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Abstract: Hydrogen sulfide (H,S) related to wastewater in sewer systems is known for causing
significant problems of corrosion and odor nuisance. Sewer systems severely affected by HyS
typically rely on online H,S gas sensors for monitoring and control. However, these H,S gas sensors
only provide information about the H,S emission potential at the point being monitored, which is
sometimes inadequate to design control measures. In this study, a comparison of three market-ready
online sensors capable of liquid-phase HjS detection in sewer systems was assessed and compared.
Two of the three sensors are based on UV /Vis spectrophotometry, while the other adapted the
design and principles of a Clark-type electrochemical microsensor. The H,S measurements of the
sensors were statistically compared to a standard laboratory method at first. Following that, the
performance of the online sensors was evaluated under realistic sewer conditions using the Berlin
Water Company (BWB) research sewer pilot plant. Test applications representing scenarios of typical
H;S concentrations found in sulfide-affected sewers and during control measures were simulated.
The UV /Vis spectrometers showed that the performance of the sensors was highly dependent on the
calibration type and measurements used for deriving the calibration function. The electrochemical
sensor showed high sensitivity by responding to alternating anaerobic/anoxic conditions simulated
during nitrate dosing. All sensors were prone to measurement disturbances due to high amounts
of sanitary solids in wastewater at the study site and required continuous maintenance for reliable
measurements. Finally, a summary of the key attributes and limitations of the sensors compared for
liquid phase H;S detection is outlined.
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1. Introduction

Odor and corrosion are two of the major problems associated with sewer systems.
These problems are related to the formation of hydrogen sulfide (H,S) under anaerobic con-
ditions in sewers. Under these conditions, sulfate present in the wastewater is reduced by
the sulfate-reducing bacteria (SRB)—primarily residing in the biofilms found on the sewer
walls and in sewer sediments producing H,S, that diffuse into the flowing wastewater [1,2].
The effects of H,S become noticeable when H,S is transferred from the wastewater (liquid
phase) to the sewer atmosphere (gas phase).

In relevance to wastewater systems, H,S exists as a weak acid in the liquid phase
that dissociates into bisulfide (HS™) depending on the sewage pH [3]. Typically, total
dissolved sulfide is used as a sum parameter to represent the amount of HS~ and H,S
present in the wastewater. Only the molecular form (H,S) is released to the gas phase, and
therefore, is typically used to quantify the extent of the odor and corrosion problems in
wastewater systems [3]. The dissociated form (HS™) is more reactive and participates in
key sulfur-related processes generally applied for odor and corrosion control. Therefore,
monitoring hydrogen sulfide or its sum parameter total dissolved sulfide (HS + HS™)
must be a priority.
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As a common practice in the wastewater industry, liquid phase sulfide measurements
are mostly made using classical and standard methods, given the general lack of in-situ
sensors. Standard methods introduced in the 1900s and are still widely used today include
the iodometric method, methylene-blue method, and the ion-selective electrode method [4].
In the early 2000s, an improved alternative based on ion chromatography was developed
for simultaneous determination of Sulfur-species in wastewater [5], and since then, have
been widely used in sulfide-related studies in Australia. More recently, a method based on
the gas extraction of hydrogen sulfide and subsequent electrochemical detection has been
improved and validated as the German Standard for sulfide determination wastewater [6].
However, these standard methods need to be carried offsite and manually in a laboratory.
They require preparation of chemical reagents beforehand and sample preparation, which is
often time-consuming and involves high manual laboratory effort. In addition, the stability
and shelf life of the reagents used for measurements and quality assurance (repeated
calibration) are also limited. Furthermore, sulfide is volatile and rapidly oxidizes [5].
Therefore, the sampling procedure and preparation for analytical measurements require
great care and precaution. Consequently, classical analytical measurement procedures
become overwhelming when the sample size is large, which induces the likeliness of
multiple sources of errors [7].

Sensor technologies, such as chalcogenide glass chemical sensors [8], fluorometric
optode membrane [9,10], chemiluminescent sensors [11,12], and other chemosensors using
microelectrodes like gold amalgam [13] have shown potential for sulfide detection in water.
Unfortunately, none of these promising technologies are yet featured as industry-scaled
sensors in the wastewater sector for sulfide monitoring in sewer systems. Advances in
Ultraviolet-Visible (UV/Vis) spectrophotometry have led to an increased number of spec-
trometers (spectral sensors) available in the market suitable for sewer sulfide monitoring.
Studies using UV /Vis spectrometers developed by manufacturers such as s::can GmbH,
Vienna, Austria; GO Systemelektronik GmbH, Kiel, Germany; and TriOS Mess-und Da-
tentechnik GmbH, Oldenburg, Germany, have successfully demonstrated applications
of sulfide monitoring in sewer systems [14-16]. More recently, using the principles of
electrochemistry, SulfiLogger A/S (Aarhus, Denmark) developed a Clarke-type micro-
electrochemical sensor scaled for applications in the wastewater sector. Thus far, SulfiLog-
ger A/S has successfully demonstrated several applications, including integrating the
sensor as a tool for asset management of sewer systems and demonstrating its capabili-
ties to optimize chemical dosing for sulfide mitigation [17]. The industry-scaled sensors
mentioned above can measure in one-minute intervals and provide the opportunity for
detailed monitoring of sulfides in sewer systems. In addition, they offer high measurement
frequency, real-time detection, spatial flexibility—monitoring at many points, and do not
require chemical reagents.

In sulfide-affected sewer systems, conventional chemical dosing agents, such as nitrate
and iron salts, are added to control and reduce sulfide occurrence [18,19]. To verify the
effectiveness of the applied chemical dosing, online H,S gas sensors (e.g., HyS-guard,
Kemira Oyj, Helsinki, Finland) have been the preferred choice due to the popularity of
using HjS gas as an odor marker [20]. Furthermore, H;S gas sensors are simple and
relatively easy to install and are not exposed to materials that can cause measurement
disturbances. However, H,S gas-phase measurements in some cases are insufficient to
prescribe adequate chemical requirements to control sulfide build-up in the studied system.
The effects of H,S gas removal by sewer ventilation processes, absorption of HyS on the
liquid film at existing material surface, and horizontal gas transport induced by wastewater
drag all contribute to lower gas concentrations being detected by the gas sensors and may
not represent the actual sulfide problem occurring. Therefore, to gain insight into the actual
sulfide levels, liquid-phase H;S or sulfide monitoring is essential. Using liquid phase
monitoring, the actual sulfide concentration at the point of interest is determined. This
allows the calculation of the required dosage that reduces the sulfide concentration at the
point of interest and permits the control at downstream points, which can eventually cause
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problems. Nonetheless, it is important to note that a combination of both gas and liquid
phase H,S sensors facilitates an in-depth understanding of the mass transfer and transport
of the H,S at the point of monitoring.

Given the importance of liquid phase H,S monitoring in sewers, this study aims
to assess three commercial online sensors’ performance and evaluate their measurement
accuracy and challenges when applied to monitoring sewers symptomatic of severe HyS
build-up. More specifically, we determine how comparable measurements of the online
sensors (two of which follow UV /Vis spectrometry principles and one based on electro-
chemistry) are to a standard (reference) method. We further evaluate and compare the
sensors’ response when deployed in realistic sewer conditions using the Berliner Water
Company (BWB) sewer research pilot plant. Finally, we provide an appraisal of the sensors’
limitations, challenges, and suitability for developing real-time HjS control systems and
sewer asset monitoring and management strategies.

2. Materials and Methods
2.1. Sensors

The performance of 3 different online sensors was evaluated in this work. For the
first part of the investigation, all online sensors were compared to a reference laboratory
method (complying with DIN 38405-27:2017-10 [6]) using the HyS Analyzer Cubi (ECH
Elektrochemie Halle GmbH, Halle, Germany). A detailed description of the sensors
(summary provided in Table 1) and reference methods is provided below:

o Intelligent Spectral Analyzer T4 (ISA, GO Systemelektronik GmbH, Kiel, Germany). The ISA
is an in-situ UV /Vis spectrometer that measures the absorbance of various substances
in the ultraviolet and visible light range (200-708 nm) with a 2 nm resolution. The
sensor has an adjustable optical path ranging between 1 and 20 mm [15,21]. For the
wastewater application presented in this study, the optical path was set at 1 mm.
Automatic cleaning of the sensor is carried out before each measurement using com-
pressed air. As no default or global calibration is provided for the sensor, a local
calibration—a site-specific calibration based on the local conditions and wastewater
matrix to improve the sensor’s accuracy, was carried out beforehand using Multiple
Linear Regression (MLR). Detailed information on the calibration process is presented
in Pacheco Fernandez et al. 2020 [15].

e  OPUS (TriOS Mess- und Datentechnik GmbH, Oldenburg, Germany). The OPUS is an
ultraviolet (UV) spectral sensor that measures the absorbance of various substances in
the UV range. Like the ISA, both sensors are built on the principle of spectrophotome-
try, which uses light to measure chemical concentrations [22]. The sensor used in the
study is portable, lightweight (titanium, 2 kg), and has moderate power consumption
(<8 W) [7]. An optical path ranging from 0.3 to 50 mm is possible; however, given the
characteristics of the wastewater used in this study, a path length of 1 mm was used.
The OPUS covers a 200-360 nm spectral range with a 0.8 nm resolution utilizing a
xenon flash lamp as the light source and a 256-channel high-end miniature spectrome-
ter [7,23]. Measurements were set at 1-min intervals with the cleaning function using
compressed air, activated every 10 min. To evaluate the plug-and-measure attribute of
this sensor, we used the global calibration or predefined configuration provided by
the manufacturer for comparison to the other online sensors.

e SulfiLogger™ S1/X1-1020 (SulfiLogger A/S, Aarhus, Denmark). The measurement princi-
ple of the SulfiLogger™ S1/X1-1020 (here forth referred to as SulfiLogger™) sensor
follows the electrochemical detection of H,S. H,S is measured by a current produced
when the H,S in the media (liquid or gas phase) penetrates the silicone membrane at
the sensor’s tip and is subsequently electrochemically oxidized. The sensor is made
of stainless steel, lightweight (0.85 kg), compact, and has a passive anti-fouling flush
front [24]. The sensor’s HyS measurement range in the liquid phase is 0-5 mg L1
with a measuring frequency of at least 1-min intervals [24]. Calibration was made
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by mounting the calibration cap to the sensor for a feed of calibration gas with a

concentration of 1000 HyS(g) ppm.

e  Reference method using ECH H»S Analyzer Cubi (ECH, Elektrochemie Halle GmbH, Halle,
Germany). The reference method complies with the German standards for the determi-
nation of sulfide in wastewater (DIN 38405-27:2017-10 [6]). The measuring principle
of the H,S Analyzer is based on the gas extraction of H,S from the wastewater sam-
ple. This device measures H,S gas with an amperometry sensor, where the sulfide
species are first converted into H,S by acidifying the sample with phosphoric acid
(4 wt.%). Before the experiments, we calibrated the device in the measurement range
of 0-10 mg L1 as total dissolved sulfide (DSy), using a standard sulfide stock solution

prepared from thioacetamide [6].

Table 1. The liquid phase sensors type, sulfide fractions measured, and measurement range.

Sulfide Species Measured

Measurement Range

Sensor Sensor Type (Main, (Converted)) (mg L-1)
_ Dependent on the reference method used
ISA UV /Vis spectrometer De enIc;IeSnt,o(rll_Itz}?é ]cjasl;l)oration for calibration 0-10 DSy mg L~! (Same as
p the reference method used in this study)
Dependent on the reference method used
OPuUSs UV spectrometer HS—, (H,S, DSy) for calibration

Micro-electrochemical

. ™
SulfiLogger (Clark-type)

H,S, (DSy)

Calibration made by the manufacturer

0-5 HSmg L1

DS;—Total dissolved sulfide.

2.2. Experimental Site—Sewer Pilot Plant

Experiments were carried out at a sewer pilot plant located at the pumping station
Neukolln II in Berlin, Germany. The layout of the plant includes a feeding pump, an
experimental pressure pipe, and a gravity pipe (Figure 1). The slope of the gravity pipe is
fixed at a 1.18% incline with a filling level set at 17.5% through a lock. The lock ensured
that the sensors were submerged and measured in the liquid phase. Using predefined
pumping cycles, wastewater from the pump station was fed to the experimental lines
during the investigation. An overview of the cycles and their related hydraulic retention
time is provided in Figure S1. All 3 online sensors were installed in the gravity pipe next to
sampling point A. Furthermore, pH (Kuntze Instruments GmbH, Meerbusch, Germany)
and temperature (Easytemp TSM487, Endress + Hauser, Reinach BL, Switzerland) were

monitored using the Water Measuring Line (WML) connected to the gravity sewer.

25m
gravity line, DN 400mm
slope: 1.18%
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Figure 1. Schematic layout of the Berlin Water Company Research Sewer Pilot Plant (RSPP). The sensors evaluated are in
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blue. Wastewater samples collected for comparison withdrawn at ball-valve (A).
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2.3. Sulfide Equilibrium in Water

Three sulfide species are usually present in wastewater: sulfide ions (5% ), bisulphide
(HS™), and hydrogen sulfide (H;S). The sum parameter for all 3 species is total dissolved
sulfide (Equation (2)). The equilibrium of all species at 20 °C is described by Yongsiri et al.
2004 [25] (see Equation (1)).

~0.8-10-17 ~1.0-10~7
@ 4 opt Kip~0810717 0y L HS K;1~1.0-10 HiS(aq) 1)
[DS(] = [H8] + [H87] + [$*] @)

The sensors presented in this work measure different sulfide species. The SulfiLogger™
measures H,S directly, while the OPUS and ISA directly measure HS™ based on its ab-
sorbance in the UV range. As HS™ and H,S exist in an equilibrium that is pH-dependent [10],
H;S and total dissolved sulfide are indirectly measured. Besides using HS™ as a proxy, the
ISA also directly measured H,S and total dissolved sulfide based on the MLR calibration
algorithm. The reference method (ECH) measures the total dissolved sulfide content in the
sample as hydrogen sulfide.

To provide a homogeneous comparison, we selected hydrogen sulfide as a standard
parameter. Therefore, all measurements were converted into hydrogen sulfide according to
the chemical equilibrium reactions of multiple proton acids presented in Equations (3) and
(4). The K,;2—the second dissociation constant based on the deprotonation of HS™ presented
in Equations (3) and (4) can be neglected for domestic wastewater because of its low value,
which indicates that sulfide ions are only present in insignificant amounts [25-27]. The
negative logarithms of the equilibrium constants (Equations (4) and (5)) were computed
according to [28,29]:

DS;
[HZS} = 1 + Kal + Kul'KaZ (3)
H] T me
[H] K
+1+ 2
[HS] = [HS™]: - i (€
2 1 + Kul + Kal'KaZ
H] O [m)?
pK; = —98.080 + @ 4 15.0455 x In(T) &)

where DS; is the total dissolved sulfide concentration (in mol L™1), K,; and K, are equilib-
rium constants, pK,; and pK,» are negative logarithms of the equilibrium constants, and T
is the temperature (in K).

2.4. Experimental Conditions

The experiments for comparing the sensors were carried out in 2 phases. In phase
1 of the experiments, we compared the measurements of the manual sample using the
reference method (DIN 38405-27:2017-10 [6]) to the measurements of the online sensors.
In phase 2, 3 test applications were performed under different sewage conditions using
the BWB sewer pilot plant to evaluate and assess the performance of the sensors. For
the first 2 test applications, we evaluated the influence of wastewater pump operation
on H;S production. These tests were made using wastewater from the pump station that
was not dosed with chemicals, to suppress H,S formation in the experimental pressure
sewer. As for the final test application, we dosed calcium nitrate at the inlet of the pressure
sewer as a measure for suppressing H,S formation. During phase 2 of the experiment,
we focused more on ensuring that the 3 sensors were adequately maintained to minimize
measurement disturbances. Consequently, no manual samples were taken for comparison
with the reference method. Despite not using the reference method for comparison, we
frequently calibrated the SulfiLogger™ (one per week and each time before a new trial)
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during test applications as a guide for quality assurance. Table 2 provides an overview of
the 3 test applications. An explanation of the applied dosing strategy is in Section 2.6.

Table 2. Summary of the test applications made in phase 2 of the study to test the performance of

online sensors under realistic sewer conditions.

Test Application

Aim

Key Interest

(1) Intermittent flow

To determine sensors’ ability
to detect H,S in an
intermittently operated
pressure sewer.

To establish baseline
conditions, i.e., when no H,S

Diurnal sulfide profiles—daily
variation and influence of
other key parameters, e.g.,

residence time, soluble COD.

control measures are
implemented.

Sulfide levels for a case where
longer pumping periods are
used instead of shorter
intermittent
intervals—influence of
pumping interval on sulfide
production.

Anoxic sulfide oxidation, the
impact of varying nitrate
concentration,
effect of pH increase due to
denitrification on sulfide
detection.

To determine the sensors’
response during the
continuous operation of the
wastewater pump under
normal wastewater
conditions.

(2) Continuous flow

To determine the sensors’
response under anoxic
conditions.

(3) Calcium nitrate dosing

2.5. Sampling, Laboratory Analysis, and Data Collection

For phase 1, manual samples were collected across 6 days of monitoring at ball-valve
A (Figure 1). Sample collection was conducted during the morning and evening periods
and only during the wastewater pumping periods, set to 7 min. The preparation and
preservation of the samples were made on-site. The pH and temperature of the manual
samples were immediately recorded using the HQ11D Portable pH Meter (Hach Lange
GmbH, Diisseldorf, Germany). Preparation of the samples for total dissolved sulfide using
the reference method included the separation of particulate matter from the sample by floc-
culation with sodium hydroxide (NaOH) and aluminum chloride (AlCl3) and subsequent
settling [4]. To preserve the samples, we added zinc acetate (0.4 mL 1 M per 100 mL of
sample) to the prepared sample, which was then cooled to 4 °C and stored until analyzed.

All manual samples taken for comparison were analyzed in the laboratory using the
H,S Analyzer Cubi within 2-3 days after sampling. In addition, all sulfide measurements
were made in duplicates—two subsamples from the samples prepared on-site. To determine
whether the samples should qualify for comparative analysis or be classified as outliers,
we calculated the difference between duplicates and determined the 95% confidence
interval [30]. The samples that fell outside the 95% confidence interval were further
examined by inspecting the plots of the ECH sensor response (mV vs. time) curves used
to calculate the final total dissolved sulfide concentration. In addition, we inspected the
metadata regarding the sample measurement, e.g., dilution factor, time of sampling, and
operating conditions of the pilot plant.

Since sensors were placed approximately 30 cm apart from each other and all sensors
did not directly measure the sample volume withdrawn for analysis, we took the median
of the measurements during the operating (pump on) period of the wastewater pump.
This was done to account for the spatial and temporal differences in measurements of
the sensors. Finally, we combined the median measurements of the sensors during flow
periods (wastewater pump switched on), the pH, and temperature to form the comparison
data set.
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2.6. Chemical Dosing Scheme

Given the widespread use of calcium nitrate (Ca(NOs),) for sulfide control in sewer
systems, conducting trials with varying nitrate concentrations were used to test the sensors’
performance under anoxic conditions. The addition of Ca(NO3), promotes anoxic sulfide
oxidation and competitive exclusion of sulfate-reducing bacteria (SRB) [18]. During nitrate
dosing, an increase in sewage pH is expected due to heterotrophic denitrification and
anoxic sulfide oxidation, permitting the opportunity to examine the sensors’ response to
detecting sulfide at pH values above 8. Ca(NOg3), was injected at the beginning of the
experimental pressure sewer, which is then conveyed to the gravity sewer (Figure 1). A flow
proportional nitrate dosage in concentrations of 7.5, 14, and 28 mg-N L~! was used to
simulate limited, optimal, and overdosage scenarios. Limited dosage describes a scenario
where minimum chemical requirements are supplied to achieve partial H,S control, with
an expected resumption of sulfate reduction once the nitrate added is consumed. The
optimal dosage in this study is defined as the minimum chemical requirements to achieve
a complete H,S suppression throughout the chemical dosing period. Overdosages refers to
an excessive amount of chemical to achieve complete H,S suppression.

2.7. Assessment and Statistical Analysis for Comparison of Sensors

Using the comparison data set (Section 2.5), we performed basic statistical measures
that are widely used and accepted for data comparison following Borrego et al. 2016 [31].
These measures are presented in the supplementary material (Table S1) and include Pear-
son’s Coefficient, Concordance Correlation Coefficient (CCC), Mean Bias (MB), Root Mean
Square Difference (RMSD) and Unbiased Root Mean Square Difference (uRMSD). To visu-
alize the relationship and agreement between the measurement pairs (sensor and reference
measurements), we plotted correlation and Bland-Altman plots. In addition, we con-
structed a target diagram following Jolliff et al. 2009 [32] to provide summary information
about how the pattern statistics (unbiased RMSD) and the bias (difference of mean values)
each contribute to the magnitude of the total Root-Mean-Square Difference (RMSD) of
the measurement pairs. Finally, we applied the non-parametric Friedman test to assess
whether there are any statistically significant differences between the distributions of the
measurements (all measurements, including the reference measurements). This test was
then followed by a post-hoc analysis (pairwise comparisons) based on the Wilcoxon signed-
rank test to identify which pairs of measurement groups are different. A brief description
of the analysis introduced above is provided in the supplementary material.

To compare the H,S measurements obtained during the test application, we performed
standard statistical measures on the H,S time series of the sensors. This includes the median,
median absolute deviation (MAD), and range. For the trials employing intermittent
wastewater pump operation (1st & 3rd test applications), we divided the H,S measurements
into periods of flow (pump on) and no-flow (pump off) to assess the sensors’ response
during those periods. To evaluate the performance under dosing conditions, we calculated
the removal percentages using Equation (52), in which the median H,S concentrations
obtained during baseline (test application 1) and dosing trials were used.

All data handling and statistical analysis were carried out using Python (Python
Software Foundation. Python Language Reference, version 3.7. Available at http://www.
python.org, accessed on 25 May 2021). In particular, the python MethComp [33] package
was modified and used for the correlation and Bland-Altman plots. The SkillMetrics [34]
package was used for plotting the target diagram. All other computations and statistical
analyses were made using pandas [35,36], NumPy [37], statsmodel, scikit learn [38,39]. As
for the visualization, figures were created with the Matplotlib [40] and seaborn [41] libraries.

3. Results and Discussion
3.1. Comparison of Sensors to the Reference Method (Phase 1)

For phase 1 of the experiment, H,S measurements of 22 samples measured using
the reference method were used to compare the measurements from the online sensors.
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ISA H,S (mg L))

ECH - ISA H,S (mg L")

The temperature of the samples collected were 19.5 & 0.6 °C (median + MAD), while
the pH was 7.4 £ 0.3 pH units, varying from 6.9 to 8 pH units. Correlation analysis
provides an insight into how strongly the measurement pairs are related [42]. In this study,
Pearson’s correlation coefficient(r) and the regression functions were used to evaluate the
linear association between the sensor and reference measurements. The regression lines in
Figure 2a—c all show a relatively strong linear trend with the correlation coefficient values
above 0.87 when considering the entire measurement range of the reference method (ECH).
At a closer look, we observed that for all three comparison pairs (ECH vs. ISA, ECH vs.
OPUS, and ECH vs. SulfiLogger™), the H,S reference measurement range influenced the
correlation coefficient. For H,S concentrations >5 mg L}, stronger correlations (r = 0.89,
0.92, 0.85) were found when compared to concentrations <5 mg L~! (r = 0.74, 0.65, 0.10)
(Table S2).

° ECH H,S <5 —— Regression line

e ECHH.S>5

-=-- Limits of agreement

—— Mean difference (Bias) ---- Line of equality

24 1 (a) 24 1 (b) 24 (C)
— 1.34 4+ 0.56 x ECH — 184+ 1.19 X EC — 0.79 + 0.57 x ECH
20 - 20 20
‘ Cop
b I
16 o0 16 = = 16 e
12 » 12 > 12 1
: 1 d
8 - 7] 8 =, 8 —
2 =
R? =0.85 g e R? = 0.88 ) R 47 R? =076
4 - r=092 4 < r=0.94 4 r=0.87
CCC =082 €CC =081 cCC =078
MAE = 1.30 MAE = 2.65 MAE = 1.74
0 T T T T 0 T T T T T 0 l" T
0 8 12 16 0 4 8 12 16 0 4 8 12 16
ECH H,S (mg L") ECH H,S (mg L") ECHH,S (mg L)
8 o(d) 81 (€ 87 .®
6 T 6 = 64 +1.96 SD
________ +196SD 2 s e e i
4 1 . 4.30 E" 4 En 4 i ’
L] =2 = i °
2 1 1 - R Ay s e +1.96 SD - 2 LI bl Mean
> ean = 1.42 a -
0 - — ol e e 0:70-
=2 e E_z_*o = LX) Mean :_2_
-398 O =3 248 < : 378
A 19650 = 4 . . 5 =4 e —-1.96 SD
-6 S — N 637 3 6
o —1.96 SD
-8 T T T -8 T T T T = T T T T
0 8 12 16 0 4 8 12 16 0 4 8 12 16
Mean of ECH & ISA Mean of ECH & OPUS Mean of ECH & SFL
H,S (mg L) H,S (mg L") H,S (mg L")

Figure 2. Correlation plots between the reference (ECH) and sensors’ (ISA, OPUS, and SulﬁLoggerTM (SLF)) measurements
(a—c). Bland-Altman plots for comparison pair (ECH vs. ISA, ECH vs. OPUS, and ECH vs. SLF) (d—f). The x-axis shows
the mean of the reference and sensor measurement. The y-axis corresponds to the difference between the reference and

sensor measurement.

Since Pearson’s correlation coefficient (r) only provides a measure that quantifies the
degree to which measurement pairs are related and conforms to the regression line (best
fit) [43], we used the concordance correlation coefficient (CCC) to provide a measure of
reproducibility. CCC assesses how close the data points are to the best fit and evaluates
the extent to which they fall on the line of equality. The CCC values for each comparison
pair were in a similar range of 0.79-0.82. According to the descriptive scale suggested by
McBride 2005 [44] for continuous variables, CCC values less than 0.9 have a poor strength
of agreement, suggesting that none of the sensors produced identical measurements to the
reference method.
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The ISA and SulfiLogger™ showed a similar mean absolute error (MAE = 1.30 &
1.70 mg L~1) and Root Mean Square Difference (RMSD = 2.12 & 2.39 mg L~!) values
and were considerably lower than the OPUS (MAE = 2.65 mg L=}, RMSD =3.18 mg L 1)
(Table S2). Contrary to the correlation for reference measurements >5 mg L.~!, both MAE
and RMSD showed a much smaller spread at the lower concentration range. The smaller
MAE and RSMD at the lower measurement range indicate that both ISA and SFL have
a closer agreement to reference measurements at H»S concentrations <5 mg Lt despite
having a lower correlation coefficient.

The Bland-Altman plots in Figure 2d—f quantifies the mean bias (mean difference
between the reference and sensor measurement) and the limits of agreement (95% limits).
The bias of comparison pairs revealed that the ISA measurements were the closest to the
reference measurements with a mean difference of 0.16 mg L~!. The positive value here
means that, on average, the ISA is 0.16 mg L1 less than the reference method. Similarly,
on average, the SulfiLogger™ measured 0.70 mg L! less than the ECH. On the other
hand, the OPUS measurements were consistently higher than the ECH measurement,
with a mean difference of —2.48 mg L~!, showing a much significant deviation to the
reference method compared to the other sensors. The limits of agreement for all three
comparison pairs resulted in wide ranges (dashed-orange lines in Figure 2d—f). For example,
95% of the samples measured by the ISA would be 3.98 less and 4.30 mg L~ higher
than the ECH measurement, which is unacceptable. Ideally, values narrowly distributed
around a mean difference of zero are preferred. By defining a priori limits of maximum
acceptable differences of 1 mg L~! (a narrow interval), we found that 73% of the ECH-ISA
measurement pairs fell in the range £1 mg L~ L. In contrast, for the ECH—SulﬁLoggerTM
and ECH-OPUS, only 50%, and 14% fell in that range.

Applying the non-parametric Freidman test showed significant differences between
the HyS measurements obtained from the sensors and the reference method (Chi-square
(x?) =27, p < 0.001). However, the post-hoc pairwise Wilcoxon signed-rank test re-
vealed that only the comparison pairs involving the OPUS were significantly different
(p < 0.001), confirming an agreement between the reference method and both ISA and
SulfiLogger™. The relatively close markers of the ISA and SulfiLogger™ and the shorter
distance to the true marker on the target diagram (Figure S2) further support that the
ISA and SulfiLogger™ were of similar accuracy when compared to the OPUS. Despite
the possibilities of sampling and measurement errors, we conclude that both the ISA and
SulfiLogger™ showed a good agreement with the reference method.

The calibration function of the ISA was derived using measurements made from the
reference method prior to the start of this study. Given the result of having the lowest mean
bias, we presume that the relationship of the reference method to the calibration function
used for predicting the H,S concentration may have influenced the strong agreement
compared to the other sensors. The lack of agreement between the OPUS and reference
measurements indicates that the default setting (global calibration) overestimates the H,S
concentration and is therefore inadequate. Performing a local calibration to fine-tune and
adjust the sensor to the conditions and wastewater matrix in the study location will improve
its HyS detection. Several studies demonstrate improvement in the sensors’ accuracy by
applying a local calibration [45-47], which infers the necessity of locally calibrating UV /Vis
optical sensors for reliable measurements.

To account for and explain the deviation of the sensors’ measurements from the
reference measurements, one must consider the possible errors during sampling, sample
preparation, and measurement. For example, we only used zinc acetate to preserve the
manual samples taken for comparison and excluded sodium hydroxide (NaOH), since it
resulted in precipitates that affected the measurement. Several studies on sulfide-related
processes have opted for only using zinc acetate for sample preservation and have proven
that the method is robust and consistent [48,49]. However, by leaving out the NaOH,
unremoved bacteria present in the sample could have altered the sulfide concentration
during storage.
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Another possible error that could have contributed to the difference between reference
and sensor measurement could be during the conversion of bisulfide and total dissolved
sulfide to hydrogen sulfide. The conversion process is dependent on the pH, and therefore,
accurate and reliable pH measurements are required. Finally, it is important to note
that the sensors did not directly measure that sample withdrawn for analysis using the
reference method, but instead measured its parenting wastewater parcel. This indirect
sample comparison is likely to also contribute to the differences between the reference
measurement and sensor.

3.2. Sensors’ Performance under Different Wastewater Pump Operation (Phase 2)

The diurnal H,S profiles in Figure 3a demonstrate the influence of the intermittent
operation of the experimental pressure sewer. The grey lines in Figure 3a mark the wastew-
ater pumping events, set to 7 min throughout the experiment. For most pump events, the
sensors responded similarly—a sharp increase in H,S concentration, which monotonically
decreased during the periods with no flow through the experimental gravity sewer. The
H,S profiles of the ISA sensor were much lower compared to the OPUS and SulfiLogger™,
measuring an H,S concentration of 3.42 & 0.77 mg L~! (median 4+ MAD), as compared to
6.61 & 1.78 and 5.37 & 1.29 mg L1, respectively. All three sensors show that the highest
H,S concentrations were typically found for wastewater parcels discharging the pressure
sewer between 8:00 and 12:00. The wastewater exiting the pressure sewer at 8:00 (residence
time, RT = 7 h) and 10:00 (RT = 8 h), the highest residence times used in the study, are
associated with observed high HyS concentrations. In addition, the wastewater slugs
entering the pressure sewer at 8:00 and 10:00 had higher sulfide and COD concentrations,
which are believed to have contributed to the typically high H,S concentrations when
subsequently discharged at 11:00 and 12:00 h.

(a) (b)
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Figure 3. Diurnal hydrogen sulfide profiles during intermittent wastewater pump operation (a). Influence of the residence
time on the HyS concentration (b). Error bars show the standard deviation of the mean H,S concentration for each residence
time group (<2h,3-5h & >6h).

Figure 3b further demonstrates the influence of the residence times on the sulfide
concentration discharged from the pressure sewer. It shows that all three sensors responded
similarly, with the OPUS recording the highest H>S concentrations for all residence time
groups. The results indicate that all three sensors were able to showcase comparable diurnal
patterns and a linear increase with increasing residence times, with the ISA recording much
lower H,S concentrations.

The comparison of the sensors under different wastewater pumping operations is
shown in Figure 4. Figure 4a demonstrates the distribution of the H,S concentration
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during the flow (pump switched on) and no flow (pump switched off). Comparing the
distributions of H»S measurements between the flow and no-flow periods indicated that all
sensors detected similar distributions for these flow periods. The SulfiLogger™ and OPUS
recorded similar median H,S concentrations (5.94 and 6.13 mg L1, respectively), while
the median H,S concentration of the ISA (3.23 mg L.~!) was significantly lower (white dots
in Figure 4a).
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0 No flow
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Sensor Sensor

Figure 4. Comparison of the sensors under different flow conditions. Violin plots (combination of boxplots and density

trace plots) comparing the median H,S concentration measured by the sensors during the switched on (M) and off (™)

periods of the intermittent scenario (a). Barplots comparing the median H»S measurements of the sensors during constant
flow scenario (b). The dashed lines (—) mark the mean H,S recorded by the sensors for the different wastewater operation.

In an intermittently-operated pressure sewer, sulfide production mostly occurs during
and immediately following a pumping event, as the active mixing re-establishes substrate
availability and enhances mass transfer at the biofilm-liquid interface [16,50]. Therefore,
intermittently-operated pressure sewers with a frequent pumping activity are likely to
have more sulfide problems than those with fewer and longer pumping events. During
the intermittent operation, the H,S concentrations detected by the sensors were 3.23, 3.30,
and 1.27 times higher than the median measurements recorded during the constant flow
operation (Figure 4b) for the SulﬁLoggerTM, OPUS, and ISA, respectively. Thus, the higher
H,S measurements during the intermittent operation confirmed that pumping frequency
affects the sulfide produced in pressure sewers. Furthermore, by comparing the average
HjS concentration obtained under the different pump operations (intermittent vs. constant),
we observed that reducing the pumping frequency provides an opportunity to reduce mean
daily sulfide production. Similar findings were presented in Shypanski et al. 2018 [50],
highlighting the influence of pumping frequency on sulfide production in sewers and
the possibility to optimize the wastewater pumping operation to reduce the daily sulfide
production once additional storage capacity is available.

3.3. Performance of Sensors during Nitrate Dosing

Figure 5a—c displays the hydrogen sulfide (H,S) profiles obtained during nitrate
dosing. For the applied nitrate dosages of 7.5 (limited), 14 (optimal), and 28 mg-N L~!
(overdosing), the SulfiLoggerTM (SLF) and OPUS showed similar H,S profiles. In compari-
son, the ISA only showed a similar pattern during the overdosing scenario. During the
overdosing scenario, all sensors showed >98% H,S removal (Figure 5d). For the limited and
optimal scenarios, both SulfiLogger™ (SLF) and OPUS demonstrated H,S removal efficien-
cies above 93%; however, <36% removal was calculated using the ISA measurements. We
observed that the SulfiLogger™ detected a re-emergence of sulfide production during the
limited dosing scenario when the residual nitrate concentration dropped below 5 mg N L~1.
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The increasing sulfide concentration indicates the resumption of sulfide-producing activity
during the periods when the wastewater pump was switched off (time between the dashed
grey lines in Figure 5a). In contrast, the OPUS could only detect the H,S concentration
when a new parcel of dosed wastewater entered the gravity sewer. As for the ISA, there
were little to no effects on the H,S concentration during limited and optimal dosing trials.
This occurrence exemplifies that the electrochemical sensor (SulfiLogger ™) has a higher
sensitivity and can detect alternating anaerobic-anoxic conditions in nitrate-dosed sewers.
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Figure 5. Response of the sensors during calcium nitrate dosing application. H,S profiles measured by the online sensors
during limited (7.5 mg-N LD, optimal (14 mg-N L~1), and overdosing scenarios (28 mg-N L1 (a-c). H,S removal
percentages for the dosing scenarios (d). Removal percentages calculated using the median H;S concentration obtained

during baseline and dosing trials. The vertical dash lines (—) indicate the wastewater pumping periods.

During the nitrate dosing trials, we observed an increase in the sewage pH ranging from
0.9 to 1.1 pH units for the different dosing scenarios. Without nitrate dosing, the pH ranged
between 6.7-7.6, whereas under dosing conditions, the pH varied between 7.6-8.7, with a
median of 8.4 recorded during the overdosing scenario. As mentioned previously, the pH
increase during nitrate dosing is attributed to both heterotrophic denitrification and anoxic
sulfide oxidation [51]. An increased pH affects the sensors’ performance differently. For
the UV/Vis sensors (ISA and OPUS), a pH increase favors the detection of the bisulfide ion,
which is primarily used to calculate the total dissolved sulfide and hydrogen sulfide [10,52].
For pH higher than 7, HS™ dominates and absorbs at a peak centered around 231 nm in the
UV spectrum [53]. On the other hand, at lower pH (acidic range), a hyposochromic shift and
hypochromic effect occur due to the prevalence of the molecular form H;S [53]. As for the
micro-electrochemical sensor (SulfiLogger™), an increase in the sewage pH means that H,S
concentration decreases to a point where the sensor is incapable of detecting H,S. According
to Jeroschewski et al. 1996 [54], who developed a lab-scaled, micro-electrochemical sensor
with similar features to SulfiLogger™, the protolytic equilibrium limits this type of sensor—
it is suited for acidic to neutral conditions, but can also be utilized under moderate alkaline
conditions (pH < 8.5). Our study found that the increased pH due to nitrate dosing caused
no noticeable effects on the sensors in detecting H,S.

The H,S concentrations measured by the ISA during the limited and optimal nitrate
dosing concentrations were much higher than the other sensors, as highlighted in the
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H,S profiles (Figure 5a,b). The ISA measurements in these dosing scenarios appeared
to be insensitive to nitrate dosing. The key reason for this is that the calibration dataset
used for locally calibrating the ISA did not include sulfide measurements under nitrate
dosing conditions. In addition, the calibration method used for the ISA did not apply a
deconvolution of the bisulfide ion (HS™) spectra. Instead, it used a multivariate procedure
relating H»S concentrations measured by the reference methods with the measured spectra.
Given that the absorption spectra of water samples are a superposition of the absorption
spectra of several species, and since both HS™ and nitrate have a strong absorbance in
the same UV range, deconvolution is required to identify and differentiate the different
species [7].

In comparison, the global calibration of OPUS followed the semi-deterministic decon-
volution procedure in which a linear substance analysis (curve-fitting) and multiple linear
regression analysis were employed to simultaneously detect HS™ and nitrate [55]. Meyer
et al. 2018 [7] performed a similar calibration for in-situ measurements of nitrate and H,S
in the Baltic Sea. In addition, Guitierrez et al. 2010 [14] developed and validated a simi-
lar calibration procedure for an online UV /Vis spectrometer to simultaneously measure
sulfide and nitrate in sewers for optimizing nitrate dosing for sulfide control. However,
the SulfiLogger™ requires no specific data preprocessing and cumbersome calibration
routines as the HyS detection relies on the penetration of H,S through the tip of the sensor
and subsequent electrochemical reaction.

To improve the ISA measurements during the nitrate dosing, we recommend perform-
ing a new calibration to account for the shift in the composition of the matrix under dosed
conditions or adopt the semi-deterministic calibration by decomposition of the spectra.

3.4. Practical Applications and Challenges

During its conveyance, wastewater continuously takes part in a series of chemical
and microbial processes altering its wastewater composition and matrix during transport.
In addition, sewer systems are exposed to highly variable hydraulic conditions [30]. These
transformation processes and variable conditions contribute to the dynamic nature of
the sulfide problems in sewers. To understand and assess the magnitude of the sewer
sulfide problem, H;S sensors are usually installed at identified critical points, e.g., at
the end of the pressure sewer. For control measures (e.g., chemical dosing), sensors are
installed downstream the point of dosing. It is essential to ensure that the sensors are easily
accessible at these monitoring points and can be easily removed for maintenance.

The UV /Vis (ISA and OPUS) sensors are typically installed using a floating or by-pass
installation [56]. In addition, orienting the measurement path of the sensors to facilitate
the passing of air bubbles formed around the path is essential, as it is known for causing
measurement disturbance [57]. Other possible measurement failures of the UV /Vis sensors
are typically caused by clogging, accumulation of grease, and carbonate deposits at the
measuring path (the lens) of the sensor, even when automatic cleaning using compressed
air is carried out. In the case of micro-electrochemical sensors (SulfiLogger™), installation
specifications require submerging the sensor’s tip in the flowing wastewater while allowing
free movement (a pendulum motion) during changes in hydraulic regimes. This pendulum-
like motion allows the passage of sanitary solids, such as tissues (wet wipes) occasionally
caught at the sensor’s tip. During the test trials, we observed that SulfiLogger™ was
sensitive to material accumulation at the installation point (tip of the sensor), resulting in
concentration spikes that may not represent the actual H,S concentration in the wastewater.
Therefore, continuously examining whether a blockage or an extreme event is responsible
for high concentration peaks is required to ensure reliable data. For all sensors evaluated
in this study; it is crucial to perform weekly inspection and maintenance routines.

Notification indices or parameters of the measurement quality are vital attributes
for assessing the data’s reliability during the monitoring period. There is no qualitative
index to determine when and how often the signals of the SulfiLogger™ are affected
by disturbances, such as fouling, accumulation of sanitary solids, and other materials at
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the sensor’s tip. Therefore, the sensor must be installed to minimize the accumulation of
materials at its tip for reliable measurements. As for both the ISA and OPUS, the quality of
the spectra, absorbance at specified wavelengths, and light source diagnostics (lamps) can
all be used to determine the quality of measurement or series of measurements.

In general, all three sensors can be used and integrated into tools for sewer asset man-
agement and the implementation of the real-time chemical control dosing units. However,
factors, such as power supply availability and requirements of additional accessories for
cleaning, limit the monitoring points’ selection. For example, both UV /Vis based sensors re-
quire a continuous power supply and air compressor for setting up the automatic cleaning
and data transmission to the cloud (remote server) and are therefore only limited to points
providing a power source. Of course, battery power supply alternatives can be discussed
with the manufacturer, but incur additional costs. For the SulfiLogger™, the power supply
is provided by the PowerCom Box, which produces a battery life of at least 90 days [58].
Furthermore, regarding the European Directives for controlling explosive atmospheres,
both the ISA and SulfiLogger™ are ATEX (ATmospheres EXplosible) certified and can be
used in “sensitive” urban spaces.

In terms of these sensors’ suitability for optimizing chemical dosing to reduce sulfides
in sewers, the results show that all three sensors can be applied to nitrate dosing opti-
mizations applications, even when the sewage pH is raised above 8. However, for sulfide
control measures that target the release of H,S across the liquid-gas interface, such as pH
elevation (e.g., magnesium hydroxide), it is required to raise the pH above 9. Therefore, for
these chemical control measures, the SulfiLogger™ will not be the preferable option. At
this pH level, sulfide detection as total dissolved sulfide may still be possible using UV /Vis
sensors; however, the absorbance of polysulfides, which are known to absorb in the UV
range, can cause interference [52]. Furthermore, previous experimental trials using ferric
nitrate led to the observation that iron sulfide (FeS) precipitates formed during dosing
caused discoloration and scratching of the optical lens (Figure S4). Consequently, this led
to unreliable measurements and increased maintenance during those trials, highlighting
the possible challenges of using UV /Vis spectrometers subjected to iron salt dosing.

Finally, both UV /Vis sensors require pH probes to convert HS™ to the H,S fraction
and total dissolved sulfide. However, long-term pH measurement in sulfide-rich environ-
ments is difficult due to the possibility and challenge of sulfide poisoning of the reference
electrode [59]. Therefore, to ensure the accuracy of the sulfide monitoring using UV /Vis
spectrometers, pH sensors must be frequently calibrated.

3.5. Advantages and Disadvantages

All three sensors share some main advantages; they provide continuous measure-
ments, are monitored online, and do not require chemical agents. Similarly, all three sensors
share common disadvantages, such that they all require regular cleaning and maintenance
to ensure reliable measurements. From an economic perspective, the SulfiLogger™ is the
least expensive option, with an overall estimated price of 6000 € (inclusive of the sensor,
PowerCom Box, and installation accessories). Both UV /Vis sensors for sulfide monitoring
in sewer systems are around 15,000 €, as the overall cost entails communication and power
boxes, cleaning and installation accessories, and a pH sensor.

To provide a complete overview of the performance of the online sensors and to guide
practitioners and/or researchers engaged in investigations on monitoring sulfide-related
processes in sewers systems, we outlined the key advantages and disadvantages of the
sensors used in the study in Table 3.
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Table 3. Advantages and disadvantages of the online liquid phase H,S sensors used in the study.

Sensor Advantages Disadvantages
Plug-and-measure not available
Requires power source—portable power solutions
Multi-parameter (e.g., COD, NO3-N, can be discussed with the manufacturer
NO,-N etc.) Requires additional accessories for continuous
Adjustable optical path (0.5-20 mm) operation, e.g., air compressor automatic cleaning
ISA Includes software for local calibration of the lens
Measurement quality details (Spectral Not portable
Quality Index) Detailed local calibration needs to be computed by
ATEX (ATmospheres EXplosible) certified the operator
Requires continuous pH monitoring for conversion
in H;S and total dissolved sulfide
Requires power source—portable power solutions
can be discussed with the manufacturer
Requires additional accessories for continuous
Multi-parameter (e.g., COD, NO3-N, operation, e.g., air compressor automatic cleaning
NO,-N etc.) of the lens
Plug-and-measure (comes with Only allows simple linear regression local
manufacturer calibration setting) calibration
OPUS Measurement quality details (Spectral Detailed local calibration needs to be computed by
Quality Index the operator
Portable only with an additional purchase Fixed optical path, other lenses are available but
of the G2 -interface box need to purchase separately
Requires continuous pH monitoring for conversion
in H;S and total dissolved sulfide
Not ATEX certified
Plug-and-measure available
H,S measurements in both liquid and
gas phases Not suitable at pH values >8.5
Portable Susceptible to blockages at the tip of the sensor
Power source provided by a PowerComBox, requires careful installation
SulfiLogger™ providing a battery life up to 90 days No details on measurement quality during

Quick and straightforward calibration
procedure using known H,S gas

Easy to clean (passive anti-fouling
flush front)

ATEX certified

monitoring
Only measures H;S (requires a pH sensor for
conversion to total dissolved sulfide)

4. Conclusions

Recognizing that liquid phase H,S monitoring is important and offers additional

information on the fate of H,S in sewer systems, our study compared three online com-
mercial sensors to shed light on the performance and comparison of these sensors under
realistic conditions. Overall, the sensors’ comparisons indicate that there are strengths and
weaknesses to each sensor used in this study.

For the UV /Vis sensors, the dependency of the calibration procedure, the reference
measurements, and the spectra quality used for calibration significantly affect the sen-
sor’s performance. The GO ISA UV /Vis spectrometer showed the best agreement with
reference measurements (ECH), resulting in a mean bias (MB) of 0.16 mg L~!. However,
the ISA responded erroneously to the optimal and limited nitrate dosing test applications
as its calibration did not account for nitrate dosing conditions. The global calibration of
the TriOS OPUS UV spectrometer overestimated the HyS concentrations, with a mean
bias of —2.48 mg L' when compared to the reference method. Contrary to the ISA, the
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OPUS responded to nitrate dosing as expected, as its calibration accounted for the simul-
taneous detection of nitrate and HyS. The micro-electrochemical sensor (SulfiLogger™)
showed a good agreement (a mean bias of 0.70 mg L~!) with the reference method de-
spite having no pre-requisite calibration procedure involving the reference method. The
SulfiLogger™ exemplified its sensitivity to varying conditions applied during the test
applications reasonably.

In retrospect to the findings of this study, the pH value has a significant influence
on the detection of sulfides in sewer systems. Our study showed that the liquid phase
H,S sensors measured reliably in sewage pH varying from 6.7 to 8.7. However, questions
concerning the suitability of using the SulfiLogger™ in applications where the sewage pH
is >8.5 should be raised. Similarly, one should question the use of UV /Vis spectrometers
for H»S monitoring in applications where the sewage pH is <5. Therefore, further investi-
gations closely examining the influence of pH on the sensors’ response and uncertainty
at different pH levels are required. Finally, regarding our assessment, it is crucial to re-
member that successful and reliable data collections using these liquid phase H,S sensors
depend on local conditions, the means of installation, and the regularity of cleaning and
maintenance routines.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/w13131876/s1, Figure S1: Operation schedule of the wastewater pumps, Table S1: Metrics
used for comparing sensor data, Table S2: Summary of the comparison data set (Phasel), Table S3:
Summary of the statistical comparison measures applied to the comparison pairs, Figure S2: Target
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