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Abstract: Sulphide build-up in pressure sewers has been identified as the main cause for the oc-
currence of odour and corrosion in sewer systems. Despite the efforts to optimize commonly used
control technologies such as nitrate and iron salts to reduce sulphide emission, continuous addition
of these chemicals is still required. A biocidal agent such as free nitrous acid can be added inter-
mittently, less frequently, and in smaller quantities whilst achieving total sulphide control. So far,
laboratory and field studies in Australia and the USA have successfully proven and applied the use
of this control technology, exhibiting its strong biocidal effects during intermittent addition. In this
study, nine trials were made to assess the application of the free nitrous acid (FNA) as an alternative
sulphide control technology in Germany. The sewer pilot plant of the Berlin Water Utility Company
was used to perform the trials at a technical scale using a supply of raw sewage. FNA exposure
times ranging from 5 to 24 h in varying concentrations were investigated. The effectiveness of the
FNA treatment was monitored using the online hydrogen sulphide (H2S) gas and dissolved-sulphide
sensors installed in the sewer pilot plant. Effective sulphide control was only possible during dosing
periods, with rapid resumption of sulphide production for the trials with exposure times of <12 h
and concentrations ranging from 0.08 to 0.56 mg HNO2-N L−1 suggesting a slight inhibitory effect.
A more pronounced biocidal effect was observed for the trials exposed to FNA treatment for 24 h
at concentrations >0.29 mg HNO2-N L−1. Overall, the trials of this study demonstrated that the
biofilms were FNA resistant and that the concentrations and exposure times used were inadequate to
develop an effective intermittent dosing strategy.

Keywords: sulphide control; pressure sewers; free nitrous acid; intermittent dosage

1. Introduction

Pressure sewers are an integral component of the wastewater collection system. Typ-
ically, they are used when the transport of wastewater using gravitational forces is not
enough and when deemed more cost effective to build lengthy sewer lines rather than a
treatment facility [1]. Operated by pumps, pressure sewers are full-flowing with inadequate
contact to the atmosphere for sewage reaeration to prevent anaerobic conditions [2–4]. Un-
der anaerobic conditions, sulphate-reducing bacteria (SRB) found in the biofilms attached
to the sewer walls are activated and participate in sulphate respiration in which sulphate
is reduced to sulphide which then diffuses into flowing bulk wastewater. It is generally
seen that lengthy pressure sewers with infrequent pumping and long residence times
are often associated with severe sulphide problems. At the discharge point of pressure
sewers, the sulphide-rich wastewater makes its first contact with the atmosphere partaking
in the release of the gaseous form hydrogen sulphide (H2S). Indeed, the flow conditions
(turbulent flow), sewage pH, and temperature at the point of discharge all influence the
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extent to which H2S is transferred from the bulk wastewater to the gas phase. H2S gas
release from sewers is known for its adverse effects like odour nuisance and corrosion
of the sewer infrastructure which are major concerns for water utilities worldwide [5,6].
In fact, a survey on the status of sewer systems in Germany indicated that 10% of the sewer
system are estimated to show surface damages including corrosion [5].

The formation of sulphide in pressure sewers should ideally be addressed at the de-
sign and construction phase to avoid anaerobic conditions and turbulence at the discharge
points. However, for sewers that already exist, several methods have been investigated
with the use of chemical and biological technologies being generally favoured to prevent
or decrease sulphide formation and H2S gas emission [6]. These technologies are typically
applied to target the sulphide flux across the sewer biofilm–wastewater interface; target the
release of the hydrogen sulphide across the wastewater–sewer atmosphere interface; or be
able to provide conditions that limit the mass transfer of sulphide across both aforemen-
tioned interfaces, e.g., magnesium hydroxide (Mg(OH)2) or ferric chloride (FeCl3).

The application of conventional technologies such as the use of nitrate salts-sulphide
removal by oxidation and iron salts-sulphide removal by precipitation are highly favoured
in Germany [7–9]. To date, the dosage of these conventional salts is generally conducted
at the pump stations at the start of the pressure sewer requiring high chemical demand.
Recent studies on optimizing the application of these conventional chemicals suggest that
less chemicals are required when added near the end of the pressure sewer [3,10,11]. How-
ever, continuous chemical dosing is still required, incurring high chemical consumption
and operational cost [12].

In the last decade, the intermittent use of biocidal agents such as sodium hydroxide,
free nitrous acid, and ferrate has emerged as a potential technology to reduce the chem-
ical input in sewers whilst attaining total control of sulphide-producing activity [13–15].
Both laboratory and field studies have demonstrated the strong biocidal effects of free
nitrous acid (FNA) on sewer biofilms when applied intermittently, highlighting the oppor-
tunity to reduce the chemical input into sewers for sulphide control [12,14,16]. Laboratory
trials performed by Jiang et al. (2011) [14] found that FNA was able to suppress sulphide
and methane production at concentrations of 0.26 g N L−1 or higher when exposed for
12–96 h. Under these conditions, a dosing interval of 4.5 days was required to reduce
sulphide production by 80%. Gao et al. (2016) studied the responses of a model sewer
corrosion bacterium Desulfovibrio vuglaris which was exposed to FNA treatment to fur-
ther increase the fundamental understanding of the antimicrobial mechanisms of FNA
treatment for sulphide control [17]. The study revealed that the switch from a status
prolific growth to a phase of severely inhibited growth, shutting down protein synthesis,
and oxidative stress were key antimicrobial mechanisms of FNA exposure [17].

So far, reported field applications of FNA dosing have been made only in Australia and
the USA [12,16]. In both studies, sodium nitrite and hydrochloric acid were simultaneously
dosed to the wet-well of the pump station in a controlled manner to ensure that wastewater
slugs being pumped have the desired FNA concentration. The field application of FNA
in Australia demonstrated that one single dose for 8–24 h at a concentration of 0.26 mg
N L−1 can provide lasting effects up to 10 days for an average reduction of sulphide by
80% [8]. Furthermore, these studies have demonstrated that the concentration of FNA,
exposure time, and the recovery of sulphide production directly influence the length of the
dosing intervals. Altogether, these parameters form the necessary parameters to develop a
cost-effective intermittent dosing strategy.

In light of the successful FNA applications, this present work aims to assess the
application of free nitrous acid as an alternative sulphide control technology in Germany.
Specifically, for systems with long pressure mains that are used for conveying wastewater
from rural or suburban areas to a centralized treatment facility. Using the sewer pilot
plant of the Berlin Water Company (Berliner Wasserbetriebe, BWB, Berlin, Germany),
the effectiveness and biocidal effects of FNA were investigated. Finally, the possible side
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effects and practical implications of FNA usage in Germany are reviewed and discussed to
shed light on future FNA dosing applications.

2. Materials and Methods
2.1. Sewer Pilot Plant

The sewer pilot plant used in this study is designed to mimic the operation of a real
sewer system using a direct supply of raw wastewater from the wet-well of the BWB
Berlin Neukölln pump station (Figure 1). Wastewater is intermittently fed to a high-density
polyethylene (HDPE) 200 m long pressure sewer with a nominal diameter of 100 mm
using a dry centrifugal wastewater pump (ORPU ES 130, ORPU Pumpenfabrik GmbH,
Oranienburg, Germany). The pressure sewers are enframed by a steel structure forming
a helical coil-like geometry to reduce space requirements in the experimental hall. The
corresponding area to volume (A/V) ratio is 40 m2/m3. The discharged wastewater from
the pressure sewer is conveyed through an HDPE 25 m long gravity pipe with a nominal
diameter of 400 mm and a slope of 1.2%. The transfer zone between pressurized and
gravity sewer represents a typical critical point for the release of hydrogen sulphide H2S
gas along a sewer network. The gravity sewer was therefore used to monitor and evaluate
the release of H2S gas across the bulk wastewater–sewer atmosphere interface during the
FNA treatment of the pressure main. Wastewater sampling was possible at the ball valves
installed at multiple locations of the pilot plant.

Water 2021, 13, x  3 of 21 
 

 

of the Berlin Water Company (Berliner Wasserbetriebe, BWB, Berlin, Germany), the effec-
tiveness and biocidal effects of FNA were investigated. Finally, the possible side effects 
and practical implications of FNA usage in Germany are reviewed and discussed to shed 
light on future FNA dosing applications. 

2. Materials and Methods 
2.1. Sewer Pilot Plant 

The sewer pilot plant used in this study is designed to mimic the operation of a real 
sewer system using a direct supply of raw wastewater from the wet-well of the BWB Ber-
lin Neukölln pump station (Figure 1). Wastewater is intermittently fed to a high-density 
polyethylene (HDPE) 200 m long pressure sewer with a nominal diameter of 100 mm us-
ing a dry centrifugal wastewater pump (ORPU ES 130, ORPU Pumpenfabrik GmbH, 
Oranienburg, Germany). The pressure sewers are enframed by a steel structure forming a 
helical coil-like geometry to reduce space requirements in the experimental hall. The cor-
responding area to volume (A/V) ratio is 40 m2/m3. The discharged wastewater from the 
pressure sewer is conveyed through an HDPE 25 m long gravity pipe with a nominal 
diameter of 400 mm and a slope of 1.2%. The transfer zone between pressurized and grav-
ity sewer represents a typical critical point for the release of hydrogen sulphide H2S gas 
along a sewer network. The gravity sewer was therefore used to monitor and evaluate the 
release of H2S gas across the bulk wastewater–sewer atmosphere interface during the FNA 
treatment of the pressure main. Wastewater sampling was possible at the ball valves in-
stalled at multiple locations of the pilot plant. 

 
Figure 1. Schematic representation of the sewer pilot plant used for investigating the dosing of free nitrous acid for sul-
phide control in pressure sewers. 

To promote anaerobic conditions for sulphate reduction by sulphate-reducing bacte-
ria in the pressure sewer, we adopted wastewater pump cycles and a diurnal hydraulic 
residence time pattern similar to Gutierrez et al. (2011) [18] (see Figure 2). A total of 17 
pump cycles was made daily in which each pump event lasts 7 min at a flow of 4.5 m³ h-1 
resulting in a parcel volume of 0.785 m³. The pumping schedule was programmed on the 
digital weekly timer (MaxiRex D72/1 Plus, Legrand, France) that is connected to a VLT 
HVAC Drive FC 100 frequency converter (Danfoss, Nordborg, Denmark) that controls the 
operation of the wastewater pumps. This schedule results in hydraulic retention times 
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Figure 1. Schematic representation of the sewer pilot plant used for investigating the dosing of free nitrous acid for sulphide
control in pressure sewers.

To promote anaerobic conditions for sulphate reduction by sulphate-reducing bacteria
in the pressure sewer, we adopted wastewater pump cycles and a diurnal hydraulic
residence time pattern similar to Gutierrez et al. (2011) [18] (see Figure 2). A total of
17 pump cycles was made daily in which each pump event lasts 7 min at a flow of 4.5 m3

h-1 resulting in a parcel volume of 0.785 m3. The pumping schedule was programmed on
the digital weekly timer (MaxiRex D72/1 Plus, Legrand, France) that is connected to a VLT
HVAC Drive FC 100 frequency converter (Danfoss, Nordborg, Denmark) that controls the
operation of the wastewater pumps. This schedule results in hydraulic retention times
ranging from 1 to 8 h with an average HRT of 2.83 h and was used for the nondosing
periods of all trials. The pumping schedule during the dosing duration of trial 6, 8, and
9 was altered (see Section 2.2). With the chosen flow rate and the pipe diameter of 100 mm,
a flow velocity of 0.16 m s−1 is achieved. Operating the wastewater pump at higher flow
rates was possible (maximum 9 m3 h−1); however, this continuously led to blockages,
interrupting the operation of the pilot plant.
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Figure 2. Times of the wastewater pump operation and associated residence times of wastewater
slugs exiting the experimental pressure sewer.

The wastewater entering the pump station and subsequently used for the dosing trials
was a mixture of wastewater composed of discharges from combined and separate sewer
systems. The sewage samples taken at the inlet of the pressure sewer under dry-weather
flow conditions are characterized as being medium to high strength [4]. The sewage
typically contained soluble chemical oxygen demand (COD) in the range 350–600 mg L−1,
dissolved oxygen <1 mg L−1, and a pH between 7 and 8.5. Nitrate was typically <2 mg N
L−1, and nitrite was found in trace amounts, <0.05 mg N L−1. The sulphate concentrations
were typically very high (87–174 mg L−1) due to the high sulphate in the drinking water
in Berlin resulting from mining activities upstream of the drinking water reservoirs [9].
The total dissolved-sulphide concentrations were <3 mg L−1, with temperatures ranging
from 8 to 17 ◦C.

2.2. Dosing Trials Scheme

Each trial consisted of three phases, a baseline, a dose, and a recovery phase. Repli-
cations were difficult to achieve due to the challenges of having a continuous operation
of the pilot plant and varying conditions and wastewater concentrations. The first set of
trials was made during October (trials 1–6), hereafter referred to as autumn trials. Dur-
ing the autumn trials, we tested the effect of FNA considering short exposure times and
varying concentrations. The second phase of the experiment (trials 7–9) was conducted in
January, hereafter called the winter trials. In the winter trials, we studied the response of
the pressure sewer biofilm when exposed to higher FNA concentrations and a treatment
period of 24 h. The treatment period or exposure time defines the duration the pressure
sewer biofilms were exposed to FNA and the period dosing was administered. Table 1
summarizes the trials made in this study.
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Table 1. Overview of the free nitrous acid (FNA) dosing trials; normal pump schedule refers to the pump cycles shown in
Figure 2. With a 7 min pumping event, the pressure pipe is half-filled; with 14 min pump cycles, the pipe is filled. The FNA
concentrations provided are based on the median of the inlet measurements conducted during the trial.

Trial No. FNA Dosed
(mg N L−1) Exp. * (h) Average

Temperature Pumping Schedule Aim of the Trial

1 0.08 12 16.8 ◦C Normal, 7 min Low dosage and short
exposure time

2 0.11 12 17.6 ◦C Normal, 7 min Low dosage and short
exposure time

3 0.11 5 16.0 ◦C Normal, 7 min Very short exposure time
4 0.32 12 18.3 ◦C Normal, 7 min Increased concentration
5 0.56 12 17.9 ◦C Normal, 7 min Increased concentration

6 0.30 12 16.3 ◦C 14 min, every other cycle Different pumping schedule
to increase exposure

7 13.32 24 14.4 ◦C Normal, 7 min Further increased
concentration

8 0.79 24 14.4 ◦C 14 min every 3 h Different pumping schedule
to increase exposure

9 0.25 24 9.6 ◦C 3–4 min every hour Different pumping schedule
to increase exposure

* Exp.: Exposure time.

In this study, hydrochloric acid and sodium nitrite were simultaneously dosed directly
into the beginning of the pressure sewer to achieve the target concentrations of FNA.
The dosing rates were determined using Equation (1) to calculate the amount of acid and
nitrite needed [19]. During the treatment period of all dosing trials (Table 1), we aimed to
lower the pH of the wastewater parcel entering the pressure sewer to a pH of 6.

cHNO2 =
47 g/mol
14 g/mol

×
cNO2−N

Ka·10pH with Ka = e−2300/(273+T(◦C)) (1)

Before the trials, we determined the acid capacity and titration curves at different
times of the day following DIN 38409–7 to estimate the amount of acid required to lower
the pH [20]. From the derived titration curve, it was determined that on average 4.9 mmol
L−1 H+-Ions were necessary to lower the wastewater to a pH of 6 and 2.4 mmol L−1

for a pH of 6.5. 36 w-% of HCl (technical grade Roth, Germany) was diluted to 20 w%
with distilled water for safety reasons and then dosed into the inlet of the pressure pipe
using a Gamma/4b solenoid-driven diaphragm dosing pump (Prominent, Heidelberg,
Germany). For the nitrite, a stock solution from sodium nitrite (Roth, >99% purity) with a
concentration of 135 g N L−1 was prepared. Dosing of both chemicals was made each time
the sewage pump switched on and lasted for 7–14 min (specified by the pumping schedule
in Table 1). The dosed FNA concentrations were verified by withdrawing samples from
the inlet sample point (directly after the dosing point) during dosing periods. The median
FNA concentrations are reported in Table 1.

2.3. Monitoring and Sampling

To account for the plug flow nature and biotransformation taking place within the
pressure sewer, a salt tracer test following [21] was applied to derive a synchronized
sample monitoring scheme to ensure that samples collected at the inlet and outlet belonged
to the same wastewater parcel. Wastewater sampling of the pressure sewer was made
predominantly at the inlet (L = 0 m) and outlet (L = 200 m). The coupled samples collected
from the inlet and outlet of the pressure pipe were used to investigate the change in
sulphide production and sulphate reduction. Some samples were also analysed for soluble
COD to explore any heterotrophic activities of degrading COD. Additionally, nitrite and pH
were also measured to determine the FNA-concentrations and nitrite consumption during
the dosing event. All collected samples were immediately transported to the laboratory
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where they were stored and cooled to 4 ◦C. Samples for which sulphide measurements
were to be made were immediately filtered and preserved by adding zinc acetate solution
(0.4 mL 1 M per 100 mL of sample) to the filtered sample. All samples were measured
within two days.

With regards to the online monitoring of the sewage parameters, a connection tube
(called the water measuring line, WML) was installed at the outlet of the gravity sewer to
divert wastewater to the measuring unit where Redox, pH (Kuntze Instruments GmbH,
Meerbusch, Germany), and temperature sensors (Easytemp TSM487, Endress + Hauser,
Reinach BL, Switzerland) were installed. Additionally, a UV spectrometer with a spectral
range of 200–360 nm and optical path length of 1 mm (OPUS, TriOS, Rastede, Germany) was
installed at the end of the WML in a 50 L barrel. Measurements were recorded every minute
to capture the periods when the wastewater pump was switched on. The spectrometer was
locally calibrated to measure nitrate, nitrite, soluble COD, and total dissolved sulphide.
Since the spectrometer directly measures the bisulfide ion (HS-), the recorded pH and
temperature values were used to calculate the total dissolved-sulphide concentration using
Equations (A1)–(A3) provided in the Appendix A.

An online H2S gas sensor (H2S-guard, Kemira Oyj, Helsinki, Finland) was installed
in the gravity line to monitor the sewer atmosphere and to evaluate the H2S emission of
the wastewater parcels that were subjected to FNA treatment. To compare the different
dosing trials with each other and with previous studies we calculated the parameters of the
biofilm regrowth for each trial. The H2S gas concentration normalized on the baseline was
used as a rough indication for sulphate-reducing bacteria (SRB) activity. The baseline was
calculated by the hourly daily pattern of the 3 days prior to dosing. A concentration of 1
means the H2S after dosing reached the predosing level. For the fit, we resampled the H2S-
concentration by taking the median over 3 hours. Furthermore, a temperature correction
using the Arrhenius equation with α = 1.07 was applied to H2S gas measurements used for
comparison. A modified Gompertz model (Equation (2)) was used to model the recovery
since it was used in previous studies for FNA recovery modeling [22]. Y (-) describes the
temperature and baseline-corrected H2S-ratio, Y0 (-) the residual H2S ratio during dosing,
A the Amplitude (-), α the recovery rate (d−1), and t0 the time of maximum recovery rate (d).

Y = Y0 + (A − Y0)
(

e−e−α(x−t0)
)

(2)

The data recorded from the WML were used to specifically evaluate the change in
wastewater during the FNA treatment and the immediate recovery periods. To further
analyse the effectiveness of the FNA dosing trials, the dissolved sulphide, nitrite, pH,
and H2S gas concentration of the wastewater slugs or parcels exiting the experimental
pressure sewer were measured and evaluated. The median and median absolute deviation
of the measurement obtained from the online sensors (described in Section 2.3) during
a pumping event was also used to describe the effect and transformations that occurred
during each event.

2.4. Chemical Analysis

Samples that were measured for soluble COD, sulphate, nitrate, and nitrite were
filtered through a 0.45 µm combined glass fibre-polyester syringe filter (GF/PET-45/25,
Macherey-Nagel, Düren, Germany) before being measured photometrically using the rele-
vant Hach Lange cuvette test kits. The samples taken during the dosing and immediate
recovery periods contained residual nitrite concentrations above 1–180 mg L−1, we cor-
rected the measured COD by subtracting the contribution of nitrite on the basis of 1.1 g
COD/g NO2-N to account for nitrite interference [23]. Sulphide was measured using
a modified method by Saračević, 2009 [24] based on the DIN 384405-D 27 [25]. Sample
preservation was done immediately after sample collection following APHA Standards [26]
in which sodium aluminium hydroxide and sodium hydroxide were used for floccula-
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tion and sedimentation instead of filtration, followed by the addition of zinc acetate for
sample preservation.

3. Results and Discussion
3.1. Baseline Sulphide Monitoring

Figure 3a,b shows the diurnal profiles of the gaseous H2S and total dissolved-sulphide
concentrations recorded during the baseline monitoring of the autumn trials. Measure-
ments were made at the end of the pressure sewer. Typically, the highest H2S gas and
dissolved-sulphide concentrations were recorded for the wastewater slugs with the highest
residence times (8 h) as illustrated in Figure 3c. However, it was observed that the wastew-
ater fed to the experimental lines immediately after the cleaning cycle of the wet-well of the
pump station (10:00 am) had the tendency to produce the highest H2S gas and dissolved-
sulphide concentration at a residence time of 2 h. This is likely due to the increased sulphide
and soluble COD concentrations entering the experimental pressure sewers.
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Figure 3. Depiction of the baseline monitoring of the pressure sewer without FNA treatment. (a) hydrogen sulphide (H2S)
gas concentration and wastewater temperature, (b) pH and dissolved-sulphide concentrations. (c) Comparison of the
baseline H2S gas concentrations at different temperatures, (d) surface sulphide production rates of the autumn and winter
trials. The median absolute deviation is used as the error bars.

The average dissolved-sulphide concentration during autumn trials was 22.0 ± 4.8 mg L−1

at a sewage temperature of 16.8 ± 1.7 ◦C. For winter trials, a temperature drop of 2.7 ◦C was
noted with an average dissolved concentration of 16.1 ± 6.4 mg L−1. The averaged H2S gas
concentrations during the autumn and winter trials were 144.6 ± 30.3 and 87.5 ± 26.1 ppm,
respectively. During the periods of no flow through the gravity sewers, the H2S decreased
to concentrations below 5 ppm, indicating that there was a disappearance of H2S gas either
by uptake of sulphide by concrete specimens placed in the gravity sewers, air dilution,
or discharge to the exhaust vent. Jiang et al. (2013) [12] found a similar disappearance of
H2S gas concentration during the field trials. Under baseline conditions, the wastewater
pH entering the pressure sewer ranged from 7 to 8.5. The measurements at the end of the
pressure sewer showed that the pH usually decreased by 0.2–0.4 pH units indicating that
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there was an increase in H+ ions, probably because of volatile fatty acid production during
the transport time of the wastewater slug.

The sulphide production rates were measured before the start of both trial periods
(autumn and winter trials) to quantify the SRB activity before FNA treatment was applied.
For the autumn measurements, the average sulphide production was 4.78 ± 0.54 g S m−2

d−1 with the highest sulphide production rates being measured at the lower residence times
which gradually decreased with increasing residence times as shown in Figure 3d. A similar
trend was observed for the winter measurements, however with a lower production rate of
3.60 ± 0.54 g S m−2 d−1 as a result of a temperature drop of 2.7 ◦C. Since the reduction of
sulphate to sulphide mostly occurs during the periods of active mixing and immediately
following the end of a pumping event, the wastewater slugs with shorter residence times
yielded higher production rates as compared to the slugs with higher residence times
where quiescent or still conditions dominated [27].

The production rates measured in the pilot plant were considerably higher compared to
values reported from real sewers where the typical range is 0.19 to 2.4 g S m−2 d−1 [4,18,28].
Compared to the operation of real pressure sewers, the experimental pressure sewers were
operated with low flow velocities of 0.16 m s−1, much less than the minimum recommended
design values (flow velocities >0.8 m s−1 or shear stress of 4 N m−2) for self-cleaning in
pressure sewers [4,29,30]. Under these flow conditions, thicker and more resistant biofilms
with higher sulphide production potential are expected. Furthermore, the relatively high
soluble COD and sulphate concentrations measured at the inlet of the experimental pressure
sewer are believed to influence the high sulphide production rates [4,31].

3.2. Effectiveness during the FNA Dosing Event

Figure 4 shows an example of the online gas- and liquid-phase measurements of the
wastewater parcels exiting the pressure sewer before, during and after the dosing event.
The dissolved sulphide during the dosing events was typically reduced to concentrations
<0.5 mg L−1 with sulphide decrease >90%. As for the H2S gas concentrations measured
in the connecting experimental gravity sewer, the decrease was found to be much less in
comparison to the liquid-phase dissolved-sulphide removal. During the autumn trials,
reduction in H2S gas ranged from 54 to 79%, while for the winter trials, reduction values
of >85% were achieved for two out of the three trials. (Figure A2). It is noteworthy that
at negligible dissolved-sulphide concentrations (<0.1 mg L−1) measured during a dosing
event, H2S gas release exceeded concentrations of 5 ppm in the headspace of the connecting
gravity sewer. This indicates that the lowering of wastewater pH during the dosing
event can enhance the H2S transfer from bulk wastewater to the sewer gas phase [14].
This finding suggests that FNA treatment on pressure sewers that are directly connected
to a gravity inceptor and act as the main supply to the inceptor can still contribute to H2S
release during the treatment period.

The gradual decrease in the H2S gas and dissolved-sulphide concentrations at the
start of the dosing period indicate that chemical or biological oxidation of the sulphide
by nitrite occurred, supporting the observations made in Jiang et al. (2011, 2013) [12,14].
Furthermore, the residual nitrite concentration measured by the UV spectral sensor in the
water measurement line (exemplified in Figure 4), revealed that the added nitrite for each
trial was consistently decreased by an interquartile range value of 48 mg N L−1 indicating
that heterotrophic denitrification also occurred during the dosing period. A similar obser-
vation was made in the field study [12]. Furthermore, an increase of 0.3 to 1.3 pH units and
higher COD removal rates during and immediately after dosing (25 g m−3 h−1 compared
to 10 g m−3 h−1) also provided evidence that denitrification took place during the dosing.
As a result of the sharp nitrite decrease and pH increase, the reductions of the FNA con-
centrations were mostly >90% for the autumn trials. The reductions indicate weaken FNA
concentrations and explain the slight inhibitory effects observed during the autumn trials
(Figure 5). In the last two trials significantly lower FNA reductions were measured. It is
presumed that the change in dosing pattern, as well as the lower temperature and higher
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FNA-concentrations, may have led to the inhibition of microbial activity and therefore
lower nitrite consumption.
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To investigate these mechanisms further, we computed the surface nitrite consump-
tion rate using the inlet and outlet nitrite concentration and the residence times of the
wastewater slugs during the exposure period. The maximum nitrite consumption rates
found in this study were 0.78 and 0.69 g N m−2 h−1 for the autumn and winter trials,
respectively. These consumption rates were found to be at least one order of magnitude
higher than in Jiang et al. (2011) [14]. This shows the biofilms have a high capacity to utilize
nitrite. Presumably, these high rates are caused by the biofilms adaption to previous nitrate
salt dosing at the pilot plant. The long-term (3 months) and continuous addition of ferric
nitrate before this study could have altered the biological and physical heterogeneity of the
biofilms. Furthermore, the operation and flow conditions of the pilot plant may have also
contributed to an increased thickness of the biofilm.

Finally, the ability of SRB species to consume nitrite and subsequently reduce the FNA
concentration was shown by Gao et al. (2016) [17]. The authors of [17] indicated that the
nitrite reductase in the studied SRB bacterium reduced nitrite to ammonium, allowing it
to survive in environments in the presence of nitrite. Jiang et al. (2011) [14] also indicated
that 4–5% of microorganisms in the studied sewer biofilms survived the exposure to FNA
at 0.31 mg N L−1 for 24 h highlighting the possibility of FNA resistance. These findings
corroborate that the sewer biofilms in the pilot plant were able to utilize nitrite and were
extensively resistant to FNA treatment.

3.3. Biocidal Effects

To compare the biocidal effects, we used a Gompertz growth model following [22]
to fit the recovery of H2S gas released into the headspace of the experimental gravity
line after the end of each dosing trial. The recovery plots in Figure 6a show that an
increase of the FNA concentration from 0.11 to 0.68 mg N L−1 and exposure time of 12 h
had little-to-no effect on attaining H2S gas release to <10% for long periods as sulphide
production resumed almost immediately. Figure 6b demonstrates that increased FNA
concentration and exposure time had a greater influence on the recovery of sulfidogenic
activity. It is apparent that at a dosage of 13.3 mg N L−1 for 24 h (trial 7), the shape of
the fitted model appeared to closely resemble the regrowth of the sulphide producing
activity as demonstrated in [14] when compared to the trials in this study with lower FNA
concentrations and shorter exposure times. However, trial 7 was performed at a lower
temperature (2.5 ◦C less) compared to the first six trials and was severely affected by rain
events; both of which could have caused a delay in the recovery process.
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The FNA concentration of 13.3 mg N L−1 used in trial 7 was much higher than the
levels reported in other studies investigating sewer biofilms (0.26 mg N L−1, ~51 times
higher) [14] and sewer sediments (2.34 mg N L−1, ~6 times higher) [32]. H2S gas release
recovered to 50% in about 2 days, which eventually increased and remained to around
64% until the next dosing trial. Even at a high FNA concentration, increased exposure
time, and the influence of environmental conditions, we were unable to achieve biocidal
effects as demonstrated in previous studies [12,14,33]. Furthermore, because of the low
flow velocity used throughout the trials, sediment deposition and accumulation was likely,
and thicker biofilms were expected. As a result, the thick layers (sediment + biofilm)
were likely to limit the penetration of FNA into sulphide producing regions. Zuo et al.
2020 [32] found that FNA exposure does not have a notable effect on the microorganisms
in the deeper layers of the sediments and that FNA suppression was only effective at
the sediment surface. Furthermore, Jiang et al. (2011) [33] pointed out that the biocidal
effect of FNA is reduced by the limitation of mass transfer in thick sewer biofilms and that
some microorganisms in the biofilm might be resistant to FNA, even at concentrations of
3 mg N L−1 for an exposure time of 24 h.

The trials shown in Figure 7a,b were all made using the normal dosing schedule in
which chemical addition was made each time the wastewater came on. Given the immedi-
ate recovery of trials 1–5, we deduced that FNA concentrations of the treated wastewater
slugs were drastically reduced by the time it was transported to the second section of the
pressure sewer. For this reason, in the final autumn trial (trial 6), we investigated the effects
of completely filling the entire pressure sewer with FNA-dosed wastewater to expose
the entire pressure sewer biofilm to the same FNA concentration. However, we found
no significant change in the recovery when compared to the previous trials (Figure 6c).
Noting the daily transitions of the active mixing to the prevalence of quiescent conditions
in pressure sewers, we investigated the difference between a scenario in which quiescent
conditions dominate during the dosing period (trial 8) to a case in which active mixing is
dominant (trial 9). However, we found no conclusive evidence suggesting that the different
transport states influenced the recovery of the sulphide producing activity since the winter
trials were severely affected by rain events.
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To further compare the influence of the different concentrations and exposure times,
the times for half recovery (RT50) was used as an indicator for the biocidal effects which
were calculated from the Gompertz curves of the respective trials. The results are shown in
Figure 7. For the concentration, it could be shown that the concentration and the recovery
have a slightly visible linear correlation (R2 = 0.59). To include the combination of exposure
time and concentration the product of both parameters was compared. A stronger linear
relationship (R2 = 0.90) was visible indicating a stronger biocidal effect for increased con-
centrations and exposure times. Jiang et al. (2011) [14] found that the speed of the recovery
did not depend on the concentration or exposure time when complete suppression was
achieved indicating that the bacteria embedded in the biofilm matrix were completely inac-
tivated. As for this study, it is suspected that true inactivation was not attained throughout
the length of the pressure sewer during the dosing duration, and some metabolic activ-
ity in the biofilm was sustained. Therefore, instead of only increasing the concentration
suggested in [34] to complete inactivation, longer exposure times are also recommended.

For an efficient intermittent dosing strategy, the H2S needs to be lowered, e.g., to 3 ppm
to avoid corrosion [8,35], which means a 2% recovery time (RT2) for the autumn trials
and 4% recovery (RT4) in winter trials considering the baseline H2S concentration of
144.6 ± 30.3 and 87.5 ± 26.1 ppm, respectively, during the pumping events. These efficien-
cies were only reached directly during dosing. The RT2 or RT4 should have been calculated
to model when the next dosing event would have been necessary to keep the H2S below
3 ppm. However, these values were so low that no comparison of the trials would have
been possible.

The concentrations and exposure times investigated in this study were comparable to
the ones from [14]. With these concentrations, little-to-no biocidal effects were detected in
this study (RT50 of 0.2–0.3 days). There are a few indications that higher concentrations
and exposure times can suppress sulphide production longer, but further investigations are
necessary to prove this since the winter trials were interrupted by rain events which were
proven to slow down the recovery by dilution [12]. The reason for the described differences
can be the performance of the pilot plant as described in Section 3.1., with high initial
sulphide production rates, the high sulphate and COD values in the influent wastewater
offering enough substrate to regrow, thick biofilms due to low shear forces, and several
previous dosing trials with nitrate salts which might have led to the increased resistance of
the biofilms. It can be concluded that for the pilot plant overall conditions, with strong influ-
ential wastewater in moderate climate regions, higher FNA concentrations, and assumably
exposure times >24 h are necessary to reach a biocidal effect.

3.4. Impact of Rain Events

The wastewater used for the investigations composed of discharges from separate and
combined sewers and is heavily influenced by weather conditions. For the rain-affected
days, it is expected that the added rainwater dilutes the sewage substrates, inducing lower
sulphide production rates [12]. Besides the lowering of the sulphide production rates,
the acid-binding capacity of the wastewater during rain events can also be altered. In our
study, we found that the acid added to achieve the desired FNA-concentration reduced the
pH below the target of 6.0 indicating the acid-binding capacity during the rain-affected
days was lowered. In Figure 8b, the pH measurements at the outlet of the pressure sewer
during the winter trials are shown, highlighting the influence of the rain events on pH
values and subsequently the FNA concentration, since lower pH values yield higher FNA
concentrations. In trial 7, a median pH of 4.7 was recorded during the verification of the
inlet measurements resulting in an FNA concentration of 13.3 mg N L−1 instead of the
targeted 0.46 mg N L−1. Under dry-weather conditions and the same doing rates, a pH
of 6.2 was measured at the inlet for trial 9. An overall average sulphide reduction of
64% was maintained during winter trials when FNA was added intermittently at 7 day
intervals at exposure times of 24 h (Figure 8a). This shows that the intermittent application
was able to achieve partial sulphide control despite the rapid recovery of the sulphide
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producing activity. Furthermore, a dosing program similar to the winter trials can be
used for further optimization strategies. For example, a shock dosage—a high dosage
that completely disrupts SRB activity, followed by conditioning dosage—ensures that SRB
activity is completely deactivated and maintenance dosages—to keep sulphide at the target
level—can be implemented [16,36].
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3.5. Possible Side Effects

Nitrite and FNA are biocides that could affect the biology of the wastewater treatment
plant (WWTP) if they reach it in high concentrations. As shown in Figure 5, the FNA-
concentrations in the pilot plant decreased by more than 90% or 70–80% for the higher
concentrations, respectively. Furthermore, usually only a section of the sewer network is
treated at a time; therefore, the dosed wastewater is mixed with other receiving wastewater
upon arrival at the inlet of the WWTP and most likely has no influence on biological
treatment processes.

The minimum recommended acid capacity for working nitrogen removal in the
WWTP is 1 mmol L−1 per 7 g total nitrogen [37]. In the studied wastewater, an acid
capacity of 3–6 mmol L−1 on average is remaining after the addition of 4.35 mmol L−1

HCl to reach a pH of 6. Therefore, with a total nitrogen of 60–90 mg L−1 (data not shown),
the remaining acid capacity could be problematic. However, the denitrification taking
place consumes protons as confirmed by pH measurements. In addition, again, the dosed
wastewater is expected to be diluted on its journey to the treatment plant. Therefore, it can
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be concluded that no biocidal effects or negative impacts due to a lack of acid-binding
capacity on the WWTP are expected.

Dosing FNA can consequently influence the greenhouse gas effect based on two
processes with contrasting contributions: (1) the production of nitrous oxide (N2O) with a
global warming potential (GWP) of 265–298 CO2-eq [38] due to the nitrite addition [39,40]
and (2) the long-lasting inhibition of methane (GWP of 28–36 CO2-eq [38])-producing
microorganisms by FNA [33,41,42]. Several studies investigating N2O formation in WWTP
indicated that a high nitrite concentration in the anoxic zones was strongly linked to N2O
formation [39,40]. Indeed, a high nitrite concentration causes a high turnover for nitrite
reductase during denitrification, resulting in a higher production rate of N2O [43]. The high
nitrite concentrations used in our study and the resulting high consumptions rates are
indicative of a potential N2O build-up during the FNA treatment. Jiang et al. (2011) [14]
measured an average N2O production rate of 0.23 mg-N L−1 during the FNA trials in
a laboratory-scaled anaerobic sewer reactor with nitrite consumption rates one order of
magnitude less than our study, further supporting the occurrence of the N2O build-up in
our study. With significant concentrations of N2O in wastewater and turbulent conditions,
N2O release is imminent and should therefore be taken into consideration during the
planning and development stage of the dosing strategy.

Methane release from anaerobic sewers was estimated to be 43–52% of the overall
emission from the wastewater system [40]. FNA treatment can permanently suppress
methane production in sewers, with the recovery of production seven times slower com-
pared to sulphide production as shown by Jiang et al. (2011) [33]. If the dosing is kept short
and only one section is dosed at a time, the methane emission inhibition could compensate
for the additional N2O emission. However, N2O and methane need to be measured in the
sewer atmosphere before drawing any conclusions. In summary, negative effects on the
treatment plant and climate change effects can be avoided only once one sewer section is
dosed at a time to dilute the dosed wastewater and measures are implemented to minimize
N2O release.

3.6. Practical Implications and Usage in Germany

In terms of local availability, the German chemical producing company BASF is the
largest producer of sodium nitrite outside of China [44]. This means that nitrite can
be locally sourced making it a potentially price-competitive alternative to the existing
conventional chemicals. Unlike the conventionally used chemicals like iron and nitrate
salts, the solution requires preparation from sodium nitrite powder which is laborious.
Furthermore, the powder is strongly oxidizing and requires special safety handling as well
as breathing protection against dust.

From a legal perspective, the dosing of toxic compounds in sewers is usually not
allowed in Germany due to the possible subsequent problems in the treatment plant [45].
However, dosing FNA is still legally possible if the dosing facilities comply with safety
measures and ensure sufficient dilution and nitrite consumption within the sewer network
to assure safe operation of the receiving wastewater treatment plant. In Germany, the
water management act [46] is generally responsible to protect water bodies from harmful
influences. The criteria by which the wastewater discharged must fulfil is described in
the wastewater ordinance [47]. For the dosing of FNA and nitrite, the indirect discharge
ordinance might be of interest, which exists differently in every federal state in Germany,
i.e., as in [48], and regulates which substances are permitted to be discharged into a public
sewer. The water management act §58 [46] states that permission to discharge water
into a public sewer can only be given if the criteria of the wastewater ordinance can still
be met by the receiving wastewater treatment plant. Therefore, the discharges from an
FNA-treated sewer section must be sufficiently diluted before reaching the treatment plant.
Additionally, the dosing station has to abide by the ordinance for facilities dealing with
water endangering substances to avoid contaminations of surrounding water bodies by
leakages of the dosing agent [49].
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Furthermore, it is recommended to dose directly into the wet-well where better mixing
is possible and sulphide has not been formed yet. For practical applicability, it is also easier
to dose two chemicals since no second injection point is needed. A simple application
would be the installation of a controlled pH system because pH-sensors are cheap and
widely available [50]. That would also prevent an overdosage of acid during rain events or
during the day because acid capacity measurements in this study showed high variations
within the diurnal pattern.

The pH lowering during dosing events can lead to unstable sulphide measurements
when using UV/Vis spectral sensors, mainly because the sensor directly measures the
bisulfide ion (HS−) in which the absorption is strongly pH dependent. At lower pH
values, the molecular form H2S is mostly present, lowering the detection of HS- by the
sensor. The measurements during trial 7 showed supposedly too high of the total dissolved-
sulphide concentrations due to the low pH disturbing the HS- measurement. This could
affect online dosing control systems that are based on UV-Vis sulphide measurements.

In a real pressure sewer, higher flow velocities are expected to influence the mass
transfer of solute (FNA) into deeper biofilm layers where sulphate reduction occurs. Addi-
tionally, biofilm sloughing and detachment processes occur in sewers that are self-cleansing.
During FNA treatment, increase biofilm detachment is expected allowing the consecutive
FNA dosing application to be more effective over time. Unfortunately, these occurrences
were not observed in our study due to low flow velocities, giving rise to the assumption of
the influence of hydraulic conditions on mass transfer processes which were highlighted
by the relatively weak biocidal effects in this study.

The findings of this study can be applied to sewer systems and sections that are
severely affected by sediment deposition and accumulation such as inverted siphons,
sewers operated with infrequent wastewater pumping, and low flow velocities. Under
these conditions, much higher FNA concentrations and exposure times may be necessary
to effectively inactivate sulphide-producing bacteria which would increase the risk of
contributing to N2O emission.

4. Conclusions

In contrast to other studies investigating the biocidal effects of free nitrous acid on
sewer biofilms, it was found that concentrations as high as 13.3 mg N L−1 are insufficient
to achieve long-lasting inactivation of sulphide producing bacteria. The sewer pilot plant
used in this study provided conditions that were symptomatic of a system with severe
sediment accumulation which was identified as a key factor affecting the SRB suppression
by FNA. Furthermore, high nitrite consumption and sharp pH increase ranging from 0.3 to
1.3 pH units during the dosing weakened the FNA concentration, inducing a negligible
inactivation effect.

From the standpoint of usability in Germany, FNA is legally possible; however,
concerns of its contribution to greenhouse gas emissions as a result of N2O production and
release require further investigation. In the winter trials, a dosing interval of 7 days was
able to maintain an H2S gas removal efficiency of 64%, which was inadequate to avoid
problems of odour and corrosion. Only partial sulphide control was achieved, even though
these trials were affected by rain events, highlighting the ability of sulphate-reducing
bacteria to resist FNA treatment and adapt to changing conditions. Overall, the idea of
using intermittent chemical addition for sulphide control remains at large and the results
of this study stress the challenges of chemical dosing on different systems as microbial
variability and operating conditions always tend to differ. Therefore, it is important to
question the suitability of FNA for systems with similar conditions shown in the studied
pilot plant. To further understand the working mechanisms of the FNA and possible
FNA-resistant species of SRB, a thorough investigation of the biofilms in the pilot plant in
comparison to sewer sections affected by sedimentation should be considered.
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Appendix A

Appendix A.1. Conversion of the Bisulphide (HS−) to Total Dissolved-Sulphide (ST)

Since S2− is not expected at pH < 10, we only considered the bisulfide and molecular
H2S form in the conversion. The pK1 value was calculated according to [51]

ST = [H2S] +
[
HS−] = [

HS−](1 +
10−pH

K1

)
(A1)

K1 =
[HS−]× 10−pH

[H2S]
(A2)

pK1 = −98.080 +
5765.4

T
+ 15.0455 × ln(T) (A3)

Appendix A.2. Summary of the Hach Lange Cuvette Test Kits Used in the Study

Table A1. Hach-Lange LCK cuvette tests used for chemical analysis.

Parameter Cuvette Test Range

Sulphate LCK 153 40–150 mg/L
COD LCK 114 150–1000 mg/L

Nitrite LCK 341/342 0.015–0.6/0.6–6 mg N-NO2
−/L

Nitrate LCK 339 0.23–13.5 mg N-NO3
−/L

Appendix A.3. Response of Pressure Sewer Biofilms to the FNA Dosing

Figure A1 shows the nitrite reduction and subsequent pH increase during FNA dosing
trials and provides supporting arguments that denitrification took place and consequently
reduced the FNA concentration during the dosing.
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