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and process control purposes. In this work, a sampling methodology is validated for

Keywords: the assessment of the ensemble granular and floccular biomass, by quantitative image
Quantitative image analysis analysis, in the presence of pharmaceutically active compounds, including 17 8-estradiol
Aerobic granular sludge and 17«-ethinylestradiol and the sulfamethoxazole. The employed sampling volumes
Structural descriptors were found to be adequate in obtaining a representative number of granules for all
Pharmaceutically active compounds samples. Indeed, it was always obtained a variation lower than 5% in the average and
Methodology validation standard deviation criterion of the main size, morphological and structural parameters.

Moreover, it was also assessed the performance of the sieving process in successfully
separating the granular and floccular biomass fractions and established a lower bound
fraction size cut-off for the employed sieve. In addition, the continuity of the performed
methodology and the image acquisition triplicates approach could also be validated.
The ability of the proposed QIA procedure to monitor the studied AGS system was
corroborated by the fact that 95% of the samples were able to be classified in the correct
group (proof of concept).
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1. Introduction

Aerobic granular sludge (AGS) is considered a promising technology for wastewater treatment, being compact,
cost-effective, highly resistant to toxic compounds and potentially capable to remove nutrients, toxic, and recalcitrant
compounds. For that reason, AGS is now replacing activated sludge systems in several countries (Bengtsson et al., 2019;
Maszenan et al., 2011; Nancharaiah and Kumar, 2017). As the obtained aggregates dimensions were found to be important
for process control, granular size assessment of the aerobic granules is gaining increasing attention (Long et al., 2019;
Verawaty et al,, 2013; Zhang et al,, 2015). Literature can be already found reporting the relevance of optimizing size
granules distribution in such reactors (Zhou et al.,, 2016). Other studies revealed that a granule-sized based discharge
could enhance the stability and control of AGS processes (Li et al., 2006; Sheng et al., 2010; Zhu et al., 2013). Also, it
was previously found that the granules size can influence the performance of, particularly, phosphorous and nitrogen
compounds’ removal from wastewaters in a sequencing batch reactor (SBR) (Li et al., 2019). More recently, the granules
size was found to be correlated with the content and composition of extracellular polymeric substances in AGS systems
(Rusanowska et al., 2019) and relevant for membrane fouling monitoring in membrane bioreactors (Zhang and Jiang,
2019).

The stability of the AGS process is dependent on the balance between the floccular and granular fractions in the system
(Ageel et al,, 2019). Moreover, several studies could be found in literature relating to sludge fractionation, including
the use of different sieves size and different sludge volumes for fractions separation (Cheng et al., 2018; Jahn et al,,
2019; Pronk et al., 2015). In this sense, the application of techniques for both flocs and granules specific morphological
and structural assessment is of major interest. In fact, several methods in literature already report the assessment of
AGS structure directed to granules: (i) freezing microtome sections; (ii) dissolved oxygen (DO) microelectrode (to assess
microbial density in granules through DO profiles in the granules); (iii) confocal laser scanning microscopy (CLSM); (iv)
ultra-high-field NMR; as well as for separated flocs and granules fractions; and (v) magnetic resonance imaging (MRI)
(Kirkland et al., 2020; Li et al., 2014; Ranzinger et al., 2020). Quantitative image analysis (QIA) can be considered a less
invasive technique when compared to DO microelectrode and freezing microtome sections methods. When compared
with NMR and MRI, QIA is able to provide a more in-depth analysis of the aggregates structure and morphology.

In this sense, QIA is an objective, time and cost-effective methodology that has already been applied to monitor
disturbances in anaerobic granular sludge (Costa et al.,, 2010). Recently, QIA coupled with chemometric analysis, was
successfully used for mature and stable AGS systems’ monitoring, evaluating both granular and suspended (floccular)
biomass (Leal et al., 2020b). However, studies encompassing the validation of these techniques, in terms of floccular
and granular continuity under transient conditions (after fractions separation by sieving), mainly in the presence of
pharmaceutically active compounds (PhAC), are still unexplored.

Taking the above into consideration, the main objective of this work is to evaluate the representativeness of a QIA
based methodology for the assessment of the size, morphology and structure of aerobic granules in the presence of
the 178-estradiol (E2) and 17«-ethinylestradiol (EE2) steroid estrogens and the sulfamethoxazole (SMX) antibiotic. The
studied PhAC were selected based on the increasing environmental and human health concern of steroid estrogens and
sulfonamides (Leal et al., 2020a). It is known that one of major sources of E2, EE2, and SMX in surface (and ground)
waters is related to the inefficient removal of these compounds by conventional biological wastewater treatment systems
(including activated sludge). Thus, the assessment of the morphological and structural changes in floccular and granular
AGS fractions in the presence of E2, EE2, and SMX can be considered of major interest. Four different experiments,
including a mature granules experiment (CONT), were encompassed in order to validate the continuity, adequateness
and robustness of the proposed methodology for a wide variety of granular and floccular aggregates separated with a
500 wm mesh sieve.
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2. Material and methods
2.1. Reactor operation

A 5L SBR was operated with AGS for the treatment of a synthetic wastewater containing 5.168 g L~! of C;H30,Na-3H,0;
0.887 g L1 of MgS04-7H,0; 0.35 g L~! of KCI; 0.596 g L~! of Na;HPOQy; 0.286 g L~! of KH,PO4; 1.894 g L™! of NH,4CL. A
volume of 10 mL L~! of a trace elements solution was added containing 1.5 g L~! of FeCl;-6H,0; 0.15 g L~! of H3BO5; 0.03
g L1 of CuS04-5H,0; 0.18 g L' of KI; 0.12 g L~! of MnCl,-4H,0; 0.06 g L~! of Na,M00.2H,0; 0.12g L~! of ZnS04-7H,0,
and 0.15 g L~! of CoCL,-6H,0 (adapted from (De Kreuk et al., 2005). Moreover, 2 mg L~ of each studied PhAC was
also fed into the reactor, alongside the high strength synthetic wastewater, for the corresponding experiment to mimic
pharmaceutical industrial wastewater.

In order to characterize the mature granules, a prior experiment was conducted for 49 days in the absence of PhAC,
acting as a control (CONT). Furthermore, the inoculated biomass was set to acclimate for a period of 86 days before the
E2 experiment data collection and 28 days before the EE2 and the SMX experiments. Each operational cycle in the SBR
lasted for 6 h encompassing 120 min of feeding, 232 min of aeration, 3 min of settling and 5 min of withdrawal, with
a hydraulic retention time of 12 h. Care was taken to allow the AGS attaining somewhat similar characteristics, mainly
in terms of the overall removal performance and granular biomass (fraction and large granules size), in the beginning of
the monitoring period for all experiments (CONT, E2, EE2, and SMX). For that purpose, the AGS was allowed to recover to
the initial steady-state conditions, between experiments, for a period of roughly one month without any PhAC addition.
The SBR was operated at room temperature (18-23°C), with an air flow of 7.50 L min~', resulting in a superficial air
velocity kept above 1.8 cm s~! allowing to keep the granules mixture in suspension during the monitoring period. The
experimental setup, encompassing the sludge sampling methodology can be found in the supplementary material.

2.2. Sludge sampling and image acquisition

It is known that the AGS collected from within the reactor is not exempt of representativeness issues regarding its
structural analysis, particularly at laboratory scale. With the aim of minimizing this problem the following sampling
methodology was proposed. A sludge volume of 600 mL was collected at mid-point depth in the reactor, in the beginning
of the aeration stage, at regular time intervals, to obtain homogeneous and representative biomass samples. Furthermore,
the sludge bed volume per sample volume (SBD/SV) on the collected samples was also surveyed in order to be proportional
to the SBD/SV on the reactor, with the sampling procedure being repeated otherwise (Pronk et al., 2014). These samples
were kept under low agitation conditions to avoid settling and promote the mixture between the solid and liquid phases,
on one hand, and to avoid changes in the sludge morphology and structure by high shear stress conditions, on the other.
Such a high sampling volume (12% of the reactor volume) was collected to avoid representativeness issues. Furthermore,
the aliquots were collected with a micropipette with a sectioned tip (allowing larger aggregates to flow) for the separation
of fractions prior to the QIA procedure, and the remaining volume was reintroduced in the reactor.

The separation of the granular and suspended (floccular) mature AGS was obtained using a 500 wm sieve, allowing
for the floccular aggregates to pass through, and with the retained granules carefully picked up by rinsing with distilled
water (Leal et al., 2020b) to avoid physical disruption. Care was also taken to avoid the formation of a filtration cake by
carefully pouring the sampled volume throughout the available filtration area. This procedure was employed with the aim
of minimizing possible alterations in the biomass morphology and structure during the physical handling. The granular
fraction total suspended solids (TSS) were determined according to standard methods (APHA, 1998).

Aliquots of a standardized volume were employed for the granules QIA analysis, based on the TSS of the granular
fraction. For samples with TSS lower than 15 g L™, a 35 mL sample aliquot was used, whereas for TSS higher than 15 g
L1, a 10 mL aliquot was employed, in order to avoid significantly incrementing the time spent on image acquisition. The
separated granular biomass fraction was further deposited in a Petri dish. Images from the entire set of granules present
in each aliquot volume were acquired using an Olympus SZ 40 stereomicroscope (Olympus, Shinjuku, Japan) under a total
magnification of 15x. For the particular case of the SMX experiment, a Leica S8APO stereomicroscope was used under a
total magnification of 16x. The number of acquired granules averaged from 840 (£ 380) for the 35 mL aliquots to 394
(£ 104) for the 10 mL aliquots.

Regarding the suspended (floccular) biomass, aliquots of 10 L (in triplicate) were collected with a micropipette, with
a sectioned tip to allow larger aggregates to flow through, deposited onto a slide and let to air-dry. Images were further
acquired in bright field microscopy with an Olympus BX51 microscope (Olympus, Shinjuku, Japan) or a Nikon Eclipse Ci-L
(Nikon, Minato, Japan) under a total magnification of 40x for the CONT and E2 experiments and 100x for the EE2 and
SMX experiments, resulting in a total of 150 images (average of 11,200 flocs) per sample.

2.3. Quantitative image analysis methodologies

The employed QIA methodology was based on the identification and characterization of the aerobic granular and
floccular biomass using the previously developed routines, run on Matlab 7.8.0 (The Mathworks, Natick, MA). A more
detailed description of the employed QIA methodology can be found in (Amaral, 2003).

3
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The QIA routine for the granules identification first performs a background correction (with or without the use of a
previously acquired background image) to correct for non-uniform light differences. A contrast enhancement step is next
performed, based on a Canny edge detection algorithm, to sharpen the granules edges and facilitate border recognition.
Granules segmentation is then achieved based on a thresholding algorithm, to separate them from the background.
Debris elimination is the subsequent step and is based mainly in a size morphological opening operation. The minimum
equivalent diameter for a granule not to be considered debris, or floccular material trapped in the sieve, was set to 175 pm,
considering the limitations posed by the higher magnification used for the granules image acquisition, which did not allow
to accurately identify and characterize aggregates below this threshold. The proposed cut-off resulted in less than 2% of the
acquired aggregates (in the granular fraction) falling below this threshold making it suitable for monitoring purposes. The
segmented granules image is then stored, coding the granules entirely within the image limits as 1, the granules cut-off
by the image borders as 0.5, and the background as 0. The main steps of QIA methodology for the granules identification
can be found in the supplementary material.

With respect to the QIA routine for the flocs identification, following an initial background correction, a histogram
equalization and a low pass filter are next applied to enhance the aggregates borders. Flocs segmentation is then achieved
using a thresholding algorithm, followed by debris elimination considering a size based morphological operation. The
minimum equivalent diameter for a floc to not be considered debris was set to 9 wm, taking also into account that smaller
structures are likely to be composed by a number of bacterial cells hardly composing a full floccular structure. As for the
granules, the segmented flocs image is then stored, coding the flocs as well.

The QIA based morphological characterization routine was next performed on the resulting images of the identification
step and allowed for the determination of each granule and floc equivalent diameter (calculated from the projected area),
length, width, convexity, eccentricity, and robustness parameters used in this analysis. Further information regarding the
parameters’ calculation can be found in (Amaral, 2003).

2.4. Decision trees

A decision tree (DT) feeds an input data matrix to a series of consecutive queries to predict a given output (group
allocation) vector (Breiman et al., 1984). The size of the tree (branches number) should be carefully selected to avoid
overfitting the output data, which can be accomplished by pruning using k-fold cross-validation (Krzywinksi and Altman,
2017).

In the current work, DT was performed for the ensemble CONT, E2, EE2, and SMX experiments regarding the sample
representativeness parameters for the monitoring of the AGS morphology and structure in the presence of PhAC. The
main objective of the employed DT focused on assessing the sample representativeness parameters adequateness for the
proposed monitoring purposes. Matlab 7.3 (The Mathworks, Inc. Natick) was used for DT calculations.

2.5. Runs test

A statistical runs test (Bradley, 1968) was applied to the granules QIA, data obtained for each day of the different
experiments, in order to determine the corresponding z-value. An «-value of 0.05 (95% confidence) was used, and the
obtained z-values were compared with the Critical z-value (1.96) for that «-value. It can be assumed that the data exhibits
random behavior for a z-value below 1.96, exhibiting nonrandom behavior otherwise. For that purpose, a runstest was
used in Matlab 7.3 (The Mathworks, Inc. Natick) for the number of up or down runs on the sequence of observations of
the granules QIA parameters to test the hypothesis that the values appear in random order.

3. Results and discussion
3.1. Compliance of the sample volumes for the AGS characterization

First, an evaluation of the employed aliquot volumes adequateness was performed, regarding the representativeness
of the monitored number of granules, for the assessment of the size, morphology, and structure of the AGS. In accordance,
the evolution of the granular TSS contents in the reactor, during the different experiments, is presented in Fig. 1.

For the experiments with a granular fraction TSS under 15 g L~! (CONT and E2), a 35 mL aliquot was used, whereas
when the TSS was above 15 g L~! (EE2 and SMX) a 10 mL aliquot was employed. The reduced volume employed for the
experiments presenting larger granular TSS was due to the fact that, for higher biomass contents, the 35 mL aliquots lead
to the acquisition of an excessive number of granules, significantly incrementing the time needed for image acquisition.

First, the sequence of observations of the granules QIA parameters was tested (up and down runs test) for the
hypothesis that the values appear in random order. The obtained results confirmed that, with the exception of 16
out of 234 (6.8%) datasets regarding the parameters used in this analysis (and 3 out of the 39 for the diameter), a
completely random behavior was observed (z-value below 1.96). Next, the averages and standard deviation values of
the selected parameters for sample representativeness (equivalent diameter, length, width, convexity, eccentricity, and
robustness) were determined throughout an increasing number of monitored granules (unitary steps) and compared with
the respective average and standard deviation values for the entire granules number and each studied sample. A variation

4
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Fig. 1. Granular TSS for each studied sample.
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Fig. 2. Average and standard deviations criterion values behavior, for the granules diameter, with the granules number increase, for the first monitored
day of the EE2 experiment.

lower, or equal, to 5% in the average and standard deviations (regarding the entire number of granules) was considered
as the goal for the aliquot sample representativeness. As an example, the behavior of the average and standard deviations
criterion values for the granules diameter, throughout the increasing number of included granules of the EE2 experiment,
is presented for the first monitored day in Fig. 2.

Thereafter, the minimum number of granules that allowed for the average value and standard deviation value
criterion to drop below 5% (0.05 difference) regarding the entire granules number was determined for all experiments.
In accordance, the number of monitored granules, and the minimum representative number of granules according to the
average and standard deviation criterion, is presented in Fig. 3a), and the complying interval data is presented in Fig. 3b).

Analyzing Fig. 3a) it can be inferred that, according to the average and standard deviation criterion, the employed
aliquot volume allowed for a representative sample for all cases and regarding the entire studied parameters. For the CONT
and E2 experiments (35 mL aliquot), a variation of less than 5% in the average and standard deviation values, regarding
the entire number of granules, was obtained for an average of 570 granules (with a complying interval averaging 150
granules). That is, the number of acquired granules was, on average, 150 granules higher than the minimum number
needed to be representative. Regarding the EE2 and SMX experiments (10 mL aliquot), the necessary number of granules
averaged 273 granules (with a complying interval averaging 55 granules).

Taking the above into consideration, it can be inferred that the methodology used to select the granular fraction
aliquot volumes, for all cases, was found to be adequate for the QIA assessment of AGS under the employed conditions.
Furthermore, it could also be established that the standard deviation criterion was more stringent needing, on average,
18.0% more granules to be complied than the average criterion.

5
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Fig. 3. Total monitored granules and (a) minimum representative number (nb) of granules; (b) complying intervals, according to the average and
standard deviation criterion.

With respect to the floccular biomass fraction, the employed methodology has already been proven representative in
previous studies (Mesquita et al., 2010a,b).

3.2, Granular and suspended (floccular) fractions sieving

With the objective of determining the effectiveness of the sieving (500 wm mesh) biomass separation, the size
distribution of the granular and suspended (floccular) fractions was studied. For that purpose, the aggregates above and
below 250 wm in equivalent diameter (simultaneously the studied largest floccular fraction and smallest granular fraction)
of the granular and floccular fractions were compared and are presented in Fig. 4. The floccular biomass fraction (passing
through the 500 wm sieve) overwhelmingly presented aggregates below 250 pm in diameter. On the other hand, with
respect to the granular fraction, in some cases a significant percentage (15.5% + 9.9%) consisted on aggregates with an
equivalent diameter below 250 wm trapped in the sieve. As a result, when considering the granular fraction, as well as
for the floccular fraction, the granules separation into size classes is paramount for further enlightenment.

Taking the above into consideration, the granular biomass characterization was, thereafter, performed in three different
size classes, namely: below 250 wm (in equivalent diameter) - G1; ranging from 250 to 2500 wm - G2; and above 2500 um
- G3. Concurrently, also for the floccular biomass it has been already proven that its stratification in size classes is of
major importance towards their characterization (Mesquita et al., 2011). In accordance, three different size classes were
also employed: below 25 wm (in equivalent diameter) - F1; ranging from 25 to 250 pwm - F2; and above 250 um - F3.

A stratification analysis (Fig. 5), regarding the smallest size class (< 250 wm) of the granules collected in the 500 pwm
sieve (granular biomass fraction), subjected to the 175 m (debris) cut-off value, allowed to establish a predominance of
the 175-200 wm class for all experiments, followed by the 200-225 pm. On the other hand, for most experiments, the
percentage of aggregates retained in the sieve below 175 pm was negligible (<2%). From this analysis, it seems clear a
large distribution of size ranges (even quite below 250 um) for the aggregates quantified as granules (trapped by the
employed sieve).



C. Leal, A. Val del Rio, E.C. Ferreira et al. Environmental Technology & Innovation 23 (2021) 101639

100
90
80
70
60
50
40
30
20
10

0

Granular fraction percentage

0 14 28 42 3 29 38 48 58 66 76 86 O 8 18 28 0O 8 18 28

Floccular fraction percentage

0 14 28 42 3 29 38 48 58 66 76 8 O 8 18 28 0O 8 18 28
CONT E2 EE2 SMX
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Fig. 5. Stratification analysis presenting the percentage of the aggregates (quantified as granules) below 250 pm collected in the 500 jwm sieve.

Addressing the continuity analysis, upon determining the flocs distribution within the same range (175 to 250 wm), and
comparing with the one obtained for the granules, it results clear a similitude between both fractions. In fact, the 175 to
200 pm size class was predominant for both aggregates (Table 1) (47.3% to 54.8% for the ensemble), followed by the 200 to

7



C. Leal, A. Val del Rio, E.C. Ferreira et al. Environmental Technology & Innovation 23 (2021) 101639

Table 1
Aggregates number percentage with respect to the size ranges for the granular and floccular fractions
within 175-250 pm.

Fraction Aggregates number percentage
175 - 200 pwm 200-225 wm 225-250 wm

CONT 525 28.6 18.9
E2 43.5 32.1 24.4

Granules EE2 40.5 33.2 26.3
SMX 52.7 29.1 18.2
All* 47.3 30.7 220
CONT 50.6 314 18.0
E2 59.2 28.2 12.7

Flocs EE2 55.2 322 12.6
SMX 54.4 338 11.8
All* 54.8 314 13.8

2Encompasses all the CONT, E2, EE2 and SMX aggregates within the corresponding size range.

225 pm size class (30.7% to 31.4%) and finally by the 225 to 250 pwm size class (13.8% to 22.0%). Considering the similitude
of the three studied size fractions in the lower bound of the granular biomass with the same size fractions of the floccular
biomass, this suggests a good agreement between the two acquisition methodologies (flocs and granules), ensuring a
continuity in the aggregates determined by them, which reinforces the adequateness of the combined methodology
regarding the monitoring purposes.

3.3. Image acquisition triplicates analysis

For both granular and floccular fractions, triplicates were acquired and processed by QIA. The obtained results of
these triplicates were, thereafter, used to determine the average and standard deviation for each experiment sample. The
validation of this approach was performed taking first into account the aggregates diameter parameter and later expanded
to the most representative parameters. Accordingly, the average diameters and standard deviations for all experiments
and size classes are presented in Fig. 6. Analyzing the obtained results, it could be established that the standard deviations,
with a few exceptions (day 38 of the E2 experiment and day 18 of the SMX experiment, due to the large flocs — F3 low
presence, and day 7 of the CONT experiment and days 13 to 28 of the EE2 experiment, due to the low small granules
— G1 range), do not encompass, nor significantly affect the validity of the variation found in the parameters.

When normalized by the variation range of the diameters average (for each experiment and size class, represented in
Fig. 7) the standard deviation represented, on average, solely 16.6% of the diameters range variation for the CONT, 11.7%
for the E2, 15.8% for the EE2 and 15.5% for the SMX experiments, resulting in a 14.3% average overall. Furthermore, both
the granular and floccular biomass were for the most part in accordance, in average terms, with this behavior, attaining
12.1% for the flocs and 16.5% for the granules. With respect to the different studied size classes, the smaller granules (G1)
followed by the larger floccular (F3), and granular (G3) aggregates presented the larger standard deviation (24.3%, 19.5%,
and 16.4%, respectively) on the aggregates diameter, due to the following main factors: i) the size range within the smaller
granules (175-250 pwm) is, comparably, the tighter range of all classes; ii) the larger aggregates are not bounded by an
upper limit, with the exception of the image size itself; and iii) the aggregates number of the larger aggregates, within
each aggregates type, is the lowest, thus leading to more discrepancies. On the opposite, and given their high numbers,
the smaller F1 flocs presented the lowest standard deviation (7.2%).

With respect to the remaining studied parameters, presented in Table 2, the behavior of each parameter standard
deviation (%), regarding the experiments range, followed the established by the diameter parameter. The average values,
regarding the ensemble size ranges were somewhat similar for the diameter (14.3%), length (13.7%), width (14.4%),
convexity (12.1%), eccentricity (16.0%), and robustness (12.2%). Analyzing in terms of the size fractions, once again the F3
fraction presented the larger values, regarding the ensemble, within the flocs (ranging from 14.8% in convexity to 20.7% in
width) and the F1 fraction the lowest values (ranging from 5.8% in robustness to 11.5% in length). On the other hand, both
the granules G1 and G3 fractions presented similar larger results, ranging from 16.5% to 24.3% (respectively robustness
and diameter in G1) and 10.4% to 27.1% (respectively convexity and eccentricity in G3), regarding the ensemble.

In conclusion, it seems feasible to infer that the obtained ensemble average values truly represent the samples real
values, within the accuracy ranges presented above. Indeed, in most cases, variations on average of less than 15% of the
studied parameter range, within the experiment, can be obtained.

3.4. Proof of concept

In order to evaluate the adequateness of the sample representativeness parameters for the monitoring of the AGS size,
morphology and structure in the presence of PhAC, a DT analysis was performed (Fig. 8) and, out of the 38 employed
samples in this analysis, a total of 36 (94.7%) were successfully discriminated in the corresponding group. As a result, it
could be concluded that the selected parameters allowed to discriminate well between the AGS resulting from the studied
PhAC (E2, EE2, and SMX) experiments, as well as regarding the mature granules (CONT) experiment.
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Fig. 6. Average diameter and standard deviation of the granular and floccular fractions.

4. Conclusions

In this work the adequateness of a QIA based methodology, including the establishment of the sample volume, the
granular and floccular fractions sieving process, the fractions size cut-off and the image acquisition method was evaluated,
considering the AGS size, structure, and morphology in synthetic wastewaters containing E2, EE2, and SMX. For that
purpose, an approach based on a 5% variation criterion for a sample average and standard deviation value was employed.
The results proved that the employed aliquot volumes, based on the TSS of the granular fraction, were found adequate for
the intended purpose. Furthermore, the performance of the sieving process (500 pm sieve), in successfully separating the
biomass granular and suspended (floccular) fractions, was also assessed. As a result, a lower bound cut-off granules size
of 175 wm was established for the employed methodology. Next, a comparison between the 175-250 pm overlapping
size range on the floccular and granular biomass proved the continuity of the performed methodology. Since the samples
image acquisition was performed in triplicate, a final analysis on the obtained average and standard deviation values was
employed. This analysis allowed showing that the experiments variations for the studied parameters could be adequately
monitored using triplicates. Furthermore, as a proof of concept, it could be concluded that the selected parameters allowed
to discriminate well between the studied PhAC experiments.

Finally, taking into consideration that the proposed methodology has been conducted for lab scale biomass samples,
further optimization studies should be considered for the application in pilot and full scale AGS reactors. Consequently,
it is expected that, in the future, QIA, and particularly microscopy based AGS survey, could be performed in a regular
basis in full scale WWTP, contributing to timely decisions in operation and improving the process control. To that effect,
further studies should be performed to evaluate the impact of other variables, such as the employed magnification, in the
obtained parameters.
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Rob(G3) 20.777
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S
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{ 7 CONT I
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Fig. 8. Results of the performed DT with the sample representativeness parameters (Diam — diameter; Rob. — robustness).
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Table 2
Standard deviation percentage with respect to the size ranges for the granular and floccular fractions
and main parameters.

Parameter Fraction Standard deviation percentage
F1 F2 F3 G1 G2 G3
CONT 7.2 8.6 184 119 115 25.0
E2 59 10.0 17.8 6.3 59 15.3
Diameter EE2 9.3 7.5 4.9 20.6 12.0 11.2
SMX 8.1 11.3 35.7 14.0 9.6 143
All* 7.2 9.5 19.5 24.3 89 16.4
Ensemble” 14.3
CONT 7.9 9.4 12.7 20.8 12.8 22.8
E2 13.8 9.9 19.1 7.9 5.6 15.4
Length EE2 104 8.3 15 30.2 12.1 15.1
SMX 11.6 12.4 218 14.2 8.2 16.6
All* 115 10.0 16.9 17.6 8.8 17.1
Ensemble” 13.7
CONT 5.6 8.6 189 38.9 11.6 28.2
E2 6.6 103 18.6 10.5 6.1 17.3
. EE2 10.5 7.9 35 32.0 12.6 10.7
Width SMX 8.4 11.2 422 14.6 9.8 13.7
All* 7.5 9.6 20.7 219 9.1 17.7
Ensemble® 14.4
CONT 4.8 6.1 18.2 26.9 8.1 11.6
E2 3.0 8.2 11.2 11.6 6.6 8.4
Convexity EE2 20.1 143 29.2 31.2 5.1 9.7
SMX 213 12.9 18.2 18.7 15.7 14.4
All* 9.9 9.7 14.8 19.7 8.3 10.4
Ensemble” 12.1
CONT 7.3 6.6 15.2 419 7.1 421
E2 6.3 10.9 17.0 13.3 7.6 225
Eccentricity EE2 7.7 17.1 0.1 336 14.8 28.4
SMX 6.8 171 17.9 189 129 19.3
All* 6.8 12.3 16.0 24.1 9.8 271
Ensemble® 16.0
CONT 5.5 6.1 244 246 8.7 16.0
E2 31 9.9 10.5 9.0 52 135
Robustness EE2 8.6 10.9 0.4 25.9 7.0 18.3
SMX 9.4 11.0 54.0 14.8 12.6 131
All* 5.8 9.5 19.1 16.5 7.6 14.8
Ensemble” 12.2

2Encompasses all the CONT, E2, EE2 and SMX aggregates within the corresponding size range.
PEncompasses all the CONT, E2, EE2 and SMX aggregates and all size ranges.
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