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ABSTRACT 

Fermentation of organic materials by microorganisms is an essential component in a 

variety of medical, industrial and agricultural applications. Many of these 

fermentations take place in quasi-closed pressure regulated anaerobic fermentation 

systems and involve the production of different gases. These gases are highly 

indicative as they are identifiable with biological processes and different bacteria 

species. Profiling gas components in such systems can assist with their microbial 

activities analysis, diagnosis and monitoring. However, methods for gas profiling in 

such fermentation systems lack real-time, accurate, simple, portable and cost-

effective gas profiling technologies for continuously measuring gases in both 

anaerobic headspaces and in liquid media. 

The aim of this PhD research is to enhance the understanding, diagnosis and 

monitoring of these systems and their associated applications using gas components. 

This was specifically achieved by resolving the limitations and inadequacies of gas 

profiling in quasi-closed pressure regulated anaerobic fermentation systems.  

Firstly, the author of this thesis thoroughly reviewed the methods utilized for 

accurate profiling of gas components. Specifically, he focused on profiling intestinal 

gases produced in-vitro during fecal incubation. Secondly, the author investigated 

the calculation methods for profiling the production of these gases and their kinetics. 

Finally, the author explored gas profiling in both liquid and gas phases for in-situ 

monitoring of anaerobic digestion fermentation systems. 

The first stage involved addressing limitations of profiling intestinal gases produced 

by incubation of fecal matters in-vitro. The past available technologies for sensing 

colonic gases in-vitro were either bulky, expensive, offline or included only limited 
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number of gas types. In addition, the gut environment in-vitro is generally simulated 

with N2 as an inert gas where the supplementation of important fermentation gases, 

such as CO2 and H2, was not understood. 

As such, the author developed a low-cost, portable and real-time gas sensing 

technology for monitoring CO2, CH4, H2, H2S and NOx simultaneously in the 

anaerobic headspace of fecal fermentation systems in-vitro. The author 

demonstrated the performance of the new technology on healthy human fecal 

samples and validated the new technology for both accuracy and reproducibility. 

The author also explored the impact of the initial headspace environment 

composition on the fermentation gas profiles. It was found that supplying the reactor 

with CO2 enhanced CH4 and H2 production and inhibited H2S production. 

Furthermore, it was shown that fecal incubation together with high fermentable fibre 

could suppress H2S production. Finally, the author found that healthy human fecal 

samples did not produce NOx spontaneously. 

In the second stage, the author investigated the calculation methods for profiling the 

production of gases and their kinetics in quasi-closed pressure regulated anaerobic 

fermentation systems. Surprisingly, the author discovered that there was no existing 

standardized or comprehensive method for such calculations. Therefore, the author 

developed a rigorous gas fermentation model and a novel mass-flow equation for 

accurately profiling the produced gases and introduced these into the literature. This 

new model was designed to match the commonly used commercial fermentation 

systems, making the new technology readily available for many applications and 

studies. The author demonstrated the performance of the new model for human fecal 

sample incubation using the in-vitro technology developed in the first stage and 

validated its accuracy. Moreover, the author found that the contribution of newly 



 

 IX 

introduced components in the mass-flow equation exceeded 9.1% of the overall gas 

profile. 

In the final stage, the author researched the monitoring capability of anaerobic 

digestion processes using in-situ measurements of gas components in both liquid 

and gas phases. As an integral part of the microbial activity of anaerobic digestion 

processes, gas components have the potential of providing the necessary information 

for monitoring such processes effectively. However, current technologies for gas 

sensing in liquid-phase have been inadequate. Previously, Real-time profiling of gas 

components in both phases simultaneously has not been thoroughly studied due to 

lack of the required technology. This has possibly hindered important insights about 

the system’s health. 

In order to conduct this research, the author developed a novel, relatively simple, 

low-cost technique for measuring gas components in both phases simultaneously. 

Using this technique, dissolved gases were measured in-situ using membrane 

protected gas sensors which, in comparison to other approaches, eliminated many 

complications, delays or sample contamination. The author demonstrated the 

performances of the new technology on a series of anaerobic digestion batch 

experiments and confirmed its accuracy, longevity and reproducibly. 

Utilizing the new technique, the author identified patterns and signatures that were 

associated with process imbalances but not clearly observed in commonly used 

indicators such as volatile acids and pH. The author also explored the impact of 

inoculum age on the process and showed that, relative to freshly collected inoculum, 

processes using aged inoculum had a higher potential to enter imbalanced states and 

failure. 
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It is the position of this author that the insights and technological advances achieved 

in this PhD research have contributed significantly to the advancement of the field 

of anaerobic fermentation. In particular, this was achieved by creating new, simple, 

accurate and reliable technologies, while adding significantly to the knowledge of 

quasi-closed, pressure regulated anaerobic fermentation systems and their 

applications.  
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Chapter 1. INTRODUCTION 

1.1 Background 

Fermentation processes are important parts of many farming, medical and industrial 

procedures and their advances have gone through a long and rich history [1]. Measurement of 

gas constituents in such fermentation systems is of utmost importance as the gas molecules 

play critical roles in the incorporated metabolic pathways. 

Fermentation environments or reactors, with no gas inlet, can be closed (and allow the 

pressure to build up) or operate under constant pressure conditions (by releasing gases when 

the pressure goes above a certain threshold). Many near constant-pressure fermentation 

systems occur at the sludge located at the bottom of wastewater ponds [2-5] in which organic 

matter is fermented in-situ to produce methane, hydrogen and sulfide containing compounds. 

Additionally, near constant-pressure reactors show up in nature in gastrointestinal tracts of 

ruminants in-vivo [6] and appear in the intestines of most animal species [7,8]. Such 

fermentation systems are also regularly used in food production processes in-situ including in 

closed-chamber bakeries [9] and closed or constant-pressure containers for long term 

fermentation of foods such as Korean Kim-Chi dishes [10]. Closed fermentation is used in 

some cheese processes [11,12] and are also the base for many beverage industries [13-15]. 

In-vitro units have been frequently applied for simulating the fermentation of ruminant 

feedstuffs [16,17], food products [18,19] and human fecal samples [20-23]. In-vitro 

approaches were also used for assessing the health of samples from waste water treatment 

facilities [24] and substrates from bio-gas plants [25,26]. 

In some occasions, these in-vitro, in-situ and in-vivo fermentation systems, with no gas inlets, 

utilize gas production profile (GPP) consisting of the quantity, composition and kinetics of 

gas production, to monitor and assess the health of the procedure. In-vitro fermentation 
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systems have generally been employed to quantify, understand, predict GPPs [16-26] and 

eventually for extrapolating such data to real systems. In-situ units, on the other side, have 

been frequently employed for screening whole waste water system in plants [27-34] and food 

processing units [9,15,35,36]. Some recent breakthroughs also show the importance of such 

gas measurements in-vivo using the ingestible gas sensing capsule technologies [37-40]. 

In this PhD research, the author introduces a novel work with regard to gas profiling in quasi-

closed, pressure regulated anaerobic fermentation systems. In particular, the author targets 

profiling intestinal gases which are produced during incubation of human feces in-vitro. 

Additionally, the author targets the calculations of GPP in such fermentation systems and, 

finally, demonstrates gas profiling in-situ for monitoring anaerobic digestion (AD) systems for 

wastewater treatment and biogas production. The aspects developed and presented in this PhD 

research have not been implemented on any fermentation systems previously.  

 

1.1.1 Intestinal gases 

Human intestine hosts trillions of microorganisms that play significant roles in digestive 

processes [7]. By breaking down food intake as a part of their metabolic activities, these 

microorganisms satisfy their energy needs [41] and, as a result, produce short-chain fatty 

acids and specific gases such as carbon dioxide (CO2), hydrogen (H2), methane (CH4), 

hydrogen sulfide (H2S) and nitrogen oxide (NOx) [42]. 

1.1.1.1 Production pathways for intestinal gases  

CO2 is the common fermentation gas for most colonic microorganisms [7]. H2 is partially 

generated during the fermentation process by hydrogen-producing bacteria, which are mainly 

members of the Firmicutes phyla including Roseburia spp., Ruminococcus spp., Clostridium 

spp. and Bacteroides spp. [42]. Through the activities of these bacteria with ferredoxin 
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oxidoreductase, H2 is generated from pyruvate or by the reoxidation of reduced pyridine and 

flavin nucleotides [42]. The majority of intestinal H2 is oxidized by three groups of 

hydrogenotrophic microbes to maintain balance of the fermentation process: sulfate-reducing 

bacteria (SRB; mainly Desulfovibrio spp., Desulfobacter spp., Desulfobulbus spp. and 

Desulfotomaculum spp. [7]), methanogenic archaea (mainly methanobrevibacter smithii and 

methanosphaerastadtmanae [43]) and acetogens (mainly genera Ruminococcus, Clostridium 

and Streptococcus [42]). SRB produce H2S using sulfate as the electron acceptor and H2 or 

organic compounds as the electron donor [44]. Methanogenic archaea reduces CO2 or 

methanol to produce CH4 using H2 as the electron donor [45]. Acetogens use the acetyl-CoA 

pathway to synthesize acetates from CO2 and H2 [42]. Some demonstrations suggest the 

possibility of NOx exogenous production although the bacterial origin is still unclear [46,47]. 

An illustration of major intestinal gas production pathways is presented in  

Figure 1.1. 

 

Figure 1.1. Illustration of major intestinal gas production pathways. 
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1.1.1.2 Intestinal gas and gastrointestinal disorders 

Luminal distension from intestinal gas formation may cause unpleasant symptoms such as 

bloating and pain particularly in patients with irritable bowel syndrome [48]. From a clinical 

point of view, intestinal gases may affect health both directly and indirectly, and can be 

potentially used as biomarkers to assess gastrointestinal function and diseases [42,49]. Gases 

formed are potentially evacuated via the anus and such events may be associated with little to 

quite an unpleasant odor, depending upon the content of the gas. Any gas formation that 

occupies a volume distends the lumen of the intestine. In patients with irritable bowel 

syndrome, stimulation of mechanoreceptors can lead to symptoms of bloating and pain 

[50,51]. Specific gases may have direct physiological or pathophysiological effects. CH4 can 

interact with the neuromuscular function of the intestinal tract and has been associated with 

the slowing down of intestinal motility with subsequent constipation [52]. H2S is a 

gasotransmitter that affects chloride secretion and inhibits gastrointestinal (GI) smooth 

muscle contractility [53]. In addition, its accumulation in the colonic lumen, due to defective 

detoxification mechanisms and/or excessive production, may be pathogenically related to 

inflammatory bowel diseases (IBD), especially ulcerative colitis (UC) [54] and in colon 

cancers [45]. NOx is another gasotransmitter that contributes to the regulation of intestinal 

motility, mucosal blood flow and secretory functions [55]. NOx is also a co-factor to H2S in 

driving the inflammatory process in UC [56,57]. In view of these associations, sensing and 

profiling intestinal gases may reveal valuable insight into gastrointestinal functionalities, and 

may enable a more accurate and personalized treatment of gut-related syndromes or illnesses 

and help in their prevention [42]. 

1.1.1.3 Intestinal gas sensing methods and limitations 

From studies that took place several decades ago, direct gas sensing methods based on 

insertion of tubes into the oral cavity and anus have shown the value of assessing gases of the 
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gut [8]. However, the invasive nature of these methods has led to their limited application. 

Indirect approaches have included H2/CH4 breath tests [58,59] and room calorimetry [60,61]. 

These methods rely on measuring intestinal gases that are first absorbed across the gut 

mucosa, then recirculated to the lung via the blood stream and eventually excreted by 

respiration. However, significant inaccuracies occur due to interfering gases produced by 

other parts of the human body and activities [8]. Another facile indirect method is based on 

measuring the gases produced via in-vitro culturing of fecal samples. Advantageously, fecal 

samples are easy to obtain and examine. The microbiota found in the feces also represent a 

good reflection of the microbial community of the distal colon [21,62-65]. 

Usually in the in-vitro culturing process, fresh fecal samples are collected and immediately 

placed in sealed containers with an inert gas (commonly nitrogen) headspace and kept at 

37°C. Generally, within 1.5 h, the samples are mixed with phosphate buffer and supporting 

substratum, which depends on the purpose of the measurement, to produce a fecal slurry [20] 

that is subsequently incubated in a sealed oxygen-free container kept at 37‒40 ºC to mimic 

anaerobic human colonic conditions [8]. As a result of the fermentation, aliquots of gas are 

released into the headspace. 

Traditionally, these gases are captured either by solid phase microextraction (SPME) fibers or 

pumped into gas sample holders. The captured headspace gas is then commonly analyzed by 

gas chromatographers coupled with mass spectrometry (GC-MS) [21,62-65]. However, GC-

MS is an offline analytical tool that is unable to perform real-time and continuous 

measurements to reveal the gas production kinetics [66]. Understanding the gas production 

kinetics is vital for evaluating the metabolic activities of intestinal microbiota [22]. In order 

to implement real-time gas investigations, gas analysis instruments utilized in the latest 

breath test approaches can be applied. These include proton transfer reaction mass 

spectroscopy (PTR-MS), selected ion flow tube mass spectroscopy (SIFT-MS), ion mobility 
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spectroscopy (IMS) and laser spectrometry (LS) systems. However, these methods are rather 

expensive, the equipment is bulky, they involve high level operative skills and, hence, their 

application and access are limited [67,68]. Alternatively, low-cost and portable gas sensor 

technologies can be implemented for retrieving clinical insight from intestinal gases with 

adequate accuracy and much smaller costs, even enabling viable point-of-care systems 

[67,69,70]. Although such sensing technologies have been employed for breath testing, their 

usage for measuring the gases of fecal samples has remained limited [62-66]. 

One of the main technological requirements for correctly sensing gases from the fermentation 

of distal colonic fecal samples is the establishment of a nearly oxygen-depleted atmosphere. 

The colonic environment is known to be almost anaerobic with the oxygen level measured to 

be below 2% vol [8,71,72]. Direct human colonic gas measurements suggest that significant 

amounts of CO2 and H2 exist in the colon [8], and that  these gases play important roles in 

influencing the ecosystem of the microbiota of the colon and as such colonic gas production. 

There are also reliable suggestions that measurable concentrations of NOx and H2S can be 

found in the colon [73-77]. N2 also naturally exists in the colon [8]. As a summary, Table 1.1 

presents the range of concentrations of the colonic gases. 

To simulate the colonic headspace environment, in-vitro fecal fermentation approaches 

conventionally consist of flushing the chamber headspace with inert gases for inducing 

neutrality of the microbial activities [8,20,78]. In reality, the introduction of CO2 and H2, 

which naturally take part in the metabolic pathways of the microbiota, into the head space of 

the in-vitro incubator should be fully explored to assure that their effects are revealed. Such 

explorations have been carried out for in-vitro simulation of animal gastrointestinal tract 

[22,79] but mostly ignored in the studies of the human feces sample incubation. 

The anaerobic conditions of the colon also hinder the incorporation of many low-cost 

commercial gas sensors, including semiconducting transducers, as their correct functions 
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need reactions between gas species and surface chemisorbed oxygen at elevated temperatures 

[80,81]. This limits anaerobic gas sensor technologies to optical, thermal conductivity-based 

calorimetric, physisorptive charge transfer and selected electrochemical-based gas sensors 

[80]. These sensors do not need oxygen in their operation and, hence, may be suitable 

candidates for realizing low-cost in-vitro gas measurement systems for real-time 

measurement of fermentation gases. 

 

Table 1.1. Average gas concentrations in healthy colonic gas environment from various 

sources 

 
Number of 

participants 

N2 

(%vol) 

O2 

(%vol) 

H2 

(%vol) 

CO2 

(%vol) 

CH4 * 

(%vol) 

H2S 

(ppm) 

NOx 

(ppb) 

Suarez, Furne 

[72], 1997 
16 

22.2 

±12.2 

3.3 

±1.9 

34.3 

±17.5 

34.7 

±14.7 

5.6 

±10.4 

29 

±40 
 

Steggerda [71], 

1968 
5 61.2 3.6 19.8 8.1 7.3   

Levitt [8], 1971 11 
64 

±21 

0.69 

±0.5 

19 

±16 

14 

±7 

8.8 

±9 
  

Herulf [76], 

1998 
6       

460 

±60 

Lundberg [75], 

1994 
12       

45 

±7 

* It is important to consider that CH4 only appears in some of the samples and the average 

only belongs to them. Nearly >80% of the human subjects did not produce any CH4 in their 

colons. 
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1.1.2 Gas profiling 

In addition to gas sensing technologies, gas profiling also deals with extracting meaningful 

characteristics from different sensing data (pressure, temperature and headspace gas mixing 

ratio) which are available in quasi-closed pressure regulated anaerobic fermentation systems. 

Gas profiling results in the generation of the GPP, an insightful set of parameters, which 

includes the gas production quantity, composition and kinetics throughout the whole 

fermentation duration. Informative, straightforward and concise, the GPP is utilized for 

diagnostics, analysis and control of fermentation and their correlated biological processes. 

In order to completely extract GPPs in such fermentation systems, there are two important 

issues which must be taken into account. These are for accurately assessing the total gas 

production, gas composition and the kinetics of gas production. The first concerns 

determining the total gas production by measuring the cumulative pressure using reliable 

pressure sensors [82-84] and translating the data into correct gas production according to the 

ideal gas law. The second is about measuring the concentration of gases in the system using 

sensors with high selectivity and accuracy as mentioned earlier. 

Ideally, after acquiring the correct pressure and gas sensing data, the GPPs can be fully 

estimated. Although it is desirable to understand the behaviour of fermentation systems, and 

this necessitates obtaining equations for accurately calculating GPPs in closed and pressure 

regulated systems, there is nevertheless, a limited scientific literature detailing the 

comprehensive sets of equations necessary for such calculations, and it is possible that some 

reported systems may produce inaccurate estimates of GPPs [85]. 

In many earlier reports on quasi-closed systems that may also allow venting, the total gas 

production is measured using pressure sensors but such works, despite their important 
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contributions, generally exclude incorporation of gas sensors or automated regulators 

[82,83,86]. In others systems, gas production measurements are determined by assessing the 

vented gas, which is advantageous as it interferes less with the reactor, whilst ignoring the 

effect of gas presence in the headspace [5,25,87,88]. In a few advanced methods, both vented 

and headspace gases are taken into account in the total GPP calculations, though even in 

these methods, the equations used are based on simple assumptions [3,26,84,89]. In several 

reports, gas productions were measured continuously using respirometers and by introducing 

mass flow equations; however, neither changes in headspace pressure and temperature nor 

gas solubility in liquid were taken into account [3,26]. In two other reports, gas solubility was 

included in the calculations though, again, changes in headspace pressure were ignored 

[84,89]. Recently, Hannah et al reported on the development of a mathematical formulation 

for GPP calculations, for fermentations where only a single post-incubation analysis of 

headspace gas was available [89]. While this method is attractively simple and sufficient for 

many applications, it is based on the assumption that the composition (i.e. the percentage of 

CO2 and the percentage of CH4) of the fermentation gas does not change during the course of 

the fermentation. 

The current commercial systems for GPP calculation ignore important factors such as internal 

pressure changes or the presence of gas contained in the headspace. Furthermore, none of 

existing methods include embedded gas sensors in the fermentation model [90-93] as 

required in fermentation systems such as in-vitro fecal incubation or AD. 

 

1.1.3 Gas components in anaerobic digestion 

AD is the process of decomposing organic wastes by different microorganisms in an oxygen-

free environment. AD is utilized in many applications such as biogas production and 
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wastewater treatment [94]. AD presents many advantages including relatively energy 

efficient treatment, reduced pollutant by-products and fertilizers as secondary-products [94-

96]. AD is very suitable for treating high strength wastewater with concentrations above 

4 kg/L of chemical oxygen demand (COD), while the limit for aerobic digestion is less than 

1 kg/L [2,94,97]. 

 

1.1.3.1 Monitoring of anaerobic digestion 

Monitoring and controlling AD processes are essential for increasing the efficiency of 

organic wastes degradation and conversion to biogas, maximizing process yield and assuring 

process stability [29,96,98]. Monitoring AD is a multi-variable and complex procedure based 

on parameters such as volatile acids (VA), pH, buffering capacity, organic removal (usually 

measured in terms of total solids (TS) and volatile solids (VS) [27,99,100]), dissolved gas 

and biogas production profiles [29,96,98]. Identifying high distinction parameters that 

provide early warnings for process complications is vital to enable operators to intervene 

process failure realization [27,29,98]. 

VA are frequently mentioned as efficient early warning indicators [29,98,101,102] 

considering that VA accumulation implies process imbalance [103] and are important 

intermediates in methanogenesis [104,105]. Analyzing different components of VA helps in 

process diagnostics [101,103]. However, in-situ measuring of VA accurately, continuously 

and automatically requires high maintenance, skills and costs [29,100,105-107]. 

Measuring pH directly from the liquid is relatively simple for indicating a process imbalance. 

Different microorganisms can function in specific ranges of pH [29,108,109] and pH 

normally drops together with VA accumulation [98]. However, in a well-buffered system, pH 

changes are usually slow and non-distinguishable [106,110]. Buffering capacity (alkalinity) is 
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good digester imbalance indicator, as VA accumulation reduces buffering capacity earlier 

and in higher magnitude than pH [29]. However, it has been reported as insensitive in several 

scenarios [28]. In some industrial treatment plants, the main objective is the removal of 

organic wastes as opposed to biogas production, hence organic removal is an important 

indicator of process efficiency [27,111,112]. However, organic removal is generally analyzed 

in laboratories with bulky and expensive equipment and the procedure can be too long [29]. 

Alternatively, accurate, continuous and in-situ measurements of biogas components, both in 

the liquid and headspace simultaneously, have the potential for providing sufficient real-time 

process characterization as an effective early indicator. These biogas components including 

CO2, CH4 and H2 appear in the metabolic pathways of microorganisms and are highly 

informative (in comparison to pH and buffering capacity). Additionally, compared to 

measuring alternative parameters such as VA, TS and VS, assessing gas components is 

generally simpler and involves lower costs. 

 

1.1.3.2 Gas components in anaerobic digestion 

AD gas products fulfill different roles in the digestion process including intermediate, final 

product and inhibitor, while having a high correlation to different VA. The main gas products 

of AD include CO2, CH4 and H2 [104,113]. 

It has been reported that different fermentation pathways are greatly influenced by high levels 

of dissolved H2 whereas at low levels, H2 and acetate producing pathways are favoured [114]. 

During acetogenesis, the main products are acetates, H2 and CO2 [104,115,116] and while 

low dissolved H2 concentration is vital for acetogen bioactivity [114,117], H2 is found as an 

important electron donor in transitioning to methanogenesis [117,118]. In methanogenesis, 
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different types of methanogenic bacteria reduce acetate, H2 and CO2 to form CH4, satisfying 

their energy needs [104,113,114,117]. 

The H2 level in biogas is linked to the imbalance between different microorganisms [27,119] 

and excess amount directs electrons flow from methane to VA production [31,114], which 

then inhibit acetogens from degrading butyric and propionic acids [120]. Furthermore, H2 

production is strongly correlated to VA [30] and H2 increases together during a system 

overload [28]. Consequently, H2, both in liquid and gas phases, is an important and sensitive 

process indicator as a control parameter. Although H2 responds quickly to an overload of fast 

degrading organics, it only mildly responds to loading with slow degrading organic matter 

[121] and, by itself, can be insufficient for early prediction of moderate and slow overloading 

[30,31,122,123]. As such, additional monitoring of other gases is also required. 

Monitoring CH4 production rate helps in mitigating process imbalance in continuous flow 

stirred tank reactors and provides an effective basis for process control [124]. Tracking CH4 

was recommended by Liu et al [125] as an important online indicator and demonstrated a 

good correlation with VA accumulation [101]. Moreover, low production of CH4 together 

with high levels of H2 and CO2 appear as what preclude methanogens to prevent the 

accumulation of VA and H2 [101,114,118]. 

CO2 is directly linked to the alkalinity level and eliminates the need for probing, which can 

be subjected to fouling [126]. Moreover, fluctuations in pH are strongly observed in CO2 

production [112,127] therefore abnormal levels of CO2 is a good indication of process 

imbalance. 
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1.1.3.3 Sensing methods and limitations of gas components  

Existing literature for gas-phase measurements present gas chromatography (GC) [29] and 

infra-red (IR) sensing for CO2 and CH4 [128] and electrochemical (EC) sensing for H2 [128]. 

Additionally, many commercial systems are capable of measuring the total gas production 

which is important but not quite informative and can provide delayed response relating to 

process instability [128]. 

In reality, poorly dissolved gases like H2 and CH4 show low mass transfer coefficients from 

the liquid to gas-phase, resulting in higher accumulation in the liquid, sometimes up to 80 

times, relative to the theoretical calculation based on the equilibrium between the gas-phase 

and liquid-phase according to Henry’s law. Therefore, measuring CH4 and H2 in both phases 

is required in order to monitor an AD effectively [32,129,130]. 

In liquid-phase, in order to measure CO2, CH4 and H2, researches traditionally use high 

pressure liquid chromatography (HPLC) and near infra-red spectroscopy (NIRS) which 

involve preliminary liquid processing [105,107], trained operators [29] and high maintenance 

costs since expensive sensing components operate in highly toxic and corrosive environment 

[105]. In limited studies, measurements of dissolved H2 were conducted by Koruda et al [32] 

and Strong et al [31] by covering an EC sensor with a protective membrane. Although these 

techniques are in-situ, accurate and continuous, the sensors are sensitive to H2S [32], 

featuring complicated calibration procedures or long preparation time [30,31]. Other 

approaches use membranes and gas diffusion to sense dissolved H2 with mass spectrometry 

(MS) [33,34], flame spectrophotometry [131], or measuring partial pressure with trace gas 

analyzer [30]. These methods can be bulky, expensive and not suitable for long term 

operations due to membranes’ bio-fouling. 
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1.2 Motivations 

Most of the direct methods for sensing colonic gases are invasive in their nature and involve 

notable discomfort for subjects, limiting their continuous and large scale applications. Other 

methods such as breath tests and whole-body calorimetry are non-invasive but incur 

significant inaccuracies and may be influenced by other sources of interferences in the living 

body. Measuring gases in-vitro contains many advantages and has the potential to overcome 

these approaches limitations. However, current methods for sensing colonic gases in-vitro are 

either bulky, expensive, offline or require high skilled operators and as a result their on-going 

application on large number of individuals is generally difficult. Moreover, current methods 

consist of sensing a limited range of gas species which can hinder important biological 

processes. These processes are potentially observed in the relationship between different gas 

types and their dynamics (Table 1.1). 

In this PhD research, in order to address the limitations of in-vitro intestinal gas sensing and 

to reveal the valuable GI insight, the author develops a new, real-time, low-cost and portable 

gas sensing technology. The new technology is specially designed to sense colonic gases 

including CO2, CH4, H2, H2S and NOx, produced by incubated human fecal sample in-vitro 

in an anaerobic environment. The portability of the system allows it to be easily utilized 

outside the lab and its cost-affectivity is a key for mass scale applications. 

Conventional approaches for simulating gut environment during fecal incubation in-vitro 

generally use 100% inert gas which is preliminary flushed into the headspace. However, 

these approaches often ignore the importance of supplying the reactor with gases, such as 

CO2 and H2, which are involved in the metabolic pathways and are essential to the 

microbiome during fermentation (Figure 1.1). 
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Considering the limited literature detailing the contribution of these supplemented gases on 

the simulated human gut environment, as part of the work of this PhD research, the author 

will use his new in-vitro intestinal gas sensing technology and apply it to several anaerobic 

environments. Consequently, the author will investigate these environments’ impacts on the 

resulted GPPs and their implications to the microbial activities. 

Gas profiling in the aforementioned fermentation systems is of high importance for 

exploiting the rich information contained in the production of gas components and serves 

different applications and a variety of purposes. Methods for calculating GPP are explained 

in some of the existing literature. However, these methods do not represent a comprehensive 

approach and often lack several components which contribute to the overall GPP. These 

components include: embedded gas analysis, gases contained in the headspace, gases released 

from the system, dissolved gases and the headspace’s internal pressure and temperature 

variations. These partial and non-standardized calculations result in the estimation of GPP 

which may hinder biological processes or lead to wrong conclusions. 

In the subsequent stage of this PhD work, in order to complete the missing knowledge 

detailing the calculation of GPP in such fermentation systems, the author proposes a new gas 

fermentation model and provides a rigorous and comprehensive method to generate GPP 

from the available sensing data. The new method will avoid inaccuracies which may be 

involved in partial calculations used in other works and, overall, in order to increase the value 

from the GPP. 

Eventually, in the final stage of this PhD research, the candidate focuses on the 

implementation of gas profiling in both gas and liquid phases to obtain comprehensive gas 

profiling for assessing the health of AD. Gas components in AD processes, both in headspace 

and in liquid, contain invaluable information with respect the health of digesters’ microbial 

activities. These gas components can potentially replace parameters such as VA, pH, 
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alkalinity and organic removal, which are relatively difficult to measure or provide partial 

information. While continuous gas analysis in the gas-phase is well established, the 

relationship with gas components in the liquid-phase has not been shown. The information 

gained from co-measurement of gas and liquid media components can enhance the 

monitoring of and control over anaerobic digesters to effectively provide early warning for 

imbalances and failures. In addition, current methods for sensing gases in liquid-phase are 

either bulky, expensive, sensitive to bio-fouling and susceptible to liquid medium toxics or 

require high operating expertise.  

In this PhD research, in order to enhance the monitoring capability of AD processes in-situ 

by measuring gas components in both phases, simultaneously, and, in order to address the 

limitations of measuring gas components in liquid-phase, the author harnesses the new 

technology designed for sensing intestinal gases and develops a novel, relatively simple, 

technique which allows in-situ measurements of CO2, CH4 and H2 in liquid-phase as well. 

Furthermore, in order to identify indications for AD processes’ health and to explore the 

potential of gas components as early warning parameters, the author investigates patterns and 

inter-correlations between the gases in both phases in both balanced and imbalanced AD 

processes. 

 

1.3 Objectives  

This thesis is primarily focused on gas profiling for quasi-closed pressure regulated anaerobic 

fermentation systems. The work is presented in three main stages in the form of human fecal 

incubation in-vitro, expansion of the gas profiling model and wastewater treatment by AD in-

situ.  
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Current approaches for gas profiling in quasi-closed pressure regulated anaerobic 

fermentation systems lack real-time, accurate, simple, portable and low-cost gas sensing 

technologies that can operate in the anaerobic headspace environment and in the incubated 

slurry. The outcomes of this work have not been reported by any other researcher at the time 

that the PhD research started.  

The research work in this PhD dissertation can be briefly classified under the following 

objectives: 

a) Introducing a new, simple, low-cost and portable gas sensing technology for 

measuring intestinal gas in anaerobic environments. 

b) Exploring the impacts that different anaerobic environments have on the GPP 

produced during human fecal samples incubation in-vitro. 

c) Accurately producing the GPP from the variety of sensors utilized in fermentation 

system in real-time, by developing a new model that incorporates many gas 

fermentation parameters. 

d) Measuring gas components of AD processes in both liquid and gas phases using a 

novel gas profiling technology. 

e) Enhancing AD monitoring by investigating AD process imbalances and failures 

utilizing gas components patterns. 

 

1.4 Thesis organisation 

This thesis is mainly dedicated for addressing limitations and inadequacies of gas profiling in 

quasi-closed pressure regulated anaerobic fermentation systems.  

In Chapter 2 the author details the development of a low-cost, portable, simple technology for 

real-time in-vitro sensing of colonic gases in the anaerobic headspace of incubated human 
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fecal samples. The author lays out the considerations incorporated in the synthesis of such a 

technology together with validation tests. Then, the author uses the system to explore the 

impacts of different anaerobic environments on the GPP of incubated fecal samples. Finally, 

he investigates the effect of highly fermented fibres by comparing the GPPs with and without 

added substrates. 

In Chapter 3 the author develops a rigorous fermentation model and introduces a novel mass-

flow equation for accurately extracting GPPs from the sensing data of such systems in real-

time. The author validates the accuracy of the new mass-flow equation utilizing the intestinal 

gas sensing technology from Chapter 2. In addition, the author demonstrates the performance 

of the novel fermentation model and shows the impact the newly introduced components in 

the developed mass-flow equations have on the total GPPs. 

In Chapter 4 in order to enhance and improve monitoring in AD processes, the author utilizes 

the new gas profiling technologies and equations from Chapter 2 and Chapter 3 for 

developing the gas sensing techniques for AD processes in both liquid and gas phases, 

simultaneously. The author validates the new technique using a series of AD batch 

experiments and utilizes the developed approach to investigate AD process imbalances and 

failures together with the impact that elevated pressure has on the process performance. 

Finally, in Chapter 5, the author presents the concluding remarks and the future outlook of 

the research presented in this thesis. 
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Chapter 2. GAS PROFILING SYSTEM 

2.1 Introduction 

In this chapter, the author shows the development of a portable and continuous sensing 

technology for measuring gases from in-vitro fecal sample fermentation.  This system enables 

continuous profiling of gases produced from the incubation of samples that are good 

representatives of the microbiota of the distal colon. The operative principles of each of the 

system’s components (the gas sensors) are critically discussed and the gas-profiling 

performance is demonstrated using human fecal samples mixed with a model fiber as a 

function of simulated colonic gas environment. The effect of different headspace gas 

mixtures are investigated for understanding their influence on the gas profiles. Additionally, 

the measurement reproducibility and the system repeatability are also investigated. 

The content of this chapter was  published as a fully reviewed paper in Sensors and Actuators 

B journal [132]. 

 

2.2 System design guidelines  

2.2.1 Considerations for choosing gas sensing technologies in anaerobic environment 

A comprehensive discussion regarding the choice of gas sensors based on the conditions of 

operation is presented in the following sections. These conditions include the operation in an 

anaerobic environment suitable for culturing the microbiota of the distal colonic samples and 

the range of gas concentrations. Additionally, considerations about costs are also included as 

the gas sensors for the incubator-sensor systems are presented for addressing viability for 

point-of-care units.  
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Briefly, non-dispersive infrared (NDIR) gas sensors are chosen for measuring CO2 and CH4 

due to their ability to selectivity measure these gases at the concentration range of 0 − 100% 

in the anaerobic environment (Figure 2.1a). A low-cost liquid-electrolyte based 

electrochemical sensor is selected for sensing H2S in the range of 0 − 2000 ppm due to its 

high selectivity, excellent sensitivity and low oxygen requirement to operate in the anaerobic 

condition (Figure 2.1b). Thermal conductivity calorimetric gas sensor is another low-cost 

device which is selected for sensing H2 in the in-vitro system (Figure 2.1c). It is currently the 

most durable and relatively selective gas sensor available in the market which can measure 

H2 in the range of 0 − 20% on par with the concentration range of this gas in the colonic 

environment as indicated in Table 1.1. Physisorption charge-transfer gas sensor is chosen to 

sense NOx in the sub-ppm range given by its low-cost, portability and unique affinity to NOx 

gas (Figure 2.1d) [133]. 

 

2.2.1.1 Optical gas sensing platforms 

Optical gas sensors rely on the unique fingerprints of target gas molecules such as their 

optical absorption and emission wavelengths, which can lead to acceptable selectivities and 

sensitivities, depending on the light sources and detector bandwidths, and also reliability of 

operation in anaerobic conditions. In practice, highly selective optical sensors require bulky, 

costly and sophisticated instruments to enable operation whether the sensor technology is 

fiber optics [134-137], chemilumiscence [138,139] or tunable cavity laser-based sensors 

[140]. In comparison, NDIR optical sensors have much lower costs, smaller size and 

complexity [140], which come with a drawback of selectivity loss. Despite this fact, they can 

still be good candidates for anaerobic measurements of selected gases. In the NDIR 

configuration, only an IR (generally broadband) light source and two pyroelectric or field 

effect-based active detectors (one as the sensor and the other as a reference for compensation 



 

 21 

of ambient environmental interferences) are incorporated into cells with reflective surfaces 

(Figure 2.1a). Length has a strong influence on the quality of NDIR sensors, as based on the 

Beer-Lambert law for light absorption, the sensitivity of such gas sensors strongly depends 

on the light path length within the absorption cell. 

The current commercially-available NDIR gas sensors are mainly implemented for sensing of 

CO2 and CH4, two of the main fermentation gases, as these gases have distinct IR absorption 

bands [140,141]. The achievable sensitivities for CO2 and CH4 are normally in the ppm (part 

per million) to ppt (part per thousand) ranges with light-interactive path length for up to a few 

centimeters [140]. These specifications satisfy the requirements for sensing CO2 and CH4 

intestinal gases in concentration ranges suggested by Levitt et al. [8] (Table 1.1). 

Unfortunately, NDIR technologies are not easily adoptable for measuring other target 

intestinal gases. There is no IR absorption band for H2. NOx and H2S have absorption bands 

in the IR light regime but their usual concentrations in the colon are in sub-ppm ranges 

(Table 1.1). For achieving considerable sensitivity in such ranges, the required path lengths 

are too long for creating compact NDIR systems [140] and the sensing is limited to 

chemilumiscence, tunable cavity or other complex or expensive technologies. 

 

2.2.1.2 Electrochemical gas sensing platforms 

Electrochemical sensors can be categorized into liquid and solid electrolyte-based. Normally, 

the former is amperometric and the latter is potentiometric [142,143]. Although the solid 

electrolyte-based potentiometric sensors have demonstrated several advantages in 

comparison to those of liquid electrolyte-based amperometric [142], many types of 

conventional affordable electrochemical gas sensors are still liquid-based. 
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In liquid electrolyte-type electrochemical sensors (Figure 2.1b), gas molecules diffuse into 

the porous polymeric membrane, dissolve in the electrolyte (acid or organic-based) and then 

are catalytically reduced or oxidized on the surface of a sensing electrode (normally made of 

noble metal catalysts) at room temperature. In the catalytic process, the choice of sensing 

electrode metal, together with the applied bias voltage, determine the efficiency and the 

selectivity to a target gas [143]. The catalytic reaction results in the generation of free 

electrons, producing a current proportional to the gas concentration. A small amount of 

oxygen is required in the counter electrode for the reaction with the target gas. The oxygen 

can be found dissolved in the liquid electrolyte. Depending on the volume of the electrolyte, 

access to this oxygen allows the operation of the sensor in the anaerobic environment for 

several hours, before being fully depleted. Electrochemical sensors are available for different 

gases of importance to the gut including H2S, H2 and NOx, and cannot be sensed optically at 

low-costs or with the required sensitivities for the colon environment (Table 1.1). The usual 

detection limit of H2 in electrochemical sensors is within thousands of ppm range, which is 

much less than the concentrations found in the colon environment (%vol range as presented 

in Table 1.1) [8]. The sensitivities for H2S and NOx are normally in the range of ppm or sub-

ppm, which is well below to their concentration in the colon environment [73-77]. However, 

especially for H2 and NOx, the cross-sensitivity of these electrochemical sensors to other 

active gas species of the gut is extremely large. This means H2 and NOx results using only 

electrochemical configuration are rendered of no value for selective gas measurements in the 

colonic environment. Out of all electrochemical sensors, H2S sensors provide the selectivity 

and sensitivity required for gas measurements of the gut.  H2 sensors should be used together 

with other gas sensors to compensate for the cross-talk. 
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2.2.1.3 Calorimetric gas sensing platforms 

Calorimetric gas-sensing platforms are generally divided into catalytic-bead and thermal-

conductivity (TC) configurations [144,145]. In the former method, a bead is heated followed 

by the catalytic oxidation of gas species, which results in heat release. However, this method 

requires oxygen to support the catalytic reaction and is not suitable for working in anaerobic 

conditions. On the other hand, TC sensors are non-combustible and can operate without the 

presence of oxygen, and are thus suitable for gas-sensing in the anaerobic colon environment. 

Their sensing mechanisms are based on different thermal conductivity of the active heating 

element usually made of noble metals (e.g., platinum) in the presence of a target gas 

compared to the reference heating element (Figure 2.1c). The sensitivity of a TC sensor is 

within the ppt (part per thousand) range, which is much lower than those of NDIR and 

electrochemical gas sensors. However, as suggested in the literature [8,71,72], the 

concentrations of major colonic gases such as H2, CO2 and CH4 are in the range of %vol 

illustrating the challenges TC sensors face in measuring such colonic gases in a multiple-gas 

environment while maintaining reasonable sensitivity. There are reliable TC-based gas 

sensors for measuring H2 from the microbiota of the gut, and, as their response to H2 is more 

than an order of magnitude higher than CO2 and CH4, they can be used for the application 

presented in this paper. 

 

2.2.1.4 Physisorption-based charge-transfer gas-sensing platforms 

For NOx, electrochemical gas-sensing platforms have significant cross-talk with many other 

gases, and chemiluminescent sensors are too expensive and bulky. As such, they are not 

suitable for reliable and low-cost point-of-care colonic gas systems. NOx has strong 

paramagnetic properties [146]. Upon the physisorption of NOx gas molecules onto the 
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surface of a certain group of materials, a charge transfer occurs without the need for oxygen. 

The efficient charge transfer between NOx and the sensitive material depends on the relative 

positions of their electronic band structure [133]. The physical attractive forces in 

physisorptive sensors are fundamentally different from those in conventional semiconducting 

gas sensors that generally rely on chemisorption of gas species [147,148]. In the 

physisorption process, a simultaneous interaction of magnetic dipoles and surface-induced 

dipoles can take place, which results in a relatively strong NOx affinity to the sensitive 

material compared to other non-paramagnetic colonic gases of CO2, CH4, H2S and H2. This 

implies that the physisorption-based charge-transfer gas-sensing platforms (PCT) can be 

suitable candidates for selective NOx sensing in this PhD work due to their capability of 

operating in anaerobic environments. 

Carbon nanotubes [149], conducting polymers [150] and graphene [151] have been 

investigated as the possible candidates for physisorption of gas molecules. These materials 

demonstrate poor gas selectivity, although exhibit excellent sensitivities (in the sub-ppb 

range). The recent emergence of earth-abundance two-dimensional (Figure 2.1d) metal 

chalcogenides has been shown as a significant breakthrough for NOx, H2S and NH3 sensing 

[152-156]. In particular, the developed NOx gas-sensor based on 2D tin sulfide (SnS2) has 

demonstrated high sensitivity (sub-ppm range) and superior selectivity to NOx, and excellent 

reversibility at low operating temperatures without the presence of oxygen [133]. Therefore, 

this sensor was chosen to be incorporated into the author’s in-vitro anaerobic gas sensing 

system for NOx sensing. 
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Figure 2.1. Low-cost and small size gas sensors configurations chosen for the anaerobic 

conditions presented in this chapter: a. optical NDIR; b. electrochemical; c. thermal 

conductivity; d. physisorption based charge transfer sensors. 

 

2.2.2 Considerations for gas production measurement of colonic samples 

The in-vitro gas system for fecal samples should be able to measure the total gas production 

and concentration of each gas individually. From these measurements, the production of each 

gas can be obtained. The measurement of total gas production is based on the real-time 

measurement of pressure changes in the headspace (Figure 2.2) obtained by a pressure 

sensor, followed by converting the real-time pressure change value into the transient total gas 
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production volume according to both Avogadro’s and ideal gas laws [157]. The gas 

production of individual gas species was calculated according to Dalton’s law [157], in 

which the total pressure exerted is equal to the sum of the partial pressures of the individual 

gases and the partial pressures are linked to the total pressure by the relationship in a mixture 

of non-reacting gases. Additionally, according to these principles the sub-gas production was 

calculated via the product of the total gas production and the gas species concentrations in the 

headspace. The gas production rates were calculated using the time derivative of the 

cumulative gas production. 

The formulation of the gas production calculation is as follows: 

𝑉+ = 𝑛+ ∙ 22.41 ∙ 1000 [mL] 2.1  

where 𝑛+ = 𝑃+ ∙
𝑉ℎ

𝑅𝑇ℎ
; 𝑛+ is the gas produced in mol; 𝑃+ is the transient headspace pressure 

increment due to gas production in kPa; 𝑉ℎ [mL] is the headspace volume in the container; 

𝑇ℎ[K] is the headspace’s temperature measured in Kelvin and R is the gas constant = 

8.314472 J·K-1·mol-1. 

The transient production of the individual gas species can be calculated according to Dalton’s 

law [157], in which the total pressure exerted is equal to the sum of the partial pressures of 

the individual gases and the partial pressures (𝑃𝑘) are linked to the headspace pressure (𝑃ℎ) 

by the relationship in a mixture of non-reacting gases: 

𝑃𝑘 = 𝐶𝑘 ∙ 𝑃ℎ 2.2  

where 𝐶𝑘 is the real-time headspace concentration of the gas species k in the fixed volume 𝑉ℎ. 

Fermentation events are assessed by analyzing the kinetics of the fecal fermentation, derived 

from the accumulated gas production volume of each target gas species as: 
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𝐺𝑃𝑘(𝑡𝑗) =
𝑉ℎ
𝑅𝑇ℎ

∑𝐶𝑘(𝑡𝑛)𝑃
+(𝑡𝑛)

𝑗

𝑛=1

 [mL] 2.3  

where 𝐺𝑃𝑘(𝑡𝑗) [mL] is the sub-gas production of gas species k at time tj. 

Gas production rates are calculated using the time derivative of the gas production volume 

integrated over a 10-min length normalized triangular window (T10): 

gas production rate (t) =
1

10
∫ ẏ(τ) ∙ T10(τ − t)
t+5

t−5

dτ  

where y(t) stands for cumulative gas production as a function of time (t) and ẏ(τ) =
dy

dτ
 is its 

derivative at time. 

Reproducibility of gas production measurements and repeatability of the in-vitro gas sensing 

system are assessed by repeating the studies in feces from three volunteers. The samples are 

incubated with and without the FOS substrate in the type 1 headspace gas environment 

(100% inert gas). The gas production results are presented as mean values ± standard errors. 

 

2.3 Experimental setup 

2.3.1 System integration 

As presented in Figure 2.2, the developed in-vitro gas sensing system consists of three main 

modules. The first is a glass septa bottle filled with fecal slurry. The second is a gas-sensor 

array composed of an acrylonitrile-butadiene-styrene (ABS) adapter that accommodates four 

gas sensors: one NDIR sensor for CO2 and CH4 (purchased from © SGX Sensortech, United 

Kingdom); one electrochemical sensor for H2S (purchased from © SGX Sensortech, United 

Kingdom); one TC sensor for H2 (purchased from © SGX Sensortech, United Kingdom); and 

one PCT gas sensor for NOx (developed at RMIT based on SnS2 technology [133]) in a gas-
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seal manner. The third module is adopted from an automated gas pressure regulator 

(ANKOM Technology, USA), which consists of a gas pressure transducer, a temperature 

sensor, a controlled venting valve, an electronic control unit and a radio-frequency 

transceiver. This module is designed to record temperature, small pressure changes in the 

headspace and maintain a near constant pressure environment. All three modules are gas-

sealed using lubricated rubber gaskets.  

 

2.3.2 Measurement protocol and signal processing 

Electronic boards connected to the sensors to collect the analogue signals digitize them and 

transmit the processed and coded signals to a computer where the data are recorded in real-

time. The digital data are interpreted as gas concentration by applying them into a pre-

computed fitted curve. The fitted curves are designed according to the characteristics of the 

sensors and their associated electronics and contain parameters from the calibration tests. The 

sensors continuously operate to provide live data, which are recorded by the computer 

software at the intervals of 5 s. Similar to the gas-sensors electronic boards, the pressure 

regulator module senses pressure changes in the headspace and transmit the data to the 

computer through a RF transceiver where they are converted into real-time total gas 

production. 
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Figure 2.2. Illustration presenting the steps for the preparation of the fecal samples and the 

schematic of the in-vitro fecal fermentation gas measurement system with the incorporated 

sensors and data acquisition unit. 

 

2.3.3 System calibration 

The system was calibrated with target gases of industrial standards, which are 1%vol CH4, 

5%vol CO2,1% vol H2, 56 ppm H2S and 10 ppm NOx in balanced inert gas (e.g. N2 or Ar). 

The introduction of the inert gas is to simulate the formation of an oxygen-free environment 

for the in-vitro fermentation and promotion of methanogens that only thrive in such a 

condition. 
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Pre-calibrations to assess the cross-sensitivities of the sensors, when exposed to all target 

gases at typical concentrations, are conducted at the laboratory. Table 2.1 presents the 

outcome of these measurements and proves that a sufficiently low level of cross-sensitivity 

exists, which is a crucial parameter for the successful implementation of the system for 

measuring the gases of the simulated colonic environment. 

 

Table 2.1. Performance and cross-sensitivities of gas sensors 

 

NDIR – 

CH4 

NDIR – 

CO2 

Electrochemical TC PCT 

1%vol CH4 1% <0.1% <0.06 ppm <0.14%vol <0.8 ppm 

5%vol CO2 <0.1% 5% <0.1 ppm <0.05%vol <0.8 ppm 

56 ppm H2S 0% 0% 56 ppm 0%vol <0.4 ppm 

1%vol H2 0% 0% <5 ppm 1%vol <0.3 ppm 

10 ppm NOx 0% 0% 0 ppm 0% 10 ppm 

 

2.3.4 Preparation of fecal samples and mimicking the colon environment 

Healthy volunteers, without known past GI disorders, were recruited for the study and were 

guided not to alter their diets during the experiments period. The experiments were conducted 

under ethical approval obtained from Monash University Human Research and Ethics 

committee (CF15/2454). Feces were defecated naturally into a sealed container then kept in 

an anaerobic environment at 37 °C and were used within 1.5 h of passage. In order to mimic 

the colon environment, the system is placed in a 37°C water bath equipped with a shaker of 
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50 shakes per min that simulates the colon temperature and motility [20]. An inoculum is 

prepared by mixing freshly collected human feces from a healthy volunteer with the sodium 

phosphate buffer (pH 7) to make up the 160 g/L slurry and achieve similar pH level to that of 

colon lumen. For some experiments, 1 g of substrate (fructooligosaccharides, FOS, BENEO-

Orafti, Belgium) was added into the inoculum when 50 mL fecal slurry is injected into the 

incubation chamber to ensure minimum fermentation event occurs before the start of 

experiment. FOS is an indigestible carbohydrate [158] that is rapidly fermented by the 

colonic microbiota to produce short-chain fatty acids (including butyrate, acetate and 

propionate) and fermentation gases (H2, CH4 and CO2). FOS was chosen as a model substrate 

for the fecal microbiota to better understand gas profiles produced as a result of different 

headspace mixture gases and against a blank reference not only for its fermentation 

characteristics, but also because it is clinically relevant. FOS is present in many foods (such 

as wheat and onions) and is fermented in-vivo as shown by hydrogen breath testing, one of 

the key components of the diet that is reduced in order to relieve symptoms of irritable bowel 

syndrome [48,159-161]. 

Although the importance of pressure distribution along the human GI track is still 

scientifically unclear [40], in-vivo measurements of pigs’ GI track indicated that the pressure 

conditions in the colon are slightly above atmospheric pressure [162]. Since human’s 

digestive system is very similar the pressure regulator in the system was set to maintain the 

internal pressure as low as reasonably practicable, at 1 psi above the atmospheric pressure. 

This ensured the simulation of the colon environment in the headspace in terms of pressure 

while enabling a stable functionality of the in-vitro fermentation system and steady reading of 

the sensors that are intrinsically sensitive to pressure variations. 

While forming an anaerobic environment for mimicking the colon headspace, the incubator is 

purged with different mixtures of gases for 1 min to sufficiently fill up the whole headspace. 
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These headspace gases are made using only inert gases of Ar and N2, or mixtures of these 

gases with different concentrations of H2 and CO2. 

The correlations between the simulated gas environment and the colonic gas profiles were 

investigated from 1 h incubation of fecal slurry from one subject with 1g of FOS to 

understand the behavior of the colon microbiota. Although all experiments were continued 

for 4 h, the pH fell after the first hour and the incubation environment was no longer similar 

to the human colon after this duration. The repeatability of the measurements was assessed by 

repeating the studies using feces from three different volunteers. 

 

2.4 Results and Discussions 

2.4.1 Effect of headspace gas mixtures: 

Two sets of experiments were conducted. In the first set, the effect of the head space gas 

mixtures on the in-vitro gas production was explored. Three gas mixtures explored were as 

follows: (type 1) 100% inert gas; (type 2) 6.5% CO2 balanced with inert gas and (type 3) 

5.5% CO2, 5% H2 balanced with inert gas. These mixtures were chosen based on the actual 

typical measurements of the headspace gases in the human gut according to Table 1.1. The 

gas profiles for these in-vitro fermentation experiments are shown in Figure 2.3. The changes 

of the rates (kinetics) of gas production are presented in Figure 2.4. As expected, the addition 

of 1 g FOS to the fecal samples excites the microbiota to induce H2, CO2, CH4 and H2S gas 

production. 

The free energy of the chemical equations for producing CH4 and H2S pathways are used in 

some of the discussions and extracted from the past literature [42,43]. For CH4, the major 

production pathway is to convert 4 mol H2 and 1 mol CO2 to 1 mol CH4 with a free energy of 

-130 kJ/mol via:  
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4𝐻2 + 𝐶𝑂2 → 𝐶𝐻4 + 2𝐻2𝑂 2.4  

 

The production pathway of H2S is more thermodynamically favourable. As reported, 4 mol of 

H2 is consumed to produce 1 mol of H2S with a free energy of -152.2 kJ/mol in the presence 

of sulfur sources as:  

4𝐻2 + 𝑆𝑂4
2− +𝐻+ → 𝐻𝑆− + 4𝐻2𝑂 2.5  
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Figure 2.3. In-vitro colonic gas production of fecal fermentation with FOS substrate in 

different anaerobic environments (blue line: type 1 condition with 100% inert gas; red line: 

type 2 condition with 6.5% CO2 balanced with inert gas; green line: type 3 condition with 

5.5% CO2 and 5% H2 balanced with inert gas): (a) H2, (b) CO2, (c) CH4, (d) H2S. 
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Figure 2.4. In-vitro colonic gas production kinetics of fecal fermentation with FOS substrate 

in different anaerobic environments (blue line: type 1 condition with 100% inert gas; red line: 

type 2 condition with 6.5% CO2 balanced with inert gas; green line: type 3 condition with 

5.5% CO2 and 5% H2 balanced with inert gas): (a) H2, (b) CO2, (c) CH4, (d) H2S. 

 

H2 gas profiles: As shown in Figure 2.3a, the alteration of the headspace environment greatly 

influenced the pattern of H2 gas production. While the production occurs almost instantly at 

the beginning of fermentation in the type 1 condition (only N2 headspace), there are ~ 0.1 h 

delays in the production events for both types 2 and 3 conditions (when either only CO2 or 

a. H2 b. CO2 

  

c. CH4 d. H2S 

  

 

0 0.25 0.5 0.75 1
0  

   

200

   

400

   

600

Time (h)

G
a
s
 p

ro
d
u
c
ti
o
n
 r

a
te

 (
 

l/
h
)

 

 

0 0.25 0.5 0.75 1

0  

   

200

   

400

   

600

Time (h)

G
a
s
 p

ro
d
u
c
ti
o
n
 r

a
te

 (
 

l/
h
)

 

 

0 0.25 0.5 0.75 1
0 

  

20

  

40

  

60

Time (h)

G
a
s
 p

ro
d
u
c
ti
o
n
 r

a
te

 (
 

l/
h
)

 

 

0 0.25 0.5 0.75 1
0

 

2

 

4

 

6

Time (h)

G
a
s
 p

ro
d
u
c
ti
o
n
 r

a
te

 (
 

l/
h
)

 

 



 

 36 

when CO2 and H2 together exist in the headspace), indicating that, in a CO2 rich environment, 

the produced H2 gas is quickly consumed by other metabolic pathways instead of being 

released into the headspace [163]. Furthermore, the production level with the type 1 mixture 

is slightly greater than other incubation gas environments during the first 0.5 h of 

fermentation, possibly indicating that the metabolically produced H2 is not being consumed 

significantly for that period [163]. However, while the gas production rate in type 1 

conditions remains relatively constant, the type 2 condition (only CO2 added) leads to rapid 

increases of the kinetics for between 0.2 and 0.7 h of the fermentation processes, which 

results in greater production than that of type 1 condition after the 0.5 h mark (Figure 2.4a). 

The production level for type 3 (both H2 and CO2 in the headspace) was the smallest 

compared with the other headspace gas types at the beginning and the rate remained almost 

constant in the first 0.5 h. However interestingly, there was a marked increase in the rate of 

H2 gas production in the second half of the fermentation process in type 3 conditions, 

indicating that the consumption of metabolic H2 had not been reduced (Figure 2.3a and 

Figure 2.4a). 

CO2 gas profiles: In comparison to H2 patterns, completely different profiles were observed 

for the CO2 gas production (Figure 2.3b). At the beginning of the fermentation (for up to 0.4 

h), low production levels are seen for all headspace types, reflecting that the produced CO2 is 

rapidly consumed by a variety of metabolic pathways (such as producing short-chain fatty 

acids) [164,165], regardless of the simulated colon gas environment. After 0.4 h, the rates of 

production of CO2 gas levels increased in all conditions. At this point, both the production 

rates of types 1 and 2 headspaces were larger than that of type 3 in which H2 was present 

(Figure 2.4b). The changes were linked to the CH4 productions presented below. 

CH4 gas profiles: As shown in Figure 2.3c, a delay in the CH4 production was the shortest for 

type 3 condition (presence of H2), while it is the longest in the complete inert gas 
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environment (type 1). Such production characteristics can be linked to the delay in the 

production of H2 (Figure 2.3a), in which an opposite trend is observed (shortest for type 1 

and longest for type 3). This implies that a significant amount of the initially produced H2 gas 

is fed in the metabolic activity of methanogens that are also regulated by the type of gas in 

the environment. The rate of CH4 production for the type 3 conditions started to decrease 

after 0.3 h and reached a plateau at 0.85 h (Figure 2.4c), possibly indicating apoptosis of 

certain methanogens after reaching the saturation of their growth. On the other hand, the CH4 

production rate of the type 1 condition is relatively constant but at a smaller magnitude for 

the duration of the fermentation, suggesting that the complete inert gas environment does not 

promote the growth of methanogens (Figure 2.4c). Although it starts with a relatively small 

level, the type 2 gas environment (that includes CO2 but not H2) leads to a rapid increase in 

the CH4 production level from 0.2 h as shown in Figure 2.4c, which eventually results in the 

highest level of production at the end of the fermentation procedure compared to other 2 

incubation conditions. 

H2S gas profiles: The type 3 condition was not able to be applied for H2S as the response of 

H2S electrochemical sensor is saturated in the presence of a high concentration of H2. The 

patterns for H2S gas production in types 1 and 2 conditions are presented in Figure 2.3d. A 

small H2S production was observed in the first 0.5 h of fermentation period for both 

headspace type gases, while there were sudden increases in the production kinetics for type 1 

and 2 conditions at 0.6 and 0.5 h, respectively, suggesting the elevation of the metabolic 

activities of SRB after these durations (Figure 2.4d). The initial introduction of FOS does not 

instantly boost H2S production. Additionally, the level of H2S production is always more than 

one order of magnitude smaller than that of CH4. These observations suggest that the 

produced H2 gas is more favorably fed into the CH4 production rather than H2S. This can be 
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possibly due to the relatively smaller number of SRB than methanogens presented in the 

colonic samples and their different activation time-frames during the fermentation process. 

NOx gas profiles: As expected from the past literature [75,77], colonic fecal samples of 

healthy human subjects did not produce detectable NOx (Figure 2.5) and NOx is only seen 

when nitrogen containing substrates are added or samples belong to subjects with disorders 

[7, 8]. 

 

 

Figure 2.5. (a) NOx gas production profile and (b) its production rate of fecal fermentation 

with FOS substrate in different anaerobic environments (blue line: type 1 condition with 

100% inert gas; red line: type 2 condition with 6.5% CO2 balanced with inert gas; green line: 

type 3 condition with 5.5% CO2 and 5% H2 balanced with inert gas). 

 

2.4.2 Comparison of blank samples vs samples with added fibre: 

The author subsequently conducted a series of pilot tests on the measurement capabilities of 

the in-vitro gas system. The aim was to verify that the in-vitro gas system was able to detect 

differences in gas production from a highly fermentable substrate and assess whether a large 

a. production b. production rate 

  
c. production d. production rate 

  
 

0 0.25 0.5 0.75 1
0

0.6

1.2

1.8

Time (h)

G
a
s
 p

ro
d
u
c
ti
o
n
 (

 
l)

 

 

0 0.25 0.5 0.75 1
0

0.6

1.2

1.8

Time (h)

G
a
s
 p

ro
d
u
c
ti
o
n
 r

a
te

 (
 

l/
h
)

 

 

0 0.25 0.5 0.75 1
0

0.6

1.2

1.8

Time (h)

G
a
s
 p

ro
d
u
c
ti
o
n
 (

 
l)

 

 

0 0.25 0.5 0.75 1
0

0.6

1.2

1.8

Time (h)

G
a
s
 p

ro
d
u
c
ti
o
n
 r

a
te

 (
 

l/
h
)

 

 



 

 39 

amount of gas could exceed the detection limits of the system. The use of type 2 mixture of 

6.5% CO2 balanced with inert gas was used as the headspace gas as per previous experiments 

produced the largest gas concentrations for all gases. As shown in Figure 2.6 and Figure 2.7, 

significant amounts of H2, CO2 and CH4 gas production were detectable in comparison to 

those with the blank inoculum. The absence of FOS, total bacterial fermentative activity 

slowed down and the overall gas production decreased (Figure 2.7a-c), while, in presence of 

FOS, the total production remained relatively high. 

Production of H2 and CH4: H2 production when FOS was added was higher than in the blank 

after 0.25 h (Figure 2.6a). According to the gas production pathways presented in  

Figure 1.1, it is likely that, immediately after the FOS is added, most of H2 is consumed to 

produce CH4. As described in the introduction, such an observation may be of relevance to 

the altering the dietary intake of FOS in the management of constipation or diarrhea since 

CH4 slows colonic motility and is linked to constipation [13]. 

CO2 production: As shown in Figure 2.6b, CO2 was initially produced at a similar rate for the 

blank sample, but then production rate of blank remained low as almost all of the produced 

CO2 was rapidly consumed after 0.25 h, presumably eventually being transformed to acetate 

and amino acids [164]. 

H2S production: The H2S profiles are shown in Figure 2.6d and Figure 2.7d in comparison to 

the blank sample which showed a steady increase in H2S, the system appeared to detect lower 

levels of H2S produced from fermentation of FOS. There was a rapid increase in the 

production of the H2S in the presence of FOS after 0.9 h. It seems that at this point a rapid 

colonization of the SRB occurs. This ability of reducing H2S production by incorporating 

FOS in the diet suggests that FOS may influence the pathogenesis and/or clinical course of 
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IBD and colon cancer due to the close clinical association between these gastrointestinal 

diseases and the colonic H2S level [166]. 

NOx production: similar to the previous section and as expected from the past literature 

[75,77], colonic fecal samples of healthy human subjects did not produce detectable NOx. 

 

Figure 2.6. In-vitro colonic gas production of fecal fermentation using type 1 anaerobic 

environment (100% inert gas) with and without the FOS substrate. Value are mean (n = 3) ± 

SE. (blue line: FOS, red line: BLANK): (a) H2, (b) CO2, (c) CH4, (d) H2S. 
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Figure 2.7. In-vitro colonic gas production kinetics of fecal fermentation using type 2 

anaerobic environment (6.5% CO2 balanced with inert gas) with and without the FOS 

substrate (blue line: BLANK, red line: FOS): (a) H2, (b) CO2, (c) CH4, (d) H2S. 
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Figure 2.8. (a) NOx gas production profile and (d) its production rate of fecal fermentation in 

type 2 anaerobic environment (6.5% CO2 balanced with inert gas) with and without the FOS 

substrate (blue line: blank, red line: FOS). 
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2.4.3 Reproducibility and repeatability investigations: 

The author also conducted investigations on the reproducibility of results and repeatability of 

the in-vitro gas system using fecal samples from three different volunteers. The samples were 

incubated with and without the FOS substrate in the conditions similar to those presented in 

Section 2.4.1 and 2.4.2. 100% inert gas environment was selected as the headspace 

incubation gas. According to Table 2.2 and Table 2.3, all three replicate runs exhibited 

different gas production behavior with the FOS substrate compared to those without any 

substrate, in which the addition of FOS resulted in significant increases of H2, CO2 and CH4, 

but does not favor H2S production. These outcomes are in good agreement with those 

presented in Section 2.4.2. In addition, although some noticeable variations on the fecal gas 

production volumes are observed amongst the three samples especially after 0.5 h incubation 

(Table 2.2), the trends of their gas production patterns and kinetics (Table 2.3) are 

comparable. This indicates acceptable reproducibility of the results and repeatability of the 

in-vitro gas system. 

Table 2.2. In-vitro colonic gas production of fecal samples fermentation in type 1 anaerobic 

environment (100% inert gas) from three different human fecal samples with the FOS 

substrate and without (blank). The presented values are the mean (n = 3) ± standard error 

Time (h) H2 (µl) CO2 (µl) CH4 (µl) H2S (µl) 

 Blank FOS Blank FOS Blank FOS Blank FOS 

0.25 29.5±2.0 36.6±1.8 0.1±0.2 0.8±0.8 1.2±1.6 5.6±1.5 0.1±0.03 0.1±0.002 

0.5 45.5±3.6 67.3±3.7 3.7±4.0 6.7±3.9 0.8±0.6 12.3±1.0 0.4±0.1 0.2±0.03 

0.75 45.8±6.7 103.3±4.0 7.3±7.5 33.4±9.2 0.6±0.7 22.3±5.0 0.7±0.1 0.3±0.03 

1 60.0±3.7 163.5±22.7 12.1±10.1 95.7±7.3 0.7±0.7 35.1±10.6 1.1±0.2 0.4±0.1 
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Table 2.3. In-vitro colonic gas production kinetics fecal samples fermentation in type 1 

anaerobic environment (100% inert gas) from three different human fecal samples with the 

FOS substrate and without (blank). The presented values are the mean (n = 3) ± standard 

error. 

Time (h) H2 (µl/h) CO2 (µl/h) CH4 (µl/h) H2S (µl/h) 

 Blank FOS Blank FOS Blank FOS Blank FOS 

0.25 78.1±3.5 124.5±7.9 9.4±10.2 14.1±9.0 11.3±2.0 26.8±2.6 0.9±0.3 0.5±0.1 

0.5 20.4±21.5 128.7±13.8 15.0±15.6 74.4±20.4 6.3±5.7 34.3±15.5 1.0±0.3 0.5±0.01 

0.75 38.7±4.6 219.8±68.0 17.2±12.6 196.9±25.7 9.4±1.6 49.0±25.4 1.5±0.1 0.2±0.2 

1 27.3±10.9 218.5±63.3 38.9±43.5 416.0±140.1 9.4±0.4 56.5±35.9 1.3±0.3 0.6±1.0 

 

2.5 Conclusions 

The author successfully developed an in-vitro fecal-fermentation gas-measurement system 

for continuous profiling of the colonic gases of H2, CH4, CO2 and H2S in real-time. The 

pressure in the incubation chamber was regulated to eliminate possible interference from its 

fluctuations. The performance of the system was evaluated using the healthy human fecal 

samples incubated with and without a type of highly-fermentable fiber as a representative 

added substrate. The effect of different gas mixtures for the headspace was investigated and 

the ideal mixture defined. Good repeatability of the in-vitro gas sensing system and 

acceptable reproducibility of the gas production profiles were also demonstrated using human 

fecal samples collected from different volunteers. 

The author demonstrated that the type and concentration of the colonic gases could be 

accurately measured using low-cost, portable gas-sensor technologies and colonic gas 
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production patterns and kinetics could be defined, providing unique and valuable insight in 

the intestinal gas production pathways and bacterial metabolic activities of the human colonic 

microbiota. These advantageous features of the system make it a unique tool in comparison to 

conventional off-line, expensive and bulky in-vitro fermentation systems currently available 

for research and commercial assessments. Given that intestinal gas may be used as unique 

biomarkers for many gut disorders, this accurate, real-time, cost-effective and portable 

system deserves further study to determine its place as a medical tool that might have roles in 

diagnostics, and in assessing the effects of diet and therapeutic agents on the gut microbiota. 
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Chapter 3.  GAS PROFILING CALCULATION 

3.1 Introduction 

In the previous chapter the author introduced the technology of gas sensing in quasi-closed, 

pressure regulated and anaerobic fermentation systems while focusing on incubated human 

fecal samples. In order to process the signals produced by the developed system, the author 

used basic calculations that contain inaccuracies and potentially can cause errors in the 

estimated GPP (section 2.2.2). To mitigate the inadequacies presented in Chapter 1, the 

objectives of this chapter are to introduce a novel gas production mathematical model 

together with comprehensive mass flow equations. This model allows for the calculation of 

GPPs based on measuring the output signals from common closed incubation systems or 

systems with automated pressure regulation. The model is parametric, versatile and includes 

the incubation chamber physical configurations and measured data. Moreover, it 

consequently revealed the fermentation profile of the incubated sample in high detail. Last, 

the validity and significance of the approach was assessed using an in-vitro lab experiment. 

The content of this chapter was published as a fully reviewed paper in Sensors and Actuators 

B journal [167]. 

 

3.2 Materials and Methods 

3.2.1 Representation of the fermentation system with embedded sensors  

A sealed incubation vessel equipped with pressure and temperature sensors, outlet automatic 

regulation valve and an array of gas sensors is described in schematic representation in 

Figure 3.1. 
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Figure 3.1. The schematic representation of a closed and pressure regulated fermentation 

system 

Headspace gas environment is preliminary consist of the gas mixture flushed into the 

headspace. However, this flushed into headspace gas is gradually replaced with the gas 

produced by the fermentation material. During the process, the headspace internal pressure 

(𝑃𝑖  [psi]) and temperature (𝑇𝑖 [K]) are recorded at equally spaced (∆𝑡 [h]) time points (𝑡𝑖 =

𝑖∆𝑡 [h]) for 𝑖 = 0,1,2,… , 𝑛. Throughout the incubation, fermentation gas is being 

accumulated in the headspace which increases the headspace pressure 𝑃𝑖. The headspace is 

vented when 𝑃𝑖 reaches a certain pressure threshold (𝑃𝑡ℎ [psi]) in which the outlet valve is 

opened for a very short time of 𝜏𝑣. During this venting event 𝑃𝑖 drops and the excess gas is 

released as demonstrated in the example in Figure 3.2. This short venting window is much 

smaller than the sampling interval (𝜏𝑣 ≪ ∆𝑡) as seen in a venting event close-up presented in 

Figure 3.2b. For the system to operate with minimal error, the pressure control mechanism 

should apply a high monitoring rate in order to screen the headspace pressure and to measure 

the pressure difference right before and right after the venting event (Figure 3.2b). This 

pressure difference is added to 𝑃𝑖 to create another parameter, which is called cumulative 

pressure (𝐶𝑃𝑖 [psi]) as seen in Figure 3.2a. Evidently, the sampling rate for 𝐶𝑃𝑖 is the same as 

𝑃𝑖. 𝐶𝑃𝑖 represents the sum of all incremental pressure changes in the headspace that can be 

Headspace

Fermentation material

Venting valve

One way 

gas outlet

Gas sensors

Pressure sensor Temperature sensor
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employed for calculating the amount of gas released during the venting events as will be 

explained in section 3.2.3. The internal pressure monitoring rate (1/𝜏𝑣), in most cases, should 

be much higher than the gas dynamics in the headspace (1/∆𝑡). It should be considered that 

this monitoring rate is practically not useful for GPP calculations. In general, for the majority 

of fermentation systems, gas concentrations are not changed rapidly. Sampling gases at the 

relatively high monitoring rates of internal pressure only create an excess number of samples 

which, for common incubation durations ranging between few hours and few weeks, 

overloads the signal processing units.  

At the beginning of the fermentation, both internal pressure and cumulative pressure increase 

identically until the first venting event takes place (Figure 3.2a). When a venting event takes 

place, 𝑃𝑖 decreases, while obviously the 𝐶𝑃𝑖 keeps increasing. As such, 𝐶𝑃𝑖 by definition 

accounts for the pressure drops that occur as the result of the venting events that may take 

place within the ith interval (𝑡𝑖−1, 𝑡𝑖) as seen in Figure 3.2b. 
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Figure 3.2. Example of the headspace internal pressure (𝑃𝑖) and cumulative pressure (𝐶𝑃𝑖) 

vs time during incubation in a closed vessel with ─ internal pressure  internal pressure 

samples  cumulative pressure samples (a) internal pressure and cumulative pressure for a 

4 h duration example. The internal pressure value in this example starts at the atmospheric 

pressure of 14.7 [psi] (b) ith interval venting event close-up (shown by the dotted box in (a)). 

The monitoring intervals of the venting system is shown by   (observed every 𝜏𝑣) which is 

conducted at a much shorter interval than the actual sampling interval (∆𝑡). L1: 𝑃𝑖 and 𝐶𝑃𝑖 at 

𝑡𝑖−1, L2: 𝑃𝑖 right before the venting event, L3: 𝑃𝑖 right after the venting event, L4: 𝑃𝑖 at 𝑡𝑖, 

L5: 𝐶𝑃𝑖 at 𝑡𝑖. 

a. Headspace internal & cumulative pressure 

 

b. Venting event close-up 
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Before introducing the GPP incubation model some definitions, formulations and adjustments 

of the different signals are presented in the following sections. 

 

3.2.2 Gas production calculation 

Fermentation gas production ∆n𝑖 [mmol] during the ith interval is calculated using the 

headspace pressure increment value during the ith interval which is obtained as Δ𝐶𝑃𝑖 =

𝐶𝑃𝑖 − 𝐶𝑃𝑖−1. Not affected from venting events, Δ𝐶𝑃𝑖 is proportional to ∆n𝑖 according to the 

ideal gas law and Avogadro’s law [157] 

where 𝑇𝑖 is the headspace average temperature during the ith interval in Kelvin as mentioned 

before; Vh is the head-space volume in mL and R is the gas constant that is equal to 

1.205912 [L·psi·K-1·mol-1]. According to Avogadro’s law, under a defined standard 

temperature and pressure conditions (STP) of atmospheric pressure 𝑃𝑎𝑡𝑚 = 14.7 [psi] and 

𝑇0=273.15 [K], one mole of gas occupies 
𝑅𝑇0

𝑃𝑎𝑡𝑚
= 22.41 [L] which allows the direct 

conversion of a pressure increment to a volume of produced gas as expressed in the form of 

the following conversion factor 𝛾𝑖: 

𝛾𝑖 =
𝑅𝑇0
𝑃𝑎𝑡𝑚 ⏟  
22.41 𝐿

∙  
𝑉ℎ
𝑅𝑇𝑖
 [
mL

psi
] (3.2)  

According to this, the incremental volume of gas ∆𝑉𝑖 [mL] (at STP) produced during the ith 

interval can be calculated as: 

∆𝑉𝑖 = 𝛾𝑖 ∙ ∆𝐶𝑃𝑖 [mL] (3.3)  

∆ni =
𝑉ℎ
𝑅𝑇𝑖
∆𝐶𝑃𝑖 [mmol] 

(3.1)  



 

 51 

Observation of the different fermentation events and their originating biological processes are 

carried out examining the cumulative volume of fermentation gas produced. The total 

cumulative gas production (𝑇𝐶𝐺𝑃i [mL]), defined as the total amount of gas produced at the 

end of the ith interval, is given by the following equation: 

𝑇𝐶𝐺𝑃i =∑∆𝑉𝑗

𝑖

𝑗=1

   [mL] (3.4)  

 

3.2.3 Venting events 

Venting events take place independent of the gas sampling events. Recording both 𝑃𝑖 and 𝐶𝑃𝑖 

enable the calculation of the amount of gas released in every venting event according to: 

𝑉𝐹
𝑖 = 𝛾𝑖(∆𝐶𝑃𝑖 − ∆𝑃𝑖)   [mL] 

(3.5)  

Here ∆𝑃𝑖 = 𝑃𝑖 − 𝑃𝑖−1 is the headspace internal pressure variation for the ith interval (Figure 

3.2b) and 𝑉𝐹
𝑖 represents the volume of gas vented out in the venting event or events that take 

place during the ith interval. Without pressure regulation, no venting event takes place (𝑉𝐹
𝑖 =

0), the internal pressure would increase at the same rate as the cumulative pressure. When a 

venting event or events take place within the ith interval (Figure 3.2b), the difference 

between ∆𝐶𝑃𝑖 and ∆𝑃𝑖 is proportional to the amount of gas released from the headspace (𝑉𝐹
𝑖 

[mL]) according to equation (3.5). 

 

3.2.4 Effective headspace volume 

During the incubation, the headspace can be kept at a desired temperature. The internal 

pressure increases as gas is produced and in order to calculate the headspace gas constituents, 

the following equivalent headspace volume is defined: 
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𝑉𝑒
𝑖 =
𝑇0
𝑇𝑖
𝑉ℎ + 𝛾𝑖 ∙ (𝑃𝑖 − 𝑃𝑎𝑡𝑚) =

𝑇0
𝑇𝑖

𝑃𝑖
𝑃𝑎𝑡𝑚

𝑉ℎ  [mL] 
(3.6)  

Here 𝑉𝑒
𝑖   is a mathematically defined headspace volume appearing as an equivalent volume at 

the STP condition, which is extracted from the actual headspace volume (Vh). This parameter 

is introduced in order to simplify future calculations of gas mixing ratios. 

 

3.2.5 Gas analysis 

Gas analysis is implemented using a low-cost and portable array of gas sensors specially 

chosen to record the gas components in the headspace as presented in Chapter 2 [132]. The 

sensors are pre-calibrated with known concentrations of target gases and in specific 

temperature (𝑇𝑐𝑎𝑙 [K]) and pressure conditions (𝑃𝑐𝑎𝑙 [psi]). 

Headspace gases mixing ratio is represented by 𝐶𝑖 = (𝐶𝑖
1, 𝐶𝑖

2, … , 𝐶𝑖
𝐾), comprised of K 

different gas species, is continuously sensed during the incubation and recorded at 𝑡𝑖 by an 

array of gas sensors, for which the values of the sensor outputs at 𝑡𝑖 are presented by 𝑆𝑖 =

(𝑆𝑖
1, 𝑆𝑖

2, … , 𝑆𝑖
𝐾). As headspace conditions can vary during the incubation process, two 

correction factors are introduced in order to accurately interpret gas sensor signals: 

Pressure: According to the ideal gas law, and assuming that pressure differences are within 

±10% of calibration pressure point, a first order approximation that impacts pressure sensor 

reading variation is given by the following pressure compensation factor (𝑃𝐶𝐹𝑖): 

𝑃𝐶𝐹𝑖 =
𝑃𝑖
𝑃𝑐𝑎𝑙

 (3.7)  

Temperature: According to Charles’s law, gas molecules tend to expand proportionally to 

the gas temperature, i.e. a fixed volume contains less gas molecules as temperature increases 

and as a result the reading of the gas sensors is reduced relative to the reading with the same 
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conditions at a lower temperature. This effect of temperature is accounted for by the 

following correction factor (𝑇𝐶𝐹𝑖): 

𝑇𝐶𝐹𝑖 =
𝑇𝑐𝑎𝑙
𝑇𝑖

 (3.8)  

Applying these factors establishes a relationship between the kth gas sensor reading (𝑆𝑖
𝑘, 𝑘 =

1,2, … , 𝐾) and the headspace’s kth gas concentration (𝐶𝑖
𝑘) : 

𝑆𝑖
𝑘 = 𝐶𝑖

𝑘 × 𝑃𝐶𝐹𝑖 × 𝑇𝐶𝐹𝑖 
(3.9)  

𝐶𝑖
𝑘 = 𝑆𝑖

𝑘 ×
𝑇𝑖
𝑇𝑐𝑎𝑙

×
𝑃𝑐𝑎𝑙
𝑃𝑖

 (3.10)  

 

3.2.6 Solubility adjustment 

Part of the fermentation gas may dissolve in the liquid slurry of volume 𝑉𝑠 where it is held 

during the incubation and not detected by the pressure sensor. Accordingly, the GPP is 

corrected by adding the dissolved amount of gas to the volume of the kth gas type (𝑘 =

1,2, … , 𝐾) according to Henry’s law as follows: 

𝐷𝐺𝑖
𝑘 = (𝑃𝑖𝐶𝑖

𝑘−𝑃𝑎𝑡𝑚𝐶0
𝑘)𝑉𝑠𝐻𝑐𝑝

𝑘  [mL] (3.11)  

where (𝐻𝑐𝑝
𝑘  [psi-1]) is the solubility constant of the kth gas specie (𝑘 = 1,2, … , 𝐾). 
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3.2.7 Formulations and definitions 

 𝐶̃i = (𝐶̃𝑖
1, 𝐶̃𝑖

2, … , 𝐶̃𝑖
𝐾) represents the gas composition array of ∆𝑉𝑖 at the ith interval 

comprised of K different gas species sensed during the incubation. 

 𝐶𝐹
𝑖 = (𝐶𝐹

𝑖,1, 𝐶𝐹
𝑖,2, … , 𝐶𝐹

𝑖,𝐾) is the vented volume composition array and headspace 

mixing ratio array at venting event at time tF comprised of K different gas species 

sensed during the incubation. 

 𝐶𝐺𝑃𝑖 = (𝐶𝐺𝑃𝑖
1, 𝐶𝐺𝑃𝑖

2, … , 𝐶𝐺𝑃𝑖
𝐾) is the cumulative gas production array after the end 

of the ith interval comprised of K different gas species for their cumulative gas 

productions. 

 𝐷𝐺𝑖 = (𝐷𝐺𝑖
1, 𝐷𝐺𝑖

2, … , 𝐷𝐺𝑖
𝐾) is the dissolved gas array at the ith interval comprised of 

K different gas species which are sensed during the incubation. 

 

3.2.8 GPP incubation model 

An amount of fermentation gas (∆𝑉𝑖) at a composition of 𝐶̃i is released from the liquid during 

the ith interval into the headspace. It is assumed that the headspace gas environment is well 

circulated in the current model and that the fermentation gas mixes rapidly and completely 

with the existing gas environment. Since the rates of fermentation and subsequent release to 

the headspace are much lower than the sampling rate, one can assume that 𝐶̃i  remains 

relatively constant during the ith interval. 

During this interval, at time 𝑡𝐹
𝑖  (𝑡𝑖−1 ≤ 𝑡𝐹

𝑖 ≤ 𝑡𝑖), and after an amount of gas of volume ∆𝑖
′ 

(mL) had already been produced (0 ≤ ∆𝑖
′≤ ∆𝑉𝑖), an amount of gas of volume 𝑉𝐹

𝑖  and of 

composition 𝐶𝐹
𝑖  is released from the headspace outlet during a short venting event. The 

parameters are shown in Figure 3.3. 
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Figure 3.3. A demonstration of cumulative gas production vs time - single interval 

description of gas produced in a closed vessel including a venting event at time tF. 

 

As a result, the headspace gas environment at time ti differs from the one at time ti-1 after 

adding the fermentation/released gas and discarding the vented gas, as demonstrated by the 

schematic in Figure 3.4. 
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Figure 3.4. Fermentation and released gas impact on headspace gas environment at the end 

of the ith interval. 

 

In order to calculate 𝐶𝐹
𝑖 , the ith interval is dissected into two parts: just before the venting 

event (Figure 3.5) and straight after the venting event (Figure 3.6).  

 

Figure 3.5. Fermentation and released gas impact on headspace gas environment just before 

the venting event. 
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 (3.12)  
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Immediately after the venting event, headspace gas environment mixing ratio does not 

change but contains less gas molecules, hence the calculation of 𝐶𝑖 according to the 

schematic presented in Figure 3.6. 

 

 

Figure 3.6. Fermentation and released gas impact on headspace gas environment just after 

the venting event. 
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(3.13)  

Finally, the fermentation gas produced and released at the ith interval and cumulative 

released gas are given by the following equations: 

∆𝑉𝑖𝐶̃i = 𝑉𝑒
𝑖𝐶𝑖−𝑉𝑒

𝑖−1𝐶𝑖−1 + 𝑉𝐹
𝑖𝐶𝐹
𝑖    [mL] (3.14)  
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𝑖𝐶𝑖 +∑𝑉𝐹

𝑗
𝐶𝐹
𝑗

𝑖

𝑗=1

   [mL] (3.15)  
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In reality 𝐶𝐹
𝑖 , ∆𝑖

′ and 𝑡𝐹 aren’t measured as the venting event takes place between the 

sampling points. When the venting event takes place immediately after the ith interval begins 

(∆𝑖
′→ 0) we have 𝐶𝐹

𝑖 → 𝐶𝑖−1 and when it takes place just before the end of the ith interval 

(∆𝑖
′→ ∆𝑉𝑖) we have 𝐶𝐹

𝑖 → 𝐶𝑖. While the gas produced during the ith interval is much smaller 

with respect to the headspace volume (∆𝑉𝑖 ≪ 𝑉𝑒
𝑖), headspace gas environment change is very 

small (𝐶𝑖−1 ≈ 𝐶𝑖 ) and together with solubility correction, the following mass flow equation 

for gas production, in a closed and pressure regulated system, is introduced as: 

𝐶𝐺𝑃𝑖 ≅ 𝑉𝑒
𝑖𝐶𝑖 +∑𝑉𝐹

𝑗
𝐶𝑗

𝑖

𝑗=1

+ 𝐷𝐺𝑖    [mL] 
(3.16)  

 

3.3 Results and Discussions 

3.3.1 Demonstration of the new incubation model 

The suggested comprehensive calculation of GPP is tested using an in-vitro system designed 

for incubating fecal matter to imitate the environment of the human colon (see below). As 

seen in Figure 3.7, the in-vitro system was comprised of three modules: (I) A glass bottle 

filled with fecal slurry. (II) An array of gas-sensors embedded into an acrylonitrile-butadiene-

styrene (ABS) adaptor. The sensor array includes one electrochemical sensor for H2S (SGX 

Sensortech); one non-dispersive infrared sensor for CO2 and CH4 (SGX Sensortech); and one 

thermal conductivity sensor for H2 (SGX Sensortech). (III) An automated gas pressure 

regulator with pressure and temperature sensors, electronic control components, a venting 

valve and RF transceiver (ANKOM Technology) designed to record 𝑇𝑖, 𝑃𝑖  and 𝐶𝑃𝑖, while 

regulating the headspace pressure around 𝑃𝑡ℎ. 
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Figure 3.7. A 3D representation of the of the fecal matter fermentation in an in-vitro 

incubation system and a photo of the actual system. 

 

A slurry containing human feces was used as the fermentation material, to produce the 

dissolved gases that were then released into the headspace. To mimic the colon environment, 

the system was placed in a 37°C water bath equipped with a shaker that applied 50 shakes per 

min [20]. Feces from a healthy human volunteer were used to provide the inoculum for 

fermentation. The incubation medium contained approximately 160 g feces/L and sodium 

phosphate buffer (pH 7) was used to simulate the pH in the colon. As substrate for the 

fermentation, 1 g of substrate (fructooligosaccharides, FOS, BENEO-Orafti) together with 

50 mL fecal slurry and additional 10 mL of buffer are inserted to the vessel simultaneously, 
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ensuring minimum fermentation occurs before the start of incubation. FOS is a carbohydrate 

[158] that is rapidly fermented by the colonic microbiota to produce short-chain fatty acids 

and fermentation gases (including H2, CH4, H2S and CO2) as well as water vapor. Internal 

pressure, cumulative pressure and gas sensors signals were continuously recorded at 𝑡𝑖  (𝑖 =

0,1,2…48) with ∆𝑡=5 min for a total period of 4 h while 𝑃𝑡ℎ is set to 1 psi above 𝑃𝑎𝑡𝑚 and 

with venting event of 𝜏𝑣 =100 msec length. The 320 mL headspace volume was flushed with 

flushing gas (N2) for 1 min before starting the incubation in order to form a colon like 

anaerobic environment. 

 



 

 61 

 

Figure 3.8. In-vitro colonic gas production by fecal fermentation of FOS substrate 

demonstrating GPP for different gas species ( cumulative production (mL) - left y-axis,  

production rate (mL/h) – right y-axis, --- water vapor measurement independent experiment): 

(a) Total production (b) H2 production (c) CO2 production (d) CH4 production (e) H2S 

production (f) water vapor and other gases production. 

a. Cumulative gas production b. H2 production 

  
c. CO2 production d. CH4 production 

  
e. H2S production f. Water vapor and other gases production 
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Total gas production: By the end of the four hour incubation, approximately 63 mL of total 

gas had been produced. At the beginning of the fermentation, the rate of total gas production 

was approximately 17.9 mL/h, but this decreased to approximately 11.9 mL/h after 4h.  

Interestingly, the production rate of total gas was approximately constant throughout the 4 h 

of the incubation whereas the rates of production of individual gas species varied greatly 

during the time course of the incubation. The diverse patterns in the rates of production of the 

different gas species during the incubation revealed in this study demonstrate the potential for 

this type of analysis to provide new insights into the fermentative process. 

H2 gas profiles: By the end of the four hour incubation, approximately 6.4 mL of H2 had 

been produced. At the beginning of the fermentation, the rate of total H2 production was 

approximately 3.2 mL/h, but by 4h, H2 production had ceased.  

CO2 gas profiles: By the end of the four hour incubation, approximately 35 mL of CO2 had 

been produced. At the beginning of the fermentation, the rate of total CO2 production was 

negligible, but by 4h, the rate of CO2 production had increased to approximately 11.3 mL/h. 

CH4 gas profiles: By the end of the four hour incubation, only approximately 1.3 mL of CH4 

had been produced. At the beginning of the fermentation, the rate of CH4 production was 

approximately 0.6 mL/h, but this decreased to approximately 0.23 mL/h by the end of the 

incubation. Production of CH4 was negligible in comparison to the main two gases of H2 and 

CO2, indicating the subject is more likely not to be a CH4 producer [168].  

H2S gas profiles: production of H2S increased rapidly in the first hour of incubation with 

maximum rate of 22.2 µL/h. After 1 h H2S production rate was suppressed to as low as 

0.6 µL/h. It has been suggested that this type of suppression effect on the rate of H2S 
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production  may be due to FOS which inhibits sulfide reducing bacteria responsible to the 

formation of H2S gas [132]. 

Water vapor and other gases: the production of water vapor and other gases were estimated 

by calculating the difference between the total gas production and the sum of CO2, H2, CH4 

and H2S. As one can see cumulative productions of water vapor and other gases saturate 

toward the end of the incubation period with production rate decreasing towards zero. 

Furthermore, water vapor GPP was measured independently by using the same system and 

applying similar conditions but instead of fecal slurry, an equivalent amount of sodium 

phosphate buffer (+99% water) was used. As described in the black dashed line in Figure 3.8f 

the total production of water vapor was approximately 19±4 mL after 4 h of incubation, 

mostly due to humidity elevation from 0%, as featured in the flushing gas, to 100% during 

the incubation. The author consider that the finding, in which two independent measurements 

of water vapor production resulted in similar values, validates the accuracy of the suggested 

calculation.  

3.3.2 Investigation of incubation model components 

In order to understand the impact of each component in the incubation model presented as the 

mass flow equation (3.16), a series of scenarios was conducted. In each scenario, one or more 

components of this equation was excluded or substituted with a fixed value in order to assess 

its contribution to the GPP. 

The impact of an individual or a group of components is demonstrated on CO2 GPP 

calculation presented previously in Figure 3.8c. The components selected are the vented gas, 

headspace gas, effective headspace volume (𝑉𝑒
𝑖) and gas sensor compensation. The outcomes 

are shown in Figure 3.9. Solubility impact is considered negligible and not included. The 

following scenarios are considered: 
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Vented gases: excluding the gas vented out of the vessel from equation (3.16) (described as 

𝑉𝐹
𝑖 = 0) results in the following mass flow equation: 

𝐶𝐺𝑃𝑖 = 𝑉𝑒
𝑖𝐶𝑖 + 𝐷𝐺𝑖   [mL] 

(3.17)  

The impact of not including vented gas is a decrease of 2.16 mL (6.3%) volume of gas 

produced after 4 h and 1 mL/h (8.6%) in the production rate. Vented gas volume increases 

with the incubation time. Hence, for longer incubation durations, excluding it from the 

calculation will result with higher difference as incubation time extends. 

Headspace gas: headspace volume is the major part the vessel volume (84%) in the 

discussed example where most of the gas produced is contained and not vented out. 

Excluding headspace gas from equation (3.16) (described as 𝑉𝑒
𝑖 = 0) results in the following 

mass flow equation: 

𝐶𝐺𝑃𝑖 ≅∑𝑉𝐹
𝑗
𝐶𝑗

𝑖

𝑗=1

+ 𝐷𝐺𝑖    [mL] 
(3.18)  

 The impact is a significant reduction of 31.9 mL (94%) of the total volume produced and 

10.3 mL/h (91%) reduction in the production rate after 4 h. Systems with small headspace 

volume running for longer periods of incubation times will be impacted less as most of the 

gas produced will be in the form of vented gas. 

Effective headspace volume: if the mathematically defined headspace volume (𝑉𝑒
𝑖) defined in 

equation (3.6) is approximated as the headspace volume (appeared as 𝑉𝑒
𝑖 = 𝑉ℎ) equation 

(3.16) transforms into the following mass flow equation: 

𝐶𝐺𝑃𝑖 ≅ 𝑉ℎ𝐶𝑖 +∑𝑉𝐹
𝑗
𝐶𝑗

𝑖

𝑗=1

+ 𝐷𝐺𝑖    [mL] 
(3.19)  
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This results in an increase of 1.5 mL (4.3%) volume of gas produced and 0.5 mL/h (4.5%) in 

the production rate after 4 h. In the above example, P𝑡ℎ = P𝑎𝑡𝑚 + 1psi and water bath 

temperature of 37° C were applied. With higher 𝑃𝑡ℎ and lower temperature, the impact of 

such an approximation will increase. 

Gas sensor compensation: Without using sensor compensation factors, designed to 

compensate for the vessel’s temperature and pressure differences to the sensor’s calibration 

point, equation (3.16) simplify into the following mass flow equation: 

𝐶𝐺𝑃𝑖 ≅ 𝑉𝑒
𝑖𝑆𝑖 +∑𝑉𝐹

𝑗
𝑆𝑗

𝑖

𝑗=1

+ 𝐷𝐺𝑖(𝑆𝑖)   [mL] 
(3.20)  

Here, 𝐷𝐺𝑖(𝑆𝑖) means the incorporation of 𝑆𝑖
𝑘 in equation (3.11) instead of 𝐶𝑖

𝑘. As a result, the 

GPP would experience a reduction of 1.7 mL (5%) in the calculated volume of gas produced 

after 4 h and 0.6 mL/h (5.2%) reduction in the calculated production rate. Thus, if the sensor 

calibration factor is not taken into account, the resulting error can be significant. 

Cluster of components: Excluding a combination of three vented gases, sensor compensation 

and headspace effective volume (scenarios 1, 3 and 4 altogether) from equation (3.16) results 

in the following mass flow equation: 

𝐶𝐺𝑃𝑖 ≅ 𝑉ℎ𝑆𝑖 + 𝐷𝐺𝑖(𝑆𝑖)   [mL] 
(3.21)  

It generates an impact by reducing 2.3 mL (7%) of the calculated production volume and 

reducing 1 mL/h (9.1%) in the calculated production rate after 4 h of incubation.  
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Figure 3.9. Deviations 

from the real 

measurements of 

cumulative gas production 

(mL) and gas production 

rate (mL/h) as a result of 

parameter modification in 

equation (3.16). Here, in-

vitro colonic CO2 gas 

production from fecal 

fermentation with FOS 

substrate is used as an 

example. The deviations 

from the actual 

measurement (shown by 

 in the complete model) 

is seen after modification 

of different parameters and assessing their impact on the GPP. The different scenarios are as 

follows:  is produced by excluding headspace gas,  produced by excluding vented gas  

when 𝑉𝑒
𝑖 = 𝑉ℎ ,  is produced by excluding sensor compensation factors,  is produced by 

excluding a combination of a cluster using three parameters of vented gas, degeneration of 𝑉𝑒
𝑖 

and sensor compensation factors. 
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3.4 Conclusions 

In this chapter, the author showed the development of a versatile and parametric fermentation 

model which enables calculation of GPP in closed or pressure regulated fermentation systems 

which are gas inlet free. Fermentation systems are common in many industries including 

those associated with the production of food, chemicals and pharmaceutics.  The components 

of GPPs are accurately described by the novel mass-flow equation (3.16) which takes into 

account gas sensors inputs such as headspace gas mixing ratio, internal pressure, cumulative 

pressure, and temperature.  

The performance of the model was demonstrated using an in-vitro system, designed for 

incubating fecal matters in conditions similar to those in the human colon. The data modeled 

was that routinely available from gas sensors including headspace gas mixing ratio, internal 

pressure, and temperature and the model enabled prediction of total cumulative gas 

production, GPP and estimation of the production of water vapor. The kinetics of the 

different gas species were fully taken into consideration. The developed calculation 

procedure was validated by matching two independent measurements of water vapor – one 

with incubating water based buffer in an in-vitro system and the other through the new mass 

flow equation (3.16).  

The contribution of individual components of the novel mass flow equation and a 

combination of these components were parametrically investigated and then tested on an in-

vitro colonic gas production from fecal fermentations with FOS substrate as an example. The 

impact of the different test scenarios on cumulative gas production and gas production rate 

ranged between 4.3% to 94% and 4.5% to 91%, respectively. A novel component, which is 

introduced in this paper for the first time, is the effective headspace volume that is 

responsible for 4.3% of the total production and 4.5% of the production rate, respectively. 

Whereas, apart from the gas contained in the headspace, the combined contribution of vented 
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gas, effective headspace volume and sensor compensation accounts for up to 7% of the 

cumulative production and 9.1% of the production rate. 

In conclusion, with respect to existing methods, which lack one or more components or 

continuous gas analysis, the suggested calculation method is comprehensive and may 

potentially impact the outcomes significantly. The method can be scaled and applied to 

applications in biogas or wastewater plants, food production or even for biological reactors 

including those describing rumen and human colonic reactions, allowing accurate assessment 

of GPP, exerted gas and other figures of interest. 
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Chapter 4. GAS PROFILING OF ANAEROBIC DIGESTERS 

4.1 Introduction 

In the previous two chapters the author developed the gas profiling technology for quasi-

closed and pressure regulated anaerobic fermentation systems. In this chapter, the author adds 

a new dimension to the profiling technology and develops a novel technique for measuring 

gas components in the liquid medium as well as in the headspace. In the work presented in 

this chapter, the author’s main objective is to introduce sensing arrays for simple, low-cost, 

continuous, in-situ, and automated gas measurement in both liquid and gas phases, 

specifically adapted to the anaerobic digester’s headspace and the corrosive slurry 

environments. Here, the author choose to focus on CO2, CH4, and H2 as they are the 

predominant biogas products in AD processes. Although other gases, such as H2S and 

ammonia [29,96,169], are valuable indicators, focusing on CO2, CH4 and H2 is satisfactory in 

order to fulfil the main objective in this chapter. This platform can be expanded for 

measuring other gases and is recommended in chapter 5 for future work. The suggested 

approach utilizes commercial sensors protected by silver embedded polydimethylsiloxane 

(PDMS) membranes [170,171] that prevent bio-fouling by inhibiting bacterial overgrowth, 

reducing the impact of caustic vapors and allowing real-time measurement of the dissolved 

gases partial pressures. This new technique overcomes many current challenges in measuring 

gas components, helps operators in obtaining real-time process characterizations, process 

optimization and stabilizing digesters operation.  

In the following sections, the author details the application of the developed sensor array on 

an AD in a series of batch experiments for evaluating the accuracy, reproducibility, and 

longevity of the measurements. Additionally, the impact of inoculum aging and elevated 
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pressure conditions on the digestion characteristics is investigated to further evaluate early 

warning capability of the developed system. 

The content of this chapter has been submitted as a full paper to Water Research journal and 

currently under review. 

 

4.2 Materials and Methods 

4.2.1 Fermentation system 

The developed system consists of four main units as shown in Figure 4.1: (a) standard 

laboratory glass bottle of 250 mL, (b) two sets of gas sensor-arrays that are placed into 

cylinders made of machined high-density polyethylene (HDPE), stacked up using a middle 

piece adapter and designed to hold up to 3 gas sensors each. The bottom array is used for 

measuring liquid-phase gas concentrations, while accommodating one NDIR dual sensor for 

sensing CO2 and CH4 and one TC sensor for assessing H2 gas (all purchased from © SGX 

Sensortech). The top array is used for measuring the headspace gas concentration, with 

similar sensors and an outlet valve for headspace flushing, (c) The third unit consists of a gas 

pressure regulator unit (ANKOM Technology, USA) to keep the headspace pressure constant 

using a pressure actuator and continuously recording the internal pressure value with a 

sensor. It also contains a temperature sensor and electronic modules and (d) the fourth unit 

includes electronic circuits and a PC for simultaneous data acquisition of gas and pressure 

sensors. 
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Figure 4.1. AD simulation system (a) system layout (b) reactor schematics 

 

4.2.2 Evaluation and calibration of the system 

In order to accurately measure gas concentration in liquid, protect gas sensors from caustic 

substances found in the slurry (fermentation broth) and to prevent bio-fouling, 70 µm thick 

silver embedded PDMS membranes, especially designed and produced at RMIT [170,171] 

were placed on the packaging to protect the submerged sensors in the liquid medium. The 

membrane and sensors’ packaging created a miniature headspace (Diameter: 20 mm, Length: 

10 mm) around the sensing elements. The small volume of the miniature headspace (3 mL), 

and proximity to the liquid medium, ensure rapid equilibrium between the inside the sensor 

container and the liquid environment near the membrane. The system allows the real-time 

Fermentation 

liquid

Gas phase 

sensor array

Headspace

ANKOM pressure 

regulation unit

Gas outlet

Liquid phase 

sensor array

Silver doped PDMS

membrane

Middle 

piece 

adapter

250 mL glass 

bottle

a. System layout b. Reactor schematics

Electronic 

board

magnetic stirrer

Heater

Water 

bath



 

 72 

measurement of the dissolved gas partial pressures which can be converted into the gas 

concentration in liquid using Henry’s law and the equilibrium solubility constants in water at 

37ºC for CO2, CH4 and H2 which are obtained as 229.6, 10.1 and 6.9 
𝜇𝑀𝑜𝑙

𝐿∙𝐾𝑃𝑎
, respectively 

[172]. 

Membranes were also applied to the headspace sensors in order to reduce the exposure of the 

sensors to ongoing high humidity and caustic vapors. 

Before and after AD experiments were conducted, the sensors were calibrated against target 

gases of industrial standards including three separate gas bottles of 50%vol CH4, 50%vol 

CO2, and 1%vol H2, respectively, balanced with N2 for simulating anaerobic gas environment 

demonstrating similar accuracy as presented in Chapter 2. The liquid sensors were calibrated 

by adding water to the system instead of slurry and saturating it with the different gas 

mixtures. 

4.2.3 Experiment procedure 

4.2.3.1 Characteristics of substrate and inoculum 

Food waste used in this study was the organic fraction of municipal solid waste (OFMSW) 

according to the specifications found in [173]. Due to highly biodegradable nature of the 

OFMSW, a batch of synthetic food waste was prepared using compositional data from the 

Victorian garbage bin recipe collected by Sustainable Victoria, Australia [173]. The synthetic 

food waste was stored in small containers at 20ºC and the characteristics of the samples 

were obtained at regular intervals to examine any variations.  

The inoculum used in these experiments was collected from the anaerobic digester of Melton 

Recycled Water Treatment Plant, Melbourne, Australia, operated at mesophilic conditions 

(37ºC). The characteristics of the food waste, TS, VS and VA of inoculum, are presented in 

Table 4.1. 
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Table 4.1. Inoculum and food-waste composition 

Sample TS% VS% VA (g acetic acid/L) pH Density (g/mL) 

Food waste 26.73±1.07 24.93±0.27 5.37±0.08 5.02 1.018 

Inoculum 2.72±0.01 2.01±0.01 0.73±0.05 7.55 1.02 

 

4.2.3.2 Experimental methodology 

AD batch experiments were conducted to evaluate the biogas signatures. Tests were carried 

out using slurry at a food waste to inoculum ratio of 1:2 g/g VS. Preliminary to the 

experiment, the slurry was added to the reactor, while covering the liquid-phase sensor array 

as shown in Figure 4.1b. The reactor headspace was flushed with 100%vol N2 (0% humidity) 

for two minutes in order to mimic a digester’s anaerobic environment and the pressure 

regulation level was set to 1 psi above atmospheric pressure (14.7 psi). The glass bottle was 

nearly fully submerged in a 37ºC water bath, while mixed with a magnetic stirrer at 50 rpm 

for ensuring sludge’s homogeneity (Figure 4.1b). Immediately after flushing, all valves were 

closed and the experiment commenced with data recording at 1 min intervals. In addition to 

gas and pressure measurements, digestate parameters including TS, VS and VA were 

analyzed before and after every batch experiment. 

4.2.4 Analytical methods 

TS and VS were measured according to APHA methods 2540B and 2540E [174]. VA were 

determined by calorimetric techniques using HACH (Model: DR/4000 U) spectrophotometer 

according to the method 8196. Sample were centrifuged (Eppendorf 5702, Germany) at 

4.4 rpm for 15 mins and then filtered through 0.45 μm filter paper (mixed cellulose-ester 
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membrane filter, Advantec, Japan), to measure the VA content. The composition of biogas was 

verified using a gas chromatography (Varian 450-GC, Varian Australia Pty Ltd., Netherlands) 

equipped with a packed column (GS Carbonplot 113-3132, 1.5 μm, 30 m* 0.320 mm, stainless 

steel, Agilent Technologies Inc., Australia) according to the method described by Zahan et al. 

[99]. 

Cumulative gas production was calculated according to the calculations presented in Chapter 

3 and normalised to the amount of experiment food waste. The gas production rate was 

calculated using the derivative of the cumulative gas production as described in Chapter 3. 

 

4.3 Results 

During the experiments, the same batch of inoculum was used at different periods after 

collection: aged for 13 days, 41 days, 46 days and 55 days where the corresponding 

experiments are named as AD13d, AD41d, AD46d and AD55d, respectively. Meanwhile, the 

inoculum was stored in a sealed container at 37ºC without feeding. 

Gas measurements were evaluated in two sets of AD batch experiments. The first set, 

AD13d, was used for validating the system accuracy and longevity as well as demonstrating 

its sensing capability in both liquid and gas phases. Inoculum aged within two weeks of 

collection is considered fresh according to biochemical methane potential (BMP) batch AD 

experiment standards [175-177]. The response of AD batch experiment using fresh inoculum 

was used for benchmarking the system with reference to previous reports [31-34,99,177-

181]. 

The second set of AD batch experiments, using aged inoculum AD41d, AD46d and AD55d, 

was conducted to identify gas signatures from possible process imbalance and failures as a 

result of ageing. 
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Utilizing the suggested system, gas profile signatures were explored, for revealing the 

advantages of monitoring gas components by providing early warnings of process instability. 

In addition, the system reproducibility was demonstrated using aged inoculum in two 

sequential experiments. 
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4.3.1 Demonstration of the gas measurements and system validation 

The system’s capability in providing online and continuous monitoring of gas profiles for AD 

processes was tested. The process included the measurement of gas profiles in both liquid and 

gas phases in addition to demonstrating the system’s accuracy and longevity as shown in 

Figure 4.2 and Table 4.2. 

 

 

Figure 4.2. Anaerobic digestion of food waste using wastewater inoculum (AD13d), 

demonstrating system’s complete functionality over 300 h together with sensor’s accuracy 

using gas-phase GC () analysis at 260 h: (a) CO2 profile (b) CH4 profile (c) H2 profile (d) 

cumulative biogas production. 

 

a. CO2 gas profile b. CH4 gas profile 

  
c. H2 gas profile d. Biogas production 
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The accuracy of the system was validated using GC analysis of the gas-phase (Figure 4.2a-c). 

Here ∆𝐺𝐶 (%vol), which represents the difference between GC measurement and the gas 

sensors readings, is less than 6.4%vol for all gas types. Additionally, the 300 h operation of 

the system, consists of pressure regulation, pressure recording and gas sensing in both gas 

and liquid phases, is presented to demonstrate longevity. 

CO2 measurements (Figure 4.2a) show production in two intervals. In the first interval (0-

15 h), CO2 levels in both phases increased rapidly and reached peak levels of 53%vol and 

60 kPa in gas-phase and liquid-phase, respectively. In the second interval (15-300 h), CO2 

level linearly decreased to 22%vol in the headspace and to 23 kPa in the liquid. 

Synchronized with the CO2 profile, CH4 gas-phase profile occurred during similar production 

intervals (Figure 4.2b). At the end of the first interval (15 h), CH4 concentration in the 

headspace reached 22%vol and monotonically increased during the second interval to 

75%vol at 300 h. However, unlike the gas-phase, the CH4 partial pressure in the liquid-phase 

was significantly lower relative to the headspace before 100 h, after which the production 

accelerated and exceeded 12 kPa by 300 h (Figure 4.2b). Moreover, the difference in the 

production intervals is not observed in liquid-phase. 

The two production intervals can be identified in the H2 gas profile as well (Figure 4.2c) 

while H2 levels in the second interval were significantly higher. During the second interval, 

H2 levels in the liquid increased linearly to 9 kPa at 300 h whereas the gas-phase 

concentration increased at a lower rate reaching 3%vol due to constant gas evacuation from 

the headspace. 

Cumulative biogas production (Figure 4.2d), obtained from the gas-phase concentration and 

total release of gas components [167], consisted of 176 mL/gVS after 300 h where the 
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dominant gas produced was CH4 with 99 mL/gVS (56.3% of the total gas) followed by CO2 

with 74 mL/gVS (42%) and H2 with 3 mL/gVS (1.7%). 

In terms of digestion analysis, within the 300 h of digestion, the removal of TS and VS 

consisted of 28.8% and 34.6%, respectively (Table 4.2a). VA concentration increased to 

2.2 g/L from 0.84 g/L. 

 

Table 4.2. Digestion analysis of food waste AD by wastewater inoculum 

Parameter a. Digestate AD13d 
b. Digestate AD46d 

TS % 2.8±0.02 3.2±0.01 

VS % 2.04±0.01 2.2±0.06 

VA(g acetic acid/L) 2.2±0.14 3.1±0.07 

TS removal % 28.8±0.01 18.3±0.3 

VS removal % 34.6±0.01 29.5±0.5 

 

4.3.2 Gas profiles for aged inoculum 

First, a typical experiment with an aged inoculum (AD46d) is demonstrated and gas profile 

signatures for its AD are presented in Figure 4.3. Subsequently, differences between a failed 

AD, where aged inoculum was used, and the balanced and working AD demonstrated in the 

previous section, are highlighted. 
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Figure 4.3. AD of food waste using aged wastewater inoculum (AD46d), demonstrating liquid 

and gas phase analysis: (a) gas-phase profile (b) liquid-phase profile (c) cumulative biogas 

production (d) biogas production rate. 

 

The gas-phase analysis (Figure 4.3a) shows the rapid increase of CO2 concentration after 4 h 

that peaked at 66%vol after 15 h, followed by H2 production reaching 23%vol after only 8 h 

and by 21 h almost no H2 presence was observed. CH4 production initiated slowly after 5 h, 

afterwards, the concentration in the headspace was increased to 26%vol at 20 h and remained 

constant. 

CO2 was the dominant gas measured in the liquid as shown in Figure 4.3b. Synchronized 

with the gas-phase, liquid CO2 partial pressure started increasing after 4 h and reached 66 kPa 

by 50 h. However, unlike the gas-phase, CH4 and H2 partial pressures were significantly 

a. AD46d - Gas phase b. AD46d - Liquid phase 

  
c. AD46d - Biogas production d. AD46d - Biogas production rate 
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lower where CH4 concentration increased monotonically to 6 kPa at 50 h, where H2 level 

stayed below 2.2 kPa. H2 appeared first in the liquid-phase at 0 h, peaked at 5 h and gradually 

reduced until it became undetectable (10 h). 

Cumulative biogas production (Figure 4.3c) consisted of 165 mL/gVS after 50 h for which 

the dominant gas was CO2 with 108 mL/gVS (66.7% of the total gas) followed by CH4 with 

32 mL/gVS (19.5%) and H2 with 18 mL/gVS (10.9%). The remaining gas production 

ascribed to water vapor and other gases [167]. 

In regards to digestion analysis (Table 4.2b), within 7 days of digestion, 18.25% and 29.5% 

of TS and VS, respectively, were removed while VA concentration increased from 0.84 to 

3.05 g/L. 

Another indicator considered was pH. In all experiments, the pH value was set to 7.4 at the 

start, fell to ~6.5 when CH4 started to increase and then exceeded 7.8 at the 50 h duration. 

Considering that no gas production was seen after 30 h the remainder of the digestion 

experiments were limited to 50 h duration. 

 

4.3.3 Comparison of aged and fresh inoculum  

The effect of inoculum ageing on the digestion process was explored by comparing AD13d, 

AD46d and AD55d samples of different ages. All batches operated under the same process 

conditions. Inoculum ageing seemed to be separating the measurements into two groups of 

fresh (age < 14 d) and aged (age > 45 d). The first 50 h digestion profiles are presented in 

Figure 4.4-Figure 4.6. 
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Figure 4.4. AD of food waste using wastewater inoculum, demonstrating gas analysis in gas-

phase and in liquid-phase vs time for different inoculum ages: (a) CO2 in gas-phase (b) CO2 

in liquid-phase (c) CH4 in gas-phase (d) CH4 in liquid-phase (e) H2 in gas-phase (f) H2 in 

liquid-phase. 

 

Gas-phase (Figure 4.4) - CO2 profiles in the gas-phase of aged inoculums (AD46d and 

AD55d) were ~20% higher than that of fresh inoculum (AD13d) as presented in Figure 4.4a. 

a. CO2 – gas phase b. CO2 – Liquid phase 

  
c. CH4 - gas phase d. CH4 – Liquid phase 

  
e. H2 - gas phase f. H2 – Liquid phase 

  
 

0 10 20 30 40 50
0

20

40

60

80
G

a
s
 c

o
n
c
e
n
tr

a
ti
o
n
 (

%
v
o
l)

Time (h)

 

 

AD13d

AD46d

AD55d

0 10 20 30 40 50
0 

20

40

60

80

G
a
s
 p

a
rt

ia
l 
p
re

s
s
u
re

 (
K

P
a
)

Time (h)

 

 

AD13d

AD46d

AD55d

0 10 20 30 40 50
0

10

20

30

40

G
a
s
 c

o
n
c
e
n
tr

a
ti
o
n
 (

%
v
o
l)

Time (h)

 

 

AD13d

AD46d

AD55d

0 10 20 30 40 50
0

2

4

6

G
a
s
 p

a
rt

ia
l 
p
re

s
s
u
re

 (
K

P
a
)

Time (h)

 

 

AD13d

AD46d

AD55d

0 10 20 30 40 50
0

10

20

30

40

G
a
s
 c

o
n
c
e
n
tr

a
ti
o
n
 (

%
v
o
l)

Time (h)

 

 

AD13d

AD46d

AD55d

0 10 20 30 40 50
0

1

2

3

4

G
a
s
 p

a
rt

ia
l 
p
re

s
s
u
re

 (
K

P
a
)

Time (h)

 

 

AD13d

AD46d

AD55d



 

 82 

Although CH4 concentrations at 50 h were relatively close for all samples, it increased faster 

and linearly for fresh inoculum while plateaued for the aged inoculums (Figure 4.4c). While 

H2 concentration in the gas-phase was negligible for fresh inoculum, it was significant for 

aged inoculum (Figure 4.4e). H2 concentration increased with the inoculum age, reaching 

28.5%vol in AD55d (Figure 4.6a). 

Liquid-phase (Figure 4.4) – similar to the gas-phases, CO2 levels in liquid-phases after 30 h 

were higher for the aged inoculum and emerged with almost similar kinetics as in the gas-

phase. While CH4 values were minimal for the fresh sample, they exceeded up to 6 kPa at 

50 h for aged inoculum (Figure 4.4d). In liquid, H2 was detected for the fresh inoculum 

throughout most of the first 50 h at 0-2.2 kPa levels, while for the aged inoculums H2 levels 

increased rapidly in the first 5 h to 2.7 kPa and weren’t detected after 10 h (Figure 4.4f). 

Gas production (Figure 4.5) – After 50 h of digestion, the total production was 70%-80% 

higher for aged inoculum (Figure 4.5a) where the main difference originated from CO2 

production as shown in Figure 4.5b. Similarly to gas-phase (Figure 4.4), CH4 total production 

wasn’t impacted significantly by the inoculum age as seen in Figure 4.5c and Figure 4.6d but 

initiated, together with the other gases, 3 h earlier for fresh inoculum as seen in Figure 4.6c. 

One of the major differences, which also seen in the gas-phase analysis, was the significantly 

higher H2 biogas production for aged inoculum (Figure 4.5d). 

VA accumulation rate (Figure 4.6b) - the accumulation rate of VA, defined as 1 mg of acetic 

acids per L and per day of digestion, increased with inoculum age and was roughly 3 times 

higher for the aged inoculum than fresh sample (Figure 4.6b). 

Production lag (Figure 4.6c) – the production lag was measured by how long it took for the 

total cumulative biogas production to reach mL/gVS. As per Figure 4.6c, fresh inoculum 
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production started within 1 h, while for aged inoculum it took roughly 4 times longer to 

initiate a substantial gas production. 

 

 

Figure 4.5. AD of food waste using wastewater inoculum, demonstrating biogas production 

for different inoculum ages vs time: (a) total cumulative biogas production (b) CO2 

cumulative production (c) CH4 cumulative production and (d) H2 cumulative production. 

 

a. Total biogas production b. CO2 production 

  
c. CH4 production d. H2 production 

  
 

0 10 20 30 40 50
0

50

100

150

200

G
a
s
 p

ro
d
u
c
ti
o
n
 (

m
L
/g

V
S

)

Time (h)

 

 

AD13d

AD46d

AD55d

0 10 20 30 40 50
0

40

80

120

160

G
a
s
 p

ro
d
u
c
ti
o
n
 (

m
L
/g

V
S

)
Time (h)

 

 

AD13d

AD46d

AD55d

0 10 20 30 40 50
0 

10

20

30

40

G
a
s
 p

ro
d
u
c
ti
o
n
 (

m
L
/g

V
S

)

Time (h)

 

 

AD13d

AD46d

AD55d

0 10 20 30 40 50
0 

7 

14

21

28

G
a
s
 p

ro
d
u
c
ti
o
n
 (

m
L
/g

V
S

)

Time (h)

 

 

AD13d

AD46d

AD55d



 

 84 

 

Figure 4.6. AD of food waste using wastewater inoculum, demonstrating process figures of 

merit vs inoculum age: (a) H2 peak concentration (b) VA accumulation rate (c) total biogas 

production time lag to first 4 mL/gVS (d) CH4 production after 50 h. 

 

From Figure 4.6a-c one can observe a nearly linear correlation between the inoculum age and 

the peak H2 concentration in gas-phase, the VA accumulation rate and the production time-

lag. The finding shows that as the inoculum is aged it is more likely to enter an imbalanced 

state and fail when the same process conditions are applied. 

Solids removal (Table 4.2) – relative to fresh inoculum, VS and TS removals for aged 

inoculum were, on average, 25% and 43% lower, respectively. 

The inoculum and food waste were analysed after 76 days in storage where less than 10% 

differences were found in comparison to its analysis after collection (Table 4.3). 

a. H2 peak concentration in headspace  b. VA accumulation rate 

  
c. 0 to 4 mL/gVS production time-lag d. CH4 production (50h) 
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Table 4.3. Inoculum and food-waste composition before and after 76 days in storage 

Parameter Food waste Inoculum 

 0 days 76 days 0 days 76 days 

TS % 26.73±1.07 26.84±0.69 2.72±0.01 2.70±0.02 

VS % 24.93±0.27 24.87±0.73 2.01±0.01 1.99±0.04 

VA(g acetic acid/L) 5.37±0.08 5.39±0.02 0.73±0.05 0.66±0.03 

 

4.3.4 AD at elevated pressure conditions 

The effect of elevated pressure in the headspace was investigated with two consequent batch 

experiments using inoculums with similar ages, namely, AD41d and AD46d. According to 

the author’s experiments, the 5 day difference between the two batches should not result in 

more than 10% variation in the biogas production. As such, the differences seen beyond this 

range should be due to the pressure effect. 

While the pressure in AD46d was continuously regulated throughout the whole experiment, 

AD41d’s pressure regulator was turned off at 19 h. The pressure in the headspace of AD41d 

gradually accumulated together with the continuous production of biogas, reaching 7 psi 

above the pressure level of AD46d. This created an elevated pressure headspace condition. 

The difference in the process performance is presented in Table 4.4, Figure 4.7 and Figure 

4.8. 
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Figure 4.7. Anaerobic digestion of food waste by wastewater inoculum demonstrating gas 

analysis in both gas-phase and liquid-phase vs time at different headspace pressure conditions 

(red: AD41d – elevated pressure conditions, blue: AD46d – constant pressure conditions): (a) 

CO2 concentration in gas-phase (b) CO2 partial pressure in liquid-phase (c) CH4 

concentration in gas-phase (d) CH4 partial pressure in liquid-phase (e) H2 concentration in 

gas-phase (f) H2 partial pressure in liquid-phase. 

 

a. CO2 – gas phase concentration b. CO2 – Liquid phase partial pressure 

  
c. CH4 - gas phase concentration d. CH4 – Liquid phase partial pressure 

  
e. H2 - gas phase concentration f. H2 – Liquid phase partial pressure 
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Gas profile (Figure 4.7) – The gas profile of AD41d and AD46d, both in liquid-phase and 

gas-phase, are similar in quantity and kinetics while the main difference was elevated levels 

of CH4 in gas-phase after 19 h and H2 in both phases. The difference in CH4 likely originates 

from non-linear response of the NDIR sensor to elevated pressure which the pressure 

compensation algorithm, based on the ideal gas law, didn’t correct completely. The 

difference in H2 profiles was not related to the difference in pressure conditions as it occurred 

before 19 h and discussed in the next section. 

 

 

Figure 4.8. AD of food waste by wastewater inoculum demonstrating gas production vs time 

at different headspace pressure conditions (red: AD41d - elevated pressure conditions, blue: 

AD46d – constant pressure conditions, black - difference): (a) total cumulative biogas 

production (b) CO2 cumulative production (c) CH4 cumulative production (d) H2 cumulative 

production. 

a. Total production b. CO2 production 

  
c. CH4 production d. H2 production 
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Gas production (Figure 4.8) – during the first 19 h of digestion, gas production profiles of 

both AD41d and AD46d showed similar patterns. However, after AD41d headspace started 

pressurising (19 h), a deceleration in biogas production rate was observed in AD41d. At 50 h, 

relative to AD46d, the biogas produced was 24%, 26%, 13% lower in AD41d for total biogas 

production, CO2 and CH4, respectively. The impact on H2 production was minimal as most of 

H2 produced before 19 h for both AD41d and AD46d. 

Digestion analysis (Table 4.4) – in AD41d VA level was 29% higher than in AD46d which is 

linked to gas production inhibition [103]. In addition, the organic removal was lower in 

AD41d. 

In [182], batch anaerobic digestion trials were conducted with high pressure conditions (3-90 

bar) demonstrating less degradation rate and less biogas production in comparison with 

digestion in lower pressure conditions. This report is in agreement with the author’s finding 

which approves the ability of the developed system to provide useful and accurate AD 

characterization. 

Table 4.4. Digestion analysis of food waste AD by wastewater inoculum AD41d &AD46d 

Parameter AD41d AD46d 

TS % 3.7±0.1 3.2±0.01 

VS % 3.2±0.03 2.2±0.06 

VA(gAceticAcid/L) 4±0.05 3.1±0.07 

TS destruction rate % 5.4±0.7 18.3±0.3 

VS destruction rate % 7.4±0.5 29.5±0.5 
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4.3.5 System reproducibility 

System reproducibility was assessed using the first 19 h of AD41d and AD46d, two batch 

experiments with comparable inoculum age and identical process conditions in the first 19 h. 

After 19 h the pressure conditions altered of AD41d as mentioned in the previous section. 

Gas profiles in liquid-phase and gas-phase were compared and the variations were quantified 

using coefficient of variation (CV). The CVs were calculated for 6-19 h when gas levels were 

above the detection error. Besides H2 and CH4 in liquid-phase, Minor differences were 

observed between the two sets of data and the recorded CVs levels were below 20% at 6-12 h 

and below 10% at 12-19 h (Figure 4.9). Since levels of CH4 in liquid were close to the 

sensor’s sensitivity, its CV levels reached 29% at 9-10 h but were mostly below 25% at 6-

19 h. H2 in gas-phase (Figure 4.9e and Figure 4.9f) was sensitive to inoculum age as 

mentioned in section 4.4.4. In liquid-phase, H2 was only observed in AD46d, it is possible 

that less H2 gas was produced for AD41d and completely consumed for methanogenesis or 

propagated rapidly to the headspace as discussed earlier in this chapter. 
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Figure 4.9. AD of food waste using wastewater’s inoculum demonstrating system’s 19 h 

reproducibility of gas production and gas analysis (gas-phase and liquid-phase) with two 

batch experiments (red – AD41d, blue – AD46d): (a) CO2 gas profile: ─ gas-phase  liquid-

phase (b) CO2 cumulative production (c) CH4 gas profile:  ─ gas-phase  liquid-phase (d) 

CH4 cumulative production (e) H2 gas profile: ─ gas-phase  liquid-phase (f) H2 cumulative 

production. 

a. CO2 gas profile b. CO2 production 

  
c. CH4 gas profile d. CH4 production 

  
e. H2 gas profile f. H2 production 
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4.4 Discussion 

4.4.1 System validation 

The accuracy of the system was also confirmed by biogas production and the digestion 

analysis in comparison to published literature. The biogas production matched previous 

reports of equivalent AD [177-180]. Additionally, the removal percentage of TS and VS 

match other BMP reports considering the relatively shorter experiment length [99,177,179]. 

Finally, VA concentration increased to 2.2 g/L from 0.84 g/L which represents balanced 

process as it out of the inhibition range [181]. 

In Figure 4.2, the author showed a strong correlation between CO2 in liquid and gas phases 

which confirms the accurate sensing of dissolved CO2 and can be attributed to its high 

solubility/release-ability in comparison to other gases. However, the quantity and kinetics of 

CH4 in liquid-phase were poorly correlated with the gas-phase. The results indicate that the 

produced CH4 preferentially propagated into the headspace instead of being dissolved in the 

li uid. This phenomenon can be attributed to methane’s poor solubility and low mass transfer 

in AD [130]. 

The dissolved gas concentrations in liquid were calculated using the gas partial pressures 

(Figure 4.2a-c) and the solubility constants found in Section 2.2. According to this 

conversion, the dissolved gas ranges were in the order of 2-14 mMol/L, 0-121 µMol/L and 0-

62 µMol/L for CO2, CH4 and H2, respectively. CO2 levels in liquid matched the CO2 levels in 

the gas-phase while CH4 levels were in agreement with other reports [33,34]. H2 levels were 

significantly lower than failure conditions levels of 400 µMol/L and 695 µMol/L reported in 

[32] and [31], respectively. Other reports mentioned that process imbalance happens when H2 

concentration is within 0.05-80 µMol/L [30,31,33,34]. The author attributes the difference of 

those reports in comparison to his findings to their relatively short experiments (0-20 h) and 



 

 92 

different H2 measurement methodologies. The advantage of the suggested in-situ partial 

pressure measurement is in its simplicity and low contamination risk which can eliminate 

inaccuracies faced by other methods. In conclusion, it is derived that the availability of 

dissolved H2 supports methanogenesis throughout the 300 h in the balanced process (Figure 

4.2c). 

The system was found to be reasonably reproducible except for H2 and CH4 in liquid. Since 

levels of CH4 in liquid were close to the sensor’s sensitivity, CV levels reached 29% at 9-

10 h but were mostly below 25% during 0-19 h. High CV values for H2 are likely to stem 

from H2 sensitivity to inoculum age as seen in Figure 4.6a. Figures and discussions can be 

found in Supporting Information. 

 

4.4.2 Gas profiles for fresh inoculum 

When fresh inoculum was used (AD13d) a continuous production of biogas, consisting 

mainly of CH4, was observed for 300 h. CH4 methanogenesis regulates VA accumulation 

[101,104,113,114,117,118]. Therefore, the high levels VS and TS removals, the low levels of 

VA accumulated after 300 h and the high production of biogas, particularly CH4, can all be 

attributed to a consistent and healthy methanogenesis phase throughout the whole 

experiment. In addition to his results being in agreement with previously published reports, 

the author concludes that AD13d was a typical, balanced and high yielding AD process. 

All gas profiles indicate two production intervals, separated before and after 15 h. For H2 the 

first interval is remarkably lower as possibly the available H2 in the first interval was 

consumed for the rapid production of CH4. These production intervals are likely associated 

with different types of organic substances and their degradability. The first interval occurred 
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when readily degradable organic materials were digested, followed by the second interval, 

representing the digestion of slowly degradable organic materials [99]. 

 

4.4.3 Gas profiles for aged inoculum 

AD46d was considered as a failed AD process and can be explained by decomposing AD46d 

GPP to a series of different production intervals, which were easily identified through several 

production rate peaks (Figure 4.3d). The first interval (lag phase) lasted 5 h and identified 

with low gas production. The second interval (5-10 h) started after H2 became available in the 

liquid-phase and featured high biogas production, mainly consisting of H2 and CO2, and the 

corresponding production rates that peaked at 8 h with 10 mL/gVSh and 4.3 mL/gVSh, 

respectively. The third interval (10-25 h) featured 50% reduction in the total production rate 

and involved only CO2 and CH4. H2 production is minimal during this interval and seen only 

in the liquid-phase at low values which suggests that H2 has been consumed for 

methanogenesis or evacuated from the headspace. In terms of CH4 production profile, the 

second and third intervals were merged into a single interval that started slowly at 5 h and 

peaked at 11 h (1.7 mL/gVSh). The lag in the CH4 production was associated with the time 

took for H2 and CO2 to become available for methanogenesis. Similar to the aforementioned 

AD with the fresh inoculum, the second and third intervals were related to the digestion of 

readily degradable and slow degradable organic materials, respectively [99]. Although the 

first three intervals were observed in AD13d, here a process failure was identified starting at 

the fourth interval (25-32 h). In this interval, a significant deceleration in all gas production 

rates was observed, which was then followed by the last interval (death phase), where total 

production rate was lower than 0.8 mL/gVSh. 
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A correlation was seen between the lack of H2 in the headspace after 21 h (Figure 4.3a) and 

the deceleration of CH4 production after 26 h (Figure 4.3d). It is known that significant part 

of methanogenesis occurs by using CO2 and H2 and as such lack of H2 dampens the total CH4 

production [104]. H2 appeared first in liquid and then in the headspace and after 21 h was no 

longer detected in both phases. It is reasonable to assume that H2 in the liquid was consumed 

to support methanogenesis and the remnant propagated to the headspace. Possibly, H2 in the 

gas-phase has been either fully consumed or evacuated from the headspace which then led to 

a notable reduction in CH4 production for the rest of the experiment. 

Most of the biogas in AD46d was produced during a 10 h period in the second and third 

intervals (5-10 h) and similar to the previous section, it preferentially propagated into the 

headspace instead of being dissolved in the liquid. Consequently, H2 level, and therefore 

CH4, in the liquid were significantly lower than if they were calculated based on their 

corresponding headspace concentrations. This phenomenon, however, has less effect on CO2 

measurement in the liquid, considering its high solubility. 

Relative to AD13d, here VS and TS removals were, 17% and 37% lower, respectively (Table 

4.2). The high amount of VS removal can explain the rapid biogas production and suggests 

that the majority of VS were digested in the first 1-2 d. Whereas, the relatively low TS 

removal implies that the early failure of the AD process (~30 h) left the slow degradable 

organic materials indigested. Moreover, VA concentration was 40% higher than AD13d and 

included in the VA’s inhibition range [181]. Perhaps the high level of VA was the cause of 

the reduced biogas production after 30 h [103]. The comparison between fresh and aged 

inoculums is further discussed in the next section. 

Naturally, pH should decrease with increasing VA [98]. However, considering that VA have 

increased in all experiments and that the digestion was inhibited after 30 h, pH was found to 

be an unreliable indicator for assessing the health of the digestion since the expected trends 
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were not reflected clearly in pH measurements. In small batches like the experiments 

demonstrated in this chapter, the presence of other factors such as ammonia and phosphate 

can dominate the balance and hence increase alkalinity [110]. 

 

4.4.4 Comparison of aged and fresh inoculum 

When aged inoculum was used, all gas species exhibited high production in the first 24 h, 

which overtook the production of the fresh sample (Figure 4.5). However, gas production 

rates decreased significantly for aged inoculum followed by high accumulated VA in the 

liquid and temporarily high concentration of H2 in both phases (Figure 4.4 and Figure 4.6). 

Furthermore, when fresh inoculum was used, production rates stayed high within 300 h 

duration (Figure 4.2d), primarily consisted of CH4. The average accumulation rate of VA was 

roughly 3 times lower and H2 was mainly found in liquid at modest levels. 

It can be suggested that when aged inoculum was used, the process resulted in food intake 

overload, featured with high bio-activity, high VS removal, low TS removal and high biogas 

production in the first 24 h and followed by significant bio-activity deceleration after 30 h 

(Figure 4.3d). Furthermore, aged inoculum digestion resulted in high levels of VA and short 

H2 pulse that are linked to process imbalance [27,28,31,103,112,114,119,126,127]. 

Conversely, fresh inoculum demonstrated a more balanced process with high organics 

removal, lower accumulated VA and lower H2 production that could enable continuous 

production of biogas exceeding 300 h (Figure 4.2) in a sealed digester and without additional 

feeding. It is possible that for aged inoculum, methanogenesis was inhibited and was not 

effective in processing the rapidly increased levels of H2 and VA to CH4 which inevitably, 

lead to the digester failure [28,103]. It is also possible that fresh inoculum’s methanogens 
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were efficient in reducing H2 and VA to CH4 while regulating the digester and enabled biogas 

production for a longer period of time [118]. 

The inoculum composition didn’t change significantly whilst it was stored (Table 4.3) and 

dissolved H2, by itself, couldn’t reliably provide an indication of process failure despite 

reports suggesting its high sensitivity to overload in specific processes [28]. Relying on 

indicators such as VA and dissolved H2 only, operators can struggle to predict digestion 

failure in situations such as the food intake overload described in this chapter. Therefore, it is 

concluded that when these indicators fail to point to a clear indication, monitoring all gas 

components simultaneously can help to identify a failing batch process very early. 

 

4.5 Conclusions  

In the work presented in this chapter, the author introduced a development of low-cost, in-

situ sensor arrays for continuous gas sensing in both liquid and gas phases, simultaneously. 

The novel route for gas sensing in liquid demonstrated many unique features and appeared to 

be very informative; especially with reference to the headspace gas profiles. The system 

enables real-time and long-term slurry probing for measuring gas partial pressures in liquid 

and at the same time the gas production in the headspace without any delay or the risk of 

sample contamination. Accuracy, longevity and reproducibility were validated using a series 

of batch AD experiments. The proposed approach was applied for real-time analysis of AD 

with inoculums at different ages. By using the new technology, the author could clearly 

identify process imbalance and failure when other popular monitoring indicators, such as pH 

and VA, couldn’t give a clear real-time observation. While liquid-phase gas profiling could 

provide early warnings about the health of the process at the initiation stages, the gas-phase 

was an indication of health for biogas production. Applying this simple and new technology 
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in AD processes demonstrates the capability of gas profiles in providing essential monitoring 

information and their advantages in identifying process signatures that may be hindered by 

other commonly used indicators. 
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Chapter 5. SUMMARY AND FUTURE WORK 

5.1 Concluding remarks 

The author’s aim in this PhD research was to address the gas profiling limitations and 

inadequacies experienced in quasi-closed, pressure regulated and anaerobic fermentation 

systems. Deriving gas production profile (GPP) is an essential and useful strategy for 

monitoring, investigating and diagnosing microbial processes which take place in such 

fermentation systems. In this work, the author targeted intestinal gas sensing, calculating GPP 

accurately and comprehensively for monitoring gas components found in anaerobic digestion 

(AD) processes in both liquid and gas phases. Therefore, the objectives of this PhD research 

included: (a) introducing a new, simple, low-cost and portable gas sensing technique for 

measuring intestinal gases in anaerobic environments (b) exploring the impacts different 

anaerobic environments have on the GPP of human fecal samples incubated in-vitro (c) 

accurately generating the GPP from the variety of sensors utilized in a fermentation system 

(d) measuring gas components of AD processes in both liquid and gas phases using the new 

gas profiling technology (e) Enhancing AD monitoring capability by investigating AD 

processes imbalances and failures utilizing gas component patterns. 

As such, in order to achieve the research objectives and target the knowledge gaps, the 

author’s work was organized and pursued in three major stages. 

In the first stage, the author addressed the first two objectives. The author thoroughly 

investigated the literature on the available methods and their limitations for sensing intestinal 

gases in-vitro. At the time when this PhD started, sensing technology for colonic gases was 

partial, bulky, expensive, offline and included only limited. Continuous and simultaneous 

measurements of intestinal gases including CO2, H2, CH4, H2S and NOx were not available 

and previous studies didn’t pay enough attention to inter-correlation between different gases, 
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their kinetics and, consequently, the associated microbial processes. Therefore, in the first 

stage, addressing the first objective, the author developed a gas sensing technology for 

complete, continuous and simultaneous intestinal gas profiling. In addition, to address the 

second objective, the author used the new sensing unit to explore the impact of different 

anaerobic gas environment compositions on the GPPs of incubated human fecal samples. 

In the second stage of this research, the author investigated the approaches of generating the 

GPPs from quasi-closed, pressure regulated fermentation systems. Although, many studies in 

the field included specific calculation methods, they are generally insufficient, inaccurate and 

not standardized. In order to standardize the GPP calculations, the author developed a 

rigorous mathematical gas fermentation model for gas production in such systems and 

addressed the third objective. The model was demonstrated on human fecal fermentation in-

vitro in response to a high fermentable fibre substrate. 

In the third stage, the author investigated the monitoring of gas components in AD processes. 

Although AD monitoring had been previously investigated, gas sensing technologies used in 

liquid were generally bulky, expensive or required high maintenance. Additionally, the 

literature on simultaneous and real-time profiling of multiple gases in both liquid and gas 

phases were not comprehensive which hindered the insight from the inter-correlation and 

kinetics of gas components in AD processes. Therefore, based on the development of gas 

profiling technology in the first two stages, the author developed an in-situ, online and low-

cost technology for monitoring AD gas components in both liquid and gas phases. 

As such, major achievements in each stage of this research are summarized as follows:  
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5.1.1 Stage 1 

 An in-vitro low-cost, portable and continuous gas-profiling technology for sensing 

colonic gases of incubated fecal sample was successfully developed. This new 

approach accurately sensed CO2, CH4, H2, H2S and NOx simultaneously in an 

anaerobic environment. Reproducibility and repeatability were validated using 

healthy human fecal samples from 3 different volunteers, incubated with and without 

highly fermentable fibre as an added substrate. Gas sensors’ accuracy and cross-

sensitivities were verified against industrial standard gas tanks and found accurate 

with sufficiently low cross-sensitivity for a range of colonic gases in the headspace. 

 NOx was not detected when healthy fecal samples were incubated as expected in 

previous reports [75,77]. NOx was only detected when substrates containing nitrogen 

were provided (outcomes included in the thesis of collaborator Dr CK Yao [183]). 

The ability of the new approach in sensing NOx for non-healthy subjects has 

significant insight potential and is recommended for future work. 

 The Impact of three types of anaerobic gas environments: (type 1) 100% inert gas; 

(type 2) 6.5% CO2 balanced with inert gas and (type 3) 5.5% CO2, 5% H2 balanced 

with inert gas were investigated. It was found that the presence of CO2 only (type 2) 

promoted H2 production which then results in stimulation of CH4 and H2S production 

and matched the familiar colonic gas production pathways (Figure 1.1). However, the 

addition of H2 externally (type 3) possibly created an excess amount of H2 which 

resulted in inhibition of CH4 and H2 production relative to supplementing with CO2 

only (type 2). 

 Using fructooligosaccharides (FOS), a highly fermentable fibre, as substrate increased 

the bio-activity of fermentative bacteria and resulted in high production of CO2, H2 

and CH4. However, it was clearly observed that introducing FOS reduced the amount 



 

 101 

of produced H2S. Supressing H2S by supplementing patients’ diets with FOS may be 

a strategy for prevention and treatment of different types of inflammatory bowel 

disease (IBD) (i.e. ulcerative colitis (UC) outcomes included in the thesis of 

collaborator Dr CK Yao [183]) 

 This new, low-cost, portable and accurate technology, specially designed for 

measuring colonic gases in an anaerobic environment can provide invaluable insight 

on the microbial processes that take place in the human colon. In comparison to 

commonly used, off-line, bulky and expensive methods, this new approach presented 

many advantages which make it a unique tool for medical diagnostics in assessing 

diets and also therapeutics. Unlike other methods, the capabilities this technique can 

be delivered in a larger-scale and in the form of a clinical and medical tool used 

outside research laboratories. 

5.1.2 Stage 2 

 The author developed a rigorous, parametric and versatile gas fermentation model to 

describe the gas production of quasi-closed, pressure regulated fermentation systems. 

By introducing novel mass-flow equation, the author demonstrated how the different 

components of GPPs can be calculated accurately from the available sensing data. 

The fermentation model was simplified and designed to match with the standards of 

commercial fermentation systems, making the new technique readily applicable for 

other researches and engineers in that area. 

 The new model was evaluated using the in-vitro fecal system developed in Chapter 2 

where healthy human fecal sample was incubated with FOS as an added substrate. 

The GPP generated using the new mass-flow e uation and the headspace’s sensing 

data comprised of real-time internal pressure, cumulative pressure, temperature and 

gas mixing ratio. The produced GPP was verified against two independent 
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measurements, water vapor and total gas production, which confirmed the method’s 

accuracy. 

 The author investigated the influence of the different components, comprising the 

new mass-flow equation, have on the GPP. Testing a variety of components 

combinations, the impact of those on the gas production and rates was up to 94%. In 

comparison to other calculation methods, the effective headspace volume, a newly 

introduced component, contributed to up to 9.1% in the discussed example. 

Contributions of different components, comprising the developed model, were 

potentially greater if longer incubation time, higher internal pressure level, lower 

temperature or larger headspace were involved. 

 The comprehensive design of the suggested model allowed it to be applied in a 

variety of configurations such as food production processes, biological reactors, 

biogas plants, wastewater treatment facilities and many more. The ability to include 

all possible contribution in the calculation of GPP can potentially improve 

significantly the knowledge derived from the GPP. 

5.1.3 Stage 3 

 Based on the developments in the first two stages the author of this thesis expanded 

the gas profiling technique, which was originally designed for measuring intestinal 

gas in-vitro, and developed a real-time, relatively simple, in-situ method for 

measuring gas components in AD processes in both liquid and gas phases, 

simultaneously. The author verified the novel approach’s reproducibility, accuracy 

and longevity in a series of batch AD experiments. 

 Outstanding advantage in measuring dissolved gas were featured in the new approach. 

Protected by a polydimethylsiloxane (PDMS) membrane, a commercial sensor was 

used for real-time probing of the digester’s li uid medium. Consequently, the 
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dissolved gases partial pressures were measured in-situ, avoiding delays and the risk 

of contamination, existing in other methods. This in-situ technique allowed 

simultaneous presentation of gas components in both phases and reveals patterns 

linked to the relationships between different gases and their dynamics. The link to the 

microbial processes may be hindered by other popular used monitoring parameters 

which lack this type of presentation. Additionally, while biogas profiling provides an 

overall indication for the process yield, the liquid-phase profiling provides important 

information regarding the process health, especially in early stages, which is useful 

for predicting imbalance conditions. 

 The author utilized the new method to explore the impact of inoculum age. In this 

PhD research, it has been shown that, relative to using fresh inoculum (age < 14 d), 

when aged inoculum was used (age > 45 days) there was a higher potential for 

entering an imbalance state and failure. By examining gas components only, the 

author showed that process imbalances can be clearly observed in real-time, whereas 

other commonly used parameters, such as volatile acids (VA) and p , couldn’t give 

evident, in advance, conclusion regarding the health of the digester content. 

 The application of this new technology in AD processes showed how profiling gas 

components could enhance AD monitoring while providing essential, real-time 

information in both phases. The cost-effectivity and the simplicity of the 

measurement process presented by the author, together with the combination of gas 

profiles in both phases simultaneously makes this technique a useful indicator for 

early warning for process imbalances and failures. 

In conclusion, this research project has successfully brought new ideas, knowledge and tools 

to anaerobic fermentation systems. The outcomes of this PhD research have been published 
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in peer reviewed scientific journals. A complete list of publications by the author since the 

beginning of his PhD research project, are presented in the following section. 

 

5.2 Journal publications 

The work conducted by the author of this dissertation during his PhD candidature, resulted in 

5 journal publications (three as the first author). The list of author’s scientific manuscripts is 

as follows: 

 A. Rotbart, C. Yao, N. Ha, M.D. Chrisp, J.G. Muir, P.R. Gibson, K. Kalantar-zadeh, 

J.Z. Ou, Designing an in-vitro gas profiling system for human faecal samples, Sensors 

and Actuators B: Chemical, vol. 238, pp. 754-764, 2017. 

 A. Rotbart, P.J. Moate, C. Yao, J.Z. Ou, K. Kalantar-zadeh, A novel mathematical 

model for the dynamic assessment of gas composition and production in closed or 

vented fermentation systems, Sensors and Actuators B: Chemical, (Accepted 2017). 

 A. Rotbart, Z. Zahan, L. Greve, M. Othman, J.Z. Ou, K. Kalantar-zadeh, Exploring 

Continuous Gas Sensing in Liquid and Gas Phases for Monitoring Anaerobic 

Digestion. Under review. 

 J.Z. Ou, C. Yao, A. Rotbart, J.G. Muir, P.R. Gibson, K. Kalantar-zadeh, Human 

intestinal gas measurement systems: in vitro fermentation and gas capsules, Trends in 

Biotechnology, vol 33, pp. 208-213, 2015. 

 J.Z. Ou, W. Ge, B. Carey, T. Daeneke, A. Rotbart, W. Shan, Y. Wang, Z. Fu, A.F. 

Chrimes, W. Wlodarski, Physisorption-based charge transfer in two-dimensional SnS2 

for selective and reversible NO2 gas sensing, ACS Nano, vol. 9, pp. 10313-10323, 

2015. 
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5.3 Conference presentations 

In addition to journal publications, the author’s work also presented at two conference of 

annual meeting of the British Society of Gastroenterology (BSG) 2017 Manchester, UK and  

Australian Gastroenterology Week (AGW) of the Gastroenterological Society of Australia 

(GESA) 2016 Adelaide, South Australia and the abstracts of the works appeared in Gut and 

Gastroenterology and Hepatology journals, respectively: 

 A. Rotbart, K. Kalantar-zadeh, J. Ou, C. Yao, J. Muir, P. Gibson, PWE-005 New in 

vitro human faecal fermentation system for diagnosis and treatment of gastrointestinal 

disorders using continuous intestinal gas profiling, Gut, vol. 66, pp A128, 2017. 

 C. Yao, A. Rotbart, K. Kalantar-Zadeh, J. Ou, J. Muir, P. Gibson, Modulation of 

hydrogen sulfide production from fecal microbiota by diet and mesalazine: utility of a 

novel in vitro gas-profiling technology, Journal of Gastroenterology and Hepatology, 

vol. 31, pp 7, 2016. 

5.4 Recommendations for future work 

In order to furthering the knowledge arising from profiling gas components in anaerobic 

fermentation systems and their associated applications, a number of suggestions for future 

works are presented as follows: 

5.4.1 Exploring H2S and NOx from fecal sample fermentation of patients 

In this PhD research, the author demonstrated a new technology for sensing colonic gases 

including CO2, CH4, H2, H2S and NOx during incubation of fecal samples from healthy 

donors in-vitro. H2S and NOx are linked to IBD diseases such as UC and Crohn’s disease and 

also more serious disorders such as colon cancer [42,45,54,56,57]. Profiling these gases by 

applying the gas sensing unit on patients with such disorders can significantly contribute to 
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their symptom relief and remedy based on correct diagnosis. The configurations of H2S and 

NOx profiles may explain the mechanisms that drive these disorders, whether they are 

resulted from bacterial activities or autoimmune reactions [57,184,185]. Additionally, the 

ability to apply and monitoring the outcomes of co-fermentation of fecal samples from 

patients with different substrates using the developed gas in-vitro sensing unit, will allow 

researchers in identifying diets and drugs that will prevent, decrease and possibly cure 

selected gut disorders. 

5.4.2 Future models for advanced fermentation systems 

In the work presented in this PhD thesis, the author developed a rigorous model for profiling 

the production of fermentation gases in quasi-close, pressure regulated anaerobic 

fermentation systems. Although, these types of systems appear in many industrial, farming 

and medical applications, in some other applications the fermentation systems can also 

incorporate gas inlets, headspace gas inhomogeneity or slurry feeding. In future works, the 

model can be expanded to include these components. As a result, the expanded model will 

provide researchers with a variety of mass-flow equations to allow accurate extraction of 

GPPs and increase the insight these GPPs can offer for gaining more information. 

5.4.3 Monitoring and controlling continuous anaerobic digestions processes 

In this PhD research, the author demonstrated a novel technique for real-time and in-situ gas 

profiling in both gas and liquid phases of AD processes, simultaneously. The new technique 

was demonstrated on a series of batch AD experiments for periods exceeding two weeks. AD 

for wastewater treatment and biogas production can include continuous feeding [94] in order 

to utilize the digester’s culture for degrading more waste, conse uently, increasing the 

process yield. Using the new technique for gas profiling, in such AD configurations, can help 

in finding the optimal loading rate that insures maximum yield, while protecting the system 
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from entering imbalance states. In addition, a control mechanism can be designed that utilizes 

gas profiles, produced in real-time in such AD processes, to modify the process conditions in 

order to avoid failures and to enhance yields. Moreover, the author recommends 

incorporating sensing capacity for H2S and ammonia in both liquid and gas phases due to 

their important roles in AD [29,96,169]. 
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