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Abstract Extracelluar polymeric substances (EPSs) and soluble microbial products (SMPs) produced by

microbial cultures involved in membrane biofouling have been widely investigated. A mathematical model

of EPS and SMP formation and degradation was established based on the activated sludge model

no. 1 (ASM1) and was applied to the membrane bioreactor sludge with different sludge retention times

(SRTs). The unified theory that the distinct products from the EPS and SMP overlapped each other

was integrated into the ASM1. Two components, five processes and eight parameters were newly

added to set up the model. To increase the accuracy of model simulation, microbial kinetic parameters

were determined by respirometry method and applied to the model instead of microbial kinetic constant

offered in ASM1. From the respirometry result, both of heterotroph and autotroph showed different

yield value, growth rate and decay rate from activated sludge. There was no significant effect of SRT

on SMP production and the experimental results showed good agreement with the predicted values by

the model simulation. With the developed unified EPS and SMP model, EPS and SMP production

could be simulated so well that it can be applied for the membrane biofouling control.
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Nomenclature

bA autotrophic decay coefficient for formation of particulate, day21

bH heterotrophic decay coefficient for formation of particulate, day21

fP inert fraction of biomass leading to particulate products, dimensionless

iXB mass N/mass COD in biomass, gN gCOD21

iXP mass N/mass COD in products from biomass, gN gCOD21

Ka ammonification coefficient, m3 gCOD21 day21

kBAP hydrolysis coefficient of EPS, day21

kEPS EPS formation coefficient by heterotrophs, dimensionless

kEPSa EPS formation coefficient by autotrophs, dimensionless

Kh hydrolysis coefficient, day21

kUAP UAP formation rate coefficient of heterotrophs, dimensionless

kUAPa UAP formation rate coefficient of autotrophs, dimensionless

KNH ammonia half-saturation coefficient for autotrophic biomass, gN m23

KNO nitrate half-saturation coefficient for denitrifying heterotrophs biomass, gN m23

KO.A oxygen half-saturation coefficient for autotrophs, gO2 m
23

KO.H oxygen half-saturation coefficient for heterotrophs, gO2 m
23

KS substrate half-saturation coefficient for heterotrophs, gCOD m23

KSMP SMP half-saturation coefficient for heterotrophs, gCOD m23

W
ater

S
cience

&
T
echno

lo
g
y
V
o
l
5
3
N
o
7
p
p
2
0
9
–
2
1
6
Q

IW
A
P
ub

lish
ing

2
0
0
6

209doi: 10.2166/wst.2006.330



KX half-saturation coefficient for hydrolysis of particulate biodegradable substrate,

dimensionless

KXEPS half-saturation coefficient for hydrolysis of EPS, dimensionless

SBAP biomass-associated product, gCOD m23

SI soluble inert organic matter, gCOD m23

SNDSS soluble biodegradable organic nitrogen, gN mV

SNH ammonia plus ammonium nitrogen, gN m23

SNO nitrate plus nitrite nitrogen, gN m23

SO oxygen, gO2 m
23

SS soluble biodegradable substrate, gCOD m23

SSMP total soluble microbial product, equals to SBAP plus SUAP, gCOD m23

SUAP utilization associated product, gCOD m23

XB.A active autotrophs, gCOD m23

XB.H active heterotrophs, gCOD m23

XEPS particulate EPS, gCOD m23

XI particulate inert organic matter, gCOD m23

XND particulate biodegradable organic nitrogen, gN m23

XP particulate products from biomass decay, gCOD m23

XS particulate biodegradable organic matter, gCOD m23

YA autotrophic yield coefficient, gCOD gN21

YH heterotrophic yield coefficient from substrate, gCOD gCOD 2 1

YSMP heterotrophic yield coefficient from SMP, gCOD gCOD21

hg correction factor for anoxic growth of heterotrophs, dimensionless

hh correction factor for anoxic hydrolysis, dimensionless

mA maximum specific growth rate for autotrophs, day21

mH maximum specific growth rate for heterotrophs, day21

mSMP maximum specific growth rate of SMP for heterotrophs, day21

r process rate, gCOD m23 day 21 or gN m23 day21

Introduction

In recent years, membrane filtration has been increasingly used with the activated sludge

bioreactors in conventional wastewater treatment to achieve higher effluent quality

(Bai and Leow, 2002). The major obstacle in the extensive use of membrane bioreactor is

membrane fouling, characterized by a rapid and continuous reduction of permeation flux

with time, which has commonly been attributed to the high concentrations of suspended

solids in wastewater (Zeman and Zydney, 1996). In addition to mixed liquor suspended

solids, EPSs and SMPs are known as main microbial products to induce the membrane

bio-fouling. EPS is accumulated in the bioreactor and also on the membrane, which

cause an increase of viscosity of the mixed liquor and an increase in the filtration resist-

ance (Nagaoka et al., 1996). Also high molecular SMP which is larger than the molecular

weight cut-off (MWCO) of the ultrafiltration membrane can not penetrate membrane

pores due to size exclusion which could act as a foulant in MBR processes (Shin and

Kang, 2003).

A model incorporating EPS and SMP formation and degradation may offer a rational

approach to the biofouling characteristics of the membrane bioreactor process. Therefore,

the objective of this study is to establish an available model by incorporating the unified

EPS and SMP concept into the membrane bioreactor process in order to accurately

predict their fate under various SRT conditions.
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Materials and methods

Membrane bioreactor operation

As shown in Figure 1 and Table 1, three submerged membrane bioreactors having 17 L

of working volume were operated under different SRT conditions. The microfiltration

membrane was made of polypropylene having a nominal pore size of 0.4mm and an

effective filtration area of 0.1m2. Initially, the bioreactor was filled with sludge from a

municipal wastewater treatment plant. MBR reactors were fed with the synthetic waste-

water containing glucose and ammonia as carbon and nitrogen sources. Influent COD and

nitrogen concentrations were fixed at 180mg/L (0.37 kg COD/m3/d) and 30mg/L

(0.06 kg NH4-N/m
3/d), respectively.

Analytical methods

Suspended solids (SS), COD, and NH4-N concentrations were measured according to

Standard Methods (APHA, 1998). Concentrations of various ions in solution were ana-

lyzed using ion chromatography (DX-120, DIONEX, USA). Total organic and inorganic

carbons were determined by a TOC analyzer (DC-180, Dorhmann, Germany). EPS was

extracted from microbial floc using heat treatment (Morgan et al., 1990). The extracted

solution was analyzed for total carbohydrate and proteins. The amounts of total

carbohydrates and proteins represented the EPS, as they are dominant components

typically found in extracted EPS (Bura et al., 1998; Frølund et al., 1996). Carbohydrates

and proteins in EPS were determined according to the phenol-sulfuric acid method with

glucose as standard (Dubois et al., 1956) and Folin method with bovine serum albumin as

standard (Lowry et al., 1951), respectively. The SMP concentration could be estimated

using the biodegradable organic matter (BOM) removal (as carbon), the DOC removal and

the SMP biodegradation as in Equation (1). BOM removal represents the consumption of

the influent substrate (glucose) that should be equal to the DOC removal if no SMP

presented. If SMP presented, the DOC removal would be reduced by the amount of SMP

produced (Shin and Kang, 2003).

SMP ¼ BOMremoval 2 DOCremoval þ SMPbiodegradation

¼ ðBOMinfluent 2 BOMeffluentÞ2 ðDOCinfluent 2 DOCeffluentÞ þ SMPbiodegradation

ð1Þ

Kinetic parameter determination

The respirometer used for parameter estimation was AER-200/ANR-100 system (Chal-

lenge Environmental System, Inc.), which measures the oxygen transfer rate into the

sludge. Sludge was taken out and washed twice to remove the residual COD and nitrate.

Figure 1 Schematic diagram of MBRs
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And then the alkalinity and phosphate were supplied to avoid the pH drop and nutrient

deficiency. Finally the sludge was aerated for 30min to confirm the endogenous stage

(Figure 2). Three major parameters including yield, growth rate and decay rate were

estimated with respirometry suggested by Vanrolleghem et al. (1999).

Model development

EPS and SMP formation-degradation was simulated with a mathematical model based on

the activated sludge model no. 1 (ASM1). In this model, a unified theory that the distinct

products from the EPS and SMP were overlapped each other, was used (Figure 3). EPS

and SMP formation can be expressed with the following Equation (2) and (3), respect-

ively (Characklis and Marshall, 1990; Rittman and McCarty, 2001).

rEPS ¼ k1mX þ k2X ð2Þ

rSMP ¼ kUAPqX þ kBAPX ð3Þ

Figure 2 Schematic diagram of respirometry

Table 1 Operating conditions of MBRs

Category R1 R2 R3

COD/N ratio 6
SRT (days) 30 60 90
HRT (hr) 8.0
Permeate flux (LMH) 21.3
Max. TMP (kPa) 26.7
Air flow rate (L/min) 2.0
Organic loading (kgCOD/m3/day) 0.37
pH 7.0 ^ 0.2
DO (mgO2/L) .2
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To set up the EPS and SMP model, new components of SSMP, and XEPS were added.

SSMP is the soluble biodegradable SMP concentration and XEPS is slowly biodegradable

EPS concentration in wastewater. For the process modeling, five processes were added:

hydrolysis of EPS, EPS formation by heterotrophs, EPS formation by autotrophs, UAP

formation by heterotrophs, and UAP formation by autotrophs. To describe the newly

added processes, eight parameters used were mSMP, kUAP, kUAPa, kBAP, KSMP, kEPS, kEPSa,

and KXEPS. Based on above statement, the mass balance equation including the EPS and

SMP concept was established as shown in Table 2.

Results and discussions

Sensitivity analysis of parameters

In order to determine the major parameters, sensitivity analysis was made. Eighteen kin-

etic parameters associated with SMP and EPS were selected for analysis.

As shown in Figure 4, the most important factors affecting the EPS production were

BAP formation coefficient (kBAP), EPS formation coefficient (kEPS), and decay coefficient

for heterotrophic biomass (bH). Maximum specific growth rate of SMP for heterotrophs

(mSMP), heterotrophic yield coefficient from SMP (YSMP), and SMP half-saturation coeffi-

cient for heterotrophic biomass (KSMP) had great influences on the SMP production.

Table 2 Mass balance equations (superscript 0 indicates value in the influent)

V dSS

dt ¼ QOS
0
S 2QESS 2QWSS 2 1

ð12kUAP2kEPS ÞYH
p1V 2 1

ð12kUAP2kEPS ÞYH
p3V þ p9V 2 p12V 2 p14V

V dXS

dt ¼ QOX
0
S 2QWXS þ ð12 fP Þp6V þ ð12 fP Þp7V 2 p9V

V dXBH

dt ¼ QOX
0
BH 2QWXBH þ p1V þ p2V þ p3V þ p4V 2 p6V

V dXBA

dt ¼ QOX
0
BA 2QWXBA þ p5V 2 p7V

V dXP

dt ¼ QOQ
0
P 2QWXP þ fPp6V þ fPp7V

V dSUAP

dt ¼ QOS
0
UAP 2QESUAP 2QWSUAP 2 1

YSMP
p2V 2 1

YSMP
p4V þ kUAPp14V þ kUAPap15V

V dSBAP

dt ¼ QOS
0
BAP 2QESBAP 2QWSBAP 2 1

YSMP
p2V 2 1

YSMP
p4V þ p11V

V dXEPS

dt ¼ QOX
0
EPS 2QWXEPS 2 p11V þ p12V þ p13V

V dSO

dt ¼ QOS
0
O 2QESO 2QWSO 2 12ð12kUAP2kEPS ÞYH

ð12kUAP2kEPS ÞYH
p1V 2 12YSMP

YSMP
p2V 2 4:572YA

YA
p5V þ kLAðSOS 2 SOÞ

V dSNO

dt ¼ QOS
0
NO 2QESNO 2QWSNO 2 12ð12kUAP2kEPS ÞYH

2:86ð12kUAP2kEPS ÞYH
p3V 2 12YSMP

2:86YSMP
p4V þ 1

YA
p5V

V dSNH
dt ¼ QOS

0
NH 2QESNH 2QWSNH 2 iXBp1V 2 iXBp2V 2 iXBp3V 2 iXBp4V 2 iXB þ 1

YA

� �
p5V þ p8V

2 p13V 2 p15V

V dSND

dt ¼ QOS
0
ND 2QESND 2QWSND 2 p8V þ p10V

V dXND

dt ¼ QOX
0
ND 2QWXND þ ðiXB 2 fP iXP Þp6V þ ðiXB 2 fP iXP Þp7V 2 p10V

Figure 3 Schematic representation of EPS and SMP production and degradation
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However, the parameters directly related to the EPS and SMP formation were almost

impossible to measure. Therefore, in this study, the yield coefficient (YH), growth rate

(mH) and decay rate (bH) were estimated since they were respected to be important

because the SMP and EPS associated with growth and decay of microorganisms accord-

ing to the unified model (Figure 3).

Kinetic parameters of MBRs

As shown in Table 3, it was found that MBR sludge had different microbial kinetic

values as compared with the activated sludge process. In case of heterotrophic biomass,

yield and growth rate of MBR sludge were smaller than activated sludge. On the con-

trary, the decay rate of MBR sludge was larger than activated sludge. However, in case

of autotrophic biomass, yield and decay rate of MBR sludge were larger but growth rate

was smaller than activated sludge.

Yield, growth rate, and decay rate were dependent on the SRT among the various

microbial kinetic parameters of MBR. In heterotrophs, yield and growth rate decreased

from 0.56 to 0.43 and from 3.25 day21 to 1.17 day21 with increasing SRT. But, decay

rate increased from 0.60 day21 to 0.77 day21. In autotrophs, yield and decay rate

Figure 4 Sensitivity of selected parameters
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increased from 0.25 to 0.30 and from 0.12 day21 to 0.18 day21 with increasing SRT. On

the contrary, growth rate decreased from 0.67 day21 to 0.48 day21.

Simulation of EPS and SMP concentration

Simulations calibrated with estimated parameters showed accurate results for SMP and

EPS concentrations at various SRTs as shown in Figure 5. It suggested that the unified

theory and its calibration with three parameters could be used for the simulating mechan-

isms of SMP and EPS.

Table 3 Comparison of kinetic parameter between MBR and CAS sludge (SRT 90 days)

Autotrophs Heterotrophs

MBR CAS MBR CAS

Yield 0.30 0.24 0.43 0.67
Growth rate (day21) 0.48 0.80 1.17 6.00
Decay rate (day21) 0.18 0.08 0.77 0.62

Figure 5 EPS and SMP concentration in the MBRs at various SRTs
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Conclusions

MBR sludge, both of heterotrophs and autotrophs, showed different yield, growth rate

and decay rate from activated sludge. Compared to the CAS sludge, MBR sludge showed

a higher yield value (0.30) and decay rate (0.18 day21) of autotrophs. With the obtained

kinetic constant and newly developed model, relatively accurate modeling of EPS and

SMP in bioreactor was possible. In this model, the effect of SRT was not observed in

SMP production but in EPS production, and the experimental results showed good agree-

ments with the simulation results. Therefore, it is not recommended to use ASM1 kinetic

parameters for the modeling of EPS and SMP production in MBR. With the unified EPS-

SMP model, EPS and SMP production could be simulated so well that it could be applied

for the membrane bio-fouling control.
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