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a b s t r a c t

The removal or degradation of particulate organic matter is a crucial part in biological wastewater
treatment. This is even more valid with respect to aerobic granular sludge and the impact of particulate
organic matter on the formation and stability of the entire granulation process. Before the organic part of
the particulate matter can be hydrolyzed and finally degraded by the microorganism, the particles have
to be transported towards and retained within the granulated biomass. The understanding of these
processes is currently very limited. Thus, the present study aimed at visualizing the transport of par-
ticulate organic matter into and through an aerobic granular sludge bed. Magnetic Resonance Imaging
(MRI) was successfully applied to resolve the different fractions of a granular sludge bed over time and
space. Quantification and merging of 3D data sets allowed for a clear determination of the particle
distribution within the granular sludge bed. Dextran coated super paramagnetic iron oxide nanoparticles
(SPIONs, dp ¼ 38 ±10 nm) served as model particles for colloidal particles. Microcrystalline cellulose
particles (dp ¼ 1e20 mm) tagged with paramagnetic iron oxide were applied as a reference for toilet
paper, which is a major fraction of particulate matter in domestic wastewater. The results were sup-
plemented by the use of real wastewater particles with a size fraction between 28 and 100 mm. Colloidal
SPIONs distributed evenly over the granular sludge bed penetrating the granules up to 300 mm. Rinsing
the granular sludge bed proved their immobilization. Microcrystalline cellulose and real wastewater
particles in the micrometer range accumulated in the void space between settled granules. An almost full
retention of the wastewater particles was observed within the first 20 mm of the granular sludge bed.
Moreover, the formation of particle layers indicates that most of the micrometer-sized particles are not
attached to the biomass and remain mobile. Consequently, these particles are released into the bulk
phase when the granulated sludge bed is resuspended.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Within the last decade aerobic granular sludge systems for
municipal wastewater treatment have proved to be economically
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competitive compared to the activated sludge systems (Giesen
et al., 2013; Pronk et al., 2015b). By now, around 50 aerobic gran-
ular sludge reactors have been set into operation in full scale for the
treatment of wastewater (HaskoningDHV, 2020; Li et al., 2014).
Despite these full scale plants only little is known about the gran-
ulation process during municipal wastewater treatment as well as
the factors causing low or high effluent concentrations of particu-
late organic matter (Derlon et al., 2016; Rockt€aschel et al., 2015;
Wagner et al., 2015; Wil�en et al., 2018).

Around 50% of the chemical oxygen demand in municipal
wastewater are dedicated to particulate organic matter. The latter
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represents a crucial carbon source in municipal wastewater treat-
ment (Orhon and Çokg€or, 1997). Particulate organic matter has to
undergo hydrolysis before it can be metabolized to carbon dioxide
and new biomass by the microorganisms. The removal of particu-
late organic matter can be divided into 4 steps: (I) external trans-
port to the biofilm surface, (II) attachment of the particles, (III)
hydrolysis of particulate organic matter and release of hydrolytic
products, (IV) uptake of these products by microorganisms (Boltz
and Motta, 2007; Li et al., 2018). Theories about the removal of
particulate organic matter in granular sludge reactors typically
assume that it attaches/adsorbs at the granule surface during the
feeding phase (De Kreuk et al., 2010; Pronk et al., 2015a). Overall,
the degradation of particulate organic matter takes several days
(Benneouala et al., 2017). Thus, attachment is a prerequisite to
ensure that particulate organic matter can serve as a carbon source
for aerobic granular sludge systems and is not washed out with the
effluent.

To understand how particulate organic matter behaves within a
bed of settled granules during anaerobic feeding, imaging tech-
niques might be applied. Imaging techniques such as confocal laser
scanning microscopy (CLSM), optical coherence tomography (OCT),
and micro-computer tomography (m-CT) are either limited by their
penetration depth or by exposing microorganisms to potentially
harmful radiation (Adav et al., 2008; Bouma, 2001; Li et al., 2018;
Peszynska et al., 2016). Magnetic Resonance Imaging (MRI) is a
powerful and widely applied tool in biofilm research (Herrling
et al., 2019; Neu et al., 2010). MRI is a non-destructive in situ
method with a spatial resolution down to a few tenth of mm. MRI
offers the spatial investigation of the distribution of NMR active
nuclei (commonly 1H), relaxation times, diffusional and advective
transport. An image contrast between water and biofilm is gener-
ated by their difference in the so-called longitudinal (T1) and
transverse (T2) relaxation times (Manz et al., 2003; Seymour et al.,
2004). The image contrast depends on the biofilm properties, i.e.,
its compactness and chemical composition. So far, MRI studies
mainly focused on water diffusion and distribution in biofilms,
transport and fate of heavy metals, trace metals, macromolecular
substances and nanoparticles (Bartacek et al., 2016; Herrling et al.,
2017; Phoenix et al., 2008; Ramanan et al., 2013; Ranzinger et al.,
2016). In addition, MRI can be applied to resolve the dynamics of
the water distribution and structure of the biofilm. Several studies
explored biofilm development, its impact on fluid flow, biomass
distribution and shape as well as cohesive and adhesive strength in
tube reactors or porous media (Graf von der Schulenburg et al.,
2008; Manz et al., 2003; Seymour et al., 2004; Wagner et al., 2010).

The current study aims at exploiting the capabilities of MRI in
order to assess the fate of particulate organic matter during the
anaerobic feeding phase of a granular sludge bed. To our knowl-
edge, mass transport studies have been limited to single granules
and/or did not resolve an entire granular sludge bed. The main
objectives of this study were thus: (i) to demonstrate the feasibility
and applicability of MRI for the (structural) characterization of
granular sludge beds, (ii) to investigate the transport, loading and
retention behavior of particulate organic matter within a bed of
settled granules and (iii) to demonstrate the dependence of the
retention mechanism on the size of particulate organic matter.
Super paramagnetic iron oxide nanoparticles (SPIONs, dp ¼ 38 ± 10
nm) have been applied which resemble the colloidal fraction of
particulate organic matter. The results are supplemented by the
investigation of artificial microcrystalline cellulose particles (MCPs,
dp ¼ 1e20 mm) and real wastewater particles (WWPs,
dp ¼ 28e100 mm) as models for particulate organic matter in the
micrometer range.
2. Material and methods

2.1. Aerobic granular sludge

Aerobic granular sludge was taken from a lab-scale sequencing
batch reactor (SBR) at Eawag. Samples were sieved to separate flocs
from aerobic granules (d� 0.63mm). The granule size allowed for a
sufficient resolution of the voids between the granules. The gran-
ules had a smooth surface and a typical size range of 1e2 mm.
Granules were send from Eawag (Dübendorf, Switzerland) to
Karlsruhe (Germany): Approx. 200 mL of granular sludge were
filled in a bottle and covered to the top with tap water. The bottle
was send on ice in a styrofoam box. The maximum delivery time
was two days. The first MRI experiments were started immediately
after sample arrival. However, granular sludge samples were stored
in the fridge (4 �C) not longer than five days in case the experiments
had to be repeated. The latter could occur due to air bubbles or
incorrect packing of the granules.
2.2. Preparation and characterization of particulate organic matter

Colloidal particles (SPIONs)
Superparamagnetic iron oxide nanoparticles (SPIONs) with a

diameter dp of 38 ±10 nm were utilized as reference for colloidal
particles resembling the colloidal fraction of particulate organic
matter, (nanomag®-D-spio; Micromod Partikeltechnologie GmbH,
Rostock, Germany). SPIONs consist of iron oxide cores covered by
an organic dextran matrix. Large macromolecules consisting of
dextran have been successfully applied in hydrolysis experiments
before (Confer and Logan, 1997). SPIONs have a zeta potential close
to zero. Further, the particles showed no signs of agglomeration or
sedimentation. The iron oxide cores serve as paramagnetic tagging
causing fluctuating disturbances of the magnetic field. Hence,
mainly transverse relaxation is enhanced creating predominantly a
T2 contrast. Information about the applied particle concentration
and loading is given in Table 1. A detailed characterization of these
particles is given in Cuny et al. (2015).
Microcrystalline cellulose particles (MCPs) as model particulate
organic matter

Cellulose is a major fraction of particulate organic matter in
domestic wastewater as it originates from toilet paper (Ruiken
et al., 2013). A dispersion of the base product (Alfa Aesar, Thermo
Fisher Scientific GmbH, Karlsruhe, Germany) was sonicated and
wet sieved to collect a size fraction between 1 and 20 mm. For
paramagnetic tagging, MCPs have been suspended in a 50 g/L
ferrous sulphate solution under anoxic conditions. After draining,
the iron(II) saturatedmicrocrystalline cellulose particles were dried
at room temperature over night to allow for a complete oxidation of
the often diamagnetic iron(II) to paramagnetic iron(III). No mobi-
lization of iron(III) ions was recognized later on.
Real wastewater particles (WWPs)
Primary effluent wastewater of the pilot-scale wastewater

treatment plant at Eawag, Dübendorf (Switzerland) was collected
to extract real WWPs. After centrifuging (3000 rpm, 5 min) and
decanting settled particles were collected and freeze-dried. Before
conducting the experiment, the freeze-dried particles were sus-
pended in ultrapure water, homogenized and wet sieved. A size
fraction between 28 and 100 mm was further used.



Table 1
Experimental conditions for the experiments. To meet the requirements for MRI measurements, sample design and conditions differ from full- or lab-scale application.
Changes between experiments are explained in chapter 2.4.

Experiment 1 Experiment 2 Experiment 3

Applied particles colloidal particles (SPIONs) microcrystalline cellulose particles (MCPs) real wastewater particles (WWPs)
paramagnetically tagged? yes yes no
mean particle diameter/size range 38 ±10 nm 1e20 mm 28e100 mm
average flow velocity 0.78 m/h 0.78 m/h 0.39 m/h
flow direction top to bottom bottom to top bottom to top
dry mass of particles applied during the experiment 13 mg 139 mg 155 mg
concentration 73.1 mg/L 1.0 g/L 4.7 g/L
particle load:
applied volume | duration | 37 mL | 37 min | 80 mL | 80 min | 24 mL | 48 min |
dry mass of particles applied 2.7 mg 80 g 113 g
additional particle load:
applied volume | duration | 140 mL | 140 min | 59 mL | 59 min | 9 mL | 18 min |
dry mass of particles applied 10.28 mg 59 g 42.3 g
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2.3. Experimental setup and procedure

A small sample design was necessary, to meet imaging re-
quirements (sufficient signal-to-noise ratio). The authors are aware
that due to the small column diameter wall effects have a larger
impact on the process compared to commonly applied pilot and full
scale aerobic granular sludge reactors.

A schematic of the experimental setup is presented in Fig. 1. The
aerobic granules were placed inside a glass column with an inner
diameter of 14mm and a length of 100mm. The height of the bed of
settled granular sludgewas approximately 50mm. 2 cm spacewere
given at each end of the column to distribute the flow before
reaching the granular sludge bed. At the bottom glass spheres with
a diameter of 2 mm stabilized the granular sludge bed. An O-ring
and a mesh (size 0.7 mm, fabric) were positioned in between to
separate the granules from the glass spheres. Both beds were wet
packed to avoid air entrapment. The glass columnwas installed into
the 200 MHz spectrometer and connected to a peristaltic pump
(Ismatec, IPC, IDEXHealth and Science GmbH,Wertheim, Germany)
via polytetrafluoroethylene capillaries (inner diameter: 0.75 mm;
Duratec Analysentechnik GmbH, Hockenheim, Germany).

The granular sludge bed was initially rinsed with tap water for
60 minwith a volumetric flow rate of 1 mL/min, corresponding to a
flow velocity of 0.78 m/h. The particles were pumped through the
column during two loading phases (see Table 1). In between the
flow was turned off for image acquisition. The particle suspension
(feed) was positioned on a magnetic stirrer being continuously
mixed to avoid particle sedimentation. As channeling occurred at
average velocities higher than 1m/h, the particle concentrationwas
Fig. 1. Experimental setup. MRI images were acquired along the first 22
adjusted to ensure a moderate experiment duration.
2.4. Adjusted parameters between experimental runs

The artificial particles (SPIONs and MCPs) were paramagnetic
tagged. Paramagnetic tagging strongly enhances image contrast via
paramagnetic relaxation enhancement. Untreated particulate
organic matter does not significantly alter the MRI signal, unless it
appears in a large concentration and geometric extensions e.g. in
form of particle layers. The occurrence of particle layers in Exper-
iment 2, lead to the conclusion that paramagnetic relaxation
enhancement is not necessary for micrometer sized particles in
large concentrations. Thus, no paramagnetic relaxation enhance-
ment was conducted in Experiment 3. In addition, a larger mini-
mum particle diameter has been chosen for the WWPs to
conclusively neglect penetration into the biofilm matrix.

As channeling occurred at average velocities higher than 1 m/h,
the particle concentration was adjusted to ensure a moderate
experiment duration. In addition, the average flow velocity was
adjusted in Experiment 3 due to the channeling event in Experi-
ment 2. In general, high concentrations of particles in relation to
biomass were necessary to allow for a clear detection of the
transport behavior and differentiation of particles and granular
sludge (e.g., signal-to-noise ratio).

Flow direction and field of view were changed for Experiment 1
due to the aim of highlighting the granular sludge bed in contact
with the bulk interface. Due to their particle size SPIONs are staying
suspended for weeks without any signs of settling.
.5 mm of the granular sludge bed, according to the flow direction.
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2.5. Magnetic resonance imaging

The experiments were performed on a 200 MHz nuclear mag-
netic resonance spectrometer (Bruker Avance HDIII 200 SWB,
Bruker BioSpin GmbH, Rheinstetten, Germany). The super-
conducting magnet has a vertical bore of 150 mm and a magnetic-
flux density B0 of 4.7 T. A 25 mm birdcage of the MICWB 40 series
was used. Gradients up to 1.5 T/m were available in all spatial di-
rections (x, y, z). Multi-slice multi-echo imaging (MSME) was per-
formed in 2D and 3D as provided within Paravision 6.0.1 (Bruker
BioSpin GmbH, Rheinstetten, Germany). A signal-to-noise study
revealed that a combination of T1- and T2-weighting is the most
convenient. T1-weighted images favor the so called longitudinal
relaxation differences, while simultaneously, but to a smaller
extent transverse relaxation is occurring. Vice versa, the same ap-
plies for T2-weighted images. T1-weighted images were used to
differentiate between granules and the bulk liquid. T2-weighted
images were acquired to supplementary locate the added particles
within the bed of settled granules. Data acquisition parameters are
listed in Table 2.
2.6. Data analysis and visualization

Data analysis was performed within Matlab R2018b (Math-
Works, Nattick, MA, US) using home-written scripts and Avizo 9.4
(Thermo Fisher Scientific, Waltham, Masssachusetts, USA). Graph-
ical illustrations of the data analysis are provided in the supporting
information. Briefly, the 3D datasets recorded at the end of each
experiment have been segmented via interactive thresholding. In
the T1-weighted images the shell of the granules showed high
signal intensity and appeared bright. These signals were used to
separate the granules from the background (e.g., bulk water phase).
From T2-weighted images the dark appearing particles were
extracted. The resulting binary datasets were combined, and an
artificial color allocation was given to differentiate between void
space (black), granules (green) and particles (yellow). In addition,
granules and particles were assigned to the fraction of
“granule þ particle” (white) in case of spatially overlapping signals
(co-localization, see Fig. S1). It has to be noticed, that the void space
includes all voxels which have not been assigned to granules or
particles during thresholding. In particular, these are interpreted as
water filled pores and channels as well as the interior of granules
(confer T1-weighted images in Fig. S1).

Quantification has been achieved as follows: The volumetric
fractions of each class have been determined for a region of interest
in 3D. As the wastewater particles were also visualized (T1-
weighted images), image analysis was adapted to quantify the
fractions of granules, particles and void spaces correctly within the
limitations of the approach (see supporting information S2).
Table 2
MRI data acquisition parameters. If not mentioned differently, the parameter values app

T1-weighted

Repetition time (TR) 500 ms
Echo time (tE) 5 ms
Averages 2D: 16, 3D: 2
Image matrix size 2D: 192 � 128
2D: zx-plane 3D: 192 � 128
Field of view 2D: 22.5 mm
2D: zx-plane 3D: 22.5 mm
Resolution 117 mm isotro
Slice thickness 1 mm (only 2D
Slice gap 2 mm (only 2D
Scan duration 2D: 17 min, 3D
3. Results

3.1. Experiment 1: Behavior of colloidal particles (SPIONs)

The aim of this experiment was to visualize and quantify the
interaction of SPIONs in the bulk phase and the granular sludge bed.
A set of MRI images shows the behavior of SPIONs in the granular
sludge bed (Fig. 2). In Fig. 2A the T1-weighted images show the
structure of the granular sludge bed. Bulk liquid phase and granules
can be distinguished based on their respective T1-relaxation times.
After applying the particle load, SPIONs were distributedwithin the
pores of the granular sludge bed as visible in Fig. 2A after step II.
SPIONs enhance the relaxation of the liquid phase. The result is a
brighter appearing liquid phase and a declined contrast between
granules and liquid phase in T1-weighted images immediately after
the SPION injection (compare steps I and II in Fig. 2A). However, the
T2-weighted images are more sensitive for the detection of SPIONs
due to the inherent relaxivities of these SPIONs (Cuny et al., 2015).
In T2-weighted images (Fig. 2B, step II) the enhanced relaxation
causes the low signal intensity of the liquid phase. In contrast to the
initial image shown in Fig. 2B (step I), the liquid phase can be
distinguished from the granules in T2-weighted images.

To study the interaction of the SPIONs with and within the
granular sludge bed driven by diffusion, flow was stopped. After
16 h without flow the pore space within the granular sludge bed
appears bright in T2 weighted images (Fig. 2B, step III), which
correlates to a low SPION concentration. The sorption of the
colloidal particles to the granule surface is visible as a “ring” of low
intensity in the T2-weighted images in Fig. 2B (step III). In relation
to the intensity of the granular sludge bed, the dark appearing bulk
liquid phase above the granular sludge bed (see Fig. 2B, step III)
indicates a relatively high concentration of SPIONs. Without
applied flow the SPIONs were not deeply entering the granular
sludge bed, as no concentration gradient within the granular sludge
bed is observed (Fig. 2B, step III z ¼ 0e14 mm). An additional
particle load was reestablishing the concentration of SPIONs within
the pore space of the granular sludge bed (compare Fig. 2A and B,
steps II and IV). By rinsing the granular sludge bed (see Fig. 2, step
V), mobile particles were removed. The T2-weighted image in
Fig. 2B (step V) shows residual SPIONs immobilized at the granule
surface (see “dark” rings). The liquid above and within the pore
space exhibit a similar signal intensity compared to the initial state
indicating a low SPION concentration in the bulk liquid (compare
Fig. 2A, steps I and V).

3.2. Experiment 2: Behavior of microcrystalline cellulose particles
(MCPs)

The set of T1- and T2-weighted MRI images in Fig. 3 illustrates
the behavior of MCPs (dp ¼ 1e20 mm) in the granular sludge bed.
ly to both 2D and 3D measurements.

T2-weighted

2000 ms
2D: 30 ms, 3D: 35 ms
2D: 4, 3D: 1

� 128
� 15 mm
� 15 mm � 15 mm
pic in 3D, in plane in 2D
)
)
: 4.5 h 2D: 17 min, 3D: 9 h



Fig. 2. 2D MRI images (cross-sections) showing the distribution and sorption of SPIONs within the granular sludge bed. T1-weighted images (A) allow for a differentiation between
granules and water filled pore space, while T2-weighted images (B) are more sensitive to SPION concentrations (e.g. particle load). The presence of SPIONs in the liquid enhances
mainly T2 relaxation, but markedly affects also the T1 contrast. Sorption of SPIONs to granules is indicated as their surface becomes visible in terms of “dark” rings in T2-weighted
images.
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The formation of a channel through the granule bed can be
observed on Fig. 3A steps I to III at y ¼ 10e15 mm. MCPs are not
recognizable in the T1-weighted images.

After the initial particle load MCPs accumulated below the
granular sludge bed which is indicated by the darker regions in
Fig. 3B (step II; z ¼ 0e3 mm). Further accumulations of MCPs are
visible along the channel at y ¼ 10e15 mm (see Fig. 3B, step II). In
detail, MCPs are found at the granule surfaces or in void spaces
situated next to the channel. Nevertheless, the major part of the
granular sludge bed is free fromMCPs (bright regions remaining in
step II compared to step I in Fig. 3B).

After the additional particle injection (see Fig. 3B, step III)
further particle accumulation filled void space next to the channel
and partially the channel itself, while no (additional) particles
distributed over the rest of the granular sludge bed. The develop-
ment of a preferential flow path at y ¼ 10e15 mm through the
granular sludge bedwas further confirmed bymeasuring flow (data
not shown).
3.3. Experiment 3: Behavior of real wastewater particles (WWPs)

Fig. 4 illustrates the behavior of real WWPs (dp ¼ 28e100 mm)
inside the granular sludge bed. To avoid immediate channeling as
observed during the experiment with MCPs (see section 3.2 above),
the average flow velocity was lowered to 0.39 m/h.

Compared to the particles applied in the first two experiments
(SPIONs, MCPs), WWPs caused an additional image contrast in
predominantly T1-weighted images (see Fig. 4A, steps II and III).
WWPs appear brighter than the granules. The WWPs appear also
more inhomogeneous in terms of signal intensity and are sur-
rounded by some susceptibility artifacts (black dots in bright layer
Fig. 4A, steps II and III). The T2-weighted images are more sensitive
to the WWPs. In Fig. 4B the WWPs appear dark because of a faster
T2-relaxation whereas the granules and void space are similar in
signal intensity.

The WWPs show a similar behavior compared to the MCPs. An
accumulation in the void space and around the granule surfaces is
observed after both injections (see Fig. 4, steps II and III). Particles
distribute within the granular sludge bed in the region of
x ¼ 5e10 mm and z ¼ 5e20 mm. The granular sludge bed was
slightly rearranged during both particle loadings as indicated in
Fig. 4A, step I compared to II and III. In this case the particles were
slightly pushed through the granular sludge bed. In Fig. 4, step III
the additional particle load led to further infiltration of WWPs
along the height of the granule bed as well as accumulation at the
inlet (z ¼ 5 mm, x ¼ 3e10 mm).
3.4. Comparison of particle distribution

In this section, 3DMRI datasets from the end of each experiment
are analyzed and compared. SPIONs (Experiment 1) and micro
particles (Experiment 2 and 3) interact differently with the gran-
ular sludge bed (Fig. 5). The SPIONs penetrated into the granules
and remained immobilized/sorbed (white bars, Fig. 5). Analysis of
these 3D MRI datasets further revealed that SPIONs penetrated
each granule independent of its surrounding environment (e.g.,
packaging density, granule size). Sorption of SPIONs occurred
homogenously within the granular bed height (z ¼ 3e13 mm) as
presented in Fig. 6, Experiment 1. The penetration depth for SPIONs
into the granules was estimated to up to 300±50mm.

Due to the flow direction that’s compacting the granular sludge
bed, the granule content in Experiment 1 is the highest (z60% for
“granule” and “granule þ particle”) in Fig. 5. The higher flow ve-
locity in Experiment 2 and the channeling event lead to a lower
granule fraction compared to Experiment 3. In general, the
“granule” fraction is underestimated within this approach, due to



Fig. 3. 2D MRI images showing the accumulation of microcrystalline cellulose particles (MCPs) in the granular sludge bed. T1-weighted images (A) allow for a differentiation
between granules and water filled pore space, while T2-weighted images (B) are more sensitive to the particle load in form of low intensity signals. The granule bed reordered
during the particle load, and a flow channel formed. An accumulation of MCPs occurred mainly near the inlet and along the flow channel (preferential flow path).
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lower signal intensities at the inner of the aerobic granules.
Compared to the behavior of SPIONs, MCPs locate nearby

granules (see Fig. 5, Experiment 2) but do not penetrate the gran-
ules. In consequence, the fraction of “granule þ particle” (white
color allocation) is below 1% in Fig. 5 for MCPs compared to
approximately 34% for SPIONs. Since the WWPs are larger than the
MCPs no penetration of the larger particles into the granules is
assumed. MCPs and WWPs behave similarly in terms of spatial
distribution. Moreover, micro particles preferentially accumulate at
lower parts of the granular sludge bed rather than distributing
equally within the void space due to advective and diffusive
transport processes as concluded from Fig. 6, Experiment 2 and 3.
The distribution of MCPs is mainly affected by the geometry of the
flow path (Fig. 6, Experiment 2). Particles gradually fill the void
space along the channel, which causes a heterogeneous distribu-
tion of MCPs. In addition, a deposit of settled MCPs on top of the
granular sludge bed was detected. The wastewater particle fraction
(yellow) is sharply decreasing within the lower part (z ¼ 4e6 mm)
of the granule bed (see Fig. 6 Experiment 3). The low “particle”
fraction forWWPs in Fig. 5, indicates that most particles are already
retained at the glass spheres positioned below the granular sludge
bed (Fig. 1). Almost complete particle retention was observed
within the first 20 mm of the granule bed (see Fig. 6C, Experiment
3). Also, an additional particle load or a higher flow velocity would
release particles to the bulk phase atop the granular sludge bed
similar to the observations made in Experiment 2.
4. Discussion

4.1. Applicability of MRI

The results prove the applicability of MRI to study the fate and
transport of particles into and through a settled bed of aerobic
granules. T1-weighted images were successfully applied to resolve
the structure of a settled bed of aerobic granules. Colloidal (SPIONs)
as well as micro particles (MCPs, WWPs) were resolved in time and
space (x, y, z) by T2-weighted images.

Further processing and merging of 3D MRI data sets allowed for
the determination of the particle position inside the granular
sludge bed. Some uncertainties remain in the predictability of the
granule and void space volume fractions. Because of their signal
intensity, the cores of the granules are assigned to the void space
fraction. The changes in signal intensity caused by diverse relaxa-
tion times within biofilms are usually aligned with its properties
(i.e. compactness and chemical composition). For example,
Bartacek et al. (2016) observed that the outer zone of aerobic
granules has a faster T1 and T2-relaxation than the inner core. The
faster relaxation times might be related to a higher amount of
extracellular polymeric substances (EPS) and microorganisms at
the outer layers (Adav et al., 2008; McSwain et al., 2005; Wang
et al., 2005). Further, the presence of precipitates in granules was
reported, which locally fastened relaxation time (Herrling et al.,
2017; Kirkland, 2017). Nevertheless, advanced image segmenta-
tion might improve the differentiation of void space and granule



Fig. 4. 2D MRI images showing the accumulation of real wastewater particles (WWPs) within the granular sludge bed. In T1-weighted images (A) granules, water filled pore space
(low signal intensity) and particles (high signal intensity) are visible. The T2-weighted images (B) display the particles more homogenously. Particles appear dark (low signal
intensity) whereas the water filled pore space and granules appear grayish (high signal intensity). The particles accumulated mainly within a channeled void space of the granular
sludge bed.

Fig. 5. Volume fractions at the end of each experiment. SPIONs are able to penetrate
the granules (white bars), while the WWPs and MCPs accumulate in the void space.
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core via shape validating tools as applied by B�egin et al. (2014) on
nerve fibers.
4.2. Particle retention

The current study demonstrates that the retention mechanism
of particulate organic matter is size dependent. Retention of par-
ticulate organic matter in an aerobic granular sludge reactor in-
creases with decreasing influent wastewater particle size
(Schwarzenbeck et al., 2004). Our results show that colloidal par-
ticles distribute equally within the granular sludge bed under
applied flow. Thus, colloidal particles are able to attach and pene-
trate granules. We hypothesize that the hydrolysis of colloidal
particles takes place within the granules and will lead to a rather
uniform distribution of additional substrate during the subsequent
cycles of a SBR. Furthermore, the estimated penetration depth up to
300 ± 50mm suggests that the colloidal particles partially immobi-
lize within the anoxic zone of aerobic granules. Therefore, hydro-
lysis would potentially release organic carbon to phosphorous
accumulating and denitrifying microorganisms in the anoxic zone
and contribute to the growth of stable and compact granules (de
Kreuk and Van Loosdrecht, 2004; Layer et al., 2019; Pronk et al.,
2015a).



Fig. 6. Particle distribution along height. In Experiment 1 the SPIONs distributed homogenously along the height of the granular sludge bed. The accumulation of MCPs in
Experiment 2 is mainly affected by the geometry of the flow path. The amount of accumulated WWPs in Experiment 3 decreases sharply within the first millimeters.
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Experiments with MCPs and WWPs support findings of
Schwarzenbeck et al. (2004) who concluded that the removal ef-
ficiency of micro particles seems critical. Recent studies demon-
strated that micro particles are not able to penetrate granules and
are retained at the granule surface (De Kreuk et al., 2010;
Morgenroth et al., 2002; Pronk et al., 2015a; Wagner et al., 2015).
This study supports and extends this knowledge, as the accumu-
lation of micro particles inside the void space was directly visual-
ized during the feeding phase. Further particle accumulation leads
to the formation of particle layers. The particle layer thickness ex-
ceeds the particle diameter, which leads to the conclusion that
most of the particles are not attached to the granule surface but
remain available/mobile after the feeding phase. Overall, around
80% of the particulate organic matter are in the micrometer range
after a primary treatment step (Sophonsiri and Morgenroth, 2004).
Therefore, a large quantity of particulate organic matter might not
necessarily be washed out with the effluent but stays distributed/
remobilized over the whole reactor within the (aerobic) mixing
phase.
4.3. Influence of flow velocity on particle distribution

Average flow velocity through the granular sludge bed during
the anaerobic feeding phase is a particularly important strategic
parameter. Experiment 1 showed that convection is necessary to
distribute the SPIONs over the granular sludge bed. Here, a low flow
velocity of 0.78 m/h allowed for a uniform distribution of particles
within the void space, which is followed by sorption of SPIONs to
aerobic granular sludge. The entire process resulted in an even
distribution of SPIONs within the granular sludge bed. The impact
of flow on the particle distribution is evident in the experiments
utilizing MCPs and WWPs, respectively. Channels formed, that led
to preferential flow and thus advective transport of particles
occurred. In Experiment 2, high velocities inside the channel lead to
a transport the MCPs through the entire granular sludge bed. This
caused the sedimentation of MCPs on top of the granular sludge
bed. In case of the WWPs a reduced average velocity of 0.39 m/h
was sufficient to retain the majority of the particles within the first
20 mm of the settled bed of aerobic granules. However, for the
typical anaerobic feeding time of around 1 h 0.39 m/h would be
much too low. Typically, average flow velocities range from 1 to
5 m/h for low strength wastewater (Derlon et al., 2016; Li et al.,
2014; Pronk et al., 2015b; Wagner et al., 2015). Channeling has
been reported on full scale reactors at average filter velocities from
3 to 3.3 m/h (Pronk et al., 2015b). Our findings indicate that
channeling might also occur at average filter velocities below 1 m/
h. Hence, average filter velocities and volume exchange ratio should
be considered to minimize the risk of washing out particulate
organic matter during simultaneous fill and draw, as applied by
Pronk et al. (2015b) on full scale reactors.

Conclusions

� MRI is a suitable analytical tool to visualize and quantify the
transport and retention behavior of colloidal (SPIONs) andmicro
particles (microcrystalline cellulose particles (MCPs) and real
wastewater particles (WWPs) inside a granular sludge bed. The
combination of T1- and T2-weighted images allowed for the
localization of granules, void space and particles in all spatial
directions and over time.

� The size of particles (colloidal or several micrometer large)
governs their fate within the granular sludge bed during
feeding.

� Colloidal particles (SPIONs) distributed evenly over the granular
sludge beds. These also penetrate the granules homogeneously
by up to 300 ± 50 mm. As these particles are retained and
immobilized inside the granules, degradation will most likely
occur delivering additional substrate even in anoxic regions of
aerobic granules.

� Micrometer-sized particles of micro crystalline cellulose (model
particles) as well as real wastewater particles were affected by
gravitation/sedimentation. Particles accumulated within as well
as on top of the granular sludge bed. Results indicate that a large
fraction of these particles remains mobile and might be
degraded in subsequent phases of a SBR cycle or might be dis-
charged causing constant or elevated effluent concentrations.
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