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ABSTRACT 

The main goal of the thesis was to develop a high-rate moving bed biofilm (HR-MBBR) for carbon 

redirection allowing for potential carbon recovery through bioproducts and/or energy recovery. To 

achieve the goal, understanding the interaction between biofilm and suspended solids as well as 

developing a method to impose a biofilm solids retention time (SRT) was necessary. Particular 

attention was paid to biomass fractionation, biofilm versus suspended solids, through kinetic 

studies in HR-MBBRs operated at similar surface area loading rates (SALRs).  

A model was developed on data generated from HR-MBBRs in which the HRT at 11, 5.5, and 2.8 

hours was the only variable maintaining the SALR. Calibration and validation of influential 

parameters was conducted through steady-state simulations on the highest and lowest HRTs. 

Calibrated and validated parameters were verified using steady-state simulations with the 

remaining HRTs. Dynamic simulations were run to evaluate specific biofilm and suspended solids 

removal rates at all HRTs. It was shown that activated sludge and digestion models do not 

accurately predict performance, kinetic and stoichiometric parameters for biofilm, and suspended 

biomass in HR-MBBRs. Therefore, biofilm and suspended biomass must be considered separately 

in biofilm models.  

A physicochemical technique to partially detach biofilm was developed. pH between 2 and 12, 

mixing intensities 30 to 120 rpm, and 20-100 % filling fractions were evaluated. Subjecting biofilm 

to pH 12 yielded 65 – 75 % biofilm detachment, while no significant difference was found when 

varying mixing intensities and filling fractions. Biofilm activity was preserved at 40 % compared 

to untreated biofilm. The developed method (i.e., pH 12 and 30 rpm) imposed biofilm SRTs in 

continuously operated HR-MBBRs with 60 % biofilm removal to compare similar nominal SRTs 

ranging from 2 to 8 days with 100 % biofilm removal by applying different biocarrier replacement 
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rates. This study showed that applying a nominal SRT of 2 days resulted in an actual biofilm SRT 

of 12 hours using a 60 % biofilm removal strategy and under 3 hours SRT using the 100 % removal 

strategy with a yield of 1.1 ± 0.3 g-TSS g-COD-1. These strategies significantly reduced suspended 

solids COD removal rates, favoring sequestration of organic carbon into the biofilm enabling 

potential energy recovery.  
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 CHAPTER 1: Thesis scope and objective 

Literature presents numerous papers on MBBR systems for carbon removal but very few studies 

examine the potential of operating HR-MBBRs for carbon redirection (Bassin et al., 2016; 

Brosseau et al., 2016; Dezotti et al., 2017). High organic SALRs, low HRTs, and low SRTs are 

the main operational conditions to successfully achieve carbon redirection. Although literature 

reports MBBRs subjected to high organic loading rates and short HRTs, imposing a SRT on 

biofilm has never been addressed.  

An important factor when designing MBBR systems in high rate conditions is the distribution of 

biomass present in biofilm and suspended forms and their contribution to overall performance. In 

“pure MBBR” systems, performance is predominantly attributed to biofilm even if the suspended 

biomass detached from the biofilm and free-growing microorganisms are always present in the 

bulk-liquid (Piculell et al., 2014). Suspended biomass contribution plays a vital role when 

operating HR-MBBRs, compared to other processes (e.g., nitrification). Therefore, the prediction 

on performance of HR-MBBRs using an ASDM integrated with a biofilm model is challenging as 

it cannot be described through either activated sludge or fixed film models. Hence, the 

differentiation of biofilm and suspended biomass contribution, solids mass balances, and observed 

yield quantification through lowering biofilm SRTs is necessary to evaluate the potential in 

redirecting carbon using HR-MBBRs. 

The primary objective of the thesis was to develop an HR-MBBR for carbon redirection with an 

emphasis on the behavior of biofilm versus suspended biomass fractions which may affect carbon 

recovery through bioproducts and/or energy recovery. This was done in an HR-MBBR by 

defining: (I) biofilm and suspended biomass behavior through HR-MBBR biofilm modelling; (II) 

a method for biofilm harvesting and SRT control; and (III) a strategy to control the SRT of biofilm.  
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 Biofilm and suspended biomass behavior through HR-MBBR biofilm modelling 

(Chapter 3) 

The biofilm model was developed on data generated from HR-MBBRs operated at similar 

conditions (i.e. SALR, FF) and imposing three different HRT values (i.e., 11, 5.5, and 2.8 hours). 

Influent characteristics, experimental data for biofilm and suspended biomass, and effluent quality 

were determined experimentally. A sensitivity analysis and ranking of system-specific model 

parameters outputs were defined. Calibration and validation of influential parameters was 

conducted through steady-state simulations on two base cases: highest and lowest HRTs. Both sets 

of calibration/validation parameters were verified using steady-state simulations on the remaining 

HRT as well as dynamic simulations to evaluate specific removal rates for biofilm and suspended 

biomasses at all three HRTs.  

 A method for biofilm harvesting and SRT control (Chapter 4) 

A methodology was developed using physicochemical methods applicable for biofilm harvesting 

allowing potential application to control biofilm retention time. The detachment and activity of 

residual biofilm under multiple physicochemical treatment scenarios were evaluated in batch tests. 

Tests were subsequently verified in a continuously operated HR-MBBR. Colonized biocarriers 

were subjected to a range of pH levels between 2 and 12 to first estimate changes in biofilm 

detachment. Mixing intensities ranging from 30 to 120 rpm and FFs from 20 to 100 % were also 

examined. Detachment kinetics and specific removal rates for biofilm and suspended biomass were 

conducted through kinetic tests. These tests were performed to assess biofilm detachment potential 

and residual activity due to pH shock.  
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 A strategy to control the SRT of biofilm (Chapter 5) 

Controlling the SRT of biofilm was achieved by applying different biocarrier replacement rates to 

achieve nominal SRTs of 8, 6, 4, 2 days using two strategies. One was the partial removal of 

biofilm (i.e., 60 %) which employed the physicochemical method developed in Chapter 4. The 

other strategy was 100 % biofilm removal simulated by the withdrawal of cultivated biocarriers 

and their replacement with virgin media at comparable nominal SRTs to the previous approach. 

Biofilm and suspended biomass concentrations, mass balances, and specific activity were 

quantified. Lastly, the actual biofilm SRT was determined, and the observed yield was 

extrapolated. 

1.2 References 
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 CHAPTER 2: Moving bed biofilm reactor technology in 

municipal wastewater treatment: A review 

2.1 An overview of MBBR development 

Biofilm reactors mostly used for the removal of organic matter and nutrients (i.e., nitrogen and 

phosphorus), prior the development of moving bed biofilm reactors occurred, were biological 

trickling filters, aerated submerged fixed film biofilm reactors, fluidized-bed reactors, and rotating 

biological contactors (Rittmann, 1982). These types of systems presented several flaws such as not 

having effective working volume in the case of trickling filters or be susceptible to mechanical 

failures (i.e., RBC). Moreover, aerated submerged fluidized-bed reactors shown frequent hydraulic 

instability and difficulties in having even biofilm distribution on support due to concentrations 

gradients (Rusten et al., 2006). To overcome these limitations in the late 80s and early 90s, the 

moving bed biofilm reactor was developed in Norway (European Patent no. 0,575,314; US Patent 

no. 5,458,779). Its development originated from the Norwegian authorities for pollution control to 

address the needs of having small sewage treatment plants, easy to install and operate in small 

communities (i.e., 20 – 2000 people). However, the interest in upgrading existing treatment plants 

and enlarging volumetric capacity was the most predominant driver in the development of more 

reliable biofilm-based technologies. Biofilm technologies had to face strong diffusional limitations 

due to poor mass transfer which lead to reduced reaction rate. It was in this context that the idea 

of having free-floating moving carriers had generated and had been seen as a valuable alternative 

and solution to the other systems flaws. Advantages of moving bed biofilm technology over the 

other biofilm-based technologies and CAS systems are: 
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 Upgrading performance and volumetric treatment capability in existing wastewater 

treatment plant with minimal additional costs  

 Sludge does not need recirculation because the biomass is retained as a biofilm on carriers 

 Less clogging and no need to backwash when compared to fixed-film reactors 

 Footprint is consistently reduced 

 Biofilm is more resistant to variation in influent characteristics (e.g., shock loads, pH, 

temperature, and toxic compounds) (Dezotti et al., 2017) 

However, MBBR technology has some drawback since it may have high energy costs due to 

aeration, mostly needed for biocarriers mixing purpose than oxygen requirements (Ødegaard, 

2016). Ensuring CSTR conditions are challenging in MBBR since not properly designed 

hydrodynamic properties may lead to the formation of stagnant zones within the reactors. Whether 

stagnant zones consistently impact the overall reactor performance is not yet been proven and fully 

understood (Dias et al., 2018). The capital costs associated with reactor construction and 

biocarriers may control the feasibility in its implementation.  

Ødegaard et al. (1999) within the Norwegian company Kaldnes Miljoteknologi developed the 

patent for moving bed biofilm technology in 1996. First pioneering work on MBBR technology 

was conducted in the early 90s (Ødegaard et al., 1994). In 2002, the Kaldnes Miljoteknologi started 

merging with the Swedish company Anox AB which led to the foundation of AnoxKaldnes in 

2004. In 2006, a work conducted by Rusten et al. (2006) on design and operations of Kaldnes 

moving bed biofilm reactors reported MBBR technology “commercially successful” with more 

than 400 large-scale wastewater treatment installation in 22 different countries worldwide. In 

2007, Veolia had bought the AnoxKaldnes and maintained the same names for developed 

biocarriers (Table 2-1). Many companies had released other type of biocarriers differing in size, 
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shape and material from the AnoxKaldnes series (some examples in Table 2-2). In 2014, more 

than 1,200 wastewater treatment plants in at least 50 countries utilized MBBR technology (Biswas 

et al., 2014). Despite the large number of plants worldwide using MBBR technology, the literature 

has a number of studies on organic and nutrients (i.e., nitrogen and phosphorus) removal are small 

compared to, for instance, activated sludge and other conventional systems (Dezotti et al., 2017). 

Nowadays, more crucial is the need to upgrade existing wastewater treatment plants with little 

additional costs (e.g., biocarriers and effluent sieve) to increase volumetric capacity due to 

increasing in population. Moreover, the increasing pressure in reducing the environmental impact, 

makes technologies that enable compact installation, occupying the least possible physical space 

more attractive. In addition, biocarriers costs per unit volume have been decreasing over the years 

due to free market opportunities and production displacement in countries where production costs 

are reduced. 

2.2 Biocarriers types and characteristics 

 Current biocarriers in full scale application 

Existing infrastructures can be equipped and adapted to host MBBR configurations with small 

modifications making it valuable to be used as an upgrade for CAS plants (Salvetti et al., 2006). 

Being a compact technology with small footprints and ease in operations make it also an option 

for small decentralized wastewater treatment implementation. An overview of established and 

potential MBBR configurations is discussed in a separate section below. Moving bed biofilm 

reactors are applied in aerobic and anaerobic/anoxic systems depending on the process application. 

In the case of aerobic treatment (e.g., COD BOD5
-1 removal and nitrification), aeration is supplied 

at a greater level than the DO requirements for microbial activity. Air is supplied mainly with 

coarse aeration systems due to the mixing purpose and, therefore, contributing to increasing 
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operational costs. Hence, mixing in aerated systems is done by agitation while in anaerobic/anoxic 

configuration mechanical mixing and/or recirculation can be used (Ødegaard, 1999). Mixing in 

MBBR systems is challenging, due to potential in biocarriers stagnancy and, particularly, in the 

early stage of biofilm development. Indeed, when biocarriers are uncolonized and biofilm is not 

yet established, they float due to their lower density compared to water. As microbial population 

starts to attach and develop on the biocarrier’s protected surface area, they become heavier (e.g. 

greater density than water) and therefore mixing capabilities are improved. However, stagnant 

regions within the reactor may still exist due to poor air-flow patterns. Hence, mixing properties 

could be jeopardized even after long operation period from reactor startup and aeration systems 

are of crucial importance to improve the performance of the MBBR process (Rusten et al., 2006). 

The first biocarriers used in MBBR systems were the K-series AnoxKaldnes™ (Table 2-1). These 

biocarriers are made of polyethylene with a density of 0.95 g cm-3 (Ødegaard, 1999). The K 

biocarriers series differs by dimensions (diameter and height), the available surface area for 

biofilm development, different sections (i.e., openings) defined by rims. Effective available 

surface area is the protected portion of the whole biocarrier which have no contact with other 

biocarriers during mixing. Depending on the process, whether aerobic or anoxic/anaerobic, the 

biocarriers used may change. For instance, the ideal biocarrier for fast-growing aerobic 

heterotrophic biofilm would have wider openings to avoid loss of effective surface area caused by 

clogging. In contrast, slow-growing autotrophic biofilm (e.g., in nitrification and anammox 

processes) benefits in smaller openings and larger surface area such as in BiofilmChips and 

particularly the recently developed Z biocarriers – Table 2-1. Hence, available surface area (i.e., 

m2m-3) increases leading to the possibility of controlling biofilm thickness and, therefore, mainly 

active biofilm is retained, which lead to greater mass transfer and specific activity rates (Torresi et 
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al., 2017). However, in the BiofilmChips biofilm growth and its aging eventually leads to clogging 

of the pores. The consequence is that the claimed surface area of 1,200 m2 m-3 could be reduced to 

just the top/bottom flat surface of the biocarrier itself, therefore, reducing consistently its actual 

active surface area with increased mass transfer limitations leading to uncertainties for process 

design. 

Table 2-1 Main characteristics of AnoxKaldnes™ carriers (adapted from Dezotti et al., 2011; Rusten et al., 
2006) 

 

Optimization of mass transfer limitations has been achieved by the idea of having instead of 

openings, a flat surface with a grid of defined height. Biofilm will therefore develop in the different 

“wells” to a certain thickness (e.g., 200 µm in Z-200) controlled by the collision between 
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biocarriers through mixing. In this way thick aged biofilm is avoided promoting biofilm turnover 

in processes where thick biofilm is not desired. Other types of biocarriers and manufacturers are 

presented in Table 2-2. 

Table 2-2 Characteristics of plastic media on the market 

 

 Decreasing start up period through carrier surface modifications 

Biofilm architecture and microbial composition appear to be also influenced by carrier material 

(e.g., polyurethane, polyethylene, polypropylene , PVC, HDPE, nylon) (Chu et al., 2014). High 

density polyethylene is the most preferred material to produce biocarriers due to its plasticity, 

density and durability. However, high hydrophobicity and low surface energy (30 mJ m-2) has been 

reported to limit initial microbial cell attachment in HDPE carriers (Khan et al., 2011). Increasing 

the bacterial attachment rates, hence, reducing mature biofilm formation startup could be address 

modifying surface plastic carriers through physico-chemical properties (e.g., hydrophobicity 

and/or positive charges, types or location of superficially functional groups), and biological means. 
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Several types of processes can modify carriers materials surface characteristics: 1) wet chemical 

oxidation; 2) polymer grafting or blending; 3) heterotrophic growth. Wet chemical oxidation on 

HDPE Anox KTM 5 carrier preconditioned through different oxidation processes (i.e., potassium 

permanganate KMnO4, Fenton reagent, and ozone) shown to be successful by Klaus et al. (2016) 

to accelerated deammonification process. Polymer grafting (e.g., chemical and/or radiation 

modification or plasma and enzymatic techniques) is the covalent bound of monomers on a 

polymer chain modifying the original material structure (Bhattacharya et al., 2009). Lackner et al. 

(2009) enhanced biofilm thickness, density, homogeneity and shear strength of nitrifiers 

community by introducing amino functional group (-NH2) on PE and PP plastic carriers. An 

alternative to the grafting is polymer blending (e.g., with toluene diisocyanate, polyether polylol, 

foam stabilizer, etc.) to increase positive charges and hydrophobicity (Chu et al., 2014). High 

density polyethylene biocarriers are negatively charged as well as the surface of bacterial cells, 

hence, could lead to electrostatic repulsion. Mao et al. (2017) have modified HDPE using two 

different positively charged polymers as a cationic organic polymer (i.e., polyquanternium-10 

(PQAS-10) and cationic polyacrylamides (CPAM)) and compare performance to an HDPE 

control. The startup period to achieve stable biofilm concentration was found consistently reduced 

for the PQAS-10 and CPAM (i.e., 14 days) compared to unmodified HDPE (i.e., 30 days). 

Biological pre-coating methods may be more reliable than chemical/physical modification either 

of surface material or the material its selves. Preliminary heterotrophic/autotrophic biofilm 

formation to facilitate autotrophic proliferation in a faster startup has also been used as an approach 

to decrease biofilm development and accelerated full performance achievement. Klaus et al. (2016) 

had compared biocarriers taken from IFAS full scales system and virgin Anox KTM 3 carriers in 

the deammonification process treating centrate. The biocarriers withdrawn from IFAS system 
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showed a rapid increase in anammox activity rates (1.1 g-NH4-N m-2 d-1 and 1.4 g-NO2-N m-2 d-1) 

compared to the control (0.2 g-NH4-N m-2 d-1 and 0.1 g-NO2-N m-2 d-1) after only one month of 

operation. Another study conducted by Kowalski et al. (2017) has shown that preliminary 

heterotrophic/autotrophic biofilm colonization promoted fast attachment of anammox bacteria. 

Increased anammox activity by 400 % with values of 0.25 g-NH4-N g-VSS-1 d-1 was found 

compared to virgin biocarriers.  

2.3 Biofilm characteristics 

Biofilm by definition is a complex heterogeneous microecosystem of microbial community 

interactions sharing the same environment (Flemming et al., 2016). Biofilm formation occurs 

through several stages starting with adsorption of macromolecules and nutrients to the surface, 

initial cell transport, adhesion and irreversible attachment (Zhu et al., 2015). Hence, colonization 

and growing biofilm develop into the mature structure through the formation of microcolonies and 

EPS production. Finally, the biofilm will reach a semi-steady state of equilibrium between its 

growth and detachment. A detachment of biomass from mature biofilm structure occur in parallel 

to biofilm growth through different means: 1) abrasion by carrier collision; 2) erosion by bulk 

liquid shear forces; 3) sloughing or loss of biofilm segments from the carriers; 4) grazing by free-

living protozoa and metazoa (Donlan, 2002). 

 Attachment, detachment, and role of EPSs 

Extracellular polymeric substances are primarily polysaccharides, proteins, nucleic acids, humic 

substances, and lipids that provide mechanical stability to the biofilm (Flemming and Wingender, 

2010). Surficial biofilm formation relies on natural processes of cell attachment, EPS production 

leading to mature biofilm development, and biofilm growth dynamics (Flemming et al., 2016). 

Hence, microorganisms are structurally entrapped into cellular products present in an 
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immobilizing matrix formed by EPS. Extracellular polymeric substances spontaneously develop 

into dense aggregates capable in adhering to a surface such as the one provided by biocarriers 

(Nicolella et al., 2000). The composition of the EPS matrix determines the strength, elasticity, 

sorption capability for adsorbents, erosion, and detachment properties (Salama et al., 2015). The 

biofilm in its complexity provides microorganisms with a protective environment against harmful 

agents, such as recalcitrant and inhibitory compounds. Dezotti et al., (2011) shown EPS potential 

to defending microorganisms against dehydration as well as protection against predators such as 

protozoans. Protein to polysaccharide ratio of EPS is typically used to define the status/age of 

biofilm since higher ratio and, therefore, greater content of protein in EPS matrix promotes cellular 

aggregation through enhance cell adhesion capability (Liu et al., 2015). Recently, studies 

conducted by Mahendran et al. (2012) compared suspended floccular biomass to biofilm in terms 

of EPS protein to polysaccharide ratio at steady-state. Higher abundance of protein over 

polysaccharide and lower DNA content was found in flocs compared to biofilm. Indeed, greater 

adhesion capability of floccular biomass compare to biofilm, due to a short SRT, suggested that 

attachment-detachment equilibrium characteristics were the main driven force. Gu et al. (2018) 

have studied through laser scanning microscopy and protein to polysaccharide (PN/PS) ratio 

biofilm formation process from startup along with microbial community composition in MBBRs 

subjected to continuously and intermittently aeration with on/off the regime of 5:1, 3:3, and 1:5 

h/h. Intermittent aeration of 3:3 h/h had exhibited the highest PN/PS ratio and biomass 

concentration with dominant genera Sphaerotilus, Brevifollis, and Saccharibacteria. Literature 

reports that more abundancy of protein over polysaccharides produces a mature and defined 

biofilm (Smets and Pellicer-Nacher, 2014). The surface properties where biofilm grows influence 

biofilm development since early stages of microbial cell adhesion and irreversible attachment 
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(Sarjit et al., 2015). Adhesion, indeed, is a physical-chemical process mainly depending on 

attractive and repulsive forces, surface free energies, Gibbs free energy of adhesion and 

hydrophobic interactions (Sarjit et al., 2015). Depending on cell structures and/or EPS matrix, and 

organic matter, the microbial surface may present hydrophobic or hydrophilic characteristics 

leading to different interaction on the interfacial layer with water. Khan et al. (2011) work revealed 

a significant difference in surface energy values due to bacterial cell composition. Indeed, bacterial 

cell surface energy of nitrifiers and heterotrophic strains positively correlates with cell attachment 

rates. However, different surface energy values where found in different nitrifiers strains. Bacterial 

cells attachment driven by electrostatic interactions were found depending on substratum and 

process involved (Khan et al., 2011).  

 Substrate diffusivity 

In MBBR systems the liquid flow diffusion and nutrient penetration through biofilm thickness is 

an important factor affecting the overall process performance (Stewart, 2003). It has been shown 

that the solute concentration gradient may form and need to be considered as the biofilm thickness 

increases hindering in some cases biodegradation kinetics (Xavier et al., 2005). Indeed, effective 

substrate diffusion through biofilm has been shown when the thickness is less than 100 µm (Dezotti 

et al., 2017). Thus, ideally, to maximize substrate transport capabilities an even and thin biofilm 

is preferable which could be achieved with turbulence and action of shear forces through 

homogenous mixing. In aerobic systems, for example, the turbulence controls microbial turnover 

in the biofilm structure maintaining it renovated and active through the whole depth. Figure 2-1A 

shows a schematic of main constituents’ diffusion through biofilm (e.g., nutrients, oxygen and 

organic matter) in a heterotrophic biofilm. These constituents are adsorbed and stored on the 

surface of the biofilm in which the EPS are present in loosely bound form. Hydrolysis and diffusion 
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of solutes through liquid portion and loose biofilm occurs providing the dense biofilm with main 

compounds required for growth and vital metabolism. The end products are, therefore, released 

from dense into the loosely bound biofilm and therefore released into the liquid phase. High shear 

stress by mixing and/or aeration outside the hydrodynamic boundary layer (biofilm zone in which 

flow velocity is negligible at the biomass-liquid interface) promotes: I) more stable and stronger 

biofilm with increase in EPS production (Liu and Tay, 2001); II) more compact biofilm with higher 

density (Li et al., 2016); III) and thinner biofilm due to biocarriers scouring and shear forces 

producing biofilm sloughing (Ødegaard, 2006). On the surface area exposed to abrasion, however, 

biofilm can be found with a thin even structure or microcolonies can develop (Mahendran et al., 

2012). In long term application, the initial high biofilm growth and high microbial specific activity 

benefits linked to large specific surface areas of biocarriers could be lost due to partial or complete 

clogging (Morgan-sagastume, 2018). Particularly, under high organic loading rates operations, the 

biocarriers may clog by excessive/uncontrolled biofilm growth (Forrest et al., 2016). In MBBR 

technology biofilm thickness on the protected surface area has not been controlled until the past 

few years. Indeed, just recently, new carriers have been developed that allows controlling biofilm 

thickness with a constantly exposed biofilm area in the case of Anox ZTM series at different 

thicknesses of 50, 100, 200, 300, 400, 500 µm (Torresi et al., 2017). Biofilms are phenotypically 

and genotypically different than suspended biomass. The substratum gradient and biofilm 

protective environment (e.g., EPS and inorganic material) directly influences the metabolism and 

physiology of attached versus suspended cells (Flemming et al., 2016). The presence of cells with 

slow growth rates or even in stationary phase through the depth of biofilm could offer protection 

for instance to antimicrobial compounds (Flemming et al., 2016). Biofilm compared to planktonic 

cells also present complex intercellular interactions through chemical signaling or quorum sensing 
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(Mangwani et al., 2016). It has been reported that 2-5 % of total biofilm matrix was identified to 

belong to microbial cell machinery (Morgan-sagastume, 2018), however, microbial density is 

relatively high in biofilm 108–1011 cells g-1 wet mass as reported by Flemming et al. (2016).  

In Figure 2-1B an example of cometabolism between autotrophic aerobic ammonia oxidizing 

microorganisms (i.e., nitrifiers) coexist into biofilm with anammox in MBBR and IFAS systems. 

More details of nitrifiers and anaerobic ammonium oxidation (annamox) bacteria as well as IFAS 

system are presented in sections below.  

 

Figure 2-1 Simplified transport mechanism illustration in anerobic heterotrophic and aerobic PN/A biofilm 
systems (adapted from Dezotti et al., 2011 and Ødegaard, 2016) 

2.4 Biofilm model 

Biofilm modeling, which began in the mid-1970s (Rittmann et al., 2018), incorporates biofilm 

characteristics (e.g., turbulence and diffusion, attachment and detachment, thickness), bulk-liquid 

properties, and the biological processes led by autotrophic, heterotrophic, and predatory 

microorganisms (Revilla et al., 2016). However, biofilm modeling relies on biokinetics 

coefficients and the stoichiometry proper of free-living microorganisms as presented in ASDM. 

Through the 1980s and 90s, the IWA developed a series of models for the design and operation of 

activated sludge processes (i.e., ASM1, ASM2, and ASM3) (Revilla et al., 2018; Wu et al., 2016). 

The models were developed with an evolution of inclusions and complexity: ASM1 included 
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organic carbon and nitrogen removal; ASM2 expanded the model with the addition of biological 

and chemical phosphorus removal; finally, ASM3 integrated the anoxic and aerobic uptake of 

phosphorus with a detailed account of substrate COD influent fractionation (Masmoudi Jabri et 

al., 2019). Wanner et al. (2006) published a comprehensive description of three major biofilm 

model classes which are divided into analytical, pseudo-analytical, and numerical models. 

Simplified assumptions made by analytical models include homogenous biofilm distribution 

levels, biofilm thicknesses, and densities which are known a priori and thereby neglecting external 

mass-transport resistance, for instance (Boltz et al., 2010; Rittmann et al., 2018; Wanner and 

Reichert, 1996). Algebraic approximations to the numerical solutions are employed by pseudo-

analytical models (Morgenroth, 2008; Wanner and Reichert, 1996). Lastly, numerical models are 

divided into one-dimensional (1-D), two-dimensional (2-D), and three-dimensional (3-D) types. 

In the initial stages of modelling, biofilm was described through steady-state, pseudo-analytical, 

analytical, and 1-D numerical approaches with a homogenous distribution using only two biofilm 

layers. One layer specified the core thickness while the other described the mass transfer boundary 

layer in which the substrate concentration profile decreases from the bulk-liquid to liquid-biofilm 

interface (Boltz et al., 2015). Modelers then developed computer models that decreased iteration 

times which subsequently brought advances in numerical methods for dynamic simulations of 

biofilm modeling. To date, most of the available software simulators rely on steady-state 

conditions and dynamic model numerical simulations with the heterogenous biomass distribution 

through a biofilm thickness divided into multiple layers (Boltz et al., 2010 critical). Among others, 

the simulators used in practice are AQUASIMTM, BioWinTM, GPS-XTM, SumoTM, SimbaTM, 

Pro2DTM (Boltz et al., 2010; ). Biofilm model simulators, due to the complexity of numerical 

solutions and long simulation times, required 1-D models integrated with simple biological 
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models. In particular, the BioWinTM 6.0 simulator (EnvironSim, Hamilton, ON, Canada) used a 1-

D dynamic layered biofilm model, as described by Wanner and Reichert (1997; 1996), in which 

soluble and particulate matter are considered perpendicular to the biocarrier surface. BiowinTM 

biofilm model is integrated with an ASDM. This model accounts for the diffusion of soluble and 

particulate matter, a boundary layer between the biofilm surface, and bulk-liquid as diffusion 

resistance for solutes. The attachment and detachment exchange of solids is described by the 

interactions occurring in the boundary layer with the bulk-liquid. 

To date, literature has not reported a successful, unified, systematic method to approach biofilm 

modeling and its complexity. Rittmann et al. (2018) proposed a framework for GBRMP focusing 

on the basic principles and various aspects of biofilm modeling including: structured step-by-step 

approaches of biofilm reactor modeling (Barry et al., 2012; Eldyasti et al., 2012); the outcome of 

colloidal organic matter (Albizuri et al., 2014); the experimental design of laboratory scale MBBRs 

(Vangsgaard et al., 2013); parameters’ sensitivity and identifiability (Boltz et al., 2010; 

Brockmann et al., 2013); and experimental approaches to determine external mass-transfer 

resistance (Nogueira et al., 2015). The five steps for GBRMP proposed were: 1) establishing 

general/essential information about the system to be modeled; 2) properly characterize influent 

wastewater; 3) identifying the plant configuration and biofilm models; 4) defining the conversion 

processes; and 5) model calibration. The most challenging step for GBRMP, model calibration, 

requires the identification of system-specific parameters to adjust within standard tolerances and 

thereby produce meaningful model outputs. The identification of these parameters can be assessed 

through a sensitivity analysis. Literature proposes two different model sensitivity analyses. One 

analysis method, termed “global sensitivity analysis,” accounts for non-linear model outcomes 

with defined ranges of uncertainty for the parameters (Brockmann et al., 2008). The other method, 
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dubbed “local sensitivity analysis”, is defined by Boltz et al. (2011) as a simplified analysis which 

extrapolates the impact of a small change in a given parameter to the uncertainty range of 

experimental values. A methodology to evaluate and apply experimental data to mathematical 

biofilm reactor models must be defined, as was once conducted on ASDM (Sin et al., 2005). 

Literature presents systematic approaches for the identification of parameters requiring definition 

for biofilm model calibration (Boltz et al., 2011; Brockmann et al., 2008). Calibrations of biofilm 

process models by manipulating system-specific parameters related to attachment, detachment, 

and biofilm thickness are reported (Sin et al., 2008). Revilla et al. (2016) stated that biofilm models 

must include the biological processes occurring within the biofilm and bulk-liquid since MBBR 

systems present two forms of biomasses: attached and suspended. In MBBR systems, the microbial 

activity is typically assumed to occur exclusively in the biofilm, though the bulk-liquid presents 

detached suspended active solids and occasionally free-growing microorganisms (Piculell et al., 

2014). Although suspended biomass in MBBRs is always present, its contribution to the overall 

system performance depends on process conditions such as the SALR and HRT (Piculell et al., 

2014). Biofilm models are based on a set of mass-balance equations that are solved simultaneously, 

accounting for both biofilm and suspended biomass contribution. However, biokinetics and 

stoichiometric parameters for OHO as well as other bacteria in the biofilm (i.e., AOB, NOB, etc.) 

are defined based on typical suspended biomass values as per the ASDM. Literature does not 

present research elucidating MBBR biofilm model predictions on the performance of biofilm and 

suspended biomass separately evaluated. 
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2.5 State-of-the-art of MBBR systems 

 COD and BOD removal 

Organic matter removal (i.e., COD and BOD) with MBBR technology can be widely used in 

improving existing CAS performance and capacity. Figure 2-2 present four different 

configurations in which carbon removal is addressed by biocarriers utilization. In Figure 2-2A, 

configuration with two clarification systems and an MBBR for carbon removal is shown. The 

design of the MBBR (i.e., size and number of tanks) depends on wastewater characteristics and 

effluents limit requirement. For instance, by increasing the number of the tank or HRT nitrification 

can be easily achieved as well as a physicochemical stage (coagulation/flocculation) for 

phosphorus removal can be adopted. Biocarriers could also be used in a first aerobic zone prior to 

CAS to increase performance capability, particularly, increasing organic loading rates as an 

upgrade for existing wastewater treatment plant – Figure 2-2B. A high rate process for secondary 

treatment (Figure 2-2C) concept has been developed over the assumption that significant fraction 

of organic matter ranging between 65 and 85 % and 35 to 55 % of phosphorus in wastewater are 

present as colloidal and suspended matter (Ødegaard, 2006). By chemical precipitation is possible 

to achieve an organic matter removal around 70 % (Ødegaard, 1992), however, soluble organic 

matter is still present, and usage of chemicals increases sludge production after flocculation. A 

consistent solids separation up front (i.e., with fine screens ~ 3 mm) prior MBBR ensure that 

mostly soluble organics and nutrients reaches the secondary treatment. In this way, a high rate 

MBBR can be used for COD removal with HRT of 15 to 30 minutes followed by in-line 

coagulation. Finally, flocculation and solids removal can be achieved with a reliable, compact, 

advance clarification system (e.g., DAF). The physicochemical treatment could take up to 5 to 10 

minutes and 15 to 25 minutes for flocculation and flotation, respectively. Solving and preventing 
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short circuiting can be achieved by distributing the HRT through the bioreactors. It has been 

reported by Ødegaard (2006) that total reactor loading should not exceed 20 to 25 g-sCOD m-2 d-1 

or 15 to 20 g-BOD5 m-2 d-1 which corresponds to 65 - 85 g-TCOD m-2 d-1 in typical wastewater in 

high rate systems. The design of high rate MBBR comprises the selection of effluent soluble COD, 

calculating the required volume and total protected surface area available for biofilm formation 

which accounts for hydraulics and inert soluble COD fraction. Dezotti et al. (2011) studied a 

configuration of three aerobic MBBR in series at total COD concentration of 360 mg L-1 followed 

by a coagulation/flocculation step. Hydraulic retention time applied was 40 min. Physicochemical 

treatment with aluminum sulfate (7 % m/v) and ferric chloride (3 % m/v) was used together with 

1 g m-3 of the anionic polymer. The effluent total COD removal was measured as 45 % without 

physicochemical treatment. However, 78 % COD reduction occurred following the 

coagulation/flocculation step. Another experiment with the same reactor configuration was 

conducted with total influent COD of 550 mg L-1 at 28 min HRT per reactor and overall HRT of 

1.4 h and volumetric loads from 8 to 10 kg-COD m-3 d-1. Total COD removal was measured as 50 

%, soluble COD between 58 and 90 %, and 90 % removal of chlorinated compounds was achieved. 

The last test was conducted to assess higher loading by increasing the influent concentration to 

1,250 mg L-1 with the same aerobic MBBR configuration. In this case, a range from 0.9 to 1.9 h 

HRT and volumetric loading rate ranging between 17 to 28 kg-COD m-3d-1 was studied. This 

operation resulted in BOD removal from 28 to 38 %. Total suspended solids concentration in 

effluent can be estimated as sum of the influent suspended solids and typical MBBR TSS 

production per gram of sCOD degraded of 0.5 g-TSS g-sCOD-1.  

Solids separation for MBBR technology could be addressed with DAF and membrane systems. 

Conventional MBRs are based on activated sludge with biomass separation by ultrafiltration 
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membranes with typical a pore size of 40 µm for MLSS ranging from 7 to 10 g-MLSS m-3 and 

membrane flux of around 20 L m-2 h-1 (Mannina, 2017). The implementation of membrane 

technology, however, increases the energy consumption (e.g., operational costs) for membrane 

backwash to avoid accelerated fouling and clogging which adds on the high air requirements costs 

for proper biocarriers mixing. Membranes can be placed in either the last MBBR system or 

following it as a MBBR-MBR system (Figure 2-2D). Immersing ultrafiltration membranes in to a 

MBBR manifests problems related to either membrane fouling due to increased solids 

concentrations and generated stagnant zones or membrane damage due to biocarrier-membrane 

collisions (Ivanovic and Leiknes, 2012). Implementing filtration systems after the MBBR could 

be challenging as solids concentration to membrane reactor will range from 200 to 300 mg-TSS 

L-1 causing membrane fouling.  

Pilot scale testing conducted by Ødegaard et al. (2012) recommended the implementation of an 

advanced clarification system (e.g., disk filters or DAF) in between the MBBR and membrane 

unit. However, the “Pure MBBR-MBR” configuration has been reported to be less attractive and 

inferior to an IFAS configuration. In a MBBR followed by MBR reactor configuration, both 

carbon removal and nitrification can be achieved, depending on the MBBR reactor size or 

hydraulic retention time. Furthermore, the inclusion of a membrane in the MBBR reactor could 

also achieve carbon and nitrogen removal. However, phosphorous can be only removed by 

chemical precipitation which leads to increasing sludge production and is detrimental to membrane 

filtration. Hence, a system discussed in the other sections below in which carbon and nitrogen are 

removed and phosphorus is biologically removed through recycling implementation in IFAS-MBR 

configuration would be more feasible.  
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Figure 2-2 Four different application of MBBR technology for carbon removal 

 Nitrogen management 

2.5.2.1 Ammonium removal 

Aerobic autotrophic bacteria carry out nitrification process with two genera historically recognized 

as main actors. Ammonia is oxidized to nitrite by Nitrosomonas while the oxidation to nitrate is 

done by Nitrobacter. In the last two decades, a number of others autotrophic genera have been 

identified performing those functions (Metcalf and Eddy-AECOM, 2014). In general, these 

microorganisms are referred to as AOB and NOB. Recent findings on complete ammonia 

oxidation (commamox) Nitrospira sp., an ammonia oxidizing archaea, revealed their consistent 
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presence in surface attached microbial communities (Koch et al., 2019). In the nitrification process, 

autotrophic aerobic ammonia oxidation to nitrite requires 75 % of the overall oxygen demand 

based on stoichiometric reactions. The remaining 25 % of the oxygen is needed to oxidize nitrite 

to nitrate. Overall, alkalinity requirements for both oxidation of the ammonia entirely to nitrate 

and biomass synthesis has been reported 7.14 g-CaCO3 g-NH4
+-N-1. In general, two configurations 

capable of achieving full nitrification could be a pure MBBR for carbon and ammonia oxidation 

(Figure 2-3A) or a CAS system followed by nitrification MBBR (Figure 2-3B). In Figure 2-3A, 

the difference from high rate carbon removal alone is the addition of one or multiple reactors to 

the overall tanks removing organic matter. Compared to the CAS, carbon removal is taking place 

in the first MBBR while nitrification occurs in the second MBBR allowing the optimization of 

each process independently. Rusten et al. (1995b) showed through full scale applications that 

reduction on nitrification MBBR size could be achieved by improving nitrification rates through 

lower biomass loads using CEPT in which phosphorus and COD is significantly removed. It has 

been determined by Ødegaard (2006) that organic loading rate over ammonium and DO 

concentrations are the main factor driving nitrification rates. Indeed, the lower is the surface area 

organic loading rate the higher ammonia removal rate is achieved minimizing oxygen 

requirements in MBBR systems. For instance, at surface area loading rates of 0.4 g-BOD5 m-2 d-1 

nitrification rate as g-NH4-N m-2 d-1 proportionally increases as DO concentration increases until 

the concentration of 3 mg-NH4-N L-1. Hence, nitrification rates at higher ammonia concentrations 

are not anymore substrate limited but nitrification rate is driven by oxygen concentration and 

surface area loading rate. At saturating oxygen concentration (i.e., DO = 9 mg L-1) nitrification 

rate is constant at 2 g-NH4-N m-2 d-1. However, for carbon removal is sufficient DO of 2 to 3 mg 

L-1.  Ødegaard (2006) also reports a demonstration in full scale application at 10°C and FF of 60 
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% which achieved ammonia effluent concentration < 1 mg L-1 with surface area ammonia loading 

rates of approximately 1.2 g NH4-N m-2 d-1.  

Performance enhancement or enable nitrification in existing wastewater plants to meet more 

stringent ammonia limit is, therefore, possible through implementation of MBBR in the final part 

of the reactor by minimal modification (e.g., proper reactor separation and sieve to prevent 

biocarriers breakthrough) – Figure 2-3B. Phosphorus removal could also be achieved by chemical 

coagulation/flocculation and further solids separation. Combination of MBBR and CAS to 

accommodate nitrification in existing plants with insufficient reactor volume to nitrify with CAS 

only could be achieved with IFAS systems. Indeed, the space required for IFAS is typically 40 – 

60 % of that for equivalent CAS systems (Jenkins and Wanner, 2014). Nitrifiers presence in IFAS 

systems shifts from biofilm to suspended biomass depending on organic and ammonium loading 

rates, temperature, and SRT. Nitrification in IFAS is independent of aerobic MLSS SRT and can 

be reached at SRT as low as 2 d at high loading where nitrifiers are mostly present into biofilm 

structure then in suspension (Jenkins and Wanner, 2014). It is, hence, possible to decouple growth 

rate of nitrifying microorganisms from the MLSS SRT (Onnis-hayden et al., 2011). However, at 

lower organic loadings nitrification is driven more by suspended biomass. At room temperature 

(i.e., 20°C) C/N ratio of 3 to 4 and DO of 4 mg-O2 L-1, nitrification is higher in biofilm biomass 8-

9 g-NH4-N kgVSS-1 h-1 than in suspension where ranges around 2-3 g-NH4-N kg-VSS-1 h-1 

(Jenkins and Wanner, 2014). As temperature decrease the fraction of nitrification on biofilm 

biomass significantly increases making nitrification in IFAS systems resilient to temperature 

variations (Christensson and Welander, 2004). A higher DO at low temperatures may compensate 

for the lower growth rate compared to room temperature by deeper oxygen penetration through 

biofilm and greater biofilm concentration (Regmi et al., 2011). A pilot scale study was conducted 
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by Di Trapani et al. (2011) utilizing 3 separated tanks (i.e., 30L each) and clarification tank (i.e., 

65 L) in configuration of CAS1 + IFAS + CAS2 using Kaldnes  K1 (i.e., specific surface area of 

500 m2 m-3) at 60 % FF, DO ranging between 2.0 to 4.5 mg-O2 L-1, HRT of 3.5 - 4.5 g and SRT 

of 5 - 7 days at temperature of 11.5 °C. The addition of biocarriers in the second tank enhanced 

nitrification on biofilm while strong competition between OHO and nitrifiers takes place at higher 

organic loading in case biocarriers were added in the first tank (Germain et al., 2007). Biofilm 

nitrification rates were found to be higher than in suspended biomass, but the contribution was not 

negligible (i.e., approximately 30 % of the total nitrification) showing a “seeding effect” from 

biofilm to mixed liquor (Di Trapani et al., 2011).  

2.5.2.2 Nitrogen removal 

Conventional nitrogen removal is carried out by nitrification and denitrification process. 

Denitrification process is defined as an anoxic process in which the consumption of readily 

biodegradable carbon carried out by denitrifying ordinary heterotrophs leads to the reduction of 

the soluble oxidized form of nitrogen (i.e., nitrate and nitrite) to nitrogen gas. Intermediate 

products such as nitric and nitrous oxide (i.e., NO and N2O; Pan et al., 2015) are, therefore, 

produced from the reduction of nitrate to nitrite by consumption of 40 % of carbon. Therefore, the 

final step in which nitrite is reduced to nitrogen gas can take place consuming 60 % of the carbon 

source. Nitrogen removal could be achieved by several process combinations, for instance pre-

denitrification (i.e., the addition of an internal nitrate recycle) with the capability of chemical 

phosphorus precipitation and enhanced solids separation as well as apply RAS recycle in hybrid 

systems (Figure 2-3C). In post-denitrification configuration, easily biodegradable carbon source 

needs to be added to significantly increase denitrification rate (Figure 2-3D). Also, in this 

configuration chemical phosphorus precipitation can be improved with greater solids separation 
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through secondary clarification. A combination of pre- and post- denitrification could be used in a 

combined process with carbon addition and chemical addition for phosphorus removal (Figure 2-

3E).  

The pre- and post-denitrification configuration could lower total bioreactors volume by 40 to 50 

% and also reduce the carbon requirements (Ødegaard, 2006). Indeed, more than half 

denitrification takes place in pre-denitrification step. Depending on pretreatment, a survey in 

Norway, have demonstrated that less than 3 mg-TN L1 effluent quality can be achieved at total 

HRT between 3 to 5 h at energy consumption of 0.25 kWh m-3 and external carbon requirements 

of 1.6 g-COD m-3 (Ødegaard, 2016). 

In case of high organic loading rate or cold temperature the process can be optimized by 

implementing pre-coagulation, therefore, lowering particulate carbon compounds with the main 

presence of readily biodegradable organic matter leading to denitrification of part of nitrate 

recirculated at 0.25 to 0.5 recycle flow. Hence, the remaining nitrate could be denitrified in the 

post-denitrification tank minimizing the carbon source requirements (e.g., methanol and ethanol). 

The first anoxic MBBR could be equipped with both mixers and blowers as in the case of the 

oldest MBBR plant in Lillehammer in Norway. Hence, when more nitrification reactor volume is 

required such as in cold winter temperature (i.e., 6.3 ± 0.3 °C) the pre-denitrification tank can be 

switch to the aerobic mode and more readily biodegradable carbon source can be added in the post-

denitrification MBBR giving versatility to the process. In some cases, a CAS plant may be 

equipped with an MBBR post-denitrification process after secondary clarification (Figure 2-3F) 

or as hybrid activates sludge biofilm process (Figure 2-3G).  
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Figure 2-3 Typical MBBR process flow diagrams for nitrification only (A and B), and nitrification-
denitrification (C,D,E,F, and G) 
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 Biological phosphorus removal 

When enough readily biodegradable COD is present in influent wastewater or supplied with other 

means, biological phosphorus removal can be implemented through IFAS systems with similar 

strategies adopted in CAS. Bashar et al. (2018) have compared through mathematical modelling 

using Biowin 5.2 (EnvironSim Associates Ltd., Canada) six different BNR processes (i.e., 

modified University of Cape Town alone (MUTC), MUTC combined with MBR, MUTC 

combined with P recovery as struvite, MUTC combined with tertiary reactive media filtration, 

five-stage Bardenpho, and IFAS-EBPR). Through steady-state simulations with the effluent goal 

of < 1 mg-TP L-1 and total inorganic nitrogen (TIN) of < 8 mg-TIN L-1 accounting for power 

demand, capital operating costs, the authors were capable identifying in IFAS-EBPR the most cost 

effective process over the six considered. However, in pure MBBR systems is more challenging. 

Typically, two processes have been studied to achieve Bio-P with MBBR technology: sequencing 

batch and continuous mode operations. Figure 2-4 presents four options capable of Bio-P using 

biocarriers. In Figure 2-4A, conventional IFAS is shown in which Bio-P can be achieved by 

implementing RAS and SRT on suspended biomass with anaerobic zone followed by aerated 

MBBRs for carbon and nitrogen removal. Hence, anaerobic and aerobic environments favor PAO 

metabolism. Another continuous mode option is an MBBR-MBR operated in IFAS mode with 

membranes system separated (Figure 2-4B) or included in the MBBR tankage (Figure 2-4C).  

In 2007, Helness et al. have defined optimal operating conditions to achieve Bio-P and nitrogen 

removal in MBBR reactors in SBR mode (Figure 2-4D). Helness et al. (2007) had carried out 

studies on synthetic wastewater and proved the feasibility of MBBR-SBR Bio-P and nitrogen 

removal with municipal wastewater. Design parameters for MBBR-SBR were concluded to be 

dependent on wastewater characteristics. However, for wastewater with COD:N:P 100:10:2 the 
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TCOD loading rate must be kept lower than 5 g-TCOD m-2 d-1, anaerobic phase biodegradable 

soluble COD loading must not exceed 5 g-bsCOD m-2 d-1 while an ammonia loading rate < 0.4 g-

NH4-N m-2 d-1 is required in aerobic phase. It has been described to be successful when 

biodegradable soluble COD to phosphorus ratio is 20 bsCOD PO4-P-1. With a 6 hour cycle (i.e., 1 

h and 40 min anaerobic and 4 h and 20 minutes aerobic), the effluent quality was less than 10 mg 

of soluble TN L-1 and 0.3 mg-PO4-P L-1. The municipal wastewater influent characteristics were 

205 mg-TCOD L-1, 104 mg-sCOD L-1, 18 mg-NH4-N L-1, and 4.2 mg-PO4-P L-1.  

Recently in 2017, an alternative of the MBBR in IFAS mode has been developed in Norway at 

Hias WWTP. A pilot plant of this configuration has been operated for three years in pilot scale by 

Saltnes et al. (2017) and kinetic rates defined with laboratory jar tests. The pilot scale (i.e., 7 m3) 

was divided into several anaerobic and aerobic zones after primary sedimentation using K1 and 

K3 with 60 % FF (Figure 2-4D). The biocarriers can move into the different zones following the 

wastewater flow through openings within the separation walls. From the last aerobic zone, the 

biocarriers are mechanically transported by a conveyer back to the first anaerobic zone. The 

anaerobic volume is 30 to 40 % of the total with overall HRT between 5 to 10 h. This configuration 

was reported to integrate EBPR on biofilm and improved nitrification capability due to anaerobic 

carbon removal redirected to PAO as well as denitrification process carried out by denitrifying 

phosphorus accumulating organisms. In pilot scale with sCOD loads of 5.2 g m-2 d-1 and anaerobic 

sCOD of 18 g m-2 d-1, the process was capable in removing more than 95 % phosphorus.  
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Figure 2-4 Four configuration for Bio-P implementing biocarriers technology  
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 Sidestream de-ammonification 

In the early 1990s, anammox bacteria were found within wastewater sludge. Their unique 

metabolic pathway of utilizing ammonium and nitrite to produce nitrogen gas was observed 

(Kuenen, 2008). The interest in anammox bacteria has progressively increased over the last decade 

on account of its feasibility as an alternative to the conventional nitrification and denitrification 

process. In fact, no carbon addition is required, due to their autotrophic nature. Furthermore, 

anaerobic microorganisms lower the oxygen requirements compared to conventional treatment. 

Through molecular biology methods, Kartal et al. (2011) showed that the bacterium Kuenenia 

stuttgartiensis perform anaerobic ammonia oxidation through three different redox reactions. The 

authors also demonstrated the crucial role on anammox metabolic pathways of two different 

intermediates: hydrazine and nitric oxide. Anammox bacteria have a low growth rate, a doubling 

time in the order of 7 days, low cellular yields, and are sensitive to several environmental 

conditions (Puyol et al., 2013). Furthermore, a variety of factors could be detrimental in maintain 

an appropriate level of anammox activity to have suitable ammonia removal rate. In particular, 

several conditions might be toxic or inhibitory to anammox consortia such as DO, substrates (NH4
+ 

and NO2
-) and metabolites (NO3

- and N2H4) (Jaroszynski et al., 2012). The challenge of separating 

within nitrification process nitritation from nitratation by suppressing the NOB coupled with 

partial nitritation (i.e., partial oxidation of ammonia to nitrite) to provide anammox bacteria with 

a required stoichiometric ratio of 1.0 NH4
+ and 1.32 NO2 is successfully implemented in a 

sidestream. A sidestream has higher temperatures and ammonia concentration compared to the 

mainstream in which partial nitritation followed by anammox is nowadays under development. 

Combining nitritation and anammox allows reducing oxygen requirements by 55 % resulting in 

electrical power saving needed for aeration. Furthermore, the organic carbon requirements for 
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heterotrophic denitrification are decreased by 90 %, eliminating the need for external readily 

biodegradable carbon source (Lackner et al., 2014). 

Partial nitritation can be achieved by selectively retaining AOB in the systems while NOB could 

be either inhibited and/or washed out. Nitrite oxidizing bacteria might be inhibited by free 

ammonia and/or free nitrous acid as well as by maintaining DO between 1-2 mg-O2 L-1 (Durán et 

al., 2014). Veolia is the first company releasing a process called AnitaMOXTM performing 

deammonification either MBBR and IFAS systems (Figure 2-1B) relying on DO control and 

bioaugmentation for rapid startup by seeding with pre-cultivated biocarriers. Two types of 

configurations could be applied to achieve partial nitrification anammox in biocarriers based 

systems in sidestream – Figure 2-5. One method could be the one stage de-ammonification MBBR 

process (Figure 2-5A) in which AOB and anammox bacteria coexist into biofilm form on 

biocarriers available surface area. Figure 2-1B presents PN/A into pure MBBR systems achievable 

by controlling DO at 1-1.5 mg L-1 (Ødegaard, 2016). The oxygen limited the NOB activity, 

therefore promoting the development of an AOB biofilm layer over anammox bacteria. However, 

another configuration (i.e., one stage de-ammonification in IFAS) demonstrated a nitrogen 

removal capacity 4 times higher compared to a pure one-stage de-ammonification MBBR version 

(Lemaire et al., 2014). In this configuration, AOB is maintained in suspension as floccular biomass 

through SRT adjustment (Figure 2-1B) while anammox is retained on biofilm only. This will favor 

substrate accessibility for AOB which leads to a lower DO required and therefore reduced AOB 

biofilm. Hence, it is possible to enhance anammox activity by having a thinner AOB biofilm in 

the outer layer. Christensson et al. (2013) in a first demonstration at the Sjölunda WWTP (Malmö, 

Sweden) of an IFAS-ANITAMoxTM reported successful one stage sidestream deammonification 

using Kaldnes K5 biocarriers at pH 6.7 - 8.0, DO of 0.2 - 0.6 mg-O2 L-1 at 28 °C. The MBBR had 
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a FF of 50 % with MLLS concentration ranging from 2 to 4 g-MLSS L-1 with ammonia surface 

area loading rate of 7.5 g-NH4-N m-2 d-1. 

 

Figure 2-5 Two types of configurations implementing biocarriers based technology for PN/A process 

2.6 Reactor operational consideration 

 Filling fraction 

The FF is the ratio of the volume of biocarriers over the total volume reactor. The main advantage 

of MBBR technology is the possibility of designing reactor size for a certain FF and consequently 

more biocarriers volume could be added. This allows to have either better performance or increase 

the volumetric capacity of the reactor itself. However, mixing and reactor hydrodynamic may be 

compromised by, for instance, facing the development of stagnant areas. It has been reported that 

FF must not exceed 70 % to achieve adequate biocarriers mixing properties in aerobic systems 

(Salvetti et al., 2006). Hence, it is important to define a FF which will ensure effective 

hydrodynamic properties together with the most effective biocarriers for a particular process 

avoiding, therefore, mass transfer limitation. Once defined type of biocarrier in terms of protected 

surface area (i.e., m2 m-3) and FF, in aerobic systems, the tank volume can be sized. The FF can be 
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increased to reduce a reactor’s volume but keeping in mind the mixing issue and potential 

upgrading to higher capacity in the future.  

 Dissolved oxygen, mixing and hydrodynamics 

Immobilized biomass in aerobic systems for carbon removal requires a greater concentration of 

DO compared to suspended biomass reactor (i.e., CAS) due to diffusion limitation through 

biocarriers pores. The minimum concentration required for operation aerobic suspended biomass 

reactor is reported 2 mg L-1 (Metcalf and Eddy-AECOM, 2014). Energy requirements to operate 

CAS processes have been estimated 0.18 - 0.8 kWh m-3 in the UK (Longo et al., 2016), 0.16 - 0.45 

kWh m-3 in the US, 0.46 kWh m-3 in Australia, and 0.43 - 2.07 kWh m-3 in Japan (Bodik and 

Kubaska, 2013). In contrast, aerobic MBBRs for carbon removal are likely over-aerated to achieve 

proper mixing conditions. Comparable to CAS processes, continuously aerated MBBR energy 

requirements ranging from 0.17 to 0.25 kWh m-3 were recently reported (Dias et al., 2018). Use of 

coarse or fine bubble diffusers to maintain CSTR conditions with proper OTE depends on the type 

of biocarrier and FF. Biocarrier physical properties (e.g., shape, size, etc.) impact reactor 

hydrodynamics through the dependency of hydraulic efficiency, dimensionality, and voidage (Dias 

et al., 2018). Pham et al. (2008) investigated mixing rolling motion and OTE using coarse and fine 

bubbles diffusers at different FFs (i.e., 25, 50, and 65 %) and without the presence of biocarriers 

in a 3 m3 pilot-scale reactor. Coarse bubble diffusers required a minimum flow rate of 91, 100, and 

117 m3 h-1 were required for 25, 50, and 65 % FFs, respectively. However, 70, 82, and 100 m3 m-

2 h-1 were found necessary when fine bubble diffusers were tested. The authors found no 

statistically significant difference between coarse (i.e., α = 0.85) and fine bubbles (i.e., α = 0.5), in 

terms of OTE. Control tests with no biocarriers presented an OUR of 0.95 mg-O2 L-1 h-1 which 

increased approximately 1.6 times when 10 % FF was added. At 20, 30, 40, 50, 60, and 70 % FFs, 
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the OUR increased by 1.64, 1.66, 1.74, 1.60, 1.46, and 1.38 times compared to the control test, 

respectively (Barwal and Chaudhary, 2015). Oxygen utilization rate increased from 10 to 40 % 

(i.e., maximum OUR) FF while it decreased when more than 50 % were added. Volumetric oxygen 

mass transfer coefficient (i.e., kLa) was at its maximum between 1.35 and 1.65 h-1 at 40 % filling. 

Impact of reactor hydrodynamics through tracer studies in 2 m3 pilot scale using three spherical 

shapes and two cylindrical shapes uncolonized and colonized biocarriers manufactured by Warden 

Biomedia (Luton, UK) (Table 2-2) was recently reported (Dias et al., 2018). The authors have used 

a PVC grid with 4 mm diameters openings as aeration systems. Results showed a statistically 

significant difference between spherical and cylindrical biocarriers. Uncolonized biocarriers and 

heavily colonized biocarriers increased the tracer retention time by 30 % and mixing properties at 

50 % filling ratio. Oxygen transfer increased from 4.0 to 26 h-1 kLa compared to clean water only 

retaining tracer much longer with reduction of dead zones (Morgan-Sagastume and Noyola, 2008). 

Dias et al. (2018) have reported an energy efficiency value ranging from 2.75 to 3.65 kg-O2 kWh-

1 in spherical biocarriers and 1.7 – 2.8 kg-O2 kWh-1 for cylindrical shapes. Furthermore, energy 

consumption was reported to range between 0.14 and 0.23 kWh m-3 of wastewater treated with 

lower values for cylindrical biocarriers. Coarse bubbles may be beneficial to generate enough 

turbulence but are energy intensive and limit oxygen transfer. On the other hand, fine bubbles are 

beneficial to oxygen transfer but not for mixing purposes. Therefore, it is crucial to evaluate the 

hydrodynamic of the reactors and aeration systems options. It is reported in the literature that 

coarse bubbles require 0.6 – 1.5 kg-O2 kWh-1 while fine bubbles require 1.5 – 3.6 kg-O2 kWh-1 

(Dias et al., 2018). Mathematical modeling through CFD can facilitate the selection of optimum 

biocarrier geometry characterized by sufficient capacity of mass transfer and oxygen transport 

(Kruszelnicka et al., 2018). The CFD analysis showed that a thin biofilm inclination angle between 
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30 and 45 degrees strongly influenced layer stability. Conversely, thick biofilm required 

inclination angles between 0 and 15 degrees to maximize the velocity of substrate interactions, via 

CFD analysis. Therefore, by changing carrier geometry (e.g., radius and length) it can be possible 

to optimize the velocity of substrate interactions within biofilm. Reactor geometry, FF, and mixing 

intensities are important parameters to maintain CSTR properties in MBBRs. Stagnant regions 

within the reactor volume could be found often at larger scale operations compared to small lab-

scale experiments. 

 Loading rates 

Moving bed biofilm reactor can be operated with different loading rates depending on the percent 

removal rates and its application (e.g., carbon removal prior nitrification, nitrogen removal). The 

loading is expressed as a function of influent concentration, biocarrier FF and specific surface area, 

wastewater loads, and reactor volume (di Biase et al., 2017). At organic SALR greater than 20 g-

BOD m-2 d-1 it is expected a BOD removal between 75 and 80 % while 80 to 90 % BOD removal 

is achieved at SALR between 5 to 15 g-BOD m-2 d-1. However, in BOD removal MBBR preceding 

nitrification, the SALR has been suggested not to exceed 5 g-BOD m-2 d-1 to ensure more than 90 

% BOD removal (WEF, 2011). At SALRs over 5 g-BOD m-2 d-1 nitrification was not present (Hem 

et al., 1994). At 15 °C, nitrification rates of 0.3 to 0.8 g-NH4-N m-2 d-1 were observed at SALRs 

between 2 and 3 g-BOD m-2 d-1, however, 0.7 to 1.2 g-NH4-N m-2 d-1 when the BOD load ranges 

from 1 to 2 g-BOD m-2 d-1 (Hem et al., 1994). Examples of full-scale MBBRs for BOD removal 

and nitrification with surface area loading rates, temperature, FF and type of biocarriers are 

reported in Table 2-3. 

Nitrogen removal in full scale application is achieved with pre- (Figure 2-3C), post-denitrification 

(Figure 2-3D), and a combination of both (Figure 2-3E) depending on the configuration. Full scale 
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SALRs for nitrification at temperatures ranging from 10 to 12 °C are reported in Table 2-4. As 

presented in previous chapters, denitrification in MBBR designs could occur either after BOD 

removal and nitrification (i.e., post-) or prior (i.e., pre-), depending on the type of configurations. 

Carbon source could vary from methanol, ethanol to glycol depending on costs associated and 

rates (Bill et al., 2009). The loading rates of well-known MBBR processes in Sweden are reported 

in Table 2-5.  

Table 2-3 BOD removal and nitrification in MBBR full-scale applications (adapted from WEF, 2011) 

Process 
Plant Q 
(MLD) 

Surface area 
loading rates 

T 
(°C) 

% FF 
Type of 

biocarrier 
Plant 

BOD removal 71 
20 to 100 

(g-BOD m-2 d-1) 
- 30 Kaldnes K1 

Mao point WWTP (Wellington, 
New Zeland) 

Nitrification 

89 
1.2 

(g-NH4-N m-2 d-1) 
14 - - 

Harrisburg WWTP 
(Pennsylvania, USA) 

23 
1.0 

(g-NH4-N m-2 d-1) 
10 30 

Headworks 
International 

AC450 
Moorhead (Minnesota, USA)  

 
Table 2-4 Key design parameters for nitrogen removal in MBBR developed from WEF (2011) and Ødegaard 

(2006) 

Process 
Plant Q 
(MLD) 

Surface area 
loading rates 

(g-NH4-N m-2 d-1) 
% FF 

T 
(°C) 

Type of 
biocarrier 

Plant 

Nitrogen 
 removal 

26 0.9 
55 (anoxic)  
60 (aerated) 

- Kaldnes K1 
Williams Monaco WWTP 

(Henderson, Colorado, USA) 
24 1.7 36 12 Kaldnes K1 Kalgsham WWTP (Malmö, Sweden) 
22 1.6 60 10 Kaldnes K1 Gardemoen WWTP (Sweden) 
29 1.5 60 10 Kaldnes K1 Lillihammer (Sweden) 

 
Table 2-5 Post- and pre-denitrification design parameters in full scale MBBRs developed from (Rusten and 

Ødegaard, 2007) 

Process 
Plant Q 
(MLD) 

Surface area 
loading rates 

% 
FF 

Type of 
biocarrier 

Supplement 
carbon 

COD/NO3
--N 

(g-COD g-NO3-N-1) 
Plant 

Post-denite 

126 
0.9 

(g-NOx
- m-2 d-1) 

50 Kaldnes K5 Methanol 4.1 
Sjölunda (Malmö, 

Sweden) 

24 
1.3 

(g-NOx
- m-2 d-1) 

36 Kaldnes K1 Ethanol 5.4 
Klafshamn 

WWTP (Malmö, 
Sweden) 

Pre-denite 22 
0.4 to 1 

(g-NO3
-N m-2 d-1) 

- Kaldnes K1 Glycol 2.4 
Gardemoen 

WWTP (Sweden) 

In hybrid systems such as IFAS both biofilm and MLSS rates need to be considered. It has been 

reported for COD TKN-1 ratio ranging from 7.5:1 to 15:1 at 15 °C and aerobic zone DO of 3 mg 
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L-1 an aerobic COD uptake rate of 0.5 - 5 g m-2 d-1 and 0.05 - 0.5 g m-2 d-1 in nitrification process 

(WEF, 2011). The rates at a different temperature than 15 °C are estimated by applying an 

Arrhenius temperature adjustment coefficient of 5 % per temperature unit change (WEF, 2011). 

At MLSS SRT of 2 days the biofilm is dominant over the suspended solids with a removal 

contribution of 50 % COD and nitrification of 80 %. However, at a higher SRT of 4 days, biofilm 

contributes 25 % COD and 50 % nitrogen removals. At 8 days MLSS SRT, the biofilm contributes 

only towards nitrification (i.e., 20 % of the total). The SRT can increase by 3 % for every increase 

in temperature from 15 °C (WEF, 2011). To calculate the surface area of biocarriers required and, 

therefore, the volume of biocarriers at desired FF, both BOD and nitrification surface areas must 

be estimated. Hence, designing for the higher of the two. In the case of upgrading existing plants, 

two approaches can be used. Estimation of suspended biomass in CAS design to ensure 

nitrification is determined. Hence, with reactor volume and MLSS, the specific nitrification rate 

as g-NH4-N g-MLSS-1 d-1 can be estimated for suspended biomass. Nitrification capacity of 

biofilm can be calculated as in an MBBR system alone. However, another method could be base 

the design on C/N ratio as g-BOD g-NH4-N-1 in influent wastewater to the reactor (Jenkins and 

Wanner, 2014). Table 2-6 presents historical IFAS full scale installation.  

Table 2-6 IFAS system design characteristics developed from WEF (2011) 

Process 
Plant Q 
(MLD) 

Type of 
biocarriers 

MLSS 
(mg L-1) 

MCRT 
(d) 

BOD loads 
(kg m-3d-1) 

Aerobic 
HRT (h) 

Plant 

IFAS 
MBBR 

20 Kaldnes K1 3500 
4.7  

at 13°C 
0.81 3.25 Broomfield (Colorado) 

IFAS 
MBBR 

12.5 
polyurethan

e cubes 
2500 6.6 1.2 1.8 

Westerly WWTP (Rhode 
Island) 

IFAS 
MBBR 

225 Kaldnes K5 2500-3500 8 1.1 2.6 
SEWPCC (Winnipeg, 

Canada) 
IFAS 
Fixed 
bed 

50 
Rope 
media 

(Ringlace) 
3000 3.2 - 3.2 

Annapolis (Anne Arundel 
County, Maryland) 
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2.7 Micropollutants reduction and removal 

Final effluents of wastewater treatment plants contain micropollutants such as pharmaceuticals 

(e.g., X-ray contrasts compounds, antibiotics, anti-epileptic/anti-depressant, anti-inflammatory), 

endocrine disrupting compound, personal care products, household and industrial chemicals which 

are, therefore, released into the environment. Concentrations range from ng L-1 to µg L-1 were 

measured in treated water (Ternes, 1998). However, evidence on the effects of micropollutant on 

aquatic organisms and receivers have increased, in the past decades, the attention to these 

compounds investigating reduction and removal capabilities of established wastewater treatment 

processes. Exposure to estrogens and estrogens-like compounds derived from effluent wastewater 

had shown to have adverse effects (e.g., sexual reversal and/or intersexuality) in aquatic life, even 

at ng L-1 concentrations (Ploz et al., 2010). Research is currently moving towards broadening the 

knowledge on abiotic and biotic micropollutants removal and ab-adsorption mechanisms (Litty et 

al., 2015). Most research has focused on the removal of micropollutants through CAS and MBR 

systems, whereas only a few centered their focus on other processes such as MBBRs and IFAS 

(Clara et al., 2005). Biodegradation of CEC takes place through microbial biodegradation either 

linked to one metabolic or co-metabolic pathways (Grandclément et al., 2017). The adoption 

capability of CEC, in particular hydrophobic compounds, is the first step for their biodegradation 

in for instance CAS and MBR systems (Maeng et al., 2013). The removal efficiency of CEC in 

wastewater processes has been demonstrated as being conditioned by operational parameters (e.g. 

SRT and HRT), the type of biomasses suspended versus attached, the structural composition of 

activated sludge, and the wastewater chemical composition (Falås et al., 2012). Increasing the 

contact time of micropollutants with biomass, hence a longer SRT, may enhance micropollutants 

biodegradation efficiency (Cirja et al., 2008). Longer SRT systems, such as attached growth (e.g., 
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MBBR), hybrid attached/suspended biomass (e.g. IFAS), and MBR could benefit in the 

biodegradation of CEC (Falås et al., 2016). Recent work from Abtahi et al. (2018), investigated 

the micropollutants removal comparing suspended and attached biomass of a tertiary lab-scale 

MBBR with Z-400 carriers by AnoxKaldnes using as influent a secondary treated wastewater 

effluent. The authors investigated two analgesic and anti-inflammatory pharmaceutical 

compounds (Diclofenac and Naproxen), a steroid hormone (17β-Estradiol), and an endocrine 

disrupting compound (4n-Nonylphenol). The reactor was operated at HRTs decreasing from 20 to 

4 h while increasing COD influent concentration of 100 to 500 mg L-1. The authors had shown 73 

to 85 % of micropollutant were removed through biotic removal of micropollutants with minimal 

contribution due to compounds hydrophobicity carried by abiotic mechanisms (i.e., 2.5 to 15 %). 

Interestingly, biofilm contribution was found higher than suspended biomass in removing 

micropollutants, but their sorption was prevalent in suspended biomass. Research conducted by 

Torresi et al. (2019) based on this hypothesis proved that different thicknesses likely affect both 

microbial diversity and its activity due to diffusion limitation and poor substrate penetration. These 

studies focused on the fate of more than 20 micropollutants including: beta-blocker 

pharmaceuticals (i.e., atenolol, metoprolol, propranolol, and sotalol); X-ray contrast compounds 

(i.e., diatrizoic acid, iohexol, iopamidol, iopromide, and iomeprol); sulfonamide antibiotics (i.e., 

sulfadiazine, sulfamethizole, and sulfamethoxazole); one combination product (i.e., trimethoprim) 

and one metabolite acetyl sulfadiazine; anti-inflammatory pharmaceuticals (i.e., phenazone, 

diclofenac, ibuprofen); anti-epileptic/anti-depressant (i.e., carbamazepine, venlafaxine, 

citalopram); and macrolide antibiotics (i.e., erythromycin, clarithromycin, and roxithromycin). 

Torresi et al. (2016) elucidated the impact of biofilm thickness on micropollutant reduction using 

Z-carriers 50, 200, 400, and 500 µm grids on microbial community through 16S rRNA gene 
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amplicon sequencing and ammonia monooxygenase (amoA) quantification with qPCR. Results 

have shown that a grid thickness of 500 µm exhibited the highest specific biotransformation rate 

constants for 14 out of 22 micropollutants studied, suggested by a greater biodiversity as the 

biofilm thickness increases. However, the thinner biofilm (i.e., 50 µm grid) revealed to have the 

highest nitrification rate proved by the higher abundance of amoA and removal rates for previously 

considered recalcitrant micropollutant (i.e., diclofenac, sulfadiazine, sulfamethizole, and 

sulfamethoxazole) (Joss et al., 2006). These experiments where conducted in batch tests with 

biocarriers cultivated into two MBBRs treating effluent wastewater from a municipal treatment 

plant in Sweden (Källby, Lund) spiked with ammonia (i.e., 50 mg-NH4-N L-1) and phosphorus 

(0.5 mg-PO4-P L-1) operated at HRT of 2 h, pH 7 ± 0.5 and DO of 4.5 ± 0.5 at 20 °C. On the other 

hand, research conducted by Torresi et al. (2017) on the diffusion and sorption of organic 

micropollutants depending on biofilm thickness, have shown sorption (i.e., partitioning 

coefficient) increases as biofilm thickness increases in the most sorbed compounds. Increasing the 

biofilm thickness increased biofilm porosity and therefore presented a higher surface area 

accessible for sorption. This indicated that the thinner the biofilm is, the higher the biomass density 

is and, therefore, the porosity is lower. However, the sorption occurred only for 8 of the 23 targeted 

micropollutants, the one charged positively, thus, suggesting that sorption is affected by 

electrostatic interaction with the negatively charged biomass surface. Recent studies have also seen 

MBBR anaerobic/aerobic system applied into biodegradation of other antibiotics such as 

tetracycline antibiotics (i.e., chlortetracycline, tetracycline and oxytetracycline). Chen et al. (2018) 

used a lab scale experimentation at 20 to 25 °C, an HRT of 8 h, a DO of 3 to 7 mg L-1 using 

synthetic influent wastewater with COD ranging from 300 to 400 mg L-1, ammonia 30 to 40 mg-

NH4-N L-1 spiked tetracycline antibiotics up to 500 µg L-1 to evaluate the fate of these antibiotics. 
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Most effective removals were found by spiking tetracycline antibiotics at a concentration of 50 µg 

L-1 in which removals of 52 % chlortetracycline, 42 % tetracycline, and 38 % oxytetracycline were 

measured. However, the authors emphasized a more effective removal will result from having 

acclimated biomass since the first stages of biofilm formation. Experiments on antibiotics toxic on 

CAS suspended biomass revealed that effects could be found at concentrations of some antibiotics 

lower than 1 mg L-1. For instance, AOB suffered partial inhibition by 0.5 mg L-1 of 

sulfamethoxazole (Välitalo et al., 2017). However, biofilm confers resistance to antibiotics due to 

lower penetration potential through its thickness and EPS structure which may act as a diffusion 

barrier (Costa et al., 2016). A series of six pilot-scale MBBRs for hospital wastewater treatment 

(i.e., BOD removal, nitrification and denitrification, as well as COD final polishing step prior 

ozonation) was studied by Ooi et al. (2018). Pilot-scale train was laboratory simulated to evaluate 

the performance of each independent reactor using biocarriers (i.e., AnoxKaldnes K5) withdrawn 

from the pilot facility. In batch experiments, the authors initially simulated the pilot-scale 

individually spiked with selected pharmaceuticals to assess removal rates. Of the over 20 

micropollutants studied, only diclofenac, iopamidol, carbamazepine, ciprofloxacin, and diatrizoic 

acid exhibited a low removal (< 20 %) while between 20 to 60 % removal was reached for 

venlafaxine, sotalol, metoprolol, phenazone, propanolol, and trimethoprim. The remaining ten 

micropollutants analyzed were observed to have 80 % to complete removal (i.e., in ascending 

removal: sulfadiazine, sulfamethoxazole, azithromycin, iomeprol, iohezol, clarithromycin, 

sulfamethizole, atenolol, ac-sulfadiazine, iopromide, and ibuprofen). Studies on similar pilot 

scales after ozonation using MBBR technology as the final polishing step for residual 

pharmaceuticals micropollutants removal was also conducted by Tang et al., (2019). Recent 

studies by Tong et al. (2019) explored the fate of ARGs and microbial community evolution in 
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full-scale wastewater processes (i.e., Anaerobic-anoxic-aerobic A2/O, oxidation ditch, and cyclic 

activated sludge system). The MBBR process involved in this study is the aeration basin of A2/O 

process in which the authors found horizontal gene transfer being a consistent process occurring 

in biofilm. It revealed a higher presence of ARGs in wastewater suspension while the MGE were 

predominant in ARGs horizontal gene transfer in biofilm. It was also found that BNR process and 

tertiary treatment would benefit in ARGs removal. Indeed, in aerobic MBBR of the A2/O 

investigated, the log copies per g reduction of total ARGs were 0.42 while total MGE of 0.15. 

However, removals were found higher in suspended A2/O using activated sludge into the oxic tank 

instead MBBR (i.e., 0.74 and 0.75 for ARGs and MGE, respectively). Previous studies had 

reported MBBR to be less effective in removal capability compared to activated sludge system (Li 

et al., 2017). Nevertheless, tertiary treatment disinfection processes (i.e., chlorination) have shown 

reduction of total ARGs in A2/O plant using MBBR as oxic phase of 2.08 and approximately three 

times higher when using activated sludge systems (i.e., 7.91) suggesting effective antibiotic 

resistant bacteria disinfection (Tong et al., 2019). In influent samples of the six plants studied the 

most dominant bacteria was Arcobacter (20 to 50 %) followed by Bacteroides, Acinetobacter, 

Macellibacterioides, Pseudomonas, Aeromonas, Trichococcus in accordance with other studies 

(VandeWalle et al., 2012). Arcobacter population was consistently decreased after secondary 

treatment and further reduced by tertiary treatment process, trend also found for Bacteroides and 

Macellibacteroides abundancy. However, the A2/O process using MBBR shown an increasing of 

abundancy of Acinetobacter and Aeromonas while in activated sludge aerobic zone Pseudomonas 

was found increased. Torresi et al. (2019) had explored with lab-scale sequencing batch moving 

bed biofilm reactor using Z-400 AnoxKaldnesTM withdrawn from two existing plants one from 

EBPR municipal wastewater treatment and the other from COD and nitrogen removal WRRF. The 
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reactors operated with anaerobic and aerobic/anoxic cycles conditions for Bio-P removal. The 

hypothesis behind the study was that intracellularly stored PHA during EBPR could serve as 

carbon source for post-denitrification and micropollutant cometabolism. Indeed, lack of available 

carbon impacts biological polishing of micropollutants in WRRF effluents. This study investigated 

removals of 9 micropollutants (i.e., pharmaceuticals: analgesic – diclofenac and carbamazepine; 

anti-inflammatory – ibuprofen and ketoprofen; fibrate – gemfibrozil and bezafibrate; lipid-

reducing – clofibric acid; and corrosion inhibitors: benzotriazole and 5-methyl-1H-benzotriazole) 

into MBBR selecting for PAO or GAO under different redox conditions. Hence, biodegradation 

of micropollutants and utilization of PHA stored intracellularly was evaluated. Under aerobic 

condition the higher micropollutants removal was measured at higher initial P concentration of 30 

mg-PO4-P L-1 compared to lower concentration (i.e., 8 mg-PO4-P L-1). Furthermore, when 

phosphorus was no longer present the removal of micropollutants (i.e., benzotriazole, 5-methyl-

1H-benzotriazole, carbamazepine, ketoprofen and diclofenac) ceased. Removal capability was 

found been not statistically significant for aerobic GAO compared to aerobic PAO but for clofibric 

acid and ibuprofen. Comparison of EBPR inoculum with not Bio-P biocarriers shown consistent 

reduction in micropollutants removal rates. The profiles of PHA suggested, however, that different 

utilization of different fractions of PHA is used for phosphorus management and micropollutants 

removal showing poly 3-hydroxyvalerate most likely been used for cometabolic pathways in 

micropollutants reduction.  

2.8 Future applications 

An available strategy to achieve energy neutrality is the so-called A/B-stage which comprises of 

high rate carbon removal (i.e. stage A) with carbon redirection to side stream post processing 

(e.g., recovery through for instance biogas) followed by nitrogen removal through PN/A in B-
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stage. It has been reported that, to achieve energy neutrality, the energy consumption per cubic 

meter of wastewater treated must be in the order of 0.3 - 0.35 kWh m-3 (Ødegaard, 2016). 

Therefore, the trend is to optimize nutrient removal and recovery capability moving away from 

conventional BNR systems. 

 Redirecting organic carbon in A-stage 

Carbon redirection from wastewater is possible through the capture and/or transformation of 

particulate, colloidal, and soluble organics into/by the activated sludge matrix. This process 

includes carbon biosorption (i.e., extracellular adsorption and entrapment) and assimilation into 

new biomass and/or bioproducts (Nogaj et al., 2019; Rahman et al., 2016). Enhancing biosorption 

and/or storage as intercellular and/or intracellular bioproduct is necessary to maximize carbon 

capture and subsequent redirection (Meerburg et al., 2015). The biomass enriched in organic 

carbon could be redirected (e.g., through wasting from mainstream) and harvested by solids 

separation technologies (e.g., DAF). Therefore, energy or products such as bioplastics could be 

recovered from the carbon-rich solids (Cagnetta et al., 2019). High rate processes for carbon 

redirection rely on very short SRTs and a high food-to-microorganism ratio to enhance energy 

recovery. A recent study conducted by Ge et al. (2017) showed that SRT in high rate carbon 

systems plays a crucial role in sludge degradability and biogas production optimization. The 

authors have shown that applying an SRT of 0.5 days compared to 3 days consistently increases 

sludge degradability. Also, the authors demonstrated that phosphorus can be partially captured 

(i.e., 16 % TP) and biologically concentrated in solids stream with an SRT of 2 days.  

A recently developed process for A-stage carbon redirection, among a few others, is HRAS. The 

HRAS takes advantage of the adsorption capabilities of fast-growing heterotrophic biomass by 

employing a high food-to-microorganism ratio. The HRAS system operates at SRTs between 2 
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and 15 hours, a HRT of approximately 30 minutes, DO levels less than 1 mg-O2 L-1, and a food to 

microorganism ratio of 2 to 10 g-BOD5 g-VSS-1 d-1 (de Graaff et al., 2016; Jimenez et al., 2015; 

Kinyua et al., 2017; Rahman et al., 2019). Operating at these conditions allows the capture of both 

particulates and colloidal fractions of organic carbon to then divert them into WAS (Jimenez et 

al., 2015). A significant portion of organic carbon is utilized in growing new biomass, thus limiting 

the potential and efficiency of carbon reuse within the harvested stream. However, HRAS has been 

proven to require 70 % less energy input compared to a BNR process (SRT of 10 - 15 d; Ge et al., 

2013). It is reported that HRAS A-stage has been implemented full scale in Europe (e.g., Strass 

WWTP in Austria and Rotterdam-Dokhaven WWTP in the Netherlands) and in North America 

(e.g., Chesapeake-Elizabeth WWTP in Virginia) (Ge et al., 2017). 

Pure MBBRs could have potential as an A-stage process for carbon redirection as they can be 

operated at low HRTs and high loading rates without the need of returning activated sludge from 

the settlers to the system. Typical HRTs for COD and BOD5 removal in conventional MBBRs 

have been reported as low as 15 to 30 minutes (Dezotti et al., 2011). The authors reported that in 

high rate MBBR systems, the SRT ranges between approximately 2 to 7 days at SALRs from 10 

to 15 g-TCOD m-2 d-1. Lowering biofilm retention time in MBBR systems to enhance organic 

carbon redirection over oxidation has yet to be addressed. However, literature reports methods for 

biofilm quantification and EPS solubilization by using sodium hydroxide solutions (Fonseca and 

Bassin, 2019; Sheng et al., 2010; Wang et al., 2012). Complete removal of biofilm from the 

biocarriers for its quantification is challenging. Fonseca and Bassin (2019) focused their research 

on comparing laboratory methodologies to quantifiy biofilm solids in MBBR systems utilizing 

poruous (e.g., Mutag biochip) and two non porous biocarriers (e.g., K1 and TNP956) different in 

size and shape. The authors have compared potential biomass quantification methods to determine 
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volatile solids including: 1) manual removal through scrapping with brushes; 2) sonicantion at 

different times (i.e, 15 and 30 minutes) followed by manual removal; 3) sodium hydroxide solution 

baths and heating for biofilm detachment. The authors also explored the technique of taking direct 

weights of biocarriers after water evaporation (i.e., 105 °C for 24 hours) to quanitfy total biofilm 

solids. In their study, Fonseca and Bassin (2019) concluded the most suitable method for 

quantifying total biofilm solids was the direct weight for nonpourus biocarriers. Volitile solids 

determination was found consistent only when either manual removal or sonication followed by 

manual removal was employed. Sonication alone accounted for 10  % of the biofilm residue 

removal from nonporous biocarriers. However, biofilm quantification on pourus biocarriers was 

unsuccesful, indepedent from the methodology employed. In theory, it is possible to impose 

biofilm SRTs using an exsitu partial biofilm removal method on biocarriers and recycling them 

back in to the system at a defined biocarrier treatment/reisertion rate.  

 Relevant A/B-stage installations 

At the beginning of the 1980s, the number of A/B-stage installations was only five (Versprille et 

al., 1985) while in the last decade more than ten times that have been implemented due to its 

potential in energy recovery. The largest installation reported by Guven et al (2019) is the Blue 

Plains Advanced WWTP (Washington DC, USA) which has CEPT followed by an A/B-stage with 

a design capacity of 6 million population equivalent. Recently, increasing interest is oriented to B-

stage PN/A which was proven to consistently reduce the oxygen demand for nitrification and the 

carbon requirements for denitrification when compared to CAS (Lackner et al., 2014). Mainstream 

anammox is still under demonstration through pilot scale for process control. Environmental 

assessment, process modeling, and LCA for full scale application at Strass WWTP have been 

recently conducted (Mannina, 2017). In this case, the implementation of PN/A in the mainstream 
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through LCA shows significant energy savings with the return of investment ranging from 1.3 to 

1.9 based on the type of organic matter capture and conversion to methane. Strass WWTP in 

Austria has been reported to have an energy consumption of 0.221 kWh m-3 utilizing high rate 

activated sludge and AD for sludge treatment and energy recovery (Ødegaard, 2016).  

 Novel B-stage: DAMO 

Recent under development process overcoming lack of carbon in influent wastewater, lowering 

carbon sources for denitrification together with concerns about greenhouse gas emission is 

methanotrophic denitrification through DAMO process. Indeed, this recently discovered process 

does not require external electron donors (e.g., ethanol and methanol) (Shi et al., 2013). 

Denitrifying anaerobic methane oxidation is carried out by co-metabolic pathways between 

bacteria and archaea capable in using methane to reduce nitrogen oxides (i.e., nitrite and nitrate). 

The archaea Candidatus Methanoperedens spp. metabolism reverse methanogenesis coupled to 

nitrate reduction to ammonium via nitrite by nitrate dependent methane oxidation (Arshad et al., 

2015). In combination the bacteria Candidatus Methylomirabilis oxyfera is capable of nitrite-

dependent methane oxidation. Indeed, intracellular aerobic pathway produces oxygen from two 

molecules of nitric oxide and utilizes it in subsequent methane oxidation in a similar way as the 

aerobic methanotrophs (Haroon et al., 2013). Hence, reduce nitrite to nitric oxide and further 

bioconversion of nitric oxide to nitrogen and oxygen gases via inter-aerobic denitrification 

pathway (Wang et al., 2017). Successful enrichment of both DAMO bacteria and archaea from 

WWTP sludge inoculum was proven (Kampman et al., 2014). Luesken et al. (2011) demonstrated 

DAMO was present in wastewater sludge enrichment cultures from 10 selected WWTP in the 

Netherlands by using specific pmoA and fluorescence oligonucleotide probes. DAMO process has 

been shown to be applicable but still is under development in several processes (e.g., anammox-
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DAMO cocultures, upflow anaerobic sludge blanket – UASB coupled with DAMO). In biofilm 

technology, DAMO has been investigated only in MBR configuration and demonstrated to be 

present in WWTP sludge. In anammox-DAMO, the nitrate produced by anammox bacteria can be 

used to enrich archaea DAMO to convert methane. The archaea produce as byproduct nitrite that 

can eventually be further used either by anammox or DAMO bacteria (van Kessel et al., 2018). 

Annamox-DAMO was studied in lab-scale MBR in which methane was delivered in the interior 

of hollow fibers proving the presence of DAMO bacteria and archaea in the biofilm portion close 

to the fibers and anammox on the bulk liquid side (Shi et al., 2013). Chen et al. (2015), however, 

reported an aerobic MBR in which aerobic ammonia oxidizer was grown on the surface of the 

fibers supplied with air, and anaerobic methane and anaerobic ammonia oxidizers were grown on 

the anaerobic bulk liquid side.  

 Potential A/B-stage configurations 

A schematic of potential A/B-stage wastewater treatment plant configurations using the most 

compact technologies, focusing on established or not yet established MBBRs, is presented in 

Figure 2-6. Primary treatment can be achieved with CEPT which typically relies on bar screens, 

coagulant addition, grit removal, flocculant addition and primary settling tank (Lofrano et al., 

2013). A study conducted by Diamantis et al. (2014) which have used in line ferrous addition in 

raw wastewater upstream from a HRAS system in lab scale testing showed that ferrous had 

enhanced soluble COD removal but also had precipitated 95 % of phosphorus. Chemically 

enhanced treatment, therefore, can be used to minimize organic carbon loads downstream and 

promotes the formation of larger flocs improving settleability of primary sludge. Chemically 

enhanced treatment with DAF for floc separation, carbon and phosphorus removal at low metal 
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dose sufficient for downstream phosphorus biological requirements is very effective as primary 

treatment (Ødegaard, 2016).  

 

Figure 2-6 Flow diagram based on MBBR technology application on mainstream (A) with two types of side 
streams options (A and B) and a potential reduced footprint and energy application (C).  

Figure 2-6A and 2-6B propose an A-stage HR-MBBR after the fine screening which, in 

combination with low dose coagulation, resulted in low sludge production compared to 

conventional chemical treatments and sufficient P-removal (Helness et al., 2005). Biomass 

separation will take place through DAF which makes the overall A-stage extremely compact with 

less than 1h HRT (Ødegaard, 2006). Dissolved air flotation has been reported to require energy of 

0.01 - 0.03 kWh m-3 of cubic meter treated (Ødegaard, 2016). Nitrogen removal will be addressed 
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in B-stage through PN/A two stages with MBBR technology which is still under development for 

mainstream application, followed by a final MBBR step prior to DAF for solids separation 

(Figure 2-6A). Ammonia breakthrough and nitrite/nitrate polishing step are required to meet low 

total nitrogen effluent limits. The sludge from screening and DAF is collected and incinerated 

where applicable. Another option (Figure 2-6B) is to use thermal hydrolysis and MAD to 

maximize biogas production for reuse prior to co-incineration of sludge with municipal solids 

waste or Class A biosolids utilization were applicable. Thermal hydrolysis produces an increased 

volatile solids content which increases volatile solids destruction in the MAD process (Wang et 

al., 2018). These lead to increased biogas production with decreased solids disposal and sludge 

stabilization which after dewatering results in Class A biosolids. Phosphorus and ammonia 

released from digestion could be recovered from side stream reject water to process through 

generation of struvite which can be used as fertilizer for land application. Lastly, MBBRs in 

sidestream will remove, through PNA, ammonia before recycling to the mainstream. Another 

option for mainstream application is presented in Figure 2-6C in which unproven anaerobic MBBR 

technology is proposed as A-stage while PNA will act as B-stage with DAF with CEPT either in 

primary treatment or after secondary treatment. Solids generated would be collected and 

co-incinerated with municipal solids waste.  
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 CHAPTER 3: Modelling of the attached and suspended biomass 

fractions in a moving bed biofilm reactor 

3.1 Abstract 

The performance, kinetics, and stoichiometry of three MBBRs were evaluated. A constant SALR 

and three different HRTs were utilized to create scenarios where the attached and suspended 

biomass fractions would differentiate, despite SALR remaining constant. Performance was 

simulated using BioWinTM 6.0 software. The objective was to evaluate whether a 

calibrated/validated model could accurately predict experimental results at constant SALR but 

variable HRT. A sensitivity analysis was performed to determine influential parameters. The 

calibration/validation of influential parameters was then conducted via steady-state simulations for 

two base cases: 1) at the highest HRT; and 2) at the lowest HRT. Both sets of calibrated/validated 

parameters were substantiated using: 1) steady-state simulations at the other HRTs; and 2) dynamic 

simulations to evaluate the kinetic rates of attached and suspended biomass fractions at all HRTs. 

Results demonstrated that the model could be calibrated/validated for a single HRT, but could not 

accurately predict the performance or stoichiometry at other HRTs despite constant SALR.  

3.2 Introduction 

Moving bed biofilm reactors utilize slightly buoyant plastic carriers to develop biofilm for 

wastewater treatment. Biofilm reactors could be operated as pure MBBRs where only one 

treatment process occurs in a single tank (e.g., carbon removal), or in hybrid configurations such 

as IFAS in which both biofilm processes (e.g., nitrification) and suspended biomass processes 

(e.g., organic carbon and phosphorus removal) are favored (di Biase et al., 2019, see Chapter 2). 

The microbial activity of pure MBBR systems is usually assumed to occur exclusively in the 
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biofilm, even though the bulk-liquid contains suspended solids from both biofilm detachment and 

free-growing microorganisms (Piculell et al., 2014).  

Suspended biomass is always present in MBBRs. However, its contribution to the overall 

performance depends on process conditions such as the SALR and HRT (Piculell et al., 2014). 

Typical SALRs in high-rate MBBRs have been reported by Ødegaard (2006) to range between 15 

- 20 grams BOD5 per unit of surface area (m2) per day at 10 °C. At such high loading rates, it is 

common to see high-rate MBBRs with HRTs less than an hour. The SALR and HRT impact the 

amount and activity of suspended biomass in several ways. For example, at high SALRs the 

biofilm is diffusion-limited (Piculell et al., 2014). Under diffusion-limited conditions, solids 

detaching from the biofilm are possibly still active. Therefore, solids detachment could act as a 

seeding method for suspended solids at low HRTs and high potential for washout of the suspended 

biomass. Consequently, accurately modelling MBBR systems is challenging due to the complex 

biomass distribution which can neither be modeled as a pure activated sludge nor a pure fixed film.  

Biofilm modeling began in the mid-1970s (Rittmann et al., 2018) and currently includes biofilm 

characteristics (e.g., turbulence and diffusion, attachment and detachment, thickness), bulk-liquid 

properties, and the biological processes led by autotrophic, heterotrophic, and predatory 

microorganisms (Revilla et al., 2016). Most biofilm models rely on biokinetic coefficients and 

stoichiometry of free-living microorganisms, as presented in ASDM. The IWA developed a series 

of activated sludge models (i.e., ASM1, ASM2, and ASM3) which differ based on their complexity 

(Revilla et al., 2018; Wu et al., 2016). Wanner et al. (2006) published a comprehensive description 

of major biofilm model classes which are divided into analytical, pseudo-analytical, and numerical 

models divided into one-dimensional (1-D), two-dimensional (2-D), and three-dimensional (3-D) 

categories.  
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In its early stage, biofilm was described through a steady-state, pseudo-analytical, analytical, and 

1-D numerical approach with homogenous distribution using only two biofilm layers. One layer 

described the core thickness while the other layer detailed the mass transfer boundary in which the 

substrate concentration profile decreases from a bulk-liquid to a liquid-biofilm interface (Boltz et 

al., 2015). Afterwards, modelers decreased computer simulation times and brought advances in 

numerical methods to dynamic simulation of biofilm modeling. To date, most of the available 

simulators rely on steady-state and dynamic simulations with a heterogenous biomass distribution 

through the biofilm thickness divided into multiple layers (Boltz et al., 2010). Examples of the 

simulators used in practice are AQUASIMTM, BioWinTM, GPS-XTM, SumoTM, SimbaTM, Pro2DTM 

(Boltz et al., 2010). Literature does not report a successful, unified, systematic method to approach 

biofilm modeling and its complexity. Rittmann et al. (2018) proposed a framework for GBRMP 

which focuses on basic principles and various aspects of biofilm modeling. The five steps proposed 

for GBRMP were: 1) gain information about the system to model; 2) perform influent 

characterization; 3) determine plant configuration and identify the appropriate biofilm model; 4) 

define the conversion processes; and 5) perform model calibration. The most challenging step to 

GBRMP is model calibration which requires the identification of system-specific parameters that 

are adjusted with standard tolerances, leading to meaningful model outputs. The identification of 

such parameters could be assessed through a sensitivity analysis.  

Despite the significant progress made with biofilm models and the GBRMP, there remain steps 

that can be taken to improve biofilm models. For example, Revilla et al. (2016) stated that biofilm 

models must include biological processes occurring in the biofilm and in the bulk-liquid. MBBRs 

consist of both attached and suspended biomasses, although current design standards generally 

assume all activity to be occurring in the biofilm. Biofilm models are based on a set of mass-
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balance equations that are solved simultaneously which account for both biofilm and suspended 

biomass contribution. However, biokinetic and stoichiometric parameters for OHO as well as other 

microorganisms (i.e., ammonia and nitrite oxidizing bacteria) are defined globally, or locally for 

the MBBR element, and not separated between the cultures that could develop in suspension, in 

biofilm, or within multiple layers of a single biofilm. Furthermore, literature does not present 

research explaining how current MBBR models predict the performance of both attached and 

suspended biomass when evaluated separately. 

In this study, the performance, kinetics, and stoichiometry of attached and suspended biomass 

fractions from three MBBRs operating at constant SALRs but different HRTs were evaluated. 

BioWinTM 6.0 is a commonly used software by wastewater professionals and was chosen for its 

widespread use within the industry. The objective was to evaluate if a calibrated and validated 

ASDM could accurately predict the performance of an MBBR with constant SALR but different 

HRT. Initially, a sensitivity analysis was performed to determine influential parameters. 

Subsequently, calibration and validation of influential parameters was conducted via steady-state 

simulations for two base cases: 1) the highest HRT of 11 hours; and 2) the lowest HRT of 2.8 

hours. The two sets of calibrated validation parameters were then substantiated  using two 

additional datasets: 1) steady-state simulations to verify the modelled performance at the HRTs 

not used for calibration and validation; and 2) dynamic simulations to verify the kinetic rates of 

attached and suspended biomass fractions at all three HRTs.  

3.3 Materials and methods 

 Reactor configuration 

A 16 L MBBR was setup using BioPortsTM biocarriers (Nexom, Winnipeg, Canada) with a surface 

area of 589 m2 m-3. The reactor was setup with a 10 % FF (i.e., 1.6 L of carriers), resulting in 0.92 
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m2 of available surface area. Air was supplied through two AP-100 Pondmaster air pumps and DO 

concentrations were maintained at saturation. The MBBR was operated at room temperature, with 

an average liquid temperature of 19 ± 1 °C. A biodegradable synthetic wastewater was employed 

with yeast extract (Sigma-Aldrich, Canada) as the sole carbon source. One gram of yeast extract 

corresponds to 1.1 g-TCOD and contains 12% TN and 1% TP w/w.  94% sCOD/TCOD was 

assumed with a rapidly biodegradable COD of 85%. The influent wastewater characteristics are 

reported in Table 3-1.  

Table 3-1 Influent wastewater characteristics 

Parameter 11 h HRT 5.5 h HRT 2.8 h HRT Units 
TCOD 460 ± 90 200 ± 50 90 ± 30 mg-TCOD L-1 
ffCOD 320 ± 70 180 ± 50 50 ± 20 mg-ffCOD L-1 
BOD5 390 ± 80 170 ± 80 70 ± 20 mg-BOD5 L-1 
TN 55 ± 10 24 ± 6 10 ± 3 mg-TN L-1 
TP 4.6 ± 0.9 2.0 ± 0.5 0.8 ± 0.3 mg-TP L-1 

 

Trace elements were added to avoid limiting conditions (di Biase et al., 2016). The reactor was 

operated at three different HRTs: 1) 11 hours; 2) 5.5 hours; and 3) 2.8 hours. At longer HRTs, the 

suspended solids contributed more to the overall reactor performance due to their longer SRT. It 

was expected that by lowering the HRT, the suspended solids fraction would behave like a 

high-rate activated sludge, due to an aggressive hydraulic selective pressure and therefore a shorter 

suspended solids SRT.  The MBBR was operated so that steady-state operation was achieved at 

all three HRTs examined. A constant SALR was maintained by decreasing the total COD as the 

flow increased. The corresponding SALR was approximately 19 g-COD m-2 d-1 and 16 g-BOD5 

m-2 d-1 at all HRTs, falling within  typical design values for carbon removal MBBRs (Ødegaard, 

2006).  
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 Methodology 

This section discusses and justifies the approach used in this study. In particular, it explains 

considerations and assumptions of the synthetic wastewater characteristics, reactor mass balances, 

the presence/absence of nitrification during the study, and the reason why biofilm, kinetics, and 

stoichiometry categories were considered in the sensitivity analysis and further model calibration.  

Yeast extract was used as the sole carbon source over this study. It has been shown that the 

biodegradable component of COD in the effluent approaches zero at longer SRTs (Melcer et al., 

2003). Furthermore, the SRT of biofilm in similar reactors with similar SALRs has been reported 

to be at least 6 days (Boltz et al., 2015). Therefore, the effluent biodegradable COD levels were 

assumed to be insignificant and it was assumed that influent biodegradable COD was equal to the 

influent total COD less the effluent ffCOD (i.e. the soluble, unbiodegradable fraction).   

The wastewater flows utilized in this study were 35 L d-1, 70 L d-1, and 140 L d-1 at 11, 5.5, and 

2.8 h HRTs, respectively. Based on previous studies of similar size and scale, it was assumed that 

evaporation and other potential water losses were negligible. Therefore, it was assumed that the 

influent flow equaled the effluent flow. 

Influent and effluent samples from the longest HRT reactor were analyzed for ammonia, nitrite 

and nitrate to assess if any nitrification was occurring. The longest HRT was assumed to have the 

highest potential for background nitrification given the longer SRT of suspended solids. In the 

influent, ammonia levels were 76.9 mg-NH4-N L-1, nitrite levels were 0.5 mg-NO2-N L-1, and 

nitrate was measured below the FIA detection limit (i.e., 0.2 mg L-1). The effluent nitrite and nitrate 

levels were also below instrument detection limits, while the ammonia concentration was 

approximately 52 mg-NH4-N L-1. At this flow and concentration, the mass of ammonia in the 

influent was 2.7 g-NH4-N d-1, while the effluent contained 1.8 g-NH4-N d-1. Assuming a typical 
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ratio of total nitrogen to VSS of 0.12 g-TN g-VSS-1 (Metcalf and Eddy-AECOM, 2014), the mass 

of VSS of approximately 4.5 g-VSS d-1 reported in Figure 3-3D corresponded to 0.5 g-N d-1. It 

was also assumed that all influent total nitrogen was hydrolized into ammonia. Therefore, the 

effluent mass of nitrogen of 2.4 g-N d-1 was only 12% lower than the influent mass of 2.7 g-N d-1. 

This difference was considered negligible as it was within an experimental error of ± 15%. Based 

on these results, it was concluded that nitrification was not occuring at an 11 h HRT. In the 

remaining two HRTs studied (i.e., 5.5 and 2.8 h), the nitrification process was also assumed to be 

insignificant.  

Rittmann et al. (2018) reported that a calibration process should follow a hierarchy in which 

situation-specific parameters should be adjusted while the well-established parameters are 

maintained (e.g., maximum specific growth rate, true yield, etc). The authors suggested to first 

examine the influence of physical parameters (e.g., flow rates, volume, surface area) and 

subsequently re-evaluate the influent characteristics. If these two steps fail to produce a better fit, 

then biofilm parameters such as biomass accumulation and the external mass-transport boundary 

layer could be adjusted. In the event the model is still unagreeable, the kinetic and stoichiometric 

values would then be adjusted. In this study, the influence of all sub-parameters in each category 

(i.e., biofilm, kinetics, and stoichiometry) were considered after adjusting influent characteristics 

to match the synthetic wastewater. Local sensitivity analyses were carried out for all parameters 

present (Section 3.3.5.1). In this study, it was expected that decreasing HRTs while maintaining 

constant SALR may affect the well-established parameters; that is, at the shortest HRT of 2.8 h, 

suspended solids would have reduced performance due to the HRT equaling the SRT in flow-

through systems such as “pure MBBRs”. Increasing hydraulic pressure was expected to either 

hinder the proliferation of suspended solids and their overall contribution to MBBR performance 
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or allow for the selection of microorganisms capable of adapting to such low SRTs. This could 

lead to a maximum specific growth rate greater than the default value of 3.2 d-1, for example. For 

these reasons, all sub-parameters in biofilm, kinetics, and stoichiometry categories were 

considered in the sensitivity analysis and further model calibration.  

 Analytical methods and calculations 

The general performance of the MBBR was quantified during steady state. Furthermore, kinetic 

tests on attached and suspended biomass were performed in triplicates to quantify specific removal 

rates (i.e., g-COD g-VSS-1 d-1) and surface area removal rates (i.e., g-COD m-2 d-1). Kinetic tests 

were performed in six 1 L beakers where a Marina 50 air pump supplied air through a fine bubble 

ceramic diffuser. Thirty biocarriers were removed from the operating MBBR and distributed 

equally amongst three beakers to assess biofilm activity. An additional three beakers were filled 

with equal parts of mixed liquor to assess suspended biomass activity. Trace element stock solution 

and 1 g of yeast extract (Sigma-Aldrich, Canada) was added to each beaker to function as the sole 

organic carbon source.  

Standard Methods (APHA, AWWA, WEF, 2017) were followed for the quantification of total 

COD, fffCOD, TSS, and VSS. Temperature and pH were recorded with laboratory grade analytical 

equipment (Alpha pH200m, Eutech Instruments, USA). Biofilm solids were quantified on at least 

two biocarriers over five replicates per week of operation. Biofilm was manually removed, 

biocarrier by biocarrier, with a small brush and diluted to 100 mL with deionized water. The TS 

and VS of biofilm were quantified by filtering the 100 mL samples according to Standard 

Methods(APHA, AWWA, WEF, 2017). Reactors run at different HRTs were considered in steady-

state conditions when biofilm and suspended solids concentrations were not statistically different 

(i.e., p-value > 0.05) over three consecutive weekly measurements. This resulted in an 
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approximately two months of operation at each HRT before kinetic tests were performed. Biofilm 

characteristics were observed by stereomicroscopic analysis (Zeiss, Toronto, Canada) and biofilm 

thickness was measured using Center for Microbial Ecology Image Analysis System 

(CMEIASTM). 

 Calculations 

The observed yield, expressed as g of biomass produced as COD per g of COD removed, was 

estimated according to Equation 3.1, assuming a COD to VSS ratio of 1.42 for biomass (Metcalf 

and Eddy-AECOM, 2014). 

𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑦𝑖𝑒𝑙𝑑 [𝑔 𝐶𝑂𝐷 (𝑔 𝐶𝑂𝐷) ] =
1.42 ∙ 𝑉𝑆𝑆

𝐶𝑂𝐷 − ffCOD
         (𝐸𝑞. 3.1) 

Readily biodegradable COD (fbs) was estimated according to Equation 3.2 and unbiodegradable 

soluble COD (fus) was estimated according to Equation 3.3.  

𝑓 =  
ffCODInfluent − ffCODEffluent

𝐶𝑂𝐷
            (𝐸𝑞. 3.2) 

𝑓 =  
ffCODEffluent

𝐶𝑂𝐷
                                          (𝐸𝑞. 3.3) 

 Model development 

A flow diagram summarizing the approach employed for the model calibration, validation, and 

verification is presented in Figure 3-1. 



di Biase, A., Kowalski, M.S., Devlin, T.R., Oleszkiewicz, J.A., 2021. Modeling of the attached and suspended biomass fractions in a moving bed 
biofilm reactor. Chemosphere. 275, 129937. https://doi.org/10.1016/j.chemosphere.2021.129937 

75 

 

Figure 3-1 Model development approach 

The modeling approach was divided into three stages: 1) sensitivity analysis, calibration, and 

validation; 2) verification of steady-state simulations at different HRTs; and 3) biofilm and 

suspended biomass model isolation followed by dynamic simulations to verify specific removals. 

An influent, MBBR, and effluent element were used to build the MBBR model in BioWinTM 6.0 

(EnvironSim, Hamilton, ON, Canada). Input values were taken as the average values from the 

steady-state experimental results.  
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3.3.5.1 Sensitivity analysis and ranking 

The local sensitivity analysis proposed by Boltz et al. (2011) was carried out for all sub-parameters 

in each category (i.e., biofilm, kinetics, and stoichiometry). The default values were modified 

incrementally one-by-one up to ten times higher and lower. The effluent (i.e., TSS, VSS, COD, 

and ffCOD) and biofilm (i.e., TSS and VSS per surface area, and biofilm thickness) outputs at 

each incremental step of a single parameter (e.g., detachment rate) within a sub-category (e.g., 

biofilm general) were recorded. A linear regression equation was applied to each of the generated 

datasets and a linear slope coefficient (m) was defined. A sensitivity index (I) for each parameter 

was determined according to Equation 3.4.  

𝐼 , =  𝑚 , ∙ 𝐷𝑒𝑓𝑎𝑢𝑙𝑡 𝑉𝑎𝑙𝑢𝑒          (𝐸𝑞. 3.4) 

where Ip,o and mp,o are the sensitivity index and slope of the linear regression equation of a certain 

output (o; e.g., effluent COD) relative to changes in a certain parameter (p; e.g., detachment rate), 

respectively. The slopes were multiplied by the default value of a certain parameter (p) to generate 

a sensitivity index with comparable units for the same output (o). For example, the slope of 

simulated effluent COD was plotted as a function of several parameters, including detachment rate 

(g m-2 d-1) and thin film limit (mm). The units of the slope for effluent COD versus detachment 

rate (mg m2 d L-1 g-1) would be different than the slope for effluent COD versus thin film limit (mg 

L-1mm-1), and therefore not comparable unless they were modified to equivalent units. To make 

the units of slope comparable between all parameters, the slope was multiplied by the default value 

of the parameter examined.  

With a sensitivity index of equivalent units defined, the parameters could be ranked based on their 

relative impact (%p,o). The relative impact for a certain parameter (p) on a defined output (o) could 
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be determined by dividing the sensitivity index (Ip,o) by the maximum sensitivity index for a given 

output (Max(Io)), as per Equation 3.5.  

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐼𝑚𝑝𝑎𝑐𝑡 % , =  
𝐼 ,

𝑀𝑎𝑥(𝐼 )
∙ 100            (𝐸𝑞. 3.5) 

This method provided a ceiling to the relative impact, defined at 100 %, while allowing any 

significant impacts to be discernable. However, when a single parameter had an overwhelming 

impact on the output, the impact of the remaining parameters could appear insignificant. This 

disadvantage was addressed in two ways: 1) by setting a low cutoff value of 5 % (i.e., all 

parameters with each of their relative impacts < 5 % were neglected); and 2) by assessing the 

relative impact on all outputs (i.e., a parameter only needed a relative impact greater than 5 % for 

a single output to be considered significant).  

3.3.5.2 Calibration and validation: steady-state simulations at fixed HRT 

Calibration and validation of the model was conducted by examining each of the parameters 

determined to have a significant impact. Each parameter when examined was changed in small 

increments, between ten times higher and lower than the default value, for simulations of the 

MBBR at an HRT of 11 hours and 2.8 hours. Simulated results for both calibration and validation 

HRTs were compared to their corresponding experimental results at all incremental changes to the 

parameters examined. The total deviation (%d) for a certain value of parameter (p) of the simulated 

results (Rs) for all outputs (o) was determined by comparing them to the experimental results (Re) 

as absolute values for all outputs according to Equation 3.6. 

𝑇𝑜𝑡𝑎𝑙 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 % , =
(𝑅 , − 𝑅 , )

𝑅 ,
              (𝐸𝑞. 3.6) 

The total deviation was calculated for each incremental change, between ten times higher and 

lower than the default value for the parameter, in all parameters. The optimized value for each 
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parameter was determined by selecting the value with the lowest total deviation within the 

examined range. After all of the parameters under examination had been optimized, the calibration 

and validation process was repeated with the default values replaced by the optimized values from 

the previous round of calibration and validation. This technique was repeated until the total 

deviation for each parameter no longer changed. 

3.3.5.3 Verification 1: steady-state simulations of all HRTs 

Following calibration and validation, the first approach to verification was conducted. Verification 

was performed by taking the optimized values for the parameters with significant impacts, as 

determined at the highest HRT of 11 hours and lowest HRT of 2.8 hours, and observing the 

efficacy of steady-state simulations at other HRTs. For example, the parameters calibrated and 

validated to the 11 hours HRT were applied to steady-state simulations for HRTs of 5.5 hours and 

2.8 hours. Similarly, the parameters calibrated and validated to the 2.8 hours HRT were applied to 

steady-state simulations for HRTs of 5.5 hours and 11 hours. Verification was conducted by 

examining how well the simulated values of HRTs outside of the calibrated and validated HRT 

matched their corresponding experimental results.  

3.3.5.4 Verification 2: dynamic simulations of kinetic tests 

Similar to the first approach, the second method to verification used optimized parameters at both 

the highest and lowest HRTs to simulate performance at all HRTs. However, rather than 

employing steady-state simulations and comparing them to steady-state results, the second 

approach to verification utilized a procedure to simulate bench-scale kinetic tests on attached and 

suspended biomass kinetics with dynamic simulations. Figure 3-2 illustrates the steps performed 

for the second verification approach.  
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Figure 3-2 Graphic depiction of the steps for Verification 2 

The second approach to verification consisted of the following three steps:  

Step 1 

 Choose optimized values for parameters (i.e., calibrated and validated values for 11 hours or 

2.8 hours); 

 Choose an HRT for simulation (i.e., 2.8, 5.5, or 11 hours HRT);  

 Conduct a steady-state simulation.  

Step 2 

 Simulate the sampling of suspended biomass (i.e., dynamic simulation at a maximum flow of 

duration equal to the minimum time to fill a 1 L bioreactor with effluent from the MBBR).  

Step 3 

 Simulate a kinetic test of the MBBR and sample of suspended biomass (i.e., separate the 

MBBR and bioreactor elements; add influent elements representative of spike loads with the 

lowest possible duration, flow, and substrate concentration to match the target spike load in 
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both the MBBR and bioreactor elements – see Appendix; and run a dynamic simulation for a 

duration equal to the bench-scale kinetic test duration, i.e. 5 hours).  

Specific removal rates for suspended biomass were determined from the extracted removal rates 

and mass of solids in the bioreactor element. Specific removal rates for attached biomass was 

determined by subtracting the removal rate in the bioreactor element from the removal rate in the 

MBBR element (i.e., both elements had the same concentration of suspended biomass) and 

dividing the modified removal rate by the mass of attached solids in the MBBR element. Specific 

removal rates for the attached and suspended biomass were compared to the experimentally 

derived values for each HRT using both sets of calibrated and validated parameters.  

3.4 Results and discussion 

 Reactor performance 

Figure 3-3 presents the steady-state MBBR performance at the three HRTs applied. Influent COD 

concentrations were 550 ± 40 mg L-1 at 11 hours HRT – Figure 3-3A. At HRTs of 5.5 and 2.8 

hours, the influent concentrations were 200 ± 50 and 160 ± 50 mg-COD L-1, respectively. Surface 

area loading rates were statistically similar (i.e., p-value < 0.05) at 17 ± 4 g-bCOD m-2 d-1 

corresponding to a volumetric organic loading rate of approximately 1.0 ± 0.2 kg-bCOD m-3d-1. 

Similarly, no statistical difference was found in the effluent ffCOD samples. A decrease in effluent 

suspended solids was observed as the HRT decreased. The TSS reduced from 140 ± 50 mg-TSS 

L-1 at 11 hours to 60 ± 20 mg-TSS L-1 at 2.8 hours HRT– Figure 3-3B. However, the mass of 

biofilm increased from 4.3 ± 0.5 g-VSS m-2 to 14 ± 3 g-VSS m-2 as the HRT decreased from 11 to 

2.8 hours – Figure 3-3C. Maintaining constant SALRs while varying the HRT had an expected 

effect on the distribution of suspended and attached solids. The relationship between solids 

distribution and HRT could be attributed to the fate of organic carbon, which could be directed 
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into adsorption of colloidal and particulate organic matter, intracellular storage, microbial growth, 

or oxidation/mineralization to carbon dioxide (Rahman et al., 2017).  

The observed yields, expressed as g of biomass produced as COD per g of COD removed, were 

0.4 ± 0.1 g-COD g-COD-1, 0.6 ± 0.2 g-COD g-COD-1, 0.6 ± 0.2 g-COD g-COD-1 at 11, 5.5, and 

2.8 hours HRT, respectively – Figure 3-3D. The observed yields suggested that the organic carbon 

utilization could have shifted from adsorption/storage towards growth/oxidation/mineralization at 

higher HRTs (Rahman et al., 2016). This validates/verifies that the suspended biomass would have 

a longer SRT as the HRT increased, allowing an increased opportunity for the suspended biomass 

to better utilize organic material. It is noteworthy that at 5.5 and 2.8 hours HRT, there was no 

significant difference (i.e., p-value > 0.05) in the observed yield, mass of biofilm solids, or mass 

of suspended solids. Hence, maintaining the SALR constant and reducing the HRT effectively 

decreased the SRT of suspended solids reducing growth/oxidation/mineralization of organic 

carbon in suspension favoring adsorption and storage most likely into biofilm. As a result, the 

biofilm was increased in its concentration per unit volume and surface area. On the contrary, 

statistically similar concentrations and masses of suspended solids at lower HRTs suggested that 

the organic material in suspension mainly consist of detached biofilm. 
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Figure 3-3 Influent total COD and ffCOD at the three HRTs of 11, 5.5, 2.8 hours – in A. Effluent TSS and 
VSS – in B. Biofilm solids as TSS and VSS per unit area and volumetric biofilm VSS concentration – in C. 

Mass of effluent solids in TSS and observed yield – in D 

 Sensitivity analysis, calibration, and validation 

A sensitivity analysis was conducted to determine parameters with significant impacts. Table 3-1 

reports the parameters determined to have a significant impact on one or more of effluent TSS, 

VSS, COD, ffCOD, and biofilm TSS and VSS. Table 3-1 also presents the default and calibrated 

and validated values for HRTs of 11 and 2.8 hours. Parameters with the most significant impacts 

fell into the stoichiometry (S) category. The heterotrophic biomass observed yield, COD:VSS 

ratio, endogenous residue, as well as the biomass volatile fraction had the most significant impacts. 

In the biofilm (B) category, the most sensitive parameter was film surface area to media area ratio. 

In the kinetics (K) category, the aerobic decay had the most significant impact.  
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Table 3-2 Overall sensitivity of MBBR model to variation of parameters in biofilm (B), kinetics (K), and 
stoichiometry (S) categories on experimental effluent (i.e., TSS, VSS, COD and ffCOD) and biofilm (i.e., TSS 
and VSS per m2) results. % Impact considered all 7 outputs (i.e., 700 % maximum). Default and calibrated 

values on experimental data obtained from 11 and 2.8 hours HRT 

Parameter 
% 

Impact 
Category Default 

Calibrated/validated 
On 11 h HRT 

Calibrated/validated 
On 2.8 h HRT 

Units 

Yield (Aerobic)  535 S 0.666 0.222 0.45 g-COD g-COD-1 
COD:VSS ratio 290 S 1.42 1.42 1.42 mg-COD mg-VSS-1 
Endogenous residue COD:VSS ratio  287 S 1.42 1.42 1.69 mg-COD mg-VSS-1 
Biomass volatile fraction 277 S 0.92 0.92 0.92 VSS TSS-1 
Film surface area to media area ratio 151 B 1 1 1 - 
Aerobic decay rate  143 K 0.62 0.31 0.62 d-1 
Diffusion neta 66 B 0.8 0.8 0.8 - 
Detachment rate 64 B 8,000 10,750 8000 g m-3 d-1 
Attachment rate 62 B 8 8 8 g m-2 d-1 
Maximum specific growth rate of OHO 62 K 3.2 20.7 28.3 d-1 
OHO EPS strength coefficient  50 B 1 1.3 1 - 
Endogenous residue volatile  48 S 0.92 0.92 0.92 VSS TSS-1 
Particulate substrate COD:VSS ratio  28 S 1.6 1.6 1.6 mg-COD mg-VSS-1 
Thin film limit 27 B 0.5 0.5 0.2 mm 
Attachment TSS half saturation coefficient 16 B 100 100 94 mg L-1 
Hydrolysis half saturation coefficient  14 K 0.06 0.045 0.06 - 
Thick film limit 14 B 3 3.0 2 mm 
Substrate half saturation coefficient  12 K 5 3.0 4.2 mg-COD L-1 
Hydrolysis rate  11 K 2.1 2.1 2.1 d-1 
Effective diffusivity of OHO 10 B 5.0E-14 5.00E-14 5.00E-14 mg L-1 
Maximum biofilm concentration of OHO 8 B 5.0E+04 5.00E+04 5.00E+04 mg L-1 
Readily biodegradable COD 7 B 6.9E-10 6.90E-10 6.9E-10 mg L-1 
Endogenous fraction 6 S 0.08 0.08 0.08 - 
Adsorption rate of colloids  5 K 0.15 0.15 0.15 L mg-COD-1 d-1 

 

The parameters listed in Table 3-1 were utilized for calibration and validation of the model to 

steady-state effluent (i.e., TSS, VSS, COD, and ffCOD) and biofilm (i.e., TSS and VSS per m2) 

experimental values at HRTs of 2.8 hours and 11 hours.  

The calibrated true yields were 0.222 g-COD g-COD-1 and 0.45 g-COD g-COD-1 for HRTs of 11 

hours and 2.8 hours, respectively. The increase in calibrated true yield as the HRT decreased is 

consistent with the observed yields reported in Figure 3-3D. In high rate systems, literature 

reported a range of observed yield of 0.4 to 0.7 g-COD g-COD-1 for biomass production per unit 

of organic carbon consumed (Meerburg et al., 2016; Rahman et al., 2016). The observed yield is 

an important indicator to define the fate of organic carbon in the system as it describes the 

relationship between the mass of biomass produced to the mass of substrate consumed. Hence, the 
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observed yield indicates whether organic carbon is mineralized through respiration to carbon 

dioxide or if it is used for microbial reproduction (Lee et al., 2014). As expected, a lower HRT at 

comparable SALRs presented an increased observed yield value compared to the higher HRT in 

both calibrated and validated parameters and experimental observed yields. These could be 

attributed to a higher contact time at higher HRTs resulting in a greater organic carbon 

mineralization compared to microbial multiplication, at least in suspension. This phenomenon is 

consistent with both the calibrated and validated maximum specific growth rates and the 

experimentally determined biofilm and suspended distribution reported in Figure 3-3C.  The 

calibrated and validated maximum specific growth rates were six times and nine times greater than 

the default value of 3.2 d-1 at HRTs of 11 and 2.8 hours, respectively. However, consistent with 

the true yield, the calibrated and validated maximum specific growth rates were higher at the lower 

HRT. A higher maximum specific growth rate than the default for heterotrophic microorganisms 

is in accordance with literature. Several authors have reported maximum specific growth rates of 

6.0 d-1 in mathematically modeled biofilm systems (Boltz et al., 2010; Revilla et al., 2016; Wanner 

et al., 2006). Conversely, other authors reported maximum specific growth rates ranging from 3 to 

13.2 d-1 (Water Environment Federation, 2018). The latter value has also been defined as the 

maximum specific growth rate for aerobic heterotrophs by Comeau (2008). Brockmann et al. 

(2013) employed a Monte Carlo filtering method (Spear and Hornberger, 1980) to calibrate a 

biofilm model for three HRTs (i.e., 20 minutes, 1 and 8 hours). The authors reported maximum 

heterotrophic biofilm growth rates ranging from 10 to 20 d-1 while applying a calibrated/selected 

value of 16.3 d-1. Therefore, the maximum specific growth rates of 20.7 and 28.3 d-1 observed after 

calibration with 11 h and 2.8 h HRTs, respectively, were considered to be in agreement with 

literature and also considering the nature of the suspended biomass developed within the reactor.  
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The trend of higher biomass production at lower HRTs, favoring organic carbon consumption for 

microbial reproduction rather than its oxidation to carbon dioxide, was also observed in biofilm 

and suspended solids distribution reported in Figure 3-3 (B and C), and in experimental biofilm 

thickness values (Figure 3-4). Thin and thick biofilm limits (Table 3-1) were found to be lower 

than the default values for both calibrated and validated HRTs. This phenomenon could be 

attributed to the low concentrations of solids in bulk solution (Figure 3-3B) during this study, 

resulting in reduced contact opportunities for attachment and therefore a thinner biofilm. 

Furthermore, the higher solubility and biodegradability of the substrate utilized in this study would 

have resulted in the reduced accumulation of colloidal and particulate matter in the biofilm. Recent 

studies on carbon partitioning (i.e., particulate, colloidal, and soluble) in MBBR systems have also 

shown that increasing the HRT results in a shift from particulate to colloidal particles, thereby 

increasing hydrolysis capability of the system (Abbasi et al., 2017).  

 Verification 1: steady-state simulations of all HRTs 

Steady-state simulations with calibrated parameters with 11 and 2.8 hours HRT were conducted 

to verify results on the three HRTs examined. Figure 3-4 shows experimental steady-state effluent 

(i.e., TSS, VSS, COD, and ffCOD) and biofilm (i.e., TSS and VSS per m2, and thickness) results 

compared to modelled biofilm steady-state simulations using default values, and parameters 

calibrated for 11 and 2.8 hours HRT – Table 3-1. An absolute difference between the modelled 

and experimental results of less than 50 % deviation was assumed to be insignificant and within 

standard tolerance.  

In effluent solids, TSS and VSS concentrations obtained over steady-state simulation with 2.8 

hours HRT inputs were overestimated by 1.7 and 1.8 times compared to experimental values. 

Similarities were found when calibrated parameters for 5.5 hours HRT outputs and default values 
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were used. Indeed, simulating effluent solids with the remaining two HRT inputs resulted in no 

significant difference. However, effluent solids were underestimated by 0.8 to 0.9 times the 

experimental values when steady-state simulation was run with parameters calibrated for 11 hours 

HRT outputs independently from the inputs. Steady-state simulation demonstrated a decreasing 

trend of effluent COD as the HRT was decreased independently from the parameters (i.e., default 

or calibrated). Default parameters displayed twice the effluent COD concentration compared to 

experimental values at the highest HRT inputs. At similar inputs, calibrated values for 2.8 hours 

HRT outputs presented a difference of 1.6 times the experimental values. Default parameters at 

2.8 h HRT have produced no significant difference in effluent TCOD concentration at 2.8 h HRT. 

 

Figure 3-4 Effluent TSS and VSS, COD and ffCOD), biofilm TSS and VSS per surface area, and biofilm 
thickness steady-state simulation with default values and calibrated values for 11 and 2.8 hours HRT 

compared to the others 
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Similarities in effluent TCOD concentrations were also found when calibrated values on 11 h HRT 

and 2.8 h HRT were compared to experimental values at 5.5 and 2.8 h HRT. Effluent modelled 

ffCOD concentrations resulted in overestimations, independent from the inputs and parameters 

used (i.e., default or calibrated). Default values generated ffCOD effluent concentrations 

approximately twice that of the experimental results at 11 hours and 5.5 hours HRTs, while 2.5 

times larger at 2.8 hours HRT inputs. Overestimations of effluent ffCOD concentrations were also 

observed using calibrated parameters for 11 hours HRT with values 2.2 times higher compared to 

experimental results at the highest and the lowest HRT inputs. However, calibrated parameters for 

11 and 2.8 hours HRT results were consistent with experimental values at 5.5 hours HRT inputs. 

Steady-state simulation on default parameters overestimated the amount of biofilm per surface 

area compared to experimental results independently from the inputs. A biofilm content of 7 times 

the experimental values resulted from longer HRT inputs simulation. Similarly, biofilm VSS and 

TSS concentrations were overestimated (i.e., over 3 times the experimental values) employing 2.8 

hours HRT calibrated parameters. In contrast, 11 hours HRT calibrated parameters demonstrated 

that TSS and VSS per surface area were underestimated by 0.7 and 0.8 times the experimental 

values utilizing 5.5 and 2.8 hours HRT inputs, respectively. The calibrated and experimental values 

for both VSS and TSS biofilm solids per unit area at 11 h HRT resulted similar, not presenting 

significant difference. A greater similarity was found between experimental values at 5.5 h HRT 

and calibrated values at 2.8 h HRT. Steady-state simulations at the highest HRT inputs showed a 

significant overestimation in biofilm thickness equal to or more than twice the experimental results 

employing default (i.e., 2.6 times) and calibrated parameters for 11 hours HRT (i.e., 2 times). With 

influent inputs of 5.5 and 11 hours HRT, the biofilm thickness was significantly underestimated at 

calibrated parameters for 11 and 2.8 hours HRT. At the lowest HRT inputs, the biofilm thickness 
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differed by 0.7 times the experimental values and only for the parameters calibrated for 11 hours 

HRT. However, default values generated biofilm thickness results similar to experimental values 

at 5.5 h and 2.8 h HRTs. It is interesting to notice that biofilm thickness in experimental results 

increased as the HRT decreased while calibrated values presented an opposite trend. This suggests 

that maintaining similar SALR while decreasing HRT led to a reduction of suspended solids 

proliferation favouring biofilm. 

The model’s failure to describe the experimental results could be attributed to the lack of model 

flexibility in predicting the proper carbon utilization pathway (e.g., growth versus oxidation) due 

to the changes in both HRT and biofilm and differences in the attached and suspended biomass 

behaviors (e.g., growth rate, sludge yield, etc.). The two types of biomass in MBBR systems (i.e., 

attached and suspended) have different behaviors that need to be differentiated. Piculell et al. 

(2014) studied MBBR organic removal activity in biofilm and suspended biomass fractions. The 

authors focused on varying SALRs, HRTs, oxygen concentrations and biocarrier FFs to determine 

OHO activity in both types of biomass. Results have shown that suspended biomass contribution 

on overall organic removal strongly depended on HRT due to changes in suspended solids 

concentrations. In highly loaded systems, the activity of suspended microorganisms was found to 

be significant. Boltz and Daigger (2010) reported that activated sludge systems are generally 

kinetically limited while biofilm reactors are typically diffusion limited. High substrate availability 

in the bulk-liquid does not limit suspended microbial activity, thereby resulting in an accumulation 

of solids in suspension either sloughed off from the biofilm or growing directly in the bulk-liquid. 

Although suspended solids can be washed out by hydraulic pressure imposed by short HRTs, 

suspended microorganism growth rates could be high enough to allow bulk-liquid reproduction 

(Piculell et al., 2014). 
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 Verification 2: dynamic simulations of kinetic tests 

The isolation of suspended biomass from the MBBR biofilm model, which combines both attached 

and suspended biomass performance, allowed for the simulated analysis of separate removal rates 

for both types of biomass. Dynamic simulations using default and calibrated and validated 

parameters for 11 and 2.8 hours HRTs (Table 3-1) were conducted with a similar duration to the 

one used in bench-scale kinetic tests (i.e., 5 hours). Specific suspended and biofilm removal rates 

from dynamic simulations compared to experimental kinetic values at 11, 5.5, and 2.8 hours HRT 

inputs are reported in Figure 3-5. Similar to the procedure for Verification 1, an absolute difference 

lower than 50 % deviation between the simulated and experimental results was assumed to be 

insignificant and therefore within standard tolerance.  

Interestingly, dynamic simulations performed with default parameters were found to predict 

experimental values more efficiently than employing the calibrated and validated parameters for 

both 11 and 2.8 hours HRTs – Figure 3-5. In particular, the specific removal rates of suspended 

solids were more accurate than biofilm values. Dynamic simulations using default parameters 

resulted in an overestimation of two to three times the experimental values in biofilm specific 

removal rates. However, suspended solids specific removal rates were differing only by 50% 

compared to experimental values. Calibrated and validated parameters on 11 and 2.8 hours HRTs 

overestimated both biofilm and suspended removal rates independently from inputs. However, the 

prediction of biofilm and suspended removal rates resulted in more bias when employing 

calibrated and validated parameters for 11 hours HRT compared to 2.8 hours HRT. Dynamic 

simulation using calibrated and validated values for 11 hours HRT outputs showed a lower 

potential in predicting biofilm specific removal rates (i.e., 10 to 30 times higher than experimental 

values) compared to suspended specific removal rates, independent from inputs. Similarly, 
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parameters calibrated and validated on 2.8 hours HRT outputs were not capable of predicting the 

specific biofilm and suspended performance observed in laboratory tests with a higher bias 

observed towards biofilm removal rates. In general, similarities were found when comparing 

simulated results obtained from default values with experimental results in specific suspended 

biomass removal rates at 5.5 h and 2.8 h HRTs. 

 

Figure 3-5 Biofilm and suspended biomass specific removal rates presented as substrate remove per unit of 
biomass as g-VSS per day obtained from experimental kinetic tests, dynamic simulations on default values 

and validation from calibrated values on experimental data obtained from both 11 and 2.8 hours HRT 

The failure in describing biofilm and suspended specific removal rates obtained empirically could 

be attributed to the model’s absence of differentiated kinetic and stochiometric parameters for 

attached and suspended solids biomasses. The effect of suspended biomass should be considered 

experimentally by measuring the removal rate of biofilm separately from the bulk-liquid 

suspended biomass and should be integrated in the biofilm model (Rittmann et al., 2018). 

Maximum biofilm substrate removal rates and suspended biofilm removal rates vary and depend 

on operational parameters (e.g., SALR, HRT). Therefore, different kinetics rates should be defined 
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using the physical phenomenon of diffusion rather than assuming and/or modifying parameters to 

match different observed removal rates (Shaw et al., 2015). Biofilm and suspended biomass 

behavior vary depending on calibrated and validated parameters. Literature lacks any readily 

available, complete calibration protocols for biofilm reactors (Eldyasti et al., 2012). The 

calibration protocols reported here are based on bulk-liquid measurements and the manipulation 

of influential parameters related to attachment, detachment, and biofilm thickness (Boltz et al., 

2011; Rittmann et al., 2018; Sin et al., 2008). Sin et al. (2005) used measured characteristics of the 

biofilm (e.g. biofilm thickness) to describe biokinetic parameters, concluding that the adjustment 

of influential parameters to match experimental results may not produce a properly calibrated 

model. This is attributed to the impact ASDM have on developing a systematic calibration protocol 

for biofilm reactors. Hence, influential parameters to activated sludge in ASDM can be different 

than the those used in biofilm modelling, generating biases in output predictions.  

3.5 Conclusion 

The objective of this study was to evaluate if a calibrated and validated General ASDM could 

accurately predict the performance of a BOD removal MBBR with constant SALR and varying 

HRTs, when calibrated to a single HRT. Results have shown that the General ASDM could be 

calibrated to match the performance observed on MBBRs with a single HRT. Furthermore, the 

model calibrated for general performance at a single HRT did not accurately predict the general 

performance at different HRTs, despite having the same SALRs, and regardless of whether or not 

the model was calibrated using the high or low HRTs. Interestingly, however, the ASDM 

calibrated for performance using a single HRT did not adequately reflect the dynamic results 

obtained at the same HRT any better than the default values. In fact, modelling with default value 

parameters yielded dynamic results with significantly greater accuracy than with the calibrated 
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results. Based on these findings, it is recommended that practitioners should exercise caution when 

employing biofilm models in design, particularly when calibration data is obtained from a different 

configuration than the system being modelled. The configuration differences may not be 

immediately evident; as demonstrated in this study, they could simply be different HRTs at 

constant SALRs. Combined sewer systems with a consistent per capita load are one example of 

real-world implications since the influent load of pollutants could remain relative consistent while 

flow varied significantly. The results from this study would suggest that the wet weather events 

should be treated differently than dry weather flow, especially if wet weather events occur for 

prolonged periods of time where the biomass could acclimate to the dilute, low HRT conditions. 

Future studies must be conducted to examine ways to improve model predictions, such as 

examining different kinetic/stoichiometric parameters for biomass in biofilm and those in 

suspension.  
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 CHAPTER 4: Physicochemical methods for biofilm removal 

allow for control of biofilm retention time in a high rate MBBR  

4.1 Abstract 

Controlling biofilm retention time in MBBR and maintaining its performance for A-stage carbon 

redirection requires a reliable method to use as side stream biocarriers treatment. This paper 

investigates biofilm detachment and residual biofilm activity under multiple physicochemical 

treatment scenarios aiming to provide an applicable technique for control of biofilm retention time. 

Different mixing intensities (i.e., 30 – 120 rpm), FFs (i.e., 20 – 100 %), and pH (i.e., 2 – 12) were 

evaluated. Two continuously operating MBBRs were subjected to pH shocks of 2 and 12 to 

evaluate the impact of residual acidic or alkaline compounds on performance. The highest solids 

detachment (i.e., 70 ± 5 %) was found in alkaline conditions and independent of mixing intensity 

and FF. Biofilm detachment test revealed that alkaline shock produced higher detachment levels 

in a longer exposure time when compared to acidic conditions. The kinetic tests revealed 60 % and 

90 % of the residual biofilm activity was lost at pH 12 and 2, respectively. The continuously 

operating MBBRs subjected to pH shocks of 2 and 12 demonstrated a 50 % loss of soluble COD 

removal capability within one hydraulic retention time. Extracellular polymeric substances 

changes in its structure and surface properties influencing the degree of biofilm detachment and 

its solubilization properties which have led to differences in biofilm resilience. The findings have 

shown that by applying a side stream alkali treatment it could be possible to control biofilm 

retention time ensuring its detachment up to 70 % and a reduced impact on the residual biofilm 

activity returning to the reactor.  
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4.2 Introduction 

Historically, biofilm reactors used for the removal of organic matter and nutrients before the 

development in late 80s and early 90s of MBBRs were biological trickling filters, aerated 

submerged fixed film biofilm reactors, fluidized-bed reactors, and rotating biological contactors 

(Rittmann, 1982; Rittmann and McCarty, 1980). These types of systems presented several flaws 

such as not having effective working volume in the trickling filter or be susceptible to mechanical 

failures in the rotating biological contactors (di Biase et al., 2019, see Chapter 2). Advantages of 

MBBR technology over the other biofilm-based technologies and CAS are the possibility of 

upgrading performance and treatment volumetric capacity in existing wastewater treatment plant 

with minimal additional costs, sludge does not need to be recirculated because biomass is retained 

as biofilm into carriers, less clogging and no need to backwash when compared to fixed-film 

reactors (di Biase et al., 2019, see Chapter 2). High density polyethylene carriers are used in 

MBBRs and in IFAS combining benefits of both biofilm and activated sludge. 

In general, biofilm is a complex heterogeneous microecosystem which establishes over several 

stages of development: adhesion, colonization, and irreversible attachment of microorganisms to  

the biocarriers (Zhu et al., 2015). Extracellular polymeric substances, mainly polysaccharides, 

proteins, nucleic acids, humic substances, and lipids, excreted by microorganisms provide 

mechanical stability to the biofilm by mediating its adhesion to the biocarriers (Flemming and 

Wingender, 2010). The EPS matrix’s composition in the mature biofilm determines the biofilm’s 

strength, elasticity, sorption capability for adsorbents, erosion, and detachment properties (Salama 

et al., 2015). It is reported that EPSs are a main component in biofilm systems varying from 50 % 

to 80 % (w/w) of total biofilm weight (Flemming and Wingender, 2010; Meng et al., 2016; Shi et 

al., 2017). However, the physical and chemical properties of EPSs and how they impact biofilm 
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properties are still not entirely understood (Lotti et al., 2019; Seviour et al., 2019). Even less 

understood is the potential value of EPS compounds as recoverable bioproduct and how their 

composition could change under different physicochemical conditions. Fluctuations of pH have 

shown to consistently reduce EPS excretion, especially that of polysaccharides (Garrett et al., 

2008). Large variations in pH can also impact the structural and surface properties of EPSs in the 

biofilm matrix producing in some instances cellular lysis and ultimately microbial death (Garrett 

et al., 2008; Wang et al., 2012). There is potential for physicochemical processes to detach biofilm; 

that is, the detached biofilm compounds could subsequently be extracted for carbon recovery as 

bioproduct or directed to AD for energy production.  

Previous research investigating suspended biomass processes have demonstrated that carbon can 

be redirected into side stream processes for either energy recovery via AD or the generation of 

bioproducts (Ge et al., 2013; Guven et al., 2019). Colloidal and soluble organic carbon has been 

captured for redirection at high organic loading rates and low sludge retention time in systems 

such as HRAS and HRCS (Meerburg et al., 2015). Operating at a low SRT is well known to 

improve the overall carbon capture by achieving high observed sludge yields, therefore enhancing 

sludge degradability and, ultimately, AD (Ge et al., 2017, 2013; Meerburg et al., 2015). Moving 

bed biofilm reactors have been operated under high loading rates in the A-stage process for carbon 

removal (di Biase et al., 2019, see Chapter 2). However, no research has examined MBBR for 

carbon capture and redirection. Literature is lacking the information on its feasibility, as there is 

no reliable method to detach biofilm at a certain degree while maintaining biofilm activity to allow 

an imposed SRT on the biofilm and thereby improve the production of biomass (i.e., increasing 

the observed sludge yield). Literature has reported several methods for biofilm quantification and 

EPS extraction (Fonseca and Bassin, 2019; Sheng et al., 2010; Wang et al., 2012). Recent studies 
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conducted by Fonseca and Bassin (2019) explored different procedures to quantify biofilm 

involving porous and nonporous biocarriers. The authors reported on combinations of physical 

(e.g., mechanical/manual removal, shear forces) and chemical (e.g., sodium hydroxide, sulfuric 

acid) approaches commonly used for biofilm solids quantification (Fonseca and Bassin, 2019). 

This study focused on the development of an applicable physicochemical method to reliably detach 

biofilm from biocarriers and maintain residual biofilm activity to allow for future research on 

applications of biofilm SRT for organic carbon redirection in HR-MBBRs. Hence, the objectives 

of this study were to evaluate biofilm detachment and residual biofilm activity under multiple 

physicochemical treatment scenarios. Tests were conducted in batches and further verified in 

continuously operating HR-MBBRs. Initially, colonized biocarriers were subjected to 2, 4, 6, 8, 

10, and 12 pH conditions to estimate changes in biofilm detachment. A variety of mixing 

intensities (i.e., 30, 75, 120 rpm) and FFs (i.e., 20, 40, 60, 80, 100 %) were also examined. 

Furthermore, kinetic tests were conducted to assess detachment kinetics, specific removal rates, 

and to determine any potential losses in residual biofilm activity due to pH shock.  

4.3 Material and Methods  

 Cultivation reactor characteristics  

One reactor with a working volume of 16 L was setup using BioPortsTM biocarriers (Nexom, 

Winnipeg, Canada). The carriers used were non-porous HDPE with an outer diameter of 1.8 cm, 

a cylinder length of 1.4 mm, flower-like shape with 12 openings of approximately 3 mm each, and 

a specific surface area of 589 m2 m-3 (di Biase et al., 2019, see Chapter 2). The reactor was operated 

at 25 % FF (i.e., 4 L of media) resulting in a total available surface area for biofilm development 

of 2.4 m2. Synthetic influent wastewater was prepared in a one cubic meter tank with TCOD 

concentration of 0.5 ± 0.1 g-TCOD L-1 and ffCOD of 0.4 ± 0.1 g-ffCOD L-1 as yeast extract 
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(Sigma-Aldrich, Canada) at a pH of 7.4 ± 0.5. Micronutrients were supplied by adding a 

concentrated stock solution to the influent wastewater (di Biase et al., 2016). The reactor was 

operated at room temperature (i.e., 20 ± 1 ℃) and a saturated DO concentration. The surface area 

loading rate was 15.4 ± 0.1 g-TCOD m2 d-1 with an incoming flow of 70 L d-1 resulting in a HRT 

of approximately 5.5 hours. Reactor influent and effluent ffCOD were measured three times per 

week before conducting batch tests.  

 Biofilm detachment methodology  

The batch tests reported in sections below were conducted on biocarriers withdrawn from 

cultivation reactors after one-week of cultivation. All biocarriers were removed from the 

cultivation reactors before batch testing and replaced by new biocarriers to further cultivate 

biomass. The impact of three parameters on biofilm detachment was evaluated: 1) pH; 2) mixing 

intensity; and 3) biocarrier FFs. 

4.3.2.1 Effect of pH 

A series of preliminary tests were conducted at pH levels of 2, 4, 6, 8, 10, and 12 with 24 h contact 

time. These trials were performed to define working pH levels to utilize in subsequent 

experimentation. In these tests the mixing intensity of 120 rpm was used, assuming the highest 

biofilm detachment occurred when subjected to high shear forces. Biocarriers from the cultivation 

reactor were transferred into 1 L beakers in triplicates for each of the pH values considered at a FF 

of 50 %. The effect of pH on biofilm detachment was assessed by placing the testing beakers into 

multiple top mixers (Phipps&Bird Inc., Virginia, USA) with variable rpm controls.

4.3.2.2 Effect of mixing intensities 

The effect of mixing intensity was evaluated by monitoring 30, 75, and 120 rpms using multiple 

top mixers (Phipps&Bird Inc., Virginia, USA) to simulate low, medium, and high shear forces 
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conditions. Biocarriers from the cultivation reactor were transferred at 50 % FF into 1 L beakers, 

in triplicates, before subjecting them to solutions with pH values of 2, 6, and 12. Experimentation 

was performed for a 24 h contact time before biofilm concentration and solids detachment were 

quantified.  

4.3.2.3 Effect of filling fractions  

Biofilm detachment at different FFs of 20, 40, 60, 80, and 100 % was also evaluated. Ten 

measurements were conducted in 1 L cylinders to assess the number of biocarriers occupying a 

one-liter volume (i.e., 143 ± 2 biocarriers L-1). Investigation on FFs was conducted by counting 

colonized biocarriers associated with the respective FF from the cultivation reactor in 1 L beakers. 

These tests were run in triplicates using a pH 12 solution, undergoing mixing at 30 rpm for a 24 h 

contact time prior to quantifying biofilm detachment.  

 Biofilm detachment and carbon removal kinetics 

To fully understand the kinetics of solids detachment and carbon removal of the residual biofilm, 

a series of experiments were conducted under the conditions in which the maximum degree of 

biofilm detachment was observed.  

4.3.3.1 Biofilm detachment rates 

Detachment tests were conducted in quadruplicates. In this case, pH values of 2, 7.5 (in the 

cultivation reactor), and 12 were employed at 120 rpm and a 50 % FF. Samples were taken at 

exposure times of 0, 5, 15, 20, 40, 60 minutes. At each sampling time, ten biocarriers were removed 

from the detachment tests and the residual biofilm was quantified for TSS and VSS. 

4.3.3.2 Specific carbon removal rates 

Carbon removal kinetic tests were conducted with a 50 % FF. These tests, in triplicates, aimed to 

understand the impact of pH on biofilm activity. Aquarium air pumps (Pet & Ponds, Ontario, 
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Canada) were installed in one-liter beakers and subsequently used to supply DO at saturation 

levels. Experiments were performed on biocarriers withdrawn from the cultivation reactor at an 

operational pH level of 7.5 ± 0.5 and physicochemical conditions in which the maximum degree 

of biofilm detachment was observed, defined from the previous research steps. Carbon removal 

kinetic tests were conducted after 20 minutes of pH 2 shock and 40 minutes of pH 12 shock at 120 

rpm mixing intensity. In both cases, the pH level was brought to 7.5 prior to commencing kinetic 

tests. Samples from three replicate batch tests, using a total of 30 biocarriers per replicate, were 

taken at time zero and every following hour for a total of five hours. Samples were analyzed for 

TCOD and ffCOD. Furthermore, the biofilm solids from each batch test were quantified. Specific 

volumetric and surface area removal rates of COD were estimated from the collected data.  

 pH shock on MBBR reactors 

A final test was performed to understand the impact of pH on biofilm performance in a continuous 

flow MBBR. Two 16 L reactors with similar operational parameters as the biocarrier cultivation 

reactor were setup. Following two weeks of operation, the two reactors were subjected to the 

maximum detachment conditions of 40 minutes with a pH of 12 and 20 minutes at a pH of 2, 

respectively, while being continuously fed with synthetic influent wastewater with similar 

characteristics of the cultivation reactor. Impact from pHs of 2 and 12 on the performance was 

defined over approximately one HRT (i.e., 5.5 hours) by sampling every hour for 6 hours without 

adjusting the pH to normal operating conditions (i.e., 7.5). Samples were also taken after four time 

the HRT (i.e., 22 hours).  

 Analytical methods 

Acidic and alkali solutions were prepared by adjusting deionized water at desired pH levels with 

either sodium hydroxide or sulfuric acid. Total COD and ffCOD were measured according to 
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Standard Methods(APHA, AWWA, WEF, 2017) . Total COD was measured on unfiltered 

samples. Flocculated filtered COD was quantified by taking 100 mL samples and, while mixing, 

both 1 mL ZnSO4 solution and 25 % NaOH were added to bring pH levels to 10.5 (Alpha pH200m, 

Eutech Instruments, USA). Total suspended solids and VSS were estimated according to Standard 

Methods (APHA, AWWA, WEF, 2017) using a gravimetric method through fiberglass filters 

placed in crucibles. One-way analysis of variance was performed on the collected datasets 

(www.vassarstats.net). Biofilm was qualitatively observed over the study by stereomicroscopic 

analysis (Zeiss, Toronto, Canada).  

The initial biofilm was quantified on two biocarriers transferred in 100 mL beakers in 

quintuplicates. Final biofilm was determined in quintuplicates by transferring biocarriers (n = 10) 

from the testing beakers to secondary 1 L beakers. Both initial and final biofilm was manually 

removed with a small brush and periodically rinsed with deionized water. Final biofilm, however, 

was quantified by bringing the secondary beaker’s volume to 0.5 L with deionized water and, while 

stirring, 100 mL samples were taken then immediately filtered through a crucible, as per Standard 

Methods(APHA, AWWA, WEF, 2017). Calculating the ratio of remained biofilm mass (initial – 

final) to the initial biofilm mass, the biofilm detachment rate over treatment was defined. This 

method was employed after assessing biofilm concentrations several times over one week of 

cultivation with 40 measurements. The measurements resulted in biofilm concentrations of 

6.0 ± 0.5 mg-TSS biocarrier-1 at operational conditions presented earlier, suggesting that the 

method was efficient (i.e., 8 % experimental error). 
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4.4 Results 

 Effect of pH and mixing intensity 

Figure 4-1 presents the biofilm detachment results achieved with the six pHs considered during 

preliminary tests at 50 % FF and 30 rpm. The averaged biofilm detachment resulted in 8 ± 4, 24 ± 

6, 27 ± 5, 48 ± 4, 56 ± 4, 67 ± 5 % TSS at pH levels of 2, 4, 6, 8, 10, and 12, respectively. The data 

set yielded a strong linear correlation (R2 = 0.9589). Hence, experiments in the subsequent mixing 

intensity studies were conducted with confidence at 2, 6, and 12 pH.  

 

Figure 4-1 Biofilm detachment (% TSS) at pH 2, 4, 6, 8, 10, and 12 at 30 rpm and 50 % FF 

Results for biofilm detachment from the replicates batch tests at pH levels of 2, 6, and 12 at 

different mixing intensities (i.e., 30, 75, and 120 rpm) are presented in Figure 4-2. Results at 30 

rpm and 50 % FF were found to be consistent with the preliminary tests presented earlier in Figure 

4-1. However, biofilm detachment during acidic pH shock (i.e., pH 2) was found to increase as the 

mixing intensity increased. For example, a mixing intensity of 120 rpm produced five times greater 

biofilm detachment when compared to 30 rpm. At a pH level of 6, the biofilm detachment was 

similar (i.e., p-value > 0.05) at mid- and high-rpms whereas at 30 rpm it was lower. At alkaline 

pH, no statistically significant difference was observed as mixing intensities increased.  
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Figure 4-2 Biofilm detachment at different pH (i.e., 2, 6, and 12) and different mixing intensities of 30, 75, and 
120 rpm 

Overall, pH levels of 12 resulted in the highest biofilm detachment (i.e., 67 ± 5 % TSS detached 

at 30 rpm, 68 ± 10 at 75 rpm, and 75 ± 13 at 120 rpm) irrespective of mixing intensities. In fact, 

no statistically significant difference was found when the data when the pH was 12 and different 

mixing intensities were compared (i.e., p-values ~ 0.6). 
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 Effect of filling fraction  

The FF of biocarriers was examined to determine if any significant impact on biofilm detachment 

under acidic or alkaline conditions occurred. Experiments at the maximum degree of biofilm 

detachment observed thus far (i.e., pH of 12 with mixing at 30 rpm and 24 hours contact time) 

were conducted at FFs of 20, 40, 60, 80, and 100 %. Quantitative measurements and qualitative 

stereomicroscopic analyses are presented in Figure 4-3.  

 

Figure 4-3 Quantitative biofilm detachment (on the top) and qualitative stereomicroscopic comparison at 
different media fillings (i.e., 20, 40, 60, 80, 100 %) at 30 rpm and pH 12 (on the bottom) 

Comparing microscopic observations seemed to suggest that as the FF increased the amount of 

biofilm detachment decreased. Quantitative results, however, revealed biofilm detachment of 59 

± 10 at 20 %, 66 ± 9 at 40 %, 52 ± 3 at 60 %, 54 ± 9 at 80 %, and 65 ± 8 at 100 % FF. Biofilm 
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detachment was not significantly impacted by the FF when the biofilm was subjected to a pH level 

of 12 and mixing intensity of 30 rpm (i.e., p-value > 0.05). 

 Biofilm detachment rates 

Reactor performance was measured on a weekly basis before conducting biofilm and carbon 

removal kinetics batch tests. Average removals of 88 ± 3 % of the influent soluble COD (i.e., 

ffCOD) were measured with effluent concentrations of 50 ± 30 mg-ffCOD L-1.  

Kinetic tests were conducted to develop biofilm detachment rates under alkali conditions and 

presented in Figure 4-4A. Biofilm detachment plateaued at 64 ± 4 % after 40 minutes of mixing at 

120 rpm and pH 12 levels. Overall, the modelled maximum achievable detachment was 70 % with 

an R2 of 0.658. The model was consistent with the 70 ± 5 % biofilm detachment obtained after 24 

hours, as discussed in previous sections. The half-velocity coefficient of the model (i.e., when the 

biofilm detachment was half that of the maximum achievable detachment) was 5.7 minutes at pH 

at 12 and 120 rpm mixing intensity.  

Similar testing was conducted in acidic conditions (i.e., pH value of 2) with a mixing intensity of 

120 rpm and presented in Figure 4-4B. Acidic conditions had an immediate impact on biofilm 

detachment. However, the maximum achievable biofilm detachment was estimated to be 42 ± 5 % 

TSS, which is lower than the maximum removal achieved with alkali conditions. The maximum 

biofilm detachment was consistent with the 24-hour tests at similar conditions which demonstrated 

a detachment of 40 ± 7 % TSS.  
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Figure 4-4 Biofilm detachment at pH 12 (A) and pH 2 (B) at 120 rpm. Acidic, neutral, and alkali treated 
biofilm organic carbon removal kinetics (i.e., specific removal rates). 

 Impact of acidic and alkali conditions on the performance of residual biofilm 

Exposure of biofilm to high and low pH conditions may compromise biofilm activity (Garrett et 

al., 2008; Wang et al., 2012). Therefore, another test was conducted to understand the resistance 

of the residual biofilm after treatment under well-mixed (i.e., 120 rpm) acidic, neutral, and alkaline 

conditions. It should be noted that the pH value was adjusted to 7.5 after treatment and prior to 

starting the organic carbon removal kinetic tests. Figure 4-5A presents the mass of residual biofilm 

following treatment as an effective volatile suspended solids concentration in bulk solution 

(i.e., mg-VSS L-1), as well as the specific organic carbon removal rates of the residual biofilm 

(i.e., g-ffCOD g-VSS-1 d-1). The biofilm concentrations after neutral treatment and after alkali 

treatment were 160 ± 20 mg-VSS L-1 and 70 ± 10 mg-VSS L-1, respectively. The concentration of 

residual biofilm after acidic treatment was 160 ± 30 mg-VSS L-1, comparable to the well-mixed 

treatment conducted under neutral conditions. Residual biofilm organic carbon removal kinetics 

after neutral treatment were 43 ± 1 % higher than after alkali treatment. The organic carbon 

removal rates were 13 ± 2 g-VSS-1 d-1 after neutral treatment and 5 ± 1 g-ffCOD g-VSS-1 d-1 after 

alkaline treatment. Therefore, exposing biofilm to sudden alkali pH conditions had a significant 

impact on biomass activity. After acidic treatment, the specific removal rates were 0.9 ± 0.6 
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g-ff-COD g-VSS-1 d-1. More than 90 % of the residual biofilm activity was lost following exposure 

to acidic conditions when compared to neutral pH.  

A final test was conducted in which two continuously fed MBBRs in parallel were subjected to 

pH shocks starting from an operational pH of 7.5 ± 5 down to a pH of 2 and up to a pH of 12. The 

test was performed over one HRT without returning the pH back to neutral following the shock 

dose. The concentration of influent soluble COD to the reactor was 240 ± 10 mg-ffCOD L-1, while 

the effluent COD was measured as 37 ± 3 mg-ffCOD L-1 in the MBBRs before the pH 12 shock 

and 30 ± 4 mg-ffCOD L-1 in the MBBRs before the pH 2 shock. Figure 4-5B presents hourly 

soluble COD concentrations obtained from the two MBBRs. After a pH shock down to 2, the 

reactor soluble COD concentration was quantified as 60 ± 3 mg-ffCOD L-1. The concentration 

after a pH shock to 12 was 100 ± 10 mg-ffCOD L-1. The greater concentration of soluble COD 

after the alkaline pH shock is likely due to the higher biofilm detachment, as observed in the 

aforementioned batch kinetic tests. 

 

Figure 4-5 In A, impact of pH 2 and pH 12 on biofilm performance. In B, soluble COD kinetics over one 
hydraulic retention time (i.e., 5.5 h) in continuously fed MBBR reactor subjected to pH 2 and pH 12. 

The reactors were removing 87 ± 1 % soluble COD at pH levels of 7.3 ± 0.5 before a pH 2 shock, 

and 86 ± 2 % with pH levels at 7.2 ± 0.5 before a pH 12 shock. After a pH 2 level shock for 20 

minutes and then a pH 12 level shock for 40 minutes, a pronounced decrement in soluble COD 
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removal was observed at pH 12 levels when compared to that of the acidic shock. Following the 

first hour, the reactor with pH 2 conditions performed at 80 % soluble COD removal, however, 

the reactor with pH 12 conditions dropped to 60 % removal. After one HRT for 5.5 hours, the 

reactors were performing at similar removal rates between 35 and 40 % ffCOD removal. The pH 

levels were then measured to be 9.5 and 2.3 in the reactors given a pH shock of 12 and 2, 

respectively. After four HRTs (i.e., 22 hours), acidic reactor’s performance was restored to 86 ± 5 

% ffCOD removal and its pH was approximately 7.9. Similarly, the alkaline reactor’s performance 

reached 90 ± 1 % ffCOD removal while the pH was measured to be 8. 

4.5 Discussion 

Results have shown that biofilm detachment improved at 30 rpm and 50 % FF as pH was increased 

from acidic to alkali levels. However, mixing intensities of 120 rpm produced five times greater 

biofilm detachment when compared to 30 rpm (Figure 4-1). Hence, higher mixing intensities had 

a positive influence on biofilm detachment during acidic pH conditions while there was no impact 

in alkaline pH conditions (Figure 4-2). This phenomenon could be attributed to changes in EPS 

physicochemical properties affecting detachment characteristics as shear forces increased by 

imposing a higher mechanical mixing rate. In general, the findings agreed with literature research 

conducted on the pH dependency of the structure and surface properties of EPSs, which is a major 

structural component of biofilms.  

The EPS structure has been shown to be easily disrupted by steep changes in pH levels such as 

those imposed in this study (i.e., pH levels 2 and 12). In particular, sudden variations of pH 

destabilized the colloidal EPS matrix (Dogsa et al., 2005; Wang et al., 2012). In this study, the 

higher degree of biofilm detachment observed at a pH of 12 was most likely the result of more 

significant EPS solubilization compared to the acidic conditions. Literature reports methods for 
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biofilm quantification and EPS solubilization for its characterization using sodium hydroxide 

methods (Fonseca and Bassin, 2019; Sheng et al., 2010). Recent studies from Fonseca and Bassin 

(2019) on biofilm quantification methods provides a physicochemical method to achieve complete 

removal from nonporous biocarriers (i.e., 40 g-NaOH L-1 solution, held for 15 minutes at 100 °C, 

and mixing every 5 minutes). Literature also reports that at low pH levels the colloidal EPS matrix 

forms aggregates which could easily detach, while higher pH levels yielded a lower structural 

density leading to the release of colloidal material (Wang et al., 2012). This supports the difference 

in biofilm detachment observed during acidic pH conditions when mixing intensities were 

increased. The increment of shear forces, indeed, produced a higher percentage of detached solids.  

EPSs secreted by microorganisms affect the physicochemical characteristics of microbial 

aggregates, such as mass transfer, surface characteristics, adsorption ability, and stability (Wang 

et al., 2012). Physicochemical characteristics of EPS depends on pH which alters the overall 

surface charge of the aggregates. The EPSs in microbial aggregates have many charged groups 

(e.g., carboxyl, phosphoric, sulfhydryl, phenolic and hydroxyl groups) and apolar groups (e.g., 

aromatic, aliphatics in protein, and hydrophobic region in carbohydrates) (Sheng et al., 2010). The 

presence of hydrophilic and hydrophobic groups in EPS indicates they are amphoteric aggregates. 

Sheng et al. (2010) research reported that amphoteric substances, neutral, positively, and 

negatively charged surface species coexist in EPS colloidal form. The colloidal structures and EPS 

detachment could therefore be easily disrupted and restructured when the pH changes (Sheng et 

al., 2010). Sheng et al. (2010) also reports that functional groups of EPS (e.g., carboxylic, sulfate 

groups) remain generally deprotonated at pH levels above 4 due to ionization. In contrast, other 

EPS functional groups (e.g., thiol-, sulfinic, sulfonic acids, and ammonium groups) are prone to 

charges in protonation state at pH levels ranging 7.0 to 9.0 (Braissant et al., 2007). The 
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deprotonated or protonated states of different functional groups vary considerably with pH changes 

which can influence EPS rheological properties and flocculation potential (Wang et al., 2012). 

Wang et al. (2012) reported that flocculation and biofilm detachment depend on pH changes due 

to EPS structural and surface property responses. At low pH levels, EPS colloids became 

destabilized and formed aggregates. At higher pH levels, more EPS negative groups were present, 

thereby leading to released chains, swelling, and a lower density structure which easily flocculates 

(Wang et al., 2012).  

Changes in pH levels directly impact EPS morphological characteristics thereby influencing the 

degree of biofilm detached. Without physicochemical perturbation, the detachment of biofilm on 

biocarriers occurs through abrasion by biocarrier collisions and erosion by bulk-liquid shear forces 

besides sloughing and protozoa/metazoa grazing (Boltz and Daigger, 2010). Therefore, in theory, 

as the FF increases the biofilm detachment would increase due to shear forces and improved mass 

transfer (Rusten et al., 2006). However, contact time of the bulk liquid solutions with the biofilm 

could be compromised at high FFs (i.e., greater than 70 %) due to inadequate mixing and therefore 

poor mass transfer (di Biase et al., 2019, see Chapter 2). Increasing shear forces induced by 

improved biocarriers collision and by greater hydrodynamic properties at higher FFs did not 

significantly impact biofilm detachment in alkali environment (Figure 4-3). This phenomenon 

agreed with previous results on the effects of mixing intensity on biofilm detachment at pH 12. It 

can be concluded that, in these experimental conditions, improving shear forces on biofilm surface 

by increasing mixing intensity or FF did not lead to statistically significant differences in biofilm 

detachment. It can be concluded that alkaline-based methods for biofilm detachment may be more 

economical to impose a biofilm SRT in MBBR reactors as the energy required to mix could be 

reduced to produce similar detachment levels. However, the batch tests focusing on mixing 
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intensity and FFs were conducted over a 24 hour contact time. Therefore, the results revealed that 

solubilization of colloidal EPSs took place in a shorter time at the maximum degree of biofilm 

detachment (i.e., pH of 12 and 30 rpm mixing intensity) as well as in acidic environment (i.e., pH 

2). For these reasons a test was conducted to assess biofilm detachment rates in alkali and acidic 

conditions. 

Results from biofilm detachment rates tests have shown that the impact of acidic conditions 

resulted in much higher rates when compared to alkaline conditions (Figure 4-4). However, an 

overall greater biofilm detachment was observed at a pH of 12. The difference in biofilm 

detachment was due to EPSs which develop an electric surface charge through dissociation (i.e., 

ionization) of superficial functional groups resulting in the repulsion and expansion of pH-

dependent biopolymers (Sweity et al., 2011). Literature reports that at high pH levels the structural 

integrity of EPSs is compromised, resulting in a stretched conformation and ultimately in its 

solubilization (Sweity et al., 2011). This explains the longer time required to achieve maximum 

detachment rate in an alkaline environment compared to acidic. However, at low pH levels, the 

structure of biofilm results in morphologically compaction forming aggregates due to the 

protonation of a higher number of carboxylic groups which, in most cases, are the most abundant 

groups in EPS matrices (Sweity et al., 2011). Dogsa et al. (2005) have shown through small-angle 

x-ray scattering techniques that, at low pH levels, the EPS structure appears in denser, 

heterogenous aggregates. The authors reported that at room temperature EPSs are soluble in 

alkaline solutions and their solubility decreases with pH until becoming insoluble at low pH values 

(i.e., approximately 1). For these reasons, subjecting biocarriers to pH levels of 2 at 120 rpm 

mixing intensity resulted in an immediate detachment of agglomerated colloidal EPSs (Figure 4-

4B).  
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Physicochemical methods discussed above, beside impacting the structural integrity of the biofilm 

itself through EPSs matrix modification, should also influence the activity of the residual biomass. 

Therefore, carbon removal kinetic tests in both acidic and alkali conditions on the performance of 

residual biofilm were evaluated (Figure 4-5A). Differences in the preservation of biofilm activity 

could be attributed to different EPS structural disruption phenomena which may have led to cell 

lysis at a different degree depending on the pH. Literature reports that characterization of EPSs 

through extraction methods cause severe disturbance of EPS structural integrity during, for 

example, heating and alkaline treatment (Sheng et al., 2010). Sheng et al. (2010) reported that, at 

pH levels above 9, using alkaline EPS extraction methods demonstrated a change in EPS polymeric 

composition cause by breaks in chemical bonds of glycoprotein (e.g., disulfide) and the 

degradation of uronic acids. Other studies reported acidic pH levels ranging from 2.0 to 3.0 or 

alkaline greater than 10 not only inhibited microbial growth but also affects EPS biosynthesis 

cause by cellular morphological changes (Shi et al., 2017). Results have shown that residual 

activity is present when biocarriers are subjected to an alkaline environment while nearly complete 

loss is found at acidic pH levels. The findings could be attributed to the morphological changes on 

EPSs and ultimately an impact to entrapped cells. In acidic conditions, the impact to biofilm 

detachment is immediate as previously discussed (Figure 4-4A) with EPS morphologically 

forming compact aggregates (Sweity et al., 2011). However, an alkaline environment reduces the 

structural density leading to EPS solubilization and resulting in more resilient biofilm activity. 

Hence, alkaline conditions had a much less significant impact on residual biofilm performance 

while also resulting in higher biofilm detachment. 

The findings suggested it could be possible to control biofilm retention time by applying a side-

stream alkali chemical treatment. An alkali treatment could ensure biofilm detachment up to 70 % 
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and a reduced impact on the activity of residual biofilm returning to the reactor. An active biofilm 

residual would help maintain reactor performance while enhancing the production of new biofilm 

(Smitshuijzen et al., 2016). In addition, the implementation of side-stream alkaline chemical 

treatment to control biofilm retention time and therefore lower biofilm SRT in HR-MBBRs in such 

a way that increased organic carbon storage capability over mineralization to carbon dioxide could 

be achieved (di Biase et al., 2020 see Chapter 5; Meerburg et al., 2015). Detaching biofilm side 

streams in alkaline pH systems may enable the formation of recoverable byproducts. It was 

reported that polysaccharides and proteins present in EPSs form gels or aggregation due to pH 

level changes which could be further extracted (Dogsa et al., 2005; Wang et al., 2012). Ultimately, 

it could be possible to increase biomass production per unit of organic carbon consumed (i.e., 

observed sludge yield) to values greater than typical heterotrophic growth rates of 0.4 to 0.7 g-

COD g-COD-1 (di Biase et al., 2020 see Chapter 5; Meerburg et al., 2016; Metcalf and Eddy-

AECOM, 2014; Rahman et al., 2016). 

4.6 Conclusion 

Biofilm detachment and its residual activity was evaluated under different physicochemical 

conditions (i.e., alkaline and acidic shock, mixing intensities, and FFs) to develop an applicable 

strategy for controlling biofilm retention time in an A-stage carbon redirection MBBR while 

simultaneously providing the capability to recover byproduct. Subjecting biofilm to pH levels of 

12 produced the highest biofilm detachment at 65 – 75 % while no significant impact was found 

by varying mixing intensities or FFs. Carbon removal kinetics revealed that residual biofilm 

activity was 40 % and 10 % of the untreated biofilm when subjected to pH level solutions of 12 

and 2, respectively. However, exposing MBBRs to shock doses with pH levels of 2 and 12 reduced 

soluble COD removal capability by 50 % over one hydraulic retention time.  
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 CHAPTER 5: Controlling biofilm retention time in an A-stage 

high-rate MBBR for organic carbon redirection 

5.1 Abstract 

The A-stage of the AB process can minimize carbon oxidation by redirecting carbon to side-stream 

processes for harvesting carbon as energy and/or bioproduct. The redirection/harvesting of carbon 

has been studied in systems which utilize suspended biomass cultures. The potential of high-rate 

moving bed biofilm reactors, however, has not been explored. This study sought to control the 

biofilm solids retention time in a high-rate moving bed biofilm reactor operated at 

17 ± 4 g-bCOD m-2 d-1. Biofilm solids retention time was controlled by one of two strategies (i.e., 

100 % and 60 % effective biofilm removal) that targeted several nominal biofilm solids retention 

times (i.e., 8, 6, 4, and 2 days) by employing different biocarrier replacement times. The results 

demonstrated that the suspended solids activity could be reduced by decreasing the nominal 

biofilm solids retention time. Using the 60 % biofilm removal strategy, the actual biofilm solids 

retention time with a nominal biofilm solids retention time of 2 days was 12 hours. When utilizing 

the 100 % biofilm removal strategy, an actual biofilm solids retention time of less than 3 hours 

was achieved with a nominal biofilm solids retention time of 2 days. The control reactor, which 

was a conventional moving bed biofilm reactor with no biocarrier replacement, was estimated to 

have a biofilm solids retention time of 2 days. Overall, the biofilm removal strategies favored 

carbon redirection and the observed sludge yield increased as the nominal biofilm SRT decreased 

in the 100% biofilm removal strategy.   
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5.2 Introduction  

A strategy to achieve energy neutrality or positive energy output from wastewater treatment plants 

is to utilize the AB process. The AB process typically involves a high-rate carbon removal and/or 

sequestration process for the “A-stage” followed by an ammonia and/or nitrogen removal process 

for the “B-stage”. (Gude, 2015; Sancho et al., 2019). Carbon redirection from wastewater is 

possible through the capture and/or transformation of particulate, colloidal, and soluble organic 

carbon into/by the activated sludge matrix. The pathways contributing to carbon redirection 

include biosorption (i.e., extracellular adsorption and entrapment) and assimilation into new 

biomass and/or bioproducts (Nogaj et al., 2019; Rahman et al., 2016). In order to maximize the 

capture and subsequent redirection of organic carbon, it is necessary to increase biosorption and/or 

storage as intracellular bioproduct over the conventional oxidation processes (Meerburg et al., 

2015). By increasing biosorption and/or storage, the activated sludge matrix becomes enriched 

with organic carbon that could be harvested by solids separation technologies (e.g., DAF). 

Therefore, energy or products such as bioplastics could be recovered from the carbon-rich solids 

(Cagnetta et al., 2019).  

Several A-stages processes have been developed for redirecting organic carbon. For instance, 

HRAS employs a high food-to-microorganism ratio, thereby taking advantage of the adsorption 

capabilities of the fast-growing heterotrophic biomass. Return activated sludge is mixed with 

influent wastewater under completely mixed aerobic conditions before solids separation (Rahman 

et al., 2019). The HRAS system operates at SRTs between 2 to 15 hours, a HRT of approximately 

30 minutes, DO levels less than 1 mg-O2 L-1, and a food-to-microorganism ratio of 2 to 10 g-BOD5 

g-VSS-1 d-1 (de Graaff et al., 2016; Jimenez et al., 2015; Kinyua et al., 2017; Rahman et al., 2019). 

These operational conditions allow HRAS systems to capture both a portion of the influent 
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particulate and colloidal fractions of organic carbon and subsequently divert them to a WAS stream 

(Jimenez et al., 2015). One drawback of the conventional HRAS process, however, is uses a 

significant portion of organic carbon towards the growth of new biomass, thereby limiting both 

the potential and efficiency of carbon reuse in the harvested stream.  

Another A-stage technology is the HRCS process operated with a specific sludge loading rate of 

2 g-bCOD g-VSS-1 d-1 and a maximum SRT of 2 days (Meerburg et al., 2015) in which return 

activated sludge is aerated in a stabilization tank for several hours to regenerate. Afterwards, the 

sludge is mixed with the influent wastewater in an anaerobic contact tank. The substrate gradient 

between the contact and stabilization phases imposes a feast-famine regime to selectively enhance 

biosorption and bioaccumulation of substrate over carbon utilization for growth (Meerburg et al., 

2016). In general, working at high loading rates and short SRTs results in high conversion 

efficiencies of organic carbon because substrate hydrolysis and biomass decay rates are low 

(Kinyua et al., 2017). It has been demonstrated that sludge production could approach a theoretical 

maximum ratio of 1 g-COD sequestrated per 1 g-COD harvested at low SRTs and high loading 

rates. Conversely, a CAS system would observe sludge yields of 0.4 to 0.7 g-COD g-COD-1 

(Metcalf and Eddy-AECOM, 2014; Rahman et al., 2016).  

An alternative technology to an A-stage process is the HR-MBBR, especially when operated at 

low HRTs and OLR. The required HRT for COD and BOD5 removal in conventional MBBRs has 

been reported as low as 15 to 30 minutes (Dezotti et al., 2017; di Biase et al., 2019 see Chapter 2). 

For MBBR technology, the SALR is the main design parameter when defining high-rate systems. 

For example, the SALR in conventional so called roughing MBBRs should not exceed 20 to 25 g-

sCOD m-2 d-1 or 15 to 20 g-sBOD5 m-2 d-1. This corresponds to 65 – 85 g-COD m-2 d-1 when treating 

municipal wastewater (Ødegaard, 2006).  
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Although literature includes numerous papers on MBBR technologies used for carbon removal, 

whether roughing or polishing reactors, few studies examine the potential of an HR-MBBR for 

carbon redirection (Bassin et al., 2016; Dezotti et al., 2017; di Biase et al., 2019 see Chapter 2). 

However, the importance of imposing biofilm SRT in redirecting carbon with HR-MBBRs and its 

impact on the observed sludge yield has not been explored. Therefore, the goal of this study was 

to control the SRT of biofilm in an HR-MBBR by employing two biofilm removal strategies (i.e., 

60 % and 100 % biofilm removal) at various nominal biofilm SRTs (i.e., 8, 6, 4, and 2 days) by 

applying different biocarrier replacement rates. Specific objectives of this study were to: 1) assess 

the variation in biofilm and suspended solids concentrations; 2) evaluate mass balances for the 

biofilm and suspended solids; 3) quantify specific removal rates of biofilm and suspended solids; 

and 4) determine the actual biofilm SRT and observed sludge yield. 

5.3 Material and Methods 

 Reactors configuration  

Two 16 L HR-MBBRs were prepared and operated using non-porous high-density polyethylene 

BioPortsTM biocarrier provided by Nexom (Winnipeg, Canada) with a surface area of 589 m2 m-3. 

Both HR-MBBRs were set up with a 20 % FF (i.e., 3.2 L of biocarriers), resulting in 1.88 m2 of 

available surface area for biofilm to establish. The reactors were seeded with 4L returned activated 

sludge with a TSS concentration of 7 ± 1 g-TSS L-1 from West End Pollution Control Centre 

(WEPCC, Winnipeg, Manitoba, Canada) resulting in a concentration of 0.4 ± 0.1 g-TSS L-1. 

Synthetic wastewater was employed which utilized yeast extract (Sigma-Aldrich, Canada) with an 

influent TCOD concentration of 0.5 g L-1 as the only carbon source. Nitrogen and phosphorus 

fractions of yeast were 0.12 and 0.02, respectively. Hence, the synthetic wastewater contained 60 

± 10 mg-TN L-1 and 9 ± 2 mg-TP L-1 with a pH level of 7.2 ± 0.5. Trace elements were added to 
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avoid nutrient-limiting conditions, according to di Biase et al. (2016). Therefore, the influent 

concentrations of micronutrients were: 1.5 mg L-1 of FeCl2·4H2O; 0.0845 mg L-1 MnSO4·H2O; 

0.18 CaCl2; 0.69 mg L-1 MgSO4·H2O; 0.476 mg L-1 CoCl2·6H2O; 0.0061 mg L-1 H3BO3; 0.14 mg 

L-1 ZnSO4·7H2O; 0.0025 mg L-1 CuSO4·5H2O; 0.556 mg L-1 Na2MoO4·2H2O; 2.38 mg L-1 

NiCl2·6H2O; and 0.263 mg L-1 Na2SeO3·5H2O. Synthetic wastewater was prepared once a week 

in a 1 m3 tank, supplying both reactors at a flow rate of 70 L d-1 which resulted in an HRT of 0.23 

d (i.e., 5.5 h). Air was supplied through two AP-100 Pondmaster air pumps (Pet & Ponds, Ontario, 

Canada) and DO concentrations were maintained at saturation. According to typical design values 

reported by di Biase et al. (2019, see Chapter 2), the SALR was maintained between 15 and 20 g-

BOD5 m-2d-1 for both HR-MBBRs. The average OLR was 2.0 ± 0.5 kg-bCOD m-3 d-1 while the 

average SALR was 17.5 ± 3.5 g-bCOD m-2 d-1. Both reactors were operated at similar conditions 

(e.g., SALR, and HRT) for 40 days before a nominal biofilm retention time was applied.  

 Nominal biofilm retention time control strategies 

Both reactors were initially operated as conventional MBBRs and, therefore, represented control 

reactors; that is, as no biocarrier replacement rates were applied, the reactors did not have an 

imposed nominal biofilm SRT. The conventional MBBRs were run until steady-state conditions 

were achieved at which point steady-state testing could be conducted. The control reactors were 

considered to have reached steady-state when weekly measurements of the biofilm concentrations 

were found to have no statistically significant difference (i.e., p-value > 0.05). Once the control 

reactors were sufficiently analyzed, two strategies of manipulating biocarriers were employed to 

control the biofilm SRT:  partial (60 %) and complete (100 %) biofilm removal. Both approaches 

were chosen to assess biofilm and suspended biomass characteristics (e.g., performance, 

distribution, activity, etc.). These strategies involved the withdrawal, treatment, and replacement 
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of 458 biocarriers (i.e., 20 % FF with 3.2 L of biocarriers) from each reactor at defined biocarrier 

replacement rates which corresponded to comparable nominal biofilm SRTs of 8, 6, 4, and 2 days. 

It was determined that a duration four times that of the nominal biofilm SRT was required to reach 

steady-state conditions.  

Complete biofilm removal, 100 % strategy, was simulated by removing a set number of biocarriers 

from the reactor and replacing them with virgin media. Hence, the total number of biocarriers in 

the reactor was divided by the desired nominal biofilm SRT (i.e., 8, 6, 4, and 2 days). This strategy 

resulted in a withdrawal rate of 57, 76, 114, 229 biocarriers d-1, respectively.  

For the second strategy, an ex-situ chemical treatment was employed to partially remove biofilm 

by exposing biocarriers to a pH 12 alkali solution. Different biocarrier withdrawal rates were 

employed to achieve biofilm removal during the ex-situ treatment. The methodology used to 

detach biofilm is reported in Appendix and resulted in 60 to 70 % biofilm detachment potential. 

Hence, for partial removal of biofilm, a conservative 60 % removal was used in calculating the 

quantity of biocarriers treated and replaced per day. The ex-situ treatment consisted of 

withdrawing the biocarriers and distributing them into 1 L beakers which were then filled with an 

alkaline solution (i.e., 12 pH) and mixed for 40 minutes at 30 rpm – see Appendix. The alkali 

solution was decanted and the treated biocarriers were rinsed three times with deionized water to 

bring the pH to neutrality (i.e., 7.5 ± 0.5) before placing them back into the reactor, thereby 

avoiding any pH impact on reactor operations. The number of biocarrier to be withdrawn was 

calculated by dividing the rate of biocarriers withdrawn in the previous strategy (e.g., 57 for a SRT 

of 8 days) by 0.6, the treatment efficiency. Thus, to produce nominal biofilm SRTs of 8, 6, 4, and 

2 days, the number of biocarriers withdrawn was 95, 127, 191, and 381 biocarriers d-1, respectively, 

which allowed for direct comparisons to be made with the previous strategy.  
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 Kinetic tests and analytical methods 

Once steady-state conditions defined as no statistical difference in biofilm concentration 

measurements in the control reactor and four times that of the nominal biofilm SRT in the two 

strategies were achieved, kinetic tests were performed. The tests were conducted on the biocarriers 

and suspended solids withdrawn from both reactors to quantify specific removal rates (i.e., g-COD 

g-VSS-1 d-1) and surface area removal rates (i.e., g-COD m-2 d-1). Total suspended solids and VSS 

were analyzed in triplicated samples per experiment and in accordance with Standard Methods 

(APHA, AWWA, WEF, 2017). Biofilm solids were quantified with at least two biocarriers over 

five replicates. Biofilm was manually removed from each biocarrier with a small brush 

periodically rinsed with deionized water and collected in a 100 mL beaker. The total solids and 

volatile solids of biofilm were quantified by filtering the diluted biofilm samples through a 

crucible.  

Kinetic tests were performed in 1 L beakers in which a Marina 50 air pump (Pet&Ponds, Canada) 

supplied air through a fine bubble diffuser. Thirty biocarriers were randomly selected and removed 

from each reactor and distributed equally amongst three 1 L beakers to assess biofilm activity. 

Another three breakers were equally filled with 1 L of mixed liquor from each reactor to assess 

suspended biomass activity. Micronutrients stock solution to not limit microbial activity and 1 

gram of yeast extract (Sigma-Aldrich, Canada) as a source of organic carbon were added to each 

beaker. With samples collected every hour for a total of 5 hours, TCOD and ffCOD were quantified 

according to Standard Methods (APHA, AWWA, WEF, 2017).  

 Solids mass balance and solids retention time 

Mass balances for solids were developed during steady-state conditions at each biocarrier 

replacement rate for both the 60 % and 100 % biofilm removal reactors, as well as the control 
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reactor. The mass balances approach to determine solids within the reactor, effluent, and waste 

streams are reported in Appendix. The mass of solids in the influent was considered negligible 

since the synthetic wastewater consisted of soluble compounds. 

The mass of biofilm was calculated by multiplying the number of biocarriers in the reactors, n (i.e., 

458), by the average steady-state concentrations of biofilm solids, XB, as g-TSS per biocarrier unit 

at each nominal biofilm SRT for both 60 % and 100 % biofilm removal from daily biocarriers 

replaced, as well as from the control reactor – Eq. 5.1.  

Mass of biofilm (M , g-TSS ) = n ∗ X              (5.1) 

The mass of solids removed and, therefore, wasted was calculated by multiplying the number of 

biocarriers removed per day, m, by the average steady-state concentrations of biofilm solids, XB, 

by the biofilm removal efficiency, Ewasting, as a proportion (i.e., 0.6 or 1.0 for 60 % or 100 % 

biofilm removal, respectively) – Eq. 5.2.   

Mass of waste (M , g-TSS d ) = m ∗  X ∗ E               (5.2) 

Finally, the mass of effluent solids was calculated by multiplying the effluent solids concentration, 

XE, in g-TSS L-1 by the flow, Q, in L d-1 (i.e., 70) – Eq. 5.3. 

Mass effluent (M , g-TSS d ) = Q ∗ X              (5.3) 

The observed sludge yield, Yobs, was calculated using the established mass balance terms, the 

influent concentration of COD, CODinf, and the effluent concentration of ffCOD, sCODeff, 

in g-COD L-1 – Eq. 5.4. 

Observed yield Y , g-TSS g-COD =
M + M

(COD  − sCOD  ) ∗ Q 
              (5.4) 

The influent and effluent concentrations in Equation 5.4 were the average values determined 

during steady-state conditions.  
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 Biofilm solids retention time calculations 

The solids retention time of biofilm was calculated using the previously described mass balance 

values at all nominal biofilm SRTs, as well as for the control reactors (i.e., unmanipulated 

biocarriers). The SRT for biofilm could have been estimated according to Equation 5.5 if and only 

if all effluent solids were those sloughed from the biocarriers.  

SRT (d) =  
n ∗  X

m ∗ X ∗ E + Q ∗ X
              (5.5) 

Where the variables n, XB, m, Ewasting, Q, and XE, were those defined in Section 5.3.4. However, 

in MBBR systems, suspended biomass does not originate solely from sloughed biofilm; it can be 

generated from active suspended microorganisms with growth rates high enough to enable their 

reproduction in bulk-liquid (Piculell et al., 2014). The effluent solids concentration, XE, accounts 

for both solids sloughed off from the biofilm as well as planktonic and flocculent biomass growing 

in the bulk-liquid.   

To accurately calculate the actual biofilm SRT, suspended biomass growing in the bulk-liquid 

needed to be excluded. Hence, suspended biomass production was estimated according to Equation 

5.6, assuming that all substrate was removed by the suspended biomass.  

X  (g-TSS d ) =  
Y ∗ (S − S)

1 + b ∗ SRT
              (5.6) 

Where the true sludge yield, Y, was calculated to be 0.45 g-VSS g-COD-1 and reported in 

Appendix. The biodegradable COD (bCOD) in influent, S0, was assumed as influent TCOD in g 

L-1 since yeast extract was used as the only carbon source. Yeast extract comprised a majority of 

biodegradable material and a fraction of unbiodegradable substrate. Therefore, in Equation 5.6, 

the unbiodegradable fraction was considered negligible. The bCOD, S, was reported as the effluent 

samples’ concentration  of ffCOD in g L-1. The effluent ffCOD also comprised of biodegradable 
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and unbiodegradable components. Effluent unbiodegradable COD consists of residual 

unbiodegradable material and soluble bioproduct which are not biodegradable. As previously 

stated, influent unbiodegradable COD is assumed negligible, therefore, the residual 

unbiodegradable material belonging to influent yeast extract was considered negligible. The decay 

rate, b, was assumed to be 0.12 d-1 at room temperature (Metcalf and Eddy-AECOM, 2014). 

SRTsuspended represented the SRT of suspended biomass assumed equal to HRT in days. 

Equation 5.6 was developed based on the assumption that all substrate was utilized by suspended 

biomass. Kinetic tests performed on biofilm and suspended biomass allowed for the substrate 

consumed from each to be quantified separately. Therefore, the amount of substrate consumed by 

the suspended solids and used towards biomass production was estimated through suspended 

biomass efficiency (i.e., Esuspended) – Equation 5.7. The efficiency of suspended biomass was 

defined as the ratio between maximum specific suspended removal rates (i.e., rmax expressed as g-

COD g-VSSd-1) obtained from kinetic tests over the sum of biofilm and suspended specific 

removal rates.  

E (g-COD g-VSS d ) =  
V ∗ X ∗ r ( )

n ∗ X ∗ r  ( ) + V ∗ X ∗ r ( )
         (5.7) 

Where the variables n, XB, and XE were those defined in Section 5.3.4, and V is reactor volume. 

With an estimation of the suspended biomass production in place (i.e., Equation 5.6 multiplied by 

Esuspended), Equation 5.5 was modified; Equation 5.8 was defined to better estimate the biofilm 

SRT.  

SRT  (d) =  
n ∗  X

m ∗ X ∗ E + Q X −  
Y ∗ (S − S) ∗ E

1 + b ∗ SRT

             (5.8) 
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SRTsuspended in Equation 5.8 was further denoted as the Actual SRTsuspended and defined as the mass 

of effluent solids divided by the mass of effluent solids less the mass of slough – Eq. 5.9. 

Actual SRT  (d) =  
V ∗  X

Q ∗  X −  M
             (5.9) 

Where the variables n, XB, and XE were those defined in Section 5.3.4 and V is reactor volume. 

The mass of solids sloughed from biofilm in bulk-liquid was estimated with Equation 5.10 in 

which the concentration of solids sloughed off is the suspended solids concentration, XE, minus 

the concentration of biomass growing in suspension, Xsuspended, from Equation 5.6.  

M  (g-TSS d ) = Q ∗ X −  
Y ∗ (S − S) ∗ E

1 + b ∗ SRT
             (5.10) 

Consequently, Equation 5.8 was re-written as Equation 5.11 and utilized to calculate the Actual 

SRT of biofilm and further presented in Section 5.4. 

Actual SRT  (d) =  
n ∗  X

m ∗  X ∗ E +  M
             (5.11) 

However, the unknown mass of sloughed solids, Mslough, needed to be determined so that the Actual 

SRTbiofilm could be calculated. Setting the Actual SRTbiofilm from Equation 5.11 equal to the 

SRTbiofilm from Equation 5.8 yielded an equation with two unknown variables, Mslough and 

SRTsuspended – Eq. 5.12.  

n ∗  X

m ∗ X ∗ E + M
=

n ∗ X

m ∗ X ∗ E + Q ∗ X −
Y ∗ (S − S) ∗ E

1 + b ∗ Actual SRT

   (5.12) 

Equation 5.13 was derived by substituting Actual SRTsuspended with the expression from Equation 

5.9, thereby leaving Mslough as the only unknown variable. Finally, the mass of solids sloughed 

could be estimated using Equation 5.14, which is a rearranged and simplified form of Equation 

5.13.  
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n ∗ X

(m ∗  X ∗ E ) + M
=

n ∗ X

(m ∗  X ∗ E) + Q ∗ X −
Y ∗ (S − S) ∗ E

1 + b ∗
V ∗ X

Q ∗  X −  M

        (5.13) 

M  (g-TSS d ) = Q ∗  X − 
Y ∗ (S − S) ∗ E

1 + b ∗
V ∗ X

Q ∗ X − M

             (5.14) 

5.4 Results and Discussion 

 Reactors performance 

The performance of both HR-MBBRs operated at nominal biofilm SRTs with 60 % and 100 % 

biofilm removal strategies compared to a control reactor are presented in Figures 5-1A and 5-1B. 

Figure 5-1A illustrates that soluble COD percent removal were generally greater than 85 % ffCOD, 

independent from the biofilm removal strategy employed. The 60 % biofilm removal strategy 

presented soluble COD percent removals of 95 ± 3, 87 ± 5, 88 ± 6, and 84 ± 11 % at nominal 

biofilm SRTs of 2, 4, 6, and 8 days. Removals were estimated at 93 ± 3, 85 ± 6, 84 ± 11, and 91 ± 

4 % ffCOD with the 100 % biofilm removal strategy at 2, 4, 6, 8 days nominal biofilm SRT. In the 

control reactor, the removal was 90 ± 5 % ffCOD.  

 

Figure 5-1 sCOD percent removal at nominal biofilm SRTs of 2, 4, 6, and 8 days compared to the control (i.e., 
no biocarriers manipulation) in A; Effluent ffCOD and influent TCOD at nominal biofilm SRTs of 2, 4, 6, 

and 8 days compared to the control (i.e., no biocarriers manipulation) in B. 
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The influent TCOD and effluent sCOD results are presented in Figure 5-1B. Comparison of 

effluent sCOD concentrations revealed that, for both biofilm removal strategies, the nominal 

biofilm SRT of 4 days was the only one statistically differing from the control. The p-value for a 

nominal biofilm SRT of 4 days compared to the control were estimated to be 0.046 and 0.004 for 

the 60 % and 100 % biofilm removal strategies, respectively. The remaining replacement rates 

revealed no statistically significant difference (i.e., p-value > 0.05). It was expected that lowering 

the nominal biofilm SRT would have negatively impacted performance, particularly in the 60 % 

removal strategy, due to the side stream alkali treatment of biocarriers and replacement. However, 

the two strategies used to apply nominal biofilm SRTs showed comparable performance towards 

carbon removal potential and effluent ffCOD concentrations, suggesting that, in theory, a nominal 

biofilm SRT lower than 2 days could be applied.  

 Biofilm and suspended solids in 60 % and 100 % biofilm removal strategies 

The concentrations of biofilm per biocarrier for the control and the 60 % and 100 % biofilm 

removal strategies at different nominal biofilm SRTs are reported in Figure 5-2A. The results 

showed that the biofilm concentration could be controlled by manipulating the biocarrier 

replacement rates with a 60 % biofilm removal strategy at different nominal biofilm SRTs. The 

concentration of biofilm ranged from 11 to 13 mg-TSS biocarrier-1 for the 60 % biofilm removal 

strategy, whereas the concentration was 32 ± 3 mg-TSS biocarrier-1 for the control reactors. A 

higher level of variation in concentration was observed for the 100 % biofilm removal strategy. 

The concentration of biofilm per biocarrier with the 100 % biofilm removal strategy was quantified 

at 8 ± 2, 10 ± 1, 13 ± 3, and 11 ± 2 mg-TSS biocarrier-1 at nominal biofilm SRT of 2, 4, 6, and 8 

days, respectively. For the 60 % biofilm removal strategy, the range of nominal biofilm SRT 

examined did not result in significantly different concentrations of biofilm (i.e., p-value > 0.05). 
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However, the variation in concentrations of biofilm solids was determined to be significant for the 

100 % biofilm removal strategy (i.e., p-value < 0.05). 

 

Figure 5-2 Biofilm (A) and suspended (B) solids concentrations at nominal biofilm SRTs of 2, 4, 6, and 8 days 
compared to the control (i.e., no biocarriers manipulation). 

Suspended solids concentrations for the control and both biofilm removal strategies were also 

measured and the results at different nominal biofilm SRTs are presented in Figure 5-2B. 

Suspended solids concentrations were found to be generally higher in the 100 % biofilm removal 

strategy, in comparison to the 60 % biofilm removal strategy. The concentration of effluent 

suspended solids in the reactor employing the 100 % biofilm removal strategy were measured as 

440 ± 10, 350 ± 20, 340 ± 20, and 170 ± 10 mg-TSS L-1 at nominal SRT of 2, 4, 6, and 8 days, 

respectively. The suspended solids concentrations in the MBBRs operated with 60 % biofilm 

removal were 140 ± 20, 210 ± 20, 274 ± 3, 240 ± 20 mg-TSS L-1 at nominal biofilm SRTs of 2, 4, 

6, and 8 days, respectively. The suspended solids concentration in the control samples was 150 ± 

10 mg-TSS L-1.  

The difference in suspended solids as a function of nominal biofilm SRT was determined to be 

significantly different for both biofilm removal strategies (i.e., p-value < 0.05). The 100 % biofilm 

removal strategy, in general, demonstrated a decreasing trend in effluent TSS as the nominal 

biofilm SRT increased. However, the 60 % biofilm removal strategy demonstrated the opposite 
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trend; that is, with the 60 % biofilm removal strategy, effluent TSS levels increased as the nominal 

biofilm SRT increased. The difference in suspended solids concentrations between biofilm 

removal strategies resulted from the fact that a portion of the originally present biofilm was re-

introduced into the system for the 60 % biofilm removal strategy. Therefore, the original biofilm 

matrix remained partially intact, allowing for more rapid cultivation of biofilm on the replaced 

biocarriers when compared to the virgin carriers used in the 100 % removal strategy. Furthermore, 

the alkali treatment used in the 60 % biofilm removal strategy did not completely hinder the 

original biofilm’s capacity for organic carbon removal. Additional results, detailed in Appendix, 

demonstrated that the specific removal rates of organic carbon by biofilm were decreased by 60 % 

after alkali treatment. Hence, returning active cells incorporated into residual biofilm matrix 

resulted in lower effluent TSS. Biofilm and suspended solids concentrations in both removal 

strategies suggested that biofilm could be controlled by employing a 60 % biofilm removal strategy 

that favors both biofilm development and its continuous side stream removal through alkali 

treatment into a WAS stream. Conversely, the 100 % biofilm removal strategy showed that the 

suspended biomass became dominant as the nominal biofilm SRT pressures increased. This 

phenomenon, therefore, revealed that employing this strategy favored carbon sequestration into 

the effluent suspended solids stream. Additionally, as the nominal biofilm SRT increased to 8 days, 

suspended solids concentrations were found to be higher for the 60 % biofilm removal strategy 

compared to 100 % biofilm removal strategy. However, the difference was not significant as 

concentrations were expected to approach measured values in the control reactors as the nominal 

biofilm SRT pressures decreased. 

The distinction between biofilm and suspended solids was more evident when mass fractionation 

of solids in the reactors was considered. Figure 5-3 presents the biofilm and suspended solids mass 
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fractionation in both HR-MBBRs with 60 % biofilm removal (Figure 5-3A) and 100 % biofilm 

removal (Figure 5-3B). The mass of biofilm in the MBBRs with biocarriers subjected to the 60 % 

biofilm removal strategy ranged generally between 60 and 70 % of the total reactor biomass, 

independent from nominal biofilm SRT (i.e., p-value > 0.05) – Figure 5-3A. However, the 100 % 

biofilm removal strategy demonstrated that the suspended solids mass fraction increased as the 

nominal biofilm SRT decreased – Figure 5-3B. The biofilm mass fraction accounted for 30 ± 10, 

47 ± 4, 50 ± 10, and 70 ± 10 % of total reactor solids at a nominal biofilm SRT of 8, 6, 4, and 2 

days, respectively. The biofilm mass fraction in the control reactors accounted for 90 ± 10 % of 

total solids.  

 

Figure 5-3 Biofilm and suspended biomass distribution in reactors utilizing the 60 % biofilm removal 
strategy (A) and 100 % biofilm removal strategy (B) at nominal biofilm SRTs of 2, 4, 6, and 8 days compared 

to the control reactor (i.e., no biocarriers manipulation). 

The 60 % biofilm removal strategy had the benefit of maintaining an active biofilm and biofilm 

matrix which could have been partially extracted during alkali treatment for potential recovery of 

bioproduct in a WAS stream (Sheng et al., 2010). This study did not investigate the types of 

bioproduct available for recovery, and if the type of treatment had an impact on the types of 

bioproduct recovered. For example, whether an acidic treatment would encourage a different type 

of biofilm development than the alkali treatment investigated. However, it was concluded that the 
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60 % biofilm removal strategy allowed for a more significant fraction of solids to be biofilm (e.g., 

active microorganisms, extracellular polymeric substances, etc.) than suspended cultures when 

biofilm retention time was controlled. This was important since the fractionation of solids as either 

biofilm or suspended cultures have the potential to influence the carbon recovery pathways 

utilized, specifically bioproduct recovery versus energy recovery (Cagnetta et al., 2019). 

Conversely, applying the 100 % biofilm removal strategy resulted in higher mass fractions of 

suspended solids, which could have subsequently been separated and diverted to side stream AD 

processes.  

The concentration of effluent solids in conventional A-stage processes (e.g., HRCS, HRAS) 

typically ranges from 0.5 to 1.5 g-TSS L-1 and further thickening is required before AD (Cagnetta 

et al., 2016). The most applicable technology to concentrate A-stage processes efficiently is the 

DAF system in which coagulants (e.g., FeCl3, AlCl3, etc.) could be added to effectively neutralize 

the electrical charge of sludge particles and colloidal material (Cagnetta et al., 2019). Compared 

to conventional secondary clarifiers, DAFs have lower HRTs, better solids separation, and thicken 

the sludge up to 7 % solids (Cagnetta et al., 2019). Alternatively, literature reports the use of 

membrane bioreactors operated as high-rate A-stage processes (Akanyeti et al., 2010; Faust et al., 

2014), although there would be concerns with membrane fouling. Full-scale implementations of a 

100 % biofilm removal strategy could pose difficulties since complete removal of biofilm in ex-

situ treatment has proven to be challenging. Recent studies on biofilm quantification methods from 

Fonseca and Bassin (2019) provide a physicochemical method to achieve complete biofilm 

removal (i.e., exposure to a 40 g-NaOH L-1 solution for 15 minutes at 100 °C, mixed every 5 

minutes).  
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 Biomass kinetics and biofilm SRT 

Maximum specific removal rates for biofilm and suspended solids were obtained from kinetic tests 

and used to generate Figures 5-4A and 5-4B, respectively.  

 

Figure 5-4 Biofilm (A), suspended solids (B), and actual biofilm SRT (C) for the 60 % and 100 % biofilm 
removal strategies at nominal biofilm SRTs of 2, 4, 6, and 8 days compared to the control (i.e., no biocarriers 

manipulation). 
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For both the 60 % and 100 % biofilm removal strategies, the maximum specific removal rate of 

the biofilm decreased as the nominal biofilm SRT increased – Figure 5-4A. A steeper trend in 

biofilm kinetics was observed for the 100 % biofilm removal strategy, compared to the 60 % 

biofilm removal strategy. Biofilm maximum specific removal rates for the 100 % biofilm removal 

strategy were determined to be 10 ± 2, 5 ± 1, 4 ± 1, and 3 ± 1 g-ffCOD g-VSS-1 d-1 at nominal 

biofilm SRTs of 2, 4, 6, and 8 days, respectively. The 60 % biofilm removal strategy resulted in 

maximum specific removal rates of 6 ± 1, 5 ± 1, 3 ± 1, and 3 ± 1 g-ffCOD g-VSS-1 d-1 at nominal 

biofilm SRTs of 2, 4, 6, and 8 days, respectively. The maximum specific removal rate of biofilm 

in the control reactor was 1.1 ± 0.1 g-ffCOD g-VSS-1 d-1. The results demonstrated that it was 

possible to enhance the specific performance of biofilm over the control reactor by approximately 

six times when employing the 60 % biofilm removal strategy at a nominal biofilm SRT of 2 days. 

The specific performance of the biofilm could be further enhanced (i.e., nine times that of the 

control reactor) when the 100 % biofilm removal strategy was utilized at similar nominal biofilm 

SRT. 

As expected, an opposite trend in biomass activity was found for the suspended solids compared 

to biofilm. Kinetics of the suspended solids increased as the nominal biofilm SRT increased until 

plateauing at 6 days, regardless of the biofilm removal strategy employed – Figure 5-4B. The 

maximum suspended solids specific removal rate at a nominal biofilm SRT of 2 days was 

comparable to the control, independent of the biofilm removal strategy employed. The maximum 

suspended solids specific removal rates were 4 ± 1, 5 ± 1, 8 ± 1, and 7 ± 1 g-ffCOD g-VSS-1 d-1 

when biocarriers were subjected to 60 % biofilm removal at nominal biofilm SRTs of 2, 4, 6, and 

8 days, respectively. Maximum suspended solids specific removal rates for the 100 % biofilm 

removal strategy were calculated to be 4 ± 1, 4 ± 1, 8 ± 1, and 8 ± 1 g-ffCOD g-VSS-1 d-1 at nominal 
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biofilm SRTs of 2, 4, 6, and 8 days, respectively. The maximum suspended solids specific removal 

rate in the control was 4.1 ± 0.5 g-ffCOD g-VSS-1 d-1. The suspended solids activity was larger 

than the biofilm activity at higher nominal biofilm SRTs, regardless of the biofilm removal strategy 

employed.  

In MBBR systems, suspended biomass is always present but its contribution to the overall system 

performance depends on operational conditions such as SALR and HRT (Piculell et al., 2014). 

There a several ways in which these operational conditions could impact the amount and activity 

of suspended biomass. For example, Piculell et al. (2014) reported that biofilm is diffusion limited 

at high SALRs and that solids detaching from biofilm likely remain active. Therefore, detached 

solids could act as a seeding method for suspended solids, even at low HRTs, and would indicate 

a low suspended solids SRT and high washout rate of the suspended biomass. This phenomenon 

explains the elevated suspended solids activity observed at higher nominal biofilm SRTs, 

compared to biofilm activity. However, a shift in the distribution of activity was observed as the 

nominal biofilm SRT was decreased. Biofilm was more active than suspended biomass at lower 

SRTs, independent from the biofilm removal strategy utilized. This suggested that lowering the 

nominal biofilm SRT minimized the seeding effect of active biomass from biofilm to bulk-liquid. 

Actual biofilm SRT was calculated for all conditions using Equation 11 and presented in Figure 

5-4C. The 60 % biofilm removal strategy did not significantly influence actual biofilm SRTs, 

exhibiting a slight decrease from 13 ± 2 h at 2 days to 11 ± 2 h at 8 days nominal biofilm SRT. 

However, the actual biofilm SRT for the 100 % biofilm removal strategy increased exponentially 

from 3 ± 1 h at 2 days to 21 ± 4 h at 8 days nominal biofilm SRT. It was expected that by lowering 

the biofilm SRT the biosorption capability would increase. Several studies have shown that the 

observed sludge yield increased by operating at lower SRTs of 2 to 15 h in HRAS and HRCS 
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systems (de Graaff et al., 2016; Jimenez et al., 2015; Rahman et al., 2019). The sludge produced 

as a part of the observed sludge yield at low SRTs includes the adsorbed particulate and colloidal 

organic matter, intracellular stored carbon, and microbial growth and decay products (Rahman et 

al., 2017).  

Table 5-1 Comparison of different A-stage processes in terms of OLR, SALR, SRT, and observed yield. 

Reactor Influent 
OLR (kg-TCOD m-3 d-1) 
SALR (g-TCOD m-2 d-1) 

SRT 
(h) 

Observed yield 
(g-TSS g-CODremoved

-1) 
Reference 

CAS 

Synthetic 

1.0  
N.A. 

240 0.2 ± 0.2 

Meerburg et al. 
(2015) 

 

CS 288 0.2 ± 0.2 

HRAS 
9.1 

N.A. 

31 0.3 ± 0.1 
10 0.4 ± 0.1 

HRCS 
24 0.5 ± 0.1 
26 0.8 ± 0.2 

HRAS PE 
23.0 
N.A. 

2.4 0.5 ± 0.1 
Jimenez et al. 

(2015) 
 

7.2 0.5 ± 0.1 
12 0.5 ± 0.1 
24 0.4 ± 0.1 
48 0.3 ± 0.1 

HR-MBBR PE 
0.7  

14 ± 4  
29 0.4 g-VSS g-COD-1 

Kowalski et al. 
(2019) 

HR-MBBR 

100 % 
biofilm 
removal 

2.0 ± 0.1  
17 ± 1  

3 1.1 ± 0.3 

This study 

2 ± 1  
16 ± 4  

6 0.9 ± 0.3 

2 ± 1  
15 ± 5  

8 0.9 ± 0.5 

2 ± 1  
15 ± 5  

21 0.4 ± 0.3 

60 % biofilm 
removal 

2.0 ± 0.1  
17 ± 1  

13 0.4 ± 0.1 

2.0 ± 0.4 
17 ± 3 

11 0.6 ± 0.2 

2 ± 1 
16 ± 4  

11 0.8 ± 0.2 

2 ± 1 
16 ± 5 

11 0.7 ± 0.3 

 
Table 5-1 compares different high-rate A-stage processes in terms of OLR, SRT, and observed 

sludge yield (g-TSS g-CODremoved
-1). Meerburg et al. (2015) compared CAS and CS reactors to 

similar processes operated at higher loading rates and lower sludge age to treat synthetic 

wastewater. The observed sludge yield was measured to be higher in high-rate systems compared 
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to conventional treatments. The effect of SRT on the observed sludge yield at high-rate conditions 

(i.e., 23 kg-TCOD m-3 d-1) was also identified in studies conducted by Jimenez et al. (2015). 

Observed sludge yields estimated in HR-MBBRs operated with a SALR of 17 ± 4 g-bCOD m -2 d-

1, an actual biofilm SRT of 12 ± 1 h, and employing the 60 % biofilm removal strategy ranged 

between 0.4 to 0.75 g-TSS g-CODremoved
-1 which agreed with values reported in literature 

(Meerburg et al., 2016). In the HR-MBBRs operated with the 100 % biofilm removal strategy, the 

observed sludge yield was found to be higher than the 60 % biofilm removal strategy due to the 

lower actual SRTs and higher mass fractionation of suspended solids. At actual SRTs of 

approximately 8, 5, and 3 hours, the observed yields were estimated as 0.9 ± 0.5, 0.9 ± 0.3, and 

1.1 ± 0.3 g-TSS g-CODremoved
-1, respectively, when by employing the 100 % biofilm removal 

strategy.  

Operating at a low SRT is a well-known practice that improves the overall carbon capture by 

achieving high observed sludge yields, therefore, enhancing sludge degradability and, ultimately, 

AD (Ge et al., 2017, 2013; Meerburg et al., 2015). Recent research from Guven et al. (2019b, 

2019a) has demonstrated the potential to further improve the AD of A-stage sludge through co-

digestion with organic food waste. Finally, digestate from high-rate A-stage processes were 

reported to be potentially reusable as biochar (Nansubuga et al., 2015). Instead of digesting wasted 

biomass, another feasible option could be to direct bioproduct recovery (e.g., protein) in the case 

of a 60 % biofilm removal strategy.  

5.5 Conclusion 

This study proves the potential of an HR-MBBR as an A-stage process in redirecting organic 

carbon and provides strategies to control biofilm solids retention time. Applying a nominal biofilm 

SRT of 2 days allowed the control of actual biofilm SRT at 12 hours with a 60 % biofilm removal 
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strategy and less than 3 hours using a 100 % biofilm removal strategy. The latter strategy in which 

the observed sludge yield increased as the nominal biofilm SRT decreased, favored carbon 

redirection. In general, decreasing the nominal biofilm SRT (i.e., from 8 to 6, 4, and 2 days) by 

employing different biocarrier replacement rates significantly reduced suspended solids activity, 

thereby favoring the sequestration of organic carbon into the biofilm and further enabling energy 

recovery.  

5.6 References 

Akanyeti, I., Temmink, H., Remy, M., Zwijnenburg, A., 2010. Feasibility of bioflocculation in a 
high-loaded membrane bioreactor for improved energy recovery from sewage. Water Sci. 
Technol. 61, 1433–1439. https://doi.org/10.2166/wst.2010.032 

APHA, AWWA, WEF, 2017. Standard Methods - Examination of water and wastewater. 
American Public Health Association, American Water Works Association, Water 
Environment Federation. 

Bassin, J.P., Dias, I.N., Cao, S.M.S., Senra, E., Laranjeira, Y., Dezotti, M., 2016. Effect of 
increasing organic loading rates on the performance of moving-bed biofilm reactors filled 
with different support media: Assessing the activity of suspended and attached biomass 
fractions. Process Saf. Environ. Prot. 100, 131–141. 
https://doi.org/10.1016/j.psep.2016.01.007 

Cagnetta, C., Coma, M., Vlaeminck, S.E., Rabaey, K., 2016. Production of carboxylates from high 
rate activated sludge through fermentation. Bioresour. Technol. 217, 165–172. 
https://doi.org/10.1016/j.biortech.2016.03.053 

Cagnetta, C., Saerens, B., Meerburg, F.A., Decru, S.O., Broeders, E., Menkveld, W., 
Vandekerckhove, T.G.L., De Vrieze, J., Vlaeminck, S.E., Verliefde, A.R.D., De Gusseme, 
B., Weemaes, M., Rabaey, K., 2019. High-rate activated sludge systems combined with 
dissolved air flotation enable effective organics removal and recovery. Bioresour. Technol. 
291, 121833. https://doi.org/10.1016/j.biortech.2019.121833 

de Graaff, M.S., van den Brand, T.P.H., Roest, K., Zandvoort, M.H., Duin, O., and van Loosdrecht, 
M.C.M. van, 2016. Full-Scale Highly-Loaded Wastewater Treatment Processes (A-Stage) to 
Increase Energy Production from Wastewater: Performance and Design Guidelines. Environ. 
Eng. Sci. 33. 

Dezotti, M., Geraldo, L., Bassin, J.P., 2017. Advanced Biological Processes for Wastewater 
Treatment. 

di Biase, A., Devlin, T., Oleszkiewicz, J., 2016. Start-Up of an Anaerobic Moving Bed–Biofilm 
Reactor and Transition to Brewery Wastewater Treatment. J. Environ. Eng. 142, 1-12. 



di Biase, A., Kowalski, M.S., Devlin, T.R., Oleszkiewicz, J.A., 2020. Controlling biofilm retention time in an A-stage high-rate moving bed 
biofilm reactor for organic carbon redirection. Science of Total Environment. 745,141051. https://doi.org/10.1016/j.scitotenv.2020.141051 

142 

di Biase, A., Kowalski, M.S., Devlin, T.R., Oleszkiewicz, J.A., 2019. Moving bed biofilm reactor 
technology in municipal wastewater treatment: A review. J. Environ. Manage. 247, 849–866. 
https://doi.org/10.1016/j.jenvman.2019.06.053 

Faust, L., Temmink, H., Zwijnenburg, A., Kemperman, A.J.B., Rijnaarts, H.H.M., 2014. High 
loaded MBRs for organic matter recovery fromsewage: Effect of solids retention time on 
bioflocculation and on the role of extracellular polymers. Water Res. 56, 258–266. 
https://doi.org/10.1016/j.watres.2014.03.006 

Fonseca, D.L., Bassin, J.P., 2019. Investigating the most appropriate methods for attached solids 
determination in moving-bed biofilm reactors. Bioprocess Biosyst. Eng. 
https://doi.org/10.1007/s00449-019-02182-x 

Ge, H., Batstone, D.J., Keller, J., 2013. Operating aerobic wastewater treatment at very short 
sludge ages enables treatment and energy recovery through anaerobic sludge digestion. Water 
Res. 47, 6546–6557. https://doi.org/10.1016/j.watres.2013.08.017 

Ge, H., Batstone, D.J., Mouiche, M., Hu, S., Keller, J., 2017. Nutrient removal and energy recovery 
from high-rate activated sludge processes – Impact of sludge age. Bioresour. Technol. 245, 
1155–1161. https://doi.org/10.1016/j.biortech.2017.08.115 

Gude, V.G., 2015. Energy and water autarky of wastewater treatment and power generation 
systems. Renew. Sustain. Energy Rev. 45, 52–68. https://doi.org/10.1016/j.rser.2015.01.055 

Guven, H., Ersahin, M.E., Dereli, R.K., Ozgun, H., Isik, I., Ozturk, I., 2019a. Energy recovery 
potential of anaerobic digestion of excess sludge from high-rate activated sludge systems co-
treating municipal wastewater and food waste. Energy 172, 1027–1036. 
https://doi.org/10.1016/j.energy.2019.01.150 

Guven, H., Ozgun, H., Ersahin, M.E., Dereli, R.K., Sinop, I., Ozturk, I., 2019b. High-rate activated 
sludge processes for municipal wastewater treatment: the effect of food waste addition and 
hydraulic limits of the system. Environ. Sci. Pollut. Res. 26, 1770–1780. 
https://doi.org/10.1007/s11356-018-3665-8 

Jimenez, J., Miller, M., Bott, C., Murthy, S., De Clippeleir, H., Wett, B., 2015. High-rate activated 
sludge system for carbon management - Evaluation of crucial process mechanisms and design 
parameters. Water Res. 87, 476–482. https://doi.org/10.1016/j.watres.2015.07.032 

Kinyua, M.N., Elliott, M., Wett, B., Murthy, S., Chandran, K., Bott, C.B., 2017. The role of 
extracellular polymeric substances on carbon capture in a high rate activated sludge A-stage 
system. Chem. Eng. J. 322, 428–434. https://doi.org/10.1016/j.cej.2017.04.043 

Kowalski, M.S., Devlin, T.R., di Biase, A., Oleszkiewicz, J.A., 2019. Effective nitrogen removal 
in a two-stage partial nitritation-anammox reactor treating municipal wastewater – Piloting 
PN-MBBR/AMX-IFAS configuration. Bioresour. Technol. 289, 121742. 
https://doi.org/10.1016/j.biortech.2019.121742 

Meerburg, F.A., Boon, N., Van Winckel, T., Pauwels, K.T.G., Vlaeminck, S.E., 2016. Live fast, 
die young: Optimizing retention times in high-rate contact stabilization for maximal recovery 
of organics from wastewater. Environ. Sci. Technol. 50, 9781–9790. 



di Biase, A., Kowalski, M.S., Devlin, T.R., Oleszkiewicz, J.A., 2020. Controlling biofilm retention time in an A-stage high-rate moving bed 
biofilm reactor for organic carbon redirection. Science of Total Environment. 745,141051. https://doi.org/10.1016/j.scitotenv.2020.141051 

143 

https://doi.org/10.1021/acs.est.6b01888 

Meerburg, F.A., Boon, N., Van Winckel, T., Vercamer, J.A.R., Nopens, I., Vlaeminck, S.E., 2015. 
Toward energy-neutral wastewater treatment: A high-rate contact stabilization process to 
maximally recover sewage organics. Bioresour. Technol. 179, 373–381. 
https://doi.org/10.1016/j.biortech.2014.12.018 

Metcalf and Eddy-AECOM, 2014. Wastewater Engineering: Treatment and Resource Recovery. 
McGraw-Hill Education, New York, NY 10121. 

Nansubuga, I., Banadda, N., Ronsse, F., Verstraete, W., Rabaey, K., 2015. Digestion of high rate 
activated sludge coupled to biochar formation for soil improvement in the tropics. Water Res. 
81, 216–222. https://doi.org/10.1016/j.watres.2015.05.047 

Nogaj, T.M., Rahman, A., Miller, M.W., Jimenez, J.A., Bott, C., Randall, A.A., 2019. Soluble 
substrate removal determination through intracellular storage in high-rate activated sludge 
systems using stoichiometric mass balance approach. N. Biotechnol. 52, 84–93. 
https://doi.org/10.1016/j.nbt.2019.05.005 

Ødegaard, H., 2006. Innovations in wastewater treatment: –the moving bed biofilm process. Water 
Sci. Technol. 53, 17. https://doi.org/10.2166/wst.2006.284 

Piculell, M., Welander, T., Jon  ̈ sson, K., 2014. Organic removal activity in biofilm and suspended 
biomass fractions of MBBR systems. Water Sci. Technol. 69, 55–61. 
https://doi.org/10.2166/wst.2013.552 

Rahman, A., De Clippeleir, H., Thomas, W., Jimenez, J.A., Wett, B., Al-Omari, A., Murthy, S., 
Riffat, R., Bott, C., 2019. A-stage and high-rate contact-stabilization performance 
comparison for carbon and nutrient redirection from high-strength municipal wastewater. 
Chem. Eng. J. 357, 737–749. https://doi.org/10.1016/j.cej.2018.09.206 

Rahman, A., Meerburg, F.A., Ravadagundhi, S., Wett, B., Jimenez, J., Bott, C., Al-Omari, A., 
Riffat, R., Murthy, S., De Clippeleir, H., 2016. Bioflocculation management through high-
rate contact-stabilization: A promising technology to recover organic carbon from low-
strength wastewater. Water Res. 104, 485–496. https://doi.org/10.1016/j.watres.2016.08.047 

Rahman, A., Yapuwa, H., Baserba, M.G., Rosso, D., Jimenez, J.A., Bott, C., Al-Omari, A., 
Murthy, S., Riffat, R., Clippeleir, H. De, 2017. Methods for quantification of biosorption in 
high-rate activated sludge systems. Biochem. Eng. J. 128, 33–44. 
https://doi.org/10.1016/j.bej.2017.09.006 

Sancho, I., Lopez-Palau, S., Arespacochaga, N., Cortina, J.L., 2019. New concepts on carbon 
redirection in wastewater treatment plants: A review. Sci. Total Environ. 647, 1373–1384. 
https://doi.org/10.1016/j.scitotenv.2018.08.070 

Sheng, G., Yu, H., Li, X., 2010. Extracellular polymeric substances (EPS) of microbial aggregates 
in biological wastewater treatment systems : A review. Biotechnol. Adv. 28, 882–894. 
https://doi.org/10.1016/j.biotechadv.2010.08.001 

 



 

144 

 OVERVIEW AND CONCLUSIONS 

6.1 Final summary 

The primary objective of the thesis was to develop an HR-MBBR for carbon redirection by 

separately controlling SRT of biofilm and suspended biomass. The complete removal of biofilm 

from surfaces from medical equipment (e.g., catheters) or from engineering applications (e.g., 

probes fouling) is challenging. However, implementing biofilm SRTs in a MBBR system poses a 

different problem that must be solved: a methodology to partially remove biofilm preserving 

biological activity and its application in biofilm SRT control. On the other hand, operating systems 

in high rate conditions (i.e., high loading, low SRT and HRT) consistently impact heterotrophic 

biomass independent from the employed technology (e.g., HRAS, HR-MBBR). In “pure MBBR” 

systems operated for carbon removal and sequestration, heterotrophic biomass is present both 

attached on biocarriers and suspended as either detached biofilm or freely growing. It is well 

established that suspended biomass is generally kinetically limited and biofilm reactors are 

generally diffusion limited (Boltz et al., 2012). Depending on the HRT and SRT, the performance 

of biofilm and suspended biomasses may vary. Hence, to meet the primary objective of the 

thesis: (1) biofilm model calibration/validation as well as model verification was conducted to 

understand the interaction between biofilm and suspended solids (Chapter 3); (2) a method for 

harvesting biofilm and controlling SRT (Chapter 4); and (3) a controlled strategy of biofilm SRT 

in HR-MBBRs was studied (Chapter 5).  

Designing a MBBR system through biofilm model prediction using software is challenging due to 

the system’s biomass distribution (i.e., biofilm and suspended biomass) which cannot be modeled 

using either activated sludge or fixed film models. With currently available software, there is no 

distinction between kinetic and stochiometric parameters for biofilm or suspended biomass. Both 
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biomass types are described within an ASDM. The influence of suspended biomass on overall 

system performance is greater in HR-MBBRs used for carbon management than in typical “pure 

MBBR” systems operated at lower SALRs. Therefore, it was necessary to provide supportive 

evidence by means of biofilm modeling as to whether or not the parameters utilized to describe 

suspended biomass are applicable in predicting biofilm performance (Chapter 3). To evaluate the 

performance, kinetics, and stoichiometry of both biofilm and suspended biomass fractions, three 

HR-MBBRs were operated at constant SALRs with different HRTs. Steady-state simulations using 

a BiowinTM 6.0 biofilm model were conducted to calibrate/validate parameters for two scenarios 

(i.e., the highest HRT and the lowest HRT). Calibrated/validated parameters were subsequently 

verified using (1) steady-state simulations to verify the modelled performance of the two remaining 

HRTs not used for calibration/validation, and (2) dynamic simulations to verify the kinetic rates 

of attached and suspended biomass fractions at all three HRTs. Results showed that, although a 

biofilm model could be calibrated/validated for a single HRT, it could not accurately predict the 

performance, kinetics, or stoichiometry of other HRTs.  

It was necessary to define a simple, applicable methodology to control the biofilm retention time 

and maintain biofilm performance for A-stage carbon redirection (Chapter 4). The methodology 

employed was based on the physicochemical treatment of biofilm and its impact on biofilm 

detachment. Biofilm detachment at different mixing intensities (i.e., 30 to 120 rpm), FFs 

(i.e., 20 to 100 %), and pH levels (i.e., 2 to 12) were evaluated. Two continuously operating 

MBBRs were subjected to pH shocks of 2 and 12 to evaluate the impact of residual acidic or alkali 

compounds on reactor performance. The highest solids detachment (i.e., 65 – 75 %) was found in 

alkaline conditions, independent from mixing intensity and FFs. Biofilm detachment in alkaline 

conditions plateaued within 40 minutes, significantly slower than the 5 minutes observed in acidic 
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conditions, during which the overall biofilm detachment was higher. The kinetic batch tests 

revealed that the residual biomass activity was reduced by 60 % in alkaline conditions and 90 % 

in acidic conditions. Continuously operating HR-MBBRs subjected to pH shocks of 2 and 12 

demonstrated the capability of soluble COD removal reduced by a 50 % within one hydraulic 

retention time, independent of the pH.  

Finally, it was necessary to substantiate the potential of HR-MBBRs as A-stage process in 

redirecting carbon to sidestream and downstream processes for energy and/or bioproduct recovery 

(Chapter 5). This was achieved by controlling the SRT of biofilm with the methodology previously 

developed (i.e., 60 % removal) and with a 100 % biofilm removal scenario at different nominal 

biofilm solids retention times (i.e., 8, 6, 4, and 2 days) compared to a control reactor without  

biofilm removal. The variation of biofilm and suspended solids concentrations, mass balances, and 

specific removal rates were defined, whereas the actual biofilm SRT and observed yields were 

determined. The results demonstrated that suspended solids activity could be reduced by 

decreasing the nominal biofilm solids retention time. At a nominal biofilm solids retention time of 

2 days, the actual biofilm SRT was 12 h in the 60 % biofilm removal strategy and less than 3 h 

when utilizing the 100 % biofilm removal strategy. In the control reactor with no biofilm removal, 

the estimated biofilm SRT was 2 days. Overall, the biofilm removal strategies favored carbon 

redirection and up to a maximum yield to 1.1 ± 0.3 g-TSS g-COD-1 removed.  

6.2 Engineering Significance  

 Biofilm and suspended biomass modelling consideration in HR-MBBRs 

Software simulators are used in predicting system performance with the assumption that, when 

designing MBBRs, biofilm is solely responsible for overall microbial activity (Piculell et al., 

2014). These software simulators use ASDM to describe kinetics and stoichiometry independent 
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of whether the biomass is biofilm or suspended in nature. However, the performance, biofilm, and 

suspended biomass specific removal rates depend on operational conditions such as HRT, SALR, 

and biofilm and suspended biomass SRT. In “pure MBBR” systems, suspended solids (XE) 

comprise both detached solids (Xslough) from biofilm (XB) and suspended solids freely growing in 

suspension (Xsuspended), as presented in Figure 6-1. In thesis work on modeling “pure MBBR” 

systems it is assumed that incoming solids concentration (X0) is negligible. Depending on 

operational conditions, biomass sloughed from biofilm that has a sufficient growth rate to 

overcome the HRT pressure to washout (i.e., OHO) could establish itself in bulk-liquid.  

 

Figure 6-1 “Pure MBBR” mass balance 

At low SALRs and therefore high HRTs, biofilm is completely penetrated by the substrate and 

complete oxidation of organic matters takes place in the biofilm, thereby leaving suspended solids 

mostly comprised of detached, inert, and decayed bioproducts. At these conditions, the assumption 

of all activity occurring in the biofilm may be correct since suspended solids are inactive. The 

contribution of suspended biomass towards overall performance could therefore be neglected since 

organic carbon oxidation is predominantly performed by the biofilm. At these conditions, biofilm 

SRT is in the order of several days leading to reduced thickness and low yields.  

At high loading rates and therefore low HRTs, however, biofilm is diffusion-limited due to the 

abundant substrate and greater biofilm stratification resulting in high thickness. Hence, elevated 

levels of active solids detaching from the biofilm could establish themselves, freely grow in 
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suspension, and significantly contribute to the overall performance of the reactor. Thesis research 

reported in Chapter 3 demonstrated that in HR-MBBRs both biofilm and suspended biomass are 

contributing to overall performance of the reactor. By applying similar SALRs and steadily 

increasing the hydraulic pressure (i.e., 11 to 2.8 hours HRT), results showed that specific 

suspended biomass removal rates did not significantly change. The increase in hydraulic pressure 

also resulted in a shift in solids distribution favoring biofilm over suspended biomass. These two 

findings suggested that it was possible to decrease the substrate availability freely growing 

microorganisms by decreasing the SRTsuspended (i.e., lowering HRT) and favoring biofilm 

establishment. Consequently, both the mass of effluent solids and observed yield increased 

showing the redirection of organic carbon into biomass buildup versus oxidation through 

respiration.  

Simulating different scenarios in HR-MBBR, such as a change in HRT, resulted in inaccurate 

predictions of performance due to the differences in kinetics and/or stoichiometric parameters of 

biofilm compared to activated sludge. However, biofilm model could be calibrated/validated 

reliably describing reactor performance at each condition individually considered. Failure to 

predict system performance with calibrated/validated values for one HRT that are then verified 

with the remaining HRTs is attributed to the reduced flexibility of biofilm models. Organic carbon 

utilization through biomass growth or its oxidation was incorrectly predicted by the model because 

of attached and suspended biomass parameters such as the growth rates and yield changes at 

different operational conditions. The inability to separate kinetic and stoichiometric parameters for 

biofilm and suspended biomass also led to the failure in describing the experimentally measured 

biofilm and suspended specific removal rates. The biofilm and suspended removal rates are highly 

dependent on operational parameters such as the SALR and HRT. Hence, kinetic and 
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stoichiometric parameters for biofilm and suspended biomass must be considered separately based 

on the physical phenomenon of diffusion rather than assuming and/or modifying these parameters 

to artificially match different observed removal rates. ASDM performance is verified through 

steady-state simulations and employs specific removal rates through dynamic verification; results 

demonstrated that ASDM have inherent flaws in predicting performance, kinetics and/or 

stoichiometry of MBBRs operated at high SALRs.  

 High rate activated sludge vs high rate moving bed biofilm reactor 

This thesis identified the potential of an HR-MBBR as an A-stage process for carbon redirection 

through either bioproducts recovery and/or energy recovery. Carbon redirection can be achieved 

by implementing a high OLR, low HRT, and low SRT. These three operational parameters are 

important to achieve a suitable degree of carbon sequestration over carbon oxidation, thereby 

allowing for carbon redirection. Operating at a high OLR, low HRT, and low SRT is well known 

to improve the overall carbon capture in high-rate suspended biomass processes (e.g., HRAS) 

achieving high yields while enhancing sludge degradability and, therefore, improving biogas 

production in AD. Biofilm based technologies such as MBBRs can be operated at high organic 

loading rates where, in this case, a more appropriate load unit is the surface area available for 

biofilm development (i.e., SALR) instead of volumetric loading rate. At high SALRs, the biofilm 

is diffusion-limited and solids detaching from the biofilm are likely active in the bulk-liquid, even 

at low HRTs. Lowering the HRT in a MBBR may have the benefit of lowering the suspended 

biomass retention time and minimizing its contribution to overall reactor performance through its 

washout (Piculell et al., 2014). At low SALRs and therefore high HRTs, the biofilm is fully 

penetrated by the substrate and the solids detaching from the biofilm are typically inert and 

decayed material. Lowering the SRT of OHO in suspended biomass has demonstrated carbon 
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oxidation shifting to its sequestration by way of increased yields in HRAS (Guven et al., 2019). 

Table 6-1 presents typical HRAS and HR-MBBR design parameters from literature and 

advancements achieved through this thesis work. Loading rates and HRTs are comparable in 

HRAS and HR-MBBRs, however, the HR-MBBR relies on two biomasses contributing to the 

overall reactor performance (i.e., biofilm and suspended). To successfully implement carbon 

redirection in an HR-MBBR, it is necessary to lower biofilm SRT and reduce suspended biomass 

activity to enhance organic carbon sequestration in EPSs over its oxidation. This thesis work 

resulted in achieving both of these aspects which had a consistent influence on the organic carbon 

redirection potential. As presented in Table 6-1, by controlling biofilm SRT in an HR-MBBR, the 

observed yields defined in Chapter 5 resulted in values higher than those reported in HRAS.  

Table 6-1 HRAS and HR-MBBR operational characteristics 

Parameter  HRAS HR-MBBR Units Reference 

Volumetric organic loading rates  10 – 21 2 – 30 kg-COD m-3 d-1 
Guven et al. (2019) 
(Dezotti et al., 2017) 
Chapter 2 

Surface area loading rates - 65 – 85 kg-COD m-2 d-1 (Ødegaard, 2006) 

SRTs 2 – 15 3 – 20* h 
Guven et al. (2019); 
Chapter 5 

HRTs 0.5 – 1 0.25 – 0.5 h 
Dezotti et al. (2011); 
Guven et al. (2019) 

Observed yields 0.3 – 0.5 0.4 – 1.1 g-TSS g-COD-1 
(Jimenez et al., 2015; 
Meerburg et al., 2015);  
Chapter 5 

* Biofilm SRT 

 Applying 60 % and 100 % biofilm removal strategies 

This thesis work proposed two applications of lowering the SRT in HR-MBBR systems which 

make way for potential recovery options. Applying 60 % or 100 % biofilm removal strategies 

lowered the actual biofilm SRT and decreased the suspended biomass activity leading to an 

increase in biofilm activity. These strategies resulted in a reduction of organic carbon oxidation as 

well as the potential to redirect organic carbon through OHO metabolic sequestration. In 

HR-MBBRs, the application of biofilm SRT can be implemented through either a 100 % (Figure 
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6-2A) or 60 % (Figure 6-2B) biofilm removal strategy in A-stage. Figure 6-2 presents both 

proposed strategies for implementing organic carbon redirection and recovery at full scale. The 

organic carbon stored into an EPS could be either directly recovered in sidestream processes from 

alkaline treatment (Figure 6-2B) and/or from post-treatment effluent solids separation techniques 

(e.g., DAF) and further AD (Figure 6-2A).  

 

Figure 6-2 Strategies to apply biofilm SRT in two full-scale configuration examples: 100 % biofilm removal in 
A; 60 % biofilm removal in B. 

The thesis research revealed that applying a sidestream alkaline treatment on biocarriers ensured 

up to 70 % biofilm detachment with partial conservation of residual biofilm activity. Compared to 

the 100 % removal strategy, removing a portion of biofilm with sidestream alkaline processes 
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allowed for the rapid cultivation of biofilm from the replaced biocarriers, a controlled biofilm 

concentration, and an actual biofilm SRT independent of the nominal biofilm SRT imposed. Solids 

fractionation, the ratio between suspended solids and biofilm, is greater in the 100 % removal 

strategy due to the larger suspended solids fraction. This may favor the post-treatment solids 

separation process (e.g., DAF) and increased energy recovery potential through AD. However, 

100 % biofilm removal is challenging and may not be cost effective. Literature reports that an 

intensive physicochemical treatment with 40 g-NaOH L-1 solution for 15 minutes at 100℃ and 

mixed every five minutes is required to achieve complete biofilm removal from non-porous 

biocarriers (Fonseca and Bassin, 2019). The thesis research on non-porous BioPortsTM biocarriers 

(Nexom, Winnipeg, Canada) suggested that alkaline treatment at room temperature partially 

detached biofilm, independent from mixing intensities and FFs. This strategy has the benefit of 

maintaining residual active biofilm which leads to a mature biofilm architecture in a shorter time 

in comparison to a 100 % biofilm removal strategy. Furthermore, the chemical consumption levels 

(i.e., 3.3 g-NaOH L-1) approach a tenth of that required for the 100 % biofilm removal strategy 

proposed by Fonseca and Bassin (2019). The 60 % biofilm removal strategy would further allow 

for the direct recovery of bioproduct from the extracted biofilm organic material since alkaline 

solutions are widely used in EPS extraction methods for protein and polysaccharides quantification 

(Corsino et al., 2017). Finally, compared to the SRT range of 3 to 21 h in the 100 % biofilm 

removal strategy, controlling the SRT at 11 to 13 h in the 60 % biofilm removal strategy (Chapter 

5, Table 5-1) allows for a higher fraction of attached solids to suspended biomass which could 

make the extraction of valuable byproducts from sidestream processes more feasible. 

Imposing SRT through side stream alkaline processes (Figure 6-2B) could reduce the complexity 

of treatment and most likely capital costs compared to HRAS. Sequestering organic carbon into 
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biofilm and detaching it in sidestream could lower A-stage effluent solids. Therefore, a solids 

separation step after HR-MBBR might be avoided adopting a low loaded MBBR for further 

organic carbon “polishing” and for instance partial nitritation as part of B-stage. The HRAS will 

always require a solids separation step such as DAF and use of coagulants to make sludge settleable 

resulting in high volume of chemicals consumed and sludge produced. In addition, phosphorus 

will be precipitated into sludge leading to potential lack of nutrients to sustain microbial activity 

in B-stage. The use of coagulants in HRAS most likely increases operational costs compared to 

HR-MBBR in which pH must be adjusted at 12 with for instance NaOH or lime to detach biofilm 

in side stream. However, adopting HR-MBBR with side stream alkaline process requires the 

development of a mechanical system to physical move biocarriers from side to mainstream as well 

as tankage and process control automation. Lastly, HR-MBBR is simple to operate being a flow 

through system easy to control which is not requiring RAS recycle and clarification. In HRAS 

system, RAS recycle and maintaining an aggressive WAS to control SRT could also lead to issues 

on clarification due to high solids loading rate into clarification.  

6.3 Recommendation for future studies 

The following recommendations for future work are established as a result of the experimental 

work completed during the thesis research: 

1) Determining potential changes to ASDM that would increase the accuracy in HR-MBBR 

biofilm model prediction. For instance, separating kinetic and stoichiometric parameters 

for OHO biomass in biofilm and suspended biomass; 

2) Evaluating HR-MBBRs under different conditions on municipal wastewater to quantify 

valuable EPS compounds generated as bioproducts in biofilm; 
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3) Investigating available bioproducts for recovery and their yields using side stream alkaline 

treatment;  

4) Estimating the feasibility of directly recovering bioproducts (e.g., protein) using a 60 % 

biofilm removal strategy compared to the traditional AD; 

5) HRAS vs MBBR comparison in terms of footprint and CAPEX and OPEX; 
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Appendix 

Example of spike load calculation for 11 hours HRT 

Table A-1 reports the influent characteristics for the MBBR operated at 11 hours HRT.  

Table A-1 Influent characteristics for 11 hours HRT 

Parameter Value Units 
Flow 35 L d-1 
Total COD  547 mg-COD L-1 
Total TKN 66 mg-N L-1 
Total P 11 mg-P L-1 
Nitrate 0 mg-N L-1 
pH  6.4 - 
Alkalinity  6 mmol L-1 
Calcium  80 mg L-1 
Magnesium  15 mg L-1 

 
Table A-2 reports the substrate spike characteristics used in the variable input influent 

characterization on BioWinTM 6.0 prior dynamic simulation. Table A-3 represents the concentrated 

stock solution employed. 

Table A-2 Substrate spike characteristics 

Parameter Value Units 
Spike volume  10 mL 
Reactor volume  16 L  
COD concentration  500 mg-COD L-1 
Mass COD to spike in reactor 8,000 mg-ffCOD reactor-1 
Spiked flow  14.4 L d-1 
10 mL in 1L  100 10 mL L-1 

 
Table A-3 Concentrated stock solution concentrations 

Parameter Value Units 
COD  800,000 mg-COD L-1 
TKN 96,456 mg-N L-1 
TP 16,076 mg-P L-1 
Alkalinity  8,769 mmol L-1 
Calcium  116,916 mg L-1 
Magnesium  21,922 mg L-1 
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The mass of ff-COD to spike to achieve influent concentration was calculated based on Eq. A.1.  

Mass of COD , (g-COD) = V (L) ∗ Influent COD 
g-COD

L
        (Eq. A. 1) 

Where VR is the reactor volume (i,e., 16 L) and influent COD is the desired COD concentration 

(Table A-1). It was decided to spike 10 mL of substrate in the 16 L modelled reactor to minimize 

the volume of substrate dosed. Therefore, a spike flow of 14.4 L d-1 (Table A-2) was calculated in 

order to provide 10 mL min-1 of concentrated stock solution. The concentrated stock solution was 

therefore estimated. The mass of COD to spike to achieve the desired concentration with lowest 

possible spike duration and flow was calculated according to Eq. A.2. 

 
Mass of COD spiked in 10 mL, (g-COD) =  Mass of COD  (g-COD) ∗ 100    (Eq. A. 2) 

 
Where Mass of CODspike is calculated based on Eq. A.1 and 100 is a conversion factor accounting 

for 10 mL volume of substrate spike in 1 L.  

All other nutrients (i.e., total kjeldahl nitrogen - TKN, Total phosphorus – TP), macroelements 

(i.e., calcium and magnesium) and alkalinity were calculated based on the relationship of the 

compound in influent wastewater (Table A-1) to the ratio of influent COD concentration (Table 

A-2) and mass of COD spiked in 10 mL (Table A-3). An example for TKN is described in the 

following equation – Eq. A.3. 

Mass of TKN, (g-TKN) =  
Influent

g-TKN
L

Influent
g-COD

L
Mass of COD ( g-COD)

         (Eq. A. 3) 

Where InfluentTKN and InfluentCOD are the concentration reported in Table A-1 and the Mass of 

CODSpike results from Eq. A.2 calculation.  
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Therefore, the spike of nutrients, macroelements, and alkalinity was provided over 1 minute at a 

flow of 14.4 L d-1 to match with influent characteristics and bench-scale kinetic experiments.  

Method for partial biofilm removal strategy from daily biocarriers replacement 

Experiments were performed in triplicates in alkaline environment (i.e., pH 12) using multiple top 

mixers with controllable mixing intensities (Phipps&Bird Inc., Virginia, USA). Tests were 

conducted adjusting pH of deionized water to 12 by addition of sodium hydroxide at concentration 

of 3.3 g-NaOH L-1. The experiments were conducted in 1 L beakers with biocarriers withdrawn 

from an HR-MBBR operated separately to the presented research. Initial biofilm concentration 

was quantified by manually remove biofilm from two biocarriers. These experiments were 

conducted in 100 mL beakers in replicates (n = 4) before filtering the whole sample into separated 

crucible to quantify TSS and VSS as per Standard Methods (APHA, AWWA, WEF, 2017). 

Quantification of biofilm through this method have shown an experimental error of 8.5 % over 

several measurements (i.e., ⁓ 40). Biofilm quantification at the end of the experiments was 

conducted by transferring biocarriers (n = 10) to 1 L beakers. Immediately after, biofilm was 

manually removed using deionized water and a brush. Later, the volume was brought to a finite 

volume of 0.5 L with deionized water and, while mixing, 100 mL of sample was withdrawn and 

immediately filtered as per Standard Methods (APHA, AWWA, WEF, 2017). The residual biofilm 

at time t (i.e., 40 min) was calculated by multiplying mg-TSS in the filtered 100 mL per five (500 

mL volume) divided by the number of biocarriers (n = 10). Hence, the percent of biofilm removed 

over chemical treatment was measured using the following equation – Eq. A.4.  

Biofilm removal (%) =
B − B

B
∗ 100                   (Eq. A. 4) 

Whereas, B0 is the initial biofilm concentration in mg-TSS per biocarrier, Bt is the concentration 

of biofilm after treatment at time t.  
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Three sets of tests were performed to define the experimental procedure to chemically remove 

biofilm for the partial biofilm removal strategy (i.e., mixing intensities, FF, and contact time):  

1) Mixing intensities of 30, 75, and 120 rpm using multiple top mixers with controllable round 

per minutes (Phipps&Bird Inc., Virginia, USA). These tests were conducted over 24 hours 

before residual biofilm as explain above was quantified in five replicates. Table A-4 

presents % biofilm removal results at the three mixing intensities in alkaline environment 

(i.e., 12 pH). Analysis of variance statistical analysis using vassarstat website 

(www.vassarstats.net) was conducted to assess differences on mixing intensities to the 

degree of biofilm removal. The application of different mixing intensities did not 

statistically differ on biofilm removal. Indeed, the calculated p-value between the 

experimental data was 0.2 (i.e., p-value < 0.05). Hence, 30 rpm was chosen to remove 

biofilm in the 60 % biofilm removal strategy.  

Table A-4 Percent biofilm removal in alkaline environment at different mixing intensities of 30, 75, 120 rpm 

 Revolutions per minutes (rpm) 
Units 

Repetition  30 75 120 
1 72 79 83 

% biofilm removal 
2 65 62 81 
3 62 62 60 
4 66 68 75 
5 63 65 70 

 
2) FFs of 20, 40, 60, 80, 100 % were considered in developing to partially remove biofilm 

with chemical treatment (i.e., pH 12 and 30 rpm) for the 60 % biofilm removal strategy. 

Three experiments were performed to assess the impact of FF on biofilm removal and, 

therefore, define the operational FF to apply in the ex situ chemical treatment. Table A-5 

present results from this batch tests. Statistical analysis shown that different FFs produced 

similar degree of detachment wit p-values of 0.69.  
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Table A-5 Different FF at mixing intensities of 30 rpm 

 FF (%) 
Units 

Repetition  20 40 60 80 100 
1 48 75 83 62 73 

% biofilm removal 2 68 57 55 54 62 
3 61 65 50 45 59 

 
3) Contact time required to operate the ex situ chemical treatment for the partial biofilm 

removal strategy was defined by the development of biofilm detachment kinetics curves 

with five replicates at FF of 50 % and 30 rpm. Every sampling time of 5, 10, 15, 20, 40, 60 

minutes, mixing was stopped in five beakers of the overall 30 setup (i.e., five per sampling 

time) for this test. Samples (i.e., 10 biocarriers) were transferred in additional 1 L beakers. 

Immediately after biofilm was quantified with similar method for biofilm residual 

estimation explained above. Table A-6 presents results from biofilm removal kinetics. The 

% of biofilm removal plateaued after 40 minutes from the start of the test. Hence, 40 

minutes was the contact time chosen in ex situ chemical treatment for the partial biofilm 

removal strategy.  

Overall, based on results presented in this appendix, the operational conditions for ex situ chemical 

pH 12 treatment in the present research study were 30 rpm and 40 min contact time. Filling fraction 

varied from 30 to 50 % depending on the amount of biocarriers removed per day. Biofilm removal 

at these conditions ranged from 60 to 70 %, therefore, in the manuscript this second strategy 

employed conservatively accounts for 60 % biofilm removal.  
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Table A-6 Biofilm removal kinetic results in percentage over five replicates and one hour test sampling at 5, 
10, 15, 20, 40, and 60 minutes 

 Time (minutes) 
Repetition  5 10 15 20 40 60 

1 40 39 51 55 66 62 
2 23 33 50 46 60 68 
3 36 32 53 47 63 52 
4 50 46 54 72 61 66 
5 31 39 48 61 70 58 

Average 36 38 51 56 64 61 
St.dev. 10 6 2 11 4 6 
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Solids mass balance for the 60 % and 100 % biofilm removal strategies 

The mass balance approach schematic to determine solids masses in reactor, effluent, and wasted 

stream is presented in Figure A-1. 

 

Figure A-1 Solids mass balance approach 

The calculations reported in Material and Methods section 5.3.5 “Biofilm solids retention time 

calculations” section was developed using this approach. The experimental data and equations 

presented in the manuscript allowed to develop the tables presented below (Table A-7 and A-8) 

for the 60 % and 100 % biofilm removal at nominal biofilm SRT of 8, 6, 4, and 2 days.  

Table A-7 present solids mass balance and main operational parameters in the HR-MBBR operated 

with the 60 % biofilm removal strategy. Table A-8 present the solids mass balance and main 

characteristics in the HR-MBBR operated with the 100 % biofilm removal strategy. 
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Table A-7 Solids mass balance and characteristics of the 60 % biofilm removal strategy 

Parameter 
Nominal biofilm SRT (d) 

Units 
8 6 4 2 ∞ 

Flow, Q 70 L d-1 
Influent solids, X0 0 g-TSS L-1 

Biofilm solids concentrations, Xb 
11.5 13.2 11.7 11.7 32.4 mg-TSS biocarrier-1 
9.9 12.7 11.5 10.7 30.8 mg-VSS biocarrier-1 

Effluent solids concentrations, XE 
0.236 0.274 0.211 0.142 0.144 g-TSS L-1 
0.231 0.262 0.208 0.140 0.134 g-VSS L-1 

Biocarrier in reactor, n 458 # 
Biocarriers removed per day, m 95 127 191 381 0 # 
Efficiency of wasting, Ewasting  0.6 % 
Influent mass solids, M0 0 g-TSS d-1 
Biofilm mass solids, Mb 5.2 6.1 5.4 5.4 14.9 g-TSS d-1 
Effluent mass solids, Me 16.5 19.2 14.7 9.8 10.1 g-TSS d-1 
Wasted mass solids, Mw 0.7 1.0 1.3 2.7 0 g-TSS d-1 
Returned mass solids, MR 4.6 5.0 4.0 2.7 0 g-TSS d-1 
Mass slough off  10.9 11.6 10.17 7.3 6.2 g-TSS d-1 

 
Table A-8 Solids mass balance and characteristics of the 100 % biofilm removal strategy 

Parameter 
Nominal biofilm SRT (d) 

Units 
8 6 4 2 

Flow, Q 70 L d-1 
Influent solids, X0 0 g L-1 

Biofilm solids concentrations, Xb 
10.6 12.3 10.1 7.5 mg-TSS biocarrier-1 
9.9 11.6 9.5 7.1 mg-VSS biocarrier-1 

Effluent solids concentrations, XE 
0.167 0.337 0.344 0.444 g-TSS L-1 
0.155 0.298 0.324 0.401 g-VSS L-1 

Biocarrier in reactor, n 458 # 
Biocarriers removed per day, m 57 76 114 229 # 
Influent mass solids, M0 0 g-TSS d-1 
Biofilm mass solids, Mb 4.8 5.6 4.6 3.4 g-TSS d-1 
Effluent mass solids, Me 11.7 23.6 24.1 31.1 g-TSS d-1 
Wasted mass solids, Mw 0.6 0.9 1.2 1.7 g-TSS d-1 
Mass slough off  4.99 16.76 19.04 27.29 g-TSS d-1 
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Observed yield determination 

Gibbs free energy from protein to oxygen: 

Yeast extract is rich in proteins and contains amino acids, carbohydrates, vitamins and minerals. 

Hence, to calculate the yield the reaction for electron donor is assumed the one for protein (i.e., 

amino acids, proteins, nitrogenous organics) as follows: 

 

C H O N +  H O →  CO + NH +  H +  e   

∆G (KJ mole e ) =  −32.22 

 

The half-reaction for electron acceptor in biological aerobic systems considered for yield 

determination is reported below: 

 

1

4
𝑂 +  𝐻 +  𝑒  →  

1

2
𝐻 𝑂        ∆𝐺 (𝐾𝐽 𝑚𝑜𝑙𝑒 𝑒 ) =  −78.14      

 

Thus, the overall ΔGR is – 100.36 KJ eeq-1. Assuming 0.6 energy capture by cell efficiency: 

𝐾(∆𝐺 ) = 0.6 ∗ (−100.36) =  −66.23 𝐾𝐽 𝑚𝑜𝑙𝑒 𝑒  

 

Energy need per electron mole at cell growth for ΔGS assuming ΔGC = 31.41 KJ mole e-1 cells and 

ΔGN = 0 KJ mole e-1. 
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Gibbs free energy from protein to pyruvate: 

 

Half-reaction for electron donor in aerobic biological systems from protein: 

1

66
𝐶 𝐻 𝑂 𝑁 +  

27

66
𝐻 𝑂 →  

8

32
𝐶𝑂 +

2

33
𝑁𝐻 +  

31

33
𝐻 +  𝑒        

∆𝐺 (𝐾𝐽 𝑚𝑜𝑙𝑒 𝑒 ) =  −32.22 

 

Half-reaction for electron acceptor in aerobic biological systems to pyruvate  

1

5
 𝐶𝑂 + 

1

10
𝐻𝐶𝑂 + 𝐻 +  𝑒 →  

1

10
𝐶𝐻 𝐶𝑂𝐶𝑂𝑂 + 

2

5
𝐻 𝑂   ∆𝐺 (𝐾𝐽 𝑚𝑜𝑙𝑒 𝑒 ) =  +35.78  

 

Overall reaction, protein to pyruvate results in + 3.56 KJ mole e-1.  

 

Determine 𝑓  and 𝑓  in following equation: 

𝐾∆𝐺 ∗
𝑓

𝑓
=  − ∆𝐺  

Where 𝑓  - 𝑓  = 1 

Whereas K is the fraction of energy captured; ∆𝐺  is the energy released from oxidation-reaction, 

KJ mole e-1 transferred; 𝑓  are the e- mole of substrate oxidized per e- mole of substrate used, g-

cell-COD g-COD-1 used;  𝑓  are the e- mole of substrate used per cell synthesis per e- mole of 

substrate used, g-cell-COD g-COD-1 used; and ∆𝐺  is the energy used for cell growth, KJ mole e-

1 transferred for cell growth.  

∆𝐺 =  
3.56

0.6
+ 31.41 + 0 = 37.34 𝐾𝐽 𝑚𝑜𝑙𝑒 𝑒  

𝑓

𝑓
=   

− ∆𝐺

𝐾∆𝐺
=  

− 37.34

− 66.23
= 0.56 
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𝑓 = 1 −  𝑓  

𝑓

1 −  𝑓
= 0.56  

𝑓  = 0.36  

𝑓  +  𝑓 = 1 

𝑓 = 0.64 𝑔-𝑐𝑒𝑙𝑙 𝐶𝑂𝐷 𝑔-𝐶𝑂𝐷  𝑢𝑠𝑒𝑑 

 

𝑌 =  
0.64 (𝑔-𝑐𝑒𝑙𝑙 𝐶𝑂𝐷 𝑔-𝐶𝑂𝐷  𝑢𝑠𝑒𝑑)

1.42 (𝑔-𝐶𝑂𝐷 𝑔-𝑉𝑆𝑆 )
= 0.45 𝑔-𝑉𝑆𝑆 𝑔-𝐶𝑂𝐷  
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Carbon removal kinetics on residual biofilm in the 60 % biofilm removal 

strategy 

Carbon removal kinetics for the 60 % biofilm removal strategy were performed after exposing 

biocarriers at the operational conditions defined in section above (i.e., pH 12, 40 min exposure, 30 

rpm, and FF varying from 30 to 50 %). In parallel, carbon removal kinetics of biofilm not subject 

to biofilm removal were examined as a control.  

The tests were conducted in triplicates aiming to understand the impact of pH on biofilm activity. 

Experiments were performed on 30 biocarriers placed in 1 L beakers (n = 3) equipped with 

aquarium air pump (Pet & Ponds, Ontario, Canada) to supply DO concentration at saturation 

levels. Organic carbon was supplied with addition of 1.0 g of yeast extract (Sigma-Aldrich, 

Canada). Microelements were added to support microbial activity avoiding any limitation and pH 

was adjusted to 7.5 before starting the tests. After 5 minutes from start, time to dissolve the yeast, 

time 0 samples were taken. Samples were therefore gathered every 1h for a total of 5 hours. 

Samples (i.e., 100 mL) were withdrawn and placed in flasks in which TCOD and ffCOD were 

measured according to Standard Methods (APHA, AWWA, WEF, 2017). After gathering the 

samples, 3 biocarriers (i.e., 10 % of the total number) were removed since 10 % of the volume is 

required for ffCOD measurements. Hence, removal rates per hour (mg-ffCOD L-1h-1) were 

estimated by averaging the slope values (n = 3) of linear regression plots. The rates were, therefore, 

converted into carbon removal per day. By dividing these values to the biofilm concentration in g-

VSS L-1, the maximum biofilm specific removal rate was quantified. Biofilm was measured 

according to the method reported in section above in biocarriers subjected to biofilm removal and 

control (i.e., no biocarriers manipulation).  
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Table A-9 presents the results from kinetics tests in terms of carbon removal rates, biofilm 

concentrations, and maximum specific removal rate. From these results it was possible to quantify 

the activity of residual biofilm in the 60 % biofilm removal strategy. Hence, by simply dividing 

the maximum specific removal rate of biocarriers subjected to the 60 % biofilm removal strategy 

to the control (i.e., no biocarriers manipulation), the remained biofilm activity was estimated. The 

biofilm after treatment maintained 43 ± 1 % carbon removal capability.  

Table A-9 Removal rates, biofilm concentration, and maximum specific removal rates in control (i.e., no 
biocarriers manipulation) and the 60 % biofilm removal strategy 

 
Carbon removal rates 

(mg-ffCOD L-1h-1) 

Biofilm 
concentrations 
(mg-VSS L-1) 

Maximum specific 
removal rates 

(g-ffCOD g-VSS-1d-1)  
Control  83 ± 11 158 ± 21 13 ± 2 

60 % biofilm removal 
stategy 

16± 4 72 ± 8 5 ± 1 

 

 

 
 

 

 


