effect, not strongly affected the high 
organic fraction of the aggregates, nor the clearly predominant granular 
fraction. Furthermore, the SMX experiment led to an increase on the 
sludge density, while maintaining a high settleability, and to the larger 
final granular biomass contents. 

3.3. AGS structural characterization 

The evolution of the percentages in area (for flocs) and in volume (for 
granules), according to the size class, in the studied PhAC experiments is 
presented in Fig. 3. Analyzing this figure, the intermediate F2 flocs 
(25–250 μm) class increased and predominated throughout the entire 
EE2 and SMX feeding periods (c), averaging 72.5% (±7.4%) and 64.0% 
(±10.3%) respectively. However, a difference could be found regarding 
the second most representative fractions, namely the small F1 flocs 
(Fig. 3a) (<25 μm) averaging 18.3% (±7.7%) for the EE2 experiment, 
and both the large F3 (Fig. 3e) (>250 μm) (18.4% ± 12.5%) and in-
termediate F2 (17.6% ± 5.8%) flocs for the SMX experiment. With 
respect to the E2 experiment, the intermediate F2 class predominated 
until day 34, and in days 48, 76 and 86, averaging 48.0% (±16.5%), 
whereas the large F3 class predominated from day 38 onwards aver-
aging 42.6% (±18.3%) (last day excluded). 

Furthermore, it could be established that the E2 experiment, apart 
from the first and last days, presented a higher larger flocs fraction, and 
lower intermediate and smaller flocs fractions, than the EE2 and SMX 
experiments. These results could also partially explain the SVI5 and 
SVI30 values for these periods in the E2 experiment. 

Likewise the flocs area percentage, the granular volume percentage 
has also been found relevant in assessing AGS systems (Leal et al., 
2020a), further corroborated in the present study. In all experiments the 
large G3 (Fig. 3f) (>2.5 mm) granules clearly predominated throughout 
the monitoring period, averaging 92.5% (±1.4%), 91.3 ± (3.3%) and 
96.3% (±0.7%) for the EE2, E2, and SMX, respectively. The remaining 
granules mostly belong to the intermediate G2 (d) (0.25–2.5 mm) class, 
averaging 7.5% ± (1.4%), 8.2% (±2.5%) (first day excluded) and 3.7% 
(±0.7%) for the EE2, E2, and SMX, respectively. In all experiments the 
small granules (G1) (Fig. 3b) (<0.25 mm) never surpassed 0.1%. 

No significant differences were found between the granular fractions 
during the E2 and EE2 experiments, both presenting slightly smaller 
granules than the SMX experiment. 

The filamentous bacteria presence in the reactor was evaluated 
through the determination of the TL, TL/TAfloc, TL/TSSfloc and TL/ 
VSSfloc during the monitoring period (Fig. 4). In all cases, the values of 
these parameters were found to be quite lower that the set of values for 
bulking conditions in conventional activated sludge (CAS) (20 m mL− 1 

for TL, 15 mm mm− 2 for TL/TAfloc and 7 m mg− 1 for TL/TSSfloc ac-
cording to (Mesquita et al., 2008). The lowest values were presented by 
the E2 experiment and even for the EE2 experiment filamentous peak, at 
day 13, no bulking conditions could be inferred by the presented values. 
Analyzing the obtained results, the EE2 and SMX experiments presented 
very similar and slightly higher values than the E2 experiment. 

Considering the above results, the studied PhAC presence did not 
strongly affected the (predominantly large) granular structure and, 
despite the EE2 peak at day 13, nor the (low) filamentous contents. On 
the other hand, a slight increasing trend for the intermediate flocs could 
be found by the EE2 and SMX presence, whereas a shift towards the 
larger flocs could be found for the E2 experiment mid-point into the 
experiment which, again, led to the most apparent effect in the SBR-AGS 
biomass. 

3.4. Principal component analysis 

The results of the main performed PCA for the PhAC (E2, EE2, and 
SMX) dataset, including the control (CONT) experiment when feasible, 

Fig. 6. Variable importance for PC1 and PC2, regarding the PCA analysis 
of Fig. 5. 

C.S. Leal et al.                                                                                                                                                                                                                                   
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is next addressed. The PCA addressed the SBR-AGS biomass (filamen-
tous, suspended and granular) structure (assessed by QIA), contents and 
settleability, and was performed both with and without the biomass 
density, since no data regarding this parameter could be obtained for the 
control experiment. 

The PCA performed with the inclusion of the mature AGS experiment 
data, thus excluding the biomass density, is presented in Fig. 5. Solely 
PC1 and PC2 were used in this analysis, given that PC3 (explaining 
10.6% of the original dataset variance) did not present a significant 
improvement in the obtained clusters distinction. 

The results presented in Fig. 5a revealed four naturally occurring 
clusters, corresponding to the control experiment with mature granules 
(CONT) and in the presence of E2, EE2, and SMX, through the use of PC1 
and PC2 (explaining 31.8% and 24.8% of the original dataset variance, 
respectively). The E2 experiment was characterized by presenting pos-
itive PC1 values, with exception of the initial period, and slightly 
negative PC2 values. On the other hand, positive values for PC2 could be 
inferred for the SMX and EE2 operational periods. Moreover, both 
operational periods showed also mainly negative PC1 values. In fact, 
these results could be explained by a somewhat similar biomass 
behavior in terms of morphology and structure during both operational 
periods. In addition, in the bottom left quadrant, the CONT experiment 
was characterized by negative values for both PC1 and PC2. 

With respect to the variables importance shown in Fig. 6, it should be 

stressed that PC1 was positively influenced by the large and total flocs 
contents (F3-TA, F3–Nb, F-TA and F–Nb) and the granules apparent 
density ((VSS/TV)gran and (TSS/TV)gran). These values can be correlated 
to the high flocs contents and higher granules apparent density (data not 
shown) found for the E2 experiment. 

On the other hand, the PC2 was positively influenced by the overall 
and granular biomass (TSStotal, VSStotal, TSSgran, VSSgran and G-TV) and 
large granules (G3-TV and G3-Nb) contents and negatively influenced 
by the SVI5. These results are in accordance with the biomass and large 
granules values during the control experiment with mature granules (the 
lowest among all experiments) and the SVI5 values (the highest among 
all experiments). In addition, the difference between the SMX and EE2 
clusters could be explained by the SMX experiment higher biomass and 
granules contents (TSStotal, VSStotal, TSSgran and VSSgran), higher gran-
ules apparent density ((VSS/TV)gran and (TSS/TV)gran) and slightly 
lower SVI5 values. More data regarding the granules apparent density in 
the CONT, E2, EE2 and SMX experiments, as well as the SVI5 in the 
CONT experiment, can be found in section 3 of the supplementary 
material. 

Regarding the AGS structure, contents and settling properties, pre-
sented in Fig. 5b, the SVI5 and SVI30 were situated opposite to the 
granular biomass (TSSgran and VSSgran) contents. Furthermore, the re-
sults showed a close relationship of the SVI with the total flocs size (F-D 
and F-A, quite dependent on the F1 values), intermediate granules 

Fig. 7. PCA with the AGS physical and QIA data including density. a) Operational periods and b) AGS physical and settling properties.  
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fraction (G2-%V, opposite to G3-%V) and overall and intermediate 
granules regularity (G-Rob, G-Conv, G2-Rob and G2-Conv). In accor-
dance, an opposite behavior was found between these parameters and 
the granular biomass (TSSgran and VSSgran) contents. 

On the other hand, the granular biomass contents were found to 
show a close relationship with the overall biomass (TSStot and VSStot), 
granulation properties (SVI30/SVI5 ratio), granular biomass fraction 
(TSSgran/TSS and VSSgran/VSS), granules (G-Nb) contents and large 
granules fraction (G3-%V) and size (G3-V and G3-D). In accordance, an 
opposite behavior was found between these parameters and the SVI 
values. 

With respect to the floccular biomass (TSSfloc and VSSfloc), the results 
showed a close relationship with the intermediate and large flocs size 
(F2-A, F2-D, F3-A and F3-D) and regularity (F-Rob and F3-Conv). On the 

other hand, an opposite behavior was found regarding the biomass 
organic fraction (VSS/TSS ratio), filamentous bacteria contents per 
floccular biomass (TL/TSSfloc and TL/VSSfloc), overall and intermediate 
flocs irregularity (F-Ecc and F2-Ecc) and small flocs fraction (F1-%A). 

Aiming to understand the biomass density (Dens.) relationship with 
the AGS morphology and structure, a second PCA was performed, 
including this parameter in the dataset (and excluding the CONT sam-
ples that presented no data for this parameter). The main results of the 
second PCA are presented in Fig. 7. Solely PC1 and PC2 were used in this 
analysis, given that PC3 (explaining 7.4% of the original dataset vari-
ance) did not present a significant improvement in the obtained clusters 
distinction. 

Analyzing Fig. 7a three naturally occurring clusters can be clearly 
found, representing the three (E2, EE2, and SMX) experiments, by the 
use of PC1 and PC2 (explaining, respectively, 40.2% and 19.9% of the 
original dataset variance). The E2 experiment is characterized by posi-
tive PC1 values, contrary to the EE2 and SMX. Regarding the EE2 
experiment, both PC were found to be negative, whereas the SMX 
experiment presented negative PC1 values but positive PC2 values. 
Again, the EE2 and SMX experiments are not too far apart in the PCA 
analysis, explained by a somewhat similar biomass behavior in terms of 
morphology and structure during both operational periods. 

Regarding the variables importance, shown in Fig. 8, the most rele-
vant variables for PC1 were found to be the large, intermediate and total 
flocs regularity (F3-Rob, F2-Rob, F2-Conv and F-Conv) and large flocs 
contents (F3-TA), with a positive influence. On the other hand, with a 
negative influence, the most important are the total and large granules 
contents (G-TV, G3-TV and G3-Nb) and the flocs apparent density ((TSS/ 
TA)floc). These results confirm, and add, to the previous analysis, and can 
be related to the high flocs contents (at the expense of the granules 
contents) and overall flocs regularity (though presenting lower apparent 
density) in the E2 experiment (data not shown). 

Regarding PC2, the most important variables were found to be the 
total and small granules contents (TSStotal, TSSgran, G1-TV and G1-Nb), 
with a positive influence. In fact, these results are in accordance with 
the presence of significant small granules contents in the SMX and sec-
ond part of the E2 experiments. Although somewhat conflicting, the 
total and intermediate granules structure (G-Ecc, G-Rob, G2-Ecc, G2- 
Rob and G2-Conv) could be also found important for PC2. Interestingly, 
with the absence of the CONT samples, the biomass settling ability and 
the large granules contents lost some significance regarding the most 
important PC. 

Taking into consideration Fig. 7b, some interesting results can be 
inferred, namely regarding the biomass density, which can be positively 
related to the granular biomass contents (TSSgran, VSSgran) and nega-
tively to the SVI5 and SVI30. The granular biomass contents and overall 
density correlate with the overall biomass (TSStotal and VSStotal) and 

Fig. 8. Variable importance for PC1 and PC2, regarding the PCA analysis 
of Fig. 7. 

Fig. 9. DA with AGS and QIA data, excluding density, for PhAC addition discrimination.  
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granules (G-Nb) contents, large granules fraction (G3-%V), small flocs 
fraction (F1-%A) and the large flocs regularity (F3-Rob). In accordance, 
an opposite behavior was found between these parameters and the SVI. 

On the other hand, the AGS settling properties (SVI5 and SVI30) were 
found to correlate positively with the intermediate granules fraction 
(G2-%V, opposite to G3-%V), intermediate flocs size (F2-D and F2-A) 
and granules regularity (G-Rob, G-Conv, G2-Rob, G2-Conv and G3- 
Conv). In accordance, an opposite behavior was found between these 
parameters and the granular biomass contents and overall density. 

With respect to the floccular biomass contents (TSSfloc and VSSfloc), 
the results showed a close relationship with the overall, small and in-
termediate flocs contents (F-TA, F–Nb, F1-TA, F1–Nb, F2-TA and F2–Nb) 
and overall, intermediate and large flocs regularity (F-Conv, F-Rob, F2- 
Conv, F2-Rob and F3-Conv). On the other hand, an opposite behavior 
was found regarding the flocs apparent density ((VSS/TA)floc), small 
flocs size (F1-A), intermediate flocs irregularity (F2-Ecc), filamentous 
bacteria contents (TL, TL/TSSfloc and TL/TAfloc) and granular biomass 
fraction (VSSgran/VSS, opposite to the flocs biomass fraction). 

Comparing the obtained results with the former PCA analysis, the 
establishment of the parameters influencing the overall density, 
including the small flocs fraction and large flocs irregularity, and the 
importance of the intermediate flocs size on the AGS settling properties 
is of notice. Furthermore, it could also be inferred a correlation of the 
floccular biomass with the flocs contents (projected area and number) 
and flocs biomass fraction (although indirectly). 

3.5. Discriminant analysis 

Likewise PCA, DA was also performed for the PhAC (E2, EE2, and 
SMX) dataset, including the control (CONT) experiment when feasible, 
addressing the SBR-AGS main physical properties and the morphological 
and structural parameters obtained by QIA. Again, the DA was per-
formed both with and without the biomass density, since no data 
regarding this parameter could be obtained for the control experiment. 
The main results of the performed DA, aiming to discriminate the 
samples with and without PhAC addition (undiscriminating the E2, EE2, 
SMX, and CONT experiments), are presented in Fig. 9. 

The obtained results revealed an overall discrimination of 94.1% 
between the operational days with and without PhAC addition, 
reflecting a 100.0% accuracy for the samples with PhAC addition and 
92.0% without. The most important variables were found to be related 
to the filamentous bacteria presence (TL and TL/TSS), settling ability 
(SVI5), small and intermediate granules fraction (G2-%V and G1-%Nb) 
and small flocs contents (F1–Nb). Indeed, significant differences were 
found for most of these parameters between the two operational periods, 
particularly for the EE2 and SMX experiments, with the PhAC addition 
leading to higher SVI and lower intermediate granules fraction and 
filamentous bacteria contents (data not shown). 

In a similar way to the previous DA study, and based on the current 
dataset, another DA was performed aiming to isolate the samples with 
and without PhAC addition (undiscriminating the E2, EE2, and SMX 
experiments), being presented in Fig. 10. 

The obtained results showed an overall discrimination of 96.0% 
between the operational days with and without PhAC addition, 
reflecting again a 100.0% accuracy for the samples with PhAC addition 
and 93.8% without. The most important variables were found to be 
related to the filamentous bacteria presence (TL), settling properties 
stability (SVI30/SVI5), large granules regularity (G3-Conv) and small 
granules contents (G1-Nb). These results can be explained by the lower 
filamentous bacteria and small granules contents in the PhAC addition 
experiments (data not shown). 

4. Conclusions 

The AGS, despite the presence of the studied PhAC, presented a 
predominant granular fraction, consisting mainly of large (>2.5 mm) 
granules, a high organic fraction and density, and good settling char-
acteristics. The performed PCA allowed to clearly distinguish, the four 
operational periods and revealed a positive relationship between the 
biomass density, sludge settling ability, overall and granular biomass 
contents, granulation properties, granular biomass fraction and large 
granules fraction and size. Regarding the floccular biomass, the results 
showed a close relationship with the flocs contents, size and regularity, 
and opposing the biomass organic fraction, granular biomass fraction 
and filamentous bacteria contents. Furthermore, the small flocs fraction 
and large flocs regularity seem to also play a positive role in the biomass 
density, contrary to the intermediate (and overall) granules regularity, 
which seem to have unfavored the sludge settling ability. 

The performed DA, allowed for a successful identification (around 
95%) between the operational days with and without PhAC addition. 
The most important variables were found to be related to the filamen-
tous bacteria contents, sludge settling ability and stability, large gran-
ules regularity, granules fraction and small flocs and granules contents. 
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Biochemical conversions and biomass morphology in a long-term operated SBR with 
aerobic granular sludge. Desalin. Water Treat. 51, 2261–2268. https://doi.org/ 
10.1080/19443994.2012.734695. 

De Kreuk, M.K., Heijnen, J.J., Van Loosdrecht, M.C.M., 2005. Simultaneous COD, 
nitrogen, and phosphate removal by aerobic granular sludge. Biotechnol. Bioeng. 90, 
761–769. https://doi.org/10.1002/bit.20470. 

Deepnarain, N., Nasr, M., Kumari, S., Stenström, T.A., Reddy, P., Pillay, K., Bux, F., 2019. 
Decision tree for identification and prediction of filamentous bulking at full-scale 
activated sludge wastewater treatment plant. Process Saf. Environ. Protect. 126, 
25–34. https://doi.org/10.1016/j.psep.2019.02.023. 

Ebele, A.J., Abou-Elwafa Abdallah, M., Harrad, S., 2017. Pharmaceuticals and personal 
care products (PPCPs) in the freshwater aquatic environment. Emerg. Contam. 3, 
1–16. https://doi.org/10.1016/j.emcon.2016.12.004. 

Farooqi, I.H., Basheer, F., 2017. Treatment of Adsorbable Organic Halide (AOX) from 
pulp and paper industry wastewater using aerobic granules in pilot scale SBR. 
J. Water Process Eng. 19, 60–66. https://doi.org/10.1016/j.jwpe.2017.07.005. 

Fonseca, A.P., Cardoso, M., Esteves, V., 2013. Determination of estrogens in raw and 
treated wastewater by high-performance liquid chromatography-ultraviolet 
detection. J. Environ. Anal. Toxicol. 1–5. https://doi.org/10.4172/2161- 
0525.1000203, 04.  

Hamza, R.A., Sheng, Z., Iorhemen, O.T., Zaghloul, M.S., Tay, J.H., 2018. Impact of food- 
to-microorganisms ratio on the stability of aerobic granular sludge treating high- 
strength organic wastewater. Water Res. 147, 287–298. https://doi.org/10.1016/j. 
watres.2018.09.061. 
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