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A B S T R A C T

>50 % of the organic matter in sewage consist of particulate chemical oxygen demand (pCOD). This study used 
250 μm fluorescent microbeads, 130±58 μm microparticles and 100 nm nanobeads to simulate sewage particles, 
and investigated the fate of these particles under both plug flow feeding and aeration phases in an aerobic 
granular sludge (AGS) system. Filtration performance was dominantly influenced by the particle size rather than 
the upflow velocity (Vupflow). The microbeads exhibited 95±3 % filtration efficiency with obvious accumulation 
around the AGS bed bottom, even as slight fluidization started at the Vupflow of 5.0 m⋅h-1. In contrast, the 
nanobeads filtration efficiency was significantly lower (43±6 %). During the aeration phase, the attachment 
efficiency increased with the decrease of particle size. The microbeads attachment efficiency variated between 
39–49 %, whereas the microparticles and nanobeads achieved better attachment of 89.4–95.2 % and 98.8–99.3 
%, respectively. Furthermore, aeration batch tests showed both nanobeads and the irregular microparticles 
attachment by AGS was strong, and the detach-attach of nanobeads/microparticles between different sized AGS 
was very limited duration aeration. This work provides insight into the fate of particles in AGS system. The 
optimal sludge treatment was also evaluated in the scope of this removal of non-biodegradable, and potentially 
harmful particles.

1. Introduction

Wastewater treatment by conventional activated sludge systems 
generally require large surface areas due to the poor sludge settleability 
and low biomass concentration. One of the emerging technologies to 
overcome the problems is the AGS technology, in which sludge flocs are 
substituted by compact and fast settling granules (Winkler et al., 2022). 
In full-scale wastewater treatment plants, the AGS technology under the 
trade name Nereda® has been applied in >140 plants, which operates in 
sequencing batch reactors with cycles of simultaneous upflow feeding/ 
discharge, aeration, and settling. One key issue for granulation is to 
ensure the influent organic matter is maximumly used/stored by the 
slow-growing bacteria during feeding period (Van Dijk et al., 2022; 
Elahinik et al., 2022).

However, the organic matters in actual sewage are very complex, 

which could generally be classified into dissolved chemical oxygen de-
mand (dCOD) and pCOD, and their proportion is mainly determined by 
the wastewater source (Karahan et al., 2008; Wang et al., 2014). Spe-
cifically, the black water contains a higher amount of pCOD than the 
grey water (Hocaoglu et al., 2013), and the pCOD in municipal waste-
water often accounts for >50 % of the total COD. Unlike the dCOD 
which can diffuse faster and easily be utilized by the heterotrophs (Van 
den Berg et al., 2022), the pCOD must be attached (colonised as a bio-
film) by microorganisms firstly, then be hydrolyzed to dCOD by the 
extra cellular enzymes, which is often considered the rate limiting step 
(Toja Ortega et al., 2021). Therefore, the utilization of pCOD in actual 
wastewater will directly impact the granulation performance in the AGS 
systems.

The biomass-specific hydrolysis rate of pCOD in the AGS systems was 
found to be mainly determined by the available granule surface area, 
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and the slow-growing bacteria like phosphorus accumulation organisms 
or glycogen accumulation organisms were abundant around the hy-
drolytically active sites (Toja Ortega et al., 2022). In a typical Nereda® 
cycle, part of influent pCOD will be retained by the sludge bed during 
the anaerobic upflow feeding phase, especially the 1–100 μm micro-
particles, most of them were accumulated in the first 2.0 cm of the 
settled sludge bed (Layer et al., 2020). While the nanoparticles could be 
distributed throughout the sludge bed and immobilized into the gran-
ules, even penetrating the outer 300 μm of the granules (Ranzinger et al., 
2020). During the aeration phase, most accumulated pCOD will be 
re-suspended and preferentially attached to the flocs (Layer et al., 2020). 
Previous research employed the magnetic resonance imaging to explore 
the distribution of particles within granules, flocs, and void spaces 
during the upflow feeding process. However, its limited resolution 
constrained to specifically observe the pCOD, and the analyzable height 
of sludge bed was also restricted (Van den Berg et al., 2022). In addition, 
the particle size distribution of pCOD in actual wastewater is very broad 
(Alvarado et al., 2021), and limit research have systematically investi-
gated the transfer process of all sized pCOD in Nereda® system.

To address the bottleneck above, considering the AGS was academ-
ically defined as 200 µm (De Kreuk et al., 2007), and the transfer of 
biodegradable pCOD will always be influenced by the activity of sludge. 
In this study, the non-biodegradable fluorescent 250 μm microbeads and 
100 nm nanobeads were used to simulate the maximum and minimum 
pCOD. Their attachment and detachment with AGS and sludge flocs 
during a typical Nereda® cycle were monitored, using the granules 
originating from a full-scale Nereda® plant. Firstly, the filtration per-
formance of settled sludge bed during feeding was investigated, as well 
as the filtration efficiency of differently sized pCOD under different 
Vupflow; Secondly, the interactions (attachment and detachment) of 
pCOD and biomass during aeration were determined, especially the in-
fluence of granule and particle size; Finally, the effect of influent pCOD 
on the treatment of waste AGS was evaluated.

2. Materials and methods

2.1. AGS source and solution preparation

AGS was collected from Nereda® WWTP Utrecht, in The 
Netherlands. The designed flow and sludge loading rate were 74,700 
m3⋅d-1 and 0.05 kgCOD⋅kgVSS-1⋅d-1, respectively. The AGS mixtures 
were collected from the bottom of the reactor after a minimum aeration 
of 30 min to ensure completely mixed condition. The sampled AGS was 
washed as follows: (i) it was initially diluted with tap water; (ii) followed 
by 5 min of settling; (iii) and then the supernatant was discharged. The 
process was repeated multiple times until the supernatant was clear. The 
distribution of the mixed liquor suspended solids (MLSS) was 11 % 
(<0.2 mm), 18 % (0.2–1.0 mm), 32 % (1.0–2.0 mm), 23 % (2.0–3.1 mm) 
and 16 % (> 3.1 mm). The washed AGS mixture was divided into two 
parts, which were used for the plug flow feeding experiment and batch 
experiment, respectively.

Three types of particles were used in each experiment: microbeads, 
microparticles, and nanobeads. Fluorescent green microbeads 
(Cospheric, WTW D-82,362 Weilheim, Model: SEP 25) with a diameter 
and density of 250 μm and 1.02 g⋅mL-1, were used to simulate the large 
non-biodegradable particles of sewage. Three drops (0.05 mL each) of 
microbeads were diluted in 1.0 L milli-Q water to prepare the 
microbeads solution for the plug flow feeding experiment (1400±360 
microbeads⋅L-1), and ten drops were diluted in 1.0 L miliQ water to 
prepare solution for the batch experiment, adding up to an average of 
5125±450 microbeads⋅L-1. The microparticles solution was prepared by 
grinding the microbeads into smaller sizes by a mortar and subsequently 
added into miliQ water. The concentration for the plug flow feeding 
experiment and batch experiment were 3267±208 microparticles⋅L-1 

(130±58 μm) and 7567±907 microparticles⋅L-1 (111±50 μm), respec-
tively. The density of microbeads/microparticles were a little bigger 

than 1.00 g⋅mL-1, they were not stable and could not be saved for long- 
term, so the microbeads solution and microparticles solution were pre-
pared two times for the plug flow feeding experiment and batch 
experiment, respectively. Nanobeads (Eu(NO3)3⋅5H2O, CAS No: 
100,587–95–9. Jiangsu Zhichuan Technology Co., LTD) with the 
diameter of 100 nm were diluted with miliQ water to prepare a nano-
beads solution with a final concentration of 195±23 μg⋅L-1 that was used 
in both experiments.

2.2. Experimental procedure

2.2.1. Plug flow feeding experiment
The plug flow feeding experiment was carried out in an AGS 

laboratory-scale reactor with a diameter, height, and working volume of 
6.0 cm, 51.3 cm and 1.45 L, respectively. The solution was completely 
mixed by a magnetic mixer (Labinco BV, Model L 23) and pumped by a 
peristaltic pump (series 323, Watson Marlow, headquarters) to the 
bottom of the reactor (Fig. 1). The first part of washed AGS mixture was 
added with the settled volume around 0.6 L (5 min) and MLSS of 11,140 
mg⋅L-1 (calibration to 1.45 L). According to the experience of full-scale 
Nereda® plant, the typical Vupflow was 1.0–1.5 m⋅h-1 in dry weather 
and 3.0–5.0 m⋅h-1 in wet weather (Pronk et al., 2015), and it usually 
need 0.5 h to mix the mixture completely after aeration (Toja Ortega 
et al., 2021). So in this experiment the Vupflow increased from 1.0 m⋅h-1 

to 5.0 m⋅h-1, and the aeration last for 60 min. The plug flow feeding 
experiment consisted of feeding phase and aeration phase, the details 
are described in Table 1. Samples were collected from the effluent and 
supernatant after feeding, and the mixture around the middle height of 
reactor at 10 min, 30 min and 60 min of aeration. After taking each 
sample, an equal volume of milli-Q water was supplied. The reactor was 
operated for three cycles to treat the solutions of microbeads, micro-
particles and nanobeads, respectively.

2.2.2. Batch experiment
The batch experiment was carried out in four 1.0 L conical flasks. The 

washed AGS mixture was sequentially filtered by stainless steel sieves 
with the pore size of 3.1 mm, 2.5 mm, 2.0 mm, 1.4 mm, 1.0 mm, 0.6 mm 
and 0.2 mm. To facilitate the comparison between different sized 
granules, the filtered fractions of <0.2 mm, 0.6–1.0 mm, 1.4–2.0 mm 
and 2.5–3.1 mm were placed in separate beakers containing miliQ water 
for later use. Then 50 mL of each settled sludge fraction were sucked by a 
pipette and put into a conical flask, followed by the addition of 500 mL 
solution. Therefore, the working volume of each batch test was 0.55 L. 
The bulk was mixed by aeration with the intensity of 2.0 L⋅min-1 for 60 
min. Samples were taken at 10 min, 30 min and 60 min. After taking 
each sample, an equal volume of milli-Q water was supplied. The batch 
operation was repeated three times to treat microbeads solution, mi-
croparticles solution and nanobeads solution, respectively. The dilution 
effect have been taken into account in calculation of removal efficiency.

2.3. Analytical procedures

2.3.1. MLSS, porosity and granule morphology
The AGS mixture was sequentially sieved from 3.1 mm to 0.2 mm, 

and the MLSS was measured for each fraction. The minimum pore of the 
sieves was the 0.2 mm, since it represented the smallest granules (De 
Kreuk et al., 2007). MLSS was measured according to standard methods 
(APHA, 2005). Moreover, the porosity of settled sludge and expansion 
ratio were measured with the dextran blue method (Beun et al., 2002), 
and the granule morphology was observed by a digital microscope 
(VHX-5000). The particle size distribution was determined with a par-
ticle size analyzer (Microtrac S3500, Model Bluewave ).

2.3.2. Particle concentration
Microbead: The sieves with pore sizes of 3.10 mm, 2.00 mm, 1.00 

mm, 0.33 mm and 0.20 mm were stacked from the top to the bottom, 
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followed by pouring 10.0 mL sample for sequential filtration. The 
filtered solids were rinsed with tap water while slightly shaking the 
sieves. The filtered solids on the 0.20 mm sieve were collected and 
placed onto a glass slide. All visible 250 μm fluorescent microbeads were 
recorded by digital microscopy, and processed with counting.

Microparticle: The sieves with the same pore sizes described pre-
viously were used, except for 0.33 mm. The filtrated solids from each 
sieve size were picked up and put in four different 10.0 mL centrifuge 
tubes, followed by the addition of 10.0 mL milli-Q Water, then the 
samples were treated by ultrasonic at 40 KHz for 5 min to remove mi-
croparticles from the biomass. The liquid in each centrifuge tube and the 
filtered liquid of the 0.20 mm sieve were observed by a digital micro-
scope (VHX-5000). Any observed microparticles were photographed, 
then all the images were analyzed by a deep learning method to quantify 
the number, shape and area of the observed microparticles (Jia et al., 
2024).

Nanobead: The nanobeads used in this research exhibited fluores-
cent properties with the excitation wavelength of 360 nm and emission 
wavelength of 615 nm. A dilution series of nanobeads solution were 
prepared in miliQ water up to 200 μg⋅L-1. The adsorption of light 
(Excitation Filter 405 nm, Emission filter 590 nm) was measured with a 
micro plate reader (POLARstar Galaxy bmq) as a calibration line (rela-
tive coefficient > 0.99).

2.3.3. Fluorescence staining
The biomass after the nanobeads batch experiment was used to stain 

as follows: (1) Fix with iced-ethanol at room temperature for 5 min; (2) 
Take out and equilibrate it in phosphate buffer saline (PBS) for 5 min; (3) 
Dilute EbbaBiolight 680 (Ebba Biotech) in PBS 1:1000; (4) Take out 

again and incubate in the diluted EbbaBiolight solution under room 
temperature for 30 min; (5) Mount the biomass and seal the coverslip 
onto the slide. The sample was observed by Olympus fluorescence mi-
croscope (BX63) with Cy3.5 filter set. The excitation and emission 
wavelengths were 530 nm and 680 nm, respectively.

2.4. Calculation procedures

During the feeding phase, some particles were filtered by the settled 
sludge bed, while others stayed in the liquid phase. The filtration per-
formance was calculated as in Eqs. (1) and (2); The retained particles in 
the pore of settled bed were calculated by Eq. (3); During the aeration 
phase, the filtrated particles were re-suspended, and some would be 
attached by granules or flocs. The attachment performance was calcu-
lated as in Eqs. (4) and (5): 

Filtered particles =
(
ΣQi− inf ×Ti− feed ×Ci− inf

)

−
(
ΣQi− effl ×Ti− feed ×Ci− eff

)
− Vi− sup × Ci− sup (1) 

Filtration efficiency(%) = 100

× Filteredparticles
/(

ΣQi− inf ×Ti− feed ×Ci− inf
)

(2) 

Retained particles in pores of the settled AGS bed

= Vsettled sludge × P × (1+ 0.01×E) × Ci− sup (3) 

Fig. 1. Experimental set-up. (a) Plug flow feeding experiment; (b) Batch experiment.

Table 1 
Conditions implemented in the plug flow feeding experiment.

Feeding Phase Aeration phase Settling 
phase

Vupflow 

(m⋅h-1)
Duration 
(min)

Vupflow 

(m⋅h-1)
Duration 
(min)

Vupflow 

(m⋅h-1)
Duration 
(min)

Vupflow 

(m⋅h-1)
Duration 
(min)

Aeration flow 
(L⋅min-1)

Duration 
(min)

Duration 
(min)

1.0 30 2.0 15 3.0 10 5.0 6 2.0 60 30

Attached particles =
(
ΣQi− inf × Ti− feed × Ci− inf

)
−
(
ΣQi− eff × Ti− feed × Ci− eff

)
− Vmixture × Caeration (4) 
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Attachmentefficiency(%)=100

×Attachedparticles
/(

ΣQi− inf×Ti− feed×Ci− inf
)

−
(
ΣQi− eff×Ti− feed×Ci− eff

)

(5) 

Where: 

Q i-inf: the feeding flow under the ith Vupflow, L⋅min-1;
T i-feed: the feeding duration under the ith Vupflow, min;
C i-inf: the concentration of influent particles under the ith Vupflow, L-1 

or μg⋅L-1;
Q e-inf: the effluent flow under the ith Vupflow, L⋅min-1;
C i-eff: the concentration of effluent particles under the ith Vupflow, L-1 

or μg⋅L-1;
Vi-sup: the volume of supernatant during feeding under the ith Vupflow, 
L;
C i-sup: the concentration of supernatant particles under the ith Vup-

flow, L-1 or μg⋅L-1;
P: porosity, %; E: expansion ratio, %; V mixture: the mixture volume, 
1.45 L;
Caeration: the concentration of suspended particles during aeration, L- 

1 or μg⋅L-1;

3. Results

3.1. Effect of Vupflow on filtration performance during plug flow feeding

The filtration performance of the settled sludge bed at increasing 
Vupflow from 1.0 m⋅h-1 to 5.0 m⋅h-1 is shown in Fig. 2. The porosity of the 
AGS bed after 5 min settling was around 50 %. The pore volume of the 
0.61 L AGS settled bed under these up-flow conditions was 0.30 L at 
Vupflow of 1.0 m h-1. At 5.0 m⋅h-1 the upper part of the settled AGS bed 
started to expand slightly, resulting in a bed volume of 0.64 L and a pore 
volume of 0.32 L. Applying the different up-flow velocities, it was 
observed that the filtration efficiency decreased with the decrease of 
particle size, but the percentage of particles retained in the pores of 
settled AGS bed to the total filtered particles increased with the decrease 
of particle size. When the Vupflow was 1.0 m⋅h-1, the filtration efficiencies 
of microbeads, microparticles and nanobeads were 98 %, 74 % and 53 
±11 %, respectively. For the 250 μm microbeads, most filtered 
microbeads were accumulated at the bottom of AGS bed, similar to 

observations by Layer et al. (2020). For the 130±58 μm microparticles, 
9.67 % of microparticles which did not flow into the supernatant was 
retained in the pores of AGS bed. While >34±4 % of nanobeads which 
did not pass through the AGS bed were retained in the pores. This result 
is in line with the findings of Ranzinger et al. (2020), also they found 
that nanobeads would flow throughout the pores of settled sludge bed, 
and the retained nanobeads were dominantly attached by the settled 
sludge bed.

The influence of Vupflow on the filtration performance of different 
sized particles was different. For the 250 μm microbeads, the filtration 
performance decreased with the increase of Vupflow. Its filtration effi-
ciencies decreased from 98 % at 1.0 m⋅h-1 to 91 % at 5.0 m⋅h-1. Actually, 
obvious microbeads were accumulated around the bottom of AGS bed. 
The supporting force generated by 5.0 m⋅h-1 was so big that the settled 
AGS bed began to slightly fluidise with the expansion ratio close to 5 %. 
The increased pore volume provided more space to capture microbeads 
with retained percentage increased from 1 % to 4 %. For the 130±58 μm 
microparticles, the filtration performance was not affected by Vupflow. 
The filtration efficiency was 75±4 % under the Vupflow of 1.0–5.0 m⋅h-1, 
and the microparticles retained in the pores of AGS bed was 9±2 %. For 
the small 100 nm nanobeads, none were accumulated around the bot-
tom and the filtration performance was the best when Vupflow was 1.0 
m⋅h-1, then the filtration efficiency dropped from 53±11 % to 43±1 % 
when Vupflow increased to 2.0–5.0 m⋅h-1, leading to the retained per-
centage decreased from 34±4 % to 11±3 %.

3.2. Effect of particle size on particle — AGS interaction during aeration 
after plug-flow feeding

It can be expected that during the aeration phase, the particles 
attached by the settled AGS bed partially detach, and the particles 
accumulated at the bottom or retained in the pores of settled AGS bed 
will be released into the bulk liquid. Meanwhile, the particles in the bulk 
liquid could also attach to the AGS through random collision. The 
attachment of different sized particles to the AGS during aeration is 
shown in Fig. 3. The attachment efficiency refers to the ratio of the 
attached particles to the total particles in the mixture, and it increased 
with the decrease of particle size. The average attachment efficiencies of 
250 μm microbeads, 130±58 μm microparticles and 100 nm nanobeads 
were 45±5 %, 92±3 % and 99±0.3 %, respectively.

The 250 μm microbeads, with their spherical shape and smooth 

Fig. 2. Filtration performance of settled sludge bed for different sized particles under different Vupflow.
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surface, exhibited a low attachment efficiency ranging from 39 % to 49 
%. While most 130±58 μm microparticles already attached at the 
beginning of aeration phase, and their attachment efficiency slightly 
decreased from 95 % after 10 min aeration to 89 % at 60 min aeration. It 
seemed these rough surface and irregular sharp shaped microparticles 

strongly connected to the AGS, and they were difficult to be detached 
upon aeration (Fig. 5(c)). The average specific attached microparticles 
during aeration was 1100±36 microparticles⋅g-1, which was almost 4 
times bigger than that of 250 μm microbeads (260±32 microbeads⋅g-1). 
Similarly, most 100 nm nanobeads were also already attached after 10 

Fig. 3. Attachment performance between AGS mixture and different sized particles during aeration after plug-flow feeding.

Fig. 4. The attached performance between different sized biomass and particles. (a) 250 μm microbeads; (b) 111±50 μm microparticles; (c) 100 nm nanobeads.
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min of aeration with the attachment efficiency of 99±2 %, and almost 
did not change during the rest aeration. This indicated that nanobeads 
could be efficiently removed by the attachment onto the AGS mixture, 
although not all of them. The average specific attachment of 100 nm 
beads during aeration was around 34±0.4 μg⋅g-1.

3.3. The attachment between different sized particles and different sized 
biomass under mixed conditions

To investigate the interaction between different sized particles and 
different sized granules further, batch experiments were carried out to 
evaluate the attachment performance under mixed conditions. The 
density of AGS is in the range of 1025.7–1028.1 kg⋅m-3 (Van den Berg 
et al., 2023), in this study density of all granules was assumed as 1026.9 
kg⋅m-3, and the equivalent diameters were 0.15 mm, 0.80 mm, 1.70 mm 
and 2.80 mm for sieve fractions of < 0.2 mm, 0.6–1.0 mm, 1.4–2.0 mm 
and 2.5–3.1 mm, respectively, the number of attached particles per cm2 

could be calculated (Fig. 4). The 250 μm microbeads attachment was not 
surface area related, and larger granules exhibited better attachment 
with the average specific attachment of 170, 319 and 461 microbe-
ads⋅g-1 for sieve fractions of 0.6–1.0 mm, 1.4–2.0 mm and 2.5–3.1 mm, 
respectively. In addition, the number of attached microbeads per cm2 by 
larger granules increased continuously during aeration, while it fluctu-
ated for smaller granules. This was because the collisions between larger 
granules was stronger (Tijhuis et al., 1994), and some fragile parts 
would be peeled off from large granules to form new surface area. In this 
experiment, although we could not determine whether the microbead 
attached on large granules was detached from small granules or not, 
some large granules with a huge gap on the surface were indeed 
observed (Fig. 5(a)), as well as the peeled off layer (Fig. 5(b)).

The smaller granules had better attachment performance of 111±50 
μm microparticles than larger granules. The average specific attached 
microparticles decreased with the increase of granule size (Fig. 4(b)), 
but there was little quantitative relation between the specific attach-
ment and granule size (− 0.900, p value 0.287). In addition, the micro-
particles attachment was very stable, and the number of the attached 
microparticles per cm2 of all sized granules increased continuously 

during aeration. We observed that some microparticles deeply inserted 
into the soft granule surface (Fig. 5(c)). Furthermore, smaller granules 
attached more microparticles than the larger granules, with an average 
fraction of remaining suspended microparticles during 60 min aeration 
of 14±4 %, 19±6 %, 24±17 % and 65±29 % for sieve fractions < 0.2 
mm (flocs), 0.6–1.0 mm, 1.4–2.0 mm and 2.5–3.1 mm, respectively 
(Table 2). And smaller microparticles were more prone to be attached 
than the larger ones. The average attached microparticles size were 138 
±43 μm, 113±48 μm, 111±43 μm and 135±24 μm, which were 13 %, 19 
%, 26 % and 6 % smaller than those of remaining suspended micro-
particles, respectively. Meanwhile, the average △y/△x (the ratio of 
length to width) of suspended microparticles during 60 min aeration 
were 1.25±0.26, 1.22±0.25, 1.30±0.15 and 1.25±0.19, which were 
0.5–7.4 % smaller than those of attached microparticles, indicating the 
irregularly shaped microparticles with smaller size were more likely to 
be attached.

The attachment between 100 nm nanobeads and different sized 

Fig. 5. Morphology of AGS surface (a) a gap on surface; (b) peeled off layers; (c) attached microparticle; (d) accumulated microbeads; (e) cy3 of AGS surface; (f) 
contrast of AGS surface.

Table 2 
The characteristics of suspended and entrapped microparticles during aeration.

Aeration 60 min Sieve 
fractions

Ratio 
(%)

Size 
(μm)

△y/△x

Suspended 
microparticles

< 0.2 mm 14 ± 4 158 ±
45

1.25 ±
0.26

0.6 - 1.0 mm 19 ± 6 141 ±
44

1.22 ±
0.25

1.4 - 2.0 mm 24 ± 17 149 ±
46

1.30 ±
0.15

2.5 - 3.1 mm 65 ± 29 144 ±
55

1.25 ±
0.19

Entrapped 
microparticles

< 0.2 mm 86 ± 4 138 ±
43

1.35 ±
0.31

0.6 - 1.0 mm 81 ± 6 113 ±
48

1.23 ±
0.24

1.4 - 2.0 mm 76 ± 17 111 ±
43

1.30 ±
0.25

2.5 - 3.1 mm 35 ± 29 135 ±
24

1.27 ±
0.11
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granules also increased generally during aeration. Similar to the 111±50 
μm microparticles, the nanobeads attachment also had no significant 
relation to the surface area of the granules (0.761, p value 0.239). For 
the sieve fractions <0.2 mm (flocs), 0.6–1.0 mm, 1.4–2.0 mm, and 
2.5–3.1 mm, the average mass of attached nanobeads per cm2 was 0.6, 
1.1, 1.7 and 8.0 μg⋅cm-2 respectively, and the average specific attach-
ment was respectively 234, 82, 58 and 167 μg⋅g-1. These data show that 
in this study the sludge flocs exhibited a better attachment performance 
than the small granules, while larger granules also exhibited excellent 
nanobeads attachment.

4. Discussion

4.1. Could the settled sludge bed perform as a filter during plug up-flow 
feeding?

Larger granules are more likely to settle faster to form a settled bed 
with smaller granules on the top and larger granules near the bottom 
during the settle phase. The filter performance is determined by the 
grain size, shape, and bed depth (L) to effective grain size (de) ratio. The 
range of L/de is usually bigger than 1000 (McGivney et al., 2008). In our 
study, the L/de was around 2000 with the L and de of 0.21 m and 109.1 
μm, so the settled bed could be treated as a filter. The filtration mech-
anisms consisted of straining, sedimentation, interception, diffusion, 
etc., and the occurrence of each mechanisms is determined by the par-
ticle size (Yao et al., 1971). Since the 250 μm microbead was larger or 
close to the void of settled AGS bed, most was accumulated around the 

bottom (Fig. 5(d)). While most 130±58 μm microparticles can flow 
around the granules inside the sludge bed, and attached by the granules 
surface through sedimentation or interception. Specifically, the smaller 
microparticles in the distribution usually determine the filtration per-
formance (Wakeman. 2007). Many pathogens in wastewater had similar 
size to the nanobeads in this study, such as E.coli, and they can quickly 
attach on the granule surface when passing through the settled sludge 
bed during anaerobic feeding (Barrios-Hernández et al., 2021). How-
ever, the particles smaller than 1 μm were dominantly transport by 
diffusion (Zamani and Maini., 2009), so some nanobeads flowing in the 
void can pass through the settled sludge bed. In this study the porosity of 
the settled sludge bed was around 50–60 %, and the filtration efficiency 
of nanobeads was 39–52 %, verifying the above research well. During 
the aeration period, the nanobeads could be removed with the average 
attachment efficiencies of 99±0.3 % through adsorption. This was also 
similar to the removal performance of MS2 bacteriophage, which size 
was only 27 nm (Thwaites et al., 2018). In addition, the effect of vital 
role of microorganisms can not be neglected in the filtration process 
(Corbera-Rubio et al., 2024). The protozoa predation mostly occurred 
during aerobic phase (Raboni et al., 2016), and in our study its contri-
bution was limited since the washed AGS was saved in refrigerator under 
5 ◦C before experiment .

4.2. Will the attached particles transfer from large granules to small 
granules during aeration?

Based on the specific attachment of particles to different sieve 

Fig. 6. The comparison of particles attachment by AGS mixture between prediction attachment and actual attachment (a) 250 μm microbeads; (b) 111±50 (130±58) 
μm microparticles; (c) 100 nm nanobeads.
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fractions determined during the batch experiments, and the MLSS dis-
tribution of different sized AGS in the plug-flow feeding experiments, 
the particles attachment performance within AGS mixture during aera-
tion was calculated. The comparasion of these calculations and the re-
sults of aeration after plug-flow feeding were shown in Fig. 6. The 
calculated specific attachment of the three fed particles increased during 
the aeration (blue dots). Interestingly, we calculated a shifted attach-
ment behavior between the granule sizes that was most apparent for the 
smooth large spherical particles; it seemed that the microbeads attached 
to the smaller granules during the early period of aeration, then de-
tached and re-attached to the larger granules (Fig. 6(a)). When the 
particles were medium with irregular shape, we calculated the micro-
particles captured by flocs increased from 40 % at 10 min to 44 % at 60 
min aeration, and the microparticles attached to the largest fraction of 
granules decreased from 21 % after 10 min aeration to 17 % after 60 
min. When the particles were small with regular shape, we calculated 
the attached nanobeads by flocs decreased from 22 % after 10 min 
aeration to 21 % after 60 min aeration, and the nanobeads attached to 
the largest fraction of granules increased from 47 % after 10 min aera-
tion to 53 % after 60 min aeration. The reason for the slight variation is 
just that in general it is all balanced out (all the time a similar number of 
nanobeads attached).

The actual attachment performance during aeration after plug-flow 
feeding differed from the calculations. For the 250 μm microbeads, the 
specific attachment fluctuated in the range of 260±32 microbeads⋅g-1, 
and the detachment and attachment played a major role in the removal 
of these microbeads, especially to the larger granules (Zhou et al., 2014). 
The binding between the microbeads and the granules is therefore 
considered low. For the 130±58 μm microparticles, the specific 
attachment already reached its maximum after 10 min aeration, and the 
contribution of the larger granules only decreased slightly during the 
rest phase. It is possible that the attachment of the irregular micropar-
ticles was strong, sometimes the embedding of microparticles were more 
into the AGS than on the AGS (Fig. 5(c)). While if the microparticles 
remained suspended, or detached from granules, they will be easily 
sweep removed by the flocculant sludge with more open structure 
(Ghernaout and Ghernaout, 2012). In our study, although the attach-
ment between microparticles and AGS were strong, its contribution by 
flocs were still close to 50 %. Actually, in full-scale Nereda® plant a large 
contribution of flocculent sludge was found in the removal and hydro-
lysis of suspended solids (Toja Ortega et al., 2021), and the low stabi-
lization of the flocculent sludge fraction upon anaerobic digestion could 
be also due to the captured organic microparticles in combination with 
short residence times (Guo et al., 2020).

The specific attached 100 nm nanobeads between the batch predic-
tion and Nereda performance were not at the same level (Fig. 6(c)), the 
reason was the MLSS of the batch experiment were smaller. However, 
the variation trend of calculation aligned with that of plug flow feeding 
experiment. The specific nanobeads attachment of both increased dur-
ing the first 30 min, and the contribution of larger granules in the 
nanobeads removal increased. The reason was the nanobeads were 
distributed very evenly and stably in the mixture, and the AGS required 
sufficient time to mix thoroughly after aeration, typically around 30 min 
(Toja Ortega et al., 2021). Furthermore, cracks and fissures would be 
produced on the surface of biofilm during aeration (Gjaltema et al., 
1995), and the fissures on the surface of AGS can be as large as the 
nanobeads used in our study (Van den Berg., 2022). The mass transfer 
inside the granules was heterogeneous (Van den Berg et al., 2020), and 
the nanobeads diffusion inside the AGS would not be hampered obvi-
ously (Ahn et al., 2015), so nanobeads were attached by both outer 
surface and internal surface (Wang et al., 2021). Especially in the voids 
of granules where the nanobeads encounter lower shear and lower 
detachment chances (Picioreanu et al., 2004; Ranzinger et al., 2020). 
While the internal surface attachment would not happen for bigger 
substrates such as suspended starch (De Kreuk et al., 2010). Further-
more, the AGS surface was not smooth caused by the alginate-like 

exopolysaccharides induced struvites (Lin et al., 2012), and the rough-
ness distribution on the AGS outer surface was uneven (Fig. 5(e),(f)), 
which was verified by the bright red area (amyloid-glucan structure). 
According to this attachment ability in this study, if the MLSS was 
6000–10,000 mg⋅L-1 in Nereda® system, the maximum influent nano-
beads that can be effectively removed was 180–300 μg⋅L-1.

4.3. The evaluation of waste AGS sludge treatment

The particles used in this study were actually micro/nano plastics, 
which removal in wastewater treatment are gaining attention. In this 
study, 45±5 % of the microbeads, 92±3 % of the microparticles, and 99 
±0.3 % of the nanobeads were attached to the AGS after 60 min aera-
tion. What is the fate of these attached particles in the waste sludge 
processing? During the activated sludge dewatering process, 95 % of 
attached microplastic were retained due to size-limited transport, while 
around 50 % of nanoplastic were released through the co-transport with 
the mobile organic fraction (Keller et al., 2020). Considering the 
microbeads attachment was weak, we could assume the attached 
microbeads by AGS will easily detach by the shear forces. For the acti-
vated sludge, the concentration of microplastics based leachates in 
sludge is 2–25 times bigger than that in water (Yang et al., 2024). 
Although the dewatering performance of AGS is better (Yan et al., 2024), 
the behavior of microparticles and nanobeads during AGS dewatering 
was still not clear so far.

Anaerobic digestion is a well-applied technology to diminish the 
amount of excess sludge and recover energy (Sun et al., 2019). 
Micro/nano zero-valent iron could be added to enhance the anaerobic 
digestion processes, such as hydrolysis, acidification and methano-
genesis (Lu et al., 2016). Although it was difficult to observe the specific 
attached micro/nano iron on the sludge, the production of volatile fatty 
acids and methane were improved obviously during long-term operation 
(Feng et al., 2014), this indirectly verified the micro/nano particles can 
be attached to biomass firmly in anaerobic digestion. Incineration can 
reduce the amount of sludge maximally by converting the inorganic 
matter to ash (Liang et al., 2021). Compared with other treatment 
methods, incineration is relatively expensive due to investment and 
operational costs (energy consumption of drying and control of NOx and 
SO2 emissions). On the other hand, sanitary landfill has become less 
used due to limited space availability (Hao et al., 2020).

When disposing the waste activated sludge treated by anaerobic 
digestion or dewatering only, strategy should be done to prevent the 
secondary pollution of micro/nano particles. However, whether the 
behaviour of micro/nano particles in AGS were the same as in the 
activated sludge waste treatment was still not clear. On the other hand, 
when the micro/nano particles of the dewatered sludge are oxidized 
during incineration, whether the extra oxidation to CO2 or H2O bring 
any consequence, or is it comparable to the sludge oxidation in volume? 
These are all need to be verified further.

4.4. The evaluation of the fate of influent pCOD in Nereda® systems

Even though this study used fluorescent microbeads and nanobeads 
to stimulate influent non-biodegradable pCOD, the obtained results 
could also provide insight to the removal of biodegradable and non- 
biodegradable pCOD during wastewater treatment. Particles in domes-
tic sewage are characterized by an irregular morphology (Keller et al., 
2020), and most pCOD size fall within the 10–150 μm (Hocaoglu et al., 
2013), which are simialr to the 130±58 μm microparticles in this study. 
Meanwhile, the AGS collected from a full-scale Nereda® plant with 
stable operation, and there are some other research also use the Utrecht 
AGS to do batch experiments (Feng et al., 2024). So when a Nereda® 
system was used to treat actual domestic wastewter, the fate of influent 
pCOD was expected to be similar to the microparticles in this study. 
According to the results of Sections 3.2 and 3.3, most microparticles 
were strongly attached by the biomass during aeration, especially the 
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smaller granules or flocculent sludge. Therefore, most influent 
non-biodegradable pCOD will be removed by discharging the waste 
AGS. In line with the findings of Toja-Ortega et al. (2022), we can as-
sume that the biodegradable pCOD, on the other hand, can attach to the 
granules and be slowly degraded by the granules due to their usually 
long solid retention times. In the full scale Nereda® plant of Garmer-
wolde, the solid retention time was 20–38 d (Pronk et al., 2015), which 
was much bigger than that of conventional activated sludge system.

Furthermore, there are many research focusing on improving gran-
ulation in continuous flow systems (Yu et al., 2024; Haaksman et al., 
2023). Since most organics of actual sewage existed as pCOD with 
similar size to the microparticles and nanobeads in our study (Hocaoglu 
et al., 2013), and both of them could be firmly attached by AGS under 
mixing condition, it is essential to guarantee these particles preferen-
tially be attached by larger AGS. However, the smaller granules and flocs 
with bigger specific surface area are more prone to attach the influent 
pCOD. So, it would be possible to create a “periodic larger biomass 
preferentially contact influent” in the anaerobic tank through the 
intermittent anaerobic mixing (on-off) and bottom feeding, while the 
balance between granulation and treatment performance should be 
evaluated further in-depth.

5. Conclusions

This study investigated the interactions between 250 μm microbeads, 
130±58 μm microparticles, 100 nm nanobeads and granular sludge in 
Nereda®. During the plug-flow feeding phase, the filtration performance 
of settled AGS bed was mainly influenced by the particle size. Most 250 
μm microbeads were accumulated around the bottom with a filtration 
efficiency of 91–98 %, while only 41–52 % of 100 nm nanobeads were 
filtered out. During the aeration phase, the large and smooth microbeads 
revealed a relatively low attachment efficiency (39–49 %), while both 
the microparticles (89.4–95.2 %) and nanobeads (98.8–99.3 %) could be 
firmly attached by the biomass, and the transfer of the attached mi-
croparticles/nanobeads between different sized AGS was very limited. 
Specifically, the smaller and irregular microparticles more likely 
attached to small AGS and sludge flocs, and the nanobeads preferentially 
attached to sludge flocs and large AGS. The interaction between 
different-sized particles and AGS in Nereda® during long-term opera-
tion need to be investigated in the future.
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