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a b s t r a c t

This study developed a new sewer biofilm model to simulate the pollutant transformation

and biofilm variation in sewers under aerobic, anoxic and anaerobic conditions. The bio-

film model can describe the activities of heterotrophic, autotrophic, and sulfate-reducing

bacteria (SRB) in the biofilm as well as the variations in biofilm thickness, the spatial

profiles of SRB population and biofilm density. The model can describe dynamic biofilm

growth, multiple biomass evolution and competitions among organic oxidation, denitrifi-

cation, nitrification, sulfate reduction and sulfide oxidation in a heterogeneous biofilm

growing in a sewer. The model has been extensively verified by three different approaches,

including direct verification by measurement of the spatial concentration profiles of dis-

solved oxygen, nitrate, ammonia, and hydrogen sulfide in sewer biofilm. The spatial

distribution profile of SRB in sewer biofilm was determined from the fluorescent in situ

hybridization (FISH) images taken by a confocal laser scanning microscope (CLSM) and

were predicted well by the model.

ª 2009 Elsevier Ltd. All rights reserved.
1. Introduction necessary to describe all reactions and competitions.
Sewer biofilms play an important role in pollutant trans-

formation in sewers (Chen et al., 2003). Nielsen and Hvitved-

Jacobsen (1988) reported that anaerobic conditions developed

in deep parts of sewer biofilms promoted hydrogen sulfide

production, leading to sewer odor and corrosion problems.

Competition among chemical oxygen demand (COD) oxida-

tion, nitrification, denitrification and sulfate reduction could

occur in the biofilms in sewers when oxygen and/or nitrate are

injected. A comprehensive biofilm model, therefore, is
hen).
er Ltd. All rights reserved
However, sulfate-reducing bacteria (SRB) have always been

ignored in existing biofilm models, though heterotrophs and

nitrifiers have already been considered (Picioreanu et al., 2004;

Rauch et al., 1999; Wanner and Gujer, 1986; Wanner and

Reichert, 1996). While sulfide production has been considered

in some sewer models, such as the wastewater aerobic/

anaerobic transformation in sewers (WATS) model (Hvitved-

Jacobsen et al., 2000), variations in SRB density, sulfate

concentration and substrate diffusion in sewer biofilms have

commonly been neglected, suggesting that such models do
.

mailto:ceghchen@ust.hk
http://www.elsevier.com/locate/watres


Nomenclature

Dt time interval for computation (s)

Pk percentage of SRB in segment k to total amount of

SRB in the entire biofilm

Dz height of biofilm compartment (m)

bA,NO anoxic endogenous respiration of nitrifiers (d�1)

Rk number of SRB cell in the biofilm segment k

bA,O2 aerobic endogenous respiration of nitrifiers (d�1)

qfe Fermentation rate constant (d�1)

bH,NO anoxic endogenous respiration rate of XH (d�1)

SA fermentation product (g COD m�3)

bH,O2 aerobic endogenous respiration rate of XH (d�1)

SF fermentable substrate (g COD m�3)

bINA inactivation rate constant (d�1)

SH2S dissolved sulfide (g S m�3)

bSRB decay rate constant of SRB (d�1)

SNH ammonium and ammonia nitrogen (g N m�3)

bSTO,NO anoxic respiration rate for XSTO (d�1)

SNO nitrate and nitrite (g N m�3)

bSTO,O2 aerobic respiration rate for XSTO (d�1)

SO dissolved oxygen (g O2 m�3)

Df the diffusion coefficient in biofilm (m2 s�1)

SS readily biodegradable substrate

(g COD m�3) ¼ SF þ SA

Dw the diffusion coefficient in water (m2 s�1)

SSO4 sulfate (g SO4–S m�3)

fXI production of XI in endogenous biomass

respiration (g XI g�1 XH)

V stoichiometric matrix

XA nitrifiers (g COD m�3)

iNBM nitrogen content of active biomass

(g N g�1 Xbiomass)

XH heterotrophic biomass (g COD m�3)

iNSf nitrogen content of SF (g N g�1 SS)

XI Inert organic particulates (g COD m�3)

iNXI nitrogen content of XI (g N g�1 XI)

XS slowly biodegradable substrate (g COD m�3)

iNXS nitrogen content of XS (g N g�1 XS)

XSRB sulfate-reducing bacteria (g COD m�3)

J diffusion flux (g m�2 s�1)

XSTO storage product of XH (g COD m�3)

KA,NH SNH saturation constant for nitrifiers (g Nm�3)

YA yield of nitrifers per g NO3–N (g COD g�1 N)

KA,O oxygen saturation constant for nitrifiers (g O2 m�3)

YH,NOx anoxic yield of heterotrophic growth on XSTO

katt attachment coefficient (d�1) (g XH g�1 XSTO)

kdet detachment coefficient (g m�5)

YH,O2 aerobic yield of heterotrophic growth on XSTO

Kfe SF saturation constant for fermentation

(gCOD m�3) (g XH g�1 XSTO)

kH hydrolysis rate constant (g XS g�1 X�H d�1)

YSRB Yield of SRB (g XSRB g�1 SA)

kLa re-aeration coefficient in 20 �C (s�1)

YSTO,NOx anoxic yield of stored products per Ss

KNH saturation constant for SNH (g N m�3)

(g XSTO g�1 SS)

KNO saturation constant for SNO (g N m�3)

YSTO,O2 Aerobic yield of stored products per Ss

KO2 saturation constant for oxygen (g O2 m�3)

(g XSTO g�1 SS)

KS saturation constant for substrate SS (g SS m�3)

3l volume fraction of liquid

KSA SA saturation constant for SRB growth (g SA m�3)

3Xf
i;j

fraction of particulate i in biofilm compartment j

kSO sulfide oxidation rate constant ((gO2m�3)�0.1 d�1)

hNO anoxic reduction factor

KSO4 sulfate saturation constant for SRB

growth(g S m�3)

mA autotrophic maximum growth rate (d�1)

KSRB,O oxygen inhibition constant for SRB

growth(g O2 m�3)

mH heterotrophic maximum aerobic growth rate (d�1)

kSTO aerobic storage rate constant (g SS g�1 XH d�1)

mSRB growth rate constant of SRB (d�1)

KSTO saturation constant for storage (g XSTO g�1 XH)

rb
f maximum density for active biomass (XH, XSTO, XA

and XSRB) (kg COD m�3)

KX hydrolysis saturation constant (g XS g�1 XH)

k3 constant for calculating 3l

rr
f maximum density for residuals (XS and XI)

(kg COD m�3)

l conservation matrix of COD and nitrogen

Lf biofilm thickness (m)

rm mass density of biofilm (g TS m�3)

Mi mass of particulate i in the whole biofilm (g m�3)

sw wall shear stress (N m�2)

MTSS mass of whole biofilm (g m�3)
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not predict the dynamic evolution of bacterial populations

and the dynamic development of biofilm in sewers. This

means that WATS does not evaluate hydrogen sulfide

production and in sewer denitrification when nitrate is dosed

under various conditions. Sharma et al. (2008) proposed a new

sewer model to simulate H2S production, but this model

neglects the effect of sewer biofilms. They concluded that the

spatial variation of biofilm activities should be considered and

their model needs further improvement in this aspect.

On the other hand, if a comprehensive sewer biofilm model

has been established, it would be difficult to verify it because

the current verification methods rely upon external mass

balances alone (Buffiere et al., 1998; Horn et al., 2003; Tsuno
et al., 2002). This is mainly due to the fact that direct verifi-

cation involving measurement of spatial concentration

profiles of multiple substrates and products in a sewer biofilm

requires micro-sensoring and molecular microbiological

techniques. However, recent advances in the development of

microelectrodes (Kühl and Jørgensen, 1992; Noguera et al.,

1999) and the fluorescent in situ hybridization (FISH) technique

enable us to determine spatial concentration profiles of

various substrates and bacterial population distributions

within a biofilm (Okabe et al., 2003). Hence, by combining

these techniques, we measured the spatial concentration

profiles of NH4
þ, NO3

�, NO2
�, H2S, pH, and dissolved oxygen (DO)

within a sewer biofilm (Leung et al., 2004).
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With the above in view, this study aimed at developing

a new sewer biofilm model to describe the competitions

among heterotrophs, autotrophs and sulfate-reducing

bacteria in a sewer biofilm to predict denitrification, COD

removal, and hydrogen sulfide production in sewers and to

consider the dynamic evolution of the biofilms under various

conditions. We calibrated and validated this new model

through three comparisons between the model simulations

and the measurements of: (1) the biofilm growth in sewers; (2)

the biomass density variation in the biofilms; and (3) the

spatial concentration profiles of multiple substances and the

population distribution of SRB in the biofilms.
2. Model development

2.1. Spatial structure

The main differences in the biofilm structures and properties

within a sewer are in the development of the biofilm in the

direction away from walls of the sewer pipe. The direction

through the biofilm is described as ‘‘vertical’’ and the biofilm

model developed here will simulate the vertical differences

inside the sewer biofilms as well as the substance exchanges

between the bulk water and the biofilms. There could be many

layers in the biofilm in this vertical direction. The distance

between such two layers is labeled ‘‘Dz‘‘, as shown in Fig. 1,

and can be variable as shown in Table 2, with varying biofilm

density in each layer or compartment along the biofilm depth.

As the value of Dz determines the amount of the biofilm

compartments; the accuracy, computation time and insta-

bility of the calculation would increase with decreasing Dz. In

the calculation trials, a Dz < 0.05 mm induced the divergence

of the diffusion computation while a Dz > 0.15 mm resulted in

the insufficiency of calculation accuracy. Therefore Dz in the

small range of 0.05 w 0.15 mm, satisfies the balance of the

accuracy, computation time and stability of the calculation.

2.2. Processes and variables

Based on the ‘‘diffusion-reaction’’ concept (Wanner and Gujer,

1986), our model describes the spatial concentration
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Fig. 1 – Schematic representation of the model biofilm for

a sewer biofilm system.
variations of seven solutes (Si) and six particulates (Xi) in each

compartment of the biofilm (see Table 1). To evaluate the

mass density of each compartment, the total solid (TS) is

determined from all particulate concentrations in the

compartment, following the typical conversion parameters

proposed in the International Water Association’s (IWA)

Activated Sludge Model No. 3 (ASM3) (IWA, 2000). The re-

aeration process was activated only when the calculation

involved the bulk water. A sewer biofilm engages in three

physical processes responsible for mass exchanges between

each compartment and that between the biofilm and bulk

water phases. It considers 21 biochemical processes depend-

ing on the concentrations of the soluble and particulate

substances. The details of the key processes are as follows.

2.2.1. Sewer biofilm attachment and detachment
Microbial adhesion to the sewer biofilm surface is regarded as

a necessary step in biofilm formation (Wuert et al., 2003).

Detachment of sewer biofilms is of importance in sewer bio-

film modeling, though it is often overlooked in biotreatment

systems (Wuert et al., 2003). However, in a sewer environment

where the sewage quality significantly varies along the sewer

line over time, the attachment and detachment of the biofilms

need to be taken into consideration in the modeling (Chen and

Leung, 2000). Huisman and Gujer (2002) proposed Eqs. (1) and

(2) to evaluate the rates of the attachment and detachment of

sewer biofilms. These two equations are adopted in this study.

Since the detachment equation is only suitable for a homo-

genous biofilm (Huisman and Gujer, 2002), the detached mass

is thus reallocated by Eq. (3) to suit a non-homogeneous sewer

biofilm.

ratt;Xw
i
¼ katt,Xw

i ; (1)

where

i ¼ substance index;

ratt;Xw
i
¼ attachment rate of particulate i (g COD m�3 d�1);

Xw
i ¼ concentration of particulate i in the bulk water phase

(g COD m�3); and

katt ¼ attachment coefficient (d�1)

rdet;Xw
i
¼ kdetmHL2

f

�
sw � smin

w

smin
w

�2:5

tanh

�
Mi

MTSS

�
(2)

rdet;Xf
i;j
¼ �rdet;Xw

i
,Xf

i;j=
Xn

j¼1

Xf
i;j (3)

where

j ¼ biofilm compartment index; n is max j;

rdet;Xw
i
¼ detachment rate of particulate i into the bulk water

phase (g COD m�3 d�1);

rdet;Xf
i;j
¼ detachment rate of particulate i from biofilm compartment j

(g COD m�3 d�1);

Xf
i;j ¼ concentration of particulate i in biofilm compartment j

(g COD m�3);

kdet ¼ detachment coefficient (g m�5);

m H ¼maximum heterotrophic growth rate (d�1),

Lf ¼ biofilm thickness (m);



able 1 – Stoichiometric and conservation matrix for the biochemical process model for gravity sewers.

Variable index (i) 1 2 3 4 5 6 7 8 9 10 11 12 13 Rate

Model component SO SF SA SNH SNO SSO4 SH2S XI XS XH XSTO XA XSRB

Unit (g m�3) COD COD COD N N S S COD COD COD COD COD COD

Stoichiometric matrix (vk,j)

Hydrolysis x1 y1 �1 kH
XS=XH

KXþXS=XH
XH

Aerobic storage of SS x2 �SF/(SF þ SA) �SA/(SF þ SA) y2 YSTO,O2 kSTO, SO
KOþSO

, SFþSA
KSþSFþSA

,XH

Anoxic storage of SS �SF/(SF þ SA) �SA/(SF þ SA) y3 x3 YSTO,NOx kSTO,hNO, KO
KOþSO

, SNO
KNOþSNO

, SFþSA
KSþSFþSA

,XH

Aerobic growth of XH x4 y4 1 �1/YH,O2 mH, SO
KOþSO

, SNH
KNHþSNH

, XSTO=XH

KSTOþXSTO=XH
,XH

Anoxic growth of XH y5 x5 1 �1/YH,NOx hNO,mH, KO
KOþSO

, SNO
KNOþSNO

, SNH
KNHþSNH

, XSTO=XH

KSTOþXSTO=XH
,XH

Aerobic end.

respiration for XH

x6 y6 fXI �1 bH;O2, SO
KOþSO

,XH

Anoxic end.

respiration for XH

y7 x7 fXI �1 bH;NO, KO
KOþSO

, SNO
KNOþSNO

,XH

Aerobic respiration

for XSTO

x8 �1 bSTO;O2, SO
KOþSO

,XSTO

Anoxic respiration

for XSTO

x9 �1 bSTO;NO, KO
KOþSO

, SNO
KNOþSNO

,XSTO

0 Nitrification x10 y10 1/YA 1 mA, SO
KA;OþSO

, SNH
KA;NHþSNH

,XA

1 Aerobic end.

respiration for XA

x11 y11 fXI �1 bA;O2, SO
KOþSO

,XA

2 Anoxic end.

respiration for XA

y12 x12 fXI �1 bA;NO, KO
KOþSO

, SNO
KNOþSNO

,XA

3 SRB growth �1 y13 �x13 x13 YSRB mSRB
KSRB;O

KSRB;OþSO

SSO4
KSO4þSSO4

SA
KSAþSA

XSRB

4 SRB decay y14 1 �1 bSRBXSRB

5 Heterotrophs inactivation y15 1 �1 kina
KS

KSþSFþSA
XH

6 Storage product inactivation 1 �1 kina
KS

KSþSFþSA
XSTO

7 Autotrophs inactivation y17 1 �1 kina
KO

KOþSO
XA

8 SRB inactivation y18 1 �1 kina
SO

KSRB;OþSO
XSRB

9 Sulfide oxidation x19 1 �1 kSO,S0:1
o ,SH2S

0 Fermentation �1 1 y20 qfe
KO

KOþSO

KNO
KNOþSNO

SF
KfeþSF

XH

1 Re-aeration 1 kLa,ðSO;sat � SOÞ

Conservation matrix

COD (l1,j) �1 1 �4.57 2 1 1 1 1 1 1

Nitrogen (l2,j) iNSf 1 1 iNXI iNXS iNBM iNBM iNBM

w
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s w ¼wall shear stress (N m�2);

smin
w ¼minimal wall shear stress (N m�2);

Mi ¼mass of particulate i in the whole biofilm in a cross

section (g m�3); and

MTSS ¼mass of whole biofilm in a cross section (g m�3).

2.2.2. Solute diffusion
Diffusion fluxes of the solutes in a biofilm can be determined

by Eq. (4). As the substrates do not penetrate through a sewer

pipe wall, the boundary conditions for the substrate diffusion

can be described by Eq. (5),

Ji;j ¼ �Df;i;j
vSi;j

vyj
(4)

Ji;n ¼ 0 (5)

where

y ¼ coordinate of the vertical direction (m);

Si;j ¼ concentration of solute i in a biofilm compartment j (g m�3);

Ji;j ¼ diffusion flux of solute i into a biofilm compartment j

(g m�2 s�1); and

Df,i,j ¼ diffusion coefficient of solute i in biofilm (m2 s�1).

Df,i,j can be calculated from the sewer biofilm mass density

and the diffusion coefficient of solute i in water (Dw,i) following

Eq. (6) (Fan et al., 1990):

Df;i;j ¼ Dw;i,

 
1�

0:43r0:92
m;j

11:19þ 0:27r0:99
m;j

!
(6)

where rm,j ¼mass density of a biofilm compartment j

(g TS m�3).

In the above, the diffusion through the diffusive boundary

layer can be determined by Eq. (4), while the thickness of the

hydraulic boundary layer can be determined from the mean

water depth and the Sherwood number which depends on the

shear velocity and water viscosity (Dawson and Trass, 1972).

2.2.3. Biochemical processes
The ASM3 model is suitable to model the main biochemical

processes in a sewer biofilm (Huisman and Gujer, 2002; Jiang

et al., 2006). To describe the sulfate reduction process in sewer

biofilms, readily biodegradable substrates cover the aggregate

of fermentable substrates (SF) and the fermentation products

(SA) (mainly volatile fatty acids, VFAs). SA is considered as only

electron donor of sulfate reduction in this study. Hence, the

fermentation process is included in our sewer biofilm model.

In order to simulate the formation of inactive organic mate-

rials, such as extra-cellular polymer substances (EPS), the

bacterial inactivation equations proposed by Horn et al. (2003)

and Wanner and Reichert (1996) are adopted in this study. SA

is assumed to be the inactivation product of the storage

products (XSTO). The stoichiometry and kinetics of sulfate

reduction and sulfide oxidation used in this study are based on

relevant previous studies (Nielsen and Hvitved-Jacobsen,

1988; Nielsen et al., 2005; Okabe et al., 2003). They are inte-

grated into the extended ASM3, as shown in Table 1. In Table

1, the stoichiometric parameters, xk and yk are calculated fromP13
i¼1 vk;i,l1;i ¼ 0 and

P13
i¼1 vk;i,l2;i ¼ 0 where vk,i is the value of
the stoichiometric matrix in line k, column i, and l1,i or l2,i is the

value of the conservation matrix in line 1 or 2, column i.

Temperature effect on the reaction rates of the biochemical

processes is determined by Eq. (7).

r ¼ r20,q
ðT�20Þ
T (7)

Where

T ¼ temperature (�C);

r ¼ reaction rate of any biochemical process at temperature

T (g COD, S, N or O2 m�3 d�1);

r20 ¼ reaction rate of any biochemical process at 20 �C (g COD,

S, N or O2 m�3 d�1); and

qT ¼ temperature coefficient. This parameter value is avail-

able in the literature (Hvitved-Jacobsen et al., 1998).
2.3. Density determination

To simulate heterogeneity in a sewer biofilm, our model

regards the mass density of the biofilm as a variable. In any

biofilm compartment, this density can be determined from

the volumetric fractions of particulates, which are the frac-

tions of every particulate and liquid in the compartments, as

describe by Eq. (8).

3l þ
Xn

i¼1

3Xf
i;j
¼ 1 (8)

where

3
l
¼ volume fraction of the liquid;

3Xf
i;j
¼ volume fraction of the particulate i in the biofilm;

3
l

and 3Xf
i;j

are calculated by Eqs. (9) and (10), respectively

(Horn and Hempel, 1997).

3l ¼ 0:2þ
�

k3

500 � 0:25ð103=ð106zþ1ÞÞ þ 1

�
(9)

3Xf
i;j
¼

Xf
i;j

rf
i

; (10)

where

k3 ¼ a constant that can be found in the literature (Horn and

Hempel, 1997);

rf
i ¼maximum density of particulate i in the biofilm

(g COD m�3), which is shown in Table 2.
3. Experimental methods and materials

To calibrate and validate our sewer biofilm model, experi-

ments, including biofilm thickness measurement in sewer,

internal microelectrode measurement and SRB vertical

distribution measurement of biofilms were conducted.

Sewage quality transformation in a real sewer section was

also investigated to obtain the data necessary for simulation

and application of the model.



Table 2 – Summary of the parameter values used in the model for conversions in a gravity sewer.

Symbol Value Unit Reference Symbol Value Unit Reference

Model parameter qfe 3.0 d�1 (IWA, 2000)

Dz 0.5 w 1.5 10�4 m – Kfe 20 g COD m�3 (IWA, 2000)

Dt 1 S – mA 1 d�1 (IWA, 2000)

rb
f 60 kg COD m�3 Calibrated KSRB,O 0.1 g O2 m�3 (Nielsen et al., 2005)

rr
f 200 kg COD m�3 (Laspidou and Rittmann, 2004) KSO4 6.4 g S m�3 (Ingvorsen et al., 1984)

k3 0.5 – (Horn and Hempel, 1997) bSRB 0.192 d�1 (Moosa et al., 2002)

Kinetic parameter bINA 0.028 d�1 (Horn et al., 2003)

kH 9.53 d�1 (Jiang et al., 2007) kSO 1 � 105 (g O2 m�3)�0.1 d�1 (Nielsen et al., 2006)

KX 4.76 g XS g�1 XH
00 mSRB 0.8 d�1 Calibrated

kSTO 4.94 d�1 00 KSA 0.1 g SA m�3 Calibrated

hNO 0.51 – 00 katt 1 � 10-2 d�1 Calibrated

KO 1.88 g O2 m�3 00 kdet 1.4 � 107 g m�5 Calibrated

KNO 2.00 g N m�3 00 Stoichiometric parameter

KS 15.2 g COD m�3 00 fXI 0.2 g XI g�1 XH (Jiang et al., 2007)

KSTO 2.04 g XSTO g�1 XH
00 YSTO,O2 0.82 g XSTO g�1 SS

00

mH 2.50 d�1 00 YSTO,NOx 0.69 g XSTO g�1 SS
00

KNH 0.01 g N m�3 00 YH,O2 0.70 g XH g�1 XSTO
00

bH,O2 0.17 d�1 00 YH,NOx 0.55 g XH g�1 XSTO
00

bH,NO 0.19 d�1 00 YA 0.24 g COD g�1 N 00

bSTO,O2 0.17 d�1 00 iNSI 0.01 g N g�1 SI
00

bSTO,NO 0.19 d�1 00 iNSf 0.020 g N g�1 SF
00

KA,NH 0.68 g N m�3 00 iNXI 0.037 g N g�1 XI
00

KA O 0.63 g O2 m�3 00 iNXS 0.024 g N g�1 XS
00

bA,O2 0.16 d�1 00 iNBM 0.050 g N g�1 Xbiomass
00

bA,NO 0.05 d�1 00 YSRB 0.596 g XSRB g�1 SA (Moosa et al., 2002)

00: means the same with above.
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3.1. Sewer biofilm growth measurement

To calibrate and validate the proposed biofilm model, a 90 day

biofilm growth experiment was conducted in the sewer

section of the Hong Kong University of Science and Tech-

nology (HKUST). As shown in Fig. 2, the sewer section is

a 1.5 km long cement pipe with an inner diameter of 0.45 m

and a slope of 0.0075. Sewer biofilms were developed on

specially designed PVC chips (3 � 3 cm) that were installed in

the sewer. The chips could be removed for weekly measure-

ment of the biofilm thickness. Biofilm samples taken from the

sewer section were fixed by incubation in paraformaldehyde

(4% [wt/vol] in phosphate-buffered saline, PBS) at 4 �C for

8–12 h, embedded in Tissue-Tek OCT compound (Miles,

Elkhart, Ind.) and frozen at �20 �C. Vertical thin sections

(10–20 mm thick) of the fixed samples were prepared as

described by Ramsing et al. (1993). The average thickness of

the sewer biofilm was obtained from at least three measure-

ments of the vertical thin slices under the electronic micro-

scope. The thickness became stable after 8 weeks (see Fig. 3),
Air Flow

Ventilation Fan Manhole

Length: 1

Fig. 2 – Schematic diagram of the sewer at the site of th
indicating biofilms reached a steady-state. Hence, the biofilms

grown for 2 months were sampled and subjected to an average

mass density measurement by measuring its total solids

content at 105 �C (APHA, 1995) as well as biofilm thickness.

3.2. Microelectrode measurement within biofilm

To obtain information on the spatial concentration profiles of

some soluble substances, we measured the spatial concen-

tration profile of the soluble substances sulfide, oxygen,

ammonium, nitrate/nitrite in the sewer biofilm using micro-

electrode measurements. The biofilm samples were collected

for the microelectrode measurement. Multiple microelec-

trodes were applied to measure the profiles under favorable

conditions. The biofilm sample on the PVC chip was taken into

laboratory and acclimated at 25 �C in the synthetic medium

for 8 h before the measurements were initiated to ensure

steady-state profiles. The synthetic medium consisted of NO2
�

(50 mM), NO3
� (50 mM), NH4Cl (200 mM), Na2SO4 (2000 mM),

Na2HPO4 (3000 mM), MgCl2 6H2O (84 mM), CaCl2 (200 mM), EDTA
Air Flow

Sewer Slope - 0.0075

,478m
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(270 mM), Yeast (0.1 g), Peptone (0.1 g). The pH was at 7.08. The

dissolved oxygen level was maintained at 6–6.5 mg/L. The

volume of the bulk liquid was two liters. Steady-state

concentration profiles of O2, NH4
þ, NO3

�, NO2
�, H2S and pH in the

biofilms were recorded according to the protocol reported in

Satoh et al. (2003) and Okabe et al. (2003). Clark-type micro-

electrodes for O2 and H2S with a tip diameter of approximately

15 mm were calibrated. H2S electrode, and liquid ion-

exchanging membrane microelectrodes for measurements of

pH, NO2
�, NO3

�, NH3, O2 were employed.
3.3. Determination of the vertical distribution
of SRB in biofilms

FISH and confocal laser scanning microscope (CLSM) tech-

niques are useful in obtaining information on bacterial pop-

ulations in biofilms (Ito et al., 2002). Using these techniques

with a SRB385 probe allows the spatial distribution of SRB in

a biofilm to be obtained (Okabe et al., 1999b). Two biofilm

samples grown on the PVC chips in the HKUST sewer for

2 months were collected, fixed and subsequently washed

twice in PBS for in situ hybridization. After the fixation, the

biofilm samples were cut into slices and examined under an

LSM 510 confocal laser scanning microscope (Carl Zeiss)

equipped with an argon laser (488 nm), a HeNe laser (543 nm),

and a UV laser (364 nm). Images were recorded by using

simultaneous excitation of the 488 and 543 nm lasers to

distinguish the probe-stained cells from debris and minerals

after the background signal level was adjusted (Okabe et al.,

1999a). All images were combined, processed, and analyzed

with a standard software package provided by Zeiss. A

percentile profile of the SRB population along the biofilm

depth was then obtained through image analysis using

MATLAB 7.0 After counting the number of red pixels (R) on all

images of every biofilm layer, the percentile profile of the SRB

in the entire biofilm can be derived from
Pk ¼ Rk=
Xm

Rk (11)

k¼1

where

k ¼ the index of vertical biofilm segments in the CLSM images;

m ¼ the maximum number of biofilm segments in the CLSM

measurements; and

Pk ¼ the percentage of SRB in segment k in relation to the total

amount of SRB in the entire biofilm.
3.4. Sewer sewage quality experiment

In situ 3 h online DO monitoring was performed at both the

inlet and outlet of the HKUST sewer section, during which

sewage samples were taken at both sites for analysis. Total

COD was determined and the COD components were

measured by the respirometric method to determine the COD

fractions (Petersen et al., 2003). NH4–N and NOx–N were

determined using a flow injection analyzer (FIA) (Quikchem).

The details of the experiment and analysis were reported by

Jiang et al. (2006, 2007).
4. Results and discussion

4.1. Model simulation

To simulate biofilm growth in the HKUST sewer, the data of

the hydraulics and sewage quality which obtained in our

previous studies were used. The details were reported in our

previous studies (Chen and Leung, 2000; Jiang et al., 2006, 2007;

Leung, 2000). Typical 24 h variations of the flow rate ranging

from 1.1 to 1.8 m/s and the DO concentration ranging from 3 to

6 mg/L at the sewer inlet (Chen and Leung, 2000) were applied.

The 24 h variation data of total organic carbon (TOC) ranged

from 8 to 100 mg/L (Chen and Leung, 2000). The ratio of COD to

DOC and the COD fractions for all kinds of organisms (Jiang

et al., 2006) formed a 24 h variable boundary condition for the

dynamic model simulation on sewage quality variations in the

sewer. A mean sulfate concentration was set at 236.7 mgSO4–

S/L in the incoming sewage according to our previous study

(Leung, 2000). Based on the conditions above, the model was

programmed with Visual FORTRAN 6.5.

4.2. Model calibration and validation

The values of the biokinetic and stoichiometric parameters of

our biofilm model are mainly drawn from our previous study

(Jiang et al., 2007) with some obtained from the literature (Horn

et al., 2003; Laspidou and Rittmann, 2004; Moosa et al., 2002;

Nielsen et al., 2005, 2006; Okabe et al., 1992), except a few

parameters determined through the model calibration, as

shown in Table 2. To calibrate our model, the 90 day biofilm

thickness profile was used to determine the attachment coeffi-

cientkatt and thedetachment coefficientkdet, and theSRB spatial

distribution profiles obtained by CLSM were used to determine

the parameters related to sulfate reduction. For both internal

and external validation, we used the measured average biofilm
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densities, the spatial variations of biofilm density reported by

Zhang and Bishop (1994), four simultaneous spatial concentra-

tion profiles of DO, NH4–N, NOX–N and sulfide in the biofilm, as

well as the in situ online DO profiles of the sewer section.

4.2.1. Calibration with the biofilm thickness in the sewer
The rate coefficients of biofilm attachment and detachment

were determined from 90 day model simulation results that

can reflect the measured thickness of the sewer biofilm. The

biofilm thickness profile and the corresponding simulation

result are shown in Fig. 3. The biofilm thickness initially
Fig. 5 – Confocal laser scanning microscope (CLSM) images

of the sewer biofilms labeled with SRB385 RNA-probe,

illustrating the distribution of sulfate-reducing bacteria

along the depth of the sewer biofilm.
increased with biofilm age and then became stable after

8 weeks, which was predicted by our model after calibration.

4.2.2. Verification with the data on biofilm density
To compare the proposed model with the measured average

biofilm density and the spatial density profiles, Zhang and

Bishop (1994)’s data were employed. In both their experiments

and our study, the biofilms were cultured on removable strips

under aerobic conditions. The COD level used in their experi-

ments was also close to that of the sewage in our sewer.

Furthermore, the simulation was made for steady-state bio-

films. We, therefore, believe that Zhang and Bishop’s biofilm

density data could be useful for verification of our sewer biofilm

model.
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The average density of the biofilm sample taken from the

HKUST sewer was determined to be 57 mg TS cm�3 while the

model simulation result was 51.6 mg TS cm�3, as revealed in

Fig. 4b, and the comparison of the reported experimental data

with our model predictions on biofilm densityprofile isshown in

Fig. 4a. The simulation conditions applied to a steady-state

sewer biofilm grown in the gravity sewer with a steep slope of

0.0075 where minimum DO is 3 mg/L (Chen and Leung, 2000).

Apparently, the proposed model predicted well the average

biofilm density. The simulated density profile along biofilm

depth is also closed to the reported density profile, though the

simulated density is slightly higher than the reported data,

which may be due to the difference of hydraulic conditions

between two experiments. The biofilm density profile demon-

strates the heterogeneity of biofilm, and this feature is impor-

tant because the sewer hydraulic and sewage quality conditions

of a sewer usually significantly fluctuate, thus resulting in

spatial non-uniformity of sewer biofilms. Since biofilm density

is closely related to porosity, this result also reveals that the
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calibrated model has potential to simulate biofilm porosity and

spatial structures along the depth direction as well.

4.2.3. Calibration with the vertical SRB distribution data
To investigate sulfate reduction along the biofilm depth,

vertical SRB distributions in the sewer biofilms were deter-

mined. The CLSM images, as shown in Fig. 5, of the sewer

biofilm samples were used to analyze the percentile profiles of

SRB along the biofilm depth. The results were used for model

calibration to determine mSRB and KSA, and the simulated and

measured results are shown in Fig. 6. After calibration, the

model simulations basically agreed with the measurements of

the SRB profile along the biofilm depth, indicating that the

proposed biofilm model is able to simulate the transformation

of microbes in a sewer biofilm. As revealed by this figure, the

SRB concentration in the bottom layers of the biofilm

decreased, indicating that the sulfate reduction rate was

limited due to the insufficiency of substrates in deep biofilm

layers.
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4.2.4. Verification by spatial profiles of soluble substances
To confirm the validity of the proposed model, concentration

profiles of the multiple solutes measured by microelectrodes

were used. As far as we know, this is the first time that direct

verification of a biofilm model by comparison of model simu-

lations with the measurements of four simultaneous spatial

concentration profiles of DO, NH4–N, NOX–N and sulfide in

a biofilm has been attempted. The results are shown in Fig. 7.

The model’s predictions agreed with the measurements of all

the spatial concentration profiles, confirming that the proposed

model can predict the quantitative behaviors of ammonia,

oxygen, nitrate and sulfide in a sewer biofilm. This further

demonstrates that the developed model, incorporating the

extendedASM3 modelwiththe proposedbio-kinetics for sulfate

reduction and sulfide oxidation describes the competition

among the different types of biomass involving organic oxida-

tion, nitrification, denitrification, and sulfate reduction in

a sewer biofilm.

Our previous study (Leung et al., 2004) found that the sewer

biofilms contain a significant amount of SRB. This was further

confirmed in this study by the sharp increase of hydrogen

sulfide concentration with biofilm depth, in particular at the

depth of 0.5–1 mm, as shown in Fig. 7. This could be because of

theSRBincreasingdue to acompletedpenetrationofsulfate into
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Fig. 9 – Simulated microbial populations of the sewer biofilm at

30th; (c) 60th; and (d) 90th day (the origin of x-axis means the w
the biofilm when oxygen and nitrate/nitrite only penetrate to

a depth of less than 0.25 mm depth. This finding was close to the

results from previous studies using microelectrode, even if the

sulfate concentration were significantly lower than that in this

study (Kühl and Jørgensen, 1992; Okabe et al., 2003), which

indicating the sulfate concentration could be not the limited

factor for sulfide production in biofilms. Air injection can help

control H2S production in sewers (Zhang et al., 2008), but Fig. 7

showsthatevenif thesewage isunderanaerobicconditions (DO

>6 mg/L), sulfide production remains high in the deep parts of

the biofilm. This implies that the injecting air to control H2S

mainly contributed to increasing the sulfide oxidation rate,

rather than decreasing the sulfate reduction rate.

As indicted by Fig. 8, after a depth of 1 mm substrates

became limited for sulfate reduction even while the COD of

influent sewage was of its peak time in 24 h variation. As

a result, the sulfide production rate decreased in the deeper

parts of biofilm. This phenomenon is in accord with the

findings in the measurements and simulation results of the

spatial SRB distribution in Fig. 6.

The above simulation results reveal that the proposed

model is able to simulate the transformation and trans-

portation of not only solutes and but also particulates in the

biofilms in a sewer.
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4.3. Model application

The proposed model after calibration and verification was

conducted to evaluate the bacterial competition and biofilm

evolution in the sewer. In the simulation of biofilm growth in

the HKUST sewer section, the biofilm showed a distinct

evolution due to bacterial competition. Fig. 9 shows that

bacterial competition in the biofilm induces evolution during

a 90 day growth period. Heterotrophic bacteria existed exclu-

sively in the first 10 days of growth (see Fig. 9a); SRB appeared

in the deep layers at 30 days (see Fig. 9b). This is because DO

was absent in these layers. With increasing biofilm thickness,

SRB grew rapidly and occupied larger fractions of the biofilm

(see Fig. 9c). After 2 months of growth, the biofilm became

stable and the SRB percentage increased slightly (see Fig. 9d).

A reduction in the SRB fraction in the bottom layers was

mainly attributed to the penetration limit of substrate. It

should be noted that nitrifiers (XA) almost disappeared in the

sewer biofilm, indicating that nitrifiers completely failed to

compete with other microbes in the biofilm.
5. Conclusions

This study developed a comprehensive biofilm model to predict

pollutant transformation and biofilm growth in sewer biofilms.

The main conclusions drawn from this study are as follows:

(1) The model is able to describe dynamic biofilm growth,

multiple biomass evolution and competition among

organic oxidation, denitrification, nitrification, sulfate

reduction and sulfide oxidation in heterogenic biofilms in

sewers.

(2) The model has been extensively verified using different

approaches, particularly direct verification with measure-

ments of the spatial concentration profiles of DO, nitrate/

nitrite, ammonia, and sulfide in a sewer biofilm.

(3) The spatial distribution profile of SRB in the sewer biofilm

was also analyzed using FISH images taken under a CLSM.

The predictions agreed well with the image analysis.
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