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Abstract 

Monitoring volatile compounds in sewer systems is highly important due to the toxic and corrosive 

nature of various nuisance chemicals generated, such as hydrogen sulfide (H2S). Hotspot 

monitoring facilitates identification of the location of the generated H2S, and thereby targeted 

treatment can be applied, which eventually minimizes the use of chemicals and lowers the 

environmental effect within the sewer system. In this thesis, we present a portable detector that is 

designed to extract volatile components from aqueous samples by vaporizing the sample and then 

exposing it to a microfluidic-based detector, fabricated by a selective microchannel embedded with 

a metal oxide semiconductor (MOS) sensor. The setup consists of an exposure and recovery 

chamber, heater, servo, and a peristaltic liquid pump. The entire device is controlled using a 

microcomputer that transmits sensor data and receives inputs from the user. A testing procedure is 

also established for the setup, which consists of 5 steps, including sample extraction, vaporization, 

exposure, recovery, and purging. Using a wide concentration ranges of H2S and ammonia (NH3) 

dissolved in water (i.e., two components which the MOS sensor has potential cross-selectivity), a 

database for classification and regression was developed: the device was capable of classifying 

between NH3 and H2S by a recall value of  100% and 96% in separate and also returned a recall 

value of 97% with H2S classification and 96% with NH3 classification in mixture aqueous 

solutions. Regression precision for separate and mixture aqueous solutions was 84.6% and 

88.77%, respectively. The developed setup was used in a field test (at Annacis Island (Delta, BC) 

wastewater treatment plant (AI-WWTP)) where various tasks such as sample extraction, 

evaporation, and data transmission were automatically performed. The results show that the device 

is capable of identifying and measuring the concentration of H2S and NH3 in raw influent with 
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83.48% precision. Overall, the results presented show the potential of the proposed automated 

wireless device in recognizing and measuring NH3 and H2S in sewer systems which can facilitate 

the detection of hotspots, reduction of treatment costs, increase of the lifespan of buried 

infrastructure, and minimization of the involvement of highly-skilled personnel. 
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Lay summary 

In this study, a portable device was designed to automatically measures the amount of toxic and 

corrosive substances in the sewer network. The output of the device facilitates the decision-making 

process in terms of the amount of chemicals needed to be injected into the system for treatment 

purposes. This will lead to a decrease in the maintenance costs of the sewer infrastructure and 

improve the safety of plant workers. To ensure the functionality of the designed prototype, it was 

taken to wastewater facilities and tested in real working conditions. The results have been very 

promising, showing the potential of this device for commercialization. The success and benefits 

of this project can be easily translated to other public utilities across Canada and international 

communities.   



vi 

 

Preface 

The provided research in this thesis is the original work performed by the author and supervised 

by Dr. Mina Hoorfar at the Advanced Thermofluidic Laboratory (ATFL) at the School of 

Engineering, University of British Columbia. The details of publications and the author’s 

contributions to them are explained below: 

a. Journal publications 

A. Davoodabadi Farahani, J. A. T Hunter, G. P. McIntosh, E. Earl, A. Ravishankara, 

N. Tasnim, P. Kadota, M. Hoorfar, “Development of an in-situ detector for dissolved 

gases in liquid waste,” submitted to Sensors and Actuators, B: Chemical (April 2021) 

Contribution: My contribution in this paper included the following: (i) conducting 

the experiments, (ii) developing the setup, and (iii) writing the paper 

b. Conference proceedings and presentations 

A. Yavarinasab, S. Janfaza, M. Mohaghegh Montazeri, N. Tasnim, A. Davoodabadi 

Farahani, P. Kadota, P. Markin, Arash Dalili, E. Taatizadeh, H. Tahmooressi, M. 

Hoorfar, “A graphene-based chemical sensor for hydrogen sulfide measurement in 

water,”  2019 IEEE SENSORS, Montreal, QC, Canada. 

Contribution: My contribution in this paper included the following: (i) defining the 

strategies and (ii) editing the paper.  



vii 

 

Table of contents 

Abstract .......................................................................................................................................... iii 

Lay summary ...................................................................................................................................v 

Preface............................................................................................................................................ vi 

Table of contents ........................................................................................................................... vii 

List of tables .....................................................................................................................................x 

List of figures ................................................................................................................................. xi 

1 Introduction ..............................................................................................................................1 

1.1 Overview ......................................................................................................................... 1 

1.2 Literature review ............................................................................................................. 3 

1.2.1 H2S in sewer environment ............................................................................................ 3 

1.2.2 Treatment methods........................................................................................................ 5 

1.2.3 Sensors for measurement of H2S .................................................................................. 8 

1.2.3.1 Electrochemical sensors .................................................................................. 10 

1.2.3.2 Optical sensors ................................................................................................. 10 

1.2.3.3 Piezoelectric sensors ........................................................................................ 11 

1.2.3.4 Metal oxide semiconductor sensors ................................................................. 12 

1.2.3.5 MEMS sensors ................................................................................................. 13 

1.2.3.6 Nano-structured sensors .................................................................................. 14 

1.2.3.7 Sensors from organic or inorganic nanomaterials ........................................... 14 

1.2.4 Review of integrated devices ...................................................................................... 15 

1.3 Motivation ..................................................................................................................... 20 

1.4 Objectives ..................................................................................................................... 20 



viii 

 

1.5 Organization of thesis ................................................................................................... 21 

2 Experimental setup.................................................................................................................22 

2.1 Microfluidic-based detector .......................................................................................... 22 

2.2 Benchtop setups ............................................................................................................ 24 

2.2.1 Version 1 ..................................................................................................................... 24 

2.2.2 Version 2 ..................................................................................................................... 27 

2.2.2.1 Sensor arrangement ......................................................................................... 28 

2.2.2.2 Vaporization chamber and heater .................................................................... 31 

2.2.2.3 Sample delivery system ................................................................................... 36 

2.2.2.4 Purging system and filtration ........................................................................... 37 

2.2.2.5 Testing procedure and data capture ................................................................. 39 

3 Results of individual gases.....................................................................................................42 

3.1 Consistency and longevity tests .................................................................................... 42 

3.2 Characterizing tests ....................................................................................................... 43 

3.3 Ammonia results ........................................................................................................... 45 

3.3.1 Classification and regression ...................................................................................... 45 

3.4 Discussion ..................................................................................................................... 47 

4 Mixture results .......................................................................................................................48 

4.1 H2S and NH3 mixture .................................................................................................... 48 

4.2 Classification and regression ........................................................................................ 50 

4.3 Field Test ...................................................................................................................... 51 

5 Summary, contributions, and future works ............................................................................53 

5.1 Summary ....................................................................................................................... 53 



ix 

 

5.2 Contributions................................................................................................................. 54 

5.3 Future works ................................................................................................................. 54 

6 References ..............................................................................................................................56 

 

  



x 

 

List of tables 

Table 1.1 Summary of available devices for H2S measurement. .................................................. 19 

  

  



xi 

 

List of figures 

Figure 1.1 Mechanism of concrete corrosion. (reprinted  from [23] with permission from Springer 

Nature) .......................................................................................................................... 5 

Figure 1.2 H2S control methods in the sewer environment. (reprinted from [3] with permission 

from Elsevier) ............................................................................................................... 8 

Figure 1.3 Common sensor types for real-time detection of H2S gas. (reprinted from [55] with 

permission from Elsevier) ............................................................................................. 9 

Figure 1.4 Online dissolved sulfide monitoring system and its field installation. (reprinted from 

[6] with permission from Elsevier) ............................................................................. 18 

Figure 2.1 The Selective microfluidic system embedded with a MOS sensor ............................. 22 

Figure 2.2 Schematic of the detector showing the channel, coatings, and the gas molecules 

diffusing through the channel (reprinted from [107]  with permission from IEEE ) .. 23 

Figure 2.3 Sensor's housing .......................................................................................................... 25 

Figure 2.4 Version 1 prototype device: (a) major components include a rechargeable power source, 

touch-controlled graphical user interface, sample vaporization, and gas sensing 

modules; (b) key internal components for automated sample extraction. .................. 25 

Figure 2.5 The jar configuration including the microfluidic-based detector and the vaporization 

chamber ....................................................................................................................... 26 

Figure 2.6 Version 2 (Outside configuration) ............................................................................... 27 

Figure 2.7 Version 2 (inside configuration): A - Protoboard, B - Raspberry Pi, C, and D - Purging 

valves, E - Peristaltic pump, F - Battery, G - Purging pump, H –Microfluidic-based 

detector, I - Exposure and recovery valve. ................................................................. 28 

Figure 2.8 The designed potentiostatic circuit to replace the VersaSTAT 4. ............................... 30 



xii 

 

Figure 2.9 MOS and electrochemical sensor arrangement on an uncoated 3D printed dual channel 

detector. ....................................................................................................................... 30 

Figure 2.10 Corroded magnet in Version 1. ................................................................................. 31 

Figure 2.11 Magnets inside the jar configuration in Version 1. ................................................... 32 

Figure 2.12 The porcelain crucible inside the vaporization chamber. .......................................... 33 

Figure 2.13 Exposure and recovery chambers section view. ........................................................ 34 

Figure 2.14 Exposure and recovery valve motor comparison. ..................................................... 35 

Figure 2.15 The new heating element with the 3D printed container. .......................................... 35 

Figure 2.16 The final design of vaporization chamber and heater. .............................................. 36 

Figure 2.17 Adafruit peristaltic liquid pump with silicone tubing................................................ 37 

Figure 2.18 Filter arrangement. .................................................................................................... 38 

Figure 2.19 Purging inlets and outlets. ......................................................................................... 38 

Figure 2.20 The graphical user interface in Version 1.................................................................. 40 

Figure 2.21 Main window of the graphical user interface. ........................................................... 40 

Figure 2.22 Manual controls of the interface. ............................................................................... 41 

Figure 2.23 Long-run test’s user interface. ................................................................................... 41 

Figure 3.1 The response of two TGS 2602 sensors being exposed to a similar sample. The first 

three curves are for the first three tests and the last curve shows the 23rd test (last test).

..................................................................................................................................... 43 

Figure 3.2 Detector response to H2S dissolved in water. The inset shows responses to water and 

low H2S concentrations. .............................................................................................. 44 

Figure 3.3 Comparing detector response to ammonia and hydrogen sulfide present individually in 

aqueous samples.......................................................................................................... 45 



xiii 

 

Figure 4.1 Increasing NH3 concentration from 18 to 29 mg/l at a constant level of H2S at 10 mg/l.

..................................................................................................................................... 48 

Figure 4.2 Increasing NH3 concentration from 18 to 29 mg/l at a constant level of H2S at 20 mg/l.

..................................................................................................................................... 49 

Figure 4.3 Increasing H2S concentration from 10 to 20 mg/l at a constant level of NH3 at 18 mg/l.

..................................................................................................................................... 49 

Figure 4.4 Increasing H2S concentration from 10 to 20 mg/l at a constant level of NH3 at 29 mg/l.

..................................................................................................................................... 50 

Figure 4.5 Version 2 running continuous experiments at Annacis island Research Center. ........ 52 

Figure 4.6 Field test responses for raw influent. ........................................................................... 52 



1 

 

1 Introduction 

1.1 Overview 

Wastewater collection and treatment are indispensable public services to maintain clean waterways 

and protect public health. Sewage systems create a suitable environment for microbial activity, in 

which a variety of nuisance gases and malodourous compounds are produced. In addition to being 

hazardous, noxious chemicals produced in the sewer environment, such as hydrogen sulfide (H2S), 

have corrosiveness characteristics which can ultimately result in infrastructure failure and gas 

leakage, requiring millions of dollars to repair every year. Pipe corrosion and biogenic gas 

generation also cause the flow of unpleasant odor into pump stations, channels, ducts, and 

manholes which are hugely concerned in metropolitan regions [1]. 

Although different strategies are available to mitigate biogenic nuisance gases, they will perform 

more effectively if specific data is available for identifying “hotspots” of gas formation for targeted 

treatment [2]. Furthermore, based on the biogenic gas concentration level, the sewer system should 

undergo a different mitigation method (e.g., the addition of biocides, iron salts, chemical oxidants, 

etc.) [3]. Therefore, there is a huge demand in wastewater industries for an automated, real-time, 

in-situ detector capable of detecting multiple target compounds which are dissolved in sewerage. 

Current liquid-phase monitoring apparatuses are expensive and difficult to operate as they clog 

quickly and require high maintenance.  Since current technologies have a few limitations (like the 

large footprint, low precision and reliability, and incapable of liquid-phase analysis), there is an 

urgent need for a suitable detector that overcomes all of these restrictions [4]–[7]. The importance 

of detecting target analytes in the liquid phase is because (i) the gas concentration within the 
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headspace along the sewer pipeline might not be identical, and (ii) it is essential to detect noxious 

gas formation in anaerobic biofilms at the “hotspots” where analytes have not turned into the 

gaseous phase during then biogenic activity. As for the former, gas-phase readings of H2S 

concentrations can be highly variable, which makes the analysis and control of odor mitigation 

solutions challenging. On the other hand, the measurement of H2S dissolved in wastewater can 

provide greater reading stability and better control over odor-reducing agents. As for the latter 

reason, diminutive amounts of dissolved nuisance gases (e.g., H2S) in sewage can create a high 

concentration of hydrogen sulfide within the headspace ( > 100 ppm) [2]. 

The overall research goal of this study is to design, develop, prototype, and evaluate a robust in-

situ sensor technology to measure H2S dissolved in wastewater and to help mitigate H2S 

“hotspots.” To achieve the proposed goal, a core microfluidic-based gas sensing technology that 

detects H2S from a vaporized liquid effluent sample is developed using a metal oxide 

semiconductor (MOS) and a 3D printed microfluidic diffusion channel. A purging and recovery 

process is also designed for each test to ensure the device is rapidly restored between experiments. 

The sensor is then integrated into a vaporization and recovery chamber which are linked to a 

sample extraction and delivery system. Liquid samples obtained from the sewer lines pass through 

a peristaltic pump for extracting the required amount of the sample prior to vaporization and 

exposure to the sensing unit. A microcontroller and data collection components are utilized to 

monitor and ensure all components are operating properly and can transmit and analyze data 

through an application on the portable device. Also, the most suitable method to install the device 

within sewerage pipes is determined in a field test which guides design requirements to develop a 

robust platform to integrate and maintain the components for long runs.  
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Similar to any other sensor, calibration is an important step to convert the collected raw data to the 

desired output. Every response obtained from the detector needs to reflect a certain concentration. 

The proposed microfluidic-based gas detector is calibrated using liquid chromatography-mass 

spectrometry (LC-MS) for responses in liquid concentrations. LC-MS data are basically listing the 

composition and proportions of dissolved target analytes in liquid waste samples. 

The sensor used in the setup requires training in order to recognize a particular “smell print” of 

target gases in a given liquid waste sample. The selectivity of the device is defined as the ability 

of the system to differentiate between different analytes (in particular, H2S and NH3). A pattern 

recognition software is used to analyze each curve acquired from exposing samples to the detector. 

Using datasets from testing a wide concentration range of H2S and NH3 in the liquid phase are 

used as input to a machine learning algorithm which outputs the presence and the concentration of 

hydrogen sulfide and ammonia (two components in sewer samples which the MOS sensor has 

potential cross-selectivity). This eventually provides the ability to detect and differentiate different 

compounds in sewage and estimates the concentration of that target gas in the surrounding liquid 

environment. 

1.2 Literature review 

1.2.1 H2S in the sewer environment 

Wastewater within sewer pipes creates an excellent medium for the biological production of 

nuisance gases (such as H2S). The formation of noxious gases can cause corrosion within the pipes 

and eventually leads to infrastructural failure. H2S is a known odorous and hazardous material due 

to its toxicity [8], [9]. Apart from its harmful impact on the environment and unpleasant odor, it 
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can be detrimental or even lethal to living organisms at relatively low concentrations. The normal 

“rotten egg” smell of H2S can be sensed by the human olfactory system at concentrations of 0.02 

to 0.13 ppm [8], yet concentrations around 80 ppm cause a severe olfactory neuron loss in rats 

[10]. At the exposure level of 500 to 1000 ppm, it causes dizziness, olfactory paralysis, and/ or 

immediate death [11]. 

Wastewater is full of organic materials and sulphate. Since the sewage environment is a closed 

system, oxygen availability is limited. In this condition, microorganisms (like proteolytic bacteria 

such as Desulfovibrio and Desulfobulbus, which are sulphate-reducing bacteria (SRB)) form 

hydrogen sulphide (H2S) as well as carbon dioxide (CO2) within a hydrolytic reaction of protein 

from organic sulfur compounds [12]. The generation of H2S in an anaerobic condition by the 

sulfate reducing bacteria (SRB) is controlled by the sulfate concentration, pH level, and oxygen 

availability [13]–[15]. However, the produced H2S does not destruct concrete pipes. It escapes 

from the liquid phase into the headspace and dissolves in the slime layer (biofilm) at the crown of 

pipes above the liquid level. The H2S deposited into the slime at the headspace is oxidized by the 

sulfur oxidizing bacteria (SOB) (which are basically from the Thiobacillus genus [16]–[18]) in an 

aerobic condition, and sulfuric acid (H2SO4) is formed as a product of this reaction. Thus, the 

produced H2S in wastewater pipes indirectly contributes to the corrosion of pipes by producing 

sulfuric acid (H2SO4). In summary, the above reactions occur in 4 steps: firstly, SRB reduces 

sulphate to sulphide; secondly, H2S escapes to headspace and biofilm; thirdly, SOB oxidizes and 

turns sulphide into H2SO4, and finally, concrete is corroded by the sulfuric acid. All reactions are 

summarized in Figure 1.1. CO2  also evaporates and reacts with moisture and creates carbonic acid 

(H2CO3), which eventually leads to the carbonation of concrete [19]. 
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In sewerage pipes, corrosion does not occur if the pipes are running with a full flow. It only 

happens when there is room for H2S to diffuse and escape to the crown of the pipe (i.e., the 

headspace) [20]. Annually, sewer pipes are corroded 0.08-10 mm by H2SO4 generation [21]. If 

the total dissolved sulfide in liquid is in the range of 0.1 mg/L, corrosion and if it is more than 2 

mg/L, extreme corrosion of the concrete pipe will occur [22].  

 

Figure 1.1 Mechanism of concrete corrosion (reprinted  from [23] with permission from Springer Nature) 

1.2.2 Treatment methods  

Biologically induced corrosion of liquid waste infrastructure can extremely decrease its lifespan 

and present a loss in the asset value in the order of hundreds of millions of dollars. In Greater 

Vancouver, the wastewater system manages the liquid waste of approximately 2 million people, 

which makes up to 1 billion liters of liquid waste every day. The estimated cost of such failures in 
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Metro Vancouver is known to be in the magnitude of billions of dollars [24], [25]. A variety of 

methods have been utilized to address these concerns. Several controlling strategies have been 

implemented to manage the harmful impact of H2S and subsequent H2SO4 generation. These 

strategies include sewer pipe redesigning [26], [27], employing protective pipeline coatings [28], 

[29], treatment filters to control malodorous compounds [30], [31], using more resistant materials 

in pipes [32]–[34] and restricting H2S formation and corrosion [3], [35]–[37]. Hence, the relatively 

high cost associated with wastewater reconstruction and modification makes direct targeting sites 

of high SRB activity a viable option in maintaining sewer infrastructure and mitigating both health 

and environmental impacts by preventing noxious gas release [38]. 

Among current treatment methods employed to inhibit H2S generation or eliminate formed H2S, 

increasing redox potential is favorable to control hydrogen sulfide formation. Dissolving oxygen 

or air can prevent sulfide generation [39]–[42]. Generally, high dissolved oxygen (DO) levels of 

0.5 mg/L are required. Air injection has a limited capacity in transferring oxygen (DO levels of 3-

5 mg/L), while pure oxygen can increase DO level to 5-7 mg/L, which is more effective. Pure 

oxygen injection is mostly beneficial in high-pressure sewage systems, but it increases fire risks 

[43]. An addition of oxidizing chemicals including hydrogen peroxide (H2O2) [38], chlorine in gas 

or aqueous solutions (NaClO or Ca(ClO)2)) [38], [44], potassium permanganate (KMnO4) [38], 

and nitrate [45] is another method used to mitigate H2S formation. However, the associated cost 

with chemical dosing is high; for example, H2O2 and chlorine addition will cost between $2.9 – 

6.41 kg-1S, and potassium permanganate sits at around $28.81 – 33.53 kg-1S [3]. 

Precipitation of metal sulfides also reduces dissolved sulfide from sewerage. Iron, due to its impact 

in managing the concentration of sulfides dissolved in sewage, has been normally used in sewer 
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systems [22], [46], [47]. Ferrous chloride (FeCl2) [48], iron (II) sulfate (FeSO4) [49], and ferric 

nitrate (Fe(NO3)3) [50] can be added to wastewater for removing sulfide (by precipitating) and 

producing ferrous sulfide (FeS) [3]. It has been observed that the precipitation of ferrous sulfide 

can take a few hours with iron salts of chloride [48]. Moreover, biocides and molybdate can inhibit 

H2S production since they can inhibit biological activity [51]–[53]. pH elevation by adding sodium 

hydroxide (NaOH) can also inhibit biological activity by preventing the releasing of the H2S gas 

release when pH is more than 9 or inactivating SRB when pH is in the range of 12.5 – 13 [3]. The 

summary of chemical dosing technologies and biological methods is presented in Figure 1.2. The 

downsides of the aforementioned methods include the expensive and high amount of required 

chemicals for long-time use, and potential unsafe handling, and related environmental issues. 

These issues suggest the use of chemicals in wastewater networks as low as possible. This factor 

increases the importance of having a robust monitoring system capable of reporting the available 

amount of H2S in wastewater lines and subsequently SRB activity to increase the efficiency in 

detection of hotspots and H2S formation points along the pipe and eventually decreasing the cost 

of treatments in the infrastructure by reducing corrosion caused by H2S generation.  
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Figure 1.2 H2S control methods in the sewer environment. (reprinted from [3] with permission from Elsevier) 

1.2.3 Sensors for measurement of H2S 

Current H2S gas sensors are relatively costly ($100- $1000) and require high power, have a poor 

limit of detection, instability, and inflexibility, to name a few [54]. So far, numerous technologies 

have been utilized for H2S sensing (Figure 1.3) [55]. Electrochemical-based sensors have been 

used since the 1950s; however, they have limitations, including low selectivity, high operational 

temperature, sensitivity to the pressure change, and short stability period. Optical sensing 

technologies have developed expeditiously since 1977. However, due to limitations like large size, 

low selectivity, limited operational temperature, and high cost, their usage as gas sensors are 

restricted. Since 1880, the piezoelectric effect was used as a sensing method however the sensors 

developed based on this effect suffer from high operational temperature, small output signal 

(voltage) and relatively high noise (due of the dimension reduction that causes instability when 

surface to volume ratio increases). Since fifty years ago, metal oxide semiconductors have shown 
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excellent potentials in H2S detection due to their physical properties (i.e., a large surface to volume 

ratio in the nanostructure especially inorganic tungsten oxide (WO3) nanoparticles). In the 

following subsections each of these sensing mechanisms are reviewed thoroughly.  

 

Figure 1.3 Common sensor types for real-time detection of H2S gas. (reprinted from [55] with permission from 

Elsevier) 
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1.2.3.1 Electrochemical sensors 

Electrochemical sensors are based on solid or liquid electrolytes. They generate an electrical signal 

once they are exposed to gas; the signal is proportional to the gas concentration. Based on the 

signal, the sensor can be either amperometric or potentiometric. For the former, the rate of electron 

transfer (current) as a function of time is proportional to the target compound’s concentration 

(based on Faraday’s law and mass transport phenomena). In the case of the latter, ion-selective 

electrodes are used to have a potential signal that is proportionate to the concentration 

logarithmically [56], [57]. An example of solid electrolyte potentiometric sensor is reported in the 

work of by Liang et al. [58]: they used sodium super ionic conductor (NASICON) and Pr6O11 - 

doped SnO2 electrodes for H2S detection in a range of  5 – 50 ppm and a response time within 4 – 

8 s with a noble resistance to water vapor. Another example of the solid electrolyte sensors is 

H2SO4 pre-treated Nafion membrane coated with Au catalyst for selectivity improvement toward 

H2S sensing. The detection range of 1–100 ppm with 0.1 ppm detectability in a 9-s response was 

achieved [59]. However, commercially available solid electrolyte sensors have limitations, 

including selectivity, operational temperature, pressure change sensitivity, and short maintenance 

period. Also, chemical interference of H2S gas sometimes causes false readings [60], [61]. 

1.2.3.2 Optical sensors 

Measurements are based on the interactions among light and the analyte within the fiber and thin-

film coating, which sensing occurs via absorption and emission spectroscopy technique. In most 

optical sensors, measurement is conducted directly. Examples include, mid-infrared sensors [62], 

direct ultraviolet spectrophotometric sensors [63], laser-based sensors [64], Fourier transform 

infrared  spectrometry (FTIR) based sensors [65], and non-dispersive infrared (NDIR) gas analysis 
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[66]. An example of a direct sensing method is the research carried out by Vagra et al. [67] in 

which a dual-channel photoacoustic spectroscopy system was introduced. They used a single-

mode, fiber-coupled, room-temperature-operated, telecommunication-type diode laser to detect 

H2S as low as 0.5 ppm. The application of these sensors is restricted due to the high cost and 

complexity [54]. 

1.2.3.3 Piezoelectric sensors 

This sensing technique is more popular in industries including aerospace, automotive, and energy 

due to its high operating temperature (>800 C) [68]. These sensors are either surface acoustic 

wave (SAW) or Quartz Crystal Microbalance (QCM), and their measurement is based on mass 

changes. Different materials have been used in piezoelectric sensors (such as gallium phosphate 

(GaPO4), lithium niobate (LiNbO3), langasite (La3Ga5SiO14), silicon dioxide (SiO2), and 

aluminum nitride (AlN) [54]). SAW sensors are either based on the Rayleigh wave movement over 

its superficies or the mass change which causes the oscillation frequency change. Jakubik et al. 

[69] used Polyaniline thin films for  SAW H2S sensor in synthetic dry air in which the resulted 

sensor showed a detectability range of 25–500 ppm [70]. Unlike SAW, in QCM sensors, the 

adsorption of gas is inversely proportional to the frequency shift. Quartz crystal coated with 

tetramethylammonium fluoride tetrahydrate (TMAF) was used for CO2, SO2, NH3, and H2S 

quantification in a piezoelectric sensor. Despite several advantages associated with piezoelectric 

sensors (including a linear response, high frequency and high transient output, and small size), 

these sensors suffer from high operational temperature, the small output signal (voltage), and 

relatively high noise [54]. 
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1.2.3.4 Metal oxide semiconductor sensors 

Metal oxide-semiconductor (MOS) sensors have widely been used in nuisance gas monitoring 

systems and are based on materials including tungsten trioxide (WO3), iron (III) oxide (Fe2O3), tin 

(IV) oxide (SnO2), indium (III) oxide (In2O3), barium titanate (BaTiO3), zinc oxide (ZnO), copper 

(II) oxide, spinel ferrite, silver-based materials and oxides of platinum, palladium, indium, and 

titanium. Based on the sensing material, its thickness, and the released energy in the reaction with 

the gas, the conductivity of these sensors changes. They are especially desirable in H2S detection 

due to their fast response, low operating temperature, and acceptable limit of detection [54]. As an 

example, single-crystal In2O3 whiskers prepared by the carbothermal method were used by Kaur 

et al. [71] to detect H2S as low as 200 ppb at room temperature. The sensor was saturated at 10 

ppm within 7 seconds. Thin films derived from SnO2 crystalline sols with different mean grain 

sizes have also shown a great capacity in H2S sensing [72]. Furthermore, tin oxide doped 

with copper oxide (Cu - SnO2) films has shown great potential in the detection of pollutant gases 

including H2S, SO2, and NO2 at low operating temperature (100 °C) with a large response to low 

concentration (10 ppm) of H2S [73]. Finally, micromachined nanocrystalline SnO2  –  Ag on a 

ceramic substrate (alumina) has shown an enhanced sensitivity toward H2S as low as 1 ppm at the 

working temperature of 70 °C, which is much better than pure SnO2-based sensors [74]. Another 

example is tellurium thin films deposited on an alumina substrate via a thermal evaporation method 

which showed great sensitivity toward H2S (0.1 ppm) at room temperature. In such a sensor, H2S 

reduced the adsorbed amount of oxygen on the TeO2 film surface, causing an increase in resistance 

[75]. Nanocrystalline WO3-based H2S sensors are another example showing a detectability of 10 

- 1200 ppm at 200 °C [76]. Like SnO2-based sensors, dopants like gold, platinum, or palladium are 

suggested to enhance their sensitivity and operational temperature. It was found that under 1 ppm 

https://www.sciencedirect.com/topics/chemistry/copper-oxide
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concentration level of H2S  at 220 °C, Au - WO3 gas sensor has a sensitivity of 23 ppm, and Pt 

doped WO3 has a sensitivity of 5.5 ppm toward H2S [77].  

In all the above examples, MOS sensors are benefitting from their miniature size, ease of 

fabrication, acceptable LOD, low weight, and relatively low cost in mass production. However, 

the shortcomings associated with these sensors include high power consumption level and 

sensitivity toward humidity as well as cross-sensitivity, which opens up room for further 

optimizations and improvements [54].  

1.2.3.5 MEMS sensors 

Although MOS sensors are the most widely-used type of sensors for H2S detection purposes, the 

necessity of having more control over the operational conditions and also optimizing the structure 

has led to the development of MEMS- (micro-electro-mechanical systems) based sensors to simply 

achieve higher sensitives at lower temperatures [54]. To decrease the required power for heating, 

Gupta et al. [78] fabricated batch-processed polarization beam splitters (PBS) from thin-film 

micromachined silicon nitride membranes, which can be used within a MOS sensor. Ebrahimi et 

al. [79] used CuO-doped SnO2 as the sensing material through a sol-gel spin coating process on 

porous SiO2 substrate. The resulted MEMS-based sensor showed a LOD of 2 – 10 ppm in the 

surrounding environment humidity within the 25 and 150 °C temperature range, at high humidity 

levels (80%), which shown an infinitesimal impact on the sensor’s response. Recently, a copper 

oxide-based MEMS gas sensor has been developed along with a temperature modulation technique 

for the identification of H2S impurity in a hydrogen atmosphere. This low power gas sensor used 

a method of transient frequency analysis and has been shown to perform in reducing environment 
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and humidity level of 25% to detect hydrogen sulfide gas as low as 1 ppm within a few seconds 

[80]. 

1.2.3.6 Nano-structured sensors 

Recently, there is an increasing demand to integrate nanomaterials with common gas sensing 

sensors to decrease the power consumption and benefit from the higher chemical reactivity to 

increase sensitivity (as there are more reactive sites in nanostructures due to their large surface 

area to volume ratio compared to bulk materials) [54]. Doped Fe2O3, ZnO, and WO3 nanoparticles 

were deposited on gas sensors, and H2S was detected from 200 ppb to 1500 ppm with a LOD of 

20 ppb by controlling the structural characteristics such as crystallinity and surface defects. Among 

the aforementioned materials, WO3 has shown the best sensitivity at the concentration ranges of 1 

to1000 ppm within the temperature range of 40−250 °C, and the highest response was detected at 

the highest temperature (250 °C) [81], [82] 

1.2.3.7 Sensors from organic or inorganic nanomaterials 

Recently, organic and inorganic nanomaterials have been a topic of interest to be used in gas 

sensors because of their characteristics, including their compact size, low power consumption 

producing sensors with better performance in terms of sensitivity, selectivity, response time, and 

power consumption. As an example, CuO has become an attractive option to be integrated with 

conducting ionic liquid (IL) to control the conductivity and improve metal-oxides thermal and 

electrochemical sensing properties to obtain better selectivity toward the target compound as well 

as an increase in the flexibility of the deposited layer [83]. However, there are a few hindrances 

associated with IL, including low solubility, diffusion, and vapor pressure making it unsuitable as 

electrolytes and diffusion barriers in electrochemical sensors. However, organic chitosan (CS) can 
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be embedded with IL at different concentrations (1–9% volume/ volume (v/v)) to achieve a 

sensitive, low temperature and flexible H2S sensor that maintains semiconductor properties. The 

resulted sensor is transparent, flexible, easy to fabricate, and detects H2S as low as 15 ppm at 20°C 

with a fast response time of 14.9 ± 3.7 s [84]. 

1.2.4 Review of integrated devices 

Manual sampling/processing is mostly used in wastewater treatment facilities to identify areas in 

which the target gas is of high concentrations. A manual sampling of sewerage is a health hazard 

due to the fact that it contains toxic and corrosive compounds. Apart from being a health hazard, 

it is time-consuming and labor-intensive. In essence, the extracted samples need to be analyzed 

once they are collected; the off-site analysis requires complex and expensive equipment such as 

gas chromatography (GC) or gas chromatography coupled mass spectrometer (GC-MS) detectors 

which eventually makes these methods not suitable and time-efficient for a dynamic wastewater 

system across multiple testing sites. In fact, they are bulky, mostly limited to laboratory use, and 

often require trained personnel to operate [85], [86]. 

Electronic noses (E-noses) are an alternative (to manual testing/processing for H2S measurements) 

in which a feature extraction method is used for the concentration analysis [87]–[89]. However, 

E-nose technology uses multiple sensors sensitive to a specific gas to create a sensor array which 

increases the chance of independent drifts of array components, and hence frequent re-calibrations 

and replacements are inevitable. Colorimetric methods are also considered quantitative detection 

techniques for on-site applications. By arranging metal‐ion‐modified silica‐gel powders within a 

glass tube, the powder color changes due to the presence of H2S and NH3 in the medium. As a 
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result, the colorimetric detector is able to yield positive/negative responses. Despite the simplicity 

and its in-field application, this method lacks a good limit of detection since (i) the operation range 

is between 100 – 3000 ppm, and  (ii) the main principle behind its calibration is color and hence 

challenging [90]. 

The pulsed fluorescence technique is a commercially available method for H2S and SO2 

measurements in air. Additionally, a fluorometric field instrument was developed by Toda et al. 

[91] for atmospheric H2S measurements. It is a portable membrane-based diffusion scrubber made 

by polytetrafluoroethylene (PTFE) with an enhanced limit of detection (LOD) of less than 100 ppt 

which is operated in several field tests using a 12 V marine battery. However, this technology is 

inadequate for liquid sample analysis (as the humidity inhibits H2S detection resulting in erroneous 

measurements [92]), has a short maintenance period, and uses fluorescein mercuric acetate (FMA) 

solution, which is a toxic reagent. Also, the scrubber’s design affects the gas collection process. 

Finally, the selectivity is a challenge since it uses different separation membranes [93]–[95]. In 

another study [96], molybdenum sulfide/citric acid composite film was coated on a fiber grating 

to perform as a membrane within a core and shell design using a sol-gel and dip-coating method. 

By measuring the resonant wavelength shift in a long period fiber grating (LPFG) H2S 

concentration will be calculated based on the induced molecular adsorption mechanism. The 

complexity of this type of measurement and the required equipment and inability to analyze liquid 

samples are a few shortcomings of this technique despite its high sensitivity and steady responses. 

In another study, a luminescent cellulose filter-based detector was developed which showed a high 

sensitivity (LOD of 2 ppb) with a reasonable response time (15 minutes). This was obtained by 

soaking the cellulose filter within a palladium complex which had a fluorescent ligand. Once it 

was exposed to H2S gas, the ligand set free and amplified the fluorescence. Despite the high 
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sensitivity and fast response time, this device is sensitive to humidity, low throughput and 

incapable of being used for field applications [97]. The poplar branch is also used to detect H2S by 

immersing the branch into Fe (NO3)3 solution and calcined in air to use the porous structure as a 

sensor. Although the technique has a great limit of detection, it suffers from high recovery and is 

unable to analyze liquid samples [98]. 

So far, all the mentioned methods are inadequate to analyze liquid samples. Vapor generation in 

inductively coupled plasma-optical emission spectrometry (ICP-OES) and inductively coupled 

plasma-atomic emission spectroscopy (ICP-AES) are two of the methods which both offer µg/L 

detection level for H2S sulfide measurements in aqueous samples [99], [100]; however, some 

limitations are associated with these techniques including the use of chemical substances, sulfur 

containing compounds which from volatile compounds in an acidic environment, oxidized sulfide 

to non-volatile sulfur and heavy metal ions creating insoluble sulfides [99]. Liquid 

chromatography coupled with mass spectrometry (LC-MS) is able to analyze H2S in aqueous 

solutions, but it has the same insufficiencies of GC and GC-MS [101]. Cell-based biosensors are 

another method for H2S detection in liquid samples, but these sensors are restricted to the viability 

of the cells. As such, calibration of these sensors is difficult and they cannot be used as a reliable 

solution for extended periods of testing [102]. 

Liu et al. [6] proposed a setup capable of online communication for transmitting analysis for 

dissolved sulfide and methane measurement (Figure 1.4). It measures gas-phase concentration 

under equilibrium condition once the compounds are stripped from the liquid to gas phase and then 

correlates the measured concentrations to that of in the liquid phase using Henry’s law. For gas-

phase measurements, a commercial H2S detector (ODASL-H2S-2000 sensor) was used, which 
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measures H2S in the headspace after being stripped. Although the limit of detection can be adjusted 

by changing the liquid to gas phase ratio, the system is based on the acid stripping method (to 

convert the dissolved sulfides to H2S), which may not be appropriate for remote hotspot 

monitoring. Table 1.1 summarizes and compares available technologies reviewed in this section. 

 

Figure 1.4 Online dissolved sulfide monitoring system and its field installation. (reprinted from [6] with permission 

from Elsevier) 
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Table 1.1 Summary of available devices for H2S measurement. 

Device Measurement 
Analytical 

condition 

Concentration 

range 

Limit of 

detection 

Portable oral malodor 

analyzer [103] 
MOS with GC Lab-based 50 – 1000 ppb 50 ppb 

E-nose system [88] MOS 
Field 

applications 
0 – 20 ppm - 

GC with sulfur 

chemiluminescence 

detection [86] 
 

GC along with sulfur 

chemiluminescence 

detector (SCD) 

Lab-based - 

15 pg per 

injected 

sample 

(200 µl) 

Colorimetric forensic 

Sensor [90] 

Metal-Ion-modified 

Silica Powders 

Field 

applications 

100 – 3000 

ppm 
100 ppm 

Thermo scientific 

450i H2S analyzer 

[92], [104] 

Pulsed fluorescence 

technique 
Lab-based 0.05 – 100 ppm 1.5 ppb 

LPFG sensor [96] Optical fiber grating Lab-based 0 – 70 ppm 
10.52 

pm/ppm 

Sensitive luminescent 

paper-based sensor 

[97] 

Filter paper sensor Lab-based 8 – 110 ppb 2 ppb 

Vapor generation 

technique with ICP 

[99] 

Optical emission 

spectrometry 
Lab-based 

0.06–22.0 

mg/L 
0.03 mg/L 

Online total sulfide 

detector [105] 
ODASL-H2S-2000 

Field 

applications 
0-2000 ppm - 
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1.3 Motivation 

As discussed above, the current gas monitoring devices are limited according to their size, 

automation, online communication, liquid sample analysis, complexity, ease of use, and measuring 

multiple dissolved sewer gases (in particular for H2S and NH3). Thus, there is a need for technology 

to address the above challenges related to accurate and real-time measurement of multiple gases 

dissolved in the liquid phase of sewer lines. In this work, the microfluidic technology along with 

machine learning models is used to (i) increase the selectivity of the proposed sensor (being able 

to differentiate between H2S and NH3), (ii) miniaturize the detector while maintaining the rapid 

analysis of small samples. Identifying the “hotspots” using the proposed detector will maximize 

the cost-effectiveness of chemical treatments as it minimizes the amount of chemicals to inhibit 

nuisance gas generation and evaluates the success of ongoing treatments. 

1.4 Objectives 

The objective of this research is to develop a device based on a microfluidic-based detector that 

can be placed along pipelines for liquid-phase analysis. By detecting generation points of target 

gases (including noxious gases (H2S, NH3) dissolved in the liquid phase, the specific “hotspots” 

of generation can be targeted for treatment. Moreover, the developed automated setup will reduce 

human interaction and thereby increase the safety of wastewater treatment personnel. These goals 

will be achieved through the following research objectives: (1) developing a microfluidic-based 

gas sensor: this requires to be sensitive and selective for detection of target gases within a mixture 

of analytes available in the liquid waste, (2) developing an automated sample extraction and 

delivery system: this requires a robust system that prevents clogging in order to maintain device 
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functionality; this involves different stages of sample extraction, sample filtration, vaporization of 

a liquid sample into a gaseous state, exposing the gases to the sensor and purging the chambers, 

(3) developing instrumentation and control hardware to operate the detector wirelessly as well as 

transmitting data to an online depository, (4) developing a robust platform to integrate the detector 

using long-lasting materials suitable for operating based on the sewer environment conditions,(5) 

calibrating the setup against H2S using standard samples; this involves numerous tests using a 

standard sample with a known concentration and exposing the sensor to different levels of H2S 

and NH3, and (6) conducting field tests (at Annacis Island (Delta, BC) wastewater treatment plant 

(AI-WWTP)) to check and optimize various tasks such as sample extraction, evaporation, and data 

transmission are performing automatically. 

1.5 Organization of thesis 

The mentioned objectives are thoroughly presented in the following chapters: 

In Chapter 2, the development of the microfluidic-based detector and automated setup is explained. 

Chapter 3 shows the results based on pure samples in the liquid phase used for calibration, followed 

by Chapter 4 in which mixtures of ammonia and hydrogen sulfide are tested along with raw 

influent gathered during field tests. Finally, in Chapter 5, the summary of the achievements is 

presented along with contributions of this work and potential future work. 
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2 Experimental setup 

2.1 Microfluidic-based detector  

A highly sensitive gas sensor that is specifically designed to detect H2S (Figure 2.1) is used for 

nuisance compounds detection. There are four different metallic and polymeric layers on the 

microfluidic channel walls to increase sensor selectivity against certain compounds such as H2S.  

 

Figure 2.1 The Selective microfluidic system embedded with a MOS sensor 

To fabricate the microfluidic-based detector, the channel (a 3-cm long and 500-µm high) is 3D 

printed using polyjet technology using VeroClear (RGD 810), and then coated with chromium, 

gold, and parylene C, respectively. Finally, a metal oxide semiconductor (MOS) sensor (Figaro 

Engineering Inc. TGS 2602) is embedded at the end of the microchannel. The sensor is capable of 

measuring diminutive changes in real-time, while the specialized metal and polymer layers provide 

enhance selectivity due to the effect of adsorption, desorption phenomena.  The schematic of the 
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detector’s microfluidic channel coated layers and diffusion of molecules are shown in Figure 2.2. 

The detailed fabrication process and the effect of different coatings on the detector’s selectivity 

and sensitivity are explained in [106].  

 

Figure 2.2 Schematic of the detector showing the channel, coatings, and the gas molecules diffusing through the 

channel (reprinted from [107]  with permission from IEEE ) 

Gases and mixtures can qualitatively be analyzed using the data collected from the detector and 

also by considering the diffusion rate of different compounds as well as the adsorption/desorption 

rate inside the channel based on the available analytes and coated layers which can ultimately 

enable selectivity of the detector. Furthermore, a pattern recognition algorithm can be used to 

differentiate between target gases present in a given sample. In essence, the sensor response to 

different gases provides a unique set of features extracted from raw data that trains the model to 

recognize a particular “smell print” of target gases in the given environment. This approach not 

only demonstrates the presence of a gas but also computes the concentration of target gases. 
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2.2 Benchtop setups 

During the course of this project, two main prototypes were developed for liquid H2S analysis. In 

the first design (Version 1), the core sensing unit was located in a jar configuration with a mobile 

sensor. The second prototype (Version 2) has a different core sensing unit and the sensor 

arrangement is stationary. Both of these setups will be explained thoroughly within the upcoming 

sections.  

2.2.1 Version 1 

This benchtop setup is designed to extract volatile components from aqueous samples by 

vaporizing the sample and then exposing it to the microfluidic-based gas detector for 

measurements. The setup consists of a syringe pump, solenoid valves, exposure and recovery 

chambers, heater, and linear actuator. The detector and chamber components are sealed in a jar 

configuration (see Figure 2.3 ), and the apparatus is controlled using a microcomputer (Raspberry 

Pi 3 Model B+) which transmits sensor data and receives inputs from the user through a touch 

screen display interface. The jar configuration consists of the chambers, the heater, the linear 

actuator, and the detector (see Figure 2.4). The chambers and the heater have been custom designed 

and fabricated for specific corrosion-resistant properties. The exposure chamber is made from 

ultra-high-molecular-weight polyethylene coated with parylene C. The heating chamber comprises 

the heater and porcelain crucible for sample vaporization. The wire used in the heater is AWG 30, 

Omega nickel-chromium 60 resistance wire, which has the corrosion-resistant properties necessary 

for this application. The wire is wrapped around a porcelain crucible and coated in OMEGABOND 
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600 cement that is also corrosion-resistant. Figure 2.5 shows the inside view of the jar 

configuration that contains the MOS sensor and the heating chamber. 

 

Figure 2.3 Sensor's housing 

 

Figure 2.4 Version 1 prototype device: (a) major components include a rechargeable power source, touch-

controlled graphical user interface, sample vaporization, and gas sensing modules; (b) key internal components for 

automated sample extraction. 
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Figure 2.5 The jar configuration, including the microfluidic-based detector and the vaporization chamber 

The testing procedure of the setup consists of 4 steps: Sample extraction, vaporization, exposure, 

and recovery. 

1. Sample extraction: A custom-made syringe pump powered by a stepper motor along with a 

series of solenoid valves delivers a 1-mL sample to the vaporization chamber free of air bubbles.  

2. Vaporization: Once the sample has reached the vaporization chamber, the heater is activated 

and remains on for 240 seconds to ensure complete vaporization of the sample. There is no data 

recorded during this time. 

3. Exposure of microfluidic-based detector to target analytes: Once the sample is completely 

vaporized, the detector is exposed to the sample vapor, and data logging begins. This portion of 

the data collection continues for 42 seconds.  
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4. Microfluidic-based detector recovery: After the detector is exposed to the sample, it is exposed 

to fresh air for 260 seconds, at which point the data collection stops and the test cycle is complete. 

2.2.2 Version 2 

The major problems of Version 1 were the complexity of the sample extraction method, lengthy 

overall test time, and bulkiness of the setup. Moreover, collected data from this version revealed 

noises due to the detector’s movement during the exposure and recovery time. As a result, the 

Version 2 prototype was conceptualized (see Figure 2.6 and Figure 2.7 showing outside and inside, 

respectively). In the following subsections, the insufficiencies and developments of each 

component from Version 1 to 2 are explained in detail. 

 

Figure 2.6 Version 2 (Outside configuration) 
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Figure 2.7 Version 2 (inside configuration): A - Protoboard, B - Raspberry Pi, C, and D - Purging valves, E - 

Peristaltic pump, F - Battery, G - Purging pump, H –Microfluidic-based detector, I - Exposure and recovery valve. 

2.2.2.1 Sensor arrangement 

In addition to the single-channel microfluidic-based detector, the new prototype is capable of 

installing different types of sensors with different channel sizes. Different sensors, including 

electrochemical sensors (EC) and other MOS sensors can be mounted on the core sensing unit, 

and the sensitivity and selectivity of the current microfluidic-based detector, which uses an H2S 

MOS sensor (Figaro Engineering Inc. TGS 2602) can be compared with commercial 

electrochemical sensor (H2S-MD- 700 MGK SENSOR Co., Ltd.) or an NH3 sensor (Figaro 

Engineering Inc. TGS 826). 
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Comparing the electrochemical sensor to the H2S MOS (Figaro Engineering Inc. TGS 2602), the 

electrochemical sensor requires additional equipment (VersaSTAT 4) to read the received signal, 

although it showed higher sensitivity during experiments. However, the MOS sensor doesn’t 

require any additional equipment to read the signal, and it uses an onboard chip (16Bit I2C 

ADC+PGA) to collect data. To benefit from the advantages of an electrochemical sensor, a 

potentiostatic circuit was designed and used on the portable setup, but the collected data were not 

as sensitive as those collected by VersaSTAT 4 (Figure 2.8). Also, the electrochemical sensor 

requires a more advanced purging system in order not to detect anything within the vicinity other 

than the extracted sample, and the reason why it requires advanced purging is because of being 

highly sensitive to volatile compounds meanwhile, in the MOS sensor a basic air purging will 

bring down the sensor to the regular working condition (further explained in Objectives 4-5 Next 

Steps). 

Since primary effluent and influent samples both have a considerable amount of ammonia, an 

ammonia sensor (Figaro Engineering Inc. TGS 826) was embedded within a dual-channel 

microfluidic-based detector. The optimally designed microchannel was coated with layers of 

Chromium, Gold, and Parylene C to maintain a similar adsorption-desorption phenomenon on 

channel walls (Figure 2.9). The tests showed that the exposed concentration of ammonia is less 

than the lower detection range of the ammonia sensor, and it was not capable of picking up any 

signal from primary effluent or influent samples. 

Considering all of the above options, using a hydrogen sulfide MOS sensor embedded with the 

particular geometry and coating of the channel provides an innovative way to selectively detect 
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gas species via their diffusion patterns before contacting the MOS sensor, and TGS 2602 was 

chosen as the sensor for the detector. 

 

Figure 2.8 The designed potentiostatic circuit to replace the VersaSTAT 4. 

 

Figure 2.9 MOS and electrochemical sensor arrangement on an uncoated 3D printed dual channel detector. 
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2.2.2.2 Vaporization chamber and heater  

The jar configuration in Version 1 has some inefficiencies in vaporization and exposure that 

required modifications and improvements on the core sensing unit. In the first version of the setup, 

a valve was designed with magnets and an Actuonix PQ12 actuator, controlled by a microcomputer 

(Raspberry Pi 3 Model B+), which pushed the device into a sealed position, exposing the gas 

sensor to the sample and subsequently pulled the device back to the recovery position. Using the 

sensor in a non-stationary position and exposing the magnets to H2S caused a significant level of 

corrosion which was against the reliability and could potentially decrease the life cycle of the setup 

(Figure 2.10). Figure 2.11 shows the positioning of magnets in the sealing or exposing mechanism.  

 

Figure 2.10 Corroded magnet in Version 1. 
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Figure 2.11 Magnets inside the jar configuration in Version 1. 

Also, a compact and chemically resistant sample heater was developed through iterative stages to 

vaporize an aqueous sample following the extraction process. The final iteration of the heater 

design involved the use of the Omega nickel-chromium 60 resistance heating wire of 30 AWG 

wrapped in a spiral pattern around a Chemglass porcelain crucible with high-temperature 

OMEGABOND 600 cement (Figure 2.12). In this heater, 1ml of liquid samples were fully 

evaporated in 3 minutes. 
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Figure 2.12 The porcelain crucible inside the vaporization chamber. 

As mentioned before, the major objectives of Version 2 were to simplify the sample delivery 

system, reduce the vaporization time, and provide a more compact and practical form factor. Thus, 

a smaller chamber was designed and 3D printed in which a sample chamber and a fresh air chamber 

were separated by a slider that could easily switch between exposure and recovery stages. Figure 

2.13 shows the section view of the 3D printed compact chamber. As it can be seen, the slider is 

controlled by a servo (Adafruit micro servo - high powered, high torque metal gear) that enables 

the slider’s movement during recovery or exposure. To vaporize liquid samples, the sample is 

pumped directly onto the heating element through the top of the sample chamber. After 

vaporization, the sealing slider rotates to expose the sensor to the vaporized sample (left image of 
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Figure 2.13). After sample exposure, the sealing slider rotates back to seal the sensor from the 

sample while allowing clean air to recover the sensor (right image of Figure 2.13). 

O – rings were used for sealing purposes, and for better sealing and reducing friction a lubricant 

was applied on the contact surface of the slider’s path. This design allowed us to use any sensor 

on top of the vaporization chamber without any size restrictions. Moreover, having the sensor in a 

stationary position led to collect data with less noise.  

 

Figure 2.13 Exposure and recovery chambers section view. 

Furthermore, a stepper motor driven system (NMB technologies corporation PG20L-D20-HHC0 

step motor geared bipolar 10V) was also designed to be compared with a servo motor to choose 

the best option to minimize noises in collected data during slider’s movement (Figure 2.14). 

Comparing two different actuators for rotating the slider, the servo motor moved quickly and had 

higher torque. This torque allowed the chamber to be sealed better. The stepper motor allowed for 

better speed control but lacked the torque of the servo motor, and as a result, the sealing was worse. 

After testing, the servo motor produced smoother and more consistent results. 
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Figure 2.14 Exposure and recovery valve motor comparison. 

To reduce the vaporization time, a new heating element with a greater surface area was used. A 

3D printed container was used as an attachment on top of the heater to avoid any sample overflow 

(Figure 2.15). This heater decreased the evaporation time of 1 ml liquid to more than 50 percent, 

which allowed the system to evaporate 1ml of liquid sample in 80 seconds. 

 

Figure 2.15 The new heating element with the 3D printed container. 

In summary, this innovative exposure and recovery valve design that was used in Version 2 

allowed for the sensor to be stationary for better data consistency. In the meantime, it eliminated 

the use of magnets that were susceptible to corrosion, and the new valve design with a modular 
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twist-and-lock mechanism easily enabled attaching and detaching of different sensor 

configurations. Figure 2.16 shows the final 3D printed vaporization/recovery chamber used in 

Version 2. 

 

Figure 2.16 The final design of vaporization chamber and heater. 

2.2.2.3 Sample delivery system 

At this stage, a platform is required to transport a discrete proportion of the collected sample to a 

vaporization chamber. The previous stepper motor-driven syringe pump used for sample extraction 

in Version 1 was replaced with a peristaltic pump (Adafruit peristaltic liquid pump with silicone 

tubing) (Figure 2.17). This pump both extracted the sample quickly and accurately but also 

eliminated the need for all four pinch valves. Version 1 required a tedious process to ensure that 

no sample was trapped between the pinch valves. With the new pump, the lines could be cleared 

by running the pump in reverse. This method could also be used with or without sample filtration. 
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The sample extraction upgrade worked towards all three major objectives and eased sample 

extraction. 

 

Figure 2.17 Adafruit peristaltic liquid pump with silicone tubing. 

2.2.2.4 Purging system and filtration 

To use influent or effluent samples, filtration is required to keep the sample chamber clean and 

ensure the sensing unit is not in contact with microorganisms or debris that can interact with the 

sample and bias the sensor reading or create nuisance compounds (acid generation via oxidization 

of H2S to H2SO4). Collected samples should go through two stages of filtration: (1) a coarse filter 

will remove large particulate matter (green filter in Figure 2.18) (0.8/0.2 µm Supor Membrane® 

PALL life sciences) and (2) a filter with a pore size of 0.1 µm (white filter in Figure 2.18) (PALL 

– AP4523) to prevent the entry of smaller particles. 
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Figure 2.18 Filter arrangement. 

Once data collection is completed, sample and clean chambers would undergo a purging process 

using an air compressor at 30 psi or a gas pump and a series of solenoid valves to control airflow. 

The duration of purging was set to 150 seconds for each chamber after extensive tests to optimize 

the purging time. Figure 2.19 shows how fresh air enters and exits each chamber controlled by a 

series of solenoid valves. 

 

Figure 2.19 Purging inlets and outlets. 



39 

 

2.2.2.5 Testing procedure and data capture 

A testing procedure is established for the setup, which consists of 5 steps: Sample extraction, 

vaporization, exposure, recovery, and purging. 

(a) Sample extraction: A pump delivers a 1 mL sample to the vaporization chamber free of air 

bubbles. 

(b) Vaporization: once the sample has reached the vaporization chamber, the heater is activated 

and remains on for 90 seconds to ensure complete vaporization of the sample. There is no data 

recorded during this time. 

(c) Sensor exposure: once the sample is completely vaporized, the sensor is exposed to the sample 

vapor, and data logging begins. This portion of the data collection continues for 42 seconds. 

(d) sensor recovery: After the sensor is exposed to the sample, the sensor is exposed to fresh air 

for 158 seconds. 

(e) Purging: right after the recovery stage, the data collection stops, purging will be started. Each 

chamber is purged for 150 seconds to remove any sample residue. 

The entire process is operated by a Raspberry Pi microcomputer. The time-series sensor response 

data is stored on the Raspberry Pi and transmitted to a cloud repository. To control the system, a 

software has been developed in which every stage can be monitored with a laptop or even on a 

cellphone. Just like the graphical user interface (GUI) of Version 1 (Figure 2.20), the updated 

interface in Version 2 is also able to show the test result and enables the option of either starting a 
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test or terminating the whole process (Figure 2.21). It also includes manual control over the valves, 

the pump, heater, slider, and it can show the most recent sensor’s signal. Sample delivery, heater 

efficiency, and purging can be diagnosed by clicking on a button available in the manual controls 

window (Figure 2.22). For long-run tests, there is another interface that shows the number of 

completed tests and a progress bar to see the remained process (Figure 2.23). 

 

Figure 2.20 The graphical user interface in Version 1. 

 

Figure 2.21 Main window of the graphical user interface. 



41 

 

 

Figure 2.22 Manual controls of the interface. 

 

Figure 2.23 Long-run test’s user interface. 
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3 Results of individual gases 

3.1 Consistency and longevity tests 

To properly measure the presence and concentration of H2S in any sample, first, we need to make 

sure that the sensor is collecting reproducible and reliable data. To examine collected data, a dual-

channel detector was designed and coated with Cr, Au, and Parylene C. During a 4-hour continuous 

test (23 tests in total), all the experimental parameters (including exposure method, sample 

concentration, recovery, and purging time) were kept the same to evaluate the behavior of two 

similar sensors (Figaro Engineering Inc. TGS 2602). Figure 3.1 shows the response of two H2S 

sensors, conditioned at the same time, of the same batch received from the manufacturer and being 

exposed to a constant concentration of H2S dissolved in water. The first three tests belong to the 

beginning of the testing cycle, and the last curve shows the responses for the last test within the 4 

hours. 

The results confirm that the collected signal is similar, as long as all the sensors are conditioned 

and exposed in the same manner. The only difference is in the baseline (representing the initial 

voltage of the sensor), which can be removed during the data analysis part. Also, the comparison 

of the responses of each individual sensor over the 4-hour test proves the great longevity of this 

sensor. 
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Figure 3.1 The response of two TGS 2602 sensors being exposed to a similar sample. The first three curves are for 

the first three tests and the last curve shows the 23rd test (last test). 

3.2 Characterizing tests 

The lowest detectable concentration using the sensor within the setup was determined by a wide 

range of aqueous-based H2S samples. The results show that the maximum voltage increases when 

the sensor is exposed to an H2S solution and decreases when exposed to fresh air (the recovery 

stage). As it can be seen in Figure 3.2, the maximum voltage and sample concentration are 

correlated. A diminutive delay also exists in detector response once it is exposed to fresh air, during 

which the voltage drops gradually due to the adsorption and desorption phenomenon. 
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Figure 3.2 Detector response to H2S dissolved in water. The inset shows responses to water and low H2S 

concentrations. 

Humidity also plays an important role when a gas sensor is exposed to a liquid sample. To 

distinguish the impact of humidity, especially in low concentrations, the detector responses to low 

H2S concentrations and water are compared in Figure 3.2 (see the inset). The results show that the 

detector responses for water, 1 mg/l, and 1.5 mg/ l H2S samples are very close, especially in the 

exposure stage and considering the errors. The differences between the water and H2S samples are 

more pronounced at the 3 mg/l concentration. Thus, it is safe to conclude that considering the effect 

of humidity in using a liquid sample, the lowest concentration that can reliably be detected by this 

detector is 3 mg/l of H2S in water. 
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3.3 Ammonia results 

Along with measuring hydrogen sulfide, ammonia is also needed to be quantified as it is the other 

major compound in sewerage. Similar to H2S experiments, the detector was tested in different 

concentrations of ammonia based on the ammonia level in real sewage samples. Figure 3.3 shows 

the detector responses to the ammonia sample as compared to those of hydrogen sulfide. The 

results depict that the voltage decreases as the ammonia concentration increases. Also, for the same 

concentration, the detector response shape to ammonia is different than that of hydrogen sulfide. 

 

Figure 3.3 Comparing detector response to ammonia and hydrogen sulfide present individually in aqueous samples 

3.3.1 Classification and regression 

By obtaining the response of the detector it is clear that numerous features differ between the 

response of H2S and NH3. To differentiate between NH3 and H2S, a machine learning model was 
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trained and used as a tool to extract features from collected data to identify the unique characteristic 

of H2S and NH3 signals. The model is able to output the presence of H2S and NH3 in the sample. 

Using the collected data from a wide range of H2S concentrations in the liquid phase, a database 

for a regression model was created. The regression model uses the overall shape of the responses 

and gathers numerous features from data points to output the availability and the concentration of 

hydrogen sulfide. For the analysis of the variation, a machine learning model was employed to 

both qualitatively and quantitatively assess the sensor response. For the pure sample model 

training, 68 samples were used in total. Of the 68 samples, 56 samples contained H2S, 9 samples 

contained NH3, and 3 were only water (as a negative control). This dataset was split into a testing 

and training dataset, with the testing dataset size of 40% of the overall data. The first step in 

analyzing the data was to reduce the complexity of the data while maintaining the features and 

relationships. The common techniques used for dimensionality reduction include Principle 

Component Analysis (PCA), Independent Component Analysis (ICA), and Linear Discriminant 

Analysis (LDA). ICA is normally used for the separation of overlapping signals, which makes it 

an optimal choice for this application, as it helps separate the wanted signal from the noise.  

The second step is model selection for classification. To ensure the best selection, numerous 

models were tested. This included Multi-Layer Perceptrons (MLP), Decision Trees (DT), K-

Nearest-Neighbours (KNN), Ensemble Classifiers like AdaBoost, and Support Vector Machines 

(SVM). Each model was trained with 60% of the ICA-transformed dataset and tested against the 

remaining sets. From the various tests, the combination of ICA and SVM proved to be the most 

accurate. Overall, 96% recall in classifying H2S and 100% recall in classifying NH3 was achieved 

using the combination of ICA and SVM. 
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Finally, a separate model selection step was used for regression. Similar to classification, 

numerous models were evaluated for their effectiveness. This includes MLP, SVM, KNN, and DT, 

specifically Extra-Trees Decision Trees. Each of these models was trained with the same dataset 

given to the classifier, with targets as the concentration information. The output of the regressor 

was multi-output, therefore provided with information related to H2S and NH3. The extra-trees 

model proved to have the highest precision (84.6%) and was therefore chosen.  

3.4 Discussion 

The results from using plain water revealed that humidity plays an important role during each 

experiment. A study has been conducted to use a diffusion-based membrane to mitigate the effect 

of humidity during gas detection by a MOS sensor [108]. Here, the humidity level is almost 

consistent in all the experiments regardless of the sample being tested (both H2S or NH3 are in the 

aqueous phase and being tested at a relatively similar concentration dissolved in water). Once the 

analyte is evaporated, the sensor was exposed and thereby recovered right after exposure. 

Optimized purging time was conducted long enough to be sure the surface of each chamber is dry, 

and there is no residue left. Also, all data are compared with each other – not against gas samples. 

Thus, the humidity effect is the same in obtaining different H2S levels. 
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4 Mixture results 

4.1 H2S and NH3 mixture 

To replicate the raw influent, its main components (H2S and NH3), which the sensor is responsive 

to, were mixed, and the solution was exposed to the sensor to assess the signal. Subsequently, 

samples consisting of NH3 and H2S were properly mixed at 4 different combinations meeting the 

lower and higher concentrations of ammonia in influent. 

 

Figure 4.1 Increasing NH3 concentration from 18 to 29 mg/l at a constant level of H2S at 10 mg/l. 
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Figure 4.2 Increasing NH3 concentration from 18 to 29 mg/l at a constant level of H2S at 20 mg/l. 

 

Figure 4.3 Increasing H2S concentration from 10 to 20 mg/l at a constant level of NH3 at 18 mg/l. 
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Figure 4.4 Increasing H2S concentration from 10 to 20 mg/l at a constant level of NH3 at 29 mg/l. 

Figure 4.1and Figure 4.2 show that by increasing ammonia in the sample at a constant level of 

H2S, the magnitude of the response decreases. Moreover, Figure 4.3 and Figure 4.4 show at a 

constant concentration of ammonia, if H2S increases, the magnitude of the response increases. 

These results are in agreement with the trends acquired from tests conducted with pure H2S and 

NH3 samples.  

4.2 Classification and regression 

Similar to the steps taken with the pure sample data analysis, the data collected for H2S and NH3 

mixture was included in the dataset, and the model was trained. Keeping the models developed for 

the pure sample dataset, the models were updated with the additional data. The new dataset now 

contains the previous 68 data points from the pure samples and an additional 32 data points of 

various ratios of mixtures of H2S and NH3. The new models were trained following similar 
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parameters as before. The classification model returned a recall value of 96.88%, with H2S 

classification 97% and NH3 classification of 96%. A regression model was trained on the same 

data, resulting in a precision of 88.77% in determining the concentration.  

4.3 Field test 

After the device was tested for the long run showing continuous, reliable data collection, it was 

installed to continuously measure H2S in the sewer pipe. Figure 4.5 shows the detector installed 

during the field test. Detector’s responses to raw influent are plotted in Figure 4.6. These results 

were once again used in the previously mentioned machine learning models, and the output showed 

21.85 mg/l H2S and 9.4 mg/l NH3 in the tested sample during the field test. 

Field test results tend to have a slightly higher magnitude compared to the mixture of H2S and NH3 

previously tested. This could be due to the fact that there are more ongoing complex interactions 

among all the available analytes compared to only H2S and NH3 interactions in the replicated 

samples. The other reason is related to the sewage flow condition. Since the liquid inside the swage 

pipe subsidiary (shown in Figure 4.5) is stationary, bacterial activity increases (as time goes by), 

which leads to more H2S generation that eventually affects the magnitude of the overall response. 
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Figure 4.5 Version 2 running continuous experiments at Annacis island Research Center. 

 

Figure 4.6 Field test responses for raw influent. 
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5 Summary, contributions, and future works 

5.1 Summary 

As a major objective of this research, a microfluidic-based detector was designed to be placed 

along sewer pipes for liquid phase analysis. To achieve this goal, different types of sensors were 

tested and the most sensitive and selective one was chosen for the detection of target compounds 

within the mixture of analytes available in liquid waste. Automated sample extraction and delivery 

system were reliably implemented in the portable setup to minimize human interactions and 

increase the safety of wastewater personnel. The robust platform was integrated with the control 

hardware to be wirelessly operated and transmit data. The developed robust platform was designed 

with long-lasting materials for overnight operations. The results showed that the setup collected 

reproducible data over long runs and was able to detect H2S as low as 3 mg/l in aqueous solutions. 

Also, the detector was calibrated based on different concentrations of H2S and NH3 in water. The 

device was capable of classifying between NH3 and H2S by 100% and 96% recall in separate 

samples, and a regression precision of 84.6% was achieved. To further study the potential of the 

detector in mixture analysis, the sensor was exposed to the mixture of ammonia and hydrogen 

sulfide, and a clear distinction between these two compounds was observed (a recall of 97% for 

H2S and 96% for NH3 in classification and 88.77% precision in regression). Finally, the setup was 

installed in the field for continuous data collection, and it performed properly without any technical 

issues for over 6 hours each day. 
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5.2 Contributions 

(1) A microfluidic-based detector was developed for H2S, and NH3 detection in a mixture of 

analytes available in the liquid waste that can be can be placed along pipelines for liquid-

phase analysis and thereby generation points of target gases (including noxious gases (H2S, 

NH3) dissolved in the liquid phase, can be identified which facilitates targeted treatment 

within the sewer network. The developed setup reduces human interactions and thereby 

increases the safety of wastewater treatment personnel. 

(2) Automated sample extraction and delivery system were developed and contained different 

stages, including sample extraction, sample filtration, vaporization of a liquid sample into 

a gaseous state, exposing the gases to the sensor, and purging the chambers. Control 

hardware to operate the detector wirelessly was implemented inside the system, and long-

lasting materials suitable for operating based on the sewer environment conditions were 

used to fabricate the device. 

(3) The setup was calibrated against H2S and NH3 using standard samples, and wide 

concentration ranges of H2S and NH3 as well as influent were exposed to the microfluidic-

based detector, which provided data for training and testing different machine learning 

models for classification and regression. 

5.3 Future works 

• A different sensor showing no response to water can be used within the setup to eliminate 

the humidity effect. 
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• A potentiostatic circuit can be implemented within the setup to reliably collect data using 

an electrochemical sensor, and the processed data can be compared with the MOS sensor 

results. 

• An electrochemical sensor that is H2S specific can be fabricated and implemented into the 

system using the portable version of potentiostat installed in the setup. 
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