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The impact of biofilm thickness-restraint and
carrier type on attached growth system
performance, solids characteristics and
settleability

Raheleh Arabgol,a Peter A. Vanrolleghem,b Maria Piculellc and Robert Delatolla *a

The moving bed biofilm reactor (MBBR) technology is a proven standalone and add-on technology for

carbon and nutrient removal from municipal wastewaters. The key challenge of the carbon removal MBBR

technology is the production of poor settling biological solids and the need for intense solid separation

methods. This study investigates the effect of carrier type and biofilm thickness-restraint on MBBR system

performance, biofilm thickness, solids production, detachment rate, solids characteristics and settleability.

Two new emerging “thickness-restraint” carriers, AnoxK™ Z-200 and Z-400 (allowing for 200 and 400

μm maximum biofilm thickness, respectively), are compared to the conventional AnoxK™ K5 carrier at

BOD loading rates of 6 g-sBOD m−2 d−1. The obtained results indicate that carrier type has a significant

effect on MBBR carbonaceous removal, biofilm thickness, detachment and solids production. The K5

carrier MBBR system demonstrated statistically significant higher carbonaceous removal rates of 3.8 ± 0.3

g-sBOD m−2 d−1, higher biofilm thickness (281.1 ± 8.7 μm), lower solids production (7.7 ± 3.2 mg-TSS L−1)

and greater stability with respect to the detachment rate compared to the two Z-carriers. Particle size

distribution analysis demonstrates a higher percentage of small particles in Z-carrier system effluent and

hence significantly lower solids settling efficiency. Therefore, the K5 carrier produced solids with improved

settling characteristics compared to Z-carriers. No significant difference was observed in removal

efficiency, solids production, detachment rate, particle characteristics and settling behaviour when

comparing the Z-200 to the Z-400, indicating that biofilm thickness-restraint carrier design was not a

controlling factor in the settling potential of produced solids.

Introduction

New regulations and more stringent wastewater discharge
standards are increasingly enforced due to a raised awareness
regarding the detrimental effects of wastewater discharge into
surface water bodies.1,2 Therefore, wastewater treatment
facilities are being required to improve their treatment and
reduce the concentration of organic matter, nutrients and

solids prior to discharge.3 In order to improve the quality of
treated wastewater, the use of advanced, cost-effective and
efficient technologies is required to upgrade or replace ageing,
existing wastewater treatment infrastructure.1,4–8 In this regard,
the carbon removal moving bed biofilm reactor (MBBR)
technology is a proven, compact, standalone biological
treatment unit and a means to upgrade passive and
conventional wastewater treatment systems.7–10 The MBBR
system is an attached growth biological treatment process that
was developed approximately 25 years ago by Kaldnes
Miljøteknologi, as a robust reactor with no need for sludge
recirculation and backwashing.11,12 High load tolerance,
elevated biomass maintained in a small footprint, high
treatment efficiency, cost and energy effectiveness, low
vulnerability to cold temperature, low operational intensity and
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Water impact

The poor settleability of biologically produced solids from the widely applied MBBR wastewater treatment technology remains a key challenge. This study
characterizes MBBR effluent solids and demonstrates the effects of carrier type and limiting biofilm thickness via specifically designed carriers on system
performance, effluent solids size distribution and solids settling. The study relates observed solids characteristics to measured settleability.
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low sludge production are additional advantageous
characteristics of this technology.2,4,8,13–18 With these
advantageous characteristics, it should be noted that relatively
poor settleability of biologically produced solids in carbon
removal MBBR effluent is a potential drawback and remains a
concern of the MBBR technology compared to conventional
suspended growth systems.10,12,19,20 Several studies have
highlighted the necessity of using intense solids separation
methods (such as filtration, lamella settling, or using enhanced
sedimentation with pre-coagulation) due to the poor settling
characteristics of the biomass leaving MBBR systems.19,20

The MBBR technology relies on freely moving plastic
carriers with a high surface area that provides a substratum for
bacterial growth and maintenance. The carriers are exposed to
other carriers, interaction with aeration, and the surrounding
liquid in the MBBR reactors. As the exposure to the shear
forces in the reactor affects the biofilm thickness and quantity
of attached biomass along with the potential characteristics of
the dispersed and detached solids, the physical characteristics
of the carriers in the MBBR technology likely play a
considerable role on solids production, characteristics and the
settleability of these particles.11,21

The effective carrier surface area is an important
parameter in MBBR design. A higher effective surface area of
a carrier will promote a higher biofilm surface area for the
same quantity of carriers and hence will augment the
performance of a system with a specified reactor volume or
will allow for the design of a smaller reactor volume at the
same reactor performance. Therefore, over the years,
different types of carriers (of different material, shape, and
size) have been developed and still are being modified to
improve removal efficiency by providing a higher effective
surface area.12,22 Several studies performed individually on
various carriers have evaluated organic matter removal,
ammonia removal and solids production of MBBR reactors to
treat various types of wastewaters.23–27 Previous studies
demonstrated that the physical and geometrical properties of
the carriers play an important role in wastewater
hydrodynamics and oxygen transfer efficiency in the MBBR
reactors,28 which ultimately might contribute to reactor
performance. Where similar performance results have been
observed in the investigation of various media for
biofiltration.29 The previous studies on MBBR systems have
mainly focused on how the removal efficiency and solids
production change as a result of different surface area
loading rate (SALR), hydraulic retention time (HRT),
temperature and filling degrees of the carriers.8,23,30,31

Research has demonstrated that MBBR carbon removal
efficiency depends on the effective surface area that is
available for biomass growth regardless of carrier type and
shape.21,30,32–35 Particle characteristics and especially particle
size distribution along with the settleability of the particles
in MBBR effluent have shown a good correlation with HRT
and SALR.10,17,20,21,36 Enhanced settleability of MBBR effluent
solids has been demonstrated at lower SALR and,
consequently, longer HRT due to larger particle sizes.10,20

Moreover, a significant difference has been demonstrated
between the settleability and the characteristics of the solids
for different types of carriers when high loading was applied,
and the carrier was clogged.8,33 Although previous studies
have proven that the carrier material and substratum surface
properties have a significant effect on biofilm formation rate,
biofilm distribution pattern and biofilm thickness;22,37–40

there remains uncertainty regarding the impact of physical
and geometrical characteristics of carriers on MBBR system
performance, solids production and settling potential of
suspended solids associated to different carrier types.
Moreover, it is not well understood how the biofilm thickness
affects system performance and solids characteristics
regardless of the carrier type.

Furthermore, carriers have been shown to suffer clogging
due to uncontrolled biofilm growth, with the effective surface
area of the system becoming considerably decreased and the
performance of the system being negatively impacted. Moreover,
the uncontrolled growth of biofilm may lead to heavier carriers
and hence systems that require more energy for mixing and
more consumption of oxygen by the inactive and thick
biofilm.41 Therefore, to avoid potential negative impacts of
clogging on MBBR performance, researchers were encouraged
to develop new types of carrier to control the biofilm thickness
and decrease the difference between the exposed biofilm area
(EBA) and the effective surface area used for design.42

Recently, a new series of carriers (AnoxK™ Z-carriers) have
been designed to control and maintain the thickness of the
biofilm to a predetermined maximum thickness.12,22,40

Before the invention of the Z-carriers, evaluating the direct
effect of biofilm thickness on the MBBR system performance
was not possible. Currently, there is limited research on
nitrogen removal, carbonaceous removal and calcium scaling
effects using the “thickness-restraint” carriers.40,42

Controlling biofilm thickness may impact the detachment
mechanism of biological mass from the carriers and hence
impact the effluent solids and, ultimately, their settleability.
Although some studies have indicated that different
operational conditions (such as SALR, HRT, C/N ratio and
temperature) can change the thickness of biofilm and the
quantity of biomass in the reactor and hence the overall
MBBR system performance;8,23,30,31 there are no studies to
date that demonstrate how controlling the biofilm thickness
affects the MBBR system performance along with the solids
production, detachment rate, particle characteristics and
settleability, conversely.

Based on the literature, it is hypothesized that an enhanced
understanding of the impact of various carrier types and the
use of newly designed thickness-restraint carriers can be used
to optimize the design of MBBR systems and their subsequent
downstream solids separation units. Therefore, this study aims
to improve the current understanding of the effects of carrier
type and newly designed thickness-restraint carriers on the
kinetic performance of MBBR systems, the effluent solids
characteristics and subsequent downstream solids settleability.
In particular, the objective of this study is to investigate the
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effects of different types of carriers, the conventional AnoxK™
K5 carrier compared to the newly designed “thickness-
restraint” AnoxK™ Z-carriers, as well as the effect of biofilm
thickness-restraint on carbonaceous removal rates (soluble
biological oxygen demand (sBOD) and soluble chemical oxygen
demand (sCOD)), total ammonia nitrogen (TAN) removal rates,
effluent solids, effluent particle size distribution and
characteristics, and effluent solids settleability.

Materials and methods
Experimental setup

This study was conducted at the Gatineau municipal
secondary treatment water resource recovery facility (WRRF),
Quebec, Canada. Three identical laboratory-scale MBBR
reactors with volumes of 4 L were operated in parallel. A
reservoir feed tank was used to collect the primary clarified
wastewater and distribute it to the reactors to ensure
constant flow rates of 3.7 ± 0.1 L h−1 in the reactors (Fig. 1).

The reactors housed three different types of carriers;
the conventional AnoxK™ K5 carrier and two types
(AnoxK™ Z-200 and AnoxK™ Z-400) of newly designed
“thickness-restraint” Z-carriers (AnoxKaldnes, Lund,
Sweden). It should be noted that in order to maintain
similar carrier surface areas and loading rates in the three
reactors, within conventional ranges, different number of
carriers were housed in each of the reactors (Table 1). In
addition, it is noted that the carrier fill percentage of all
reactors in this study was maintained below maximum fill
percent capacities.

Carrier characteristics

Two different types of carriers, conventional K5 carrier and
newly designed Z-carriers, were used in this study. The
conventional K5 carrier is a porous cylindrical carrier
(Table 1), which is a commonly used carrier in full-scale
carbonaceous and nitrogen removal applications.30 The
saddle-shaped Z-carriers, on the other hand, are a newly
designed carrier to control biofilm thickness, and as such,
they are significantly different in shape compared to the
conventional K5 carrier (Table 1). Z-Carriers are covered with
a grid of specific height, allowing the biofilm to grow on the
outside of the carrier in a protected compartment rather than
biofilm growing inside the protected inner voids of K5
carriers.42 Therefore, Z-carriers limit the maximum thickness
of the biofilm growth on the carrier to the height of the
predefined carrier's grid wall. The excess biomass could
scrape off due to abrasion caused by the collision between
carriers in the reactor and also due to erosion caused by
hydraulic shear forces acting on the biofilm attached to the
carriers.12,42 The Z-200 and Z-400 carriers are identical in
shape and provide a similar exposed biofilm area (EBA) of
1280 mm2 per carrier and a projected diameter of 30 mm
(with the two types of Z-carriers having different grid wall
heights). While the cylindrical K5 carrier has a diameter of
25 mm and a height of 3.5 mm and provides a surface area
of 2420 mm2 per carrier (Table 1).12,42 In this study, the Z-200
and Z-400 carriers, with grid wall heights of 200 and 400 μm
respectively, were used to study the effects of the thickness-
restraint on system performance. In particular, the biofilm
thickness on the Z-200 carriers is restrained to a predefined
thickness of 200 μm compared to the Z-400 carriers that are
allowed to increase in thickness up to 400 μm.

Wastewater characteristics

Primary clarified municipal wastewater from the city of
Gatineau WRRF (Table 2) was used as influent for all of the
MBBR reactors operated in this study. The primary clarifiers
of the WRRF were conventional sedimentary basins and were
operated without chemical addition. Although coagulant is
not added during primary clarification, the raw municipal
wastewater (Table 2) entering the Gatineau WRRF includes
reject water from three water treatment plants servicing the

Fig. 1 Experimental set-up.

Table 1 Reactor properties at SALR of 6.0 ± 0.8 g-sBOD m−2 d−1

Reactor volume (L) No. of carriers Carrier surface areaa (mm2 per carrier) Reactor surface area (m2 per reactor) Carrier image

K5 4 160 2420 0.38

Z-200 4 300 1280 0.38

Z-400 4 300 1280 0.38

a Protected surface area (PSA) for K5, and exposed biofilm area (EBA) for Z-carriers.42
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community. Therefore, the residual alum in the reject water
is a portion of the WRRF raw wastewater and, as such, may
affect solids removal in the primary clarifiers. The primary
clarifiers demonstrated approximately 76% total suspended
solids (TSS) removal throughout the experimental phase,
prior to entering the MBBR reactors. The influent
characteristics of this study are in the range of typical
strength raw wastewater for Canadian WRRFs.

Biofilm inoculation and start-up

All carriers were inoculated with non-diluted, return activated
sludge (RAS) harvested from the Gatineau WRRF. The TSS
and volatile suspended solids (VSS) concentrations of the
RAS and hence within the reactors during inoculation were
9.2 g-TSS L−1 and 6.8 g-VSS L−1. The reactors were operated in
batch mode, housing virgin carriers, for one week with RAS
wastewater. Following one week of operation with RAS as
batch reactors, when biofilm growth was observed on the
carriers, the reactors were continuously fed with primary
clarified wastewater (Table 2) for a continued inoculation
period of four additional weeks with increasing flow rates up
to 3.7 L h−1. Subsequently, the reactors were operated at the
experimental conditions with a flow rate of 3.7 L h−1 and a
loading rate of approximately 6 g-sBOD m−2 d−1 for another
three weeks (with three weeks equal to 504 times HRTs) to
monitor the biofilm development, maturation and
acclimatization on the carriers. The MBBR reactors were
deemed to be fully inoculated once the systems demonstrated
steady-state operation (after three weeks of operation at 3.7 L
h−1 and 6 g-sBOD m−2 d−1). The steady-state operation was
validated within all the MBBR reactors by ensuring a
maximum of ±15% variance of carbonaceous removal rates,
changes in biofilm thickness and changes in biofilm mass
per carrier across time.

Reactor operation

During the experimental phase of the study, 15 months, the
three reactors were fed from the same feed tank with
identical flowrates of 3.7 ± 0.1 L h−1 and an identical HRT of
1.1 h. Approximately 14 m3 d−1 (≈10 litres per minute (LPM))
of aeration was supplied to each of the reactors by an air
compressor and air diffusers located at the bottom of each
reactor (Fig. 1). The number of carriers in the three reactors
was modified during the experimental phase; specifically,
carriers were removed from the three reactors to provide a
range of operational SALR values and responses to best
evaluate the carbonaceous removal kinetics of the carriers.
The range of carbonaceous SALR was 0.7 to 9.3 g-sBOD m−2

d−1, and the range of TAN SALR was 0.6 to 5.2 g-TAN m−2 d−1.
All three reactors were operated at a set carbonaceous SALR
of 6.0 ± 0.8 g-sBOD m−2 d−1 and TAN SALR of 4.1 ± 0.3 g-TAN
m−2 d−1 to compare carbonaceous removal kinetics and solids
characteristics at the same loading rates. At this operational
condition, which corresponds to a conventional loading rate
for MBBR systems,18,20 the reactors were tested for biofilm
thickness, solids production, detachment rates, particle
characteristics and settleability to compare the three reactors
at the same operational condition.

At a carbonaceous SALR of 6.0 ± 0.8 g-sBOD m−2 d−1 and
TAN SALR of 4.1 ± 0.3 g-TAN m−2 d−1, the reactors housed
surface areas for biofilm attachment of 0.38 m2 per reactor;
with 160 K5 carriers and 300 of Z-200 and Z-400 carriers
being housed in the reactors (Table 1). All three reactors were
operated in parallel with non-limiting dissolved oxygen (DO)
conditions and sufficient aeration to ensure movement of the
carriers in the reactors. The DO concentration ranged
between 6 to 7 mg L−1 for the three reactors, which is above
conventional values of 4 mg L−1 as slightly higher aeration
rates were required to keep the carriers in motion within the
laboratory-scale sized reactors used in this study. Moreover,

Table 2 Characteristics of raw wastewater entering the Gatineau WRRF and the clarified feed wastewater entering the on-site MBBR reactors

Constituent

Raw influent wastewatera Clarified wastewater entering MBBRsb

Average ± 95% CI Average ± 95% CI

TSS (mg L−1) 212.7 ± 12.2 49.3 ± 4.2
VSS (mg L−1) 207.5 ± 12.2 38.1 ± 2.4
COD (mg L−1) 233.6 ± 10.2 118.8 ± 6.8
BOD (mg L−1) 100.5 ± 5.1 53.6 ± 4.4
sCOD (mg L−1) NA 58.7 ± 4.5
sBOD (mg L−1) NA 23.0 ± 2.4
TAN (NH3/NH4

+–N mg L−1) 15.6 ± 0.5 16.0 ± 0.9
Nitrite (NO2

−–N mg L−1) 0.0 ± 0.0 0.0 ± 0.0
Nitrate (NO3

−–N mg L−1) 1.0 ± 0.2 2.7 ± 0.1
VSS/TSS ratio (%) 97.5 ± 0.7 79.3 ± 2.7
COD/BOD 2.5 ± 0.1 2.3 ± 0.1
sCOD/sBOD NA 2.7 ± 0.2
Temperature (°C) 15.0 ± 1.0 15.0 ± 1.0
DO (mg L−1) NA 2.1 ± 0.6
pH 7.3 ± 0.0 7.7 ± 0.1

a Average and 95% confidence interval (95% CI) across the study (n ≈ 365). b Average and 95% confidence across the study (n ≈ 50). NA: not
available.
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pH and temperature were maintained at 7.8 ± 0.1 and 18.0 ±
1.0 °C, respectively, throughout the experimental period.

Constituent analytical methods

Influent and effluent grab samples were collected from the
reactors and analyzed for the following parameters throughout
the study: total BOD and sBOD, total COD and sCOD, TSS, VSS,
TAN, nitrite, nitrate, DO, pH and temperature. The grab
samples were taken two to three times a week during data
collection periods and tested in triplicate within 4 hours of
collection. The average of the triplicated measurements is
reported in this study. The following methods were used to
analyze total and soluble BOD, all nitrogen constituents and
solids in accordance with standard methods: 5210B-5 day BOD,
4500-NH3, 4500-NO3

−, 4500-NO2
−, 2540D-TSS (TSS dried at 103–

105 °C) and 2540E-VSS (fixed and volatile solids ignited at 550
°C). A HACH DR 5000 Spectrophotometer (HACH, Loveland,
CO, USA) was used to determine total and soluble COD
concentrations according to HACH methods 8000. DO, pH and
temperature were measured using an HQ40d portable PH/DO
meter (HACH, USA).

Solids analysis

In addition to TSS and VSS concentration measurements,
further calculations were performed to quantify the solids
production and the solids detachment rate. As the HRT of
the MBBR reactors is short (1.1 h) in this study, it can be
assumed that the influent particles remain unchanged, and
the effects of hydrolysis of the particles in the reactors is
negligible. Therefore, the TSS production is calculated as the
difference between the effluent TSS and the influent TSS.
Moreover, the detachment rate is defined as the difference
between the MBBR influent and effluent TSS, normalized per
surface area of carriers in the reactor.

Biofilm thickness analysis

The biofilm thickness was measured by acquiring top view
stereomicroscopy images of the void spaces of the K5 carriers
and cross-sectional images of the cut compartments of the
Z-carriers due to the different shape of the carriers. Images
were obtained using a Zeiss Stemi 305 stereoscope (Toronto,
Canada), and the acquired images were analyzed using the
Fiji open-source software (http://fiji.sc/Fiji).43 Three different
randomly selected carriers were harvested from each reactor
and imaged within 1 hour to minimize the potential effects of
biofilm dehydration. The biofilm thickness was measured
using fresh, wet biofilm but not biofilm submersed in liquid.
The biofilm thickness reported in this study is the average
height of the biofilm growth on the surface of the carriers.
The average height of the biofilm was calculated by
measuring the top view occupied area by biofilm over the
length of the available surface for the biofilm. The occupied
area of the biofilm is the integrated area between the
substratum and the bulk-liquid interface (Fig. 2). The biofilm
thickness for at least one side of all 64 void spaces of K5

carriers were imaged and analyzed. On the other hand, to
achieve a better vision of biofilm thickness on Z-carriers, the
longest strip was cut to acquire cross-sectional images and
analyzed for both sides of all the cut compartments, including
compartments close to the edges as well as the compartments
in the center of the carriers. The average of all measurements
(n ≈ 160) was reported as the overall average of biofilm
thickness per carrier with deviation based on a comparison
between average thicknesses measured for the carriers.

Particle size distribution analysis of solids

Along with the chemical constituent testing, a micro flow
imaging (MFI) technology was used to quantify the number of
particles, particle size, concentration, area and circularity
coefficients of the particles in the MBBR reactors. In
particular, a Brightwell Technologies dynamic particle
analyzer (DPA) equipped with a BP-4100-FC-400-Uflow cell
(Brightwell Technologies, Canada, ON) was operated at low
magnification to observe and quantify particles in the range
of 2.25–400 μm in diameter according to Forrest et al. (2016)33

and Karizmeh et al. (2014).10 The acquired DPA images were
analyzed to determine particle properties based on the two-
dimensional projection of the particles by the analyzer. The
volume of the particles was calculated using π(ECD)3 ×
circularity/6. ECD is defined as the equivalent circular
diameter and is based on the assumption that all the particles
are spheres. ECD is equal to the diameter of a circle with an
equivalent area of the irregular shaped particle, calculated as
2 × (area/π)0.5. Circularity is defined as the perimeter of the
equivalent area circle divided by the perimeter of the actual
particle. This dimensionless number varies between zero (for
noncircular particles) and 1 (for circular particles).10,33

Finally, the DPA graphs are displayed in this study as the
percent volume of particles across particle size. The
integrated area under the particle distribution curves reveals
the total volume percentage of unsettled particles in the
sample. Therefore, the settleability is calculated as the
percentage of total solids that are settled during a specific
settling time. In this study, solids distribution samples were
analyzed before and after 4 hours of settling to mimic the
secondary clarifier retention time at the full-scale WRRF,
where the reactors in this study were operated. Particle size
distribution was analyzed to investigate the effects of carrier
type and biofilm thickness-restraint on particle
characteristics and settleability of particles. The particle
distribution of effluent MBBR samples was measured in
triplicate throughout the study during the steady-state
operation of each system.

Statistical analysis

The student t-test was used to validate significant statistical
differences between the measured constituents, the solids
concentration, solids production and detachment rates, with
a p-value less than 0.05 indicating significance in this study.
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Average and 95% confidence intervals (95% CI) shown as
error bars are displayed in all figures.

Results and discussion
Reactor carbonaceous and ammonia removal performance

Carbonaceous removal (sBOD and sCOD) along with TAN
removal by the three MBBR reactors were quantified across
numerous loading conditions and a maintained HRT at 1.1
hours to determine the effects of carrier type and thickness-
restraint on system performance (Fig. 3). Due to the short HRT
of the MBBR technology, and the lack of a settling unit in this
study, the carbonaceous material is tracked in the soluble
phase. The concentration of carbonaceous substrate in the
influent wastewater was 58.7 ± 4.5 mg-sCOD L−1 and 23.0 ± 2.4
mg-sBOD L−1 with the sCOD to sBOD ratio of 2.7 ± 0.2. The
carbonaceous surface area removal rate (SARR) across the SALR
demonstrated a strong linear correlation between the measured
sBOD loading rate and the removal rate (Fig. 3a) in all three
reactors (0.79 < R2 < 0.94). As such, all three reactors
demonstrate first order sBOD kinetics and sBOD mass transfer
rate limited conditions, likely due to the low loading rate of the
substrate.18 Similar conditions are also commonly observed in
full-scale MBBR carbonaceous removal installations.18,32,44,46

The substrate removal performance in attached growth
wastewater systems, including the MBBR technology, is

mediated by the mass transfer of the substrate (carbonaceous
matter or nutrients) or the electron acceptor (DO) from the bulk
liquid to the biofilm surface and subsequently through the
biofilm itself to the embedded biomass. The linear relation in
this study between the sBOD SARR and the sBOD SALR values
are indicative that the sBOD SARR is limited by the mass
transfer effects of the carbonaceous matter. The order of the
sBOD kinetics of these attached growth MBBR systems has been
shown to shift from sBOD mass transfer-dependent (first-order
relation) to DO mass transfer-dependent (zero-order relation) at
increased sBOD SALR values to the DO aeration rates.18,30,45

Moreover, a linear correlation and first-order kinetics were
also observed for sCOD removal rate with respect to loading
rate (Fig. 3b). Unlike the carbonaceous removal rate, a weak
correlation is detected between the measured TAN loading rate
and removal rate (Fig. 3c), likely due to the pathway of TAN
removal being via assimilation by microorganisms. The lack of
nitrification in the system, as is evident by the not remarkable
change in influent and effluent NOx concentrations, is likely
due to the heterotrophic community outcompeting the
nitrifying autotrophic community. BOD to total Kjeldahl
nitrogen (TKN) ratios larger than 1.0, influent sBOD
concentrations larger than 12 mg L−1 and organic loads above
5 g-sBOD m−2 d−1 are known to limit the TAN removal in MBBR
reactors via heterotrophs outcompeting the nitrifying
autotrophs.46,47 The BOD to TAN ratio of this study was 1.4 ±

Fig. 2 a) Top view occupied area of biofilm in one void of the K5 carriers and b) cross sectional images of biofilm thickness in a compartment of Z-carries.

Fig. 3 SARR versus SALR across a range of loading rates for various carriers with respect to (a) sBOD (b) sCOD and (c) TAN removal.
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0.1, assuming that organic nitrogen concentrations do not
contribute to nitrification, the influent sBOD was 23.0 ± 2.4
mg-sBOD L−1, and the organic load studied for biofilm and
solids responses was 6 ± 0.8 g-sBOD m−2 d−1; hence nitrification
was limited in this study. The results demonstrate that the
carrier type (i.e., the physical properties of the carriers) has a
statistically significant impact on the carbonaceous removal
performance, as demonstrated by the sBOD and sCOD kinetics
across different loading conditions (Fig. 3a and b). Although
the DO concentrations in this study were elevated compared to
conventional values, the elevated DO concentrations likely
results in improved carbonaceous removal rates for the three
carrier types due to the similar DO concentrations and mixing
configuration of the three reactors. At a selected operational
SALR of 6.0 ± 0.8 g-sBOD m−2 d−1, the measured sBOD and
sCOD SARR values and removal efficiencies also demonstrate
that carbonaceous removal performance is significantly
affected by carrier type (Fig. 4a and b). Cylindrically shaped K5
carriers with protected biofilm show significantly better
removal rates and removal efficiencies in terms of sBOD and
sCOD (p < 0.05) as compared to the saddle-shaped Z-carriers
with exposed surface biofilm. Therefore, the K5 carrier with a
SARR of 3.8 ± 0.3 g-sBOD m−2 d−1 (or 5.0 ± 0.7 g-sCOD m−2 d−1)
and 59.9 ± 3.0% sBOD removal efficiency (or 31.5 ± 4.0% sCOD
removal efficiency) shows statistically significantly higher
removal rates compared to the Z-carriers. 45 to 80% better
sCOD SARR is observed for K5 as compared to Z-carriers, which
implies a significant effect of carrier type on carbonaceous
removal. However, TAN removal rates and efficiencies are not
significantly different across carrier type (p > 0.05), likely due
to the low TAN removal performance of the systems and the
likely pathway of removal being cell assimilation. The changes
in NOx concentration were not remarkable between influent
and effluent of the reactors and TAN : sCOD removal ratio
varies between 7 and 14%, which is consistent with theoretical
TAN :COD ratios of cell synthesis for aerobic hetrotophs.48 This
ratio of removal supports the hypothesis that nitrification was
not occurring in the reactors, and the low TAN removal is likely
due to nitrogen assimilation by heterotrophic microorganisms.
The TAN removal rate was approximately 0.4 ± 0.1 g-TAN m−2

d−1 in all three reactors, and the removal efficiency was
between 9.1 ± 2.6% and 11.1 ± 3.0% (Fig. 4c).

A comparison of the performance of the Z-200 carriers to
the Z-400 carriers demonstrates that restraining the thickness

of the Z-200 carriers compared to the Z-400 carriers did not
affect the overall removal rates or efficiencies of the systems.
An SARR of 2.9 ± 0.4 g-sBOD m−2 d−1 (or 3.4 ± 0.7 g-sCOD m−2

d−1) and 2.6 ± 0.5 g-sBOD m−2 d−1 (or 2.8 ± 0.8 g-sCOD m−2

d−1) was observed for Z-200 and Z-400, respectively. Therefore,
the thickness-restraint did not show any significant effect for
either carbonaceous or TAN removal rates and efficiencies.

Biofilm thickness

The thickness of the biofilm was characterized at the loading
rate of 6.0 ± 0.8 g-sBOD m−2 d−1 to investigate the effects of
carrier type and thickness-restraint on biofilm thickness and
hence solids production, characteristics and settleability. The
thickest biofilm was observed on K5 carriers (281.1 ± 8.7
μm), which can be explained by the protected and non-
limited area for biofilm growth inside the voids of the carrier
as opposed to the exposed surface area for biofilm growth of
the Z-carriers. The overall average biofilm thickness on the
Z-carriers was approximately 111.6 ± 11.3 μm and 174.3 ±
11.1 μm for Z-200 and Z-400, respectively (Fig. 5). Therefore,
as expected, a thinner biofilm is observed on the Z-200 as
compared to the Z-400. However, the measured biofilm
thickness was approximately half of the maximum allowed
biofilm thickness for the two Z-carriers. Even though the
maximum biofilm thickness on Z-carriers is predefined by
the grid wall height (200 μm for the Z-200 carrier and 400 μm
for the Z-400 carrier), the biofilm growth can also be limited
by substrate availability, shear force or carrier interaction
dynamics in the reactor, as with any other carriers.

In this study, it was observed that the biofilm thicknesses
often varied from one side of the Z-carrier to the other side
of the same carrier (Fig. 6b and c). In particular, a thicker
and more uniform biofilm was observed to be formed on one
side of the Z-carriers with a thinner biofilm on the other side
of the same carrier. The differences in biofilm thickness
between two sides of a carrier were more recognizable on the
Z-400 carriers as compared to the Z-200. This phenomenon
may have been the result of different reasons such as the
carriers mould, the tendency of Z-carriers in the reactor to
stack in pairs and the scraping depth, which lead to a
thinner biofilm in the center of each compartment.40

Although the continuous aeration in the reactor keeps the
carriers in constant movement, it was observed in this study

Fig. 4 SARR and percent removal at SALR of 6.0 ± 0.8 g-sBOD m−2 d−1 for (a) sBOD (b) sCOD and (c) TAN removal.
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that likely due to the shape of the Z-carriers, some carriers
may stack in pairs and move together as pairs in the reactor.
Therefore, the depth of the biofilm being limited on one side
of the carrier that may not have been exposed to an adequate
substrate supply due to stacking. This effect may be due to
the bench-scale size of the MBBR system used in this study
and in particular an effect of the mixing dynamics of carriers
in the small volume reactors. Similar to previous studies,
thicker biofilm was observed along the grid walls and thinner
biofilm towards the center of each compartment that could
be explained as a result of the carriers scraping each other.40

Therefore, thinner biofilm in the center of each
compartment, as well as thinner biofilm on one side of some
carriers, has likely resulted in both Z-200 and Z-400 carriers
demonstrating the overall average biofilm thickness lower
than the predefined maximum thickness. It should be noted
that previous studies that measured biofilm thicknesses
while carriers were submersed in water show that the overall
average nitrifying biofilm thickness on Z-400 carriers was
approximately the height of the Z-400 grid walls.40,42

Previous studies demonstrated that biofilm thickness and
structure affect the performance of the MBBR,33 where thicker
biofilm with higher biofilm porosity may lead to deeper oxygen
penetration depth.42 Therefore, higher carbonaceous removal
rates for the K5 carriers with the thickest biofilm, observed in

this study, could be explained by the higher substrate
availability and an increased bacteria activation at deeper layers
of biofilm because of more porosity. On the other hand, the
saddle-shaped Z-carriers, which are three-dimensional carriers
as compared to flat K5 carriers, could be hit by the rising
aeration bubbles and change moving direction more than K5.
Therefore, the increase of turbulence in the reactor results in
an elevated shear on the biofilm as the biofilm surface is more
exposed in Z-carriers than K5 carriers.42 Thus, thinner biofilm
observed on Z-carriers might be an indication of potentially
higher shear stress, which results in a denser biofilm on
Z-carriers as compared to K5. Therefore, the possibility of
inadequate substrate supply into the biofilm due to the carrier
stacking, as well as thinner and denser biofilm, could limit the
kinetics of the Z-reactors as compared to K5 (the difference in
removal kinetics for different carrier types is shown in Fig. 4).

Overall, the investigation of the biofilm thickness
indicates that carrier type, shape and physical properties
significantly affect the biofilm thickness, as the thickest
biofilm was observed on protected and non-limited voids of
K5 carriers. The newly designed thickness-restraint Z-carriers
demonstrate different thicknesses compared to the
conventional K5 carriers. Hence, Z-carriers successfully
restrain the biofilm thickness and maintain the biofilm
thickness within predefined maximum values.

Solids concentration, production, detachment

TSS, VSS, solids production and detachment rate were measured
for the three reactors under the same experimental conditions
of an SALR of 6.0 ± 0.8 g-sBOD m−2 d−1, an HRT of 1.1 hours
along with consistent DO, pH, and temperatures (Table 3). The
MBBR effluent TSS concentration is a combination of
biologically produced solids, detached biofilm from the carriers,
and influent suspended solids. Since the particulate matter in
the influent wastewater can be assumed to remain unchanged
in high flow rate MBBR systems, with HRT values lower than 2
hours, the effect of hydrolysis was deemed negligible in this
study.19 The TSS production is calculated as the difference

Fig. 5 Biofilm thickness of various carriers, average and 95% CI.

Fig. 6 Stereomicroscopy images of carriers showing biofilm thickness measurements, (a) top view of K5 carrier, (b) top view of Z-200 carrier and
side view of cut Z-200 carrier, and (c) top view of Z-400 carrier and side view of cut Z-400 carrier.
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between the effluent TSS and the influent TSS. The detachment
rate is defined as the mass flux of the difference between the
MBBR influent and effluent TSS and is normalized per reactor
surface area. The lowest TSS, VSS, solids production and
detachment rate were measured for K5 (Table 3). The K5 reactor
solids production resulted in 7.7 ± 3.2 mg-TSS L−1 with a
detachment rate of 1.7 ± 0.7 g-TSS m−2 d−1 solids, which is
statistically significantly lower than the solids production and
detachment rate of the Z-carrier systems. Therefore, it can be
concluded that the carrier type has a significant impact on
solids production and biofilm detachment rate.

On the other hand, the thickness-restraint carriers,
comparison the Z-200 and Z-400 carriers, did not show a
significant difference in the solids production and detachment
rate. An average observed yield, defined as the production of
TSS over the soluble substrate consumption, of 0.5 ± 0.2 g-TSS
per g-sBODremoved was measured for K5, which is comparable
with previous studies (0.12 to 0.56 g-TSS per g-CODremoved).

49

Moreover, 1.9 ± 0.7 and 1.6 ± 0.5 g-TSS per g-sBODremoved were
measured for Z-200 and Z-400, respectively. Hence, the
Z-carriers showed three times higher yields compared to K5
carriers. Since all three reactors were started at the same date
and operated for 15 months, it is expected that the biofilm
maturation on all carriers in this study was similar, and as
such, differences in biofilm maturation did not affect the
results. However, differences between the solids production
and observed yield for different carrier type could be an
important characteristic for downstream sludge treatment and
subsequent biogas potential in full-scale applications.

Solids characteristics and settleability

The total suspended solids removal efficiency of a WRRF is
highly dependent on the behaviour of the solids. The particle
size distribution MBBR effluent solids along with MBBR
effluent solids settled for 4 hours are presented in this
section. DPA was performed directly on the effluent of the
three reactors immediately after sampling and also after 4
hours of settling to mimic the secondary clarifier retention
time at the full-scale WRRF where the reactors were operated.
The study on the settleability of solids was conducted at an
SALR of 6.0 ± 0.8 g-sBOD m−2 d−1 and a constant HRT of 1.1
hours. The particle size distribution curves in the range of 2–
400 μm were graphed along with the corresponding bar
graphs for particles larger than 400 μm, before (Fig. 7) and
after settling (Fig. 8). The graphs show the average of
triplicate measurements of total volume percentage of
particles with 95% confidence intervals. The volume
percentages for both unsettled and settled effluent solids

were normalized by the total volume of the particles
presented in the unsettled effluent to enable a comparison of
the unsettled and settled solids.10

The integrated area under the particle distribution curves
(Fig. 7a) shows that 38.4 ± 2.3%, 48.7 ± 1.4% and 47.3 ± 2%
of the total volume of unsettled effluent particles in the K5,
Z-200 and Z-400 reactors, respectively, existed in the range of
2–400 μm. Therefore, statistically significantly lower percent
volume of particles between 2–400 μm (38.4 ± 2.3%) and
accordingly significantly higher percent volume of particles
larger than 400 μm (61.6 ± 2.3%) are observed for K5 as
compared to Z-carriers. However, the thickness-restraint
carriers do not show statistically significant differences
between percent volume of particles for Z-200 and Z-400,
neither for particles between 2–400 μm nor for particles
larger than 400 μm (Fig. 7b). Generally, greater than 50% of
the total solids volume was observed to be larger than 400
μm in all three reactors (Fig. 7b). However, previous studies
have shown that approximately 20% of the total particles
volume is larger than 400 μm for carbon removal systems
using synthetic wastewater at various loading rates.10 The
interference of influent solids with produced solids in
systems fed with real wastewaters, such as in this study, may
result in the agglomeration of solids and hence a higher
percentage of large particles.

The trend of all three particle size distribution curves is
similar for unsettled effluent particles in the range of 150–
400 μm. However, Z-carriers were shown to produce a larger
quantity of particles smaller than 150 μm as compared to K5
(Fig. 7a). An obvious distinction between Z-carriers and K5
carriers was observed for unsettled effluent particle size
distribution in the range of 2–150 μm, where there is less
distinction when comparing the effects of thickness-restraint
on the Z-carriers in this range (Fig. 7a).

In addition, the peak quantity of unsettled effluent
particles in the range of 2–400 μm is shown to shift slightly
towards smaller particles (Fig. 7a), and in accordance, a
slight decrease in mean particle diameter is also observed for
Z-carriers as compared to K5 carrier. Therefore, the measured
mean particle diameter was 289 ± 20 μm for K5, 267 ± 10 μm
for Z-200 and 271 ± 17 μm for Z-400. The mean particle
diameter is the diameter of the particle for which 50% of a
sample's volume is smaller than and 50% of a sample's
volume is larger than this value. The unsettled mean particle
diameter did not show a statistically significant difference for
different carrier types (p > 0.05). However, after 4 hours of
settling, the K5 showed a statistically significantly smaller
mean particle diameter (38 ± 14 μm) as compared to the two
Z-carriers (p < 0.05), which implies the potential of better

Table 3 Effluent solids concentration, production and detachment rate in MBBR reactors (n = 10)

SALR (g-sBOD m−2 d−1) TSS (mg L−1) VSS (mg L−1) Production (mg-TSS L−1) Detachment rate (g-TSS m−2 d−1)

K5 6.0 ± 0.8 53.4 ± 8.5 42.2 ± 4.0 7.7 ± 3.2 1.7 ± 0.7
Z-200 6.0 ± 0.8 70.4 ± 13.0 53.3 ± 6.5 19.4 ± 7.6 5.0 ± 2.0
Z-400 6.0 ± 0.8 65.5 ± 10.5 50.9 ± 6.6 15.1 ± 4.0 3.7 ± 1.0
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settling for solids detached from K5 carriers. The thickness-
restraint carriers, comparison of Z-200 and Z-400, did not
show a significant difference in the mean particle diameter
after 4 hours of settling (96 ± 4 μm and 82 ± 11 μm for Z-200
and Z-400, respectively).

The settled particle distribution curves (Fig. 8) indicate
that K5 contains a statistically significantly lower percent
volume of particles between 2–400 μm (10.5 ± 1.2%) and
larger than 400 μm (19.7 ± 1.1%) as compared to the
Z-carriers. The lowest removal for all carriers occurred in the
ranges of 2–200 μm particles, which implies the poor
settleability of smaller particles (Fig. 8a). Furthermore, a large
volume fraction of the particles is related to relatively large
particles or aggregates of particles (in the range of 20–400
μm). Although the very small particles may not be the
dominant volume fraction of particles, they may cause
various challenges in solids separation.20 The effect of carrier
type on settleability indicates that the K5 carrier, with 69.7 ±

2.0% of total solids settling, showed statistically significantly
higher settling efficiency compared to the Z-carriers. This can
be explained by the larger particle size volume percentage of
the particles and the distinct particle size distribution
observed for the K5 carrier solids. As such, carrier design is
herein shown to affect not only the quantity of particles
detached from the carriers but also the size and settleability
of the particles. On the other hand, the thickness-restraint
effects of the Z-200 carrier compared to the Z-400 carriers did
not significantly affect the settleability of the solids. Lower
solids production, lower detachment rate (Table 3) and lower
volume percentage of small particles indicate potentially
better settleability for the K5 carrier. Although the small
particles (2–150 μm) produced by Z-200 carriers appear to
agglomerate and preferentially settle better than the small
particles produced by Z-400 carriers, thickness-restraint
Z-carriers did not differ significantly in terms of the overall
settleability, as 65.0 ± 0.7% and 65.7 ± 1.1% of total solids

Fig. 7 Impact of different carriers on unsettled effluent particle distribution at SALR of 6 g-sBOD m−2 d−1, (a) particle size distribution of particles
between 2–400 μm, and (b) total volume percentages of particles smaller and larger than 400 μm.

Fig. 8 Impact of different carriers on effluent particle distribution at SALR of 6 g-sBOD m−2 d−1 after 4 hours of settling, (a) particle size
distribution of particles between 2–400 μm, and (b) total volume percentages of particles smaller and larger than 400 μm.
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settling was observed for Z-200 and Z-400, respectively. This
demonstrates that carrier design, as opposed to thickness-
restraint versions of similarly designed carriers, effects
particle detachment and, in turn, the settleability of the
effluent solids.

Conclusions

This study investigated the effects of carrier type and the
biofilm thickness-restraint carrier design on the carbonaceous
and TAN removal performance, biofilm thickness and
subsequent solids production, particle characteristics and
settleability. The application of various carriers at an SALR of
6.0 ± 0.8 g-sBOD m−2 d−1 and a constant HRT of 1.1 hours
demonstrated that the carrier type has a significant effect on
the carbonaceous removal rate (both sBOD and sCOD) and not
a significant effect on TAN removal. TAN removal via
nitrification was likely suppressed in all reactors due to the
elevated carbonaceous loading of the reactors. Biofilm
thickness-restraint was shown to not significantly affect the
carbonaceous removal efficiency. The K5 carriers show lower
TSS concentrations, lower solids production and lower
detachment rates compared to the Z-carriers. The thickness-
restraint carrier design of the Z-200 carrier and the
corresponding thinner attached biofilm of the Z-200 carrier did
not demonstrate statistically significant differences in solids
production or biofilm detachment rate compared to the less
thickness-restraint Z-400 carrier. The volume-based particle size
distribution analysis of the MBBR effluent demonstrates a
higher volume percentage of particles smaller than 400 μm for
Z-carriers compared to K5 carriers. In particular, a significant
distinction is observed in the particle size distribution range of
2–150 μm between the Z-carriers and the K5 carriers, which is
likely related to the lower overall settleability of the Z-carriers
effluent solids. As such, the carrier's physical properties have a
significant effect on the solids production, detachment and
subsequently the solids distribution size and settleability. In
contrast, biofilm thickness and the restraint of biofilm
thickness due to carrier design does not significantly affect the
solids production, the detachment rate or the settling
behaviour of the effluent solids.
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