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Abstract 

Photoacoustic spectroscopy (PAS) and Cavity-Enhanced Raman Spectroscopy (CERS) 

can detect headspace gases above a microbiological culture in a closed system. PAS and CERS 

have a detection limit of few ppm per volume. These techniques were used to investigate the 

aerobic respiration of Escherichia coli (E. coli). Both techniques are able to monitor O2 and 

CO2 and its isotopomers with excellent sensitivity and time resolution to characterise bacterial 

growth and metabolism. CO2 can be detected using CERS and a differential Helmholtz 

Resonator (DHR) because it has Raman and IR active vibrations. However, homonuclear 

diatomic molecules, such as O2, have only symmetric stretching vibrations that are Raman 

active but not IR active. In PAS, O2 can be detected by exciting a formally forbidden electronic 

absorption band in the red, the b 1Σg
+ (ν = 0) ← X 3Σg

- (ν = 0) band (the “A band”) near 760 nm.  

Identification of different growth phases and changes in the aerobic metabolic activity 

of E. coli was possible by taking simultaneous measurements of O2 consumption and CO2 

production using CERS and DHR in PAS, including optical density (OD) measurements. We 

demonstrate how 13C isotopic labelling of sugars combined with spectroscopic detection allows 

the study of bacterial mixed sugar metabolism, to establish whether sugars are sequentially or 

simultaneously metabolised. For E. coli, we have characterised the shift from glucose to lactose 

metabolism without a classic diauxic lag phase.  

DHR and CERS are shown to be cost-effective and highly selective analytical tools in 

the biosciences and in biotechnology, complementing and superseding existing, conventional 

techniques. They also provide new capabilities for mechanistic investigations in biochemistry 

and show a great deal of promise for use in stable isotope bioassays. 

Finally, PAS in a differential Helmholtz resonator has been employed with near-IR  

detection of CO2 and H2S in natural gas, in static and flow cell measurements. The set-up has 

also been used for simultaneous in situ monitoring of O2, CO2 and H2S in the cysteine 

metabolism of microbes (E.coli), and for the analysis of CO2 and H2S impurities in natural gas. 
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Abbreviations 

ATP                    Adenosine Triphosphate 

ADP                       Adenosine Diphosphate  

CCD                      Charge-Coupled Device  

CH1                      Channel 1 

CH2                       Channel 2  

CERS                    Cavity Enhanced Raman Spectroscopy 

cw                         Continuous Wave 

DFB                       Distributed Feedback 
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E. Coli                   Escherichia Coli  
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FWHM                  Full Width at Half Maximum 

Hz                          Hertz 

InGaAs                    Indium Gallium arsenide 

KHz                         Kilohertz 
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µ                               Micro 
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MIR                          Mid-Infrared  

NAD                         Nicotinamide Adenine Dinucleotide  

NIR                           Near Infrared 

NG                            Natural Gas    

OD                            Optical Density  

PAS                           Photoacoustic Spectroscopy 

ppb                             Part-per-billion                

ppm                            Part-per-million   

 PD                             Photodiode  

p                                  Pressure 

2YT                             Two Times Yeast Tryptone  

𝑄                                  Quality Factor  

V                                  Volt 
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Chapter 1. Introduction 

Trace gas detection is essential in many areas of fundamental and applied research, 

including environmental monitoring, industrial process control and biological applications. 

The safety and health of industrial activity is of great scientific interest and of great public 

concern. A model sensor should have high selectivity and sensitivity. It should also have high 

accuracy and precision. The sensor should be capable of identifying and distinguishing 

chemicals of interest. Important properties of a sensor include a wide dynamic range, easy 

handling, high reliability, durability, and compact size. It should be capable of multi-

component analysis at a reasonable price.  

There are many toxic materials which are caused by industrial activity. The presence of 

toxic pollutants may be due to materials being stored or used, and industrial work being 

performed. Natural processes may also produce toxic materials. Carbon dioxide, as a 

greenhouse gas and as a product of the metabolism of microbes, and hydrogen sulfide, as a 

very toxic industrial gas and as a signaling molecule for microbes, are two relevant gases, 

especially in confined spaces. Monitoring of trace gases released by microbes is also very 

relevant and has been studied in the Hippler group before. 

1.1.  Approaches to Gas Analysis  

Detection of trace gas can be performed with a variety of approaches, which can be 

characterized as either spectroscopic or non-spectroscopic techniques. Important non-

spectroscopic techniques include gas chromatography, chemiluminescence or mass 

spectrometry. Gas chromatography requires the preparation and the elicitation of the gas 

sample resulting in a long response time and it is not suitable for continuous measurements. 

Chemiluminescence is based on a chemical reaction of the gaseous sample, thus modifying the 

composition of the initial gas and it suffers from interferences and a lack of selectivity. Infrared 

spectroscopy (IR) is a technique to detect gas traces. Infrared spectroscopy offers many 

advantages in comparison to the above-mentioned techniques. For example, short response 

time, continuous and real-time trace gas detection from the part-per-million (ppm) down to the 

part-per-billion (ppb) per volume range are possible with this technique. Optical absorption is 

possible for CO2 and H2S using strong fundamental vibrational bands in the mid-IR, or much 

weaker overtones and combination bands in the near-IR. This forms the focus of this project. 

Although weaker, near-IR absorption offers the advantages of much more convenient optics 
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and light sources in the near-IR. Molecular oxygen (O2) does not have an IR-active vibration; 

although Raman detection of its fundamental is possible, Raman scattering is a rather weak 

process and special Raman enhancement techniques are required to detect gases at the ppm 

level, for example by stimulated Raman photoacoustic spectroscopy (PARS)1 or the recently 

introduced technique of cavity-enhanced Raman spectroscopy (CERS).2,3,4 

1.1.1. Photoacoustic Spectroscopy (PA) 

Spectroscopic measurements which depend on optical absorption are most widely used in 

gas detection because they are simple, cheap, and can be done in situ. Photoacoustic 

spectroscopy (PA) is one such technique. This method is indirect but allows for highly sensitive 

measurements of molecular absorption of gases. In addition, there are other optical techniques 

for gas analysis such as Raman scattering which is used in this project. Raman scattering 

depends on light scattering, which causes shifts in the wavelength of a photon (Raman shifts).2,5  

In photoacoustic spectroscopy, internal excitation of molecules by optical absorption is 

converted to heat release and resultant pressure increase by collisions. The transformation from 

optical energy to heat is by molecular absorption of photons followed by non-radiative 

relaxation of the excited state by collisional relaxation. If the excitations are modulated 

periodically, acoustic waves are induced which can be picked up by microphones. This is 

indirect, but a very sensitive way of detecting optical absorption. By detecting in an acoustic 

resonator and modulating at an acoustic resonance frequency, building-up of acoustic standing 

waves further increases sensitivity in resonant photoacoustic spectroscopy.6,7 This is described 

in more detail in chapter 2. 

1.1.2. Cavity-Enhanced Raman Spectroscopy (CERS)  

Typically, at atmospheric pressures, large, high power laser systems are required in order 

to analyse trace gases using Raman spectroscopy, making it difficult to use Raman detection 

in analytical methods. Very powerful lasers are needed in order to achieve strong Raman 

signals; this helps to increase the number of Raman scattered photons. Stronger signals can 

also be obtained by using a range of stimulated Raman techniques. There are several methods 

which can increase the sensitivity, such as, PARS (photoacoustic stimulated Raman 

spectroscopy), CARS (coherent anti-Stokes Raman spectroscopy) and fiber-enhanced or cavity 

enhanced Raman spectroscopy. 1,3,8,9  
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Cavity-enhanced Raman spectroscopy (CERS) is a new technique, recently developed in 

the Hippler group.2,5,10,11  This technique has uses in gas sensing applications such as analysis 

of natural gas and for a number of isotopic labelling studies using 14N and 13C isotpoes. CERS 

has high spectral resolution therefore it is very selective, and high sensitivity allowing for trace 

gas detection in multicomponent analysis. CERS is the focus of Chapter 5, with the details of 

operation presented there.  

In short, CERS is a method where the light passes through an optical cavity which has 

highly reflective mirrors (R > 99.9 %). The mirrors are aligned such that a single optical mode 

(i.e., a standing wave) is supported in the cavity. This is called an optical resonance. Light 

intensity will build up inside the cavity with the path length reaching distances up to kilometres.  

This power build up is advantageous for CERS as an application of Raman spectroscopy. The 

signal measured after the cavity in CERS is strongly dependent on the light intensity before the 

passing through of the cavity. Therefore, a continuous-wave (cw) laser is used, as this provides 

a stable output power achieving a cavity resonance equilibrium. For cavity enhanced laser 

spectroscopy and gas sensing, cw lasers are most suitable. They require low power feeding, 

have a low cost, support a large number of wavelengths, and offer high spectral resolution 

because of the narrow width of laser line obtained by controlled optical feedback. The CERS 

method only supports certain light wavelengths because only one mode will be excited in the 

cavity, so there should either the laser wavelength or the length of the cavity be modified in 

order to fit a multiple of the wavelength within the optical cavity (cavity mode). This is 

described in more details in chapter 2. 

 

1.2. The bacterium Escherichia Coli (E. Coli) 

 Part of the gram negative family of bacteria, E Coli appears as approximately 1 µm long 

rods. The rods will extend during the course of the cell cycle, before dividing.12 E Coli has 

many mobile strains, having many flagella which help in cell movement to nutrients source. It 

contains a single circular chromosome as shown in Figure 1.1. E. coli, like other gram-negative 

bacteria, has two membranes made up of lipids, an inner membrane and an outer membrane 

which includes the whole cell volume. E. Coli is considered as a typical, prototype 

representative of bacterial systems. Therefore, it has been extensively studied in the past.  
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Figure 1.1. Basic E.coli cellular structure showing the important structural features. 

 

1.2.1. Aerobic Respiration of E. coli 

E. coli is generally used as a model organism as it can grow and reproduce very fast. E. coli 

is considered to be better understood than any other primitive organism. It was selected for use 

in demonstration of spectroscopic detection in the biosciences,5 and for monitoring of its 

aerobic respiration.13 The aerobic respiration of E. coli and subsequent O2 consumption and 

CO2 production can be monitored by spectroscopic techniques. 

               C6H12O6 + 6O2 → 6CO2 + 6H2O + Energy (ATP)                            Equation 1 

Equation 1 represents the reaction of aerobic respiration of converting glucose into energy. 

In the presence of O2, E. coli will undergo aerobic respiration to produce adenosine 

triphosphate (ATP).  On the other hand, when O2 is not present it can convert by anaerobic 

fermentation or anaerobic respiration. ATP contains three phosphate groups and acts as a 

cellular battery. The energy is stored in the chemical bond between the second and third 

phosphate groups. When this bond is broken, energy is released, with the production of 

adenosine diphosphate (ADP).14 Therefore, cellular respiration regenerates ATP from the 

phosphorylation of ADP. CO2 is produced from the metabolism of glucose which has three 

main components: glycolysis, the pentose phosphate pathway, and the tricarboxylic acid (TCA) 

cycle.12,15  
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Figure 1.2. Schematic of the process of glucose oxidation to CO2: (1) glucose transport, (2) glycolysis, (3) 

pyruvate conversion to CO2 in the TCA cycle.  

Figure 1.2. shows a schematic of the process of glucose oxidation to CO2. In the first step 

glucose is transported to the inside of the cell; this is by a phosphotransferase system converting 

glucose to intracellular glucose-6-phosphate.16 The second step represents glycolysis which is 

an anaerobic pathway with a chain of several reversible steps that ends at pyruvate formation. 

Each stage of glycolysis produces different metabolites. The metabolites are used as starting 

materials for biosynthesis or for conversion to pyruvate. ATP is generated by specific steps of 

glycolysis from ADP as well as from reduction of nicotinamide adenine dinucleotide (NAD) 

from its oxidised form (NAD+) to its reduced form (NADH). Finally, the third step represents 

pyruvate conversion to CO2 in the TCA cycle; this is done via initial decarboxylation to the 

acetyl coenzyme, followed by an oxidation step to CO2.
15 

NADH generated in glycolysis works as the electron donor for aerobic respiration as shown 

in Figure 1.3. In the cytoplasmic membrane NADH is reduced to NAD+; the protons being 

pumped from the cytoplasm to the periplasm. NADH dehydrogenase is active in both aerobic 

and anaerobic respiration. The reduction of NADH transfers electrons to Q (Quinone) in the 

cytoplasmic membrane. Cytochrome bo oxidase (reductase) reduces O2 to H2O by coupling 

with the oxidation of QH2. On the other hand, these protons are used to drive ATP synthase to 

produce ATP as shown in Figure 1.3.17,18  



18 
 

 

Figure 1.3. The reduction of O2 to H2O by cytochrome bo oxidase with NADH acting as an electron donor, where 

Q represents quinone and QH2 represents ubiquinol, ref [18]. 

 

1.2.2. Production of Hydrogen Sulfide by E. coli 

H2S is a relevant gas in biochemistry and microbiology, with an important role as 

a signalling molecule as well as a cytoprotectant.19,20,21  It has been recently reported that H2S 

helps defend a number of bacteria against antibiotics, including Escherichia Coli (E. coli).21 

Understanding the mechanisms of its production by microbes may therefore be very relevant 

to develop new strategies to protect and enhance the potency of existing antibiotics. H2S helps 

some type of bacteria to protect them against antibiotics, including E. coli.21  Hydrogen sulfide 

plays a protective role for increasing the potency of existing antibiotics in microbes. Although 

bacteria are known to produce the gas during the metabolism of sulfur compounds, the 

biochemistry associated with these processes is not yet fully understood. 

H2S is generated during dissolution of the sulfur-containing amino acid L-cysteine. This 

happens in many organisms, including E. coli. Cysteine desulfhydrases are enzymes which 

convert cysteine to pyruvate, a source of energy and a key intermediate in the production of 

ATP.21,22 This process releases one equivalent of ammonia and hydrogen sulfide.22 The amount 
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of ammonia and hydrogen sulfide produced during this process depend on the microbes. There 

are a number of different enzymes which can catalyse this reaction. In E. coli, all of the 

enzymes MalY, MetC, TnaA, CysK, and CysM can act as cysteine desulfhydrases, as shown 

in Figure 1.4. These enzymes also catalyse other reactions.23,24  

 

 

Figure 1.4. Conversion of cysteine to pyruvate by cysteine desulfhydrases, from ref [23,24]. 

In an alternative way to produce H2S from cysteine, a two-step mechanism produces 

pyruvate by the intermediate 3-mercaptopyruvate, as shown in Figure 1.5. In the first step, the 

transaminase aspartate amino transferase (AspC) transfers the amino group of L-cysteine to 

oxoglutarate to give L-glutamate and 3-mercaptopyruvate. In the second step, the S-C bond is 

cleaved by 3-mercaptopyruvate sulfurtransferase (3MST) to give pyruvate and hydrogen 

sulfide.25  Often, this second route is considered to be the major source of H2S production in E. 

coli.21 

 

Figure 1.5. Conversion of L-cysteine to pyruvate via 3-mercaptopyruvate, from ref [25] . 
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1.3. Literature Review of Hydrogen Sulfide in Natural Gas and Air  

Multicomponent analysis of trace gases is an important topic in biochemistry and in 

petrochemistry for example for the analysis of natural gas. Natural gas (NG) contains different 

trace gas compounds, some of them toxic, with different concentrations, where the 

concentrations are depending on the source of NG.2  

NG typically contains a mixture of hydrocarbon gases, and may include traces of H2S, N2, 

H2 and CO2. Methane is typically the main component with concentrations from 70 to 90%, 

ethane, propane, butane have typical concentrations between 0 to 20%, N2 0 to 5%, CO2 0 to 

10%, H2S 0 to 5%, H2O vapor 0 to 2% and O2 0 to 0.02%. H2S is also a trace gas with associated  

biological processes in sulfate-reducing bacteria.26,27 

H2S is a particularly relevant trace gas due to its toxicity. H2S is very harmful and has a bad 

smell. It may cause unconsciousness and even death as a result of respiratory paralysis and 

suffocation when exposed to high concentration levels. It is comparable in toxicity to carbon 

monoxide.28
 It has an immediately dangerous to life or health limit (IDLH) of 100 ppmv in 

air.29 It is therefore important to be able to monitor H2S with great sensitivity and selectivity as 

a toxic industrial and environmental compound. This is particularly relevant in petrochemistry 

since H2S is a common minor component in natural gas (sour gas), but due to its high toxicity, 

it has to be removed at source before the gas can be fed to gas supply lines.19,20,21  

NG often contains some amounts of H2S, this gas is then called sour gas.26,27 NG often 

comes from wells with some amount of H2S and CO2.
30 H2S is considered problematic because 

it is toxic and together with water vapor it has an extremely bad effect on equipment. 

Furthermore, sulfur dioxide (SO2) is the product of the combustion of H2S which may harm 

the environment. Similar considerations apply to biogas. Industry thus developed a lot of 

purification techniques to reduce concentrations to allowable H2S and H2O vapor 

concentrations for use in commercialized natural gas.31 In many industrial processes, H2S is 

also often released as a toxic industrial compound, therefore its concentration needs to be 

closely monitored.32 

There are several techniques for measuring the concentration of H2S at ppm level, including 

pulsed UV fluorescence,33 lead-acetate tape,34 flame photometry,35 and potentiometry.36  
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However, there are issues with all of these individual techniques and because of that, they 

are not fully accepted by the NG industry for the reliable detection of H2S.26 The main issue is 

that these techniques suffer from uncontrolled variations in sensitivity on long-time scales.26 

Solid state electrochemical and chemisorbing sensors are also widely used, where a change in 

physical properties on adsorption of analyte gas molecules is detected, or acoustic sensors 

which measure changes in acoustic properties of gas mixtures.37 Although detection limits in 

the ppm range can be achieved, these sensors often suffer from several disadvantages. 

Chemisorbing sensors, for example, are often affected by ageing and poisoning of the sensor 

surfaces, from long response and settlement times, and from interferences due to limited 

selectivity. Acoustic sensors have a response that depends on temperature, and the method 

lacks selectivity. The lead-acetate tape test is only a qualitative technique that is not suitable 

for quantitative analysis.  

Spectroscopic detection has therefore distinct advantages. PA techniques have good long-

term stability when the measured component is buffered in a relatively simple carrier gas with 

a fixed composition.26,38 The main aim of this project here was to improve a PA system to 

measuring trace gases in a mixture, using the intrinsic high sensitivity and long-term stability 

of PA. Most spectroscopic techniques are based on the detection of the molecular absorption 

spectrum in the infrared (IR) spectral region.26,27,39,40 

1.4. State of the Art of the Detection of CO2, H2S, O2  

Gas composition is another process parameter frequently monitored online in bioreactors. 

CO2 is the main anthropogenic greenhouse gas with a current ambient level of 410 ppmv in 

air.41 It is also a main product of the metabolism of organisms. The ability of an analytical 

technique to distinguish isotopes will allow isotope labelling experiments to determine sources 

and sinks of CO2. In the urea breath test for Helicobacter pylori (H. pylori), for example, 

patients swallow 13C-labelled urea. 13CO2 detected in the exhaled breath indicates H. pylori 

infection in the stomach, since only this bacterium can digest urea efficiently to release 

ammonia and carbon dioxide. CO2 detection is particularly relevant to study the metabolism 

and activity of bacteria. Monitoring of molecular oxygen (O2) complements such metabolism 

studies. O2 detection is also very relevant in biotechnology, for example to ensure that there is 

no oxygen in a bioreactor in anaerobic fermentation processes. O2 and CO2 are two key gases 

to consider.42 O2 availability is a key parameter for aerobic bioprocesses as well as anaerobic 

systems that are sensitive to disruption by O2, such as production of biohydrogen. CO2 is a key 
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by-product of both aerobic respiration and fermentation and can be monitored to closely follow 

these processes. Dissolved gases can be monitored by gas sensitive electrode-based sensors, 

some of which have the advantage of not consuming the analyte. However, most sensors are 

invasive as they must be submerged in the microbial culture and often have a limited lifespan 

under operating conditions of the bioreactor due to poisoning. Online, solution-based sensors 

create challenges such as the requirement for including an additional port on the bioreactor, 

increased risk of contamination and challenges associated with sterilisation and the need to 

frequently calibrate the sensor, which is often impossible without process contamination. 

Disadvantages also include interferences with other components, ageing, temperature 

dependence, and long response and settlement times. The measurement of partial pressures in 

the effluent headspace gases can give a good approximation of dissolved gases via Henry’s law 

and eliminates the need to use invasive devices. Gas chromatography (GC) and mass 

spectrometry (MS) are two common methods of gas phase analysis. High sensitivity O2 

measurements are performed by taking gas samples for analyses of O2 by using GC in 

combination with mass spectrometry (GCMS) to determine O2/N2 ratios.41 Both these 

techniques require sampling, are expensive, require frequent calibration, they are slow and have 

limitations, including difficulties detecting certain components. Also, chromatographic 

techniques rely upon the spatial separation of the compounds that are being quantified, and so 

are only of use on a non-continual basis.14 

In trace gas analysis, spectroscopic detection has distinct advantages due to its quantitative 

nature, its sensitivity and selectivity due to the very characteristic spectroscopic signature of 

different molecules. Spectroscopic methods for gas phase analysis offer numerous benefits 

including high precision and accuracy, no sampling is necessary and it has the ability to perform 

non-invasive real-time measurements. Detection by optical absorption is possible for CO2 and 

H2S using strong fundamental vibrational bands in the mid-IR, or much weaker overtones and 

combination bands in the near-IR. Although weaker, near-IR absorption offers the advantages 

of much more convenient optics and light sources in the near-IR. Molecular oxygen (O2) does 

not have an IR-active vibration; although Raman detection of its fundamental is possible, 

Raman scattering is a rather weak process and special Raman enhancement techniques are 

required to detect gases at the ppmv level, for example by stimulated Raman photoacoustic 

spectroscopy (PARS)1 or the recently introduced technique of cavity-enhanced Raman 

spectroscopy (CERS)2,3,9 O2 can be detected by a formally forbidden electronic absorption band 

in the red, the b 1Σg+ (ν = 0) ← X  3Σg- (ν = 0) band (the “A band”) near 760 nm; although weak, 
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the absorption cross sections are comparable to near-IR overtone and combination band 

absorptions of CO2 and H2S. For efficient detection beyond the limitations of conventional, 

Beer-Lambert type absorption, absorption pathlengths should be as long as possible, as in the 

extreme case of cavity ringdown spectroscopy which achieves km effective 

pathlengths43,44,45,46,47 or detection should be coupled with a background-free scheme as in 

photoacoustic spectroscopy,6,7,48,49,50,13,51 or a combination of both as in the recently introduced 

technique of cavity-enhanced resonant photoacoustic spectroscopy, CERPAS.10,52 

Detection in the near-IR has the advantage of low-cost light sources and detectors; the 

sensitivity, however, suffers due to low absorption cross-sections. In addition, relevant 

homonuclear molecules including O2 cannot be observed by IR-absorption due to unfavourable 

selection rules. Molecular O2 has two main absorption bands in its UV-vis spectrum, one deep 

in the UV at 145 nm and the other at 760 nm.15,16 O2 detection at 145 nm faces interferences 

by water vapour and CO2 and the weak absorption lines at 760 nm typically provide detection 

limits that are of little practical use.  

In photoacoustic spectroscopy, internal excitation of molecules by optical absorption is 

converted to heat release and pressure increase by collisions; if the excitations are modulated 

periodically, acoustic waves are induced which can be picked up by microphones. This is 

indirect, but a very sensitive detection of optical absorption. By detecting in an acoustic 

resonator and modulating at an acoustic resonance frequency, building-up of acoustic standing 

waves further increases sensitivity in resonant photoacoustic spectroscopy.6,7 Highest 

sensitivities are achieved with CERPAS10,52 or with excitation of the acoustic modes of a quartz 

tuning fork (quartz enhanced or cantilever enhanced photoacoustic spectroscopy).51,53 With the 

quartz tuning fork and a 30 mW DFB laser, a noise-equivalent detection limit of 20 ppm for 

O2 was achieved before, corresponding to a noise-equivalent normalized detection limit of 

4.8×10−9 cm−1 W Hz−1/2, which is the detection limit normalized to the absorption cross section, 

the laser power and integration time.51 Also, the setup for the quartz enhanced or cantilever 

enhanced photoacoustic spectroscopy has been applied to detect CO2, based on a recently 

demonstrated cantilever technique.53 For detection of CO2 at 1572 nm wavelength, the noise-

equivalent normalized detection limit of 1.4×10−10 cm−1 WHz−1/2 was achieved. A much 

simpler approach to photoacoustic spectroscopy of CO2 and O2 is employing a special acoustic 

resonator which effectively amplifies signal and reduces noise in a differential Helmholtz 

resonator (DHR).49,13,54,55  
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A cantilever-enhanced photoacoustic spectroscopy (CEPAS) setup, using a detector in 

combination with a telecom NIR L-band laser source, was used as a sensitive method for the 

detection of different pressure levels of H2S. A detection limit (3σ) of 8 ppmv was achieved 

with an averaging time of 50 s for the H2S absorption near 1.6 µm.32 Also, H2S concentrations 

of several ppb have been detected by employing an integrated cavity output spectroscopy 

approach (ICOS).26,56 Quartz-enhanced photoacoustic (QEPAS) was used before for gas 

sensing H2S detection. The system architecture is based on a custom quartz tuning fork (QTF) 

optoacoustic transducer with a novel geometry and a quantum cascade laser (QCL) as light 

source.27 The detection limit of the measurement is 30 ppm with integration time 3 s and 13 

ppm for a 30 s integration time. An industry-tailored H2S sensor has been developed with very 

high selectivity requirements achieved by employing a dual-channel longitudinal-type PA 

resonator cell with capacitive microphones; it used a telecommunication-type diode laser with 

a wavelength of 1574.5 nm and an output optical power of 40mW. The detection limit for H2S 

in NG was reported as 0.5 ppmv.26  

FT-IR or diode laser near-IR spectroscopy is widely used in analytical chemistry, but it can 

be quite difficult to detect some molecules such as diatomic homonuclear molecules like O2 or 

N2. Detection of these homonuclear diatomic molecules would be useful for monitoring NG 

and trace gases in the environment where these gases can be minor components, or for the 

monitoring of the purity of biofuels or hydrogen gas produced by biotechnology or alternative 

energies.2 Due to different selection rules, Raman spectroscopy can monitor all relevant 

components, including these diatomic homonuclear molecules.2,57,58 Raman detection of NG 

typically requires high power lasers and high sample pressures in order to achieve suitable 

sensitivity.58,59 The resonance enhancement of CERS, however, is suitable with the use of low 

cost diode lasers for monitoring of NG mixtures, including monitoring H2, H2S, N2, CO2, and 

alkanes.2,60 
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1.5. Aims and Thesis Structure  

This project is interested in the application of advanced spectroscopic techniques to 

study gases in biology and biochemistry, and to analyse natural gas for components such as O2, 

CO2 and H2S. The ability to detect these gases by spectroscopic techniques is of increasing 

importance due to their references in the biosciences and in trace gas analysis. There are many 

different analytical techniques that have different disadvantages such as the difficulty in 

detection of gases in situ, or limited selectivity or sensitivity. Therefore, detection methods 

capable of selective detection of biologically relevant gases in situ are very relevant, and the 

development of such methods is important. 

We also introduced first applications, including time-dependent monitoring of the 

bacterial growth and aerobic metabolism of microbes (E. coli, supplemented with 12C and 13C 

labeled sugars), and detection of H2S impurities in natural gas. 

This thesis is structured as follows: 

Chapter 1 

The aims of this chapter are a full literature review of the detection of CO2, O2 and H2S 

by various spectroscopic and non- spectroscopic techniques. In addition, a literature review of 

production of CO2, and H2S by microbes is provided.  

Chapter 2  

The aims of this chapter are to provide an overview of spectroscopic techniques which 

are used in this research. A full and detailed description of the photoacoustic spectroscopy in 

an acoustic differential Helmholtz resonator (DHR) and Cavity Enhanced Raman spectroscopy 

(CERS) is given. 

Chapter 3 

The aim of this chapter is to introduce the relevant theory, principles and selection rules 

behind molecular vibrational and rotational spectroscopic techniques (Raman and IR 

spectroscopies).  
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Chapter 4 

This chapter describes a new home-built system, photoacoustic spectroscopy in an 

acoustic differential Helmholtz resonator (DHR).  In this chapter, the characterisations of this 

system, including; detection limit, sensitivity, laser power, and wavelength tuneability is 

explained.  

Chapter 5 

The aims of this chapter are to demonstrate two techniques for the monitoring of the 

headspace gases coming from microorganisms by using Cavity Enhanced Raman spectroscopy 

(CERS) and Photoacoustic spectroscopy where a differential Helmholtz resonator (DHR) is 

used. The simultaneous measurements of O2 consumption and CO2 production by E. coli can 

be achieved using CERS and DHR in photoacoustic spectroscopy. E. coli growth in a medium 

supplemented with sugars will allow detection of changes in the metabolic activity. 

Spectroscopy can distinguish between isotopomers: the experiment with mixed sugars to feed 

E. coli will demonstrate that spectroscopic headspace gas detection can be used to investigate 

metabolic preferences. The carbon source metabolism of aerobic E. coli will be investigated 

using a mix of two labelled sugars such as 13C-glucose and 12C-lactose. Therefore, 13CO2 from 

glucose is expected to be produced preferentially to 12CO2 from lactose, before a potential 

diauxic shift to lactose metabolism.  

This chapter also describes using photoacoustic spectroscopy in a differential 

Helmholtz resonator to detection trace gas CO2, O2 and H2S in natural gas and in the cysteine 

metabolism of microbes (E. coli). A DFB diode laser near 1.57 μm is used for CO2 and H2S 

detection, and O2 detection near 760 nm. The set-up has been used for simultaneous in situ 

monitoring of O2, CO2 and H2S. 

 

The thesis then finishes with Chapter 6, conclusions and future work, and the 

Appendix.   
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Chapter 2. Overview of Spectroscopic Techniques  

2.1. Introduction  

The reliable, sensitive and selective detection of trace gas levels is very relevant for 

environmental monitoring, industrial process control and biological applications. CO2, O2 and 

H2S are particularly relevant. The work presented in this thesis aims to work with, and make 

improvements to, vibrational gas-phase spectroscopies in the monitoring of gas metabolism by 

microbes and multicomponent analysis of natural gas. Two complementary approaches to 

optical gas detection are presented: photoacoustic spectroscopy (PA) in a differential 

Helmholtz resonator (DHR) and Cavity-Enhanced Raman spectroscopy (CERS). 

2.2. Photoacoustic Spectroscopy 

The photoacoustic effect, also called optoacoustic effect, was discovered in 1880 by 

Alexander Graham Bell first in solids and then in gases.61 He found that thin discs emitted 

sound when exposed to a rapidly intermittent beam of sunlight. Sunlight was collimated by a 

mirror and associated optics in order that the light which is reflected by the mirror could be 

collected by the remotely placed receiver which consisted of a parabolic mirror at which focus 

a cell of selenium was incorporated into a conventional telephone loop, as shown in Figure 

2.1.62  

 Until ca. 1970, this technique was only used in some special cases to determine the 

absorption of a gas as a function of the wavelength, but due to the lack of suitable light sources 

(lasers), photoacoustic spectroscopy (PAS) did not provide significant advantages compared to 

conventional absorption spectroscopy. In 1938, M. L. Viengerov used PAS to analyse gases, 

but the results were limited due to the microphone's sensitivity and the effects of unwanted 

light.61 Between 1978 and 1980, multiple wavelength PAS was developed, particularly PA 

Fourier transform infrared spectroscopy.63 Since the 1980s, PAS has become a valuable 

analytical technique with developments in lasers, low noise electronics, very high sensitivity 

microphones, computerised data handling and analysis.61,64  
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Figure 2.1. Principle of Bell’s Photophone, ref [65]. 

Photoacoustic spectroscopy is a widely used method, with many different applications, 

such as; environmental pollutants monitoring, medical diagnostics, industrial process control, 

life sciences, and detection of gas leaks in hazardous work environment.54,13,66,67 Each of these 

applications requires high sensitivity, high selectivity, short response time and small mobile 

instruments, which makes photoacoustic spectroscopy a good candidate to meet these needs.62 

PAS is considered one of the most advanced spectroscopic techniques for measuring trace 

gases with low concentrations fewer than ppm.68,69 In the following, a description of the 

principle is given.  

2.2.1. Description of the Photoacoustic Effect in Gases 

The photoacoustic effect results in the generation of sound when an absorbing material is 

illuminated with modulated or pulsed light. The effect of the PA can be divided in the following 

steps: 

• Molecules absorb light to get excited.  

• Excited molecules vibrate and collide which generates heat. 

• Heating of the sample material following the absorption of the photon via relaxation 

through collisions between molecules.  

• The localised heat causes gases to expand and contract which creates an acoustic 

wave by the periodic pressure change, if excitation occurs periodically.  

• Detection of the acoustic signal in the PA cell using a microphone. 

Generally, when photons are absorbed by the material, internal energy levels (rotational, 



29 
 

vibrational, and electronic) within the sample are excited. The excited molecules will collide 

with other molecules, resulting in the change of the absorbed internal energy into heat. 

Emission of radiation and chemical reactions do not play an important role, because vibrational 

levels have such a long excited-state lifetime that only collisional deactivation is relevant at 

pressures that are commonly used in PAS. Also, in general the energy of an absorbed photon 

is too small to induce chemical reactions, so in practice, the absorbed energy is completely 

released thermally where a pressure is built-up within a gas cell.  The transfer rate of this wave 

is determined in the material by the speed of sound. Local transient heating and expansion 

generates thermal and acoustic waves if excitation occurs periodically. This sound is then 

detected using a sensitive microphone.70 The process is shown schematically in Figure 2.2.  

 

 

 

 

 

 

Figure 2.2. Schematic of the physical mechanism of photoacoustic signal generation,  ref [71]. 

The main advantage of the PAS technique is that it is essentially background free, that 

means no signal is produced in the absence of the absorbing gas species. Using a sensitive 

microphone, detection limits in the low ppm to ppb per volume range are routinely achieved, 

in situ and in real time. As a further advantage, the size of the PA cell is small, so only a small 

sample size is needed.54,67,72    

2.2.2. Standard PAS 

Standard PAS uses a modulated laser beam in an acoustic resonator filled with a weakly 

absorbing gas.7 The acoustic resonator allows an acoustic standing wave to build up which 

increases the signal.  

The PA signal measured by the microphone (S) is given by Equation 2: 

                                            𝑆 = 𝐶 · 𝑃 · 𝛼                                                    Equation 2 



30 
 

where 𝐶 is the cell constant, dependent on cell dimension and modulation frequency, 𝑃 the 

optical power output of the laser. α is the coefficient of absorption which is related to the gas 

concentration (c, the molecules’ number density) and absorption cross section (𝜎) by Equation 

3. 

                                             𝛼 = 𝑐 · 𝜎                                                        Equation 3 

The constant of the cell depends on the cell geometry, the beam profile, the response of 

the microphone and the nature of the acoustic mode excited.73  

 

 

 

 

  Figure 2.3. Typical setup of  PA, ref [73]. 

 A typical PAS setup consists of a beam source, the PA cell, a modulator, signal 

acquisition equipment and processing equipment. A schematic diagram is shown in Figure 2.3. 

The modulated laser beam is passed through the PA cell, which is filled with gaseous sample, 

to excite acoustic modes which are radial and longitudinal, thus generating acoustic waves. The 

acoustic waves are then picked up by a microphone and amplified by a lock-in amplifier. Once 

the signal has been amplified, it is sent to the computer in order to record the spectrum. In the 

acoustic mode of the resonator, the absorbed laser power is accumulated for 𝑄 oscillation 

periods, where 𝑄 is the quality factor, usually in the range of 10–300.73 The quality factor 𝑄 is 

a key parameter that takes into account the accumulated sound energy and losses in the PA 

system. The quality factor 𝑄 of the acoustic resonance is defined in Equation 4:  

                                                               𝑄 =
𝑓0
∆𝑓

                                              𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4 

where 𝑓0  is the resonance frequency of the resonator and ∆𝑓 is the half width of the resonance 

peak. The half width ∆𝑓 is measured between the points where the amplitude is 1/√2 value of 

the amplitude of the peak. A high 𝑄 factor means that the resonant PA system has a higher 

resonance amplitude.7,73 In this project, a somewhat special acoustic resonator is used, a 

differential Helmholtz resonator which is described in detail later.   
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2.2.3. Resonant Cell Design 

 A photoacoustic cell can be operated in two different ways, either at an acoustic resonance 

frequency specific to the PA resonator or in non-resonant mode. In the non-resonant mode, the 

acoustic resonance frequency of the PA resonator is much higher than the modulation 

frequency. In this case, an acoustic wave is generated that has a wavelength larger than that of 

the dimensions of the cell. Therefore, standing acoustic waves cannot be generated and acoustic 

enhancement is impossible.74   

The PA signal is proportional to the absorption path length, and it is inversely 

proportional to the cell volume and the modulation frequency, therefore small cell volumes 

(<10 cm3) and low modulation frequencies (<100 Hz) give higher PA signal levels.7 It is 

desirable to keep the volume of the sample as small as possible to reduce the amount of sample 

gas needed, which reduces the system size. On the other hand, longer absorption path length 

leads to a larger signal and better signal-to-noise-ratio (SNR). Noise levels are of importance 

in the measurements of trace gases at ultralow gas concentrations. Noise levels determine the 

final detection limits. In PA, the detection limit is normally defined by multiples of the signal 

to noise ratio (SNR).7 In resonant mode, an acoustic standing wave can build up. A resonant 

cell commonly consists of a resonator, microphone, and buffer volumes. The basic and most 

common type is the open-tube cylindrical resonator. It is basically an organ pipe resonator. 

Typically, there are three modes of different acoustic resonance which are longitudinal, 

azimuthal and radial modes, as shown in Figure 2.4. 

The acoustic resonance modes depend on the cell structure. There are three types of   

acoustic resonators which have found common use in photoacoustic detection: one-

dimensional cylindrical resonators, Helmholtz Resonators, and cavity resonators.54,69  

Figure 2.4. The longitudinal, azimuthal and radial acoustic modes in a cylindrical resonator are shown in this 

scheme, ref [70] 
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2.2.4. Helmholtz Resonator (HR) 

A Helmholtz Resonator (HR) typically consists of two volumes V1 and V2 connected 

together by a thin capillary.13,54 Figure 2.5 shows different kinds of Helmholtz Resonators. The 

most common HR type is a differential Helmholtz resonator (DHR) with two compartments 

connected by a capillary. A DHR is basically similar to a harmonic oscillator. The mass of air 

occupying the capillary tube between the two identical chambers behaves as the weight in a 

common harmonic oscillator. At the resonance frequency in the cell, the laser light is absorbed 

by molecules inside one compartment, the gas inside this chamber will expand and therefore 

resulting in the compression of the gas in the other chamber via the capillary connection acting 

as a piston. In this way, acoustic pressure is generated by periodic oscillation of the piston with 

periodic expansion and pressing of air. The acoustic waves in the two compartments are 

identical but have a 180o phase difference. One can estimate the resonance frequency  𝑓
0
   of 

such a resonator by Equations 5 and 6.75,76 

           𝑓0 =
µ

2𝜋
 √

𝐴

𝑉𝑒𝑓𝑓 𝑙
                                                                     𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 5  

               𝑉𝑒𝑓𝑓     =
1

1
𝑉1

+
1
𝑉2

                                                                    𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 6     

where µ, A, V and l are the sound speed, the capillary cross section, the volume in the two 

champers and the length of the capillary, respectively. Compared to other resonators, the DHR 

has some advantages like small volumes of sample with low resonance frequency and the 

possibility to enhance the SNR by using differential microphone detection schemes76 
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Figure 2.5. Several designs of Helmholtz Resonator acoustic cell: (a) (HR) open to the atmosphere; (b) (HR) with 

2 chambers to separate sample and detection chambers for solid samples; (c) Differential HR (DHR) which gives 

doubling of the acoustic signals and also noise cancellation; (d) DHR with 2 capillaries for gas flow mode and 2 

champers; (e) DHR with mirror chopper and additional amplification of acoustic signals. Ref [75]. 

 

2.2.5. The Differential Helmholtz Resonator (DHR)  

The Differential Helmholtz Resonator (DHR) design is the most popular HR used in 

trace gas analysis.13,54 The DHR can amplify the signal amplitude and significantly improve 

the external noise cancellation at the same time.13,48,49,54 A schematic of the resonator which is 

used in the present project is shown in Figure 2.6. A DHR typically has a smaller cell volume 

and lower resonance frequency when compared to basic PA cells. DHRs measure the difference 

of the signals which are picked up by the two microphones from both chambers. Since 

photoacoustic signals have a 180o phase difference in the chambers, taking the difference signal 

of the microphone response doubles the PA signal. However, the gas flow in and out of the 

DHR is symmetrical, thus the gas flows through the two chambers under same conditions (flow 

rate, flow noise i.e.). This case generates an in-phase gas flow noise (acoustic noise) in both 
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chambers, and the gas flow noise thus cancels out by the differential detection. The same 

applies to external noise which will affect both chambers in the same way, with the same 

amplitude and phase. By this joint effect, doubling of signal and noise cancellation, the DHR 

has a high SNR.  

There are several advantages of using DHR; they include high sensitivity of 

microphones, high signal-to-noise (S/N) ratio, trace gas detection, flow measurements are 

possible, it can operate in noisy environments, low cost and the simplicity of the design. 

 

 

 

 

 

 

 

 

 

 

Figure 2.6. Differential Helmholtz Resonator (DHR), ref [76]. 

 

2.3. Cavity-Enhanced Raman Spectroscopy (CERS)  

Cavity-enhanced Raman spectroscopy (CERS) is a new technique, recently developed 

in the Hippler group.2,5,10,11  This technique has uses in gas sensing applications such as analysis 

of natural gas and for a number of isotopic labelling studies using 14N and 13C isotopes. CERS 

is very selective due to high spectral resolution, and its high sensitivity allows trace gas 

detection in multicomponent analyses. The technique takes advantage of the build-up of laser 

power inside an external optical cavity which consists of two highly reflective mirrors (R 

> 99.99%) arranged to be parallel in a linear geometry as shown in Figure 2.7. If the laser 

frequency is stabilised with this cavity’s resonance frequency, light can be efficiently coupled 
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into the cavity and power build up can occur by numerous orders of magnitude.10,77,78,79 This 

power build-up within an optical cavity can be used to enhance the efficiency of spontaneous 

Raman spectroscopy (cavity-enhanced Raman spectroscopy, CERS).80 Continuous wave (cw) 

diode lasers are particularly suitable for CERS and gas sensing; generally cw lasers have a very 

small footprint, low power consumption, low cost, wide wavelength range (from the MIR to 

near-UV) and the laser wavelength can be tuned through changes in temperature or by feedback 

from an optical element such as a diffraction grating. 

Figure 2.7. Typical setup of CERS, where SM and PSM are concave highly reflective mirrors. 

In 2012, Salter, Chu and Hippler3 introduced a novel approach where a standard 635 

nm diode laser (without an antireflection (AR) coating) is coupled into an external linear optical 

cavity. The laser is stabilised to the cavity by optical feedback from light exiting the cavity. 

This allows better feedback control with single mode operation and avoids direct back-

reflections to the source,3 as shown in Figure 2.7. Build-up of the light power by three orders 

of magnitude occurs. Raman light is collected in a forward scattering collection geometry 

(more details in chapter 5).  

The principle of cavity enhancement, including the effect of mirror reflectivity within 

the region of Raman emission, is discussed in many publications by the Dr Hippler group, and 

the apparatus performance was characterised by recording Raman spectra of H2, air, CH4, NG 

and benzene vapour. It was shown that CERS is a powerful technique for selective, sensitive, 

and quantitative gas phase analysis.  
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Chapter 3. Theory of Vibrational and Rotational Spectroscopy  

3.1. Introduction 

Infrared and Raman spectroscopy are techniques that induce transitions between the 

vibrational states of molecules. IR radiation absorption by a molecule causes transitions 

between two vibrational states of the molecule. IR and Raman spectroscopy have different 

selection rules for which energy level transitions are allowed and can be detected. IR 

spectroscopy requires a change in electric dipole moment for a vibrational transition to be IR 

active, such as the asymmetric stretching vibration of CO2. Raman spectroscopy requires a 

change in polarizability for a vibrational transition to be Raman active, such as the symmetric 

stretching vibration of homonuclear diatomic molecules. In this chapter, the theory, quantum 

mechanics, and the selections rules for IR and Raman spectroscopy are introduced. The 

material discussed here is adapted from several sources, including Dr Michael Hippler’s lecture 

course on Advanced Spectroscopy, J. Michael Hollas’ text book ‘Modern Spectroscopy’  and 

Peter Atkins’ textbook ‘Physical Chemistry’.81,82 

3.2. Kinetics of Radiation Transitions  

3.2.1. Einstein Coefficients  

In 1916, Albert Einstein suggested that there are three processes occurring in the 

interaction of light with matter. The three processes are referred to as spontaneous and 

stimulated emission, and absorption, as shown in Figure 3.1. With each is associated an 

Einstein coefficient which is a measure of the probability of that particular process occurring.  

 

 

 

 

Figure 3.1. The three primary processes of interaction of light with matter. 

 

 



38 
 

a) Absorption  

Absorption is the process by which an atom or molecule absorbs the photon, that is 

causing a jump from a lower energy level to a higher energy level, as shown in Figure 3.1. The 

process is described by the Einstein coefficient B12 as in Equation 7 

                         −
𝑑[M]

𝑑𝑡
= 𝐵12 [M]𝜌(𝑣)                            𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 7 

where [M] is concentration of molecules in state 1, (
1

𝑚3
), 𝜌 is the photon energy per volume 

per frequency interval (
𝐽

𝑚3𝑠−1), and 𝐵12 is the Einstein coefficient for absorption 1 → 2, (
𝑚

𝑘𝑔
). 

b) Spontaneous Emission  

In spontaneous emission, the atom or molecule decays "spontaneously", without any 

outside influence, from a higher energy level to a lower one, as shown in Figure 3.1. The 

process is described by the Einstein coefficient A as in Equation 8 

                 +
𝑑[M]

𝑑𝑡
= 𝐴 [M∗]                                                   𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 8 

where A is the Einstein coefficient for spontaneous emission (s-1). 

c) Stimulated Emission  

In stimulated emission, an atom or molecule is induced to jump from a higher energy 

level to a lower one by the presence of electromagnetic radiation at the frequency of the 

transition, as shown in Figure 3.1. The process is described by the Einstein coefficient B21 as 

in Equation 9 

+
𝑑[M]

𝑑𝑡
= 𝐵21 [M

∗]𝜌(𝑣)                                                    𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 9 

where 𝐵21  is the Einstein coefficient for the transition 2 → 1. 

Analysis using the Einstein's coefficients and the Equations 7 to 9 applying to thermal 

equilibrium under certain conditions can obtain relations between these coefficients. Assuming 

the detailed balance is achieved between the spontaneous emission, the absorption and the 

stimulated emission, Equation 10 is obtained at equilibrium. 
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𝑑[M]

𝑑𝑡
= 0                   = 𝐴[M∗] + 𝐵21 [M

∗] + 𝐵21[M
∗] 𝜌(𝑣) − 𝐵12[M] 𝜌(𝑣)       𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 10 

1) Suppose  𝑇 → ∞ ∶    → 𝜌 → ∞ ∶       𝐵21[M
∗] 𝜌 − 𝐵12[M] 𝜌 = 0           𝐴[M∗] is negligible 

               → [M∗] = [M]  ∶       𝐵21 = 𝐵12 ≡ 𝐵          

This shows that the Einstein coefficients for absorption and stimulated emission are the same.  

2) Suppose to have T. Use    𝐵21 = 𝐵12 = 𝐵      in (10), use   𝜌(𝑣) = Planck’s blackbody 

expression in (10). Further, use the Boltzmann distribution as in Equation 11 

                                        
[M∗]

[M]
= 𝑒−∆𝐸/𝑘𝑇                                                       𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 11 

And finally use ∆𝐸 = ℎ𝑣  (photon energy) in (10). After some manipulation, this will give 

                                        
𝐴

𝐵
=

8𝜋

𝐶3
 ℎ𝑣3                                                            𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 12 

This shows that all Einstein coefficients are related. Quantum theory further shows that A can 

be calculated ab initio by Equation 13            

                𝐴 =
64𝜋4𝑣3

3ℎ𝑐3 (4𝜋𝜀0)
   ∫Ψ1 µ⃑ Ψ2 𝑑𝑉                                                𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 13 

The wave functions Ψ1  and  Ψ2of the combining states are related to the Einstein coefficients 

through the transition moment R12, a quantity given by Equation 14. 

                   𝑅12  = ∫Ψ1 µ⃑ Ψ2 𝑑𝑉                                                                 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 14   

where µ⃑  is the transition moment operator, usually the electric dipole moment operator as 

shown in Equation 15 

                  µ⃑ = ∑𝑞𝑖

𝑖

𝑟 𝑖                                                                             𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 15 
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3.3. Beer-Lambert Absorption Law 

 For efficient detection beyond the limitations of conventional, Beer-Lambert type 

absorption, absorption pathlengths should be as long as possible, as in the extreme case of 

cavity ringdown spectroscopy which achieves km effective pathlengths.43,44,45,46,47 

Conventional optical absorption spectroscopy methods are based on the Beer-Lambert law as 

defined by Equation 16 and 17. According to this law, the attenuation of light is proportional 

to the concentration of the absorbing sample [c], the path length (L) of absorption, the material 

specific absorption cross-section (σ) and the molar absorptivity (𝜺). Absorbance is defined, 

using the natural logarithm as in Equation 18, or using the decadic logarithm as in Equation 19. 

−
𝑑𝐼

𝑑𝑥
= 𝜎 · [𝑐] · 𝐿                                                                           𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 16 

 

                          I = 𝐼0 · e -𝜎∙[c ]∙𝐿                                                                           Equation 17 

                        

   𝐴 = 𝜎 · [𝑐] · 𝐿 = In (
𝐼0
𝐼
)                                                               𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 18 

or alternatively, using the decadic logarithm, 

𝐴 = 𝜀 · [𝑐] · 𝐿 = lg (
𝐼0
𝐼
)                                                                   𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 19   

There is a relation between the absorption cross section 𝜎  and the Einstein coefficient of 

absorption B, as shown in Equations 20,21. 

 −
𝑑𝐼

𝑑𝑥
= 𝐵 · 𝑔(𝑣) · [𝑐] · 𝑔(𝑣)    𝑑𝑟                                                   𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 20 

where 𝑔(𝑣) is line shape function of the absorption line.  

 

 Comparison with the Beer-Lambert Equation shows 

𝜎(𝑣) = 𝐵 · 𝑔(𝑣) ·
ℎ

𝑐
· 𝑣           
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and after integration over the absorption line, Equation 21 is finally obtained showing the 

relationship between the absorption cross-section σ and the Einstein coefficient B. 

                     ∫
1

𝑣
 𝜎(𝑣) 𝑑𝑣 = 𝐵

ℎ

𝑐
                                                            𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 21 

where ∫
1

𝑣
 𝜎(𝑣) 𝑑𝑣  is the integrated absorption line strength.  

 

3.4. Vibrational Spectroscopy and Selection Rules for Diatomic and 

Polyatomic Molecules  

Gases have absorption bands in the IR, visible and UV regions. IR absorption bands are 

due to vibrational-rotational excitations. They are highly specific and very useful for analytical 

applications. UV and visible absorption bands are mainly electronic transitions. These bands 

are less useful for analytical applications since they are usually very broad and have large 

overlaps with absorption bands from components of the atmosphere.  

The vibrational energy levels of a bound molecule have specific values; arbitrary values 

cannot be taken. The energy provided by a photon absorption or energy lost by emission is 

given by the Planck-Einstein Equation 22. The difference in energy between two states after 

photon transition can be expressed as in Equation 23.  

𝐸 = ℎ𝑣 =
ℎ𝑐

𝜆
= ℎ𝑐𝑣 ̃                                                            𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 22 

𝛥𝐸 = ℎ𝑣 =
ℎ𝑐

𝜆
= ℎ𝑐𝑣̃                                                            𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 23   

In this equation, E is the photon energy, 𝛥𝐸 is the difference in energy between the two states, 

ℎ is Planck’s constant, λ is wavelength, 𝑣 is frequency, 𝑣̃  is wavenumber and 𝑐 is the speed of 

light in vacuum.  

The absolute energies of vibrational states can be expressed in wavenumber units by 

the vibrational terms G(ν) as given by Equation 24 (harmonic oscillator approximation), where 

𝑣 is the vibrational quantum number 0,1,2…. The difference between G(0), the vibrational 

ground state, and G(1), the first excieted vibrational state, is equal to 𝑣̃ . Therefore, in a 

fundamental transition (transition from the ground state to the first excited state) the 



42 
 

wavenumber of the absorption photon is equal to 𝑣̃, where 𝑣̃ is the wavenumber of the vibration 

as given in Equation 25,  

    𝐺(𝑣) = (𝑣 +
1

2
) 𝑣̃                                                                         𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 24 

𝑣 ̃ =
1

2𝜋𝑐
(
𝑘

𝜇
)

1
2
 ,     𝑤𝑖𝑡ℎ     µ𝑅𝑒𝑑𝑢𝑐𝑒𝑑 =

𝑚1𝑚2

𝑚1 + 𝑚2
                   𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 25 

                        

where k is the bond force constant, µReduced is the reduced mass, m1 and m2 are the two vibrating 

masses (in a diatomic molecule) and c is the speed of light in vacuum. 

As shown before in Equation 13, the strength and whether a transition is allowed 

(selection rule) depends on the transition moment between the two states with vibrational wave 

functions  Ψ𝑣
″ and Ψ𝑣

′   respectively is given by Equation 26 

                 𝑅𝑣 = ʃ 𝛹𝑣
′ ∗ µ 𝛹𝑣

″  d𝑥                                                             𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 26 

where (𝑥 = 𝑟 − 𝑟𝑒 ) is the internuclear displacement of distance from the equilibrium. 𝑅𝑣 = 0 

(transition not allowed) if the electric dipole moment µ is always zero as for a homonuclear 

diatomic molecules, therefore all pure vibrational transitions are forbidden in this case. For a 

heteronuclear diatomic molecule which has polarity, µ is non-zero and varies with 𝑥. This 

variation can be expressed as a Taylor series expansion as in Equation 27 

                       µ = µ𝑒 + (
𝑑µ

𝑑𝑥
)
𝑒
 𝑥 +

1

2
  (

𝑑2µ

𝑑𝑥2
)

𝑒

𝑥2 + ⋯                      𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 27 

where ‘e’ refers to the equilibrium configuration. The transition moment (𝑅𝑣) of Equation (26) 

then becomes as in Equation 28 

     𝑅𝑣 = µ𝑒 ʃ 𝛹𝑣
′ ∗ 𝛹𝑣

″  d𝑥 + (
𝑑µ

𝑑𝑥
)
𝑒
ʃ 𝛹𝑣

′ ∗ 𝑥 𝛹𝑣
″  d𝑥 + ⋯                𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 28  

𝛹𝑣
′ and 𝛹𝑣

″  are eigenfunctions of the Hamiltonian. The Hamiltonian for quantum mechanical 

for a one-dimensional harmonic oscillator is given by Equation 29.  

                     𝐻 = −
ћ2

2µ

𝑑2

𝑑𝑥2
 +  

1

2
𝑘𝑥2                                                𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 29 
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where 𝛹𝑣
′ and 𝛹𝑣

″  are orthogonal functions with 

                     ʃ 𝛹𝑣
′ ∗ 𝛹𝑣

″  d𝑥 =  0                                                          𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 30 

Therefore the first term in Equation 28 vanishes which leaves Equation 31 

      𝑅𝑣 = (
𝑑µ

𝑑𝑥
)
𝑒
ʃ 𝛹𝑣

′ ∗ 𝑥 𝛹𝑣
″  d𝑥 + ⋯                                             𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 31 

The first term in this series is non-zero only if Δ 𝑣 = ±1, which constitutes the vibrational 

selection rule for the harmonic oscillator. 

For the Hamilton operator/Schrödinger equation of polyatomic molecules, we need the 

potential energy V. To simplify things, the harmonic approximation for each bond can be used. 

But it is still nearly impossible to solve the Schrödinger equation, because: if 𝑟1⃑⃑⃑   are the usual 

Cartesian coordinates of atom 1, 𝑟2⃑⃑  ⃑ of atom 2, etc, then the Hamiltonian with V depends on all 

these coordinates, V (𝑟1⃑⃑⃑  , 𝑟2⃑⃑  ⃑, …, 𝑟𝑁⃑⃑⃑⃑ ):  

                 𝐻 = ∑
1

2

𝑁

𝑖=1

 𝑚𝑖𝑟𝑖2⃑⃑⃑⃑ ̇ + 𝑉(𝑟1,⃑⃑⃑⃑  𝑟2⃑⃑  ⃑, … , 𝑟𝑁⃑⃑⃑⃑ )                                        𝐸𝑞𝑎𝑢𝑡𝑖𝑜𝑛 32 

where ∑
1

2

𝑁
𝑖=1  𝑚𝑖𝑟𝑖2⃑⃑⃑⃑ ̇ is the kinetic energy operator; 𝑟1⃑⃑⃑  ̇ is a velocity (the dot is an abbreviation 

for the time derivative).  

To solve this problem and reduce the complexity, certain combinations of coordinates are 

introduced, so that in this new set of coordinates no cross-products occur, and the new 

coordinates are independent. Mathematically, this is a kind of a coordinate transformation; it 

is accomplished by a matrix diagonalization. These new coordinates 𝑄⃑  are called “normal 

coordinates”. In total, 3N-6 normal coordinates are needed for non-liner molecules,to describe 

all vibrational modes in the Hamiltonian by Equation 33. 

                      𝐻 = ∑
1

2

3𝑁−6

𝑖=1

𝑚𝑖𝑄𝑖
2⃑⃑⃑⃑  ⃑̇  + ∑

1

2

3𝑁−6

𝑖=1

 𝜆𝑖  𝑄𝑖
2⃑⃑⃑⃑  ⃑                                            𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 33 

Where the Hamilton operator is now the sum of independent (separated) harmonic oscillators. 

The corresponding harmonic oscillations are called “normal mode vibrations”. In a normal 

mode vibration, all atoms move coherently in phase with the same normal mode frequency, but 

different normal modes have different frequencies. The vibrational degrees of freedom for a 
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non-linear molecule is 3N-6 and for a linear molecule is 3N-5, where N means the number of 

atoms in the molecule. 

IR absorption and Raman scattering have different selection rules for which energy level 

transitions are allowed and can be detected. Some formally forbidden transitions are strictly 

forbidden and other transitions are still weakly allowed, thus the strength of such an absorption 

band is low, but they can be observed with a sensitive device. For an allowed transition in IR 

absorption, a change in electric dipole moment is required for a vibrational transition to be IR 

active, such as in the asymmetric stretching vibration of CO2 where one oxygen is momentarily 

nearer to the central carbon than the other, as shown in Figure 3.2. Raman spectroscopy requires 

a change in polarizability for a vibrational transition to be Raman active, such as in the 

symmetric stretching vibration of CO2 where both C=O distances are always the same thus the 

electric dipole moment is equal to zero, as shown in Figure 3.2 which means that this vibration 

is not IR active. In addition, in CO2 there are two bending modes, they have the same frequency 

but are alternately perpendicular to each other in space so that the atoms of oxygen are no 

longer directly opposite to each other, this causing a change in electric dipole moment, making 

this IR active as shown in Figure 3.2.  

Homonuclear diatomic molecules, such as N2, O2 and H2, only have one vibration that can 

only be observed by Raman spectroscopy. These modes are IR inactive meaning IR absorption 

is forbidden as the electric dipole moment equals zero (no polarity). Raman spectroscopy is 

subject to different selection rules and can give information on the excited vibrational states of 

homonuclear diatomic molecules.  

Heteronuclear diatomic molecules (CO, NO…etc) have a permanent electric dipole 

moment and the vibration will change the electric dipole moment therefore making these IR 

active, in addition to being Raman active.  
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Figure 3.2. CO2 vibrational modes and fundamental frequencies expressed as value of a wavenumber, ref [83]. 

Usually the vibrational quantum number changes by one unit (Δ 𝑣 = ±1) in a strong IR 

absorption (fundamental transition). This means that IR absorption is typically observed at the 

fundamental frequency (𝜈0) for most molecules within the energy range of 250 – 4000 cm-1. 

However, anharmonicity causes higher overtone transitions (Δ 𝑣 = ±2, 3, 4…) to occur, but 

these bands are usually weaker than the fundamental bands.  

 

3.5. Harmonic and Anharmonic Oscillator  

The quantum harmonic oscillator is an approximation of the lowest vibrational transitions 

of molecules and can be used to describe small oscillations, such as a transition that occurs for 

Δv = ±1. It uses a parabolic potential to describe the bond. This potential energy does not apply 

for energies which are close to dissociation energy. Molecular dissociation is not accounted for 

by the parabolic potential as shown in Figure 3.3 for the harmonic oscillation. The vibrational 

behaviour is unsuccessfully described in higher modes because the internuclear separation is 

distorted away from the equilibrium length of the bond. Thus, an anharmonic oscillator needs 

to be considered for high excitation.   

The potential energy of a molecular curve can be estimated by a parabola near the bottom 

of the well. The parabolic approximation (harmonic approximation) is poor at high excitation 

energies and does not apply near the dissociation limit. An asymmetric potential curve, for 

example the Morse oscillator, is a better approximation. The Morse potential is provided as in 

Equation 34. It is also shown in Figure 3.3.82 



46 
 

          𝑉(𝑟) = 𝐷𝑒 (1 − 𝑒−𝛼(𝑟−𝑟𝑒))2 ,     𝑤𝑖𝑡ℎ      𝛼 = √
𝑘

2𝐷𝑒
                  Equation 34 

where V(r) is the vibrational potential energy, De is well depth of the potential energy, r 

is the internuclear separation, k is the constant of the bond force, and re is the equilibrium 

internuclear separation. The dissociation energy for the Morse potential is given by Equation 

35.82 

        𝐷0 = 𝐷𝑒 − 𝐸0                                                                                 Equation 35                                         

The Morse potential can be introduced into the Schrödinger equation and solved, giving 

allowed energy levels as in Equation 36. 

𝐺(𝑣) = (𝑣 +
1

2
) 𝑣̃ − (𝑣 +

1

2
)
2

𝑥𝑒𝑣̃  ,    𝑤𝑖𝑡ℎ      𝑥𝑒 =
𝑣̃

4𝐷𝑒
            𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 36 

where 𝑥𝑒  is the anharmonicity constant, 𝑣 is the vibrational quantum number of the Morse 

oscillator, which is 𝑣 = 0,1,2,3… . ., and 𝑣̃ is the fundamental vibrational wavenumber, and De  

the depth of the potential energy, as shown in Figure 3.3.82 

 

 

 

 

 

 

 

 

Figure 3.3. Comparison of the Morse potential energy curves and harmonic oscillation for a diatomic molecule, 

ref [82]. 
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3.6. Rotational Motion 

Usually with the vibrational transition, also transitions appear between different 

rotational states, which gives a fine structure of the rovibrational spectrum as shown in Figure 

3.4. Both the vibrational and rotational states of the molecules may change. At room 

temperature, typically, only the ground vibrational state will be populated, with several 

rotational levels being populated. 

In the simplest case of linear molecules, these fine structures are observed as two 

branches, P and R, of narrow lines which are located to either side of the vibrational 

fundamental frequency centre. In special cases, also a central Q branch may appear. The 

separation and the energy of vibrational states is considerably higher than rotational states.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4.  Overtone and combination absorption bands of carbon dioxide (CO2) from the HITRAN 2012 

database.84 R-branch (ΔJ = +1) and P-branch (ΔJ = -1) structures are showing by the rotational lines. 

 

Each rotational state has a rotational quantum number J. The rotational term value F(J) 

can be expressed in Equation 37. 

                𝐹𝑣(𝐽) = 𝐵𝑣 𝐽 (𝐽 + 1) ,   𝑤𝑖𝑡ℎ  𝐽 = 0, 1, 2, 3, … ..               Equation 37 
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where 𝐹𝑣(𝐽) is the rotational term value with the rotational quantum number J in the vibrational 

state with quantum number 𝑣 , and 𝐵𝑣  the rotational constant in the vibrational state with 

quantum number 𝑣. The separation between adjacent levels is given in Equation 38. 

                           2𝐵𝐽 = 𝐹(𝐽) − 𝐹(𝐽 − 1)                                                   Equation 38            

 In linear molecules, only transitions are allowed with a change Δv= ± 1 and ΔJ= ± 1. In 

the special case of a molecule which has non-zero electronic or vibrational angular momentum 

like NO, ΔJ = 0 is also allowed.  The rotational selection rule gives a P-branch when ∆J = -1 

and an R-branch when ∆J = +1 and, if allowed, a Q-branch with ∆J = 0. Each branch line is 

labeled R(J) or P(J), where J means the value of the lower state. For example, the P(1) line is 

a transition from J = 1 to J = 0. Q-branches are located in the centre at the fundamental 

vibrational wavenumber and shows as a narrow band, whereas P and R-branches are typically 

much broader.  

  The selection rules for rotational transitions in Raman spectroscopy are ΔJ = 0, ± 2 

giving, S, Q, and O branches, where in an O branch ΔJ = -2, Q branch ΔJ= 0, and S branch ΔJ 

= +2. Usually, all Q branch lines build up to one sharp, strong feature which can be used to 

detect the molecule.  

3.7. Raman spectroscopy  

   
The Raman scattering of light by materials was predicted first in 1923 by Adolf 

Smekal.85 The first experimental Raman scattering was discovered in 1928 by Sir 

Chandrasekhara Venkata Raman.86 Raman was awarded the 1930 Nobel Prize in Physics for 

this discovery. It can be used as a spectroscopic technique to detect molecules.  

In general, a UV, visible or NIR laser is used in Raman spectroscopy. It is passed 

through the sample which causes scattering of the light, followed by collection of scattered 

light by a monochromator. Through absorption and re-emission, scattering of electromagnetic 

radiation can occur. There are two types of scattering. Elastic, ‘Rayleigh’ scattering does not 

change the state of the molecule after the return from the excited state, with no change in energy. 

Inelastic scattering results in the change of state of the molecule after the return from the excited 

state. The Raman effect is the generation of inelastic scattering of light in vibrating and rotating 

molecules which have changing polarizability. Rayleigh scattering is the main contributor of 

scattered light. The low probability Raman scattering has two components, a Stokes and an 

anti-Stokes shift on which Raman spectroscopy is based. 
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 If the excitation light makes a transition to a virtual energy level followed by relaxation 

to a rovibrational state of higher energy, it is called a Stokes shift. If the relaxation is to a 

rovibrational state lower in energy, it is called an anti-Stokes shift, as shown in Figure 3.5. The 

Raman wavenumber (Raman shift) in cm-1 is the difference between excitation wavenumber 

and the final wavenumber, the difference is equal to a rovibrational excitation of the molecule. 

Figure 3.5 shows a schematic of Raman shifts. 

Figure 3.5. Schematics of a Rayleigh, a Stokes, and an anti-Stokes shift. 

Raman spectroscopy can be used with samples in solid, liquid and gas phases like IR 

spectroscopy. It requires strong excitation light sources as the scattering is a weak process. 

Usually the process is a two-photon process, with excitation via a very short lived (τ < fs) 

virtual state, which is in fact electronic states broadened by the short interaction time. 

 In general, Raman spectroscopy has had limited use in trace gas analytical applications 

because of the inherently weak signal intensities. Usually, infrared absorption signals are much 

higher, but unfavourable selection rules mean it is difficult or impossible for IR spectroscopy 

to detect homonuclear diatomic molecules. The changes in rotational energy depend on the 

selection rules occurring together with vibrational transitions, as given before.  

IR spectroscopy requires a change in electric dipole moment for a vibrational transition 

to be IR active such as the asymmetric stretching vibration of CO2. Raman spectroscopy 

requires a change in polarizability for a vibrational transition to be Raman active such as the 
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symmetric stretching vibration of homonuclear diatomic molecules such as N2, O2, and 

hydrogen, H2. To be an allowed vibrational transition in Raman spectroscopy, there must be a 

change in polarizability that is associated with the vibrational mode.  

There are different selection rules between Raman and IR spectroscopy. If a molecule 

is centrosymmetric such as N2, CO2, H2, or O2, the selection rules mean that a vibration is either 

IR or Raman active. However, if a molecule is non-centrosymmetric such as HCl, CO, H2O, 

or N2O, the selection rules mean that a vibration can be either IR or Raman active, or both. 

 Strong Raman signals can be obtained by symmetric vibrations which in contrast give 

weak IR signals. The advantage of Raman spectroscopy is that it can detect homonuclear 

diatomic molecules which is very useful for gas sensing, such as the monitoring of hydrogen 

or oxygen and their isotopomers.5 With asymmetric vibrations, the opposite situation is usually 

found, with strong IR signals and weak Raman signals.  

Figure 3.5. shows an energy level diagram distinguishing between the underlying 

principles of IR and Raman spectroscopy.87 IR spectroscopy is a direct absorption 

technique involving a sample being irradiated with IR light. The photons of IR light are 

absorbed if they match the energy gap between rotational-vibrational energy levels in the 

sample. As IR spectroscopy is a direct absorption technique, it follows the Beer-Lambert law 

as shown in Equations 16 - 19. Raman spectroscopy is an indirect technique as the sample is 

irradiated with monochromatic light to excite the sample from the ground state to a high virtual 

energy state. Since the scattered Raman light contains many energy components, it has to be 

analysed in a monochromator to obtain a spectrum.  

Gas phase samples have much lower densities when compared to the solid and liquid phases. 

Trace gas analysis requires enhancing the sensitivity of IR and Raman spectroscopy. This is 

particularly relevant for Raman spectroscopy. Raman spectroscopy is an inherent low 

sensitivity technique due to Rayleigh scattering occurring more often than Stokes scattering, 

so it is difficult to use for trace gas detection. Most excitations to the virtual energy level result 

in Rayleigh scattering to the vibrational ground state which reproduces the excitation photon. 

Special enhancement techniques are required for Raman trace gas analysis.  
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Chapter 4 

Construction and Characterisation of Differential Helmholtz Resonator 

(DHR) Enhanced Resonant Photoacoustic Spectroscopy (RPAS) 

 

Abstract 

Photoacoustic spectroscopy in a differential Helmholtz resonator has been employed with near-

IR and red diode lasers for the detection of CO2, H2S and O2 in 1 bar of air/N2, in static and 

flow cell measurements. With the red DFB diode laser, O2 can be detected at 764.3 nm with a 

noise equivalent detection limit of 0.60 mbar (600 ppmv) in 1 bar of air (35 mW laser, 1 s 

integration), corresponding to a normalized absorption coefficient  = 2.2  10−8 cm-1 W s1/2. 

Within the tuning range of the near-IR DFB diode laser (6357 − 6378 cm−1), CO2 and H2S 

absorption features can be accessed, with a noise equivalent detection limit of 0.160 mbar (160 

ppmv) CO2 in 1 bar N2 (30 mW laser, 1 s integration), corresponding to a normalized absorption 

coefficient  = 8.3  10−9 cm-1 W s1/2. Due to stronger absorptions, the noise equivalent 

detection limit of H2S in 1 bar N2 is 0.022 mbar (22 ppmv) at 1 s integration time. Similar 

detection limits apply to trace impurities in 1 bar natural gas. Possible interferences due to 

weak water and methane absorptions have been discussed and shown to be either negligible or 

easy to correct. The set-up and the calibrations for O2, 
12CO2, 

13CO2 and H2S have been 

characterised to understand the system very well before starting with any applications.  

 

 

This chapter forms part of a scientific publication [ref. 89]. The initial work was done in 

collaboration with an MChem student (Xiu-Wen Kang). A reprint of the full article can be 

found in the Appendix. 

 

“Diode Laser Photoacoustic Spectroscopy of CO2, H2S and O2 in Differential Helmholtz 

Resonator for Trace Gas Analysis in the Biosciences and Petrochemistry”, by Saeed Alahmari, 

Xiu-Wen Kang, and Michael Hippler, Analytical & Bioanalytical Chemistry, 411, 2019, 3777-

3787. Selected as ‘paper in forefront’ by the journal.  
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4.1. Introduction 

Photoacoustic detection is one of the most sensitive optical absorption techniques, but it 

suffers from ambient acoustic noise and flow noise introduced by sampling gases; this 

ultimately limits detection limits. A DHR has the advantage that the symmetrical resonator 

composed of two identical chambers produces photoacoustic absorption signals which are out-

of-phase in the two chambers, whereas noise including flow noise is in-phase in the two 

chambers. Differential detection therefore doubles the signal and cancels noise to a great extent. 

In this chapter, we demonstrate the characteristics of photoacoustic trace gas detection of O2, 

CO2 and H2S in a DHR with distributed feedback (DFB) diode lasers near 1.6 m, and O2 

detection near 760 nm. Improvements on the DHR technique are reported, including a 

multipass arrangement and using two independent lasers.  

 

4.1.1. External Cavity Diode Laser (ECDL) 

Diode lasers are widely used in a variety of experiments in atomic, molecular and optical 

physics. Diode lasers are a smaller, cheaper, and more reliable alternative to gas lasers. They 

are efficient but usually have poor wavelength control compared with other lasers. The 

wavelength of a diode laser depends on the bandgap energy of the semiconductor material. 

Some representative values are shown in Table 4.1 The laser action happens in an optical 

resonator where photons stimulate the return of excited, active medium resulting in the 

stimulated emission of more photons of identical wavelength.90 Wavelength stability can be 

achieved by operating the laser in a longer external cavity which can provide frequency 

selectivity by optical feedback. In an external cavity diode laser (ECDL), the rear face of the 

diode has a high reflectivity and the front face has low reflectivity. The laser cavity on the front 

side is thus not provided by the diode front face, but it is completed by the diffraction off an 

external grating, providing optical feedback.90,91  

ECDL uses frequency selective feedback to achieve narrow linewidth and the ability to 

tune the wavelength. This is typically achieved with diffraction gratings in the Littrow or 

Littman-Metcalf configurations, as shown in Figure 4.1. 90,92,93,94  
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Figure 4.1. External cavity diode laser (a) Littman-Metcalf configuration, (b) Littrow configuration, ref [90]. 

In this project, the Littman-Metcalf configuration was used in the ECDL. The advantage 

of the Littman-Metcalf configuration is that the angle and the beam position remain stable 

because rotation of a tuning mirror is used to achieve the variation in wavelength.90 The first 

order grating diffraction reflects from the mirror, then the first order is diffracted once more 

before being fed back to the active medium of the diode. The two diffraction steps impart high 

losses. This results in a lower maximum output power, while having higher side mode 

suppression, resulting in narrower linewidths. 

The second type of external cavity diode laser is a Littrow configuration. This type uses 

a diffraction grating to select the wavelength. In this design, the diffraction of zeroth order 

beam of the grating is directed out of the laser, and the first-order diffracted beam is directed 

back to the laser diode. A main advantage of Littrow configuration over Littman–Metcalf is 

that is has the possibility to reach a higher output power through fewer losses on the grating. 

On the other hand, the Littrow configuration has the disadvantage that with changes in the 

diffraction grating position, the output beam direction changes, which is inconvenient for many 

applications.90         
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Table 4.1. Wavelengths of some commercially available diode lasers, ref [90]. 

 

 

 

 

 

 

 

 

 

 

4.1.2. Distributed Feed-Back (DFB) Laser 

A DFB laser diode is a popular technique as a selective mechanism to control wavelength 

or frequency by an etched diffraction grating within the laser waveguide structure. It can 

achieve single frequency mode operation over broad current ranges and temperatures. DFB 

diode lasers are of particular interest, because diodes with a tuning range of typically 10 nm 

which emit single mode are available in almost the entire spectral region between 1 µm and 2 

µm. In this region enough strong absorption lines free from interference with other atmospheric 

gases like CO2 and H2O are present, or the combination band of H2S centered at 1.58 µm, 

which overlaps with the weaker combination bands is suitable. The basic idea of the (DFB) 

laser is illustrated in Figure 4.2. There is a relationship between the grating which is affected 

by the temperature, and therefore changing the temperature tunes the wavelength.95 DFB lasers 

have a smaller tuning range than an ECDL, but in comparison to the ECDL laser, they are  easy 

to use and cheaper.  
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Figure 4.2. Scheme of DFB Laser 

 

 4.1.3. Lock-In Amplifier  

The Lock-In Amplifier (LIA) is a tool that is used to detect a small periodic signal 

buried in noise. Essentially, a LIA filters a signal with the same frequency and phase as a 

reference and minimises noise components which do not have the right frequency and phase 

by applying smoothing with an adjustable time constant. The LIA requires a reference 

frequency. It can be obtained from the function generator controlling the current modulation to 

the laser. The signal is then passed through a low pass filter. In this project, a home-built 

analogue multiple feedback band-pass filter is used to filter the microphone signals, which is 

then further processed by a home-built LIA which use an additional 100 x input amplification.  

4.2. Aims 

This chapter describes a new home-built system, photoacoustic spectroscopy in an 

acoustic differential Helmholtz resonator (DHR).  In this chapter, the characterisations of this 

system, including; detection limit, sensitivity, laser power, and wavelength tuneability is 

explained. In the following chapter, applications of the system will be discussed, including 

time-dependent monitoring of the bacterial growth and aerobic metabolism of microbes and 

detection of H2S and CO2 impurities in natural gas (explained in chapter 5). 

 

 

 

 



56 
 

4.3. Experimental 

In this project, two kinds of laser systems were used, the first is an external cavity diode 

laser (ECDL) system that provides the largest tuning range, and the second is a distributed 

feedback (DFB) laser diode which emits in a narrow range of wavelengths. Both systems 

have a central wavelength at around 1.57 µm, which is in the NIR region where a range of 

gases such as H2S and CO2 have absorptions which are interesting for this project.  

4.3.1. The Set-Up of the ECDL system 

Figure 4.3. Schematic diagram of Photoacoustic experimental set up using an ECDL. 

Figure 4.3 shows the schematic diagram of the photoacoustic spectroscopy experiment set 

up using an ECDL system in the first part in this project. In the first part in this project, wide 

wavelength tunability is required to explore suitable absorption lines for the detection of CO2 

and H2S. The continuous wave NIR light source is a tuneable ECDL system in the Littman- 

Metcalf configuration (Thorlabs-TLK-L1550M), tuneable from 1550 nm - 1620 nm or 6150 

cm-1 - 6450 cm-1. The laser power is then further amplified in a fibre coupled booster optical 

amplifier. The laser power booster (ThorLabs S9FC1004P) is set at current of 300 mA for the 

CO2 and H2S measurements, which gives a maximum power of about 30 mW in the NIR with 

single mode, cw output. The ECDL emits a beam from the front side of the diode to the grating 

which allows wavelength tuning. The first order reflection is fed-back into the laser diode via 

a mirror and a second pass through the grating. The mirror movement is controlled by a motor 

controller (ThorLabs - TDC001). The mirror movement was set at the lowest speed possible of 
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0.003 mm s-1 with a  micrometre movement from 0-7 mm to get the best quality (mode-hope 

free) spectrum possible of CO2 and H2S.  The laser output is via a glass fibre bonded to the rear 

side of the diode. After amplification in the booster optical amplifier, the diode laser light 

passes through one of the compartments of DHR which will be explained later in detail. 

4.3.2. The Set-Up of the DFB laser system 

 

Figure 4.4. Schematic diagram of PA experimental set up use DFB for detect CO2 and H2S and red diode laser 

for detect O2 at 764 nm. 

The ECDL system was used to find out suitable absorption liens of CO2 and H2S. After 

establishing suitable wavelengths, a DFB laser which is temperature tuneable was used for the 

final measurements.   

In the second part of the project, as shown in Figure 4.4, a InGaAs/InP DFB laser diode 

(Mitsubishi FU-650SDFFL49M56D) was used for detecting CO2 and H2S. It emitted in a 

narrow range at around 1553 nm - 1570 nm or 6357 cm-1 – 6378 cm-1 in the NIR. A 

thermoelectric cooled mount (ThorLabs TCLDM9) was used to control the diode temperature. 

Wavelength tuning is accomplished by changing the diode temperature. The tuning range of 

the temperature was between 20-60C, using a control voltage to increase temperature by a rate 
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of 0.02 C s-1. The diode current was constant at around 13 mA. The DFB laser was also 

amplified by a booster optical amplifier to get a power of around 30 mW in cw operation, or 

15 mW in the pulsed operation for photoacoustic detection with 50 % duty cycle.   

 

4.3.3. General Set-Up for the system  

The DFB or ECDL laser is amplified by a booster optical amplifier (Thorlabs - 

S9F1004P) which provides a maximum power of about 30 mW in cw operation. The laser 

power is modulated by a signal generator on the control input of the laser to produce pulses 

with 50 % duty cycle to produce photoacoustic signal. With 50 % duty cycle, the average laser 

power is 15 mW.  The laser beam is then directed into one compartment (CH1) of the resonant 

DHR cell. After passing through the cell, an additional mirror located at the back of the 

compartment reflects the beam back to get a double absorption pass to increase the signal. The 

resonant DHR cell has two electret microphones (Knowles-EK-23024) connected, labelled 

channel 1 (CH1) and channel 2 (CH2). The two microphones are connected to a differential 

amplifier (Dr. Hippler, home-built, with 100 x input amplification) as shown on the photo and 

the schematic in Figure 4.5. The differential amplifier amplifies the differential signal CH1-

CH2 of the microphones, because signals in the two compartments of the DHR are out of phase.  
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Figure 4.5.  Photo and schematic of the home-built differential amplifier.  
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The electret microphones have a wide range of frequency response which starts at 100 

Hz and extends to above 10 kHz as shown in Figure 4.6.  The differential amplifier takes the 

difference between CH1 and CH2, amplifies it by a factor of 100 and then sends it to a home-

built lock-in amplifier which further greatly reduces noise.  

Figure 4.6. Frequency response of the Knowles electret microphone between (100-10000 Hz), ref [96]. 

 

The differential Helmholtz resonator (DHR) cell is based on a design published in 

reference [49]. The DHR cell chambers or compartments are made of glass. They have a length 

of 10 cm with a diameter of 1 cm and the connecting capillary tubes have a length of 10 cm 

and a diameter of 0.2 cm, as shown in Figure 4.7. Each compartment has in the middle one 

electret microphone (Knowles EK-23024) attached to it from the outside, but open to the inside. 

The compartments have glass windows at their end to allow laser light passing through; the 

windows are slightly tilted to avoid back reflections into the laser.  The entire cell is wrapped 

in heating wire and thermal insulation to keep it at around 45 oC, to avoid water condensation 

in biological experiments, as shown in Figure 4.8.  
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Figure 4.7. Photograph of the (DHR) with two microphones.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8. DHR is covered with aluminium foil and under it is wrapped with heating wire.  
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Diode laser light passes through one of the compartments and is reflected back once at 

a slight angle to double the interaction path length. After laser light is absorbed by molecules 

inside compartment 1, collisional deactivation leads to a temperature jump and pressure 

expansion (photoacoustic effect). This pressure build up will then travel to compartment 2 via 

the connecting capillaries. If the laser light is pulsed, the pressure build up will travel from 

compartment 1 to 2, leaving a pressure depression behind in 1, and then back again to 1 when 

the laser is off, leaving a pressure depression behind in 2. If the laser is modulated periodically, 

periodical pressure waves (sound) are thus created in compartment 1 and compartment 2 which 

have the same frequency and amplitude, but opposing phases in compartment 1 and 

compartment 2. If the laser modulation matches a resonance frequency of the cell, a standing 

wave develops with maximum amplitude (resonant photoacoustics). The acoustic resonance is 

a pressure oscillation between compartment 1 and 2, not a longitudinal acoustic resonance as 

in the more commonly used organ pipe photoacoustic resonators. The resonance frequency is 

given by the cell dimensions. It also depends linearly on the speed of sound and thus on the 

inverse of the square root of the molar mass of the medium inside the resonator.  

Characteristic features of a DHR are its low resonance frequency, and effective noise 

cancellation and signal enhancement by differential amplification of microphone signals 1 – 2. 

Genuine absorption signals inside the cell are out-of-phase between microphones 1 and 2; 

differential amplification 1 – 2 therefore doubles the signal as shown Figure 4.9. External noise 

and flow noise, however, will affect the two symmetrical compartments in nearly the same way, 

creating a noise signal which is in phase in 1 and 2. In this case, differential amplification 1 – 

2 leads to effective cancellation of noise as shown in Figure 4.10. This noise cancellation and 

signal enhancement make DHR an attractive choice for trace gas detection applications. The 

differential signals (1-2) are processed in lock-in amplifiers which further greatly reduce noise. 
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Figure 4.9. Oscilloscope traces of the signal from microphone 1 (red), microphone 2 (green), and the differential 

signal 1-2 (black), demonstrating signal enhancement (CO2 absorption near 1.57 m). 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10. Screen shots of the oscilloscope to demonstrate noise cancelation by the math function, channel 1- 

channel 2. 
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To demonstrate the noise cancellation due to the differential amplification further, the 

ambient noise picked up by the microphones is compared in a configuration where both 

microphones are connected to the differential amplifier, giving CH1-CH2 as signal, and a 

configuration where only one microphone is connected, giving CH1 without any DHR noise 

cancellation. Figure 4.11 shows the noise in the DHR cell with one (red line) and with two 

(black line) microphones. The standard deviation of the noise trace with one microphone is 

0.145mV and with the differential signal with two microphones it is 0.006mV, clearly 

demonstrating the noise cancellation by the DHR principle. After the differential amplification 

and noise cancellation, the PA signal is further amplified and processed by the lock-in amplifier 

and is then sent to the computer. The processed signal is also simultaneously displayed on an 

oscilloscope (Rigol- DS1054). The signal generator (Rigol- DG1022A) is connected to the 

diode current driver to modulate the laser output in order to generate an acoustic resonance. 

The signal output is also connected as reference to the lock-in amplifier. A LabVIEW (National 

Instruments) programme is used to control the scanning of the laser and for data acquisition 

and data analysis. Origin 8 software was used throughout to plot graphs and spectra. 

Figure 4.11. Comparison of PA noise signals with one microphone, CH1, and with two microphones in 

differential amplification, CH1-CH2.  
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Figure 4.12 shows the effect of using different integration times for the lock-in 

amplifier during a scan of 1 atm CO2. It is evident that an integration time of 100 ms results in 

a spectrum with a better signal-to noise ratio than when an integration time of 10 ms is used, 

because essentially more averaging and smoothing occurs. 

Figure 4.12. CO2 scan with different integration time settings, 10 ms (black curve), and 100 ms (red curve).  The 

red curve is mirrored for a better visual comparison. 

 

 

4.3.4. Determination of the Resonance Frequency of the DHR 

The differing resonance frequency for CO2 and H2S in DHR can be calculated in order 

to find out the relationship between resonance frequency, molecular weight of the gas mixture 

inside the resonator and the temperature. The resonance frequency depends on the speed of 

sound inside the resonator. The speed of sound in air at 20 oC is 343 ms-1, but this is dependent 

on various parameters. The speed of sound is faster in solid materials and slower in gases 

because gaseous molecules are farther spaced. The speed of a sound is affected by two 

properties of matter: the flexible properties and density.  

In resonance, the wavelength of the acoustic resonance (λ) is determined by the 

chamber length of the cell which changes very little with a change of temperature. However, 
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the speed of sound c changes significantly with temperature and composition, and via the wave 

equation the resonance frequency change, as in Equations 39 and 40.  

                                                   𝑐 = 𝑓 𝜆                                               Equation 39   

where f is the frequency of the resonance sound wave, λ is the wavelength of the sound which 

is fixed by the dimensions of the chamber. The speed of sound is c and given by  

                                                             𝑐 = √
𝛾𝑅𝑇

𝑀
                                                  𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 40 

In the kinetic theory of gases, where 𝛾 is the adiabatic constant (heat capacity ratio), R the gas 

constant, T the absolute temperature and M is the molecular mass of the gas. In a gas mixture, 

an average M has to be used. 

Applying Equation 40 in the plot shown in Figure 4.13 demonstrates a positive 

correlation between resonance frequency / Hz and √𝑇 / K. The sound travels faster in the 

warmer air than cooler air. For example, the speed of sound at 40 OC is 355 ms-1 compared with 

343 ms-1 at 20 oC, because an increase in temperature causes the molecules to move faster and 

this accounts for the increase in the speed of sound.                                 

Figure 4.13. A plot of the calculated resonance frequency as a function of the square root of temperature as 

calculated by Equation 40.  
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Figure 4.14 shows a negative correlation between calculated resonance frequency and 

square root of 1/M of CO2 in atm N2. In a dilution series of one gas (for example CO2) in 1 atm 

of air or N2, the total pressure in the chamber is constant but the composition changes and 

therefore M changes in Equation 40. Increase in the ratio of CO2/N2 results in an increase in 

the overall density of gaseous mass within the chamber, as a molecule of CO2 weighs more 

than a molecule of N2 (M of CO2 = 44 g mol-1, M of N2 = 28 g mol-1). This affects sound. Sound 

waves have kinetic energy. Therefore, the sound in dense matter will travel at a slower rate.  

Figure 4.14. A plot showing the negative correlation between the calculated resonance frequency and √
1

𝑀
 of 

CO2 in atm N2.  

In Figure 4.15, the resonance frequency, f is experimentally determined by using 1 atm 

of CO2 observing a near-IR transition of CO2. The figure shows PA response as a function of 

modulation frequency. The PA response is represented by a Lorentzian curve. A Lorentzian 

curve fit gives f = 220 ± 0.690 Hz as resonance frequency. The uncertainty is given by the 

standard deviation of the Lorentzian curve fit. In Figure 4.15, the distortions at the base to the 

left and right of the Lorentzian curve may be due to a phase shift going through the resonance.  

The resonance frequency has a quality factor Q = 7 for this DHR cell. The quality factor Q is 

defined as the ratio between the resonance frequency f and the frequency bandwidth at 1/√2 of 

the maximum of the resonant profile. 
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At low CO2 concentrations in 1 atm N2, this frequency shifts down to 261± 0.603 Hz 

(the resonance frequency of pure N2 or air, see Figure 4.16) and in natural gas (essentially CH4) 

it shifts up to 320± 0.678 Hz, consistent with the changes in molar masses. The uncertainty is 

given by the standard deviation of the Lorentzian curve fits. Since the aim of the project is the 

detection of low concentrations in air, the resonance frequency of air (261Hz) is used as 

modulation frequency for the laser. The final calibration curve has been obtained with 261 Hz 

modulation frequency for the detection of CO2, H2S and O2 in 1 atm air / N2, see below. 

 

Figure 4.15.  Photoacoustic response measured in 1 atm CO2 to determine the resonance frequency in 100% CO2. 

 

 

 

 

 



69 
 

Figure 4.16.  Photoacoustic response measured in 100 mbar CO2 in 1 atm in N2 to determine the resonance 

frequency for detection of low concentrations in essentially pure N2 or air.  

The frequency and modulation of the diode current can be controlled by the signal 

generator as shown in Figure 4.17. The figure shows the modulation applied to the diode 

current, essentially switching on and off the laser periodically, and the PA signal resulting from 

this modulation. The PA signal is in phase (red line), it follows the laser power modulation 

closely (black line).  

Figure 4.17. The photoacoustic signal of CO2 and the modulation applied to the diode laser by the signal generator.  
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4.3.5. Theoretical Absorption Cross Sections of O2 in the Red and CO2 in the 

Near-IR 

It is important before starting any experiment to estimate the expected response to plan 

the experiment thoroughly. Therefore, before starting trace detection by photoacoustic 

spectroscopy, a data base survey was made to estimate what kind of sensitivity can be expected 

for O2 detection in the red in comparison to the near-IR CO2 detection. According to theory, 

photoacoustic signal is proportional to absorption cross section and the laser power. Absorption 

cross sections have been obtained from the HITRAN data base.84 In Figures 4.18 and 4.19, the 

absorption cross sections of O2 between 13000 – 13200 cm-1 and of CO2 between 6100 – 6400 

cm-1 are shown. The absorption cross sections were calculated for 1 atm air broadening. As can 

be seen from Figure 4.19, peak absorption cross sections of CO2 are about 0.007 pm2. The O2 

highest peaks have absorption cross sections of 0.006 pm2 which is comparable to CO2. 

Therefore, the photoacoustic signals are expected to be similar, provided the laser power in the 

red and in the near-IR are similar. Since similar signal and sensitivity with photoacoustic 

detection of O2 compared to CO2 is expected, and since CO2 has been detected before, it was 

decided to do this experiment because the theoretical analysis has shown that it should work.   

Figure 4.18. Absorption cross section of O2, according to the HITRAN data base data, with 1 atm air pressure 

broadening.  
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Figure 4.19. Absorption cross section of CO2, according to the HITRAN data base data, with 1 atm air pressure 

broadening.  

 

4.3.6. Preparation of Gas Mixtures  

Mixtures of gases were prepared in a glass balloon, using freeze-pump-thaw cycles to 

purify gases, on a gas handling Schlenk line as shown in Figure 4.20. The Schlenk line has 

several taps to control the gas flow, a Pirani pressure gauge is used for measurement of low 

pressures in the range of 1 x 10-3 mbar, and a diaphragm gauge (Leybold Vacuum GmbH 

CTR 90) for accurately measuring higher pressures in the range of 100 Torr. Typically, the 

system is evacuated until a base pressure of less than 1 x 10-3 mbar is achieved. To prevent 

condensable gases reaching the pumps, a liquid nitrogen cooled trap is used. 

To prepare a sample balloon containing a known pressure of gases (CO2, H2S), two 

glass balloons were prepared first, one contained pure CO2 (typically 1000 mbar, sublimed 

from dry ice), the other fully evacuated to the 1 x 10-3 mbar base pressure to facilitate the gas 

transfer from the other balloon. The desired amount of CO2 or H2S was transferred to the 

evacuated glass balloon, then N2 from the laboratory gas line was used to complete the total 

pressure in the balloon until 1000 mbar. The gas balloon containing the known concentration 

of CO2 or H2S was then connected to the PA set up. The DHR cell in the photoacoustic set-up 

was completely evacuated until around 10-2
 mbar to facilitate the gas transfer from the sample 

balloon into the DHR cell for analysis. 
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Figure 4.20. Photo of the gas handling line. (A) roughing pump bypass tap, (B) vacuum pump for low pressure 

(1 x 10-3 mbar), (C) trap of liquid nitrogen, (D) the Schlenk line, (E) pressure gauge for higher pressures, (F) the 

glass balloon to be filled with sample, (G) a Pirani gauge and (H) Pirani gauge read-out unit for low pressures.   
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4.4. Results and Discussions 

4.4.1. External Cavity Diode Laser (ECDL) Characterisation 

  Characterisation of the ECDL is important in order to know which molecular 

absorptions can be excited by the diode laser. As a first step, it is important to know the 

tuneability range of the wavelength, which is controlled by the motor arm which in turn 

controls the mirror in the Littman-Metcalf configuration to determine the laser wavelength by 

the grating feedback. The wavelength is directly controlled by the mirror rotation; the motor 

arm is connected to the PC for easy control of the mirror movement between distances from 0-

8 mm. By tuning the mirror motor position very gradually (0.003 mm/s), a high resolution 

spectrum of the IR-active species is obtained. It is important to obtain the relationship between 

mirror position and laser wavelength or wavenumber by calibration. The conversion was 

obtained by comparing peaks on the measured CO2 spectrum with peaks from the HITRAN 

data base reference spectrum.84 Calibration is accomplished by comparing the experimental 

spectrum with CO2 line positions. Figure 4.21 shows the wavenumber of diode laser emission 

against mirror motor position after calibration. It shows that the ECDL can be tuned between 

6150 – 6450 cm-1 by tuning the grating mirror.  

    Figure 4.21. Wavenumber of diode laser emission against mirror motor position. 
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4.4.2. Calibration Spectrum of Carbon Dioxide (CO2) with HITRAN Data 

Base  

CO2 is used to optimise the setup of the laser system and the PA detection, because it 

is much less toxic than H2S gas, it is easier to handle, and its spectroscopic properties are well 

known. The measurements conducted have a signal integration time of 330 ms, a lock-in 

amplification of ×10, and optimised phase shift between the modulation frequency and the 

photoacoustic signal in the lock-in amplifier. The laser power booster is set at 300 mA for the 

CO2 measurements, which gives a maximum power of about 15 mW NIR with the modulated 

laser at 50 % duty cycle.  

Figure 4.22 shows the spectrum of CO2 buffered in N2 recorded in the DHR system. 

The spectrum of CO2 (red line) is compared against a reference spectrum from a data base, 

HITRAN (black line). HITRAN is a high resolution molecular spectroscopic database which 

is the standard compilation of spectroscopic reference data for molecular absorptions, from 

microwave to ultraviolet wavelengths.84 Figure 4.22 shows good general agreement between 

measured and expected line position and line intensities. There are some irregularities, e.g. 

lines missing below 6200 cm-1. They are most likely due to limitations of the laser such as 

tuning range and mode hops.  

Figure 4.22. The spectrum of CO2 buffered in N2 (red line) compared against HITRAN (reference) CO2 spectrum 

(black line).  
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The main aim of using the ECDL was to obtain an overview of strong CO2 absorptions 

in the NIR. An ECDL is well suited for this purpose since it is tuneable over a wide range of 

wavelength. Based on this preliminary work with the ECDL, a DFB diode was selected to cover 

some strong CO2 and H2S absorption. Although a DFB laser has a much smaller tuning range 

than an ECDL, it has better single-mode performance and is easier to tune by temperature 

control, and it is also less costly.   

4.4.3. Hydrogen Sulfide (H2S) Measurements Using ECDL 

In this part, the ECDL laser is used to measure a full spectrum of H2S which is compared 

with the HITRAN data base84 as shown in Figure 4.23. This is useful to determine the correct 

peaks and find the best peak to make calibrations. Tuning is done by the movement of the 

mirror in the ECDL set up, giving wavelength tuneability between 6150 – 6400 cm-1.  All the 

measurements conducted have an integration time of 330 ms, lock-in amplification of 10, and 

optimised phase shift between the modulation frequency and the photoacoustic signal in the 

lock-in amplifier. The laser power booster is set at 300 mA as for the CO2 measurements, which 

gives a maximum power of about 30 mW NIR cw, or 15 mW at 50% duty cycle after 

modulation. Figure 4.23 shows the spectrum of H2S with 1 atm N2 recorded in the DHR system. 

The spectrum of H2S (red line) is compared against a reference spectrum from a data base, 

HITRAN (black line).  

In addition, the measured spectrum of H2S is compared with the HITRAN data base 

including spectra for H2O and CO2, in order to ensure that the line which is chosen to make the 

trace gas measurement and calibration for H2S is not overlapping with any interfering lines of 

H2O or CO2. The comparison is  shown in Figure 4.24. 
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Figure 4.23. A measured spectrum of H2S (red line) compared with the HITRAN reference spectrum (black line). 

Figure 4.24. A comparison of the HITRAN data for H2O (red line), CO2 (black line) and H2S (green line) with 

the measured H2S spectrum (blue line). 
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4.4.4. Calibration Spectrum of Carbon Dioxide (CO2) with HITRAN Data 

Base by using the DFB laser system 

A DFB laser is used instead of the ECDL in the final PA set up. As before, calibration 

samples are prepared directly from CO2 which has been purified from dry ice using freeze-

pump-thaw cycles and mixed with N2 to 1 atm total pressure. The samples are then transferred 

in a glass balloon to the DHR cell, as explained before.  

In a DFB laser, wavelength tuning is controlled by the temperature setting of the diode.  

The rate of temperature change was of 0.02 C s-1
 in order to collect the spectrum with good 

spectral resolution. The integration time was 1 s and amplification setting x10 in the lock in 

amplification. The laser power was at 15 mW using power booster with the modulated laser at 

50 % duty cycle, essentially the same power as with the ECDL system.   

 Figure 4.25 shows the relationship between temperature of DFB and wavenumber from 

which Equation 41 is obtained. According to the calibration, a 1 C increase of temperature 

corresponded to approximately 0.52 cm-1 change in wavenumbers, as shown in Figure 4.26. A 

practical temperature range is between 20 – 60 C.  As shown in Figure 4.26 this corresponds 

to a wavenumber range of between 6354 - 6380 cm-1. The strongest line within this range is 

the R (18) line of CO2 at 6361.250 cm−1
 with peak absorption cross section peak = 0.00757 pm2

 

(1 bar air pressure broadened) according to the HITRAN data base.84
  This line will be used for 

CO2 detection. 

                            𝑣 ̃/𝑐𝑚−1= 6388.7565 – 0.5220 × T/C                             Equation 41  

Since the final wavelength calibrations will always be made with HITRAN reference lines, and 

Equation 41 is only used for initial calibrations, no error analysis was attempted for Equation 

41 (the uncertainties in the linear fitting procedure are given in the inset of Figure 4.25). 
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Figure 4.25. A calibration graph of the DFB’s temperature compared with the wavenumber emitted.  

Figure 4.26. A spectrum of CO2 produced by the DFB upon varying the temperature between 20 – 60 C. In red 

the measured photoacoustic spectra, in black a reference spectrum from the HITRAN data base.84  
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Figure 4.27 provides an overview of absorptions within the accessible range from the 

HITRAN database at 1 atm air broadening, including absorption of CO2, H2S and also water 

absorptions to asses whether water will interfere with CO2 or H2S detection. This figure is 

comparable to Figure 4.24, except with a shorter wavenumber range of the HITRAN database. 

Water quite often interferes very severely in 'real life' applications, in particular in the region 

of mid-IR fundamental vibrations. Fortunately, the absorption features of water are very weak 

in this near-IR region, with absorption cross sections below 4×10-5
 pm2.84

 In this chapter, we 

aim for the detection CO2 or H2S in air. The peaks chosen are all well isolated with negligible 

interference with each other and with water at normal abundance. 

Figure 4.27. HITRAN absorption cross sections (1 atm air pressure broadening) of CO2 (black), H2S (green, 

scaled ×0.1), water vapour (blue, scaled ×100) and methane CH4 (red, scaled ×100).84
 Lines a) to d) are CO2 peaks, 

e) and g) H2S peaks and g) is a CH4 peak. 
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The CO2 absorptions in Figure 4.27 are part of the R-branch of the 3ν1 overtone. The 

strongest line (labelled a) in Fig. 4.27) is the R(18) line at  6361.28 cm-1 with peak absorption 

cross section σpeak = 0.00757 pm2 (1 atm air pressure broadened).84 This line is indicated as 

well by an asterisk in Figure 4.26. It has been chosen for detection of CO2 because it is one of 

the strongest CO2 lines accessible to the laser.  

In Figure 4.28, the blue data points represent measured peak signals of the R(18) line   

from measurements of known CO2 concentrations which have been prepared on the gas 

handling line, expressed as partial pressure (buffered with 1 atm of N2). The calibration shows 

a good linear response in the logarithmic plot with an R2 value of 0.998. The slope is 1.08 in 

the logarithmic plot which means there is a slight deviation from a linear relationship between 

partial pressure and photoacoustic signal. This deviation is most likely be caused by the change 

of gas composition, from a mixture of CO2 and N2 at high concentrations to essentially just N2 

at low concentration, which changes the acoustic behaviour. The noise level of the experiment 

has been determined by the standard deviation () of the baseline to be 0.98 mV with the laser 

still on. It represents the noise floor at 1 s integration time. The calibration line intersects this 

level at a concentration of 0.160 mbar CO2 in 1 atm N2, giving the noise equivalent detection 

limit at 1 s integration time with the 30 mW laser as shown in Figure 4.28. The noise equivalent 

detection limit is therefore 0.160 mbar which is 160 ppmv of CO2 at 1 atm total pressure and 

1s integration time. Note that this is the noise equivalent detection limit (1  limit); practical 

detection limits are often quoted as 3  in the literature. In Figure 4.28, statistical error bars are 

included for each measurement. To estimate the uncertainty in the noise equivalent detection 

limit, the calibration line can be moved within the error bars to give the range of 160 ppmv ± 

40 ppmv for the intersect, which may serve as an estimate for the uncertainty. Since 

photoacoustic signal scales linearly with laser power and statistical noise decreases with the 

square root of integration time, improved detection limits are achievable with higher laser 

power and longer integration times. Normalizing to absorption cross section, laser power and 

integration time, a noise equivalent normalized absorption coefficient α= 8.3 x 10-9 cm-1 W s1/2 

is calculated (see Appendix 4). This detection limit should be adequate for the biological 

measurements which will follow from this experiment. To further demonstrate the sensitivity 

of the DHR scheme, ambient, fresh air from the outside was measured as shown in Figure 4.29. 

At 1 s integration time of each data point displayed, the R(18) line due to CO2 at natural 

abundance (410 ppmv) can clearly be distinguished above the noise level. 



81 
 

Figure 4.28. Calibration line for partial pressures of CO2 using the peak at 6361.28cm-1, and determination of the 

noise equivalent detection limit. Error bars represent standard deviation (1 σ) of experimental replicates.   

 

 

 

 

 

 

 

 

 

 

Figure 4.29. Photoacoustic spectrum of CO2 at natural abundance in 1 atm of ambient air. Red: Lorentzian line 

fit of the R(18) line of CO2. 
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4.4.5. Hydrogen Sulfide (H2S) Measurements in Air/ N2 Using a DFB laser at 

1.57 µm  

  Within the tuning range of the near-IR DFB diode laser (6360 − 6378 cm−1), H2S 

absorption features can be accessed which can be used for trace gas detection in the differential 

Helmholtz resonator. Figure 4.30 provides a comparison of the HITRAN data base compared 

to a PA measurement of 150 mbar of H2S using the DFB laser system. The strongest feature is 

at 6369.8 cm−1, a feature of the 123 combination band. It is indicated by the asterisk in Figure 

4.30 and labelled f) in Figure 4.27. It is used for H2S detection. Its peak absorption cross section 

is peak = 0.0665 pm2 (1 atm air pressure broadened)84, about 9 stronger than the CO2 line 

used for CO2 detection.  

Figure 4.30. A PA spectrum in the DHR of 150 mbar H2S (red line) using the DFB laser, compared to the 

HITRAN reference spectrum (black line). 
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Figure 4.31 is the calibration for H2S detection observing the peak height of the 6369.8 

cm-1
 feature in 1 atm N2. With the same noise limit of 0.98 mV at 1 s integration time, a noise-

equivalent detection limit of 0.022 mbar or 22 ppmv in 1 atm N2 is obtained with the 30 mW 

laser. In Figure 4.31, statistical error bars are included for each measurement. To estimate the 

uncertainty in the noise equivalent detection limit as before for CO2, the calibration line can be 

moved within the error bars to give the range of 22 ppmv ± 8 ppmv for the intersect, which 

may serve as an estimate for the uncertainty. 

The much lower detection limit compared to CO2 is due to the stronger absorption of 

H2S. The detection limit is below the immediately dangerous to life or health limit (IDLH) of 

100 ppmv;29 the DHR sensor may therefore be useful as a safety monitor for toxic levels of 

H2S, in particular if additional integration time or spectral line fitting procedures improve the 

detection limit. 

Figure 4.31. Calibration line for partial pressure of H2S in 1 atm N2 using the peak at 6369.8cm-1, and 

determination of the noise equivalent detection limit. Error bars represent standard deviation (1 σ) of experimental 

replicates.   
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4.4.6. Photoacoustic Detection of Molecular Oxygen Near 764 nm 

Molecular oxygen (O2) does not have an IR-active vibration, but it can be detected by 

an electronic absorption band in the red, the b 1Σg
+

 (ν = 0) ← X 3Σg
-

 (ν = 0) band of molecular 

oxygen (the “A band”) near 760 nm. It is a very weak, formally forbidden transition with 

absorption cross-sections of the same order than the near-IR combination bands of CO2 and 

H2S near 1.57 m. Some of the strongest rotational lines of the A band are within the range of 

our DFB diode laser (EYP-DFB-0764-00040-1500-TOC03-0002). It emitted in a narrow range 

at around 763 nm - 765 nm or 13106.15 cm-1 - 13071.89 cm-1 with power 35 mW. Wavelength 

tuning is accomplished by changing the diode temperature. The tuning range of the temperature 

was between 24 – 38 oC. Figure 4.32 shows the photoacoustic spectrum of 1 bar air obtained 

in the DHR, by temperature tuning the laser from 24 – 38 oC. Good agreement with literature 

data (HITRAN) for O2 absorption is obtained.84
 The relationship between temperature of DFB 

and wavelength was given by a monochromator (Shamrock, SR-163) measuring the 

wavelength of the red diode. Measured wavelength as a function of the temperature of the diode 

is shown in Figure 4.33. The uncertainties of the linear fit for the calibration line are shown in 

the inset of the Figure 4.33. 

The strongest line is used for analysis of O2; it is marked by an asterisk in Figure 4.32. 

The transition is the P(11) line at 764.280 nm (vacuum) which has a peak absorption cross 

section of peak = 0.00478 pm2
 (1 bar pressure broadened).84

 At an abundance of 210 mbar in 1 

bar air, the peak photoacoustic signal of this line is 310 mV. The standard deviation of the 

baseline, 0.88 mV at 1 s integration time, can serve as an estimate of the noise level. A noise 

equivalent detection limit of 0.60 mbar (600 ppmv) of O2 in 1 bar of air at 35 mW peak power 

and 1 s integration time is thus obtained. Normalizing to the absorption cross section, the laser 

power and integration time, a noise equivalent normalized absorption coefficient  = 2.2  10−8
 

cm-1
 W s1/2

 is calculated (see Appendix 5). Taking into account the simplicity of the DHR setup, 

this compares favourably with detection limits of  more complex photoacoustic schemes, such 

as quartz cantilever enhanced photoacoustic spectroscopy where  = 4.8  10−9 cm-1 W s1/2 was 

reported for photoacoustic detection of oxygen by a 30 mW DFB diode near 760 nm.51 In an 

application where the head space above an aqueous solution is measured (as in the bacterial 

suspensions at 37 0C), 600 ppmv of O2 in the gas phase corresponds to an oxygen concentration 

of 12 ppb per mole in the solution, using Henry's law and Henry's constant at 37 0C (see 

Appendix 6).  
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Figure 4.32. a) Photoacoustic spectrum of 1 bar air in the Helmholtz resonator, obtained by temperature tuning 

the DFB laser from 24 – 38 oC. The peak marked by the asterisk is used for detection of molecular oxygen.                

b) HITRAN absorption cross sections (1 bar air pressure broadening) of molecular oxygen in the A band.84 

Figure 4.33. A calibration graph of the red DFB diode laser’s temperature compared with emitted wavelength 

(nm) as given by the monochromator (Shamrock, SR-163).  
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4.4.7. Demonstrating the Distinction of 12CO2 and 
13CO2 Isotopomers in 

Preparation of Biology Experiments  

Different isotopomers have different vibrational spectra. PA spectroscopy can therefore 

be used to distinguish between different isotopomers. Isotopic labelling can be used to probe 

biological mechanisms, to give a very relevant application example. In the next chapter, the 

carbon source for aerobic metabolism of E. coli will be investigated using a mix of two labelled 

sugars 13C-glucose and 12C-lactose, to examine if E. coli shows a preference for one sugar over 

the other. Therefore in preparation for these experiments, it is necessary to know the positions 

of peaks for the different isotopically labelled CO2 molecules before starting to apply any 

biology experiments. Figure 4.34 provides an overview from the HITRAN data base84 for 

13CO2 (red line) and 12CO2 (blue line) in the region accessible to the near IR DFB laser. From 

this figure it can be seen that in the region 6370 – 6373 cm-1, there are separated 13CO2 and 

12CO2 signals.  

Figure 4.34. Overview from the HITRAN data base84 for 13CO2 (red line) and 12CO2 (blue line). 

The tuning range of the near-IR DFB diode laser 6370 – 6373 cm-1
 corresponds to a 

temperature range from 29.5 – 33.7 OC, it can be used for detecting 13CO2 and 12CO2 in a single 

scan. To demonstrate this further, Figure 4.35 (a) shows a mixture of 13CO2 and 12CO2 from 

the HITRAN data base84 comparing with an experimental measurement of a mixture of 13CO2 
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and 12CO2, as measured by PA in the DHR cell, shown in Figure 4.35 (b). Good agreement is 

found between theory and experiment. The peak at 6371.7 cm-1 shown in Figure 4.35 (b) is a 

strong line for 13CO2. The absorption cross section for this peak is peak = 0.0017 pm2 (1 bar 

air pressure broadened), as shown in Figure 4.35 (a). This line will be used for 13CO2 detection 

in the biology experiments described in detail in the next chapter. For quantitative 12CO2 and 

13CO2 detection in this range, the previous calibration for the R(18) line can be used if 

adjustment is made for the different absorption cross sections.  

Figure 4.35.  Comparison of theoretical and experimental spectra of a mixture of 13CO2 and 12CO2
. a). Data from 

the HITRAN data base84, b) experimental data from a PA scan by using the DHR cell. 
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4.5. Conclusions 

Due to the inherent signal amplification and noise cancellation, photoacoustic 

spectroscopy in a differential Helmholtz resonator has great potential for trace gas analysis, 

with possible applications including safety monitoring of toxic gases, applications in the 

biosciences and for natural gas analysis in petrochemistry. In this chapter, a set-up is described 

employing near-IR and red diode lasers for the detection of CO2, H2S, and O2 in 1 bar of air/N2, 

in static and flow cell measurements and improvements are introduced including a multipass 

arrangement and using two independent lasers simultaneously. With the red diode laser, O2 can 

be detected at 764.280 nm (vacuum). A noise equivalent detection limit of 0.60 mbar (600 

ppmv) of O2 in 1 bar of air at 35 mW peak power and 1 s integration time is obtained. 

Normalizing to the absorption cross section, the laser power and integration time, a noise 

equivalent normalized absorption coefficient  = 2.2  10−8 cm-1 W s1/2 is calculated. Within 

the tuning range of the near-IR DFB diode laser (6357 − 6378 cm−1), CO2 and H2S absorption 

features can be accessed for trace gas detection, with a noise equivalent detection limit of 0.160 

mbar (160 ppmv) CO2 in 1 bar N2 at 1 s integration time with the 30 mW laser. This corresponds 

to a noise equivalent normalized absorption coefficient  = 8.3  10−9 cm-1 W s1/2. Due to 

stronger absorption cross-sections, the noise equivalent detection limit of H2S in 1 bar N2 is 

0.022 mbar (22 ppmv). At this level, the scheme may be useful for safety monitoring of toxic 

H2S. Similar detection limits apply to trace impurities in 1 bar natural gas which is the topic of  

chapter 5. Detection limits scale linearly with laser power and with the square root of 

integration time. 

In this chapter, the set-up and the calibrations which have been used for O2, 
12CO2, 

13CO2 and H2S have been characterised in detail to understand the system very well before 

starting with applications. In the next chapter, we want to explore the possibility of isotopic 

labelling experiments which take advantage of the different spectroscopic signatures of 

isotopes and to apply DHR PA spectroscopy to biological application and to petrochemistry. 
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Chapter 5. Trace Gas Analysis in the Biosciences and Petrochemistry 

 
Photoacoustic spectroscopy (PAS) and Cavity-Enhanced Raman Spectroscopy (CERS) 

can detect headspace gases above a microbiological culture in a closed system. PAS and CERS 

have a detection limit for gases in the ppm per volume range. In this chapter, two applications 

of these techniques are demonstrated. The first demonstration involves investigating the 

aerobic respiration in the mixed sugar metabolism of Escherichia coli (E. coli), section 5.1. 

Both techniques are able to monitor O2 and CO2 and its isotopomers with excellent sensitivity 

and time resolution to characterise bacterial growth and metabolism. 

The second application (section 5.2) is about trace gas analysis of CO2, H2S and O2 by 

near-IR and red diode laser photoacoustic spectroscopy in a DHR to study the L-cysteine 

metabolism of E. coli, and for trace gas detection in natural gas (petrochemistry). 

 

5.1. Cavity Enhanced Raman and Helmholtz Resonator Photoacoustic  

Spectroscopy to Monitor the Mixed Sugar Metabolism of E.coli 

 

This section forms part of a scientific publication which has just been submitted and 

accepted (16/9/2019). A reprint of the full article can be found in the Appendix. 

“Cavity Enhanced Raman and Helmholtz Resonator Photoacoustic Spectroscopy to Monitor 

the Mixed Sugar Metabolism of E.coli”, by George D. Metcalfe, Saeed Alahmari, Thomas W. 

Smith, and Michael Hippler, accepted by Analytical Chemistry.  

For this paper, I have joint first authorship with my work colleague George D. Metcalfe. 

George and I performed all DHR and CERS experiments and analysis, as well as supporting 

calculations. Dr Thomas Smith assisted in interpretation of experiments and also performed 

the preliminary experiments, under the supervision of Dr Michael Hippler. 

 

 5.1.1. Introduction 
 

Spectroscopic methods are best suited for non-intrusive in situ measurements in a 

closed system.5,97 Advantages of spectroscopy are real-time data acquisition with high 

selectivity and sensitivity, including the distinction of isotopomers.2,3,4,8,9,10 This enables a 

further investigation into how E. coli metabolises a mixture of two isotopically distinct sugars, 
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13C-glucose (13C6H12O6) and 12C-lactose (12C12H22O11). The metabolism of 13C-glucose will 

produce 13CO2 while the metabolism of lactose will produce 12CO2. The ability of an analytical 

technique to distinguish isotopes will allow isotope labelling experiments to find 

out sources and sinks of carbon dioxide generated.  

Spectroscopic detection of O2 consumption and CO2 production enables monitoring of the 

growth of E. coli. CO2 detection is particularly relevant to study the metabolism and activity 

of bacteria, because it is a product of aerobic respiration of converting glucose into energy. 

Monitoring of molecular O2 complements such metabolism studies. O2 detection is also very 

relevant in biotechnology, for example to ensure that there is no oxygen in a bioreactor in 

anaerobic fermentation processes. 

E. coli will be grown in a medium at different concentrations of glucose to investigate the 

effects on the metabolic activity. These experiments are to demonstrate how spectroscopic 

headspace gas detection can monitor different growth conditions. This chapter will demonstrate 

the strengths of Raman and photoacoustic spectroscopy (PAS) to investigate the metabolism 

of E. coli. 

E.coli grown in a mixture of 13C-glucose and 12C-lactose will be used in this research, 13CO2 

production from 13C-glucose is expected to occur first, then a diauxic shift should occur after 

E.coli consume all of 13C-glucose. Then 12CO2 production from the metabolism of 12C-lactose 

should occur.98,99 

 

5.1.1.1. Spectroscopic Detection of Headspace Gases  

The metabolic activities of life forms consume or produce gases. This statement is true 

right down to the microscopic scale of microorganisms, such as the bacterium E. coli. Bacteria 

generate or consume gases in solution, dissolved gases are in equilibrium with the gases in the 

headspace. Depending on solubilities, the dissolved gases that are produced by bacteria may 

enter the headspace. The equilibrium between headspace gases and dissolved gases is described 

by Henry’s Law as in Equation 42: 

 

                                                         𝑐 = 𝑘 𝑝,                                                           Equation 42 

 

where c is the concentration of a dissolved gas in the solution, k is the Henry’s Law 

constant for the gas at a fixed temperature, and p is the partial pressure of the gas in the 

headspace above the solution. 
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Monitoring p in a closed system and using Henry’s Law gives insight into the total 

amount of gas in the headspace and solution. The consumption and production 

of gases provides information about the metabolic activity of microorganisms. Headspace gas 

detection is possible with spectroscopic techniques. This section will demonstrate the 

capability of vibrational spectroscopy for allowing in situ analytical measurements of trace 

gases. In a closed system, laser light passing through the headspace for gas monitoring is non-

intrusive. Spectroscopy has this advantage over other direct methods that are intrusive to 

monitor metabolic activity, for example mass spectrometry or gas chromatography.   

 

 

 

 

 

 

 

 

 

Figure 5.1. The principle of optical density measurements where the initial light with wavelength  and intensity 

I0, is scattered by a microbiological culture sample to give the scattered light intensity I. 

 

Figure 5.1 shows measurement of an optical density (OD) which is a conventional 

technique used for approximating cell growth and metabolic activity.100 Light which has a 

specific  is scattered by a microbiological culture proportional to the bacterial concentration. 

The disadvantage of this method is that it cannot distinguish between living cells, dead cells 

and debris.101 The advantage of OD measurements is that it helps to distinguish the different 

phases of bacterial growth.101 

     

                                       𝑂𝐷 = −lg[
𝐼0

𝐼
] =  𝜀 ∗ 𝑐 ∗ 𝑙                             Equation 43  

 

Equation 43 is used to find OD, where “I0” is the first intensity of light before passing 

through a sample, “I” is the intensity of light after being transmitted through the sample, “ε” is 

the scattering  coefficient, “c” is the sample concentration and “l” is the pathlength.102  
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5.1.1.2. Growth phases of E. Coli 

 The most important feature of any technique used to monitor bacterial growth and 

metabolism is that it is able to distinguish between the different phases of growth. There are 

four main phases of bacterial growth as shown in Figure 5.2.103 During the lag phase, bacteria 

adjust to their environment and are not yet ready to divide. Once bacteria have adapted to their 

medium and growth conditions, the exponential phase (log phase) begins when the bacteria 

begin to divide and doubling occurs depending on a range of conditions, including the growth 

medium. The point at which the rate of new bacteria created matches the rate of older bacteria 

dying is called the stationary phase, this is due to some growth-limiting factors such as bacteria 

consuming the entirety of one critical species required for growth. Finally, the death phase is 

the death of the bacteria and end of the metabolic activity. In aerobic respiration and anaerobic 

fermentation, the size of each cell increases and the overall biomass. Also, the growth of an E. 

Coli culture is sensitive to pH and temperature, 37 ˚C being the optimum growth temperature.  

 

 

Figure 5.2. The four main phases of bacterial growth: lag phase, log (exponential) phase, stationary phase, and 

death phase.103 

 

Monitoring headspace gases by spectroscopic techniques can distinguish between these 

different phases. For example, the transition from the lag phase to the exponential phase causes 

an increase in metabolic activity as the number of bacterial cells begins to increase.  
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5.1.1.3. Glucose-Lactose Diauxie in E. coli 

In the growth of E. coli in medium containing glucose, at a concentration incomplete 

to support full growth, and containing lactose, glucose is the preferred carbon source for most 

bacteria as its metabolism results in faster growth rates compared to other sugars.104 Through 

a process called catabolite repression, E. coli display a metabolic switch from glucose to lactose 

metabolism. Under the presence of a preferred carbon source, repression of the genes involved 

in the metabolism of the less preferred sugar occurs.105 When E. coli  finish the preferred carbon 

source, a diauxic shift occurs where the bacteria stop growth until it is ready for metabolising 

the less preferred sugar. Figure 5.3 shows a diauxic shift between two growth phases A and B 

for a microorganism metabolising a mixture of sugars. Bacteria start with a preferred carbon 

source such as glucose being metabolised, which is phase A. The second sugar such as lactose 

is then metabolised in phase B. In Figure 5.3, no bacterial growth occurs between phases A and 

B, therefore the diauxic shift has a lag phase before the bacteria continue with lactose.106 Such 

lag phases are often, but not always observed.99  

 

 

 

 

 

 

 

 

 

 

Figure 5.3. A diauxic shift between growth phases A and B as a microorganism metabolises a mixture of sugars. 
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5.1.2. Aims  

The aims of this section 5.1. are to demonstrate two techniques for the monitoring of the 

headspace gases consumed and produced by microorganisms, by using Cavity Enhanced 

Raman spectroscopy (CERS) and Photoacoustic spectroscopy where a differential Helmholtz 

resonator (DHR)is employed. The demonstrations of these techniques involve investigating the 

aerobic respiration in the mixed sugar metabolism of E. coli. The simultaneous measurements 

of O2 consumption and CO2 production by E. coli can be achieved using CERS and DHR in 

photoacoustic spectroscopy. E. coli grown in a medium supplemented with sugars will allow 

detection of changes in the metabolic activity. Spectroscopy can also distinguish between 

isotopomers. The experiment with mixed sugars to feed E. coli will demonstrate that 

spectroscopic headspace gas detection can be used to investigate metabolic preferences. The 

carbon source of aerobic metabolism of E. coli will be investigated using a mixture of two 

isotopically labelled sugars, 13C-glucose and 12C-lactose. M9 minimum growth medium is used 

since it does not include a carbon source which could conflict with the experiments involving 

isotopically labelled sugars. Therefore, E. coli growth in this medium was suitable to monitor 

13C labelled sugars. 13CO2 from glucose is expected to be produced preferentially to 12CO2 from 

lactose due to the diauxic shift to lactose metabolism.  
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5.1.3. Experimental  

5.1.3.1. General setup of Cavity Enhanced Raman Spectroscopy (CERS) 

with Optical Feedback 

The original cw-CERS optical feedback setup has been described before in detail in the 

group’s previous publications.5,2,10 In this setup, an inexpensive cw laser diode system emits 

light (Hitachi HL6322G, 40 mW, 636 nm, LD). The light is directed into an optical cavity 

comprised of two concave super mirrors (SM & PSM, Newport SuperMirrorsTM, R > 0.9998, 

583 – 633 nm, 1 m radius of curvature, 1 inch diameter, l = 35 cm mirror separation). Multiple 

reflections in the high finesse optical cavity create a laser power build up between the mirrors. 

The principle advantage of CERS as an application of Raman spectroscopy is the power build 

up, because this increases Raman signal. CERS is ideal for detecting gases which are not IR-

active, for example homonuclear diatomic molecules. 

Figure 5.4. Schematic of the CERS experimental setup.2 

Figure 5.4 shows a schematic of the CERS experimental setup where laser radiation 

from a cw-laser diode LD passes through a lens L which is collimated then passes through an 

anamorphic prism pair AP (Thorlabs PS870) before reaching a Faraday rotator isolator 

assembly FIA. The FIA contains two Faraday isolators to avoid potentially damaging back 
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reflections returning to the laser diode. After the FIA, the laser radiation passes through a short-

pass filter F (Thorlabs FES0650, 650 nm cut-off) which works as a clean-up filter for the laser 

to take away spurious weak emission bands at longer wavelengths which could contaminate 

the red shifted (Stokes) Raman bands. Then the beam passes through a mode matching lens 

(ML, ƒ = 100 mm) before being coupled inside the optical cavity, to focus the beam to ensure 

efficient coupling into the cavity. There are also unwanted back reflections of laser radiation 

from the first cavity mirror SM that does not enter the optical cavity. The purpose of the FIA 

is to prevent these back reflections from reaching and damaging the LD. When the laser 

wavelength matches the resonance conditions of the cavity, optical power build up within the 

cavity occurs, which is enough to generate detectable levels of Raman scattered light from 

dilute samples of gaseous down to mixing ratios in the ppmv region.  

Optical class glass windows (BK7, 20 mm clear aperture, 0.5 mm thickness) are used for 

the cavity entrance and exit beam paths. A Semrock RazorEdge dichroic mirror DM separates 

the Stokes Raman signals from the 636 nm excitation light exiting the cavity and Rayleigh 

scattered light. The Raman signals are then coupled into the fiber optical assembly FOA (1 

inch diameter, f = 25.4 mm lens) and transferred to the monochromator (Shamrock SR-750-A, 

with Andor iVac DR32400 CCD camera cooled to -60 °C). The excitation light exiting the 

cavity is used for optical feedback to ensure lasing at the correct frequency by locking the LD 

to the optical cavity. Optical feedback is achieved using a glass wedge W, piezo mounted 

mirror PM, and a rotating polarizer rPol to adjust the intensity. A second glass wedge W 

diverts some of the 636 nm light to a photodiode Mon (Thorlabs PDA015A) to monitor light 

intensity, the strength and stability of cavity resonances, which helps the alignment of the 

feedback beam.  

The monochromator is equipped with different resolution gratings, a low (150 lines mm-1 

blazed at 750 nm), medium (600 lines mm-1 blazed at 500 nm) and high-resolution grating 

(1200 lines mm-1 blazed at 750 nm) mounted on a rotating turret as shown Figure 5.5. All the 

measurements described in this chapter use the medium resolution grating, which covers 

Raman shifts of between roughly 1200 cm-1 and 2400 cm-1 for 636 nm laser excitation. This is 

enough to observe the fundamental Raman transitions of small gaseous molecules in a single 

acquisition.  

The optical cavity is connected to a vacuum pump to evacuate air and other gases. The 

optical cavity is inside a vacuum-tight glass enclosure which is ideal for the detection of the 
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trace gases within. The detection limit for gases of the CERS setup outlined here is around 100 

ppm per volume.5 Cavity resonances are not constant. The resulting variation in Raman 

intensity effects all bands equally, therefore signals can be normalised through use of a suitable 

internal standard by using the peak of N2 Q-branch (2329 cm-1) because N2 is inert to the 

metabolic activity so the amount present in the system remains constant (810 mbar). Other 

relevant gaseous analytes which have been observed include CO2 (1285 cm-1 and 1388 cm-1), 

O2 (1556 cm-1), and H2O (3653 cm-1), as shown later in the Raman spectrum of Figure 5.7. The 

headspace volume of a flask containing the bacterial suspension at 37 °C is circulated via a 

peristaltic pump (3 l/h) to the CERS cell in a closed system. 

 

Figure 5.5. Shamrock 750 Czerny-Turner spectrograph used this monochromator for CERS measurements.  
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5.1.3.2. Starter Culture Preparation 

5.1.3.2.1. Description of Growth Media  

First of all, sterilisation of all glassware and growth media which was used in the 

experiment was done by either heating inside of an autoclave (15 minutes at 121 °C) or filter 

sterilisation (0.22 μm filter). Sterilisation of growth media is essential before coming into 

contact with bacterial samples to avoid contamination. In this project two different media were 

used, Lysogeny Broth (LB) and M9 minimal medium. 

 LB is a rich medium where bacteria grow well because it contains many sources of 

carbon. A minimal medium M9 has to be chosen for mixture sugar experiments. M9 does not 

contain a carbon source without a supplemented sugar making it useful to determine which 

sugar has been consumed during mixed sugar metabolism. LB medium was prepared by 

dissolving tryptone (10 g L-1), sodium chloride (10 g L-1) and yeast extract (5 g L-1) in deionised 

water. To prepare LB-agar plates, bacteriological agar was added (15 g L-1) to LB solution to 

make plates for growing E.coli colonies.  

For preparation of M9 medium, M9 Minimal Salts, a 5× solution that contains 

monopotassium phosphate (15 g L-1), disodium phosphate (64 g L-1), sodium chloride (2.5           

g L-1) and ammonium chloride (5 g L-1) were bought from Sigma Aldrich.  

The M9 trace elements solution contains ethylenediaminetetraacetic acid (EDTA) (5 g 

L-1) in 800 ml water. The pH was adjusted to 7.5 with NaOH, and then the following 

components were added in the quantities mentioned below, and water was added to a final 

volume of 1 L. The components are anhydrous ferric chloride (498 mg L-1), zinc chloride (84 

mg L-1) and solutions of 0.1 M copper (II) chloride dehydrate (0.765 mL), 0.2 M cobalt (II) 

chloride hexahydrate (0.21 mL), 0.1 M boric acid (1.6 mL) and 1 M manganese (II) chloride 

tetrahydrate (8.1 μL).  

M9 minimal medium was prepared by mixing solutions of M9 Minimal Salts, 5× (200 

mL) and 1 M glucose (20 mL), which corresponds to M9 with a final concentration of 20 mM 

supplemented glucose, to give an example for preparing M9 supplemented with 20 mM glucose. 

1 M magnesium sulfate (1 mL), 1 M calcium chloride (0.3 mL), 4 mM biotin (1 mL), 3.8 mM 

thiamin (1 mL) and a trace elements solution (10 mL) was finally added. The solution was then 

made up to 1 L with deionised water.  
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5.1.3.2.2. E. coli Starter Cultures  

 All preparation of biological work was done under sterile conditions in the presence of 

a Bunsen burner. A frozen 50:50 LB: glycerol stock (stored at -78 ºC) of Escherichia Coli 

(strain K-12 MG1655) was streaked onto antibiotic-free LB-agar plate. Plates were incubated 

(16 hours 37 ºC) to allow for growth of single colonies, then the plates were covered in parafilm 

and stored in the fridge at 5 ºC. The plates were replaced every 4 weeks. From the plate, a 

single colony of E. coli was isolated and used to inoculate sterile LB (50 ml) before placing 

inside a shaker incubator (5 hours at 37 °C and 200 rpm) allowing for growth until the OD600 

of the starter culture was around 0.7. 

 

5.1.3.3. Sample Preparation  

5.1.3.3.1. Sample Preparation Using M9 Minimal Medium  

When using M9 medium to grow E. coli, a 500 mL round-bottom flask with a side arm 

sealed with a glass stopper held all sample cultures. 1 mL of the starter culture was added 

directly to the flask containing 250 mL of M9 media supplemented with sugar depending on 

the kind of experiment. M9 medium was used for isotopic labelling experiments with the mixed 

sugars of 13C-glucose (U-13C6, 99% CLM-1396, CK isotopes) and 12C-lactose (Sigma-

Aldrich), because M9 does not contain a carbon source without a supplemented sugar which is 

useful to determine what kind of sugar has been consumed to produce carbon dioxide.  

5.1.3.3.2. Sample Preparation Using LB Rich Medium  

When using LB medium to grow E. coli, this was also incubated in a LB starter culture 

(5 hours, 37 oC). After 5 hours, 1 mL of the starter culture (OD600 ≈0.8) was transferred into a 

500 mL autoclaved round bottom flask, then added to fresh LB and D-glucose (10 mM or 20 

mM) was added as before. As before, the final volume is 250 mL. 
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5.1.3.4. Monitoring Aerobic Respiration of E. coli by Using CERS and DHR 

Separately  

5.1.3.4.1. CERS Measurements  

 

 

 

 

 

 

 

 

 

Figure 5.6. Schematic of the experimental setup for CERS and OD600 measurements.  

Figure 5.6 shows a schematic of the experimental setup for CERS measurements of the 

aerobic respiration of E. coli. The 500 mL round-bottom flask was connected to a custom 

stopper with two glass capillary feedthroughs to allow headspace gas circulation to and from 

the optical cavity in a closed system. Tubing connected one glass capillary to a peristaltic pump 

(PP1, 3 l/h) and then to the optical cavity, with the second set of tubing connecting the optical 

cavity back to the second glass capillary in a closed system. The water bath was set to 37 °C to 

heat the flask. A stirrer hotplate with fast stirring controlled the water bath temperature. Rapid 

stirring within the flask helped to ensure efficient transfer of gas between the solution and 

headspace. The second peristaltic pump (PP2, 3 l/h) pumps the solution culture through the 

side arms, to allow for in situ measurements of turbidity (OD). A laser pointer LP of 650 nm 

was shone through a 1 cm a cuvette to measure the OD600. The photodiode PD and laser were 

connected to a voltmeter and the computer for data recording.   

For recording Raman spectra, Andor Solis imaging and spectrograph software was used. 

The software controlled the 750 mm focal length monochromator (Andor SR-750) and cooled 

the CCD camera to -60 °C (Andor iDus). The integration time was 30 s for recording spectra. 
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The medium resolution grating with 600-lines mm-1 was used for all the measurements because 

it is very suitable for distinguishing of 12CO2 and 13CO2 isotopomers. The first step to recording 

Raman spectra is to take the background spectrum, so a vacuum pump was connected to 

evacuate the CERS setup, and then the background spectrum was taken. Then the cavity was 

filled with laboratory air by opening a gas inlet tube, and the flask containing the culture was 

connected. In this experiment the setup is filled with lab air (~79 % nitrogen, ~21 % oxygen 

by volume) in a closed system. The headspace volume is 720 mL. Raman measurements were 

taken at regular time intervals.  

The kinetics acquisition mode in the Andor Solis software recorded Raman spectra 

every 180 s. An Arduino microprocessor board controlled the turning on and off of the diode 

laser in time with the measurements, as well as recording the total pressure (p total) inside of 

the closed CERS setup via a capacitance pressure gauge.  

The variations of power inside of the optical cavity resulted in variations of the Raman 

signal intensities.  A Raman band (880 – 1035 cm-1) is produced from silica in the glass 

windows of the optical cavity and remains visible in the background spectrum under vacuum. 

This band was used to normalise against power variations, as this silica band scaled with laser 

power. By comparing the silica band intensities in the background spectrum with the silica 

band of the sample, this allowed intensity calibration of the sample spectra. Then subtracting 

the background spectrum from each calibrated sample spectrum obtained background corrected 

and intensity normalised Raman spectra. Alternatively, to normalize Raman signals, the N2 

peak of air can be used since in the closed system, N2 is not consumed or produced by the 

bacterial metabolism. 

Figure 5.7 shows the CO2 and O2 Raman lines used for the measurement. It shows the 

ν1/2ν2
0 Q-branches of the Fermi resonance pair of 12CO2 (1285 cm-1 and 1387 cm-1). The energy 

of the first excited state of the symmetric stretching vibration of CO2 is close to the energy of 

the second excited state of the bending vibration. Both states have the same symmetry, 

therefore they mix to give two new symmetric states known as a Fermi resonance pair.107 Also, 

Figure 5.7 shows the Q-branch of the O2 stretching vibration (1555 cm-1), the Q-branch of the 

N2 stretching vibration (2329 cm-1). The 13CO2 stretching vibrations (about 1265 and 1370      

cm-1) represent the 13C isotopomer of CO2. 
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Figure 5.7. A background corrected and intensity normalised Raman spectrum after 2 days growth for E. coli in 

M9 minimal medium supplemented with 3 mM 13C- glucose and 20 mM 12C-lactose. 
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5.1.3.4.2. DHR Measurements  

 

 

Figure 5.8.. Scheme of the experimental setup. (a) Differential Helmholtz resonator with the two laser beams (see 

main text for more details). (b) In biological experiments, the head space of a round-bottom flask in a thermostated 

water bath is circulated to the Helmholtz resonator via a peristaltic pump (PP). 

 

Figure 5.8 (a) shows a schematic of the experimental setup of DHR for biology 

measurements of the aerobic respiration of E. coli. Figure 5.8 (b) shows the flask that is 

connected to the DHR resonator with short gas transfer tubes in a closed system, giving a total 

headspace gas volume of 510 ml. To enhance gas flow, a peristaltic pump (3 l/h) was used to 

cycle the flask headspace through the DHR resonator as shown in Figures 5.8 (b). In a test to 

characterize the experimental time resolution, CO2 or H2S gas was injected into the flask and 

the appearance time of the gas was measured in the Helmholtz resonator; equilibrium is reached 

within about 3 min. A stirrer hotplate with fast stirring controlled the water bath temperature 

set at 37 °C. Stirring within the flask also helped with the transfer of gas between the solution 

and headspace. Figure 5.9 shows a photograph of the front view of the PAS setup with the flask.  

 

 

 

a b 
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Figure 5.9. Biology experimental setup for photoacoustic spectroscopy headspace monitoring of CO2 and O2 in 

a differential Helmholtz resonator of respiring E. coli cultures. The gas in the headspace is circulated in a closed 

system by using a peristaltic pump.  

As described in the previous chapter 4, a near-IR single-mode DFB diode (Mitsubishi 

FU-650SDF, 4 mW) is amplified in a booster optical amplifier (Thorlabs S9FC1004P) to 30 

mW peak power. This laser is passed through CH1 (as explained in the previous chapter 4), 

scanning  between 6362 – 6360 cm-1 by temperature tuning between 51-54 °C, to detect 12CO2.  

The peak position of 12CO2 is 6361.25 cm-1. For 13CO2, the temperature tuning range was 29.5-

34 °C, with the peak position of 13CO2 of 6371.7 cm-1.  The red laser (35 mW DFB diode laser 

Eagleyard EYP-DFB-0764) is directed through the other compartment CH2 scanning between 

13084.9 – 13082.9 cm-1. The O2 position of the peak is 13084.0 cm-1. The peristaltic pump is 

off for the duration of the scans because this affects the acoustic noise. Once both scans (CH1 

and CH2) are complete, the peristaltic pump is turned on and cycles the gas through the DHR 

for 15 minutes. Both lasers are modulated by their injection current at the acoustic resonance 

frequency with a square-wave giving a 50% duty cycle.  

For recording absorption spectra for CO2 and O2, an Arduino board controlled the 

turning on and off of the diode laser in time with the measurements, as well as recording the 
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total pressure p inside the system via a capacitance pressure gauge. The integration time was 1 

s per data point for recording spectra.  The first step was to use a vacuum pump to evacuate the 

DHR setup. Then the setup was filled with laboratory air by opening a gas inlet tube and then 

closing it, and the flask containing the culture was connected to the system. Like CERS, this 

setup is a closed system. The data are analysed to fit a peak which was calibrated to obtain 

partial pressure. Data were analysed and displayed using Origin 8 software.  

Figure 5.10 shows a mixture of 13CO2 and 12CO2 of the head space above a bacterial 

solution as measured by PAS in the DHR cell. The peak at 6371.7 cm-1 is a strong line for 13CO2 

as explained in chapter 4. This line will be used for 13CO2 detection in the biology experiments.  

 

 

 

 

 

 

 

 

 

 

Figure 5.10. Experimental spectrum of a mixture of 13CO2 and 12CO2 of the head space above a bacterial culture, 

obtained by a PAS scan by using the DHR cell. 

 

 

 

 

 

 



106 
 

5.1.3.5. pH, OD600 and Biomass Measurements  

For all biology experiments, pH and biomass of E. coli were measured at the end of the 

experiment. A 50 mL sample of the final culture was taken and centrifuged (10 minutes at 4000 

rpm) to separate the medium away from the biomass. By using a Jenway pH meter 3305, the 

pH of the medium was determined. The centrifuge tube containing the biomass was placed in 

the lab to dry the sample for several days, then it could be weighed to estimate a dry biomass 

value. At the end of an experiment and after exhausting the oxygen supply, the increase in cell 

density is characterized by OD600 ≈ 1.5-2.0. The final pH of the solution was typically 4.5 to 

5.0 due to organic acids generated during the metabolism. For comparison, fresh LB has pH ≈ 

6.8, and fresh M9 has pH ≈ 6.9. At the beginning, the cellular material within the 250 ml 

suspension has a typical dry weight of 0.2 mg, which by the end of a typical experiment 

increases to 60 mg, reflecting bacterial growth. 
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5.1.4. Results and Discussion 

5.1.4.1. Measuring the different phases of E. coli growth in Rich LB Medium  

Using OD600 Measurements and Monitoring of the Headspace Gases  

In a demonstration of the application of photoacoustic spectroscopy detection in a DHR 

and CERS in the biosciences, these techniques monitored O2, and CO2 during the metabolism 

of sugars by E. coli. During aerobic metabolism, microbes convert O2 and sugars or other 

suitable organic substrates to CO2, with typically one unit of CO2 produced per unit O2 

consumed as shown in Equation 1.  

                             C6H12O6 + 6O2 → 6CO2 + 6Η2Ο + Energy (ATP)                     Equation 1 

 OD measurements are widely used in the biosciences to characterise growth but they 

suffer from a decrease in accuracy at high cell concentrations. The main disadvantage of this 

method is that it cannot distinguish between living cells, dead cells, death phase, and 

wreckages/debris.101 The advantage of OD measurements is that they are good at distinguishing 

some phases of bacterial growth like lag phase, log phase and stationary phase.101,108 Any 

technique used to investigate metabolic activity must be able to distinguish between the 

different phases of growth. During the monitoring of the headspace gases by spectroscopy, 

spectroscopic techniques can be used to distinguish between these different phases. For 

example, through the transition from the lag phase to the log phase, there is an increase in the 

metabolic activity as the number of bacterial cells begins to increase. Monitoring of headspace 

gases can distinguish between these different phases.5 For example, when transitioning from 

the lag phase to the log phase there will be an increase in gas uptake and production as the 

number of bacterial cells begins to increase. The monitoring of headspace gases has an 

advantage over OD measurements as the headspace is better defined than a microbiological 

culture where dead cells and debris cause inaccuracies in OD measurements. 

For rapid growth, E. coli is grown in LB medium which is a nutritionally rich medium 

containing all the amino acids and vitamins essential for rapid bacterial growth. By using the 

CERS technique, the changes in CO2 and O2 can be recorded, while simultaneously measuring 

the OD600 to track the growth cycle of E. coli, as shown in Figure 5.11. The figure shows 

different phases of E. coli growth which are the lag phase (labelled A), exponential phase (B), 

stationary phase (C), and death phase (D). With OD600 measurement and the spectroscopic 

measurements, it is apparent that the lag phase started from the beginning until about 3 h. The 
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OD measurements show that after 3 h the log phase (exponential phase) started until about 5 h 

when the stationary phase started. When monitoring the headspace gases using CERS, it is 

clear that the death phase started at about 20 h.  This indicates that E. coli continue growth 

from about 5 h until 20 h under these O2 limited conditions. The OD measurements are not able 

to determine the transition from stationary to death phase, essentially because the scattering 

cannot distinguish living and dead cells. 

 Figure 5.11 shows the monitoring of the aerobic respiration of E. coli in LB medium 

supplemented with 20 mM glucose. LB medium contains multiple carbon sources in the 

tryptone and yeast extract as well as the supplemented glucose. During aerobic metabolism,   

E. coli convert O2 and sugars or other suitable organic substrates to CO2, with typically one 

unit of CO2 produced per unit O2 consumed in a 1:1 ratio, as shown in Equation 1. In our closed 

system, dissolved O2 is negligible and of the total CO2, about 18% is in solution (Henry’s law). 

The decreasing oxygen partial pressure p (O2) curve resembles an exponential decay curve 

while the increasing p (CO2) values resemble an increasing exponential curve. When O2 is 

completely consumed inside the system, the CO2 production stops. This indicates E. coli 

growth has entered the death phase (labelled D) at about 20 h. The death phase (D) is distinct 

by the values of p (O2) and p (CO2) being a plateau at 0 mbar and about 170 mbar respectively. 

In addition, with the 18 % of dissolved CO2 in the solution the corrected total p (CO2) will be 

around 210 mbar which is perfectly 1:1 with the amount of oxygen consumed.  

Figure 5.11. The graph shows O2 consumption (blue), CO2 production (black) and OD600 measurement (brown) 

of E. coli growth in LB medium supplemented with 20 mM glucose using CERS. The dashed line (purple) shows 

the separation between the different growth phases of E.coli.  
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In addition to identifying the differences between E. coli growth in different media, 

the kinetics of O2 consumption and CO2 production can be used to investigate the different 

phases of E. coli growth. The natural logarithm of the exponential decay of pressure of O2 

would be expected to give a linear relationship with respect to time for a single first-order 

kinetic regime. A plot of the natural logarithm of O2 pressure is shown in Figure 5.12 to 

determine different phases of E. coli growth, to distinguish three different phases (A, B+C and 

D) of O2 consumption during the growth of E. coli in LB medium supplemented with 20 mM 

glucose. Phase A is the lag phase with no change in O2, followed by phase B+C of O2 

consumption (exponential growth and stationary), while phase D is the death phase at the end 

of E. coli metabolism, because the growth-limit depends on the p O2 inside the system. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12. The change in O2 consumption, shown in a natural logarithm scale, of E. coli growth in LB medium 

supplemented with 20 mM glucose by using CERS, showing distinct kinetic regimes.  

 

O2 was the growth-limiting factor for growth of E. coli in LB medium supplemented 

with 20 mM glucose. LB medium is a rich medium where the nutrients are bountiful and are 

not growth-limiting. Under these conditions, in the CERS system, the growth limit is not the 

glucose concentration: it would have to be below 4 mM to be growth-limiting (see Appendix 
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1) in CERS. If the glucose concentration is higher than 4 mM, the growth-limiting depends on 

the p O2 inside the system which always starts from 210 mbar in 1 atm until all the O2 is 

consumed, then E. coli will die. Due to the lower headspace volume and hence the lower 

concentration of oxygen, the supplemented glucose concentration would have to be below 2.8 

mM to be growth-limiting in the PAS system. If the concentration of sugar is higher than 2.8 

mM, the growth-limiting depends on the p (O2) inside the PAS system (see Appendix 7). 

Figure 5.13 shows the experiment of 10 mM of glucose in LB medium but using the 

DHR as a different detection method. The results of CERS or DHR are similar and show the 

same behaviour. In Figure 5.13, the total amount of a substance in the gas phase can be 

calculated using the ideal gas law. At equilibrium, the molarity of a dissolved gas can be 

calculated from its partial pressure using Henry's law. 1 mbar of an ideal gas corresponds to 

2.05 10-5 mol in the head space (510 ml) in the PAS system (see Appendix 7). Using Henry's 

constants at 37 oC,109 1 mbar corresponds to 2.5 10-5 mol CO2, or 9.9 10-7 mol O2 in the 

solution (250 ml). About 22 % of the total CO2 is dissolved in solution in the PAS system (see 

Appendix 8), whereas for O2, the amount of dissolved O2 is negligible. Some small amount of 

dissolved CO2 (less than 2 %) will react to form carbonic acid H2CO3 as in Equation 44. This 

carbonic acid can dissociate to the bicarbonate ion HCO3
– depending on the pH. The bacterial 

suspension has pH 4.2 in LB medium at the end. At this pH, the amount of H2CO3 and HCO3
– 

in solution was calculated to be negligible. Since only about 22 % of the total CO2 is in solution 

in DHR, while 18% of total CO2 is in solution in CERS, of which only a small amount will be 

converted into carbonic acid, this loss of CO2 can be neglected to a first approximation.    

              CO2(g)  ⇄  CO2(aq) + H2O ⇄  H2CO3  ⇄  H+ + 𝐻𝐶𝑂3
  −               𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 44  
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Figure 5.13. O2 consumption (blue plot) and CO2 production (black plot) of E. coli growth in LB medium 

supplemented with 10 mM glucose measured by using DHR. 

 

5.1.4.2. Measuring the Different Phases of E. coli Growth in M9 Medium 

(Minimal Medium) Supplemented with Glucose by Monitoring of the 

Headspace Gases and OD600  

M9 medium is a minimal medium where the only carbon source is the supplemented 

sugar, there is no other significant source. Studying E. coli growth in M9 medium with 

supplemented sugars is very important to understand before monitoring growth in M9 medium 

supplemented with mixtures of glucose and lactose. There are distinct differences in growing 

E. coli in M9 medium compared to growing in LB medium. Figure 5.14 shows O2 consumption 

and CO2 production by a suspension of E. coli in M9 medium supplemented with 20 mM 

glucose using CERS. The death phase was reached after 20 h of E. coli growth in LB medium 

compared to 36 h growth in M9 medium.  E. coli grows faster in LB medium than M9 medium 

because LB is a rich medium containing many essential nutrients, such as amino acids and 

peptides, which allow for rapid growth. Figure 5.14 shows that the growth of E. coli in M9 

medium does not display the 1:1 ratio of O2 consumption to CO2 production. p (O2) decreased 

until 0 mbar while p (CO2) increased to around 105 mbar with 16 % of total CO2 in solution. 

Taking the dissolved CO2 into account, there is about 80 mbar of CO2 missing. At equilibrium, 

the molarity of a dissolved gas can be calculated from its partial pressure using Henry's law. 1 
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mbar of an ideal gas corresponds to 3.1 10-5 mol in the head space (770 ml) in the CERS 

system (see Appendix 1). Using Henry's law to calculate the percentage of CO2 in solution, this 

is equivalent to 16 % of total CO2 produced in solution while the concentration of dissolved O2 

is negligible (see appendix 2). To explain the missing CO2, there are two hypotheses. First 

hypothesis is that CO2 is possibly converted into carbonic acid H2CO3, then H2CO3 can 

dissociate to the bicarbonate anion HCO3
–, and carbonate anion, CO3

2– as in Equation 44. To 

test this hypothesis, we have added HCl at the end point to acidify the solution. This should 

drive out CO2 from the solution. But there was not a significant increase in CO2 in the head 

space, so this hypothesis does not apply. This hypothesis is further rejected because the amount 

of conversion of CO2 to H2CO3 in solution is calculated to be negligible (see Appendix 3). The 

pH of the M9 medium supplemented with 20 mM glucose at the end of E. coli activity was 5.6. 

The second hypothesis is that not all glucose is fully oxidised to CO2 because some of 

the carbon from of glucose is needed for the building of biomass for the growth. Since the 

minimal medium cannot provide it, it is taken from the glucose. About 80 mbar of CO2 is 

missing at the end of the experiment which corresponds to approximately 2.5 mmol. The dry 

weight of bacteria at the end is about 60 mg. Assuming that about 50% of this is carbon,98 the 

bacteria contain about 2.5 mmol carbon in total, in good agreement with the missing CO2.  

 In LB medium, tryptone provides a source of essential amino acids, and the yeast 

extract offers a source of various organic compounds required for growth. E. coli grown in LB 

medium does not have to synthesise these species from glucose which is likely why O2 

consumption and CO2 production show the expected 1:1 ratio. p total as shown in Figure 5.15 

(a) shows that carbon goes into the biomass during the exponential growth phase (B) in M9, 

and to a slower/lesser extent during the stationary phase (C). In LB, no carbon goes into 

biomass, as can be seen from p total in Figure 5.15 (b). In LB, it has a perfectly 1:1 ratio, and 

there is no distinction between stationary/death phase. 

Figure 5.14 shows also the natural logarithm of the pressure of O2 to distinguish two 

different phases (A and B) of O2 consumption during the growth of E. coli in M9 medium 

supplemented with 20 mM glucose. Phase A is the lag phase then followed by phase B, the log 

phase which shows O2 consumption. Plotting ln p (O2) against time reveals two phases: one 

corresponding to no E. coli activity and the other corresponding to the log phase and stationary 

phase of E. coli in which O2 consumption begins alongside glucose conversion into CO2 and 

biomass. During the log phase, more glucose is needed converting to biomass components than 
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during the stationary phase, thus cell growth in the log phase may require a faster production 

of biomass components than during the stationary phase when the cell density reaches an equal 

amount of living and dead cells.110 The oxygen decay extends from the exponential phase to 

the stationary phase with a rate constant k = 0.134 h-1 or half-life t1/2 = 5.18 h which is much 

slower than in LB which is a rate constant k = 0.189 h-1.   

 

Figure 5.14. The upper plot shows E. coli growth in M9 medium supplemented with 20 mM glucose by 

monitoring using CERS, O2 consumption (blue), CO2 production (black) and measuring OD600 (brown). The 

dashed line (purple) separates the growth phases of E. coli. The lower plot displays the decay of O2 on a 

logarithmic scale, the change in natural logarithm scale of O2 consumption by E. coli growth.  
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Figure 5.15. (a) p total (the sum of p O2, p N2 and p CO2, corrected for dissolved CO2) for the experiment of E. 

coli growth in M9 medium supplemented with 20 mM glucose. (b) p total for the experiment of E. coli growth in 

LB medium supplemented with 20 mM glucose. 

 

Figure 5.16 shows the experiment of 10 mM of glucose in M9 medium as in Figure 

5.14 but using the DHR as a different detection method. This figure is a repeat of Figure 5.14 

but using a different detection method and with a different concentration of 10 mM glucose. In 

this figure, the O2, and CO2 concentrations during the metabolism of glucose by E. coli is 

shown to be very similar to Figure 5.14. During aerobic metabolism, microbes convert O2 and 

sugars to CO2, but there is not one unit of CO2 produced per unit O2 consumed as in LB medium. 
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M9 medium is considered a minimal medium which does not contain carbon sources, therefore 

not all glucose is fully oxidised to CO2. The death phase started after about 18 h, faster than 

with the experiment on CERS. This is explained by the different experimental conditions, 

including different glucose and oxygen concentrations.  p (CO2) is about 110 mbar in the death 

phase which is close to p (CO2) in the CERS experiment as shown in Figure 5.14.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.16. O2 consumption (blue) and CO2 production (black) of E. coli growth in M9 medium supplemented 

with 10 mM glucose, measured by DHR. 
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5.1.4.3. Measuring the Different Phases of E. coli Growth in M9 Medium 

Supplemented with Mixed Sugars without Isotopic labelling by Monitoring 

of the Headspace Gases and OD600 

The growth of E. coli with a mixture of sugars (glucose and lactose) in M9 medium 

indicates complicated growth behaviour because E. coli metabolise glucose preferentially to 

lactose. The growth rate is higher metabolising glucose than metabolising lactose. For optimal 

growth in a medium containing both glucose and lactose, E. coli will repress the expression of 

genes which help metabolise lactose.105 Lactose metabolism will continue to be inhibited until 

the glucose is depleted and then the E. coli will return to using lactose when the glucose is 

completely finished. Figure 5.17 shows the first step to measure the sugar mixture, E. coli 

growth in M9 medium supplemented with just 3 mM glucose by using CERS. The figure also 

shows the natural logarithm of O2 consumption of E. coli in the lower plot.  In this experiment, 

a low concentration of glucose is used in order to know how much O2 consumption and how 

much CO2 production occurred using glucose before switching to the alternative sugar. The 

3mM of glucose produced around 27 mbar of CO2. At the same time, E. coli growth phases 

were measured by using OD600 to distinguish the different growth phases of E. coli. The lag 

phase (A) started from 0 until around 5 h, where no increase in the bacteria cells is indicated 

by the OD600. The log phase (B) and stationary phase(C) started from 5 h until around 10 h, 

here p (O2) decreases and there is an increase in p (CO2) as well. The death phase is started 

from 10 h until the completion of the experiment due to the exhaustion of glucose. In this 

experiment, the glucose was the growth-limiting factor for growth of E. coli in M9 medium 

supplemented with 3 mM glucose because the growth-limiting for CERS would be 4 mM of 

sugar.   
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Figure 5.17. The upper plot shows E. coli growth in M9 medium supplemented with 3 mM glucose measured by 

using CERS, O2 consumption (blue), CO2 production (black) and measuring OD600 (brown). The dashed line 

(purple) separates the growth phases of E. coli. The lower plot displays the decay of O2 on a logarithmic scale, 

the change in natural logarithm scale of O2 consumption by E. coli growth. 

Figure 5.18 shows the experiment of 2.5 mM of glucose in M9 medium like Figure 5.17 

but using the DHR as a different detection method in order to validate the results. There is a 

lower concentration of glucose because the supplemented glucose concentration would have to 

be below 2.8 mM to be growth-limiting in the PAS system, due to the lower headspace volume. 

In this figure, the concentrations of O2, and CO2 during the metabolism of glucose by E. coli 

are shown. During aerobic metabolism, microbes convert O2 and sugars to CO2; as calculated, 

2.5 mM of glucose produced around 25 mbar of CO2. All the phases of E. coli growth are very 
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clear in this figure as explained previously. The death phase started after around 12 h which is 

very similar to the experiment as shown in Figure 5.17.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.18. This graph shows O2 consumption (blue) and CO2 production (black) of E. coli growth in M9 

medium supplemented with 2.5 mM glucose measured by using DHR. 

 

Figure 5.19 shows the growth of E. coli in M9 medium supplemented with 20 mM 

lactose by using CERS and measuring OD600 at the same time to distinguish the phases of E. 

coli growth. Figure 5.20 shows the same experiment but using DHR, where the concentration 

of lactose was 10 mM because the headspace volume and therefor the oxygen supply of the 

systems are not equal. Figure 5.19 shows also the change in natural logarithm scale of O2 

consumption by E. coli growth in the lower plot. The lag phase finished at 6 h then the log 

phase started until around 12 h. O2 consumption is at a constant rate and the death phase is 

reached after 30 h in CERS and after 24 h when using DHR. The exponential decay of oxygen 

is characterised by an uptake rate of k = 0.155 h-1 in the CERS experiment. This is somewhat 

faster compared to glucose, but probably not different enough to allow the distinction between 

lactose and glucose metabolism just from a measurement of the uptake rate. The final pressure 

of CO2 is 125 mbar in CERS, considering the 16% of CO2 which is dissolved in solution and 

some amount of carbon being in the biomass. There is a slight difference in p (CO2) with the 

death phase in DHR where the final pressure is around 147 mbar, this is due to the different 
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conditions in the experiment like concentration, and volume. The aim of these experiments 

with lactose alone is to study the behaviour of the growth phases of E. coli in the presence of a 

different sugar than glucose.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.19. The upper plot shows O2 consumption (blue plot), CO2 production (black) and measurement of OD600 

(brown) of E. coli growth in M9 medium supplemented with 20 mM lactose by using CERS. The dash line (purple) 

separates the different growth phases of E. coli. The lower plot displays the decay of O2 on a logarithmic scale, 

the change in natural logarithm scale of O2 consumption by E. coli growth. 
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Figure 5.20. The graph shows O2 consumption (blue) and CO2 production (black) of E. coli growth in M9 medium 

supplemented with 10 mM lactose by using DHR. 

 

For optimal growth in a medium containing both glucose and lactose, E. coli will 

repress the expression of genes which help metabolise lactose. Catabolite repression of lactose 

will continue until the total depletion of glucose. Figure 5.21 shows E. coli grown in M9 

medium supplemented with a mixture of 3 mM 12C-glucose and 20 mM 12C-lactose by using 

CERS. Glucose is expected to be metabolised preferentially to lactose, and a diauxic shift 

corresponding to a change to the metabolism of lactose should occur. However, the OD600 

measurements cannot distinguish between the two kinds of sugar metabolism. Under our 

conditions, no diauxic shift or lag phase is noticeable in the OD measurement, nor in the 

unlabelled spectroscopic measurements.  

The lag phase finished at about 6 h. The lower plot in 5.21 displays the decay of O2 on 

a logarithmic scale, the change in natural logarithm scale of O2 consumption by E. coli growth. 

E. coli metabolises glucose preferentially to lactose but there is no way to distinguish the 

different behaviour in the CO2 produced by the metabolism of glucose or lactose because both 

are 12C-sugars, both yielding 12CO2. Figure 5.22 shows also a mixture of 2.5 mM 12C-glucose 

and 10 mM 12C-lactose measured by using DHR to compare this result with CERS’s 
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experiment. As shown in Figure 5.21 and 5.22, behaviour is very similar. The log phases started 

at about 6 h in the two figures. The final readings in the two figures are p (CO2) of about 125 

mbar which represents the death phase. The aim of these experiments is to compare them with 

the next part in which isotope labelling experiments are used in order to distinguish isotopes, 

13CO2 and 12CO2.  

 

Figure 5.21. The upper plot shows E. coli growth in M9 medium supplemented with 3 mM glucose and 20 mM 

lactose, measured by using CERS. The lower plot displays the decay of O2 on a logarithmic scale, the change in 

natural logarithm scale of O2 consumption by E. coli growth. 
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Figure 5.22. The graph shows O2 consumption (blue) and CO2 production (black) of E. coli growth in M9 medium 

supplemented with 2.5 mM glucose with 10 mM lactose, measured by using DHR. 

 

5.1.4.4. Measuring the Different Phases of E. coli growth in M9 Medium 

Supplemented with a Mixture of Sugars with Isotopic Labelling by 

Monitoring of the Headspace Gases  

Investigating the production of 13CO2 and 12CO2 from the metabolism of a mixture 

of 13C-glucose and 12C-lactose can show the preference for glucose metabolism. The Fermi 

resonance pairs of the isotopomers 13CO2 and 12CO2 can be distinguished by CERS as 

indicated by the Raman spectrum shown in Figure 5.7. The absorption peaks for 13CO2 and 

12CO2 as shown in Figure 5.10 can be distinguished by PAS.  

Figure 5.23 (a) shows p (O2), p (13CO2) and p (12CO2) during the growth of E. coli in 

M9 medium supplemented with 3 mM 13C-glucose and 20 mM 12C-lactose by using CERS. 

Figure 5.23 (b) is a zoom in from 4-12 h of Figure 5.23 (a) to distinguish more clearly between 
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13CO2 which is coming from 13C-glucose and 12CO2 which is coming from 12C-lactose. 

Supplementing M9 medium with a high concentration of lactose and a low amount of 13C-

glucose indicated the strong preference of the metabolism of glucose over lactose. The figure 

shows this preference as p (13CO2) increased by 27 mbar until 13C-glucose was exhausted. Then 

12CO2 is produced which is from lactose, then it increased to 125 mbar similar to the amount 

of CO2 produced from 3mM glucose on its own. As the isotopomers of CO2 can be 

distinguished for the first 5 h, it is clear that E. coli metabolised 13C-glucose and then 12C-

lactose. There is some slight overlap when 13C-glucose concentration becomes very low. 

Lactose cannot be consumed until 13C-glucose is very low or zero. In the first stage of 

metabolism the concentration of 13C-glucose is the growth-limiting factor, after the first 10 

hours of growth the 13C-glucose is depleted, then lactose is metabolised where 12C-lactose 

concentrations are sufficiently large so that O2 is the growth-limiting factor. The depletion of 

13C-glucose is shown in Figure 5.23 (b) where 13CO2 no longer increases past 27 mbar. The 

production of 13CO2 occurs in the first 10 hours and then there is the production of 12CO2 after 

about 8 hours, continuing until the E. coli have died. The values of p (13CO2) and p (12CO2) 

show the preference of the metabolism of glucose over lactose. Despite the concentration of 

lactose being six times greater than the concentration of glucose, the metabolism of glucose is 

still preferred over lactose.  

Figure 5.24 (a) shows p (O2), p (13CO2) and p (12CO2) during the growth of E. coli in 

M9 medium supplemented with 2.5 mM 13C-glucose and 10 mM 12C-lactose measured by 

using DHR. Figure 5.24 (b) is a zoom in from 7-14 h of Figure 5.24 (a) to distinguish between 

13CO2 which is coming from 13C-glucose and 12CO2 which is coming from 12C-lactose.  After 

the initial 9 hours of E. coli metabolism, there are no further signs of activity, then after 9 hours 

p (O2) was decreasing, and p (13CO2) increasing until about 20 mbar, similar as in Figure 5.23, 

taking into account the slightly different concentrations. After 12 hours, p (13CO2) does not 

increase due to 13C-glucose depletion. The increase in p (12CO2) indicates E. coli is only 

metabolising lactose after about 11 hours. 12CO2 production continues until depletion of O2. 

The 11 hours mark in bacterial growth represent the diauxic shift between the metabolism of 

predominantly glucose and the metabolism of lactose. Figures 5.23 and 5.24 have similar 

conditions and for this reason the results are very close. It is interesting to note that there is no 

apparent lag between glucose and lactose metabolism (diauxic lag), although short lag phases 

(1/2 h – 1 h) have been observed before in the literature.99 
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In conclusion, CERS and DHR enabled successful monitoring of a variety of different 

growth phases and behaviour for aerobic suspensions of E. coli in LB or M9 medium 

supplemented with sugars. These techniques are ideal for studying aerobic metabolism because 

of the ability to monitor O2 consumption and CO2 production simultaneously. To summarise, 

two methods were used to monitor the respiration and metabolism of E. coli. With isotopically 

labelled sugars, CERS and DHR are both capable of distinguishing metabolic preferences and 

reaction mechanisms, such as glucose being first metabolised, and then lactose. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.23. (a) O2 consumption and (12CO2 and 13CO2) production by a suspension of E. coli in M9 medium 

supplemented with 3 mM 13C-glucose and 20 mM 12C-lactose by using CERS, (b) zoom in for figure (a) between 

4-12 h to illustrate the differences between (13CO2 and 12CO2). 
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Figure 5.24. (a) O2 consumption and (12CO2 and 13CO2) production by a suspension of E. coli in M9 medium 

supplemented with 2.5 mM 13C-glucose and 10 mM 12C-lactose by using DHR, (b) zoom in for figure (a) between 

7-14 h to illustrate the differences between (13CO2 and 12CO2). 
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5.2. Trace Gas Analysis of CO2, H2S and O2 by Near-IR and Red Diode 

Laser Photoacoustic Spectroscopy in a Differential Helmholtz Resonator: 

Applications in the Biosciences (L-Cysteine metabolism) and Natural Gas 

analysis (Petrochemistry) 

 

This section together with the previous chapter 4 forms part of a scientific publication [ref. 89]. 

The initial work was done in collaboration with an MChem student (Xiu-Wen Kang). A reprint 

of the full article can be found in the Appendix. 

 

“Diode Laser Photoacoustic Spectroscopy of CO2, H2S and O2 in Differential Helmholtz 

Resonator for Trace Gas Analysis in the Biosciences and Petrochemistry”, by Saeed Alahmari, 

Xiu-Wen Kang, and Michael Hippler, Analytical & Bioanalytical Chemistry, 411, 2019, 3777-

3787. Selected as ‘paper in forefront’ by the journal.  

 

 

5.2.1. Aims 

 In this section, we demonstrate photoacoustic trace gas detection of CO2, O2 and H2S 

in natural gas (NG) and to study the aerobic L-cysteine metabolism of microbes. A DFB diode 

laser near 1.57 μm is used for CO2 and H2S detection, and a DFB laser for O2 detection near 

760 nm. The set-up has been used for simultaneous in situ monitoring of O2, CO2 and H2S in 

the L-cysteine metabolism of microbes (E. coli), and for the analysis of CO2 and H2S impurities 

in natural gas. We will introduce first applications, including time-dependent monitoring of the 

bacterial growth and aerobic metabolism of microbes, and detection of H2S impurities in 

natural gas. 
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5.2.2. Experimental 

5.2.2.1. Preparation of a Glass Balloon of Defined Gas Mixtures of H2S in 

NG, and CO2 in NG to be Used for Calibrations 

The mixtures of gases were prepared in a glass balloon using freeze-pump-thaw 

purification on a gas handling Schlenk line as shown in Figure 3.18 in chapter 3. Calibrated 

gas mixtures containing CO2 sublimed from dry ice or H2S (Sigma-Aldrich, 99.5+%) were 

prepared on a glass vacuum line equipped with capacitance pressure gauges (Baratron). The 

gases were purified by repeated freeze-pump-thaw cycles and buffered to 1 bar total pressure 

by natural gas. NG was sampled from a gas tap within the PC teaching laboratory of the 

University (gas supplied via National Grid, UK); NG is essentially CH4 with some additional 

minor components. 

5.2.2.2. Monitoring H2S Production from L-Cysteine in 2YT Medium of LB 

5.2.2.2.1. YT Growth Medium Preparation 

First of all, sterilisation of all glassware which is used in the experiment is required by 

either heating inside of an autoclave (2 hours at 121 °C) or filter sterilisation (0.22 μm filter) 

of solutions. Growth medium solutions are to be sterilised before coming into contact with 

bacterial samples. Lysogeny Broth LB or 2YT (two times yeast tryptone) growth medium was 

prepared as a solution of tryptone (8 g), yeast extract (5 g) and sodium chloride (2.5 g) in 

deionised water (500 ml). 

5.2.2.2.2. Sample Preparation Using L-Cysteine Hydrochloride 

Monohydrate    

For bacterial measurements, 50 ml of sterile 2YT medium (a rich medium containing 

yeast extract and tryptone) was inoculated with a single colony of E. coli (wild type, strain K-

12 MG1655) and incubated for 5 h at 37 oC. It was added to 50 ml of sterile 2YT to give a 100 

ml suspension in a 500 ml round bottom flask, The flask was kept with constant stirring at 

37 °C in a thermostated water bath. The flask was connected to the DHR resonator with short 

gas transfer tubes in a closed system, giving a total gas volume of 660 ml, as shown in Figure 

5.25. To enhance gas flow, a peristaltic pump (3 l/h) was used to cycle the flask headspace 

through the DHR resonator in a closed system as shown in Figure 5.8.  
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To observe O2, CO2 and H2S in the aerobic respiration of E. coli, a cysteine solution (L-

cysteine hydrochloride anhydrous, Sigma) dissolved in 7 ml of water was injected via a septum 

(Suba-Seal) as a source of sulfur to induce production of H2S. An aqueous solution of L-

cysteine hydrochloride monohydrate was prepared for all experiments using different 

concentrations of L-cysteine hydrochloride monohydrate (1 mM, 1.7 mM, and 4 mM).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.25. Experimental setup for a typical bacterial H2S measurement.  
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5.2.2.3. Biological Measurements Using DHR 

The near-IR single-mode DFB diode (Mitsubishi FU-650SDF, 4 mW) was amplified 

in a booster optical amplifier (Thorlabs S9FC1004P) to 30 mW peak power. This laser passed 

through CH1 of the Helmholtz resonator. A spectral scan taking 255 s between the range of 

wavenumber 6371 – 6368.8 cm-1 was achieved by tuning the diode temperature from 33.9 – 38 

°C. The peak position used for observation of H2S is 6369.78 cm-1 and of CO2 is 6370.46         

cm-1, these positions were calibrated before the start of the biological measurements. 

 For measuring O2, the red laser (35 mW DFB diode laser Eagleyard EYP-DFB-0764) 

was directed through the other compartment CH2 of the Helmholtz resonator and was scanned 

in a spectral scan between the range of wavenumber 13084.9 – 13082.9 cm-1 taking 120 s. The 

position of the O2 peak used for observation is 13084.0 cm-1. The peristaltic pump was switched 

off for the duration of the scans because it would introduce noise. Once both scans (CH1 and 

CH2) were complete, the peristaltic pump was turned on again, cycling the gas through the 

DHR for 15 minutes before starting a new scan. Both lasers were modulated by their injection 

current at the acoustic resonance frequency with a square-wave giving a 50% duty cycle.  

For recording absorption spectra for CO2, H2S and O2, a microprocessor on an Arduino 

board controlled the turning on and off of the diode laser in time with the measurements, as 

well as recording the total pressure p inside the system via a capacitance pressure gauge and 

recording the data from the lock-in amplifier. The integration time of the lock-in amplifier was 

set at 1 s. Before an experiment a vacuum pump was used to evacuate the DHR setup. Then 

the DHR was filled with laboratory air, and then the flask which contained the culture was 

connected to the system. In this experiment the setup is a closed system. The spectral data was 

analysed by fitting Lorentzian peaks to the spectra to obtain the partial pressures from the fitted 

peak height using the previous calibration. 

5.2.2.4. pH and Final OD600 Measurements  

At the end of all biology experiments, pH and biomass of E.coli produced were 

measured. 50 mL sample of the final culture was taken and centrifuged (10 minutes at 4000 

rpm) to separate the medium from the biomass. By using a Jenway pH meter 3305, the pH of 

the solution was determined. The pH was between 7.2 – 7.3 in all experiments at the end of the 

metabolism. The pH of fresh 2YT was 6.9 without E. coli. At the beginning of an experiment, 

the suspension has typically OD600 ≈ 0.6 (optical density at 600 nm in a 1 cm cuvette). The 

final OD600 of E. coli in medium was between 2 – 2.1 for all experiments.   



130 
 

5.2.3. Results and Discussions 

5.2.3.1. Detection of H2S and CO2 Impurities in Natural Gas Samples  

Trace gas analysis of natural gas is a very relevant task in petrochemistry. Natural gas 

is mainly methane, but depending on the source or provenance, it may also contain minor 

components like higher alkanes, components of no caloric value such as N2 and CO2, and H2S. 

To demonstrate the capability of our scheme for trace gas detection of H2S and CO2 impurities 

in natural gas samples, we have sampled natural gas from a gas tap within the department and 

scanned the near-IR photoacoustic spectrum between 6369 – 6372 cm−1 and compared it with 

the HITRAN data base as shown in Figure 4.27 in chapter 4. In this region, there are CO2 

transitions (peaks labelled b) and c) in Figure 4.27) and a separated H2S transition (labelled f), 

that means there is no overlapping between CO2 and H2S peaks. 

In 1 bar of natural gas, the acoustic resonance frequency shifts to about 320 Hz, and the 

photoacoustic signal has also slightly different phase shifts compared to 1 bar air or N2. We 

have verified that after optimization, essentially the same calibration, noise levels and detection 

limits as shown for N2 apply, in particular a 25 ppmv noise equivalent detection limit for H2S 

in 1 bar natural gas at 1 s integration time.   

Figure 5.26 a) shows a scan of 1 bar natural gas; in the spectral region, there are weak 

CO2 transitions due to natural CO2 impurities, b) and c) in Figure 5.26 a). In addition to a very 

weak H2O absorption peak at the position of the H2S peak d) discussed before, there are also 

weak CH4 absorptions with peak = 1.510−5
 pm2,84

 about 5000 times weaker than H2S. 

Assuming a similar sensitivity of photoacoustic signals, the noise limit will be exceeded at 

methane pressures above 100 mbar. Unlike water discussed before in chapter 4, this has to be 

considered in natural gas samples, where at 1 bar total pressure, methane will typically be 

between 900 – 1000 mbar. In the spectrum of Figure 5.26 a), these CH4 transitions at the 

position of the H2S have a peak value of about 10 mV, above 10 the noise level at 1 s 

integration time. To correct for these weak absorptions, we suggest to extend the spectral region 

to include the separate peak e) of methane to establish the content of CH4, and then subtract 

methane proportionally at the position of the H2S, as demonstrated in Figure 5.26. A 

comparison with the HITRAN data base and our previous calibration shows the presence of 14 

mbar CO2 in the 1 bar sampled natural gas, or 1.4% CO2 content, very similar to a previously 

reported measurement using Raman detection.2 Reassuringly, no H2S is apparent within our 

detection limit. To demonstrate the sensitivity to H2S detection, we have prepared a sample of 
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3 mbar H2S in 1 bar natural gas. The measurement is shown in Figure 5.26 b). The methane 

background is essentially as in pure natural gas. According to the calibration, there is 16 mbar 

or 1.6% CO2, very close to the previous measurement of pure natural gas; the slight deviation 

might be explained by purity fluctuations in the natural gas line. The measured H2S content is 

2.8 mbar, very close to the nominally 3 mbar as prepared.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.26. CH4, CO2 and H2S transitions of natural gas samples. a) 1 bar natural gas (sampled 29/10/2018). b) 

3 mbar H2S in 1 bar natural gas (sampled 7/11/2018). The blue trace is the photoacoustic signal. In red, black, 

green and magenta are HITRAN data for CH4, CO2, H2S and the sum, respectively. The peak labels are as in 

Figure 4.27 in chapter 4. 
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5.2.3.2. Monitoring O2, CO2 and H2S During the Metabolism of L-cysteine 

by E. coli 

In a further demonstration of the application of photoacoustic detection in a Helmholtz 

resonator in the biosciences, we monitor O2, CO2 and H2S during the metabolism of L-cysteine 

by E. coli. During aerobic metabolism, microbes convert O2 and sugars or other suitable 

organic substrates to CO2, with approximately one unit of CO2 produced per unit O2 consumed. 

In addition, if L-cysteine is present, they may produce H2S, with approximately one unit of H2S 

produced per unit of cysteine consumed. In our closed system, O2, CO2 and H2S are mostly in 

the gas phase, with some minor amount dissolved in the suspension. The total amount in the 

gas phase can be calculated by the ideal gas law. At equilibrium, the molarity of a dissolved 

gas can be calculated from its partial pressure using Henry's law. 1 mbar of an ideal gas 

corresponds to 2.6 10−5 mol in the head space (660 ml). Using Henry's constants at 37 oC,109 

1 mbar correspond to 2.6 10−6 mol CO2, 6.6 10−6 mol H2S or 1.1 10−7 mol O2 in the solution 

(100 ml). Some small amount of dissolved CO2 (less than 1%) will react to form carbonic acid 

H2CO3. With a pKa1 = 6.37 (see Appendix 9), about 90% of this carbonic acid will dissociate 

to the bicarbonate ion HCO3− at the pH range of the bacterial suspension (6.9−7.2). Since only 

about 10% of the total CO2 is in solution, of which only a small amount will be converted into 

carbonic acid, this loss of CO2 can be neglected to a first approximation. Being an acid, 

dissolved H2S can dissociate into HS−; with a pKa1 = 7.02 (see Appendix 10), about half of 

dissolved H2S will dissociate at the pH range of the suspension. With about 25% of total H2S 

being in solution, of which about 50% is lost in the form of HS−, this effect needs to be taken 

into account when considering the total sulfur balance arising from the conversion of cysteine. 

In a control experiment, we injected 11 mbar of H2S in an empty flask after the first scan and 

we observed no dissociation of H2S, it is constant with time, as shown in Figure 5.27.  
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Figure 5.27.  Time dependent concentration of H2S when injected after the first scan (t = 0) into an empty flask.   

 

In the biological experiments, we monitor O2 with the red diode and convert 

photoacoustic signal into mbar using the previous calibration (see chapter 4, section O2). For 

simultaneous monitoring of CO2 and H2S, we use the near IR diode scanning between 6369 – 

6371 cm−1. In this range, the CO2 peaks labelled b) and c) can be found, and in-between, the 

strong H2S peak labelled d). Figure 5.28 shows a typical scan of the head space above the 

bacterial suspension. Fitting three Lorentzian curves to the observed peaks b), c) and d) and 

using the previous calibration, photoacoustic signal is converted into mbar of H2S and CO2. 

Measurements were repeated every 15 min to obtain time-dependent concentrations of the head 

space. 
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Figure 5.28. Typical scan of the head space above a bacterial suspension (2 h after injecting 1 mM cysteine, see 

Figure 5.29. The blue trace is the photoacoustic signal. In black, green and magenta are HITRAN data for 98 mbar 

CO2, 2.2 mbar H2S and the sum, respectively. The peak labels are as in Figure 4.27 in chapter 4. 

Figure 5.29 shows a typical example of time-dependent concentrations, where 1 mM 

cysteine was injected into the E. coli suspension in 2YT medium after a delay of about 1 h. 

Before injection, no traces of H2S are apparent. Due to aerobic respiration of E. coli, O2 is 

slowly decaying and CO2 formed in an about 1:1 ratio, as expected (see also Figure 5.30). After 

injection of cysteine, metabolism accelerates noticeably, and H2S is formed after a short lag 

phase of about 20 min. Within 1 h, H2S peaks to about 2.2 mbar. Apparently all cysteine is 

converted by then, and H2S concentrations fall very slowly afterwards. The 2.2 mbar H2S 

corresponds to about 0.09 mmol in the head space and suspension. This is almost exactly the 

amount of cysteine injected, demonstrating complete conversion of cysteine within 1 h. The 

slow decay of H2S is genuine and not due to leaks, since we do not observe decays for CO2. 

H2S is known to stick to surfaces and gets easily absorbed which may explain the decaying 

pressure later on. Experiments were repeated several times, including different concentrations 

of cysteine (1−4 mM) as shown in Figures 5.29 and 5.30 respectively, always showing the 

same qualitative behaviour and complete conversion of cysteine into H2S within about 1-3 h. 

In a control experiment, we injected cysteine into sterile 2YT medium without observing any 

H2S evolving, proving that the H2S production is by the microbes, as shown in Figure 5.31. 

The current application demonstrates in situ monitoring of trace gases in the head space above 

bacterial suspensions in a closed system by Helmholtz photoacoustic detection.  
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Figure 5.29. Time dependent concentrations of O2, CO2 and H2S in the head space during the metabolism of 1 

mM L-cysteine by E. coli in 100 ml 2YT. 

 

 

 

 

 

 

 

 

Figure 5.30. Time dependent concentrations of O2, CO2 and H2S in the head space during the metabolism of 4 

mM L-cysteine by E. coli1in 100 ml 2YT. 
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Figure 5.31. Shows the injection of cysteine into sterile 2YT medium without observing any H2S. 
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5.2.4. Conclusions  

IR spectroscopy (PAS in DHR) and CERS have the potential to act as two 

complementary techniques in biosciences, in addition to well-established techniques such as 

OD measurements. This chapter has demonstrated this with the investigations into the aerobic 

respiration of E. coli by using the two different methods. PAS has the superior sensitivity 

making it ideal for trace gas detection at low ppm concentrations. Due to the selection rules 

governing IR and Raman spectroscopy, CERS can identify homonuclear diatomic molecules. 

The investigation into the aerobic respiration of E. coli is an example of a scenario where both 

CERS and DHR are suited for trace gas detection. IR spectroscopy cannot detect O2 

consumption therefore a specific red diode laser for detecting O2 was used in the red range, 

which makes the comparison between O2 consumption and CO2 production possible.  

Monitoring O2 consumption and CO2 production together is vital as the two may not 

always correspond in magnitude. E. coli grown in M9 medium supplemented with glucose did 

not show the expected 1:1 ratio of O2 consumption to CO2 production compared to previous 

work monitoring with LB medium. Monitoring aerobic respiration with IR and Raman 

spectroscopy helps to understand the metabolic activity. The research with CERS and DHR 

determined the higher amount of O2 consumption than CO2 production is not due to CO2 

dissolved in solution but depends on the medium used. The hypothesis is that the conversion 

of glucose into biomass in minimal media results in more O2 consumption than CO2 production. 

O2 consumption and CO2 production, and OD measurements showed the four main phases of 

E. coli growth.  

As spectroscopy can distinguish between isotopomers, isotopic labelling can be used to 

probe reaction mechanisms. Demonstrations were carried out with the spectroscopic 

techniques to highlight this capability. With CERS and DHR, the monitoring of the metabolism 

of a mixture of 13C-glucose and 12C-lactose found that the metabolic preference is towards 

glucose first. Due to the strong inclination towards glucose metabolism, E. coli does not 

metabolise 12C-lactose until to the completion of 13C-glucose. After exhaustion of the 13C-

glucose supply, 12C-lactose metabolism occurs with no diauxic shift lag phase under our 

conditions. The success of the results obtained by the two investigations shows that both CERS 

and DHR are useful tools in the biosciences. 

Furthermore, in this chapter, a set-up is described employing near-IR and red diode 

lasers for the detection of CO2 and H2S in NG by photoacoustic detection in a DHR. The noise 
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equivalent detection limit of H2S in 1 bar N2 is 0.022 mbar (22 ppmv) as explained in chapter 

4. At this level, the scheme may be useful for safety monitoring of toxic H2S. Similar detection 

limits apply to trace impurities in 1 bar NG. Taking into account the simplicity of the DHR set-

up, the detection limits compare favourably with more involved photoacoustic schemes. 

Possible interferences due to weak water and methane absorptions have been discussed and 

shown to be either negligible or easy to correct. We have demonstrated two selected application 

examples for H2S detection by DHR photoacoustic spectroscopy. The set-up has been used 

successfully for simultaneous in situ monitoring of O2, CO2 and H2S in the biosciences, for 

example in the cysteine metabolism of microbes (E. coli), and for the analysis of CO2 and H2S 

impurities in natural gas.  
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Chapter 6. General Conclusions and Future Work  

A novel of set of techniques in vibrational spectroscopy (PAS and CERS) have been 

applied to measurements of headspace gases generated and consumed by E. coli. In addition, 

PAS has been applied to detect H2S and CO2 in NG and generated from E. coli. Both techniques 

have great potential in the biosciences and in petrochemistry, as demonstrated by the 

applications introduced.  

Due to the inherent signal amplification and noise cancellation, photoacoustic 

spectroscopy in a differential Helmholtz resonator (DHR) has great potential for trace gas 

analysis, with possible applications including safety monitoring of toxic gases, applications in 

the biosciences and for natural gas analysis in petrochemistry. Photoacoustic detection is one 

of the most sensitive optical absorption techniques, but it suffers from ambient acoustic noise 

and flow noise introduced by sampling gases; this ultimately limits detection limits. A DHR 

has the advantage that the symmetrical resonator composed of two identical chambers produces 

photoacoustic absorption signals which are out-of-phase in the two chambers, whereas noise 

including flow noise is in-phase in the two chambers. Differential detection therefore doubles 

the signal and cancels noise to a great extent. In this project, trace gas detection of CO2 and 

H2S by PAS in a DHR was demonstrated with a DFB diode laser near 1.6 m, and O2 detection 

with a DFB diode laser near 764 nm. Also, first applications were introduced, time-dependent 

monitoring of the bacterial growth and aerobic metabolism of microbes and detection of H2S 

and CO2 impurities in NG, as explained in chapter 5.  

 Chapter 4 described a set-up employing near-IR and red diode lasers for the detection 

of CO2 and O2 in 1 bar of air/N2 and NG, in static and flow cell measurements and introduced 

improvements including a multipass arrangement and using two independent lasers 

simultaneously. With the red diode laser, O2 can be detected at 764.280 nm. A noise equivalent 

detection limit of 0.60 mbar (600 ppmv) of O2 in 1 bar of air at 35 mW peak power and 1 s 

integration time is obtained. Normalizing to the absorption cross section, the laser power and 

integration time, a noise equivalent normalized absorption coefficient  = 2.2  10−8                  

cm-1 W s1/2 is calculated. Within the tuning range of the near-IR DFB diode laser (6357 − 6378 

cm−1), CO2 and H2S absorption features can be accessed for trace gas detection. CO2 has a 

noise equivalent detection limit of 0.160 mbar (160 ppmv) for CO2 in 1 bar N2 at 1 s integration 

time with the 30 mW laser. This corresponds to a noise equivalent normalized absorption 

coefficient  = 8.3  10−9 cm-1 W s1/2.  Due to stronger absorption cross-sections, the noise 

equivalent detection limit of H2S in 1 bar N2 is 0.022 mbar (22 ppmv). At this level, the scheme 
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may be useful for safety monitoring of toxic H2S. Similar detection limits apply to trace 

impurities in 1 bar NG. Possible interferences due to weak water and methane absorptions have 

been discussed and shown to be either negligible or easy to correct. Using Henry's law, the 1 s 

noise equivalent detection limits for the head space gases O2, CO2 and H2S translate into 

detection limits of the dissolved gases in the solution of 16 ppb per mole for dissolved O2, 76 

ppb for CO2 and 27 ppb for H2S. 

As an advantage of spectroscopic detection, PAS and CERS can be used to distinguish 

between different isotopomers. Isotopic labelling can be used to probe biological mechanisms. 

The carbon source for metabolism of aerobic E. coli have been investigated using a mix of two 

labelled sugars, 13C-glucose and 12C-lactose, to examine if E. coli shows a preference for one 

sugar over the other. In preparation for such studies, it is necessary to know the positions of 

peaks for the different isotopically labelled CO2 molecules before starting to apply any biology 

experiments. This was characterised in chapter 4 for 12CO2 and 13CO2 to understand the system 

very well before starting with any isotopical labelling applications.  

Monitoring O2 consumption and CO2 production together is vital as the two may not 

always correspond in magnitude. E. coli grown in M9 minimal medium supplemented with 

glucose did not show the expected 1:1 ratio of O2 consumption to CO2 production as expected 

from previous work monitoring with rich LB medium. The research with CERS and PAS in 

the DHR determined a higher amount of O2 consumption than CO2 production. This is not due 

to CO2 dissolved in solution but depends on the medium used. Our hypothesis is the conversion 

of glucose into biomass in minimal media results in more O2 consumption than CO2 production. 

The minimal medium cannot provide a carbon source, therefore carbon is taken from the sugar. 

The dry weight of bacteria at the end of a typical experiment was about 60 mg. Assuming that 

about 50% of this is carbon, the bacteria contain about 2.5 mmol carbon in total, in good 

agreement with the missing CO2. On the other hand, in rich LB medium, tryptone provides a 

source of essential amino acids, and the yeast extract offers a source of various organic 

compounds required for growth. E. coli grown in LB medium does not have to synthesise these 

species from glucose which is likely why O2 consumption and CO2 production show the 

expected 1:1 ratio. 

In the biosciences, OD measurements are a standard, widely used technique to 

characterise bacterial growth. In chapter 5, we have discussed and shown some of its 

shortcomings if used on its own without supporting complementary measurements. OD 
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measurements are an indirect indicator of bacterial growth. They suffer from interferences and 

they cannot distinguish living cells from dead cells and debris. OD measurements can therefore 

not provide sufficient information once the OD becomes constant during the stationary phase 

of bacterial growth. They also cannot distinguish diauxic growth without a diauxic lag phase 

present. The spectroscopic measurements, however, can clearly and unambiguously distinguish 

the different stages of bacterial growth characterising the growth phases in the different media 

studied, LB and M9. 

Spectroscopy can distinguish between isotopomers. This capability can be used to 

probe reaction mechanisms. This is demonstrated in this thesis using both spectroscopic 

techniques to highlight this capability. With CERS and PAS in the DHR, the monitoring of the 

metabolism of the mixture of 13C-glucose and 12C-lactose found that the metabolic preference 

is towards glucose first. 13CO2 and 12CO2 production shows that because of the strong 

inclination towards glucose metabolism, E. coli does not metabolises 12C-lactose until to the 

completion of 13C-glucose. After exhaustion of the 13C-glucose supply, 12C-lactose metabolism 

occurs with no diauxic shift lag phase under our conditions. The success of the results obtained 

by the two investigations shows that both CERS and PAS in the DHR are useful tools in the 

biosciences. 

CERS and DHR enabled successful monitoring of a variety of different growth phases 

and behaviour for aerobic suspensions of E. coli in LB (rich medium) or M9 medium (minimal 

medium) supplemented with sugar. These techniques are ideal for studying aerobic metabolism 

because of the ability to monitor O2 consumption and CO2 production simultaneously. CERS 

may find use in the biosciences for investigating microorganisms that use or generate 

homonuclear diatomic gases, such as O2, H2 or N2, during their metabolic activities. IR 

detection with DHR can be used in the biosciences to investigate heteronuclear molecules like 

H2S and CO2. To summarise, in this chapter 5 two methods were used to monitor the respiration 

of E. coli. With the use of isotopically labelled sugars, CERS and PAS are capable of 

distinguishing metabolic preferences as well as probing reaction mechanisms such as glucose 

being metabolised first, then lactose second.  

In addition, this thesis demonstrated two further selected application examples. The 

DHR set-up has been used successfully for simultaneous in situ monitoring of O2, CO2 and 

H2S in the biosciences, for example in the cysteine metabolism of microbes (E. coli), and for 

the analysis of CO2 and H2S impurities in NG as described in chapter 5 
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In the future, the Hippler group is planning further work to miniaturize the DHR set-up 

and to apply the technique to the measurement of NG samples from different sources and to 

investigate the metabolism of microbes with applications in studying the role of H2S as a 

signalling molecule in microbial systems. Due to the low cost of diode lasers and microphone 

detection, the relatively simple and robust set-up, the inherent signal amplification and noise 

cancellation, the suitability for static and flow cell measurements, the good detection limits and 

the spectroscopic selectivity which minimizes interferences, trace gas analysis in a differential 

Helmholtz resonator with near-IR and red diode lasers has great potential for many applications 

ranging from the biosciences to safety monitoring to petrochemistry. In future work, the CERS 

technique will be explored to study aerobic and anaerobic metabolism of microbes, for example 

in the production of biohydrogen by anaerobic fermentation of sugars or other suitable 

compounds by microbes. 
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Appendix  

1. Growth-Limiting Conditions of E. coli using CERS 

 In this section the calculation is shown of O2 concentration in the growth of E coli 

in M9 medium supplemented with 20 mM glucose by using CERS. By using the ideal gas law 

Equation 45 can be calculated, the number of moles of a gas per its partial pressure in 1 mbar 

in the CERS setup. 

                                                                 𝑝 𝑉=𝑛 𝑅 𝑇,                                                   Equation 45 

where V is the volume of the headspace in the CERS setup, equal to 0.77 L or 7.7 × 10-3 m3, R 

is the gas constant, equal to 8.314 J K-1 mol-1, p is equal to 100 pa (1 mbar) and T is 310 K (37 

oC). 

𝑛 =
𝑝𝑉

𝑅𝑇
=  

7.7 × 10−3m3  ×  100

8.314 J K−1 mol −1 × 310
 

                                       𝑛(gas in CERS) = 3.1 × 10−5 mol mbar−1    

p (O2) is always at first 210 mbar due to filling the CERS setup with 1 atm of laboratory air.  

The moles of oxygen in the CERS setup at the start, n(O2), can be calculated.  

𝑛(O2) = 𝑛(gas in CERS)  ×  𝑝(O2) 

𝑛(O2) = 3.1 × 10−5 mol mbar−1  × 210 mbar  

𝑛(𝑂2) = 6.5 × 10−3 mol = 6.5 mmol  

According the Equation 1 for aerobic respiration, there is a 1:6 ratio of glucose to O2.  

               C6H12O6 + 6O2 → 6CO2 + 6Η2Ο + Energy (ATP)                          Equation 1 

Dividing n(O2) by 6 gives 1.1 mmol, thus if the number of moles of glucose, n(glucose), is 

greater than 1.1 mmol, then the growth-limiting factor is O2. If n(glucose) is less than 1.1 mmol, 

then the growth-limiting factor is glucose. Equation 46 gives the relationship between 

n(glucose) and the concentration of glucose c(glucose). To show that 20 mM of supplemented 

glucose gives O2 growth-limiting conditions, n(glucose) must be calculated.  

                                                          𝑛(glucose)= c(glucose) 𝑉                           Equation 46 

 



151 
 

where V is the volume of the solution, equal to 250 mL or 0.25 L. 20 mM of glucose 

corresponds therefore to 20 × 10-3 mol L-1.  

n(glucose) = 20 × 10−3 mol L-1 ×0.25 L 

n(glucose) = 5 × 10−3 mol = 5 mmol 

 So, since 5 mmol of glucose is larger than 1.1 mmol, O2 is growth-limiting for 20 

mM of supplemented glucose. The c(glucose) below which glucose becomes growth limiting 

is:  

𝑐(glucose) =
n(glucose)

𝑉
 

𝑐(glucose) =
 1.1 mmol

0.25 L
 =  4.4 mM 

 

2. Dissolved O2 and CO2 in the Solution 

 In this section, the amount O2 and CO2 which is dissolved in a solution is calculated 

using Henry’s law, given in Equation 47. 

                                                    𝑐 = 𝑘𝑝,                                          Equation 47 

where k is the Henry’s law constant. At 37 °C (source NIST webbook)109 

k (O2) = 1.0 × 10−3 mol L−1 bar−1 = 9.9× 10−7 mol L-1 mbar−1 

k (CO2) = 2.5 × 10−2 mol L−1 bar−1 = 2.5× 10−5 mol L-1 mbar−1  

 Using 210 mbar of O2 at the start of the measurements, c(O2) in solution can be calculated as 

c(O2) = 𝑘(O2) 𝑝(O2) 

c(O2) = 9.9× 10−7 mol L-1 mbar−1 × 210 mbar 

c(O2) = 2.1 ×10−4 mol L-1 

As the volume of solution is 0.25 L-1, the moles of dissolved oxygen n(O2)aq are: 

(O2)aq =2.1 ×10−4 mol L-1 ×0.25 L 

n(O2)aq =5.2 ×10−5 mol=0.05 mmol 
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0.05 mmol of dissolved O2 is negligible compared to the 6.5 mmol of total O2. Using 105 mbar 

of CO2 typically produced by E. coli in M9 medium supplemented with 20 mM glucose, c(CO2) 

and n(CO2)aq can be calculated as  

(CO2) = 𝑘 (CO2) 𝑝(CO2) 

c(CO2) = 2.5× 10−5 mol L-1 mbar−1×105 mbar 

c(CO2) = 2.6 ×10−3 mol L-1 

n(CO2)aq = 2.6 ×10−3 mol L-1×0.25 L 

(CO2)aq = 6.6×10−4 mol = 0.65 mmol 

Using n (gas CERS) to calculate the moles of CO2 gas in the head space: 

n(CO2) = 𝑛 (gas CERS) × 𝑝(CO2) 

n(CO2) = 3.1 ×10−5 mol mbar−1 ×105 mbar 

n(CO2) = 3.3 ×10−3 mol = 3.3 mmol 

The total moles of CO2 in the headspace and solution is 4.0 mmol with 16 % of total CO2 being 

dissolved in solution in the CERS experiments.  

n(CO2)total = 𝑛(CO2)g + 𝑛(CO2)aq 

 n(CO2)total = 3.3 mmol + 0.65 mmol 

 n(CO2)total = 4.0 mmol 

 

3. Carbonate Equilibria  

 This section shows that the concentration of H2CO3 and HCO3
– is negligible in 

solution compared to the concentration of CO2 that is dissolved and in the headspace. Equation 

48 shows the hydration of CO2 to H2CO3 with the equilibrium constant for the hydration of 

CO2, Khyd (CO2), defined in Equation 49.111 

                                             H2CO3 ⇄ CO2 + H2O                                                Equation 48 

                                             𝐾ℎ𝑦𝑑 (𝐶𝑂2) =
𝑐(𝐶𝑂2)

𝑐(𝐻2𝐶𝑂3)
                                           Equation 49                            

                                                                      .  
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Khyd (CO2) at 37 °C is 340.112 c(CO2) was determined to be 2.6 mM when there is 105 mbar of 

CO2 in the headspace. 16 % of the total CO2 which is produced by E. coli is dissolved as 

c(CO2)aq.  c(H2CO3) can then be calculated as:  

𝑐(H2CO3) =
𝑐(CO2)

Kℎ𝑦𝑑(CO2) 
 

𝑐(H2CO3) =
2.6 mmol L−1

340
= 7.6 × 10−3 mmol L−1  = 7.6 μM  

 c(H2CO3) is therefore negligible compared to c(CO2). 

The dissociation of H2CO3 to HCO3
– with the equilibrium constant for the dissociation of 

H2CO3 is shown in Equation 50, with Kdis (H2CO3), defined in Equation 51.112  

                                       H2CO3 ⇄ H+ + HCO3
−                            Equation 50                              

                                 𝐾𝑑𝑖𝑠(H2CO3) =
𝑐(H+) 𝑐(HCO3

−) 

𝑐(H2CO3)
                        Equation 51  

 

Kdis(H2CO3) at 37 °C is 8.4 × 10-7 mol L-1.112 The pH of 5.7 can be converted to c(H+) using 

Equation 52. 

                                                   c(H+) = 10−𝑝𝐻                                                           Equation 52 

c(H+) = 10−5.7 

c(H+) = 2.0 ×10−6 mol L-1 

 

c(HCO3
–) can then be calculated as 

𝑐(HCO3
−) =

Kdis(H2CO3) 𝑐(H2CO3) 

𝑐(H+) 
 

 𝑐(HCO3
−) =

8.4 × 10−7
 mol L−1

 × 7.6 ×  10−6
 mol L−1

2.0 × 10−6 mol L−1 
 

(HCO3
−) = 3.2 × 10−6 mol L-1 = 3.2 μM 

 

 c[HCO3
–] is therefore negligible compared to [CO2] (3.2 μM << 2.6 mM). 
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4. A Noise Equivalent Normalized Absorption Coefficient for CO2 in PAS 

First, we need to get the concentration c from the ideal gas law.  

𝑐 =
𝑁

𝑉
 ,   unit cm-3 

𝑝𝑉 = 𝑛𝑅𝑇 =
𝑁

𝑁𝐴
𝑅𝑇   ∴   𝐶 =

𝑁

𝑉
=

𝑃

𝑅𝑇
𝑁𝐴 

where p is the pressure in Pa , R=8.314 J mol-1K-1 , 𝑁𝐴 Avogadro’s constant  

𝐶 =
𝑃

𝑅 × 𝑇
=

16 Pa

(8.31) × (298 K)
× 6.022 × 1023 = 3.89 × 1022m−3 

m-3 is convert into cm-3 by dividing by 106  

𝐶 =
3.89 × 1022

106
= 3.89 × 1015cm−3 

𝛼 = 𝜎 × 𝐶 = 7.57 × 10−23cm2  × 3.89 × 1015cm−3 = 2.94 × 10−7cm−1  

Normalizing to the absorption cross section, the laser power and integration time, the noise 

equivalent normalized absorption coefficient is 

𝛼 = 2.94 × 10−7cm−1 × 0.03 W × √1 s = 8.3 × 10−9 cm−1 W 𝑠
1

2⁄  

where 𝜎 is the absorption cross section in cm2, 𝛼 the absorption coefficient in cm-1. 

 

5. A Noise Equivalent Normalized Absorption Coefficient for O2 in PAS 

The same method of calculation is used, with different detection pressure, absorption cross 

section, and laser power corresponding to the O2 experiment, 

p = 60 Pa 

𝜎 = 4.78×10-23 cm2 

Power = 0.035 W 

Normalizing to the absorption cross section, the laser power and integration time, the noise 

equivalent normalized absorption coefficient for detection of O2 is found as 

𝛼 = 2.2×10-8 cm−1 W 𝑠
1

2⁄  
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6. Calculating the Detection Limit of O2 in an Aqueous Solution 

600 ppmv of O2 in the gas phase corresponds to an oxygen concentration of 12 ppb per 

mole in the solution. By using Henry's law and Henry's constant 1.07×10-6 mol/L. mbar at 37 

0C we can to calculate this value: 

𝑐(O2) = 𝑘𝑝 

𝑐(O2) = 1.07 × 10−6mol/L mbar × 0.6 mbar = 6.42 × 10−7mol/L 

Then divide this value by the concentration of pure water 

=
6.42 × 10−7mol/L

55 mol/L
= 1.17 × 10−8 ≅ 12 ppb 

 

7. Growth-Limiting Conditions of E coli Using PAS 

By using the ideal gas law in Equation 53, 𝑛 can be calculated, the number of moles of a gas 

per its partial pressure in 1 mbar in the PA setup. 

                                                                 𝑝 𝑉=𝑛RT  ,                                                 Equation 53 

where: V is the volume of the headspace in the PA setup equal to 0.510 L or 5.1 × 10-3 m3, R is 

the gas constant equal to 8.314 J K-1 mol-1, p equal to 100 pa (1 mbar) and T is 298 K (25 oC). 

𝑛 =
𝑝𝑉

𝑅𝑇
=

5.1 × 10−3m3  ×  100

8.314 J K−1 mol −1 × 298
 

                                       𝑛(gas in PA) = 2.05 × 10−5 mol mbar−1    

p (O2) is always at first 210 mbar due to filling of the PAS setup with 1 atm of laboratory air.  

The moles of oxygen in the PAS setup at the start, n(O2), can be calculated.  

𝑛(O2) = 𝑛(gas in PAS)  ×  𝑝(O2) 

𝑛(O2) = 2.05 × 10−5 mol mbar−1  × 210 mbar  

𝑛(𝑂2) = 4.3 × 10−3 mol = 4.3 mmol  

 

Dividing n(O2) by 6 gives 0.7 mmol, thus if the number of moles of glucose, n(glucose), is 

greater than 0.7 mmol, then the growth-limiting factor is O2. If n(glucose) is less than 0.7 mmol, 
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then the growth-limiting factor is glucose. Equation 26 gives the relationship between 

n(glucose) and concentration of glucose c(glucose).  

The c(glucose) below which glucose becomes growth limiting is:  

𝑐(glucose) =
n(glucose)

𝑉
 

𝑐(glucose) =
 0.7 mmol

0.25 L
 =  2.87 mM 

 

8. Calculating the amount of Dissolved CO2 in the Solution When Using PAS 

System 

(CO2) = 𝑘 (CO2) 𝑝(CO2) 

c(CO2) = 2.5× 10−5 mol L-1 mbar−1×170 mbar 

c(CO2) = 4.2 ×10−3 mol L-1 

n(CO2)aq = 4.2×10−3 mol L-1×0.25 L 

(CO2)aq = 1.05×10−3 mol = 1.05 mmol 

Using n (gas PAS) to calculate the moles of CO2 gas in the head space: 

n(CO2) = 𝑛 (gas PAS) × 𝑝(CO2) 

n(CO2) = 2.05 ×10−5 mol mbar−1 ×170 mbar 

n(CO2) = 3.5 ×10−3 mol = 3.5 mmol 

The total moles of CO2 in the headspace and solution is 4.5 mmol with about 22 % of total CO2 

being dissolved in solution in the PAS experiment.  

n(CO2)total = 𝑛(CO2)g + 𝑛(CO2)aq 

 n(CO2)total = 3.5 mmol + 1.05 mmol 

n(CO2)total = 4.5 mmol 
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9. The Constant used for the Dissociation of Carbonic Acid H2CO3 to the 

Bicarbonate Ion HCO3
−  

H2CO3 :      pKa1 = -log (4.3×10-7) = 6.37 

 

10. The Constant used for the Dissociation of H2S to HS− 

 H2S :       pKa1 = -log (9.5×10-8) = 7.02 
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Abstract
Photoacoustic spectroscopy in a differential Helmholtz resonator has been employed with near-IR and red diode lasers for the
detection of CO2, H2S and O2 in 1 bar of air/N2 and natural gas, in static and flow cell measurements. With the red distributed
feedback (DFB) diode laser, O2 can be detected at 764.3 nm with a noise equivalent detection limit of 0.60 mbar (600 ppmv) in
1 bar of air (35-mW laser, 1-s integration), corresponding to a normalised absorption coefficient α = 2.2 × 10−8 cm−1 W s1/2.
Within the tuning range of the near-IR DFB diode laser (6357–6378 cm−1), CO2 and H2S absorption features can be accessed,
with a noise equivalent detection limit of 0.160 mbar (160 ppmv) CO2 in 1 bar N2 (30-mW laser, 1-s integration), corresponding
to a normalised absorption coefficient α = 8.3 × 10−9 cm−1 W s1/2. Due to stronger absorptions, the noise equivalent detection
limit of H2S in 1 bar N2 is 0.022 mbar (22 ppmv) at 1-s integration time. Similar detection limits apply to trace impurities in 1 bar
natural gas. Detection limits scale linearly with laser power and with the square root of integration time. At 16-s total measure-
ment time to obtain a spectrum, a noise equivalent detection limit of 40 ppmv CO2 is obtained after a spectral line fitting
procedure, for example. Possible interferences due to weak water and methane absorptions have been discussed and shown to
be either negligible or easy to correct. The setup has been used for simultaneous in situ monitoring of O2, CO2 and H2S in the
cysteine metabolism of microbes (E. coli), and for the analysis of CO2 and H2S impurities in natural gas. Due to the inherent
signal amplification and noise cancellation, photoacoustic spectroscopy in a differential Helmholtz resonator has a great potential
for trace gas analysis, with possible applications including safety monitoring of toxic gases and applications in the biosciences
and for natural gas analysis in petrochemistry.

Keywords Gas sensors . IR/Raman spectroscopy . Optical sensors . Bioanalytical . Petrochemistry

Introduction

Trace gas detection is essential in many areas of fundamental
and applied research, including environmental monitoring,
industrial process control and biological applications. In this
context, the detection of CO2, O2 and H2S is particularly rel-
evant. Carbon dioxide (CO2) is the main anthropogenic green-
house gas with a current ambient level of 410 ppmv in air. It is
also a main product of the metabolism of organisms. The
ability of an analytical technique to distinguish isotopes will
allow isotope labelling experiments to determine sources and

sinks of CO2. In the urea breath test for Helicobacter pylori
(H. pylori), for example, patients swallow 13C-labelled urea.
13CO2 detected in the exhaled breath indicatesH. pylori infec-
tion in the stomach, since only this bacterium can digest urea
efficiently to release ammonia and carbon dioxide. CO2 de-
tection is particularly relevant to study the metabolism and
activity of bacteria. Monitoring of molecular oxygen (O2)
complements such metabolism studies. O2 detection is also
very relevant in biotechnology, for example to ensure that
there is no oxygen in a bioreactor in anaerobic fermentation
processes. Hydrogen sulfide (H2S) is a very toxic gas which is
comparable in toxicity with carbon monoxide [1–3]. It has an
immediately dangerous to life or health (IDLH) limit of 100
ppmv in air. It is therefore important to be able to monitor H2S
with great sensitivity and selectivity as a toxic industrial and
environmental compound. This is particularly relevant in pet-
rochemistry since H2S is a common minor component in
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natural gas, but due to its high toxicity, it has been removed at
source before the gas can be fed to gas supply lines [2–4]. H2S
is also relevant in biochemistry and microbiology, with an
important role as a signalling molecule as well as a
cytoprotectant [5–7]. It has been recently reported that H2S
helps defend a number of bacteria against antibiotics, includ-
ing Escherichia coli (E. coli) [7]. Understanding the mecha-
nisms of its production by microbes may therefore be very
relevant to develop new strategies to protect and enhance the
potency of existing antibiotics. Although bacteria are known
to produce the gas during the metabolism of sulfur com-
pounds, the biochemistry associated with these processes is
not fully understood. In many organisms, H2S is generated
during degradation of the sulfur-containing amino acid L-cys-
teine. Cysteine desulphhydrases are enzymes which convert
cysteine to pyruvate, a source of energy and a key intermedi-
ate in the production of ATP. This process releases one equiv-
alent of ammonia and hydrogen sulfide [7, 8]. In microbiolo-
gy, a common test for H2S is the lead acetate or the methylene
blue assay; although very sensitive, these assays can be diffi-
cult to apply for quantitative measurements and may suffer
from interferences. Common analytical techniques include
gas chromatography (GC) or mass spectrometry (MS); whilst
sensitive and selective, they require expensive equipment and
have limitations, including difficulties detecting certain com-
ponents, long analysis times for GC, and the need for sample
preparation which prevents real-time, in situ monitoring.
Solid-state electrochemical and chemisorbing sensors, where
a change in physical properties on adsorption of analyte gas
molecules is detected, or acoustic sensors which measure
changes in acoustic properties of gas mixtures are also widely
used [9, 10]; although detection limits in the ppm range can be
achieved, these sensors often suffer from several disadvan-
tages. Chemisorbing sensors, for example, are often affected
by ageing and poisoning of the sensor surfaces, from long re-
sponse and settlement times, and from interferences due to lim-
ited selectivity. Acoustic sensors have a response that depends
on temperature, and the method lacks selectivity.

In trace gas analysis, spectroscopic detection has distinct
advantages due to its quantitative nature and its sensitivity and
selectivity due to the very characteristic spectroscopic signa-
ture of different molecules. Detection by optical absorption is
possible for CO2 and H2S using strong fundamental vibration-
al bands in the mid-IR, or much weaker overtones and com-
bination bands in the near-IR. Although weaker, near-IR ab-
sorption offers the advantages of much more convenient op-
tics and light sources in the near-IR. Molecular oxygen (O2)
does not have an IR-active vibration; although Raman detec-
tion of its fundamental is possible, Raman scattering is a rather
weak process and special Raman enhancement techniques are
required to detect gases at the ppmv level, for example by
stimulated Raman photoacoustic spectroscopy (PARS) [11]
or the recently introduced technique of cavity-enhanced

Raman spectroscopy (CERS) [4, 12–14]. O2 can be detected
by a formally forbidden electronic absorption band in the red,
the b 1Σg

+ (ν = 0)← X 3Σg
− (ν = 0) band (the BA band^) near

760 nm; although weak, the absorption cross sections are
comparable to near-IR overtone and combination band ab-
sorptions of CO2 and H2S. For efficient detection beyond
the limitations of conventional, Beer-Lambert-type absorp-
tion, absorption pathlengths should be as long as possible, as
in the extreme case of cavity ringdown spectroscopy which
achieves kilometre effective pathlengths [15–19], or detection
should be coupled with a background-free scheme as in pho-
toacoustic spectroscopy [20–27], or a combination of both as
in the recently introduced technique of cavity-enhanced reso-
nant photoacoustic spectroscopy (CERPAS) [28, 29]. In pho-
toacoustic spectroscopy, internal excitation of molecules by
optical absorption is converted to heat release and pressure
increase by collisions; if the excitations are modulated period-
ically, acoustic waves are induced which can be picked up by
microphones. This allows indirect, but very sensitive detec-
tion of optical absorption. By detecting in an acoustic resona-
tor and modulating optical excitation at an acoustic resonance
frequency, building up of acoustic standing waves further in-
creases sensitivity in resonant photoacoustic spectroscopy
[20, 21]. Highest sensitivities are achieved with CERPAS
[28, 29] or utilising the excitation of the acoustic modes of a
quartz tuning fork (quartz-enhanced or cantilever-enhanced
photoacoustic spectroscopy) [26, 27]. A much simpler ap-
proach is employing a special acoustic resonator which effec-
tively amplifies signal and reduces noise in a differential
Helmholtz resonator (DHR) [22–25].

In this contribution, we report photoacoustic trace gas mon-
itoring in a differential Helmholtz resonator. Photoacoustic
detection is one of the most sensitive optical absorption tech-
niques, but it suffers from ambient acoustic noise and flow
noise introduced by sampling gases; this ultimately limits de-
tection limits. A DHR has the advantage that the symmetrical
resonator composed of two identical chambers produces pho-
toacoustic absorption signals which are out-of-phase in the
two chambers, whereas noise including flow noise is in phase
in the two chambers. Differential detection therefore doubles
the signal and cancels noise to a great extent. DHR photo-
acoustic spectroscopy has been reported before for methane
detection [23]; however, the power of the specific configura-
tion and the underlying principles are not fully appreciated in
our opinion. Herein, we demonstrate the capabilities of the
technique with three different new and relevant target
analytes, trace gas detection of CO2 and H2S in a DHR with
distributed feedback (DFB) diode lasers near 1.6 μm, and O2

detection near 760 nm. Improvements on the DHR technique
are reported, including a multipass arrangement and using two
independent lasers. We also introduce novel applications of
DHR detection in the biosciences and in petrochemistry, in-
cluding time-dependent monitoring of the bacterial growth
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and aerobic metabolism ofmicrobes, and detection of H2S and
CO2 impurities in natural gas.

Experimental

The differential Helmholtz resonator in the present experiment
consists of two parts which are made as symmetrical as pos-
sible (see Fig. 1a). It follows a design recently published in ref.
[23]. It has two identical cylindrical compartments (A and B in
Fig. 1a) made of glass, 10 cm long and 1 cm inner diameter
(i.d.). The compartments are connected by two capillary glass
tubes, 10 cm long and 0.2 cm i.d. Each compartment has in the
middle one electret microphone (Knowles EK-23024) at-
tached to it from the outside, but open to the inside. The
compartments have glass windows at their end to allow laser
light passing through; the windows are slightly tilted to avoid
back reflections into the laser. The thin connecting tubes have
each a three-way valve in the middle which allows either to
separate the Helmholtz resonator for static measurements, or
to have a symmetrical gas flow through both compartments in
a flow cell configuration. The entire cell is wrapped in heating
wire and thermal insulation to keep it at around 45 °C, to avoid
water condensation in biological experiments. Diode laser
light passes through one of the compartments, e.g. A in Fig.
1a, and is reflected back once at a slight angle to double the
interaction path length. An iris acts as a backstop for the
reflected beam. Whereas for an organ pipe resonator the laser
beam would have to be focussed into the middle of the reso-
nator to enhance the longitudinal acoustic mode, focussing is
not required for this DHR resonator since the acoustic mode
extends over the entire compartment (see below). This has the
advantage that no refocussing is required, and a simple mirror
is enough to double the interaction beam path; we have con-
firmed that this simple arrangement indeed increases photo-
acoustic signal by about a factor of 2.

After the laser light is absorbed by molecules inside com-
partment A, collisional deactivation leads to a temperature
jump and pressure expansion (photoacoustic effect). This
pressure buildup will then travel to compartment B via the
connecting capillaries. If the laser light is pulsed, the pressure
buildup will travel from A to B, leaving a pressure depression
behind in A, and then back again to A when the laser is off,
leaving a pressure depression behind in B. If the laser is mod-
ulated periodically, periodic pressure waves (sound) are thus
created in A and B, which have the same frequency and am-
plitude, but opposing phases. If the laser modulation matches
a resonance frequency of the cell, a standing wave develops
with maximum amplitude (resonant photoacoustics). Note
that the acoustic resonance is a pressure oscillation between
A and B, not a longitudinal acoustic resonance as in the more
commonly used organ pipe photoacoustic resonators. The res-
onance frequency is given by the cell dimensions, and it de-
pends also linearly on the speed of sound c, which for an ideal
gas is given by Eq. 1,

c ¼
ffiffiffiffiffiffiffiffiffi

γRT
M

r

; ð1Þ

where T is the temperature, R the gas constant, and γ and M
the heat capacity ratio and the molar mass of the medium
inside the resonator, respectively. Using a CO2 absorption line
in the near-IR, we obtained a resonance curve (amplitude vs.
acoustic frequency). The data are well described by a
Lorentzian distribution with resonance frequency f = 220 Hz
for 1 bar CO2. In an atmosphere of air or N2, f increases to
261 Hz, and in natural gas (essentially CH4) up to 320 Hz,
consistent with the changes in molar masses. The quality fac-
torQ is defined as the ratio between the resonance frequency f
and the frequency bandwidth at 1/√2 of the maximum of the
resonant profile. For our DHR, Q ≈ 7 is determined. Q is
roughly equivalent to the signal enhancement by the acoustic

Fig. 1 Scheme of the
experimental setup. a Differential
Helmholtz resonator with the two
laser beams (see main text for
more details). b In biological
experiments, the head space of a
round-bottom flask in a
thermostated water bath is circu-
lated to the Helmholtz resonator
via a peristaltic pump (PP)
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resonance. Due to the changes in resonance frequency with
temperature and medium, a calibration is strictly valid only for
a given temperature and gas composition. However, due to the
relatively low Q factor, slight misalignment of the resonance
frequency does not have a large effect on signals. The change
in composition from trace gas levels to higher levels will cause
a slight curvature of the calibration instead of linearity; this is
considered by using a calibration curve instead of a calibration
line (see also discussion below). Note that the selectivity of
photoacoustic detection is from the spectroscopic signature of
gases within a composition, and not from the change in acous-
tic properties.

Characteristic features of a DHR are its low resonance fre-
quency and effective noise cancellation and signal enhance-
ment by differential amplification ofmicrophone signals A–B.
Genuine absorption signals inside the cell are out-of-phase
between microphones A and B; differential amplification A–
B therefore doubles the signal (see Fig. 2a). External noise and
flow noise, however, will affect the two symmetrical compart-
ments in nearly the same way, creating a noise signal which is
in phase in A and B. In this case, differential amplification A–
B leads to effective cancellation of noise (see Fig. 2b). This
noise cancellation and signal enhancement make DHR an at-
tractive choice for trace gas detection applications. The differ-
ential signals (A–B) are processed in lock-in amplifiers which
further greatly reduce noise.

In our setup, two DFB diode lasers are used, i.e. a near-IR
laser to detect CO2 and H2S near 1.57 μm and a red laser near
764 nm to detect O2. To simplify the setup, the near-IR laser is
directed through one compartment (A), whilst the red laser is
directed through the other (B) (see Fig. 1a). In a typical exper-
iment, CO2 and H2S are first measured by scanning the near-
IR laser; next, O2 is measured by scanning the red laser. Note
that during a scan with one laser, only this laser is on whilst the
other is switched off. Both lasers are modulated by their in-
jection current at the acoustic resonance frequency with a
square wave giving a 50% duty cycle. The near-IR single-
mode DFB diode (Mitsubishi FU-650SDF, 4 mW) is ampli-
fied in a booster optical amplifier (Thorlabs S9FC1004P) to
30 mW peak power. The laser is temperature tuneable

between 20 and 60 °C to provide a mode-hop-free tuning
range from 6378 to 6357cm−1 or from 1.568 to 1.573 μm.
The red laser is a temperature tuneable 35-mW DFB diode
laser (Eagleyard EYP-DFB-0764); adjusting the temperature
from 18 to 40 °C gives a 764.0–765.3-nm mode-hop-free
tuning range.

For bacterial measurements, 50 ml of sterile 2YT medi-
um (a rich medium containing yeast extract and tryptone)
was inoculated with a single colony of E. coli (wild type,
strain K-12 MG1655) and incubated for 5 h at 37 °C. It was
added to 50 ml of sterile 2YT to give a 100-ml suspension
in a 500-ml round-bottom flask with constant stirring at
37 °C in a thermostated water bath. The flask was connect-
ed to the DHR resonator with short gas transfer tubes in a
closed system, giving a total gas volume of 660 ml. To
enhance gas flow, a peristaltic pump (3 l/h) was used to
cycle the flask head space through the DHR resonator (see
Fig. 1b). In a test to characterise the experimental time
resolution, CO2 or H2S gas was injected into the flask
and the appearance time of the gas was measured in the
Helmholtz resonator; equilibrium is reached within about
5 min. To observe O2, CO2 and H2S in the aerobic respi-
ration of E. coli, a cysteine solution (L-cysteine hydrochlo-
ride anhydrous, Sigma) dissolved in 7 ml of water is
injected via a septum (Suba-Seal) as a source of sulfur to
induce the production of H2S. At the beginning of an ex-
periment, the suspension has typically OD600 ≈ 0.6 (optical
density at 600 nm in a 1-cm cuvette) and a pH of 6.9; at the
end, after exhaustion of the oxygen available, the suspen-
sion has typically OD600 ≈ 2.2 and a pH of 7.2.

Calibrated gas mixtures containing CO2 (sublimed from
dry ice) or H2S (Sigma-Aldrich, 99.5+%) were prepared on
a glass vacuum line equipped with capacitance pressure
gauges (Baratron). The gases were purified by repeated
freeze-pump-thaw cycles and buffered to 1 bar total pres-
sure by N2, natural gas or air. Natural gas was sampled
from a gas tap within the PC teaching laboratory of the
University (gas supplied via National Grid, UK); natural
gas is essentially CH4 with some additional minor compo-
nents (see ref. [4] for typical compositions).

Fig. 2 Oscilloscope traces of the
signal frommicrophoneA (green)
and microphone B (red) and the
differential signal A–B (black). a
Signal enhancement (CO2 ab-
sorption near 1.57 μm). b Noise
cancellation (flow noise in a flow
cell configuration) (see main text
for more detail)
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Results and discussion

Photoacoustic detection of molecular oxygen
near 764 nm

Molecular oxygen (O2) does not have an IR-active vibration,
but it can be detected by an electronic absorption band in the
red, the b 1Σg

+ (ν = 0)← X 3Σg
− (ν = 0) band of molecular

oxygen (the BA band^) near 760 nm. It is a very weak, for-
mally forbidden transition with absorption cross sections of
the same order as the near-IR combination bands of CO2 and
H2S near 1.57 μm discussed later. Some of the strongest rota-
tional lines of the A band are within the range of our DFB
diode laser. Figure 3 shows the photoacoustic spectrum of
1 bar air obtained in the Helmholtz resonator, by temperature
tuning the laser from 24 to 38 °C. A good agreement with
literature data (HITRAN) is obtained [30]. The strongest line
is used for the analysis of O2; it is marked by an asterisk in
Fig. 3. The transition is the P(11) line at 764.280 nm (vacuum)
which has a peak absorption cross section of σpeak =
0.00478 pm2 (1 bar pressure broadened) [30].

At an abundance of 210 mbar in 1 bar air, the peak photo-
acoustic signal of this line is 310 mV. The standard deviation
(σ) of the baseline, 0.88 mVat 1-s integration time, can serve
as an estimate of the noise level. A noise equivalent detection

limit of 0.60mbar (600 ppmv) or 0.06% of O2 in 1 bar of air at
35-mW peak power and 1-s integration time is thus obtained.
Note that this is the noise equivalent detection limit (1 σ limit);
practical detection limits are often quoted as 3 σ in the litera-
ture. Since photoacoustic signal scales linearly with laser pow-
er and statistical noise decreases with the square root of inte-
gration time (see also below), improved detection limits are
achieved with higher laser power and longer integration times.
Normalising to the absorption cross section, the laser power
and integration time, a noise equivalent normalised absorption
coefficient α = 2.2 × 10−8 cm−1 W s1/2 is calculated.
Considering the simplicity of the DHR setup, this compares
favourably with the detection limits of more complex photo-
acoustic schemes, such as quartz–cantilever-enhanced photo-
acoustic spectroscopy where α = 4.8 × 10−9 cm−1 W s1/2 was
reported for photoacoustic detection of oxygen by a 30-mW
DFB diode near 760 nm [26]. In an application where the head
space above an aqueous solution is measured (as in the bacte-
rial suspensions at 37 °C, see BMonitoring O2, CO2 and H2S
during the metabolism of L-cysteine by E. coli^), 600 ppmv of
O2 in the gas phase corresponds to an oxygen concentration of
12 ppb per mole in the solution, using Henry’s law and
Henry’s constant at 37 °C [31].

Photoacoustic detection of H2S and CO2 in air/N2

near 1.57 μm

In this section, we aim for the detection of CO2 and H2S in air
or N2. Within the tuning range of the near-IR DFB diode laser
(6357–6378 cm−1), CO2 and H2S absorption features can be
accessed which can be used for trace gas detection. Figure 4
provides an overview from the HITRAN database including
the effect of 1 bar air broadening [30]. CO2 shows part of the
R-branch of the 3ν1 overtone, with a characteristic nuclear
spin statistic which only allows transitions from even J. The
strongest line (labelled A in Fig. 4) is the R(18) line at

Fig. 3 a Photoacoustic spectrum of 1 bar air in the Helmholtz resonator,
obtained by temperature tuning the laser from 24 to 38 °C. The peak
marked by the asterisk is used for the detection of molecular oxygen. b
HITRAN absorption cross sections (1 bar air pressure broadening) of O2

in the A band [30]

Fig. 4 HITRAN absorption cross sections (1 bar air pressure broadening)
of CO2 (black), H2S (green, scaled × 0.1), water vapour (blue, scaled ×
100) and methane CH4 (red, scaled × 100) [30]. Lines A to C are CO2

peaks, D is a H2S peak and E is a CH4 peak discussed in the main text
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6361.250 cm−1 with peak absorption cross section σpeak =
0.00757 pm2 (1 bar air pressure broadened) and Lorentzian
line shape [30]. This line was used for CO2 detection. H2S
has unresolved or partially resolved features in the region.
The strongest is a feature at 6369.8 cm−1 of the ν1ν2ν3 com-
bination band (labelled D in Fig. 4). This feature was
employed for H2S detection. Its peak absorption cross section
is σpeak = 0.0665 pm2 (1 bar air pressure broadened), about
nine times stronger than the CO2 line [30]. Figure 4 also
displays water absorptions to assess whether water will inter-
fere with CO2 or H2S detection. Water quite often interferes
very severely in Breal-life^ applications, in particular in the
region of mid-IR fundamental vibrations. Fortunately, the ab-
sorption features of water are very weak in this near-IR re-
gion, with absorption cross sections below 4 × 10−5 pm2 [30].
The peaks chosen are well isolated with negligible interfer-
ence in air (natural gas is discussed separately below). To
demonstrate the sensitivity of the DHR scheme, ambient air
from the outside was measured (see Fig. 5). At 1-s integration
time of each data point, the R(18) line due to CO2 at natural
abundance (410 ppmv) can clearly be distinguished.

In order to characterise the system, calibrated gas mix-
tures of CO2 in 1 bar N2 were prepared and the R(18) line
was measured by DHR photoacoustics. The amplitude of
the peak vs. CO2 partial pressure is shown in the calibra-
tion plot of Fig. 6a. Good linearity is obtained (black fit
line; y = a x), although a slightly better fit is obtained by a
non-linear fit to y = a xb (red fit line) with b = 1.04.
However, the deviation from linearity is not very pro-
nounced. The deviation from linearity is probably caused
by the change in the physical properties (e.g. speed of
sound) in the mixture, from 200 mbar CO2 in 1 bar N2,
to essentially just traces of CO2 in 1 bar N2. At 1-s inte-
gration time, the standard deviation of the baseline is
about 0.98 mV with the laser still on; this level is indicat-
ed by the horizontal, dotted line. It represents the noise

floor at 1-s integration time. The non-linear red fit line
hits the noise level at 0.160 mbar or 160 ppmv CO2 in
1 bar N2, giving the noise equivalent detection limit at 1-s
integration time with the 30-mW laser. Normalising to
absorption cross section, laser power and integration
time, a noise equivalent normalised absorption coefficient
α = 8.3 × 10−9 cm−1 W s1/2 is calculated. Again, consider-
ing the simplicity of the DHR setup, this compares
favourably with more involved photoacoustic schemes,
such as the quartz–cantilever-enhanced photoacoustic de-
tection reported with α = 2.2 × 10−9 cm−1 W s1/2 at
1572 nm [27].

Better detection limits are obtained by longer integra-
tion times or by fitting spectral line shapes to several data
points in a spectrum. This is demonstrated in Fig. 5, for
example, where 410 ppmv of CO2 in ambient air is clearly
detectable despite a noise equivalent limit of 160 ppmv. A
spectral line fit of a spectral scan is preferable to having a
longer integration time on a single point, because the fit
also gives the baseline/background value above which the
signal is measured. Following a procedure described in ref.
[11], if measurements are made in a reproducible way,
there is an a priori knowledge about the expected peak
position and the expected line width of the peak. In a
Lorentzian line fit of spectral data, the line position and
full width at half maximum (FWHM) can be kept fixed
based on values obtained in measurements at higher con-
centration. The only free parameters of the fit are the offset
and the peak height. The fitting is insensitive to slow var-
iation of the baseline, removing the need for data manipu-
lation. This restricted spectral fitting procedure greatly in-
creases sensitivity and selectivity and removes the arbitrar-
iness of baseline manipulations [11]. Using 16 data points
spread around the central R(18) line within a range of 3
Lorentzian FWHM gives a good representation of the spectral
peak to be analysed. Sixteen data points at 1-s integration time
require a total measurement time of 16 s. The restricted fit of
the gas mixtures used for the calibration line gives peak
heights as in Fig. 6a). Repeated restricted fits of a gas mixture
without CO2 (essentially a flat baseline with noise) give small
positive and negative peak heights with a standard deviation
(noise level) of 0.24 mV. The approximately fourfold im-
provement on the 0.98-mV noise level at 1-s integration
agrees with the expectation that statistical noise decreases with
the square root of integration time. The red, non-linear cali-
bration of Fig. 6a) hits the 0.24-mV noise floor at 0.040 mbar
CO2 in 1 bar N2, giving a 40 ppmv noise equivalent detection
limit at 16-s measurement time.

In a similar calibration for H2S detection observing the
6369.8-cm−1 feature in 1 bar N2, the calibration in Fig. 6b)
is obtained. The red fit curve shows again a slight non-
linearity with b = 1.06. With the same noise limit of
0.98 mV at 1-s integration time, a noise equivalent

Fig. 5 Photoacoustic spectrum of CO2 at natural abundance in 1 bar of
ambient air. Red: Lorentzian line fit
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detection limit of 0.022 mbar or 22 ppmv in 1 bar N2 is
obtained with the 30-mW laser. The much lower detection
limit compared to CO2 is due to the stronger absorption
cross section of H2S. The detection limit is below the im-
mediately dangerous to life or health (IDLH) limit of 100
ppmv; the DHR sensor may therefore be useful as a safety
monitor for toxic levels of H2S, in particular if additional
integration time or spectral line fitting procedures improve
the detection limit (see above). At the same position of H2S
peak D, there is also a very weak water peak with σpeak =
1.5 × 10−5 pm2 [30], about 5000 times weaker than H2S.
Assuming a similar sensitivity of photoacoustic signals,
the noise limit will be exceeded only at water vapour pres-
sures above 100 mbar, so this will not be a serious inter-
ference at ambient temperatures and water vapour pres-
sures. In an application where the head space above an
aqueous solution is measured (see next section), 160 ppmv
of CO2 in the gas phase corresponds to a CO2 concentra-
tion of 76 ppb per mole in the solution, and 22 ppmv of
H2S gas corresponds to 27 ppb in solution, using Henry’s
law and Henry’s constants at 37 °C [31].

In previous work using mid-IR quantum cascade lasers
(QCL), sub-ppm detection limits have been reported for
IR-active molecules including H2S, in particular when
combined with special techniques like frequency modula-
tion (FM) absorption spectroscopy [32, 33]. In a possible
extension, mid-IR QCLs could also be used in the DHR
scheme to detect IR-active molecules via the stronger fun-
damental vibrational bands; based on our normalised ab-
sorption coefficients, sub-ppm detection limits are then
comfortably predicted. The distinct advantages of our ap-
proach using near-IR laser and a photoacoustic scheme,
however, are (i) convenience and lower costs; near-IR laser
sources and detectors are in general much less than one
tenth of the costs of a comparable QCL system; (ii) water
interferences are much more of a concern in the mid-IR;
and (iii) unlike photoacoustic spectroscopy, FM spectros-
copy requires reduced pressure to work efficiently to min-
imise pressure broadening; this is a big disadvantage in the
analysis of natural gas, for example, where gas lines are
usually at atmospheric or higher pressures.

Monitoring O2, CO2 and H2S during the metabolism
of L-cysteine by E. coli

In a demonstration of an application in the biosciences, we
monitored O2, CO2 and H2S during the metabolism of L-cys-
teine by E. coli. During aerobic metabolism, microbes convert
O2 and sugars or other suitable organic substrates to CO2, with
typically one unit of CO2 produced per unit O2 consumed. In
addition, if L-cysteine is present, they may produce H2S, with
approximately one unit of H2S produced per unit of cysteine
consumed. In our closed system, O2, CO2 and H2S are mostly
in the gas phase, with some minor amount dissolved in the
suspension. The total amount in the gas phase can be calcu-
lated by the ideal gas law. At equilibrium, the molarity of a
dissolved gas can be calculated from its partial pressure using
Henry’s law. One millibar of an ideal gas corresponds to 2.6 ×
10−5 mol in the head space (660 ml). Using Henry’s constants
at 37 °C [31], 1 mbar corresponds to 2.6 × 10−6 mol CO2,
6.6 × 10−6 mol H2S or 1.1 × 10−7 mol O2 in the solution
(100 ml). Some small amount of dissolved CO2 (less than
1%) will react to form carbonic acid H2CO3. With a pKa1 =
6.37, about 90% of this carbonic acid will dissociate to the
bicarbonate ion HCO3

− at the pH range of the bacterial sus-
pension (6.9–7.2). Since only about 10% of the total CO2 is in
solution, of which only a small amount will be converted into
carbonic acid, this loss of CO2 can be neglected to a first
approximation. Being an acid, dissolved H2S can dissociate
into HS−; with a pKa1 = 7.02, about half of dissolved H2S will
dissociate at the pH range of the suspension. With about 25%
of total H2S being in solution, of which about 50% is lost in
the form of HS−, this effect needs to be considered for the total
sulfur balance arising from the conversion of cysteine.

In the experiment, we monitored O2 with the red diode and
converted the photoacoustic signal into millibar using the pre-
vious calibration. For simultaneous monitoring of CO2 and
H2S, we used the near-IR diode scanning between 6369 and
6371 cm−1. In this range, the CO2 peaks labelled B and C can
be found, and in-between, the strong H2S peak labelled D.
Figure 7 shows a typical scan of the head space above the
bacterial suspension. Fitting three Lorentzian curves to the
observed peaksB,C andD and using the previous calibration,

Fig. 6 Calibration plots. Black:
linear fit through origin, y = a x.
Red: non-linear fit, y = a xb.
Horizontal, dotted line: noise
floor at 1-s integration time. a
Observing the 6361.250-cm−1

R(18) line of CO2 in 1 bar N2. b
Observing the 6369.8-cm−1 fea-
ture of H2S in 1 bar N2 (see main
text for more detail)
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photoacoustic signal is converted into millibar of H2S and
CO2. Measurements were repeated every 15 min to obtain
time-dependent concentrations of the head space.

Figure 8 shows a typical example of time-dependent con-
centrations, where 1 mM cysteine was injected into the E. coli
suspension in 2YT medium after a delay of about 1 h. Before
injection, no traces of H2S are apparent. Due to aerobic respi-
ration of E. coli, O2 is slowly decaying and CO2 formed in an

about 1:1 ratio, as expected. After injection of cysteine (la-
belled Bcys^ in Fig. 8), metabolism accelerates, and H2S is
formed after a short lag phase of about 20 min. Within 1 h,
H2S peaks to about 2.2 mbar. Apparently, all cysteine is con-
verted by then, and H2S concentrations fall very slowly after-
wards. The 2.2 mbar H2S corresponds to about 0.09 mmol in
the head space and suspension. This is almost exactly the
amount of cysteine injected, demonstrating complete conver-
sion of cysteine within 1 h. The slow decay of H2S is genuine
and not due to leaks, since we do not observe decays for CO2.
H2S is known to stick to surfaces and is easily adsorbed which
may explain the decaying pressure. Experiments were repeat-
ed several times, including utilising different concentrations of
cysteine (1–4 mM). In all cases, the same qualitative behav-
iour was observed, with complete conversion of cysteine into
H2S occurring within about 1 h. In a control experiment, we
injected cysteine into sterile 2YT medium without observing
any H2S evolving, proving that the H2S production is due to
microbial activity. The current application demonstrates in situ
monitoring of trace gases in the head space above bacterial
suspensions in a closed system by Helmholtz photoacoustic
detection. In future work, this method can be employed to
study H2S production by microbes and how it is affected
and modulated by different media, feed stock and gene ex-
pressions, and its role as signalling molecule and in the de-
fence against antibiotics.

Detection of H2S and CO2 impurities in natural gas
samples

Trace gas analysis of natural gas is a very relevant task in
petrochemistry. Natural gas is mainly methane, but depending
on the source or provenance, it may also contain minor com-
ponents like higher alkanes, components of no caloric value
such as N2 and CO2 and even toxic compounds like H2S.
BSour^ gas streams contain particularly high levels of CO2

and H2S which present a danger to equipment and pipelines
and to human health. Due to its high toxicity, H2S detection is
of special concern and it must be removed from the gas stream
before the gas can be utilised. To demonstrate the capability of
our scheme for trace gas detection of H2S and CO2 impurities
in natural gas samples, we have sampled natural gas from a
gas tap within the Department and scanned the near-IR pho-
toacoustic spectrum between 6369 and 6372 cm−1. In this
region, there are CO2 transitions (peaks labelled B and C in
Figs. 4 and 7) and a separated H2S transition (labelled D). In
1 bar of natural gas, the acoustic resonance frequency shifts to
about 320 Hz, and the molecules have also slightly different
phase shifts compared to 1 bar air or N2. We have verified that
after optimization, essentially the same calibration, noise
levels and detection limits as shown above for N2 apply, in
particular a 25 ppmv noise equivalent detection limit for H2S
in 1 bar natural gas at 1-s integration time.

Fig. 8 a, b Time-dependent concentrations of O2, CO2 and H2S in the
head space during the metabolism of 1 mM L-cysteine by E. coli in
100 ml 2YT. b has an expanded pressure scale to show the H2S partial
pressure more clearly. Bcys^ denotes the time of injection of the cysteine

Fig. 7 Typical scan of the head space above a bacterial suspension (2 h
after injecting 1 mM cysteine, see Fig. 8). The blue trace is the
photoacoustic signal. In black, green and magenta are HITRAN data for
98 mbar CO2, 2.2 mbar H2S and the sum, respectively. The peak labels
are as in Fig. 4
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Figure 9a) shows a scan of 1 bar natural gas; in the spectral
region, there are weak CO2 transitions due to natural CO2

impurities (B and C in Fig. 9a). In addition to a very weak
H2O absorption peak at the position of the H2S peak D
discussed above, there are also weak CH4 absorptions with
σpeak = 1.5 × 10−5 pm2 [30], about 5000 times weaker than
H2S. Assuming a similar sensitivity of photoacoustic signals
to methane, the noise limit will be exceeded at methane pres-
sures above 100 mbar. Unlike water discussed above, this
must be considered in natural gas samples, where at 1 bar total
pressure, methane will typically be between 900 and
1000 mbar. In the spectrum of Fig. 9a), these CH4 transitions
at the position of the H2S have a peak value of about 10 mV,
above ten times the noise level at 1-s integration time. To
correct for these weak absorptions, we suggest extending the
spectral region to include the separate peak E of methane to
establish the content of CH4, and then subtract methane pro-
portionally at the position of the H2S, as demonstrated in Fig.
9. A comparison with the HITRAN database and our previous
calibration shows the presence of 14 mbar CO2 in the 1 bar
sampled natural gas, or 1.4% CO2 content, very similar to a
previously reported measurement using Raman detection [4].
Reassuringly, no H2S is apparent within our detection limit.
To demonstrate the sensitivity to H2S detection, we have pre-
pared a sample of 3 mbar H2S in 1 bar natural gas. The

measurement is shown in Fig. 9b). The methane background
is essentially as in pure natural gas. According to the calibra-
tion, there is 16 mbar or 1.6% CO2, very close to the previous
measurement of pure natural gas; the slight deviation might be
explained by purity fluctuations in the natural gas line. The
measured H2S content is 2.8 mbar, very close to the nominally
3 mbar as prepared. In future work, we would like to sample
natural gas at different sources including natural H2S impuri-
ties, to demonstrate the full potential of our detection scheme
for monitoring toxic gases in the petrochemistry.

Conclusions

Due to the inherent signal amplification and noise cancella-
tion, photoacoustic spectroscopy in a differential Helmholtz
resonator has a great potential for trace gas analysis, with
possible applications including safety monitoring of toxic gas-
es and applications in the biosciences and for natural gas anal-
ysis in petrochemistry. In this study, we describe a setup
employing near-IR and red diode lasers for the detection of
CO2, H2S and O2 in 1 bar of air/N2 and natural gas, in static
and flow cell measurements and introduce improvements in-
cluding a multipass arrangement and using two independent
lasers. With the red diode laser, O2 can be detected at
764.280 nm (vacuum). A noise equivalent detection limit of
0.60 mbar (600 ppmv) of O2 in 1 bar of air at 35-mW peak
power and 1-s integration time is obtained. Normalising to the
absorption cross section, the laser power and integration time,
a noise equivalent normalised absorption coefficient α =
2.2 × 10−8 cm−1 W s1/2 is calculated. Within the tuning range
of the near-IR DFB diode laser (6357–6378 cm−1), CO2 and
H2S absorption features can be accessed for trace gas detec-
tion, with a noise equivalent detection limit of 0.160 mbar
(160 ppmv) CO2 in 1 bar N2 at 1-s integration time with the
30-mW laser. This corresponds to a noise equivalent normal-
ised absorption coefficient α = 8.3 × 10−9 cm−1 W s1/2. Due to
stronger absorption cross sections, the noise equivalent detec-
tion limit of H2S in 1 bar N2 is 0.022 mbar (22 ppmv). At this
level, the scheme may be useful for safety monitoring of toxic
H2S. Similar detection limits apply to trace impurities in 1 bar
natural gas. Detection limits scale linearly with laser power
and with the square root of integration time. At 16-s total
measurement time to obtain a spectrum, a noise equivalent
detection limit of 40 ppmv CO2 is obtained after a spectral
line fitting procedure, for example. Considering the simplicity
of the DHR setup, the detection limits compare favourably
with more involved photoacoustic schemes. Possible interfer-
ences due to weak water and methane absorptions have been
discussed and shown to be either negligible or easy to correct.
We have demonstrated two selected application examples.
The setup has been used successfully for simultaneous in situ
monitoring of O2, CO2 and H2S in the biosciences, for

Fig. 9 CH4, CO2 and H2S transitions of natural gas samples. a 1 bar
natural gas (sampled 29 October 2018). b 3 mbar H2S in 1 bar natural
gas (sampled 7 November 2018). The blue trace is the photoacoustic
signal. In red, black, green and magenta are HITRAN data for CH4,
CO2, H2S and the sum, respectively. The peak labels are as in Fig. 4
(see main text for more details)
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example in the cysteine metabolism of microbes (E. coli), and
for the analysis of CO2 and H2S impurities in natural gas.
Using Henry’s law, the 1-s noise equivalent detection limits
for the head space gases O2, CO2 and H2S translate into de-
tection limits of the dissolved gases in the solution of 16 ppb
per mole for dissolved O2, 76 ppb for CO2 and 27 ppb for
H2S.

In the future, we want to explore the possibility of isotope
labelling experiments taking advantage of the different spec-
troscopic signatures of isotopes. We are planning further work
to miniaturise the setup and to apply the technique to the
measurement of natural gas samples from different sources
and to investigate the metabolism of microbes with applica-
tions in studying the role of H2S as a signalling molecule in
microbial systems. Due to the low cost of diode lasers and
microphone detection, the relatively simple and robust setup,
the inherent signal amplification and noise cancellation, the
suitability for static and flow cell measurements, the good
detection limits and the spectroscopic selectivity which mini-
mises interferences, trace gas analysis in a differential
Helmholtz resonator with near-IR and red diode lasers has a
great potential for many applications ranging from the biosci-
ences to safety monitoring to petrochemistry.
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ABSTRACT

We  introduce  and  compare  two  powerful  new

techniques  for  headspace  gas  analysis  above

bacterial batch cultures by spectroscopy, Raman

spectroscopy  enhanced  in  an  optical  cavity

(CERS)  and  photoacoustic  detection  in  a

differential  Helmholtz  resonator  (DHR).  Both

techniques are able to monitor O2 and CO2 and its

isotopomers  with  excellent  sensitivity  and  time

resolution  to  characterise  bacterial  growth  and

metabolism.  We discuss  and show some of  the

shortcomings of more conventional optical density (OD) measurements if used on their own without

more sophisticated complementary measurements. The spectroscopic measurements can clearly and

unambiguously distinguish the main phases of bacterial growth in the two media studied, LB and M9.

We demonstrate how 13C isotopic labelling of sugars combined with spectroscopic detection allows the

study  of  bacterial  mixed  sugar  metabolism,  to  establish  whether  sugars  are  sequentially  or

simultaneously  metabolised.  For  E.  coli,  we  have  characterised  the  shift  from glucose  to  lactose

metabolism without a classic diauxic lag phase. DHR and CERS are shown to be cost-effective and

highly  selective  analytical  tools  in  the  biosciences  and  in  biotechnology,  complementing  and

superseding existing,  conventional  techniques.  They also provide new capabilities for  mechanistic

investigations  and  show  a  great  deal  of  promise  for  use  in  stable  isotope  bioassays.

___________________________________________________________________________
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INTRODUCTION

Microbial  metabolism  is  a  complex  system  of  processes  which  requires  interdisciplinary

efforts to elucidate the function of each component and its broader connections to the whole system.

Microbes consume and produce various chemical  compounds.  Analysis of  these metabolites is  an

important task in microbiology; for example, it  allows the study of metabolic pathways, microbial

activity,  enzyme  reaction  mechanisms,  interaction  with  other  organisms,  and  is  essential  to

optimization of industrial processes in biotechnology. In this context, the study of the mixed sugar

metabolism of microbes and the resulting diauxie, where two exponential growth phases are observed,

is a very relevant topic. The classic example of diauxic growth was first described by Monod after

presenting  Escherichia coli (E. coli) with a mixture of glucose and lactose.1,2 Monod observed bi-

phasic  exponential  growth  of  E.  coli,  intermitted  by  a  lag  phase  of  minimal  growth,  due  to  the

sequential consumption of glucose followed by lactose. Glucose is the preferred carbon source for E.

coli,  as well as many other organisms.3 These microbes typically only feed on other sugars when

glucose is  not  present.  The regulatory mechanism by which expression of  genes  required for  the

utilization of secondary carbon sources is prevented in the presence of a preferred substrate is known

as carbon catabolite repression (CCR).4 CCR enables microbes to increase their fitness by optimizing

growth rates in natural environments that provide complex mixtures of nutrients. On the other hand, in

industrial processes, such as biofuel production, CCR is one of the barriers for increased yield of

fermentation products.5 During E. coli glucose-lactose diauxie, the presence of glucose represses the

lac  operon, a set of genes coding for the  lac  permease and β-galactosidase which are required for

lactose uptake and lactose hydrolysis to catabolizable glucose and galactose sub-units, respectively.6 

Optical density (OD) measurements are commonly used to monitor diauxic growth.1,2,7 They rely on

the principle that transmitted light is lost due to scattering by the microbial culture. The OD is thus an

indirect measure of the concentration of microbial cells. OD measurements are simple, but they suffer

from interferences since they cannot distinguish living cell from debris, dead cells or precipitates. The

diauxic lag phase between the consumption of the first nutrient and the second often gives a distinct

plateau in OD values due to the temporary halt in growth. However, this  classic picture of diauxic

growth intermitted with a  lag phase is  not  always the case.  Some strains of  budding yeast  when

presented with a mixture of glucose and galactose exhibit a very brief diauxic lag phase and little

change in growth rates between glucose and galactose consumption.8 Furthermore, although glucose

sits at the top of the sugar hierarchy for E. coli and is frequently consumed first, mixed non-glucose

sugars may exhibit simultaneous metabolism rather than sequential.9 OD measurements alone cannot
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provide sufficient information into mixed sugar metabolism. Another common method for monitoring

diauxic growth is sampling the microbial culture for high performance liquid chromatography analysis

to determine changes in mixed sugar concentrations during metabolic activity.10-12 Analytical methods

that require sampling are not ideal as they consume the analyte and require extra considerations for

preventing contamination of the system.

Gas composition is another process parameter frequently monitored online in bioreactors. O2 and CO2

are two key gases to consider.13 O2 availability is a key parameter for aerobic bioprocesses as well as

anaerobic systems that are sensitive to disruption by O2, such as production of biohydrogen. CO2 is a

key by-product of both aerobic respiration and fermentation and can be monitored to closely follow

these processes. Dissolved gases can be monitored by gas sensitive electrode-based sensors, some of

which have the advantage of not consuming the analyte. However, most sensors are invasive as they

must  be  submerged  in  the  microbial  culture  and  often  have  a  limited  lifespan  under  operating

conditions of the bioreactor due to poisoning. Online, solution-based sensors create challenges such as

the requirement for including an additional port on the bioreactor, increased risk of contamination and

challenges associated with sterilisation and needing to frequently calibrate the sensor, which is often

impossible  without  process  contamination.  Disadvantages  also  include  interferences  with  other

components,  ageing,  temperature  dependence,  and  long  response  and  settlement  times.  The

measurement of partial pressures in the effluent headspace gases can give a good approximation of

dissolved gases via Henry’s law and eliminates the need to use invasive devices. Gas chromatography

(GC) and mass spectrometry (MS) are two common methods of gas phase analysis. However, both

techniques  require  sampling,  are  expensive,  require  frequent  calibration  and  have  limitations,

including difficulties detecting certain components. Also, chromatographic techniques rely upon the

spatial  separation  of  the  compounds  that  are  being  quantified,  and so  are  only of  use  on a  non-

continual basis.14 Spectroscopic methods for gas phase analysis offer numerous benefits including high

precision  and accuracy,  no  sampling  necessary  and the  ability  to  perform non-invasive  real-time

measurements. Detection in the near-IR has the advantage of low-cost light sources and detectors; the

sensitivity, however, suffers due to low absorption cross-sections. In addition, relevant homonuclear

molecules  including O2 cannot  be observed by IR-absorption due to  unfavourable selection rules.

Molecular O2 has two main absorption bands in its UV-vis spectrum, one deep in the UV at 145 nm

and the other at 760 nm.15,16 O2 detection at 145 nm faces interferences by water vapour and CO2 and

the weak absorption lines at 760 nm typically provide detection limits that are of little practical use.

Raman spectroscopy, in contrast, can detect homonuclear molecules, but it has very low sensitivity.
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Both near-IR absorption and Raman spectroscopy need special enhancement techniques to be useful in

gas phase analysis.

Recently, two new techniques were introduced for sensitive and selective trace gas detection, near-IR

absorption enhanced by photoacoustic detection in a differential Helmholtz resonator (DHR), 17-20 and

cavity-enhanced Raman spectroscopy (CERS).21-25 In this contribution, we apply these techniques to

the study of metabolic  growth of  microbes  and we compare their  performance and suitability  for

applications in the biosciences and biotechnology. We demonstrate that both spectroscopic techniques

can  clearly  and  unambiguously  distinguish  all  the  main  phases  of  bacterial  growth,  monitor  the

consumption of a mixed organic feedstock using 13C isotopic labelling of sugars and can be employed

to establish whether the various components are sequentially or simultaneously metabolised. 

EXPERIMENTAL

a)   b) 

Fig 1. Schemes of the experimental set-ups. See main text for details. a) CERS with bacterial 
suspension attached and peristaltic pumps cycling the headspace for CERS and the culture solution for
OD measurements. b) Differential Helmholtz Resonator.

The  headspace  above  bacterial  cultures  is  analysed  by  Raman  (CERS)  or  diode  laser

photoacoustic (DHR) spectroscopy. The CERS set-up has been described in detail before. 21,23,24 Here,

we provide a brief outline and describe some modifications and improvements. A higher power diode

is employed (Opnext HL63133DG), lasing at 636.7 nm. At full driving current, the laser can provide

up to 170 mW continuous wave (cw) power, but in CERS it is operated at a reduced power of 40 mW

to facilitate single mode operation. The laser output is coupled via a short-pass filter and two Faraday

isolators into an optical cavity composed of two highly-reflective mirrors (Newport SuperMirrors, R >
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99.99%), SM in Fig. 1a). To simplify the set-up, no anamorphic prism pair or mode matching lens are

used;  mode  matching/focussing  into  the  cavity  is  achieved  by  optimizing  the  distance  of  the

collimating lens of the diode. If the laser wavelength matches the cavity length, an optical resonance

builds up laser power inside the cavity by up to three orders of magnitude enhancing Raman signals

(CERS). After the cavity, a dichroic mirror DM separates excitation light from Raman signals which

are coupled into a fibre and transferred to the spectrometer (Shamrock SR-750-A, with Andor iVac

DR32400 camera at -60 oC). The 600 lines/mm grating provides a 1200 cm-1 spectral range at 5 cm-1

resolution which covers CO2, O2 and N2 Raman peaks and can easily resolve 12CO2 and 13CO2 (see Fig.

2a). Part of the laser light is diverted back to the diode for optical feedback, locking the laser to the

cavity.  The  diode  injection  current  is  modulated  around  one  cavity  mode;  in  each  cycle,  the

wavelength changes until it is self-locking by optical feedback to a longitudinal cavity mode. In a

simplification of the set-up, no attempts are made for an active stabilization of the laser since the

optical self-locking is strong enough to keep accidental resonances at duty cycles between 50-80%. To

normalize  Raman signals,  the  N2 peak  of  air  can be used  since,  in  the  closed  system,  N2 is  not

consumed or produced by the bacterial metabolism. Alternatively, Si peaks presumably originating

from the  SM mirror  glass  substrates  can  also  be  used  for  convenient  in  situ calibration.  Raman

intensity is converted to partial pressure using tabulated integrated peak areas.23

a)  b)

Fig 2. Spectral signatures used to identify 12CO2 and 13CO2 in the headspace of the mixed sugar aerobic
metabolism (13C-glucose, 12C-lactose) of E. coli. a) CERS Raman spectrum of 800 mbar N2, 65 mbar
O2, 73 mbar 12CO2 and 31 mbar 13CO2. b) DHR absorption spectrum (black) of 6.5 mbar 12CO2 and 5.0
mbar 13CO2. In blue and green are HITRAN data for 12CO2 and 13CO2, respectively.

The DHR set-up has been described in detail in a previous publication.20 In short, optical absorption in

a differential Helmholtz resonator (see Fig. 1b) creates sound waves (photoacoustic effect) in the two

chambers A and B which are 180-degrees out-of-phase. Acoustic noise, including flow noise, will be

mostly  in-phase.  Differential  detection  of  sound  in  A  minus  B  therefore  doubles  signals  and
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effectively cancels noise. Two temperature-tuned distributed feedback (DFB) diode lasers are used, a

near-IR laser (Mitsubishi FU-650SDF, amplified to 30 mW in a booster optical amplifier Thorlabs

S9FC1004P) to detect CO2 near 1.57 um, and a red laser (35 mW, Eagleyard EYP-DFB-0764) to

detect O2 near 764 nm. To simplify the set-up, the near-IR laser is directed through one compartment

(A), while the red laser is directed through the other (B) (see Fig. 1b). In a typical experiment, CO 2 is

first measured by scanning the near-IR laser; next, O2 is measured by scanning the red laser.20 Both

lasers are modulated by their injection current at the acoustic resonance frequency with a square-wave

at 50% duty cycle. The near-IR spectrum allows the distinction of  12CO2 and  13CO2 (see Fig. 2b).

Photoacoustic  signal  is  converted  to  partial  pressure  using our  previous  calibration  and HITRAN

absorption cross-sections.20,26 

The molarity of a dissolved gas can be calculated from its partial pressure using Henry's law.27 A small

proportion of dissolved CO2 will react with water to form carbonic acid, which will be at equilibrium

with bicarbonate and carbonate ions, depending on the pH. With a typical acidic pH below 5 at the end

of an experiment, less than 1% of dissolved CO2 will be lost to carbonic acid and carbonates. 

For each measurement, 50 ml of sterile LB (lysogeny broth,  a nutrient  rich growth medium) was

inoculated with a single colony of E. coli (wild type, strain K-12 MG1655) and incubated for 5 h at 37
oC to grow to typically 1.0 OD600 (OD at 600 nm in a 1 cm cuvette). 1 ml of the suspension was then

centrifuged to remove LB medium and resuspended in 250 ml fresh, sterile M9 (a minimal, defined

medium containing only essential salts and vitamins) or LB solution. The medium was supplemented

with D-glucose and/or D-lactose (puriss. p.a., Sigma-Aldrich). For isotope labelling experiments, fully
13C  substituted  glucose  (U-13C6,  99%  CLM-1396,  CK  isotopes)  was  used.  In  mixed  sugar

experiments, we used larger concentrations of lactose compared to glucose to show the preference for

glucose more clearly. This is in line with most previous studies of glucose-lactose diauxie which have

used  a  lactose  concentration  that  was  up  to  one  order  of  magnitude  greater  than  the  glucose

concentration.28-30 The glucose concentration was selected to ensure that oxygen was not depleted so

that the shift to lactose metabolism could occur, while still producing appreciable CO 2 from glucose

metabolism. 

The bacterial batch culture in a 500 ml flask was kept at 37 °C in a thermostated water bath under

constant stirring. The headspace was circulated via a peristaltic pump (3 l/h) through the spectroscopic

cell  in a closed, vacuum tight system (see Fig. 1a).  The total headspace gas volume in the CERS

system is 720 ml, and 510 ml in the DHR system. The transfer tubes and cells were kept at ca. 45 °C

using heating wire to avoid water condensation. This was particularly important and effective to avoid
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condensation on the high-performance cavity mirrors which would spoil their reflectivity. In control

experiments,  we  measured  the  appearance  time  from  the  suspension  flask  to  the  spectroscopic

measurement cell to be less than 5 min.20,24 To characterize bacterial growth by measuring the OD in

situ and simultaneously, another peristaltic pump circulated part of the suspension through a 1 cm

glass cuvette,  through which a red laser pointer (1 mW, 650 nm) was shining (see Fig. 1a); after

calibration  with  a  UV-vis  spectrometer,  the  transmitted  intensity  as  observed by  a  photodiode  is

converted to OD600. At the end of an experiment and after exhausting the oxygen supply, the increase

in cell density is characterized by OD600 ≈ 1.5-2.0. The final pH of the solution was typically 4.5 to 5.0

due to organic acids generated during the metabolism. For comparison, fresh LB has pH ≈ 6.8, and

fresh M9 has pH ≈ 6.9. At the beginning, the cellular material within the 250 ml suspension has a

typical dry weight of 0.2 mg, which by the end of a typical experiment increases to 60 mg, reflecting

bacterial  growth.  All experiments were repeated at  least three times showing essentially the same

behaviour.

RESULTS AND DISCUSSION

1. E. coli metabolism in LB or M9 supplemented with glucose or lactose

In a first set of experiments, we studied the oxygen-limited growth of E. coli batch cultures in

LB or M9 medium supplemented with a single sugar, glucose or lactose. Fig. 3 shows typical time-

dependent  partial  pressures  of  O2 and  CO2 as  measured  by  CERS  with  simultaneous  OD

measurements for E. coli in LB supplemented with 20 mM glucose. Also included in Fig. 3 (middle

panel) is the total pressure p’total = pO2 + pCO2 + pN2 and the respiratory quotient (RQ), the ratio of CO2

produced to O2 consumed, where CO2 is corrected to account for the approximately 18% of dissolved

CO2 according to  Henry’s  law.27  After  a  lag phase of  approximately 2 h (‘A’ in  Fig.  3),  oxygen

consumption and CO2 production begin indicating the onset of exponential bacterial growth (‘B’ in

Fig. 3). This is also indicated by the increase of OD up to a peak value of about 1.5 in Fig. 3, lower

panel. After around 5.5 h, the OD plateaus, indicating the onset of the stationary phase (‘C’ in Fig. 3).

The  living  bacteria  in  the  stationary  population  still  consume  O2 and  produce  CO2.  During  the

exponential phase B and stationary phase C, the oxygen uptake rate is constant, as indicated by the

almost perfect exponential decay fit of oxygen partial pressure in Fig. 3, with a rate constant k = 0.189

h-1 or half-life t1/2 = 3.67 h. These results are confirmed in three repeat experiments which show a lag

phase between 1.5 – 2 h, onset of stationary phase between 5 – 6 h, and an oxygen uptake rate within

0.15 – 0.19 h-1.
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Fig. 3. CERS measurement of the headspace in the aerobic E. coli metabolism of unlabelled glucose
(20  mM)  in  rich  LB  medium.  A  to  D  denote  different  phases  of  bacterial  growth:  lag  phase,
exponential growth, stationary phase and end of aerobic respiration, respectively. Upper panel: partial
pressures of O2 and CO2, including an exponential decay fit of pO2; middle panel: p’total (total of N2, O2

and corrected CO2 pressures) and respiratory quotient RQ (ratio of CO2 produced to O2 consumed);
lower panel: simultaneous OD measurements of the bacterial culture. 

During cellular energy production by aerobic respiration with glucose as a carbon source, the sugar is

oxidised to CO2 and H2O. Full conversion is described by the stoichiometry of Eq. 1,

 C6H12O6 + 6 O2 = 6 CO2 + 6 H2O ,             (1) 

so that for each unit of O2 consumed, one unit of CO2 is formed. For carbohydrates, the respiratory

quotient  RQ  is  therefore  typically  about  1.0.  Like  OD  measurements,  the  RQ  can  be  used  to

distinguish between the exponential phase B and stationary phase C as shown in Fig. 3, middle panel,

where a constant  RQ of about  1.0 (within 2% in the three repeat  experiments)  is  reached during

stationary growth. The 1:1 ratio between O2 consumed and CO2 produced can also be observed in the

constant total pressure during stationary growth in Fig. 3, middle panel. A typical E. coli cell contains
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approximately 50% carbon by dry mass.31 As sugars are primarily used for energy production, the

carbon source for  biosynthesis  and growth in  LB medium originates  from the tryptone and yeast

extract (see also ref. [32]).  E. coli has several oligopeptide permeases and peptidases enabling it to

recover free catabolizable amino acids from tryptone and yeast extract.33  The available oxygen in 1

atm of air in the 720 ml headspace of the CERS experiment corresponds to 6 mmol, and the 20 mM

glucose  in  the  250  ml  suspension  corresponds  to  5  mmol  glucose.  According  to  Eq.  1,  there  is

therefore an excess of glucose in the experiment and the bacteria are limited by the oxygen available,

hence the decrease of O2 partial pressure down to essentially 0 in the closed system. After about 21 h,

all available oxygen in the closed system has been consumed, and aerobic respiration terminates (‘D’

in  Fig.  3).  E.  coli  is  a  facultative  anaerobe  meaning,  upon  shifting  to  anaerobic  conditions,  the

microbes may adapt to the new environment and resume metabolism by anaerobic fermentation of

excess glucose. However, we do not see any evidence of further microbial activity such as resuming

CO2 production. The partial pressure of CO2 was monitored for up to 3 days, not shown in Fig. 3,

during which time CO2 did not increase but rather gradually decreased to a constant value of around

145 mbar.  This decrease was not  due to a leak as no increase in O2 was observed.  One possible

explanation might be provided by the slow conversion of dissolved CO2 into carbonic acid. Although

OD measurements are convenient for indicating the stage of bacterial growth (i.e. lag, exponential and

stationary phases), the OD cannot determine the point of oxygen depletion as there is no change in OD

between phases C and D. The OD measurements also do not indicate that CO2 production, and thus the

overall  metabolic  activity  of  E.  coli,  halts  under  the  anaerobic  conditions  of  phase D.  For  a  full

characterisation  of  bacterial  growth  in  changing  environments,  OD  measurements  require  a

complementary method to provide information on changes such as the shift from aerobic to anaerobic

conditions. 

To make sure that in the isotopically labelled mixed sugar metabolism experiments all CO 2 observed

was coming from the sugars and not from the medium, we also performed experiments in M9 minimal

medium.  Fig.  4  shows  a  typical  time-dependent  CERS  measurement  of  oxygen  and  CO2 partial

pressures with simultaneous OD measurements for the metabolism of E. coli in M9 supplemented with

20 mM glucose. As before, the four different phases A to D can be clearly distinguished by the gas

analysis while OD is unable to distinguish the stationary phase C from the end of aerobic respiration

D. With about 5 h, the lag phase is much longer compared to LB medium. The oxygen uptake rate is

constant, as indicated by the almost perfect exponential decay fit of oxygen partial pressure in Fig. 4.

The decay extends from the exponential phase to the stationary phase with a rate constant k = 0.134 h-1

or half-life t1/2 = 5.18 h which is much slower than in LB. The longer lag phase and the slower oxygen
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uptake and growth  reflect  the  limitations  of  the  minimal  medium compared  to  rich  LB medium.

Similar results were found in three repeat experiments which show a lag phase between 4 – 7 h, onset

of stationary phase between 10 – 13 h, and oxygen uptake rates between 0.13 and 0.15 h-1.

Fig 4. As in Fig. 3, but now monitoring the aerobic E. coli metabolism of unlabelled glucose (20 mM)
in M9 minimal medium instead of LB medium.

A very distinct different behaviour is exhibited in terms of the total yield of CO 2. There is no 1:1

relationship between oxygen consumed and CO2 being formed, but rather a considerable amount of

CO2 is missing. The RQ during stationary phase growth of about 0.6 (within 2% in the three repeat

experiments) indicates around 40% of CO2 is missing. This is even clearer in the plot of the total

pressure pO2 + pCO2 + pN2 (with correction for dissolved CO2) also in the middle panel of Fig. 4. The

‘missing’  CO2 is  not  due to leaching some dissolved CO2 via carbonic acid into bicarbonate and

carbonate ions as determined in a test experiment, as acidifying by injecting HCl into the suspension at

the end of growth did not release any noticeable CO2 over an extended period of time. The imbalance

between O2 consumption and CO2 production in M9 medium is due to some glucose not being fully

oxidised to CO2,  as it  is  the only available carbon source for biomass synthesis,  while O2 is  still
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consumed. Tryptone and yeast extract provide amino acids for growth in LB medium, but in minimal

medium,  E. coli must synthesise amino acids, nucleobases and other biomolecules from glucose. In

minimal media, E. coli has been found to accumulate a high amount of enzymes, which are virtually

absent  when  grown  in  LB  medium,  which  catalyse  the  formation  of  amino  acids  from glucose,

ammonia and sulfate.34 Some formulations of minimal media incorporate casamino acids for biomass

synthesis so that sugars are not utilised as building blocks. We did not incorporate casamino acids into

M9  medium  to  be  certain  that  the  only  available  carbon  sources  for  CO2 production  was  the

supplemented  sugars.  The  need  to  synthesize  essential  precursor  molecules  in  M9  medium  also

contributes to the longer lag phase and slower growth rate. It can be seen from the plot of the total

pressure that the rate of decrease is much higher during the exponential growth phase B compared to

the stationary phase C. This is consistent with a more significant imbalance between CO 2 and O2 and a

higher requirement for carbon for growth during the exponential phase. About 80 mbar of CO 2 is

missing at the end of the experiment which corresponds to approximately 2.5 mmol of carbon atoms.

The dry weight of bacteria at the end is about 60 mg. Assuming that about 50% of this is carbon, the

bacteria contain about 2.5 mmol carbon atoms in total, in agreement with the missing CO2. 

Experiments were repeated in M9 supplemented with lactose. Fig. 5 shows typical time-dependent

traces for the aerobic metabolism of E. coli in M9 supplemented with 20 mM lactose, as measured by

CERS with simultaneous OD measurements. The results are very similar to M9 supplemented with

glucose with a similar lag phase. The exponential decay of oxygen is characterised by an uptake rate

of  k = 0.155 h-1 (half-life  t1/2 = 4.47 h) with a range of 0.15 – 0.17 h -1 in the three repeats. This is

somewhat  faster  compared to  glucose,  but  probably  not  different  enough to  allow the  distinction

between  lactose  and  glucose  metabolism  just  from  a  measurement  of  the  uptake  rate.  Lactose

(C12H22O11) is a disaccharide derived from the condensation of glucose and galactose; at complete

conversion to CO2 and H2O, there is again a 1:1 relationship between oxygen consumed and CO2 being

formed. In M9, however, a considerable amount of CO2 is missing as in the previous example of

glucose in M9. As before, CO2 is missing because the bacteria need a carbon source for their growth.

Since  the  minimal  medium contains  no  other  source  of  organic  carbon,  the  bacteria  must  utilise

lactose. A noticeable difference concerns the behaviour of the OD curve. As before, the lag phase and

exponential growth can be easily seen in the OD curve. In the stationary phase, however, the OD does

not remain constant, but first declines a little before increasing again around the point where aerobic

respiration terminates, continuing to rise outside the range displayed in Fig. 5. The reason for this

behaviour  is  unclear  at present;  it  might  be  related to  dead cells  breaking up,  possibly releasing

slightly coloured compounds which absorb red light, in addition to scattering losses. In any case it
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shows that an OD measurement is a rather indirect determination of cell density and therefore can

suffer from interferences not directly related to the density of living cells.

Fig. 5. As in Figures 3 and 4, but now monitoring the aerobic E. coli metabolism of unlabelled lactose
(20 mM) in minimal M9 medium.

2. Aerobic mixed sugar metabolism of E. coli

Experiments  were  also  done  using  DHR  to  characterize  the  metabolism.  In  the  DHR

experiments, we used lower sugar concentrations (10 mM), and due to the lower headspace volume,

there is also less oxygen available in the closed system. Typical examples of DHR measurements with

unlabelled sugars are shown in Fig. 6. The same qualitative behaviour as in the CERS measurement

was found, with the exception of the oxygen uptake rate being faster with typically k = 0.20 – 0.25 h-1

within our repeats. The faster kinetics must be related to the difference in the experimental conditions

such as more efficient O2 mass transfer to the solution or differences in the sugar concentrations. Fig. 6

shows that without isotope labelling, it is not really possible to distinguish the metabolism of different
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sugars from the measurements of O2 and CO2 partial pressures. In Fig. 6a), M9 was supplemented with

2.5  mM glucose;  in  this  experiment  the  glucose  is  limiting,  not  the  oxygen.  Fig  6b)  shows  the

metabolism of 10 mM lactose, and finally Fig. 6c) the mixed sugar metabolism of 2.5 mM glucose

and 10 mM lactose in M9. Even on close inspection of Fig. 6c), no classic diauxic shift lag phase is

apparent which would indicate the shift from one sugar to the other; in fact, it would be even unclear

whether glucose or lactose is first metabolised, or both simultaneously. 

 
Fig 6. DHR measurement of the headspace in the aerobic E. coli metabolism of unlabelled sugars in
minimal M9 medium, a) supplemented with 2.5 mM glucose; b) supplemented with 10 mM lactose; c)
supplemented with 2.5 mM glucose and 10 mM lactose.
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Fig 7. Monitoring mixed sugar metabolism of  E. coli using DHR photoacoustic spectroscopy with
isotopic labelling (2.5 mM 13C-glucose, 10 mM 12C-lactose, in M9). a) Overview. b) Detail.

   
Fig 8. Monitoring mixed sugar metabolism of E. coli using CERS spectroscopy with isotopic labelling
(3 mM  13C-glucose, 20 mM  12C-lactose, in M9), including an exponential decay fit of  pO2 and OD
measurements of the culture solution. A to D denote the different phases of bacterial growth, lag phase
(A), exponential growth (B1, glucose, B2 lactose), stationary phase (C) and end of aerobic respiration
(D). a) Overview. b) Detail.

The power of spectroscopic detection, however, is the possibility to distinguish isotopes which allows
13C labelling of sugars and detection of 13CO2 in the headspace. Using spectroscopy, this can be easily

quantified and distinguished from 12CO2 derived from non-labelled organic compounds. This principle

is demonstrated in Fig. 7, showing an experiment with 2.5 mM 13C-glucose and 10 mM 12C-lactose in

M9 as measured by DHR, and in Fig. 8, showing an experiment with 3 mM 13C-glucose and 20 mM
12C-lactose in M9 as measured by CERS. Both DHR and CERS are capable of distinguishing 13CO2

arising first  from the 13C labelled glucose and 12CO2 arising from the unlabelled lactose. We discuss

the mixed sugar metabolism of  E. coli using the CERS experiment in Fig. 8 as example; the DHR

results  and  all  repeats  (at  least  triplicate)  have  essentially  the  same  qualitative  and  quantitative

behaviour. As before, there is a lag phase of about 6 h (‘A’ in Fig. 8) after which exponential growth
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sets in (‘B’ in Fig. 8). Exponential growth is characterised by an increase of the OD up to its peak

value of about 1.8. After ca. 11.5 h, the OD remains more or less stationary indicating the stationary

phase (‘C’ in Fig. 8). During the exponential growth and stationary phase, oxygen is continuously

consumed and CO2 formed,  until  after  about  30 h all  oxygen is  consumed,  indicating the end of

aerobic respiration (‘D’ in Fig. 8).  The OD during phases C and D does not  remain constant  but

declines first and then rises again; this behaviour seems to be typical for lactose metabolism and was

discussed before. As before, there is some CO2 missing in the total balance which is attributed to

incomplete conversion of the sugars to CO2 since M9 does not contain an alternative carbon source for

bacterial growth.

During the exponential growth phase, there is clearly a shift from glucose metabolism (‘B1’ in Fig. 8)

to  lactose  metabolism (‘B2’).  As  expected,  glucose  is  metabolised  first.  When glucose  is  nearly

exhausted, lactose metabolism takes over, without any apparent diauxic lag phase. In addition, there is

possibly some overlap between glucose and lactose metabolism. Similar observations were made by

Wang et al. (2015) that Saccharomyces cerevisiae natural isolates growing in mixtures of glucose and

galactose would switch to metabolising both sugars before all glucose was exhausted. 35 They state that

classic diauxic growth with a distinct lag phase is one extreme on a continuum of growth strategies

determined  by  a  cost-benefit  trade-off.  In  previous  literature,  under  similar  conditions  to  our

experiment, diauxic lag phases of typically up to 1 h have been reported for the diauxic shift from

glucose to lactose in  E. coli,  often including OD measurements which showed an increase during

glucose metabolism, then a lag phase (stationary OD), followed by a further increase attributed to

lactose  metabolism.1,2,36 In  our  experiments,  no  prolonged  diauxic  lag  is  apparent  in  the  oxygen

consumption/CO2 production, nor in the OD measurements (see Fig. 8b). All our measurements have a

smooth  transition  from B1 (glucose metabolism) to  B2 (lactose  metabolism),  only  the  pO2 shows

perhaps a slightly different  decay slope in B1 compared to B2 (Fig.  8a,  blue solid line).  Diauxic

growth  is  not  always  made  clear  by  a  prolonged  lag  phase.  Chu  and Barnes  (2016)  proposed  a

hypothesis that the length of the diauxic lag phase depends on the characteristics of the environment. 37

Bacteria growing in rapidly changing environments need to be able to rapidly adapt between two

sugars. Our environment is distinct from the majority of previous work studying diauxic shifts as it is

oxygen-limited, the effects of rapidly depleting oxygen levels on the glucose-lactose diauxic growth of

E. coli are as of yet unknown. 

In conclusion,  without  the  spectroscopic  distinction of  the  13C labelled  and unlabelled  sugars,  no

preference or diauxic shifts of metabolism would be apparent in our CO2/O2 or OD measurements.
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Despite their widespread use, OD measurements are a very indirect method to characterise bacterial

growth and phases and they are prone to interferences, and should only be used in combination with

more  advanced  techniques  to  supplement  more  specific  measurements  such  as  the  spectroscopic

measurements in the present study.

CONCLUSIONS

Measuring the headspace above bacterial suspensions by spectroscopy to characterise bacterial

growth and metabolism has many advantages compared to more conventional techniques. It is non-

intrusive, does not require sampling and thus can be applied to closed systems easily, and it is very

sensitive  and  highly  selective  due  to  the  spectroscopic  fingerprint  of  headspace  gases.  The  high

selectivity allows isotopic distinction which enables isotopic labelling studies. In this contribution, we

have introduced two powerful new techniques for headspace monitoring, photoacoustic detection in a

differential  Helmholtz  resonator  (DHR)  and  Raman  spectroscopy  enhanced  in  an  optical  cavity

(CERS). Both techniques have been shown to be able to monitor O2 and CO2 and its isotopomers with

excellent  sensitivity  and  time  resolution.  Compared  to  DHR,  CERS  has  the  advantage  of  easier

calibration  due  to  the  availability  of  internal  standards  (N2,  or  Si  peaks).  Without  further

modifications, the CERS method can also detect other important gases in the metabolism of bacteria,

such as H2, H2S or N2. DHR has the advantage of a much simpler setup and being even more cost-

effective. The technique can measure O2, CO2 and H2S with high sensitivity and selectivity; extension

to the detection of other molecules would require different diode laser sources, however. 

OD measurements are a standard, widely used technique to characterise bacterial growth. We have

discussed and shown some of its shortcomings if used on its own without supporting complementary

measurements.  OD measurements  are  an  indirect  indicator  of  bacterial  growth.  They suffer  from

interferences and they cannot distinguish living cells from dead cells and debris. OD measurements

can therefore not provide sufficient information once the OD becomes constant during the stationary

phase of bacterial growth. They also cannot distinguish diauxic growth without a diauxic lag phase

present. The spectroscopic measurements, however, can clearly and unambiguously distinguish the

different stages of bacterial growth characterising the growth phases in the different media studied, LB

and M9. OD measurements can supplement these measurements, but they are not necessary. We have

demonstrated how 13C isotopic labelling of sugars in the spectroscopic detection allows the study of

bacterial  mixed sugar  metabolism,  to  establish  whether  sugars  are  sequentially  or  simultaneously
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metabolised. For E. coli, we have characterised the shift from glucose to lactose metabolism without a

classic diauxic lag phase in-between, under oxygen-limited conditions.

DHR  and  CERS  have  been  proven  to  be  cost-effective,  highly  specific  analytical  tools  in  the

biosciences and in biotechnology, complementing and superseding existing, conventional techniques.

They also provide new capabilities for mechanistic investigations, in particular due to the possibility to

use isotopic labelling easily. In the future, we plan to apply these techniques to further mechanistic

studies  of  bacterial  metabolism,  monitoring  of  continuously  operating  systems  and  anaerobic

bioprocesses. 
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