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ARTICLE INFO ABSTRACT

Keywords: The aerobic granular sludge (AGS) is an emerging technology widely spread, since most organic matters in actual
Aerobic granular sludge domestic sewage were particulate matters, this study aims to determine whether the attachment between micro
Particle particles and different sized AGS was influenced by granule surface area. The attachment of micro particles by
I/jz]:crh different sized AGS (2.0-5.0 mm) were investigated. Furthermore, to simulate the attachment by broken frag-
Amyloid ments of AGS, complete 4.0-5.0 mm AGS were cut into 2,4, and 8 pieces, and the attachment performance

between the broken pieces and similar sized complete AGS were compared. Fourier transform infrared (FTIR)
and fluorescence staining were applied to analyze the chemical bonds and amyloid-glucan like structure of AGS
from outside to inside. The results showed the 3.1-4.0 mm AGS had the best surface area attachment of micro
particles, followed by the 2.5-3.1 mm AGS. The attachment performance of micro particles was not determined
by specific surface area, but was closely related to the surface roughness caused by the amyloid-glucan like
structure. The distribution density of amyloid-glucan like structure decreased from outside to inside, and if an
granule was broken into pieces during aeration, micro particles were preferential to be attached by the outer
layer of the broken pieces from the initial granule. The micro particles attachment showed little relationship with
the hydrophilicity of AGS surface, either the outer layer or the inner layer. This study highlighted the crucial role
of AGS outer layer in micro particle attachment, particularly the broken pieces from the original AGS outer layer,
which facilitate to attach micro particles and contribute to form new granules.

1. Introduction

In the last two decades, aerobic granular sludge (AGS) has emerged
as one of the sustainable wastewater treatment technologies (Hamza
et al., 2022), which uses the aggregate of microbial origin with excellent
settleability (Winkler and Van Loosdrecht., 2022; De Kreuk et al., 2007).
Compared to the traditional activated sludge, AGS requires less footprint
and energy consumption. Meanwhile, the multiple layered structure
(aerobic outer layer, anoxic/anaerobic inner layer) provide the condi-
tion to coexist nitrifiers, denitrifiers and phosphate accumulating or-
ganisms, which improves the simultaneous removal of COD, nitrogen,
and phosphorus (De Kreuk et al., 2005). The AGS are mostly applied in
sequential batch reactors under the trade name Nereda® (Pronk et al.,
2015). One cycle usually consisted of up-flow simultaneously anaerobic
feeding/discharging, aeration, and quick settling (van Dijk et al., 2020).
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One of the key strategies to cultivate AGS is to guarantee influent or-
ganics is used (or stored) by slowly growing organisms as much as
possible during feeding phase (De Kreuk et al., 2010; Winkler et al.,
2012).

In the real municipal sewage, most organic matters exist in the form
of particles (typically>50 %) (Metcalf and Eddy, 2014; Derlon et al.,
2016), and the particle size in black water and grey water concentrated
in the 10-150 pm (Hocaoglu et al., 2013). However, the primary
treatment in sewage treatment plant had little removal efficiency on the
particles smaller than 150 pm (Liu et al., 2016). In order to use particle
organics to cultivate AGS, firstly the particle organics must be attached
by the AGS, secondly it should be hydrolyzed into smaller products by
heterotrophic bacteria. Previous research showed there was a similar
distribution of hydrolytic activity in all sized granules (0.5-4.8 mm),
and hydrolysis is largely surface-area related (Toja Ortega et al., 2021,
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2022). Indicating the smaller granules with larger specific surface area
had better hydrolytic activity. Meanwhile, the extracellular polymeric
substances (EPS) play a crucial role in maintaining the structural
integrity, rheological properties, functional stability of AGS, and can
influence the physicochemical characteristics of the biomass, such as
AGS size, stability, adsorption capacity. Actually, the extracted EPS
products from AGS can be used as biosorbent materials (Feng et al.,
2021, 2024). However, the research on the attachment between micro
particles and different sized AGS is still limited, as well as the effect of
EPS components.

Actually, after quick settling the larger granules are more prone to
end up in the bottom of sludge bed, which has priority to uptake influent
organics than smaller granules (van Dijk et al., 2022). During the plug
flow feeding many sewage micro particles are accumulated nearby the
bottom (Layer et al., 2020a), and the accumulated micro particles will
be mixed into the bulk during aeration. Then there will be a competition
to attach the suspended micro particles between different sized granules.
Sometimes pieces were break away from granules by collision or liquid
shear (Gjaltema et al., 1995), and the separated pieces will also compete
to attach the suspended particles. Whether the attachment performance
is also largely surface-area related like hydrolytic activity? Or the little
pieces had better attachment ability? Some research found the particles
attach preferentially to the flocs during aeration (Layer et al., 2020b),
while some sludge flocs (<0.20 mm) in AGS systems were pin-point flocs
(Morgenroth et al., 1997), which were different from traditional acti-
vated sludge flocs.

The main objective of this study was to better understand the
attachment between influent micro particles and AGS. First we explored
whether the attachment performance of micro particles by different
sized AGS were surface-area related; Second, we cut large AGS into little
pieces, and compared the attachment performance between the broken
pieces and similar sized complete AGS; Furthermore, we investigated
the chemical bonds and amyloid-glucan like structure of granules from
outside to inside. Based on these observation, the attachment process
between micro particles and granules was further evaluated, it is hoped
to provide a detailed understanding of the transition of influent particles
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in Nereda®.
2. Materials and methods
2.1. Sludge sampling and processing

The aerobic granules were collected from a Nereda® sewage treat-
ment plant (Utrecht, The Netherlands) with the designed flow and
sludge loading rate of 74,700 m3.d™! and 0.05 kgCOD-kgVSS!-d!. The
distribution of the mixed liquor suspended solids (MLSS) with biomass
size was 11.424+0.03 % (<0.2 mm), 17.71+£0.24 % (0.2-1.0 mm), 32.03
+0.10 % (1.0-2.0 mm), 22.77+0.07 % (2.0-3.1 mm) and 16.07+0.05 %
(>3.1 mm). The sludge was gently washed by tap water several times
until the supernatant was clean. Then the sludge mixture was sequen-
tially filtered by stainless steel sieves with the pore size of 5.0 mm, 4.0
mm, 3.1 mm, 2.5 mm, 2.0 mm, respectively. The fractions of 2.0-2.5
mm, 2.5-3.1 mm, 3.1-4.0 mm, and 4.0-5.0 mm were collected in two
ways (Fig. 1). The first way is picking up a specific number of granules
from each fraction for test A, B, C, D, E, F and G (red hand), during which
the attachment was quantified through counting the particles attached
on the biomass; the second way is picking up 40 mL filtrate solid from
each fraction for test a, b, ¢, d, e, f and g (green hand), during which the
attachment was quantified through counting the particles left in the
bulk.

2.2. Micro particles solution and AGS cutting

The 250 pm fluorescent microbeads (Cospheric, WTW d-82,362)
with the density of 1.02 g-mL! were used to simulate the non-
biodegradable particles. Two solutions were prepared as follows: Solu-
tion I was for Test AB CD E F G. Five drops of red latex microbeads were
ground by a mortar, then it was added into 1 L mili-Q Water to make a
solution of 5967874 particles-L! with the size of 86+49 pm. Solution
II was for Test a b ¢ d e f g. One drop of green latex microbeads was
ground by a mortar to prepare a solution of 13004283 particles-L! with
the size of 95+46 pm.

> 5.0 mm

2.5-3.lmm o=%
P T t
2.5mm _”_ > — @ sk
»
60 granules 2.5-3 1., Test C
2.0-2.5mm ,

< 2.0mm

120 granules 2.0-2.5,,,

Test D

Fig. 1. Experiment set up.
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AGS cutting process: First, the 4.0-5.0 mm AGS were washed by tap
water, and placed on a stainless steel sieve (pore size=200 pm); Second,
each AGS was carefully cut into 2 pieces (test e and E), 4 pieces (test f
and F), and 8 pieces (test g and G) with an art knife, respectively. To
minimize human error, if one AGS cutting was failed, another AGS
would be cut instead.

2.3. Attachment tests

The experiment consisted of 2 parts (each part had 7 batch tests),
solution I and solution II were used in the uppercase part and lowercase
part, respectively (Table 1). During each batch test 200 mL solution was
dropped into a 250 mL conical flask, followed by the addition of
biomass. Then the mixture was aerated for 60 min (2.0 L-min’!). The
biomass in the uppercase part and lowercase part were a specific number
of AGS (granular pieces) and 40 mL filtrate, respectively. In the upper-
case part, the tests A, B, C, D compared the micro particles attachment
by different sized AGS, and tests B/E, C/F, D/G compared the micro
particles attachment by complete AGS and similar sized granular pieces.
The procedure of lowercase part was the same.

2.4. Micro particles count

Batch test with solution I: After each batch test, 15 granules (or
pieces) were picked up randomly to count the attached micro particles,
and they were divided into 3 groups randomly. For each group, the
digital microscope (VHX-5000) was used to observe the granules
(pieces) and take pictures for every attached micro particle. The area,
perimeter of each particle was measured by Image J. The equivalent
diameter is calculated based on the circle with the same area of the
particle.

Batch test with solution II: Samples were collected at 10 min, 30
min and 60 min during aeration. The sieves with pore sizes of 3.1 mm,
2.0 mm, 1.0 mm and 200 pm were stacked from top to the bottom,
followed by pouring 10 mL sample for sequential filtration. Then the
filtered solids were rinsed by tap water while continuously shaking the
sieves. At last all the mixture passed through the 200 pm sieve was
observed by digital microscope (VHX-5000). Any observed micro par-
ticles was photographed, then all the images were analyzed by a deep
learning method to quantify the number, shape and area of the observed
micro particles (Jia et al., 2024).

2.5. Analytical methods

2.5.1. FTIR

The outer aerobic layer, inner anaerobic layer, and cross section of
granules (pieces) before batch test were analyzed by Fourier transform
infrared (FTIR). The biomass for FTIR analysis was frozen under —80 °C
(DW-60L80) for 2 h before lyophilized by a freeze drier (YTLG-10A) for

Table 1
Operation of batch test.
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24 h. FTIR spectra was carried out by a FTIR spectrometer (Model FTIR-
650) to identify any functional groups on the surface. For each sized
biomass, two samples were analyzed at least.

2.5.2. Fluorescence staining

Fluorescence recording of Ebba680 bound structure (amyloid-glucan
like) in granular sludge was done as follows: (1) Fix the biomass with
ice-ethanol at room temperature for 5 min; (2) Take out the biomass,
and equilibrate it in phosphate buffer saline (PBS) for 5 min; (3) Dilute
BbbaBiolight 680 in PBS with 1:1000; (4) Take out the biomass again,
and incubate it in the diluted BbbaBiolight solution under room tem-
perature for 30 min; (5) Mount the biomass and seal the coverslip onto
the slide. The sample was observed by Olympus fluorescence microscope
(BX63) with Cy3 filter set. The excitation and emission wavelengths
were 530 nm and 680 nm, respectively.

2.5.3. EPS

A sample of 3 g wet granule4 ¢ 5.0 mm Were collected, and the outer
aerobic part (light-colour) and inner anaerobic part (dark-colour) were
carefully separated by an art knife one by one. The separated outer and
inner parts, as well as the complete granuleso 50 mm Were used to
extract the stratified extracellular polymeric substances (EPS) (loosely
bound-EPS (LB-EPS) and tightly bound-EPS (TB-EPS)) by centrifugation
and mild-harsh heat method (Guo et al., 2020). The protein (PN) con-
centration and polysaccharide (PS) concentration were determined by a
modified Lowry method with bovine serum albumin (Sigma, USA) as
standard (Frolund et al., 1995) and phenol-sulfuric acid assay with
glucose (Sigma, USA) as standard (Dubois et al., 1956), respectively.

3. Results
3.1. Attach performance

The attachment performance of micro particles by different sized
granules were compared (Fig. 2). In this study, specific attachment was
used to represent the attachment performance, which was determined
by the number of attached micro particles by per unit mass of biomass.
The density of AGS are 1.026-1.028 g~cm’3 (Van den Berg et al., 2022),
to calculate the specific attachment the density of all sized granules were
assumed as 1.027 g-cm’>. The specific surface area increased with the
decrease of granule size, but the average attachment performance dur-
ing aeration showed limited relationship with the specific surface area.
The granuless 40 mm exhibited the best average attachment perfor-
mance in both experimental parts. In addition, the attachment was se-
lective to capture smaller micro particles. The average particle size of
solution I was 86149 pum, while the average attached particles were only
38422 pm, and the granules with better attachment performance tended
to capture larger particles (Fig. 2(a)). Furthermore, particle shape could
also influence the attached particle size. The average circularity of the

No A/a
Morphology

i @
|~

Sieve pore 4.00-5.00 3.10-4.00 2.50-3.10
(mm)

Granule
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number/
Filtrate
volume
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15/ 40 30/ 40 60/ 40

2.00-2.50

120/ 40
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Fig. 2. The attachment performance of micro particles by different sized granules (a) Solution I; (b) Solution II.

micro particles in solution I was 0.73+0.11, and the attached particle
size increased with the decrease of circularity, indicating the slender
particles were more prone to be attached. The average particle size of
solution IT was 95+46 pm, the granules with worse attachment perfor-
mance tended to capture smaller particles, resulting more larger parti-
cles left in the bulk (Fig. 2(b)). The difference of specific attachment
between Fig. 2(a) and Fig. 2(b) was from the MLSS. In the tests with
solution I only a few granules were in the bulk, so it was difficult to
attach micro particles. While in the tests with solution II the MLSS was
2000-3000 mg-L, so the micro particles could be attached more
sufficiently.

The micro particles attachment performance between complete
granules and similar sized pieces were shown in Fig. 3. The specific
surface area of piecesss; mm (a half of granulessog_s00 mm) and
piecesp g3 mm (a fourth of granuless o500 mm) were 1.67 and 2.33
mm?mm™>, which were similar to those of granulesg 1 40 mm and
granulesy 5 3.1 mm, While both the granuless; 4.0 mm and granules; s 31
mm exhibited better attachment performance, either in solution I or so-
lution II. The specific attachment of granuless i 4.0 mm (granuless s 31
mm) Were 89.73 % (7.21 %) and 63.16 % (1.84 %) bigger than those of
piecess sy mm (piecesa g3 mm) in solution I and solution II, respectively. It
seems compared to the external surface, the internal surface (cross-
section) exhibited lower attachment capacity for micro particles. How-
ever, the granulesy o 25 mm exhibited worse attachment performance
than piecess 25 mm (an eighth of granules, 0p_5.00 mm) in both solutions.
Actually, to divide one granule, ¢_s.0 mm into 8 piecess 25 mm required 3
cuts, and each cut would affect the structural stability. Therefore,
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sometimes the inner anaerobic core or some surface fragments will be
separated from the granules during aeration, and the available attached
area (especially the outer layer surface) increased. This increase was
more obvious in the batch test with solution II (Fig. 3(b)), because the
inner anaerobic core was stronger than the outer aerobic layer, and more
outer layer fragments would be peeled off under higher MLSS condition
(Tijhuis et al., 1994).

3.2. FTIR of the outer surface and cross section of granules

The FTIR spectra of the outer surface of each sized granules were
shown in Fig. 4(a). For the granulesys 30 mm, the typical adsorption
peak frequencies were from lipid (2930, 3290, cm™), protein (1653,
1560, cm'l), polysaccharidess (1048, em™) (Zhou et al., 2023). For the
granuless 1 4.0 mm, the typical adsorption peak frequencies were from
protein (1555, cm’l), polysaccharidess (1054, 1071, cm’D). For the
granuless 0 5.0 mm, the typical adsorption peak frequencies were from
protein (1545, 1653, cm’l), polysaccharidess (1045, em™)) (Liu et al.,
2015). The FTIR spectra scanned at different places of the outer surface
of granuless 1 4.0 mm Were similar, while for the granulesy s 31 mm and
granules, o_s5.0 mm the FTIR spectra at different places are different. This
indicated that the surface of granuless 1 4.0 mm Was relatively homoge-
neous, while the others were heterogeneous. The porosity inside AGS
also showed similar phenomenon, which became more heterogeneous
from outside to inside because the fragments close to the core was denser
(Zaghloul and Achari, 2022). Therefore, it’s possible that during the
growth process of granules (such as from granulesys3; mm to

7, 000
: b
500 ®

[ complete granule [T break piece

2 400
S -
S200f
k=

2 100
o

0

Q@ complete granule @ break piece

g 1

nt/ 1

ac
W
(=3
(=}

2.5-3.1 2.0-2.5

Biomass diameter / mm

3.1-4.0

Fig. 3. The attachment of complete granules and pieces under similar size (a) Solution I; (b) Solution II.
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Fig. 4. FTIR of outer surface and cross section of granules (a) outer surface of different sized granules; (b) from outer surface to inner surface (granules, o_s.o mm)-

granuless 1 4.0 mm), the newly growing biomass on the outer surface is
more loosely, leading to a relatively homogeneous surface. However,
when the granules become too big (such as granulesy g_s5.0 mm), different
parts of its surface suffered greater differences in impact during aera-
tion, resulting in a tendency towards heterogeneous.

The granuless ¢ 5.0 mm Was used to investigate the morphology from
outside to inside. The FTIR spectra of the outer layer outside surface,
outer layer inside surface and inner core outside surface were shown in
Fig. 4(b). For the outer layer outside surface, the typical adsorption peak
frequencies were from protein (1545, 1653, ecm™), polysaccharidess
(1045, cm™) (Yang et al., 2023). For the outer layer inside surface, the
typical adsorption peak frequencies were from proteins (1653, 1559

crn'l), polysaccharidess (1050 cm™). For the inner core outside surface,
the typical adsorption peak frequencies were from proteins (1648, 1653,
cm'l), polysaccharidess (1012, 1050, 1078, em™) (Li et al., 2015). There
was always obvious boundary between the outer layer (light brown) and
inner core (deep black). The reason might be the outer regions were
predominantly loose aerobic or facultative aerobic zones, while the
interior constituted dense anaerobic zones. It was interesting to observe
some outer layer outside surface (Fig. 4(b)(1)) was similar to the outer
layer inside surface (Fig. 4(b)(2)), indicating the structure on the two
surfaces of aerobic (facultative aerobic) zones were the same. While
some outer layer inside surface (Fig. 4(b)(5)) was similar to the inner
core outside surface (Fig. 4(b)(6)), since they were tightly
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interconnected.

In this study no smooth was conducted for the FTIR spectra, and
numerous little peaks were observed. These little peaks may result from
the concave-convex structure on the surface of granules, and the
wavenumber interval of these little peaks is inversely proportional to the
distribution density of the concave-convex structure. The distribution of

(a) 4.0-5.0 mm (Cy3)

4.0-5.0 mm (Phase contrast)

(b) outer inside surface (Cy3)

3.1-4.0 mm (Cy3)

3.1-4.0 mm (Phase contrast)

inner outside surface (Cy3)

Water Research 280 (2025) 123539

wavenumber interval were shown in Fig. 4. The average wavenumber
interval of granules, 5.0 mm, granuless 1 4.0 mm, and granulesz s 3.1 mm
were 5.21+2.36 cm™, 5.19+2.26 cm’! and 5.58+2.82 cm’, respec-
tively, indicating the surface of granuless ;4.0 mm exhibited the densest
distribution of concave-convex structure. This was consistently with its
best attachment performance. For the granuless o 50 mm, the average

2.5-3.1 mm (Cy3)

.5-3.1 mm (Phase contrast)

o

cross section (Cy3)

outer inside surface(Phase contrast) inner outside surface (Phase contrast)

cross section (Phase contrast)

Fig. 5. amyloid-glucan like structure distribution on the surface of granules (a) the surface of different sized granules; (b) the surface of granuless ¢ 50 mm from

outside to inside.
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wavenumber interval between each little peak increased from outer
layer outside surface (5.21+2.36 cm'l) to outer layer inside surface
(5.35+2.39 cm'l), and further to inner core outside surface (5.36+2.26
em’™!). This indicated the concave-convex structure on the surface of
inner anaerobic zones was less density distributed, so the particles
attachment capacity of cross-section was less than outer layer surface,
which explained the attachment performance between complete gran-
ules and similar sized pieces.

3.3. Amyloid-glucan like structure on the surface of granules

The Cy3 filter and Phase contrast pictures of different sized granules
were shown in Fig. 5(a), the amyloid-glucan like structure on the surface
of granules showed fluorescent highlight red spots. For the gran-
uless 0_5.0 mm Most gray and white area in Phase contrast pictures were
stained red in Cy3 picture, while only a part of gray area displayed
highlight red spots. For the granuless ; 4.0 mm the proportion of highlight
red area was bigger, and almost all gray area in Phase contrast pictures
displayed highlight red spots in Cy3 picture. For the granuless 5 3.1 mm,
almost none highlight red spots were observed. It seemed the surface
roughness caused by the amyloid-glucan like structure might determine
the attachment performance of micro particles. The more amyloid-
glucan like structure distributed, the better the attachment perfor-
mance was. This indicated the amyloid-glucan like structure presented
by fluorescence staining was similar to the structure reflected by the
wavenumber interval between each little peak in FTIR spectra.

The Cy3 filter and Phase contrast pictures of granulesy o 5.0 mm from
outside to inside were shown in Fig. 5(b). Compared with the outer
outside surface (Fig. 5(a)), little highlight red spots were observed on the
outer inside surface, indicating the amyloid-glucan like structure occu-
pation decreased from outside to the inside. For the inner outside sur-
face, although most black area in Phase contrast pictures were stained
light red in Cy3 picture, only a few highlight red spots were observed.
For the cross section, it was obvious to see there was almost none
highlight red spots in the inner, and some in the outer just as the outer
inside surface. These observation verified that the roughness produced
by the amyloid-glucan like structure improved the attachment perfor-
mance of micro particles.

4. Discussion
4.1. The optimal granule diameter for micro particles attachment

Although the hydrolytic activity of AGS is largely surface-area
related (Toja Ortega et al., 2022), the micro particles attachment is
determined by not only the available surface-area, but also the surface
characteristics. Since most organics in actual wastewater exist as micro
particles (Derlon et al., 2016), to cultivate AGS the influent micro par-
ticle organics must be attached by the biomass firstly, then consequently
be hydrolyzed to soluble organics. In Nereda® the larger granules
settled to the bottom were priority to attach the influent particle or-
ganics during bottom feeding phase (Toja Ortega et al., 2021). However,
in continuous flow systems the solution was completely mixed, and the
smaller biomass are more prone to attach influent particle organics due
to the bigger specific surface area (Haaksman et al., 2023; Wei et al.,
2020). That is one of the reasons why it is difficult to cultivate larger
granules in continuous flow systems. Although the biomass mixture
collected from full-scale Nereda® plant also contained some fraction
smaller than 0.2 mm, the major constituents of biomass concentrated in
1-3 mm due to the unique operational and biomass selection methods
(Quoc et al., 2021). Actually, once small granules were formed in Ner-
eda®, they easily grow into larger granules. According to this study, the
granuless ;4.0 mm had the best attachment performance with the micro
particles. When the AGS was <3.1-4.0 mm, its attachment capacity of
micro particles improved with an increase in AGS size.
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4.2. The effect of broken AGS fragments on the attachment performance

Granules collide with each other during aeration randomly, and
some fragile or unstable parts will break into little pieces. How will these
small pieces affect the formation of AGS? The half granules o 50 mm,
quarter granuleso 50 mm and eighth granuleso s¢ mm with attached
micro particles after aeration were shown in Fig. 6. Some particles were
attached by the outer layer (Fig. 6(a),(c)), and some were by the inner
core (Fig. 6(b)). Since the structural stability was affected by the cutting
procedure, some fragile parts were separated from the granules during
aeration. The granule depicted in Fig. 6(d) showed the surface with
numerous abrasions. Sometimes the inner black core (Fig. 6(d)) was
completely separated from the outer layer (Fig. 6(e)), this would in-
crease the available area for attachment. And sometimes a huge gap was
left on the outer layer (Fig. 6(f)), the hollow gap also provided an ideal
site to attach micro particles (Tijhuis et al., 1994). When treating the real
sewage, if the attached particles were non-biodegradable, they were
easily to be enveloped by the newly growing biomass around (Pronk
et al., 2015).

For the half granuley g 5.0 mm and quarter granules ¢ 5.0 mm, the area
ratio of outer layer to inner core (O/I) were 2.29 and 1.19, and the
number ratio of the attached particles by outer layer to inner core were
2.67 and 1.56 in the batch tests with solution I, which verified again the
outer layer were more prone to attach micro particles. Furthermore,
although the O/I of eighth granule4 o 5.0 mm Was only 0.83, while the
number ratio of the attached particles by outer layer to inner core was as
high as 3.00. The abnormally high increase was due to many particles
were attached onto the newly generated surface at the outer layer’s
abrasions. This implied if a granule was broken into fragments during
aeration, the fragmented pieces not only can serve as nuclei to attach
micro particles to form new AGS (Van Dijk et al., 2022), but also has the
potential to generate more fragments for micro particle attachment,
especially from its detached outer layer. Furthermore, the EPS contents
of the outer layer and inner core were measured. The PN and PS of the
LB-EPS in the outer layer, inner core and whole granules were 3.52 and
0.46 mg-g’!, 34.45 and 0.72 mg-g™!, 29.85 and 0.59 mg-g !, respectively.
And in the TB-EPS they were 21.14 and 6.47 mg-g, 34.46 and 3.70
mg-g, 26.86 and 4.25 mg-g™}, respectively. The PN and PS of the whole
granules were always between the outer layer and inner core. Specif-
ically, the PN to PS ratio (PN/PS) of LB-EPS were bigger than those of
TB-EPS, no matter which part, and the PN/PS of inner core were
significantly bigger than those of outer layer in both LB-EPS and TB-EPS.
This implied the inner parts of AGS was more hydrophobic (Feng et al.,
2021). Since the micro particles used in this study were hydrophobic,
and the surface of outer layer of AGS were usually hydrophilic (Lin et al.,
2017), there was limit relationship between the micro particles attach-
ment and the hydrophilicity of AGS surface.

The organic micro pollutants could be adsorbed onto the AGS by the
interactions between ionized molecules/charged sludge surface and the
affinity to the organic phase (Burzio et al., 2024), both the properties of
organics and AGS could determine the attachment performance. Actu-
ally, the granules derived EPS have proven to be a good biosorbent
through the physicochemical interactions between functional groups
and adsorbates. In actual wastewater, the metal ions such as Cd*",
Pb?*could be removed by the complexation of -COOH and -OH (Li et al.,
2017). Feng et al. (2024) found the electrostatic interaction was
important for the organic micro pollutants adsorption in AGS systems,
and there was significant adsorption for 6 positively and 4 zwitterionic
charged pharmaceuticals by AGS. Larger AGS exhibited better attach-
ment performance probably due to the increased EPS. However, in our
study the surface charge of the fluorescent microbeads was negative, but
its attachment by AGS were also good. It was found the roughness
caused by amyloid-glucan like structure determined the attachment
performance, and this structure was normal distributed on the surface of
AGS (Lin et al., 2017).
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Fig. 6. Biomass fragments after aeration (a) half granules o_s.o mm; (b) quarter granule,.o_s.o mm; (¢) eighth granules o s mm;; (d) incomplete granule and separated

inner core; (e) separated outer layer; (f) broken cross section.

4.3. The competition to attach micro particles between different sized
granules

During the up-flow feeding phase, although the bottom larger
granules had the priority to attach influent particles, the upper smaller
granules still had the opportunity to attach particles when the up-flow
velocity was close to 5 m-h™ (Pronk et al., 2015). So to prevent most
particle organics accumulating around the bottom, it is reasonable to
increase up-flow velocity under acceptable value (such as 2-3 m-h™).
During aeration phase, the competition to attach micro particles be-
tween different sized granules was mainly determined by the distribu-
tion of different sized biomass in MLSS. In addition, the other sized AGS
were also cut into two parts to observe the cross section (Fig. 7). When
the granule diameter was 1.00-5.00 mm, the thickness of outer layer
showed a little positive relationship with the diameter (0.719). For the
granules; 0o-2.00 mm the thickness of aerobic layer were 0.20-0.35 mm. It
was interesting to observe almost all outer aerobic layer was thicker
than 0.20 mm, which was determined by the penetration depth of DO
(Layer et al., 2020b). So if a granule was too small such as lower than

0.50 mm, it was difficult to form anaerobic/anoxic environment inside.
The granule diameter showed negative relationship with both the ratios
of outer layer to inner core thickness (—0.670) and outer layer to inner
core volume (—0.615), indicating more anaerobic fraction was formed
inside larger granules.

When a Nereda® plant started to cultivate granules, it is considerable
to selectively discharge flocs to guarantee more influent particle or-
ganics attached by larger biomass. The dominant granules should be
larger than 0.50 mm to ensure simultaneous nitrogen and phosphorus
removal. Once the granules grown up to 2.0 mm, they will increase to
4.0 mm easily. However, the metabolism rate inside large granules was
inhibited by mass transfer (Van de Berg et al., 2020), and they always
exhibit lower activity and energy-consumed mixing (Long et al., 2019),
so sometimes large granules should be deliberately discharged in prac-
tical AGS engineering.

This study focused on the short-term attachment behavior of non-
biodegradable micro particles by different sized AGS. However, the
accumulation of non-biodegradable micro particles such as micro plas-
tics would inhibit the nitrogen removal performance in biological
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Fig. 7. Effect of granule diameter on the thickness of aerobic layer.
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wastewater treatment systems (Zhang et al., 2025). Furthermore, the
impact of micro particles attachment on enzyme variations corre-
sponding to microbial change during long-term still required investi-
gation in the future.

5. Conclusions

The attachment of micro particles by AGS was not surface-area
related. The roughness caused by amyloid-glucan like structure on the
surface exhibited close relationship with the attachment performance.
The granuless ;4.0 mm Showed the best attachment performance with its
surface occupied by the largest proportion of an amyloid-glucan like
structure, as well as its surface was the most homogeneous. From the
outside to the inside of granules, fewer amyloid-glucan like structure
were observed. When some fragile parts separated from granules during
aeration, most micro particles were preferential to be attached by the
outer layer, especially the newly formed outer layer’s abrasions.
Whether these attached non-biodegradable particles can stay outside all
the time, or will they gradually “move” inside with the AGS growth are
need to be investigated further.
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