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Abstract Recent studies have shown that free nitrous acid
(FNA) is biocidal to a broad range of microorganisms. Mi-
croorganisms residing in anaerobic sewer biofilms were
found to be inactivated after a short (6–24 h) exposure to
FNA. In this study, we investigate the inactivation kinetics of
anaerobic sewer biofilms grown in real wastewater. Micro-
bial viability of biofilms was determined using LIVE/DEAD
staining. A two-fraction kinetic model was developed to
simulate the inactivation of mixed culture in biofilms. The
kinetic parameters were estimated by using Bayesian statis-
tics. Model simulation found that a fraction (85 %) of the
biofilm community was highly sensitive to FNAwith a high
inactivation rate, and a fraction (15 %) was tolerant to FNA
and persisted after FNA treatment. This different suscepti-
bility to FNA treatment was likely due to the diverse micro-
bial community and biofilm protection. The fact that nearly
85 % microbes were inactivated confirmed that FNA is a
strong biocide to mixed-culture biofilms. It was found that
the inactivation rate constant was not affected by pH levels.
The kinetic model was successfully used to optimize FNA
dosage for sulfide control in sewer biofilms. Also, results
suggest that a high FNA concentration is preferred than long
exposure time to reduce the total chemical consumption.
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Introduction

Wastewater biofilms typically comprise diverse microbial
populations embedded in a matrix of extracellular poly-
meric substances (EPS), which constitute a protected mode
of microbial growth, allowing microorganisms to survive
in hostile or adverse living environments (Simoes et al.
2010). Some biofilms such as those in biofilm reactors for
wastewater treatment are beneficial while others have del-
eterious effects. For example, anaerobic biofilms in sewer
systems (Hvitved-Jacobsen 2002) are notorious due to the
production of hydrogen sulfide, which induces corrosion
of concrete pipes, metal installation and equipment, in
addition to causing odor and health problems (Rempel
et al. 2006; US EPA 1991). In addition, anaerobic waste-
water biofilms in sewers also produce a significant amount
of methane (Foley et al. 2009; Guisasola et al. 2008;
Guisasola et al. 2009), which is a potent greenhouse gas,
with a heat-retaining potential 21 times that of carbon
dioxide (IPCC 2006).

To overcome the major problems associated with waste-
water biofilms, i.e., sulfide and methane generation, biocides
are used to deactivate microorganisms, thus extinguish the
corresponding activities. Nitrite causes specific inhibition to
dissimilatory sulfate reduction (Greene et al. 2006) and
therefore an exposure of sewer biofilms to a high-level of
nitrite over an extended period of time (weeks) caused a
gradual decrease of the sulfate-reducing bacteria (SRB) pop-
ulation and hence the loss of biofilm activity (Jiang et al.
2010; Mohanakrishnan et al. 2008).

Jiang et al. (2011b) further found that simultaneous addi-
tion of nitrite and acid deactivated sewer biofilm activity
with an exposure time of 6–24 h. It was revealed that free
nitrous acid (FNA or HNO2) formed from nitrite at acidic
conditions (pH<6) has a strong biocidal effect on anaerobic
sewer biofilms, with the viable microbial cells in biofilms
decreased from approximately 80 % prior to FNA dosage to
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5–15 % after the biofilm was exposed to FNA at 0.2–0.3 mg
HNO2–N/L for 6–24 h. Hydrogen peroxide, in combination
with FNA, was found to enhance the microbial inactivation
by 1-log (Jiang and Yuan 2013), in comparison with FNA
dosing alone. FNAwas identified as the primary inactivation
agent and H2O2 enhanced its efficiency.

The strong biocidal effect of FNA on sewer biofilms
implies that the simultaneous dosage of nitrite and acid could
achieve rapid inactivation of SRB and methanogenic archaea
in sewer biofilms, making it possible to achieve sulfide and
methane control through intermittent FNA dosing (Jiang
et al. 2011a). In designing the intermittent dosing, it is
essential to determine the inactivation kinetics of wastewater
biofilms by using FNA. Important dosing parameters, i.e.,
dosing concentration, exposure time, and dosing interval,
can be estimated and optimized only with proper inactivation
kinetic parameters.

Traditionally, microbial inactivation kinetics was modeled
with a first-order kinetic model by Chick and Watson (Chick
1908; Watson 1908). This model was mainly developed for
the inactivation of pure culture microbes in suspended form.
The Chick–Watson model has been used widely for modeling
the inactivation of different microorganisms, including Cryp-
tosporidium parvum oocysts and Nitrosomonas europaea in
water (Ruffell et al. 2000; Sivaganesan et al. 2003; Wahman
et al. 2009). However, it lacks the flexibility to account for the
complexity of wastewater biofilms, which contain mixed-
culture populations.

For the inactivation of biofilm microbes, biofilm matrix
might provide a protective mechanism against the applied
biocide. Nonsensitive microbes might also survive the bio-
cidal action in a mixed-culture biofilms. Both the biological
heterogeneity (difference of microbial resistance to biocides,
such as persisting phenotypes (Brown and Gilbert 1993))
and physical heterogeneity (different biofilm layers,
protected biofilm niches or pockets) need to be considered
in the inactivation kinetics of biofilms. To our knowledge, no
report has addressed the inactivation kinetics of mixed-
culture biofilms by biocides.

In this study, biofilms grew in laboratory reactors fed
with real wastewater were exposed to FNA at different
concentrations and pH levels for various time to determine
the extent of inactivation. A biofilm inactivation kinetic
model, including a term accounting for nonsensitive or
protected fraction, was proposed to analyze the inactiva-
tion data. For different levels of pH, the two kinetic pa-
rameters, i.e., the inactivation rate constant and the fraction
of persisting microorganisms, were analyzed using Bayes-
ian statistics. The variability of these kinetic parameters
was identified and its impact on applications discussed.
The FNA dosage of an intermittent dosing strategy devel-
oped previously was then optimized using the estimated
kinetic parameters.

Material and methods

Anaerobic biofilm development

A biofilm reactor, made of Perspex™, was set up to grow
biofilms with real wastewater under anaerobic conditions.
The reactor had a volume of 0.75 L, with a diameter of
80 mm and a height of 149 mm (Fig. 1). Plastic carriers
(Anox Kaldnes, Norway) of 1 cm diameter were clustered on
four stainless-steel rods inside each reactor to provide addi-
tional surfaces for biofilm growth and to allow sampling of
intact biofilms. The total volume of the carriers used for each
reactor was about 15 mL (2 % of the reactor volume). The
total biofilm area in each reactor, including both the reactor
wall and carrier surfaces, was approximately 0.05 m2. The
area to volume ratio (A/V) was therefore 70.9 m2/m3.

Domestic wastewater, collected weekly from a wet well in
Brisbane, Australia, and stored in a cold room at 4 °C, was
used as the feed to the reactor. The sewage typically
contained sulfide at concentrations of <3 mg-S/L, sulfate at
concentrations between 10 and 25 mg S/L, and volatile fatty
acid at 50–120 mg COD/L. Nitrate was present at negligible
levels, below the detection limit of the analysis method used,
i.e., 0.03 mg N/L.

Sewage was fed to the reactor through a peristaltic pump
(Masterflex 7520–47) once every 6 h. Every feed pumping
event lasted for 2 min, delivering one reactor volume of
sewage into the reactor. Mixing (250 rpm) was provided
continuously with a magnetic stirrer (Heidolph MR3000) to
produce a moderate shear force at the inner surface of the
reactor wall, calculated to be 1.7 Pa, and also to avoid solids
settling at the bottom.

A ultraviolet–visible (UV–vis) spectrometer (Messtechnik
GmbH, Austria) was used for online measurement of
dissolved sulfide (Sutherland-Stacey et al. 2008). pH was
measured with a TPS miniChem-pH controller (version
2.1.1).

Biofilm inactivation tests

The inactivation kinetics of wastewater biofilms from anaer-
obic reactors was assessed by doing batch exposure tests
followed with viability determination. To investigate the
impacts of FNA concentration, pH, and exposure time on
the inactivation kinetics, different levels of these factors were
employed in a total of 44 batch exposure tests (Table 1). FNA
concentration varied from 0.01 to 0.31 mg N/L, with pH
varying at 6, 6.5, and 7, exposure time ranging 6, 12, and
24 h. The ranges of pH, FNA concentration and exposure
time are chosen around the effective level previously report-
ed for the control of sulfate reducing and methanogenic
activities in anaerobic sewer biofilms (Jiang et al. 2010).
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For each batch test, wastewater stored in the 4 °C cold
room was heated to 20 °C and was adjusted to the specified
pH with 1 M hydrochloric acid. The pre-conditioned waste-
water was filled into single-use sterile bottles (Sarstedt
Australia). FNA was generated by adding a pre-determined
amount of nitrite to the acidic wastewater. The FNA concen-
tration was calculated as FNA=NO2

−−N/(Ka×10
pH), where

Ka is the ionization constant of the nitrous acid (Anthonisen
et al. 1976). FNA decomposition is expected to be negligible
at the nitrite concentrations and pH levels applied (Jiang and
Yuan 2013).

A plastic carrier with attached biofilm was transferred
from the biofilm reactors into each bottle. The bottle was
then capped and kept anaerobic with caution to avoid air
bubbles. During the exposure period, gentle mixing was
provided by an orbital shaker at 60 rpm. At the end of each
test, the biofilm on the carrier was sampled for LIVE/DEAD
staining. Accuracy of LIVE/DEAD staining in determining
the viability of sewer biofilms was checked by using
autoclaved biofilms (121 °C, 15 min) as a control sample.
The level of variation was found to be 0.5 %, which might
be caused by background fluorescence in the biofilm
samples. This level of accuracy is acceptable for the purpose
of this study.

The viability of bacterial cells in biofilms was determined
using the LIVE/DEAD® BacLightTM bacterial viability kits
(Molecular Probes, L-7012). Biofilm was dispersed in fil-
tered (0.22 μm) sewage and 125 μL of the biofilm suspen-
sion was stained with 50 μL of SYTO-9 and PI mixture

solution for 15 min in a dark place at a room temperature
(20 °C), allowing the staining reactions to complete. Twenty
photographs of randomly chosen areas of the stained biofilm
samples were photographed using a confocal laser scanning
microscope (Zeiss LSM 510 META), equipped with a
Krypton–Argon laser (488 nm) and two He–Ne lasers (543
and 633 nm). Quantification of live and dead cells was done
by determining the relative abundance of green and red pixels
by using DAIME 1.3.1.

Biofilm characterization

Once the biofilm reactor reached steady state, the biofilm
was characterized by measuring its depth and biomass as
described by Mohanakrishnan et al. (2008). Sulfide and
methane production rates in the biofilm reactor were moni-
tored by conducting batch tests regularly (every 1–2 weeks)
(Jiang et al. 2011b). After feeding the reactor with fresh
sewage, wastewater samples were taken at time interval
of 15–30 min. Dissolved inorganic sulfur (sulfide, sulfite,
thiosulfate, and sulfate) and dissolved methane were ana-
lyzed using methods described by Jiang et al. (2011b).
Sulfide and methane production rates were then determined
by linear regression of the sulfide and methane concentration,
respectively.

Microbial morphology of the biofilms was studied using
scanning electron microscope (SEM). To prepare biofilm
samples for electron microscopy, one carrier with biofilm
was fixed with 3 % glutaraldehyde (w/w) using the method

Fig. 1 a The biofilm reactor system fed with real wastewater and monitored online with a UV–vis spectrometer; b cross-section of the reactor and its
biofilm carriers facilitating biofilm sampling
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described by Jiang et al. (2009). Fixed samples were frozen
in liquid nitrogen and small particles showing inner structure

were fractured, thawed in 100 % ethanol. These particles
were mounted using carbon tab on stainless-steel stubs and
sputter coated with platinum. Mounted samples were exam-
ined using JEOL 6400F to obtain SEM images.

Inactivation kinetic model and parameter estimation

Traditionally, the kinetics of microbial inactivation has been
analyzed using a well-known first-order model proposed by
Chick (1908) and Watson (1908).

N tð Þ
N0

¼ e−kCt ð1Þ

where N0 and N are viable microbes prior to and after the
biocide treatment, respectively; C is the biocide concentra-
tion and t is exposure time. k represents the inactivation rate
constant for the microbes. This is named as the one-fraction
model (1F-model) because it does not differentiate the
microbes in a mixed-culture biofilm.

To develop the kinetic model for biofilm inactivation, the
1F-model was employed as the base model and was tested
using the measured inactivation data. Inactivation parame-
ters, estimated using the procedure described below, were
employed to calculate model fitted values for each inactiva-
tion test. The correlation between measured data and fitted
value was used to amend the model to produce more appro-
priate inactivation kinetic models.

Kinetic parameters were estimated using Bayesian
statistics. Bayesian statistics represents major advances
in simulation-based computational methods, collectively
known as Markov chain Monte Carlo (MCMC) methods
(Link and Barker 2010). Specific software like WinBUGS
has been developed to fit sophisticated Bayesian models and
to conduct inference using Gibbs sampling (http://www.mrc-
bsu.cam.ac.uk/bugs/). Traditionally, parameters of the pro-
posed biofilm inactivation kinetic model can be determined
using linear or nonlinear regression methods of least-square
and maximum likelihood. However, Bayesian approach pro-
vides a more accurate way to model the parameters and would
give more exact confidence bounds for parameters, especially
in the case of data sets with limited sample sizes. There are a
few reports about the application of Bayesian statistics in the
analysis of microbial inactivation kinetics (Sivaganesan and
Sivaganesan 2005; Wahman et al. 2009).

The Bayesian approach to statistical modelling is based
on the premise that the uncertainty about unknown param-
eters in a model is described by a probability distribution.
According to Bayesian’s theorem, the posterior distribution
of model parameters is proportional to the product of
above priors and likelihood defined by the experimental
data. To obtain the posterior distribution, a Bayesian model
using MCMC method was implemented in WinBUGS to
estimate parameters, including their credible intervals. The

Table 1 Experimental conditions used in the FNA inactivation tests

Test No. Exposure (h) pH FNA (mg N/L) Ct (mg N h L−1)

1 6 7 0 0

2 6 7 0.008 0.048

3 6 7 0.015 0.09

4 6 7 0.023 0.138

5 6 7 0.031 0.186

6 6 6.5 0 0

7 6 6.5 0.02 0.12

8 6 6.5 0.05 0.3

9 6 6.5 0.07 0.42

10 6 6.5 0.1 0.6

11 6 6 0 0

12 6 6 0.08 0.48

13 6 6 0.15 0.9

14 6 6 0.23 1.38

15 6 6 0.31 1.86

16 12 7 0 0

17 12 7 0.008 0.096

18 12 7 0.015 0.18

19 12 7 0.023 0.276

20 12 7 0.031 0.372

21 12 6.5 0 0

22 12 6.5 0.02 0.24

23 12 6.5 0.05 0.6

24 12 6.5 0.07 0.84

25 12 6.5 0.1 1.2

26 12 6 0 0

27 12 6 0.08 0.96

28 12 6 0.15 1.8

29 12 6 0.23 2.76

30 12 6 0.31 3.72

31 24 7 0 0

32 24 7 0.008 0.192

33 24 7 0.015 0.36

34 24 7 0.023 0.552

35 24 7 0.031 0.744

36 24 6.5 0 0

37 24 6.5 0.02 0.48

38 24 6.5 0.05 1.2

39 24 6.5 0.07 1.68

40 24 6.5 0.1 2.4

41 24 6 0 0

42 24 6 0.08 1.92

43 24 6 0.15 3.6

44 24 6 0.23 5.52

Ct was calculated as FNA concentration times the corresponding exposure
time in each batch test.
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joint highest-posterior-density (HPD) region of a parameter
pair was determined using the posterior distributions to pro-
vide a clearer picture of the parameter estimates and associated
confidence. A total of 5,000 samplings from the posterior
distribution were generated from WinBUGS. From these
MCMC-generated posterior distributions, HPD regions were
calculated as a two-dimensional kernel density on a square
grid. The HPD contour was then generated by normalizing the
plot and calculating the bivariate region corresponding to the
specified probability level (i.e., 95 %).

Results

Characteristics of anaerobic wastewater biofilm

The anaerobic wastewater biofilms attached to the reactor
wall or plastic carriers looked like a dark green-brownish
slime layer, with a depth between 500 to 1,000 μm. The
measured biomass (as volatile solids) of the biofilm in the
whole reactor was 108.3±0.3 g/m2. It was found that sulfide
and methane were produced simultaneously in the biofilm
reactor fed with real sewage. The sulfate-reducing and
methanogenic activity in the biofilm reactor was measured
to be 5.6±0.3 mg S L−1 h−1 and 43.5±1.5 mg COD L−1 h−1,
respectively. These biological rates were similar to previous-
ly reported values in sewer reactors (Guisasola et al. 2008;
Jiang et al. 2011a; Jiang et al. 2011b). Also, these rates
indicate the reactors reached steady state at the commencement
of inactivation tests.

Figure 2a, b shows SEM images of biofilm cells with
different morphologies, in the outer layers and biofilm bot-
tom, i.e., interface of biofilm and substratum (plastic carrier).
The biofilm outer layer was cocci-dominated, while the
bottom layer was dominated by long filaments, and rod-
shaped bacteria. This clearly indicates that the wastewater
biofilm is a mixed-culture microbial community. The biofilm
was previously analyzed using dsr-DGGE and sequencing,
showing a diversified population comprised of a number of
heterotrophic Gram-positive bacteria and Gram-negative
Proteobacteria including Desulfovibrio, which was the only
genus of SRB detected using 16S rRNA-based DGGE,

indicating that members of this genus were abundant
(Mohanakrishnan et al. 2009).

Inactivation kinetic model development

Figure 3 shows two confocal microscope images obtained on
the unexposed biofilm and the FNA-treated biofilm. The
viable microbes were determined as the percentage of
areas in green to the total area of both green and red,
which were 90.8 and 15.8 % for the control and inactivated
biofilms, respectively.

Figure 4 shows the measured viable percentages for all the
inactivation tests listed in Table 1. The viability of wastewa-
ter biofilms decreased sharply with the increase of FNA
concentration and exposure time. This trend gradually
slowed down afterCt reached above 1 mg N h L−1 and finally
leveled off for Ct above 3 mg N h L−1. It is clear that the
microbial inactivation data obtained for the wastewater bio-
film were nonlinear with respect to Ct.

The first-order kinetic model, i.e., the 1F-model, could not
fit well with the experimental data particularly when Ct was
above 1.5 mg N h L−1 (Fig. 4). This is likely because the 1F-
model neglects the possible nonsensitivity to a biocide by
some persisting phenotypes in a mixed-culture biofilm
(Brown and Gilbert 1993). This negligence can be a serious
pitfall when treating a much diversified microbial popula-
tion. A biofilm inactivation kinetic model needs to consider
the biological heterogeneity in mixed-culture biofilm, i.e.,
the difference of microbial resistance to biocides. Nonsensitive
microbes might survive the biocidal action in a mixed
culture biofilm, such as an anaerobic wastewater biofilm.
This can be considered by including a parameter fr, the
fraction of microbes that can persist for a high level
of biocide, in a two-fraction kinetic model (2F-model),
as shown below:

N tð Þ
N0

¼ 1− frð Þe−kCt þ fr ð2Þ

As shown in Fig. 4, the 2F-model could fit with the
measured data with high accuracy including the high Ct

range that the 1F-model failed to predict. Good correlation
existed between the measured data with 2F-model (Fig. 4b).

Fig. 2 Structure and cell
morphology in reactor biofilm
fractures, located in outer layers
a and bottom interface near the
substratum b
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The coefficients of determination were calculated to be
0.9049 and 0.9991 for 1F- and 2F-model, respectively.

Parameters of the two fraction model

The 2F-model was then employed to determine the key
inactivation kinetic parameters, including inactivation rate
constants and the two fractions. The 2F-model was
implemented in WinBUGS software to estimate the model
parameters and their 95 % credible bounds. An initial
simulation of 2,000 iterations was performed as a burn-
in before a further 5,000 iterations were used to estimate
the model parameter posterior distributions. The conver-
gence was found to be satisfactory for either uniform or
normal distribution as the priors (Table 2). Information

about the parameters prior to obtaining the experimental
data is unknown. With no prior information assumed, a
diffuse normal (with a mean of 0 and a variance of 10−6)
or uniform distribution was used. For σ2, a diffuse
inverse-gamma (0.001, 0.001) prior distribution was used
as reported before (Sivaganesan et al. 2003; Sivaganesan
and Sivaganesan 2005).

Figure 5 shows the inactivation kinetic model parameters
obtained and their 95 % confidence bounds. Inactivation rate
constant k and persisting fraction fr were estimated to be 1.75
and 0.16, with 95% confidence bounds (1.39, 2.15) and (0.1,
0.22), respectively (Fig. S1). The 95 % joint HPD regions
were also determined, giving confidence regions of the
estimated pair of parameters. In general, the uncertainties
are limited, indicating reliable parameter estimation.

Fig. 3 Two confocal laser
scanning microscope images for
LIVE/DEAD stained biofilms
from a control a and an FNA-
treated b sample

Fig. 4 a Inactivation of
wastewater biofilm using FNA
and the curves fitted with two
types of kinetic models, i.e.,
1F-model and 2F-model shown
in Eqs. 1 and 2, respectively. b,
c Correlation between measured
viability and model fit of
viability by 1F-model and
2F-model, respectively
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Effects of pH on inactivation kinetic parameters

The inactivation kinetic parameters were also estimated using
experimental data at different levels of pH, i.e., 6, 6.5, and 7.
Figure 6 and Table S1 summarize the estimated kinetic param-
eters using the same procedure described in “Inactivation
kinetic model development.” It is clear that tests carried out at
different pH levels led to statistically identical (P<0.05) inac-
tivation rate constant k, which is not related to the pH condition.
The estimated fr values at pH=7 than 6 and 6.5 also do not
appear to be statistically different (P<0.05), The fr value at
pH 7.0 has a relatively higher level of uncertainty. This is likely
because FNA concentration is very low at pH 7. Figure 4a
indicates the tailing begins at Ct above 2 mg N h L−1. Thus, the
highest Ct for tests with pH 7.0, which is 0.744 mg N h L−1,
would not allow the accurate determination of fr.

Discussion

Kinetic parameters and implications

Comparisons of the model-fitted curves with the experimen-
tal data indicate that traditional microbial inactivation model

is insufficient for describing the inactivation kinetics. In-
stead, 2F-model appears to be an appropriate kinetic model
for simulating the biofilm inactivation data. It adequately
depicts the sigmoidal curve with a long flat tail by account-
ing for the fraction of microbial population that persisted the
FNA treatment.

The rate constant is reported to be 0.1–0.24 L mg−1 h−1 for
the inactivation of N. europaea by monochloramine
(Wahman et al. 2009). In comparison, the inactivation rate
constant obtained in this study (1.75 L mg−1 h−1) is much
higher. This suggests microbes are highly intolerant to FNA,
confirming that FNA is a strong biocidal agent for anaerobic
wastewater biofilm (Jiang et al. 2011b). Our recent study
showed that FNA likely undergoes decomposition, forming
many biocidal intermediate compounds like NO, NO2,
N2O3, N2O4, and ONOO−/ONOOH, which contribute to
the overall biocidal action (Jiang and Yuan 2013).

It is noted that a significant tailing was found for the
inactivation data, which is accounted for as a persistent
fraction (fr) in the 2F inactivation model. The persistence
observed is likely because of the resisting species and/or
limited penetration of FNA in a thick sewer biofilm. Nitrite
may not fully penetrate into biofilms due to its potential
consumption by viable cells (Jiang and Yuan 2013). Also,
FNA and its reactive intermediates produced by self-
decomposition could react with lipids, proteins and DNA
in the microbes (Klug et al. 2009; Yoon et al. 2006). Thus,
consumption of FNA for inactivation further reduced its
penetration especially at the beginning of the exposure to
FNA. To improve the inactivation rate, a higher FNA con-
centration (thus deeper penetration of the biocidal agents) is
required considering the large depth of wastewater biofilms.
Consequently, exposure time can be reduced with higher
FNA concentrations.

Application in the optimization of FNA dosage

Kinetic parameters of inactivation models provide the tools
to compare the impact of different inactivation methods on
the reduction of microbial populations. They are also useful
for the development and design of biofilm control strategies
to prevent harmful microbial activities. This paper for the
first time developed a 2F-model for the inactivation of

Table 2 Kinetic parameters
(k and fr) of 2F-model obtained
using different prior
distributions

aNorm (),Unif (), and Flat () stand
for normal, uniform, and flat
distributions, which are generally
used as non-informative priors

No. Prior distributiona Result (mean±SD)

k fr k (L mg−1 N h−1) fr

1 Norm (0, 10−6) Unif (0, 1) 1.75±0.19 0.16±0.03

2 Norm (0, 1) Unif (0, 1) 1.84±0.21 0.17±0.03

3 Unif (0, 100) Unif (0, 1) 1.84±0.21 0.17±0.03

4 Flat () Flat () 1.84±0.22 0.17±0.03

Fig. 5 Posterior distribution draws (dots) and associated 95 % joint HPD
regions (solid lines) for the biofilm inactivation kinetic parameters k and fr
estimated using the proposed 2F-model. The circles and error bars are the
mean values, and 95% confidence bounds for the parameters, respectively
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mixed-culture biofilms. The kinetic parameters obtained
could be used in the design of chemical dosing strategy to
control adverse biofilm activities.

Previously, an intermittent dosing strategy, composed of
short periods (hours) of FNA dosing and long intervals
(days) of recovery, was developed for the control of sulfide
production by sewer biofilms (Jiang et al. 2011a). In the
study, one single dosage of FNA at 0.26 mg N/L for 12 h
was shown to suppress the sulfide production. Because of the
slow recovery of sulfide production activity, a subsequent
dosage was only required after 5 days to achieve an overall
80 % control efficiency (average sulfide level in the recovery
period was 80 % below the baseline level). To achieve a

certain level (e.g., 80 %) control of the biofilm activity, the
higher the dosages, the longer the recovery time and the less
frequent the dosages. Thus, one important aspect of such a
dosing strategy design is to determine the optimal dosage
that achieves a certain level of biofilm activity control with
the lowest chemical consumption.

After being inactivated by FNA, sulfate reducing bacteria
regrow in sewer biofilms because FNA is washed away with
the sewage flow. This biofilm regrowth could be simulated

using the Gompertz growthmodel r ¼ r0 þ 1−r0ð Þe −e−aðt−t0Þð Þ.
r is the sulfate reduction rate; r0 is the persisting sulfate
reducing activity after FNA dosage; α is the relative recovery
rate at time t0 (in days); t0 is the time when recovery rate is at

Fig. 6 Inactivation kinetic
parameters (k and fr) for
inactivation experiments carried
out at different level of pH.
Error bars indicate standard
deviations

Fig. 7 Optimization of the
chemical dosage. a Examples of
intermittent dosing use different
dosages and intervals. b
Relationship between chemical
consumption and FNA dosage.
Optimal dosing is shown as a
crossed symbol. Field trial
chemical consumptions are
shown in line-filled circles (24-h
dosing) and fully filled circles
(8-h dosing)
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maximum. For sulfate-reducing bacteria, the parameters α
and t0 were determined to be 0.1 d-1 and 10 days, respec-
tively (Jiang et al. 2010).

To optimize the FNA dosage for an intermittent dosing
strategy, the 2F inactivation model with estimated parame-
ters was employed to calculate the residual viability at the
end of FNA treatment (r0). This was then used to establish
the recovery curves using the Gompertz growth model.
Figure 7a shows examples of calculated recovery curves
with three dosing conditions with Ct being 1, 2, and 4 mg
N h L−1, respectively. In all these cases, re-application of
FNAwas initiated when recovery reached 40 %. The curves
clearly show that a more frequent dosing is needed for a
lower Ct value, and therefore there should be an optimal Ct

value that would lead to minimum chemical consumption for
the same level of sulfide control.

With the inactivation model and the Gompertz growth
model, the dependency of chemical consumption on Ct val-
ue, for a given sulfide control requirement, could be deter-
mined. Figure 7b shows the curve of chemical consumption
(for a sulfide control efficiency of 80 %) at different FNA
dosage. The most cost-effective dosage is thus determined as
1.4 mg N h L−1 for the 80 % control efficiency. Recently, two
field trials of the intermittent FNA dosing strategy were
carried out in real sewers using FNA at 0.26 mg N/L for
24 h followed by two trials with 8 h dosing, achieving 80 %
control of sulfide (Jiang et al. 2013). Chemical consumptions
for the four trials are very close to the model predictions.
This confirmed the model accuracy and the extrapolation
from lab results to the full-scale data.

It is interesting that the 24-h trials (line-filled circles) are
slightly above the theoretical curve while the 8-h trials (filled
circles) are slightly below. This was likely due to consecutive
dosing weakening the sewer biofilm, which became more
susceptible to the subsequent FNA dosage. Overall, the
proposed optimization approach could be used as guidance
in choosing FNA dosage.
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