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MBR biochemical conditions have an effect on membrane fouling and SMP have been attributed
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to be the main MBR foulant. Thus, predicting the SMP concentration is essential for under-
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standing and controlling MBR fouling. However, existing SMP models are mostly too complex
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and over-parameterized, resulting in inadequate or absent parameter estimation and valida-

Accepted 16 September 2008

tion. This study extends the existing activated sludge model No. 2d (ASM2d) to ASM2dSMP with

Published online 11 October 2008

introduction of only 4 additional SMP-related parameters. Dynamic batch experimental results
were used for SMP parameter estimation leading to reasonable parameter confidence intervals.
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Finally, the ASM2dSMP model was used to predict the impact of operational parameters on SMP
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concentration. It would found that solid retention time (SRT) is the key parameter controlling
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the SMP concentration. A lower SRT increased the utilization associated products (UAP)
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concentration, but decreased the biomass associated products (BAP) concentration and vice

Membrane fouling

versa. A SRT resulting in minimum total SMP concentration can be predicted, and is found to be
a relatively low value in the MBR. If MBRs operate under dynamic conditions and biological
nutrient removal is required, a moderate SRT condition should be applied.
ª 2008 Elsevier Ltd. All rights reserved.

1.

Introduction

Recent MBR studies treating municipal wastewater have
reported a significant impact of biochemical process conditions on membrane fouling, e.g. DO (Dissolved Oxygen), SRT
(Solid Retention Time), and HRT (Hydraulic Retention Time),
etc. A short review is given below.
As a general trend, a high bioreactor DO leads to a better
filterability and a lower fouling rate. This has been explained by
either a lower specific cake resistance of the fouling layer (Kang
et al., 2003; Kim et al., 2006) or a decreased amount of smaller
flocs (Jin et al., 2006; Kim et al., 2006). Increasing the SRT leads to
a better filterability in the range of SRTs of 2–10 days (Trussell

et al., 2006), 8–80 days (Nuengjamnong et al., 2005) and 10–40
days (Liang et al., 2007). The higher fouling rate under lower SRT
conditions is either attributed to the higher amount of SMP
(soluble microbial products) (Liang et al., 2007) or the lower
amount of bound EPS (Extracellular Polymeric Substances)
(Nuengjamnong et al., 2005). However, further increasing SRT
from 30 to 100 days has been reported to intensify fouling due to
the accumulation of foulant and a higher sludge viscosity (Han
et al., 2005). Decreasing HRT leads to a higher fouling rate for HRT
of 4–10 h due to an increase in EPS concentrations (Chae et al.,
2006). However, from the viewpoint of both membrane fouling
control and economical design, the HRT should not be too high,
and an optimal HRT of 12 h has been suggested (Tay et al., 2003).
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Nomenclature1
ASM
BAP
BSA
DO
EPS
fBAP
fUAP

Activated Sludge Model
Biomass Associated Products
Bovine Serum Albumin
Dissolved Oxygen
Extracellular Polymeric Substances
fraction of BAP produced during cell lysis
fraction of UAP produced during substrate
uptake
HRT
Hydraulic Retention Time
half-saturation coefficient of BAP
KBAP
hydrolysis rate of BAP
kh,BAP
hydrolysis rate of UAP
kh,UAP
LC-OCD Liquid Chromatography-Organic Carbon
Detection
MBR
Membrane Bioreactor
MLSS
Mixed Liquor Suspended Solids
MW
Molecular Weight
OUR
Oxygen Uptake Rate
PAO
Phosphorus Accumulating Organism
PHA
Polyhydroxyalkanoate
PHB
polyhydroxybutyrate
production/consumption rate of BAP
rSBAP
substrate concentration
S0
BAP (COD units)
SBAP
SCOD
Soluble COD
SMP
Soluble Microbial Products
SRT
Solid Retention Time
UAP (COD units)
SUAP
TCOD
Total COD
UAP
Utilization Associated Products
UAPCOD UAP as COD unit
UAPpro UAP produced during cell proliferation phase
polysaccharide content of UAP
UAPPS
protein content of UAP
UAPPT
UAPsto UAP produced during substrate storage phase
VFA
Volatile Fatty Acids
MLSS concentration
X0
heterotrophic biomass concentration
XH
YASM2d yield of heterotrophs and PAO in ASM2d
YASM2dSMP yield of heterotrophs and PAO in ASM2dSMP
biomass growth rate on BAP
mBAP

A recurring problem in most literature is that rarely one
operational parameter is varied at a time while all others are
held constant, e.g. increasing SRT by reducing sludge
wastage results in an increase in sludge concentration,
viscosity, and oxygen demand but reduces biomass growth
rate. Thus, fundamental studies are needed to identify the
main foulant and the main influencing operational
parameters.
SMP are typically divided into two categories: BAP (Biomass
Associated Products), associated with biomass decay, and UAP
(Utilization Associated Products), associated with substrate
uptake and biomass growth (Rittmann et al., 1987). SMP are
1

Note: The nomenclature for ASM2d parameters is not listed
here. They can be found in Henze et al. (2000).

reported to build up to a high concentration in MBRs due to
membrane retention (Huang et al., 2000; Shin and Kang, 2003).
SMP have also been attributed to be the main MBR foulant
(Rojas et al., 2005; Rosenberger et al., 2005, 2006).
The above review of MBR biochemical conditions, SMP, and
membrane fouling raises the hypothesis that biochemical
conditions, i.e. DO, SRT and HRT, affect MBR fouling indirectly
through changes in SMP, EPS, and floc size, etc. Thus, predicting the SMP concentration using a mathematical model would
be of primary interest in the study of MBR fouling. Mathematical modelling studies have already been conducted to predict
the BAP and UAP concentrations in biological wastewater
treatment processes. A critical review is given below.
Rittmann and coworkers have presented a series of SMP
models. Their SMP studies were summarized and were
presented as a unified SMP and EPS theory (Laspidou and
Rittmann, 2002a, b). UAP and EPS are produced proportional to
the substrate utilization rate and BAP are described as
hydrolysis products of EPS. The same yield coefficients but
different degradation rates (using a Monod kinetic structure)
are assigned to UAP and BAP, respectively. This unified theory
introduces 8 SMP-associated model parameters. However,
most of these parameters were either given parameter values
obtained in an early biofilm system (Namkung and Rittmann,
1986) or from literature.
Boero et al. (1991, 1996) have performed an SMP mass balance
using a radio-active 14C tracer. Three types of SMP are produced,
i.e. soluble biodegradable (SMPSD) and non-biodegradable
(SMPND) (SMPSD and SMPND are equivalent to UAP) and nonbiodegradable SMPE (equivalent to BAP). SMPSD and SMPND are
produced proportional to substrate uptake and SMPE production
is stoichiometrically related to biomass decay. SMPSD can be
degraded directly at a first-order rate with respect to SMPSD and
biomass concentration. Boero’s model introduces only 3 stoichiometric and 1 kinetic SMP-associated parameters. The
model is also calibrated using batch experimental results.
However, the assumption that BAP are non-biodegradable lacks
experimental evidence and model validation is not performed.
The SMP concept has been incorporated into activated
sludge model No. 1 (ASM1) (Orhon et al., 1989; Artan et al.,
1990). Firstly, a very simple SMP model including only BAP is
developed (Orhon et al., 1989). So-called SP (equivalent to
BAP) is produced proportional to the hydrolysis of particulate
COD (XS) and they are assumed non-biodegradable. The
model is further developed to include UAP (Artan et al.,
1990). However, this model mixes the concepts and degradation kinetics of UAP and BAP resulting in strong parameter
correlations. Moreover, the model lacks experimental
support.
Lu and coworkers have incorporated a very complex SMP
model into ASM1 (Lu et al., 2001) and ASM3 (Lu et al., 2002) in
MBR studies. However, the COD of their SMP model is not
balanced, i.e. the consumption of substrate is not equal to the
sum of UAP, biomass and oxygen. In addition, 8 SMP-related
parameters are introduced, but the experimental results
available for model calibration are limited to steady state
soluble COD (SCOD) measurements. Thus, the fitting is not
convincing in demonstrating the validity of the model structure and parameter values. Ahn and co-authors have adapted
similar SMP models to an MBR, but their model also suffers
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from a lack of appropriate calibration (Lee et al., 2002; Cho
et al., 2003; Ahn et al., 2006).
The above review of existing SMP models exhibits very
heterogeneous model structures. Some models only consider
BAP production and assume BAP to be non-biodegradable.
Others include the production and degradation of both BAP
and UAP. A common problem of these models is that the
models are too complex and over-parameterized. Indeed, the
available measurements for model calibration are usually
limited. Thus, the validity of the SMP model structure and the
obtained parameter values are questionable.
ASM models (Henze et al., 2000) were developed due to the
increased interest in biological nutrient removal in municipal
wastewater treatment. ASM1 and 3 only describes COD and
nitrogen removal. ASM2d is a further development of ASM2 and
regarded as a powerful tool to describe COD, nitrogen and
phosphorus removal. The ASM2d classifies biomass into three
groups, i.e. ordinary heterotrophs (oxidise organics using oxygen
or nitrate), nitrifiers (oxidise ammonium to nitrate), and phosphorus accumulating organisms (special heterotrophs with the
ability to store phosphate in excess amount). The COD components in the ASM2d are classified as soluble and particulate. The
soluble COD components are either inert (SI) or biodegradable, i.e.
acetate (SA) and fermentable (SF) COD. However, the ASM2d does
not include SMP as COD component, although they are produced
in the activated sludge process (Grady et al., 1972).
Given the interest in simultaneous study of MBR fouling
and biological nutrient removal, it is valuable to extend the
ASM2d model with SMP components. Thus, the objectives of
this study are (1) to extend the ASM2d model with BAP and
UAP components, and (2) to evaluate, through simulation, the
impact of operational parameters on the SMP concentration.
The simulated SMP concentration could be used in further
model development in predicting MBR fouling. The added
value of this study compared with the previous SMP studies
are that (1) it focuses on minimising model complexity and
parameter correlations, and (2) it uses dynamic data
employing new analytical tools for model calibration.

2.

Materials and methods

A lab-scale MBR was set up for COD and biological nutrient
removal with a flow rate of 108 L/day. The reactor was fed with
a sewage-like synthetic wastewater (composition adapted
from Boeije et al., 1999) and operated under a total SRT of 17
days, an aerobic SRT of 7.2 days and an HRT of 6.4 h. The
bioreactor was divided into an anaerobic and an aerobic/
anoxic compartment. Alternating aeration (17 min DO ¼ 1.5–
2.5 mg/L, 23 min DO ¼ 0) was applied in the aerobic/anoxic
compartment for nitrification and denitrification. A tubular
PVDF membrane (X-Flow, The Netherlands) with a nominal
pore size of 0.03 mm (200 kDa) and a membrane surface area of
0.17 m2 was used for biomass separation in a side-stream
configuration. The membrane module was operated under
air-lift mode at 31.8 L/(m2 h) and both crossflow velocities for
feed sludge and air were controlled at 0.5 m/s. A more detailed
description of the MBR setup is provided by Jiang (2007).
Influent characteristics were measured twice per week.
3
The effluent COD, NO
3 -N, and PO4 -P were monitored daily.
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The effluent NHþ
4 -N, NO2 -N, TN, TP, COD and sludge total COD
were monitored twice per week.
For batch experiments, fresh sludge was taken from the
aerobic/anoxic compartment of the MBR, washed with dilution
water (prepared by using Milli-Q water and having the same
inorganic contents as the influent) and used to run three batch
experiments. All experiments were conducted under conditions of constant temperature (15  C) and controlled pH
(7.5  0.2). The BAP batch experiment was conducted under
starvation conditions without substrate addition. Hence, the
produced SMP should be dominated by BAP. Alternating aeration was applied to maintain the same aerobic:anoxic time ratio
as in the lab-scale MBR: 49.4 min aerobic (on/off aeration,
DO ¼ 1.5–2.5 mg/L) and 70.6 min anoxic. The UAP batch experiment was spiked with acetate (end concentration of 1000 mg/L)
under completely aerobic conditions (on/off aeration, DO ¼ 1.5–
2.5 mg/L). Meanwhile, a reference batch experiment was conducted without acetate addition to obtain the background SMP
concentration. Thus, the net UAP concentration was calculated
by subtracting the SCOD concentration in the reference
experiment from that in the UAP experiment. This method
eliminates the simultaneously produced BAP in the UAP
batch.
The oxygen uptake rate (OUR) in the UAP batch was estimated by a linear fitting of the DO-time curve in the period when
aeration was off. A Matlab program was developed to identify
the linear section and calculate the slope (OUR). The biomass
yield was estimated according to the integrated exogenous OUR
and added acetate amount (Vanrolleghem et al., 1999).
SCOD was assessed using 0.45 mm filters (DURAPORE
0.45 mm PVDF, Millipore, USA). Proteins and polysaccharides
were measured using colorimetric methods (Lowry et al., 1951;
Dubois et al., 1956, respectively). LC-OCD (liquid chromatography-organic carbon detection) analysis was performed by
a commercial lab DOC-LABOR (Dr. Huber, Germany, Huber
and Frimmel, 1991). The liquid chromatography separates the
organic components according to their molecular weight.
Three detectors, i.e. UV absorbance at 254 nm, organic carbon
and organic nitrogen, were connected in series to characterise
the separated organic components online.
In the UAP batch, the external substrate acetate is also
measured as SCOD. To eliminate the remaining acetate and
obtain the net UAP, two approaches have been applied: (1) use
LC-OCD to differentiate SMP from acetate; and (2) measure the
protein and polysaccharide concentrations and estimate the
UAP concentration using Eq. (1). The UAPCOD, UAPPT and UAPPS
are the net UAP concentrations (concentrations obtained in
the UAP batch minus those in the reference batch) as COD,
proteins and polysaccharides, respectively. The constants 1.5
and 1.07 g COD/g substrate are conversion factors from polysaccharides and proteins to COD, respectively, by assuming
that BSA (Bovine Serum Albumin) represents proteins and
dextran represents polysaccharides. The constant 0.64 is
a correction factor accounting for the underestimation of
polysaccharides and proteins using the colorimetric methods
(Rosenberger et al., 2005). In this study, this factor was estimated from 4-month average measurements of the MBR
sludge water (filtrate of MBR sludge using 0.45 mm filter).

UAPCOD ¼ ð1:5UAPPT þ 1:07UAPPS Þ=0:64

(1)
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The modelling and simulation software WEST (MOSTforWATER NV, Kortrijk, Belgium) was used to perform model
simulations and parameter estimations.

3.

Results and discussion

3.1.

ASM2d model calibration for the lab-scale MBR

The lab-scale MBR was first calibrated using the standard IWA
ASM2d model (Henze et al., 2000). The key points of calibration
are shortly described below. The details of calibration can be
found in Jiang (2007).
The two bioreactors and the volume in the feed side of the
membrane loop were treated as completely mixed reactors,
which was justified based on the results of a tracer test. The
membrane was assumed to retain all particulates (XS, XI and
biomass), but allowed passing of all solutes (SNH, SNO, SPO, SF,
SA and SI). The periodical membrane backwashing and relaxation was normalized as continuous flow. This simplified
model was compared with a complete model describing the
membrane backwashing and relaxation. The difference
between the simulation results of these two approaches was
found insignificant.
The influent wastewater was basically characterized using
the STOWA protocol (Roeleveld and van Loosdrecht, 2002)
with modification. The decay rate of the autotrophic biomass
was obtained from batch experiments. The majority of the
remaining parameters were taken as the defaults from the
ASM2d. A few parameters (Table 1) were tuned during
dynamic calibration to achieve a better fit of both in-cycle
dynamic data (obtained from a measurement campaign) and
4-month average steady state measurements. The sequential
methodology proposed by Hulsbeek et al. (2002) and extended
by Insel et al. (2006) was used to calibrate the nitrification,
denitrification, and biological phosphorus removal related
parameters of the model.
Comparing the model predicted sludge and effluent
concentration with measurements, the ASM2d model well
predicted the mean sludge concentration and effluent quality.

Table 1 – Summary of calibrated ASM2d parameters
(20 8C)
Parameter name

Symbol Unit Default Calibrated

Decay rate of nitrifiers
Maximum growth rate
of nitrifiers
Oxygen half-saturation
coefficient of nitrifiers
Ammonium half-saturation
coefficient of nitrifiers
Reduction factor of anoxic
growth of heterotrophs
Fermentation rate of
acetate production
PHA storage rate
Phosphate uptake rate
Reduction factor of
anaerobic hydrolysis

baut
maut

1/d
1/d

0.15
1

0.055
0.6

KO,aut

mg O2/L

0.5

0.2

KNH4 ;aut

mg N/L

1

0.2

hNO3 ;het

–

0.8

1

qfe

1/d

3

1

3
1.5
0.6

5
1.1
0.4

1/d
qPHA
1/d
qpp
hNO3 ;PAO –

However, it failed in predicting the SCOD of sludge water due
to the overlook of SMP in the ASM2d (Table 3). The simulated
SCOD in the sludge water (4.5 mg/L) only contained SF, SA and
SI. However, the actually measured SCOD (87.4 mg/L) also
contained colloidal organics retained by the membrane.
However, it should be noted that although it overlooks SMP,
the ASM2d still allowed good prediction of COD and biological
nutrient removal processes. If the objective of modelling is
limited to this perspective, ASM2d is valid for MBR. Hence, the
model extension proposed below is only of interest if SMP and
MBR fouling are pursued.

3.2.
ASM2dSMP model development and
parameter estimation
The ASM2d model was extended to ASM2dSMP by introducing
two new components: SBAP and SUAP. The general model
assumptions are: (1) SMP are defined as colloids and solutes
smaller than 0.45 mm and thus SMP can only be partially
retained by MBR membranes; (2) both BAP and UAP are
produced; and (3) both BAP and UAP are biodegradable with
the same biomass yield coefficient (YH) but at a lower degradation rate than readily biodegradable substrate.

3.2.1.

BAP production and degradation

The production of BAP can be described either as proportional
to the biomass decay with a stoichiometric parameter (Boero
et al., 1991, 1996) or with a separate rate constant (e.g. Laspidou and Rittmann, 2002a, 2002b; Lu et al., 2001, 2002). Both
approaches are similar. Due to its simplicity, the former
approach was adopted here by introducing a stoichiometric
parameter fBAP into the biomass lysis process in ASM2d. Thus,
biomass lysis produces BAP in addition to inert particulate
COD (XI) and slowly biodegradable COD (XS) as depicted in the
Petersen matrix (Table 4).
Many earlier SMP studies assume that biomass can grow
on BAP directly (Eq. (2)). However, 63% of the BAP have been
shown to have a molecular weight (MW) larger than 20 kDa
(Jiang, 2007), suggesting it would be highly unlikely that such
large molecules can directly pass cell membranes. Degradation of large molecular organics typically occurs through
a series of processes, e.g. adsorption, extracellular enzymatic
hydrolysis of complex organic molecules to simpler ones, and
uptake of the hydrolysed products (Dold et al., 1980). Thus, it is
more likely that BAP are first hydrolysed, yielding fermentable
COD (SF) as defined in ASM2d. The BAP hydrolysis rate can be
described either as a Monod type surface reaction, as in
ASM2d (Eq. (3)), or as a simple first-order reaction with respect
to BAP and biomass concentration (Eq. (4)).
Direct growth with Monod type kinetics :
SBAP
XH
rSBAP ¼ mBAP
KBAP þ SBAP
Hydrolysis with Monod type surface reaction :
SBAP =XH
XH
rSBAP ¼ kh;BAP
KBAP þ SBAP =XH
Hydrolysis with first order kinetics : rSBAP ¼ kh;BAP SBAP XH

ð2Þ

ð3Þ
(4)

All three forms of the BAP degradation process (Eqs. (2)–(4)),
together with the BAP production process, were incorporated
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Table 2 – Calibrated parameters of ASM2dSMP and comparison with the default ASM2d parameter values
Parameter

Description

Unit

ASM2d_calibrated
Value

bAUT
iN;XS
iP;SF
iP;XS
KNH,AUT
KO,AUT
mAUT
hNO,Het
hNO,PAO
qfe
qPHA
qPP
YH
YPAO
fBAP
kh,BAP
fUAP
kh,UAP
fnr,SMP
iN,SMP
iP,SMP

Decay rate of autotroph
N content of XS
P content of SF
P content of XS
Saturation coefficient for ammonium
(substrate)
Saturation coefficient for oxygen
Maximum growth rate of autotroph
Reduction factor for denitrification
Reduction factor for anoxic P uptake
Maximum rate for fermentation
Rate constant for storage of XPHA
Rate constant for storage of XPP
Yield of heterotroph
Yield of PAO
Fraction of BAP produced during
cell lysis
Hydrolysis rate of BAP
Fraction of BAP produced during
cell growth
Hydrolysis rate of UAP
Percentage of non-retainable SMP
N content of SMP
P content of SMP

1/d
gN/gCOD
gP/gCOD
gP/gCOD
mg N/L

0.055
0.035
0
0.005
0.2

mg O2/L
0.2
1/d
0.6
–
1
–
0.4
1/d
1
1/d
5
1/d
1.1
mg COD/mg COD
0.625
mg COD/mg COD
0.625
–
n.a.

ASM2dSMP_calibrated

Method

Value

ASM2d_Default
Value

Method

Batch test
Measure
Measure
Measure
Fit

0.055
0.035
0
0.005
0.2

Batch test
Measure
Measure
Measure
Fit

0.15
0.04
0.01
0.01
1

Fit
Fit
Fit
Fit
Fit
Fit
Fit
Default
Default

0.2
0.6
1
0.6
3
6
1.3
0.57
0.57
0.0215

Fit
Fit
Fit
Fit
Fit
Fit
Fit
Mass balance
Mass balance
Batch test

0.5
1
0.8
0.6
3
3
1.5
0.625
0.625
n.a.

Batch test
Batch test

n.a.
n.a.

Batch test
Measure þ fit
Assume
Assume

n.a.
n.a.
n.a.
n.a.

1/d
–

n.a.
n.a.

7.41  107
0.0963

1/d
–
gN/gCOD
gP/gCOD

n.a.
n.a.
n.a.
n.a.

0.0102
0.081
0.07
0.02

Note: fit ¼ fit the model to the results of measurement campaign and 4-month measurements.

into the ASM2d model for parameter estimation using
a Simplex optimization algorithm. The BAP production and
degradation processes using Monod type kinetics (Eqs. (2)–(3))
require estimating 3 parameters ( fBAP, mBAP, KBAP in Eq. (2) or
fBAP, kh,BAP, KBAP in Eq. (3), respectively). In addition, the optimization algorithm tended to end its search in different local
minima when different initial parameter estimates were
chosen. This difficulty can be attributed to identifiability
problems due to strong parameter correlation (Vanrolleghem

et al., 1995). Conversely, the processes using first-order BAP
hydrolysis kinetics (Eq. (4)) requires estimating only 2
parameters ( fBAP and kh,BAP). All optimization runs using
different initial parameter estimates converged to the same
optimal parameter set (Fig. 1). Therefore, it was decided to
describe the BAP degradation using the first-order kinetics.
Parameter confidence intervals were calculated from the
parameter estimation error covariance matrix. A Hessian matrix
was numerically estimated using the method of Nelder and Mead

Table 3 – Comparison of the ASM2dSMP model simulation with steady state experimental results

Waste sludge
Sludge watera
(from waste sludge)
Sludge watera
(from membrane feed side)
Effluent

Total COD (g COD/L)
SCOD (mg COD/L)
BAP (mg COD/L)
UAP (mg COD/L)
SCOD (mg COD/L)
BAP (mg COD/L)
UAP (mg COD/L)
COD (mg COD/L)
BAP (mg COD/L)
UAP (mg COD/L)
TN (mg N/L)
NHþ
4 -N (mg N/L)
NO
3 -N (mg N/L)
NO
2 -N (mg N/L)
PO3
4 -P (mg P/L)

a Sludge water ¼ sludge filtrate using 0.45 mm membrane filter.

4-month
average

Standard
deviation

Simulation
(ASM2d)

Simulation
(ASM2dSMP)

10.90
87.4
n.a.
n.a.
107.4
n.a.
n.a.
11.0
n.a.
n.a.
10.2
0.18
7.03
0.30
5.63

0.65
22.7
n.a.
n.a.
33.4
n.a.
n.a.
3.1
n.a.
n.a.
2.8
0.42
1.71
0.21
2.21

10.83
4.5
n.a.
n.a.
5.0
n.a.
n.a.
5.0
n.a.
n.a.
8.8
0.18
8.6
n.a.
5.3

10.85
92.5
77.5
10.5
107.5
90.8
11.6
13.2
7.3
0.9
9.6
0.4
8.6
n.a.
5.7
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Table 4 – Stoichiometry and kinetics of the BAP model (only new items to ASM2d are presented)
Processes

SBAP

SF

Aerobic Hydrolysis
of BAP
Anoxic Hydrolysis
of BAP
Anaerobic Hydrolysis
of BAP
Lysis of XH
Lysis of XPAO
Lysis of XAUT

SI

XI

XS

XAUT

Rate

1  fSI

1

fSI

1  fSI

1

fSI

O
kh;BAP hHNO3 KOKþS
O

1  fSI

1

fSI

O
kh;BAP hfe KOKþS
O

fBAP
fBAP
fBAP

fxI
fxI
fxI

1  fxI  fBAP
1  fxI  fBAP
1  fxI  fBAP

UAP production and degradation

The model description of the UAP production and degradation
was also based on experimental observations. After the
acetate addition, the net UAP production was estimated using
Eq. (1) and is presented in Fig. 2. It should be noted that both
UAP and BAP were produced after acetate addition. This
method eliminated/reduced the interference of BAP and
allowed a more accurate net UAP estimation and
characterisation.
A more detailed UAP characterisation using LC-OCD was
performed for samples collected at 2 h, 6.7 h and 23.3 h (Fig. 3).
It appears that UAP were produced immediately after the
acetate addition and degraded simultaneously. There was
a net accumulation between 0 and 4 h, but most of the UAP
was degraded subsequently between 4 and 8 h (Fig. 2). After
around one day, high MW UAP (>20 kDa) accumulated (Fig. 3).
Following the measured net UAP concentration and LCOCD characterisation, it is hypothesized that two types of UAP
are produced in the cell growth phase. In phase 1 (storage,
before 3.9 h), heterotrophic biomass takes up readily biodegradable substrate and stores it as, for instance, PHAs (polyhydroxyalkanoates). The UAP produced in this phase have
a lower MW and are biodegradable. In phase 2 (proliferation,
after 3.9 h), biomass utilizes the stored material and proliferation takes place (van Loosdrecht et al., 1997). The UAP

SNO3
KNO3 þSNO3 SBAP XH

KNO3
KNO3 þSNO3 SBAP XH

bH XH
bPAO XPAO KALKSALK
þSALK
bAUT XAUT

1
1
1

produced in this phase have a higher MW and are probably
more refractory (see the higher biopolymer peak of the net
UAP after 23.3 h in Fig. 3).
Acetate used in this study is a well-known substrate that
can easily be stored in the cell as PHB (polyhydroxybutyrate)
(van Loosdrecht et al., 1997). The storage phenomenon in the
UAP batch was confirmed by a very high apparent yield
(YH ¼ 0.83) estimated from the OUR (oxygen update rate) data.
Only UAPsto were modelled and calibrated here. UAPpro was
not further studied due to the lack of experimental results
after 8 h. All UAP in the model below refer to UAPsto without
specification.
Similar to the SMP models reviewed above, UAP production
is assumed proportional to substrate utilization by introducing a stoichiometric parameter, fUAP. Thus, substrate is
utilized to produce UAP ( fUAP) in addition to growth (YH) and
oxidation (1  YH  fUAP) as depicted in Table 5.
Fig. 2 clearly demonstrates that UAPsto were biodegradable
and probably more readily biodegradable than BAP. Thus,
a separate first-order kinetic parameter (kh,UAP) was assigned
to UAP hydrolysis (Eq. (5)). UAP parameters were estimated
using a similar method as that of BAP resulting in
fUAP ¼ 0.0963  0.0387 and kh,UAP ¼ 0.0102  0.0044 1/d.
First order UAP hydrolysis : rSUAP ¼ kh;UAP SUAP XH

(5)

However, the UAP model should be applied with caution: (1)
the measured polysaccharides, proteins and equivalent UAP
had quite high standard deviations (1.03, 0.63 and 5.34 mg/L,

UAP_Simul

25

300

UAP_Mea

Concentration (mg COD/L)

SCOD concentration (mg/L)

XPAO

O
kh;BAP KOSþS
SBAP XH
O

(1965), resulting in a narrow 95% parameter confidence interval,
i.e. fBAP ¼ 0.0215  0.0021 and kh,BAP ¼ (7.41  0.54)  107 1/d.

3.2.2.

XH

Simulation
Measurement

250
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1000 mg COD/L
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0
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Fig. 1 – Simulated and measured SCOD concentration in
a BAP batch experiment (SCOD is an estimate of the BAP
concentration under starvation conditions).

-1
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5
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9

Time (hrs)
Fig. 2 – Simulated and measured net UAP concentration in
the UAP batch experiment (1000 mg COD/L of acetate was
added at 0 h).
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3.3.

ASM2dSMP model validation for the lab-scale MBR

12
Biopolymers
(> 20 kDa)
Building blocks
(300-500 Da)

10

added acetate

The ASM2dSMP model was validated using independent
experimental results of a lab-scale MBR monitored under
steady state conditions. The ASM2dSMP model parameters
estimated in the SMP batch experiments ( fBAP, kh,BAP, fUAP and
kh,UAP) were directly used. Most ASM2d-related parameters
were adapted directly from a calibrated ASM2d MBR model
(Section 3.1). However, because of the model structure change,
a few of them had to be adjusted as follows (Table 2).
First, the yield of XH and XPAO growth had to be adjusted
according to the COD mass balance. In ASM2dSMP, a portion
of the influent substrate COD is directed to UAP production,
allowing additional XH and XPAO production from UAP. This
can be easily compensated by decreasing their yields (YH and
YPAO) from 0.625 to 0.57 using Eq. (6). The validity of this
approach can be demonstrated by the fact that in this way the
same simulated sludge concentrations are obtained in the
ASM2d and ASM2dSMP (see Table 3).

LMW acides
(<350 Da) Neutrals
(<350 Da)

8
UAP_23.3hr

6

UAP_6.7hr

4

UAP_2hr

2
0

0

10
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50
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70

80

Retention Time in Minutes
Fig. 3 – Differences of DOC signal between UAP and
reference batches (net UAP production by subtracting the
reference chromatogram from the UAP chromatogram)
measured by LC-OCD.

YASM2d;SMP ¼

YASM2d

1 þ fUAP

(6)

Second, the anaerobic acetate uptake rate and the aerobic/
anoxic phosphorus uptake rate of PAO (Phosphorus Accumulation Organisms) were increased to fit the measured
effluent phosphate concentration. In the previous ASM2d
model calibration (Section 3.1), the default ASM2d parameters
had to be adjusted to improve the anaerobic VFA (Volatile
Fatty Acids) uptake and aerobic phosphorus uptake. However,
the production of UAP in the ASM2dSMP model delayed the
fermentation process (VFA production) and enabled restoration of some PAO-related parameters (hNO,PAO and qfe) to their
default ASM2d values.
Third, the percentage of non-retainable SMP ( fnr,SMP)
should be estimated. The SCOD in the membrane feed side
and effluent can be used to roughly estimate this key
parameter. The first method estimating fnr,SMP yielded 0.059 by

respectively) due to their low concentrations; (2) only UAPsto
was included in the model and UAPpro was not modelled; (3)
a simple substrate, acetate, was used, whereas UAP
production is known to be substrate specific (Boero et al.,
1991, 1996); (4) a sewage-like synthetic wastewater was used
as the MBR feed, whereas a real wastewater can produce
different sludge and SMP characteristics; and (5) UAP
production is related to the S0/X0 (substrate/MLSS) ratio at
the start of the batch experiment. A low S0/X0 ratio (0.097) in
a one-day batch test was used here, which is close to the
common F/M ratio for nitrifying activated sludge processes.
A higher S0/X0 ratio may produce a higher percentage of UAP
due to more intensive cell proliferation (Hejzlar and Chudoba, 1986).

Table 5 – Stoichiometry and kinetics of the UAP model (only new items to ASM2d are presented)
Processes
Aerobic Hydrolysis
of UAP
Anoxic Hydrolysis
of UAP
Anaerobic Hydrolysis
of UAP
Aerobic growth of XH
on SF
Aerobic growth of XH
on SA
Anoxic growth of XH
on SF
Anoxic growth of XH
on SA
Aerobic growth
of XPAO
Anoxic growth
of XPAO
on NOþ
3
Growth of XAUT

SO

UAP
1YHYf
H

SF

SA SUAP

Rate

1  fSI

1

fSI

1  fSI

1

fSI

O
kh;UAP hHNO3 KOKþS
O

1  fSI

1

fSI

O
kh;UAP hfe KOKþS
O

Y1H

fUAP
YH

1

O
mH KOSþS
O

SPO
SF
SF
SNH
SALK
KF þSF SA þSF KNH þSNH KPO þSPO KALK þSALK XH

fUAP
YH

1

O
mH KOSþS
O

SPO
SA
SA
SNH
SALK
KA þSA SF þSA KNH þSNH KPO þSPO KALK þSALK XH

Y1H
Y1H
Y1H

4:57YYAA fUAP

SI XH XPAO XAUT
O
kh;UAP KOSþS
SUAP XH
O

UAP
1YHYf
H

UAP
1YHYf
H

SNO

SNO3
KNO3 þSNO3 SUAP XH

KNO3
KNO3 þSNO3 SUAP XH

fUAP
YH

H fUAP
1Y
2:86YH

1

O
mH hNO3 KOKþS
O

SNO3
SNH4
SPO4
SF
SF
SALK
KNO3 þSNO3 KF þSF SF þSA KNH4 þSNH4 KPO4 þSPO4 KALK þSALK XH

fUAP
YH

H fUAP
1Y
2:86YH

1

O
mH hNO3 KOKþS
O
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fUAP
YH

1
YA

XPHA =XPAO
SPO
SNH
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1

O
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O

1

O
hNO3 mPAO KOKþS
O
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SO
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SNH
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subtracting the SI, SF, and SA (predicted by the ASM2d model)
from the overall SCOD. It should be noted that errors exist in
predicting the SI, SF, and SA concentration, and hence the
errors can be transferred to estimating fnr,SMP. It is more reliable to estimate this key parameter by fitting the predicted
SCOD in the membrane feed side to actual measurements.
Thus, the second approach was adopted, which yielded
fnr,SMP ¼ 0.081.
The comparison of ASM2dSMP and ASM2d model predictions with steady state experimental results is presented in
Table 3. The simulated sludge and effluent concentrations
using the ASM2dSMP showed very good agreement with the
measurements. In addition, they are generally better than the
simulation results using the ASM2d. Remarkably, the simulated SCOD of sludge water (92.5 mg/L) using ASM2dSMP was
very close to the measurement (87.4 mg/L), whereas ASM2d
predicted only 4.5 mg/L. The remarkable difference is due to
the fact that the main constituent of MBR sludge water was
actually SMP, which were modelled in the ASM2dSMP and
described as partially retainable by the membrane.

3.4.

Comparison of the SMP model with literature

Most SMP models reviewed above are complex and overparameterized with strong parameter correlations. Moreover,
few measurements (and mostly only steady state SCOD data)
are available for parameter estimation. On top of that, model
parameters are often estimated using trial and error methods,
no parameter confidence interval is given and no independent
model validations are conducted.
Contrary, in this study the SMP model structure development was based on experimental observations. A new
analytical tool (LC-OCD) allowed a better SMP characterisation. To describe the SMP production and degradation,
a simple model including only 4 SMP-related parameters was
introduced and integrated with the ASM2d. Dynamic batch
data were collected for BAP and UAP separately and used for
parameter estimation, allowing more trust in parameter
estimation and resulting in reasonable parameter confidence
intervals. Finally, the developed SMP model was validated
using independent MBR steady state measurements.

3.5.

Impact of MBR operational conditions on SMP

As an application of ASM2dSMP, the impact of MBR operational conditions (such as SRT and HRT) on the expected SMP
concentration was demonstrated by two series of model
simulations for the lab-scale MBR. The first series of simulations varied the amount of sludge wastage (for a fixed HRT,
leading to a varying SRT and SRT/HRT ratio). In the second
series of simulations the reactor volume was varied (for a fixed
SRT/HRT ratio, leading to a varying SRT and HRT). Each
simulation was run for 500 days to reach steady state.
In both series of simulations, the predicted SMP concentration increased with the SRT (Fig. 4). However, the other
operational parameters/variables, e.g. HRT, SRT/HRT and MLSS
showed opposite trend with SMP under certain operational
conditions. Hence, other operational parameters/variables do
not directly control the SMP concentrations, but they can
interact each other to impose indirect impacts. In conclusion,

SRT is the key operational parameter controlling SMP concentration and eventually influences MBR fouling.
The simulations also demonstrate the impact of SRT on the
BAP and UAP ratio. The UAP concentration decreased as SRT
increased, but levelled off at an SRT above 15 days. Conversely,
the BAP concentration always increased as SRT increased.
Thus, there exists an ‘‘optimal’’ SRT resulting in a minimum
total SMP (BAP þ UAP) concentration. This optimum was found
at an SRT of around 2 days for this lab-scale MBR.
Model demonstration of the existence of an optimal SRT
minimising SMP is consistent with the UAP and BAP definition
and early SMP experimental studies. Rittmann et al. (1987)
reported an optimal SRT of 2 days using model simulation,
while Pribyl et al. (1997) reported an optimal SRT of 5–15 days
using experimental data.
However, the model predicted optimal SRT in this lab-scale
MBR was lower than the 4 studies reviewed in Section 1. The
difference can be attributed to very difference influent characteristics (synthetic and real wastewater) and operational
conditions. The first 3 reviewed studies report that high SRT
reduces MBR fouling in the range of lower SRT and lower MLSS
conditions, i.e. 2–80 days and 3.07–7.82 g/L, respectively
(Nuengjamnong et al., 2005; Trussell et al., 2006; Liang et al.,
2007). The lower SRT and MLSS conditions imply that the
biomass decay and BAP production are not significant.
Whereas, the last study reports that high SRT intensifies MBR
fouling in the range of higher SRT and higher MLSS conditions,
i.e. 30–100 days and 7–18 g/L, respectively (Han et al., 2005).
Thus, significant amount of BAP are produced and accumulate
in the bioreactor, which therefore intensifies membrane
fouling. This lab-scale MBR operated under moderate SRT (17
days) but higher MLSS conditions (10.9 g/L). The BAP production was therefore more significant than the UAP. Hence, the
optimal SRT predicted by the model was lower. In addition,
two of the reviewed studies showed that higher organic
concentrations of sludge water intensify MBR fouling (Trussell
et al., 2006; Liang et al., 2007). This is another support of SMP’s
impact on MBR fouling and the significance of predicting SMP
concentrations in MBRs.
Care should be taken in applying the ASM2dSMP model
and finding the optimal MBR operational conditions. Two
model limitations have to be addressed as follows. (1) The
conducted simulations only focused on the SMP concentrations under steady state. Dynamically varying process
conditions have been reported to stimulate SMP production
and to result in intensified membrane fouling (Evenblij et al.,
2005; Drews et al., 2006). (2) The fouling potential of UAP and
BAP may be different and the UAP may have a higher fouling
potential than BAP (Jiang, 2007). Whereas, in the proposed SRT
optimization, UAP and BAP were assumed to have equal
fouling potential. Both of the above model limitations suggest
that full-scale MBRs should operate under a higher SRT than
the model prediction.
In addition to predicting the SMP concentration, the
ASM2dSMP model maintains ASM2d’s ability to simulate
biological nutrient removal (BNR). For example, simulations
showed the effluent ammonium concentration would be over
5 mg/L, if the MBR operated below an SRT of 13 days (data not
shown). Typical BNR activated sludge processes operate under
moderate SRT conditions. Therefore, if both BNR and
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Fig. 4 – The impact of SRT on SMP and sludge concentration (lines [ simulation results, : [ measured SCOD,
- [ measured TCOD).

membrane fouling control are set as objectives, a moderate
SRT should be applied. The actual optimal SRT value needs
further study, and will be related to the influent characteristics, the BAP and UAP characteristics, and the membrane
characteristics under dynamic operational conditions.
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Conclusions

Dedicated batch experiments were designed to produce
BAP and UAP separately. Analyses using a new tool,
LC-OCD, revealed that BAP and UAP were mostly composed
of large molecular weight compound. Thus, unlike previous
studies, the degradation of BAP and UAP was described to
undergo a hydrolysis process producing fermentable
soluble COD (SF).
The ASM2d model was extended to ASM2dSMP, introducing only four additional parameters. Care was taken in
minimising model complexity and parameter correlations,
and as a consequence model parameter estimation resulted in
reasonable confidence intervals. Finally, the ASM2dSMP
model was successfully validated using independent experimental results of a lab-scale MBR under steady state
conditions.
Finally, the ASM2dSMP model was used to predict the
impact of operational parameters on SMP concentration.
Model simulation showed that SRT is the key operational
parameter controlling the predicted SMP concentration and
eventually influencing MBR fouling. A lower SRT increased the
UAP concentration, but decreased the BAP concentration and
vice versa. An SRT resulting in minimum total SMP concentration could be predicted, and was found to be as low as 2
days in the MBR. Finally, if MBRs operate under dynamic
conditions and biological nutrient removal is required,
a moderate SRT should be applied.
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