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Abstract 

 

Municipal wastewater consists of a large fraction of particulate organic matter. During biological wastewater 

treatment these particles undergo extracellular depolymerisation before products are taken up by bacteria (MW < 

0.6 kDa).  Particle degradation and intermediate formation dynamics is important in process analysis of 

wastewater treatment as the transport regime differ. This work aims to develop a model for particle degradation 

that includes intermediate dynamics as observed in experimental work. A model for particle degradation including 

intermediate dynamics, bacterial growth and endogenous respiration is proposed. Particle hydrolysis was 

modelled using the particle breakup model. Depolymerisation products were separated into five different size 

groups: colloids; high, medium and low molecular weight (HMW, MMW and LMW) polymers; and one fraction 

for oligomers and monomers (SB). Depolymerisation of colloids, HMW and MMW polymers was modelled using 

first order kinetics. LMW polymer degradation was modelled using Michaelis-Menten kinetics, while growth was 

based on traditional Monod kinetics and endogenous respiration followed ASM3. The proposed model was 

implemented in AQUASIM for a batch reactor system, and parameter estimation by LSE fitting to experimental 

data on particulate starch degradation over 117 days in a dispersed biomass microcosm was performed. Validation 

of the model against experimental data gave a very good fit to the PBM. The intermediate dynamics seen in the 

experimental data was also qualitatively demonstrated by the model, with accumulation of HMW, MMW and 

LMW polymers in the bulk liquid. However, the accumulation of monomers and oligomers in the bulk liquid 

could not be reproduced in the suspended growth model proposed. Hence, a structured biomass model (biofilm) 

is suggested for future work. 

 

1. Introduction 

Wastewater consists of a large fraction of particulate 

organic matter (POM) (Levine et al., 1991; Ravndal 

et al., 2018). During biological wastewater treatment 

these particles must undergo extracellular 

depolymerisation before products can be taken up by 

bacteria (MW < 0.6 kDa) (Decad and Nikaido, 1976; 

White et al., 2012).  Organic matter (OM) proceeds 

through a range of colloidal and polymeric 

intermediates during this process. The dominant 

mechanisms for this degradation are hydrolytic and 

lytic depolymerisation, and theoretically this allows 

for any sub-polymeric intermediates to be formed. 

Hence, both particle degradation and intermediate 

formation are important in process analysis of 

wastewater treatment. 

Over the years, several different approaches have 

been proposed for modelling of particle degradation 

in wastewater treatment processes (Hauduc et al., 

2013; Morgenroth et al., 2002; Vavilin et al., 2008). 

These models include one step, parallel and 

sequential hydrolysis, in addition to direct growth 

using adsorbed substrate and different types of 

surface related kinetics. For surface related kinetics 

two different models have been proposed, these are 

the shrinking particle model (SPM; Sanders et al., 

2000) and the particle breakup model (PBM; 

Dimock and Morgenroth, 2006). Hydrolysis is 

dependent on available surface area in both models. 

However, in the SPM particles shrink gradually as 

they are degraded, thus available surface area 

decreases. While in the PBM particles break up as 

they are degraded, leading to an increase in available 

surface area, and therefore increasing substrate 

availability over time. Hence, in the PBM surface 

area to volume ratio is considered, whereas surface 

area is used in the SPM. An open question of the 

PBM is that an increase in particle porosity and 

increased particle colonization could also lead to 

increased substrate availability over time (Dimock 

and Morgenroth, 2006). Hence the same dynamics 

would be observed as when particles physically 

break up by hydrolysis.  

In previous work by the authors an experimental 

study was performed to look at particle degradation 

in activated sludge microcosms (Ravndal and 

Kommedal, 2017). In this study starch was used as a 

model particle substrate. Starch is a good model 

substrate as it has a known structure, at the same 

time as much of the complexity expected for 

unidentified particles in wastewater are represented 

in starch granules. Starch is a natural component in 
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wastewater, and starch degrading bacteria are 

commonly found in activated sludge systems (Xia et 

al., 2008). In the experimental test starch particles 

were colonised by bacteria, leading to both increase 

in particle porosity and particle breakup (Ravndal 

and Kommedal, 2017). Polymeric, oligomeric and 

monomeric intermediates formed during particle 

degradation, however, not all intermediate sizes 

were formed to the same extent. Based on the data a 

conceptual model was proposed for chemical 

oxygen demand (COD) flow during starch 

depolymerisation. This conceptual model assumed 

the surface of the particle to be a hotspot for 

extracellular hydrolytic activity. The different 

intermediates were grouped based on size and 

included in the conceptual model.  

In this paper the aim is to develop a mathematical 

model for particle degradation that includes 

intermediate dynamics as observed in the 

experimental work by Ravndal and Kommedal 

(2017). This is done by developing a model 

including intermediate dynamics, bacterial growth, 

and endogenous respiration, and fitting the model to 

the experimental data. 

 

2. Methodology 

The model was developed based on experimental 

data previously published in Ravndal and 

Kommedal (2017). In this experiment starch 

degradation was followed over 117 days in batch 

tests inoculated with flocculated and dispersed 

activated sludge biomass. During the experiment the 

following was monitored: Oxygen utilisation rate 

(OUR), particle number and size (volume and 

surface area), polymer concentration and size (molar 

mass), and oligomer and monomer type and 

concentrations.   

 

2.1. Model development 

The experimental data in Ravndal and Kommedal 

(2017) supported the PBM proposed by Dimock and 

Morgenroth (2006). Hence, this model was chosen 

for particle degradation in the proposed model (Tab. 

1). The PBM is based on surface area to volume ratio 

(fav). fav was included as a state variable in the model 

and change in fav was directly coupled to the 

hydrolysis process with the constant cav. Colloids 

(CB) and polymeric intermediates are formed during 

particle degradation. Theoretically all intermediate 

sizes of polymers can be formed during particle 

degradation, however, for simplicity the polymers in 

the model were grouped into three groups based on 

size ranges; high molecular weight (HMW, 

Spol,HMW), medium molecular weight (MMW, 

Spol,MMW) and low molecular weight (LMW, Spol,LMW) 

polymers. Oligomers and monomers were grouped 

into one state variable, SB, representing readily 

biodegradable substrate small enough to be taken up 

by bacteria. 

To minimize model parametrisation, degradation of 

colloids, HMW and MMW polymers was 

implemented using first order biomass independent 

kinetics (Tab. 1). LMW polymer degradation was 

modelled using Michaelis-Menten kinetics (Tab. 1). 

Most Michaelis-Menten constants (Km) for 

hydrolytic enzymes are high (Technical University 

of Braunschweig, 2022), hence, in activated sludge 

where enzyme concentrations are high, 

simplification to first order kinetics can normally be 

assumed. However, LMW polymers are a common 

product of depolymerisation of starch, colloids and 

larger polymeric substrates (Robyt, 2009), hence 

large substrate concentrations can also be achieved. 

x
 

Table 1: Process matrix for starch degradation. Particle hydrolysis was based on the PBM (Dimock and Morgenroth, 2006), 

colloids, HMW and MMW polymer degradation followed first order biomass independent kinetics, LMW polymer 

degradation followed Michaelis Menten kinetics, growth was based on traditional Monod kinetics, and endogenous 

respiration was based on ASM3 (Henze et al., 2000). Nomenclature based on Corominas et al. (2010). 

Process SO2 SB Spol,LMW Spol,MMW Spol,HMW CB 𝒇𝒂𝒗,𝑿 𝑿𝑩 XU 𝑿𝑶𝑯𝑶 Rate 

Particle 

hydrolysis 
 𝑓𝑆𝐵_𝑋 𝑓𝐿𝑀𝑊_𝑋 𝑓𝑀𝑀𝑊_𝑋 𝑓𝐻𝑀𝑊_𝑋 𝑓𝐶𝐵_𝑋 𝑐𝑎𝑣 -1   𝑞𝑋𝑓𝑎𝑣,𝑋𝑋𝐵 

Colloid 

hydrolysis 
 𝑓𝑆𝐵_𝐶 𝑓𝐿𝑀𝑊_𝐶 𝑓𝑀𝑀𝑊_𝐶 𝑓𝐻𝑀𝑊_𝐶 -1     𝑞𝐶𝐵𝐶𝐵 

HMW 

polymer 

hydrolysis 

 𝑓𝑆𝐵_𝐻𝑀𝑊 𝑓𝐿𝑀𝑊_𝐻𝑀𝑊 𝑓𝑀𝑀𝑊_𝐻𝑀𝑊 -1      𝑞𝑆𝑝𝑜𝑙,𝐻𝑀𝑊𝑆𝑝𝑜𝑙,𝐻𝑀𝑊 

MMW 

polymer 

hydrolysis 

 𝑓𝑆𝐵_𝐼𝑀𝑊 𝑓𝐿𝑀𝑊_𝐼𝑀𝑊 -1       𝑞𝑆𝑝𝑜𝑙,𝑀𝑀𝑊𝑆𝑝𝑜𝑙,𝑀𝑀𝑊 

LMW 

polymer 

hydrolysis 

 1 -1        𝑞𝑆𝑝𝑜𝑙,𝐿𝑀𝑊
𝑆𝑝𝑜𝑙,𝐿𝑀𝑊

𝐾𝑚,𝐿𝑀𝑊 + 𝑆𝑝𝑜𝑙,𝐿𝑀𝑊
𝑋𝑂𝐻𝑂 

Growth on SB −
1 − 𝑌𝑂𝐻𝑂
𝑌𝑂𝐻𝑂

 −
1

𝑌𝑂𝐻𝑂
        1 µ𝑂𝐻𝑂,𝑀𝑎𝑥 (

𝑆𝐵
𝐾𝑆,𝑂𝐻𝑂 + 𝑆𝐵

)𝑋𝑂𝐻𝑂 

Endogenous 

respiration 
−(1 − 𝑓𝑋𝑈)        𝑓𝑋𝑈 -1 𝑏ℎ𝑋𝑂𝐻𝑂 
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In addition, enzyme affinity increases with a 

decreasing polymer size. Hence, Michaelis-Menten 

kinetics was used for LMW polymer degradation.  

For particle, colloid, HMW, MMW and LMW 

polymers smaller intermediate sizes are formed, and 

fractions of each intermediate formed is included in 

the process matrix in Tab. 1. Traditional Monod 

kinetics was used for growth on SB, and endogenous 

respiration from ASM3 was implemented for active 

biomass decay (Henze et al., 2000).  

 

2.2. Model implementation 

The model was implemented in AQUASIM 

(Reichert, 1994) using a simple mixed reactor 

compartment for the test bottle liquid phase. This 

was coupled by a diffusive link to a mixed reactor 

gas phase compartment representing the headspace 

in the test bottles. Parameter estimation was 

performed by LSE fitting the model to experimental 

data from the dispersed activated sludge microcosms 

published in (Ravndal and Kommedal, 2017). The 

following experimental data were used: Total 

particle volume (Xvol), HMW, MMW and LMW 

polymer concentrations, SB concentration, and OUR. 

Total particle volume was defined as the sum of 

starch particle volume (XB,vol), biomass volume 

(XOHO,vol) and inert particle volume (XU,vol) (eq. 1).  

 

𝑋𝑣𝑜𝑙 = 𝑋𝐵,𝑣𝑜𝑙 + 𝑋𝑂𝐻𝑂,𝑣𝑜𝑙 + 𝑋𝑈,𝑣𝑜𝑙 (1) 

 

Particle volume was related to COD concentrations 

using density and theoretical oxygen demand 

(ThOD) of the different particle types. In addition, 

starch particle swelling was observed in the early 

phase of the experiment and had to be accounted for. 

A swelling constant (fswell) for starch particles was 

estimated based on measured initial volume 

increase. fswell was set to increase linearly from 1 at 

time 0 to 1.53 after 5.93 d, and then kept constant 

throughout the experiment.  Starch particle volume 

(XB,vol) can be related to starch COD concentration 

(XB) using eq. 2. Where ρXB, the density of potato 

starch granules, is 1.54*106 g m-3, (BNID103206, 

Milo et al., 2010), and the ThOD of starch (fvXB) is 

1.19 g COD (g XB)-1. 

 

𝑋𝐵,𝑣𝑜𝑙 =
𝑋𝐵

𝑓𝑣𝑋𝐵∗𝜌𝑋𝐵
𝑓𝑠𝑤𝑒𝑙𝑙   (2) 

 

Volume of microbial biomass (XOHO,vol) was 

estimated based on literature data for Escherichia 

coli cells. Average density (ρXOHO) of an E.coli cell 

is 1.094 g mL-1 (BNID106306, Milo et al., 2010). 

The ThOD of bacterial biomass (fvXB) is 1.42 g COD 

(g XOHO)-1. The volume of bacterial biomass was 

related to biomass COD concentration (XOHO) using 

eq. 3. 

 

𝑋𝑂𝐻𝑂,𝑣𝑜𝑙 =
𝑋𝑂𝐻𝑂

𝑓𝑣𝑋𝑂𝐻𝑂∗𝜌𝑋𝑂𝐻𝑂
  (3) 

Inert particle volume (XU,vol) was estimated with the 

same ThOD and density as for microbial biomass. 

ThOD of polymeric intermediates was the same as 

for starch particles. Monomer and oligomer 

concentrations were related to individual specific 

ThODs and summarised in one state variable, SB.  

 

3. Results and discussion 

 

3.1 Parameter estimation 

Estimated stoichiometric parameters are 

summarised in Tab. 2. The experimental data 

showed that the MMW polymer concentration 

started to increase at the same time as the system 

shifted from a starch particle dominated system to a 

HMW polymer dominated system (Ravndal and 

Kommedal, 2017). Hence, MMW polymers where 

most likely degradation products of HMW polymer 

depolymerisation, and fMMW_X and fMMW_C was 

estimated as zero (Tab. 2). 

Starch granules consist of a mix of amylopectin (70-

80 %) and amylose (20-30 %) (Dona et al., 2010). 

Amylopectin is the largest of the two polymers with 

a molecular weight of 104-106 kDa, it is highly 

branched containing 5 % α-1,6 branches and water 

soluble (Ball et al., 1996; Shannon et al., 2009). 

Amylose is a smaller polymer with molecular 

weight of 100-1000 kDa, it is essentially linear with 

less than 1 % α-1,6 branches and has variable 

solubility depending on branching where linear 

amylose is essentially insoluble in water (Ball et al., 

1996; Mukerjea and Robyt, 2010). During particle 

degradation these polymers will be released from the 

starch granule. Due to the large size of amylopectin 

and the amylose being mostly insoluble, these 

polymers are expected to behave as colloids initially. 

Hence, fHMW_X was also estimated as zero (Tab. 2).  

Both the LMW polymer fraction and the grouped SB 

state variable contains several known degradation 

products from enzymatic degradation of starch 

(Robyt, 2009). All hydrolysis processes therefore 

led to fractions of these two variables (Tab. 2). The 

fractions increased, the closer in size the initial 

variable was. Because parameter estimation in 

Aquasim did not ensure that the sum of all fractions 

was one, it was chosen to manually test different 

numbers for the fractions and the numbers giving the 

best fit with the experimental data was chosen.  

Kinetic parameters for the extracellular degradation 

processes (Tab. 3) were estimated using LSE 

parameter estimation in Aquasim. The estimated 

hydrolysis rate constants increased with decreasing 

substrate size. This is expected, as faster degradation 

is expected for smaller substrate sizes.  

 
  



SIMS 63  Trondheim, Norway, September 20-21, 2022 

 

Table 2: Stoichiometric parameters estimated for the 

starch particle degradation model. 

Parameter Definition Value [1] Reference 

𝑓𝐶𝐵_𝑋 Fraction of colloids 

formed in particle 

hydrolysis 

0.45 Estimated 

𝑓𝐻𝑀𝑊_𝑋 Fraction of HMW 

polymers formed in 

particle hydrolysis 

0 Estimated 

𝑓𝑀𝑀𝑊_𝑋 Fraction of MMW 

polymers formed in 

particle hydrolysis 

0 Estimated 

𝑓𝐿𝑀𝑊_𝑋 Fraction of LMW 

polymers formed in 

particle hydrolysis 

0.2 Estimated 

𝑓𝑆𝐵_𝑋 Fraction of 

monomers and 

oligomers (SB) 

formed in particle 

hydrolysis 

0.35 Estimated 

𝑓𝐻𝑀𝑊_𝐶 Fraction of HMW 

polymers formed in 

colloid hydrolysis 

0.15 Estimated 

𝑓𝑀𝑀𝑊_𝐶 Fraction of MMW 

polymers formed in 

colloid hydrolysis 

0 Estimated 

𝑓𝐿𝑀𝑊_𝐶 Fraction of LMW 

polymers formed in 

colloid hydrolysis 

0.45 Estimated 

𝑓𝑆𝐵_𝐶  Fraction of 

monomers and 

oligomers (SB) 

formed in colloid 

hydrolysis 

0.4 Estimated 

𝑓𝑀𝑀𝑊_𝐻𝑀𝑊 Fraction of MMW 

polymers formed in 

hydrolysis of HMW 

polymers 

0.5 Estimated 

𝑓𝐿𝑀𝑊_𝐻𝑀𝑊 Fraction of LMW 

polymers formed in 

hydrolysis of HMW 

polymers 

0.25 Estimated 

𝑓𝑆𝐵_𝐻𝑀𝑊 Fraction of 

monomers and 

oligomers (SB) 

formed in hydrolysis 

of HMW polymers 

0.25 Estimated 

𝑓𝐿𝑀𝑊_𝑀𝑀𝑊 Fraction of LMW 

polymers formed in 

hydrolysis of MMW 

polymers 

0.75 Estimated 

𝑓𝑆𝐵_𝑀𝑀𝑊 Fraction of 

monomers and 

oligomers (SB) 

formed in hydrolysis 

of MMW polymers 

0.25 Estimated 

𝑌𝑂𝐻𝑂 Aerobic yield of 

ordinary 

heterotrophic 

organisms 

0.5 (Sykes, 

1975) 

𝑓𝑋𝑈 Production of inert 

(XU) in endogenous 

decay 

0.2 (Henze et 

al., 2000) 

 

 

 

 

 

Table 3: Kinetic parameters estimated for the starch 

particle degradation model. 

Parameter Definition Value Reference 

𝑞𝑋 

Modified hydrolysis 

constant for particles in 

PBM 

1.25*10-9 m 

d-1 

Estimated 

𝑐𝑎𝑣 

PBM constant relating 

particle breakup to 

hydrolysis rate 

1.54*105 m2 

g-1 

Estimated 

𝑞𝐶𝐵 

Hydrolysis rate 

constant for colloid 

degradation 

0.05 d-1 

Estimated 

𝑞𝑆𝑝𝑜𝑙,𝐻𝑀𝑊 

Hydrolysis rate 

constant for 

degradation of HMW 

polymers 

0.08 d-1 

Estimated 

𝑞𝑆𝑝𝑜𝑙,𝑀𝑀𝑊 

Hydrolysis rate 

constant for 

degradation of MMW 

polymers 

0.09 d-1 

Estimated 

𝑞𝑆𝑝𝑜𝑙,𝐿𝑀𝑊 

Hydrolysis rate 

constant for 

degradation of LMW 

polymers 

0.3 d-1 

Estimated 

𝐾𝑚,𝐿𝑀𝑊 

Michaelis-Menten 

constant for 

degradation of LMW 

polymers 

93 g COD 

m-3 

Estimated 

µ𝑂𝐻𝑂,𝑀𝑎𝑥 

Maximum growth rate 

for heterotrophic 

organisms 

8 d-1 

Estimated 

𝐾𝑆,𝑂𝐻𝑂 
Saturation constant for 

substrate SB 

4 g COD m-

3 

Estimated 

𝑏ℎ 
Aerobic endogenous 

respiration rate of XOHO 
0.15 d-1 

(Henze et 

al., 2000) 

 

The proposed model contains many different 

stoichiometric and kinetic parameters (Tab. 2 and 3). 

Some of these were estimated manually, some 

estimated using parameter estimation in Aquasim 

and some are based on literature data. To test for 

parameter identifiability a sensitivity analysis could 

be done. This analysis is not included here, but it is 

suggested to include this in future work on an 

improved version of the model. 

 

3.2 Are the model able to reproduce the 

experimental data? 

The model output is compared to experimental data 

for OUR, particle volume and concentrations of 

different intermediates in Fig. 1 and Fig. 2. In the 

experiment, the OUR increased fast between day 2 

and 4 before it stabilised at a level of 1.8 mg L-1 h-1 

until day 36, before a steady decrease occurred (Fig. 

1). The model was not able to reproduce the initial 

increase and the stable phase, however, the decrease 

after 36 days was reproduced by the model.  
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Figure 1: Experimental data (point ± standard error bars) 

and modelled data (lines) for OUR, particle volume and 

substrate concentrations in dispersed biomass tests. 

 

 

 
Figure 2: a) HMW polymers, b) MMW polymers, c) 

LMW polymers and d) monomers and oligomers (SB). 

Points (± standard error bars) show experimental data for 

dispersed biomass tests, lines show modelled data. 
 

 

 

Total particle volume fitted the PBM model very 

well, with growth and decay modelled after ASM3 

(Fig. 1). This supported the conclusion in Ravndal 

and Kommedal (2017) of the data supporting the 

PBM proposed by Dimock and Morgenroth (2006). 

LMW, MMW and HMW polymers were produced 

and accumulated in the bulk liquid in the experiment 

(Ravndal and Kommedal, 2017). In the model the 

initial LMW peak had a good fit to the experimental 

data, while a faster accumulation of MMW and 

HMW polymers was seen compared to the 

experimental dataset (Fig. 2).  

Colloids was included as a state variable in the 

model. However, we did not have access to detection 

methods covering the colloidal size range in the 

experiment. This made it challenging to identify all 

parameters in the model. As HMW polymers are in 

the size range immediately below colloids, a better 

fit of HMW polymer production would be expected 

if the experimental dataset had included colloids 

concentrations.  

SB accumulated in the bulk liquid in the experiment, 

however, this data was not reproduced by the model 

(Fig. 2). Apart from a tiny peak reaching a maximum 

of 3 mg L-1 of SB after 0.37 d, no accumulation of SB 

was seen in the modelled data. Hence, after the start 

up, the uptake of SB by the biomass in the model was 

faster than the hydrolysis processes. 

 

3.3 Model limitations and suggestions for 

improvements 

The lack of SB accumulating in the bulk liquid in the 

modelled data compared to the experimental data 

(Fig. 2) showed that the model did not account for 

diffusion limitations in the system. The model was a 

simple suspended growth model, however, the 

experiment showed that in reality the biomass 

colonized the surface of the starch particles 

(Ravndal and Kommedal, 2017). Hence, a small 

biofilm was formed by the colonizing biomass 

leading to diffusion limitations for any intermediate 

in the bulk liquid. To allow for SB accumulation due 

to diffusion limitations, a heterogeneous biomass 

structure must be considered. 

A model based on activated sludge flocs as small 

bio-aggreagates with diffusion limitations and 

sorption dynamics, would greatly improve 

modelling of intermediate dynamics compared to the 

simplified model presented in this work. Diffusion 

limitations and sorption dynamics would allow for 

accumulation of all intermediates, including 

monomers and oligomers, in the bulk liquid. Hence, 

the initial increase of monomers and oligomers as 

seen in the experimental data, would be present in 

the modelled data. The delayed accumulation of 

MMW and HMW polymeric intermediates in the 

experimental data compared to the simplified model 

output, would also be recreated in a bio-aggregate 

model. However, including these factors in the 
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model will increase model complexity, thus, 

complicate model identification and validation. 

Model complexity must be balanced to the need for 

detailed understanding of degradation dynamics and 

acceptable uncertainty.  

To validate a bio-aggregate model, data on bio-

aggregate volume, depth and surface are needed. In 

the experimental work used to validate the model in 

this paper, this data is lacking as the particle size 

measurements is dominated by the starch particle 

fraction. To further improve modelling of 

intermediate dynamics during particle degradation it 

is suggested to combine this type of experimental 

work with work on a bio-aggregate model.  

 

4. Conclusions 

A mathematical model for particle degradation, 

including intermediate dynamics, was proposed in 

this work.  

• The PBM fitted experimental data for 

particulate substrate well.  

• Accumulation of LMW, MMW and HMW 

polymeric fractions in the bulk liquid was 

qualitatively replicated by the model, with 

the initial peak of LMW polymers giving 

the best fit to the experimental data.  

• The model was unable to replicate data 

showing oligomers and monomers to 

accumulate in the system. It is suggested to 

include a bio-aggregate model in further 

work to account for diffusion limitations in 

the system due to the biomass growing as a 

colonizing biofilm on the starch particles.  
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