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Abstract: Syngas fermentation is a novel technology to produce biofuels from syngas 
using acetogens. Precise monitoring of dissolved CO/H2 concentrations helps to maintain 
the proper activities of the acetogens and is of great importance for a high product yield 
and operation stability. A new approach was developed to measure the dissolved CO/H2 
concentration with optical sensing and electrochemical methods, respectively.  

An indirect mid-infrared measurement system was developed to measure dissolved CO 
concentration. The measurement system included a gas extraction system for dissolved 
CO degasification and a non-dispersive mid-infrared CO sensor for gas phase CO 
concentration measurement. The gas extraction system used a hollow fiber membrane 
contactor to extract dissolved CO in a fixed volume of liquid sample. A vacuum was 
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CHAPTER I 
 

 

INTRODUCTION 

 

1.1 Backgrounds 

Syngas fermentation is an emerging technology which can provide renewable and sustainable fuel 

supply from non-sugar biomass feedstock (Maddipati et al., 2011). Biomass is converted to 

synthesis gas (syngas), which contains CO, CO2, and H2 as well as other minor gases, through 

gasification process. The CO and H2 components in the syngas can be converted into ethanol, 

butanol, and other bioproducts by certain microorganisms (Wilkins and Atiyeh, 2011). Syngas 

fermentation is a hybrid technology that has many advantages compared to conventional 

biochemical and thermochemical technologies in biofuel production (Munasinghe and Khanal, 

2010). 

Many factors, including low productivity and low mass transfer rates of CO and H2, impeded the 

implementation of large scale commercialized syngas fermentation (Phillips et al., 2017). Real-

time monitoring and control of dissolved CO and H2 concentrations could improve the carbon 

conversion rate and the operation stability (Atiyeh et al., 2017). Precise control of dissolved CO 

and H2 concentrations was also important to maintain normal activities of microorganisms and 

enzymes (Phillips et al., 2017).
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In our current research, the dissolved CO and H2 concentrations were measured using offline gas 

chromatography and fermenter gas mass transfer models (Atiyeh et al., 2017), which could not 

provide the timely and automatic measurements. There is an urgent need for an online, real-time 

dissolved CO and H2 measurement system for the further optimization of the syngas fermentation 

technology. 

Scant research reported the measurement of dissolved CO concentration in the aqueous solution. 

The most related research was to measure the dissolved CO concentration in blood, which 

included two different measurement methods. The first method was to directly measure the 

dissolved CO concentration using the optical absorption spectra of CO bounded hemoglobin 

(COHb) (Kundu et al., 2003; Riggs and Heindel, 2006; Widdop, 2002). The second method was 

to release the CO from COHb and to measure the extracted CO with gas chromatography (GC) or 

combined gas chromatography-mass spectroscopy (GC-MS) (Collison et al., 1968; V. Varlet et 

al., 2012; Widdop, 2002).  

Dissolved H2 concentration can be directly measured with membrane coated electrochemical 

sensors (Pauss et al., 1990; Sweet et al., 1980). Another indirect method was to design a dissolved 

H2 extraction apparatus and then analyze the extracted H2 with a gas phase H2 detector (Björnsson 

et al., 2001; Cord-ruwisch et al., 1997). Dissolved H2 sensors using the direct measurement 

method are commercially available. 

To the best of our knowledge, there is no dedicated dissolved CO sensor on the market. In this 

research, different CO detection methods, such as electrochemical method, conductivity method, 

and optical method, were compared to find an appropriate method to measure the dissolved CO 

concentration in the syngas fermentation medium. The comparison showed that infrared detection 

method was the most suitable method in this special application, which had low interference from 

other major chemicals in the syngas fermentation medium. Infrared method can also operate 
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under anaerobic fermentation environment. The developed infrared CO sensor was designed to 

detect CO’s infrared absorption at spectral range between 4.4 µm and 5 µm based on the 

examination of infrared spectra of chemicals in the fermentation medium. 

The selected spectral range for CO measurement was located in the mid-infrared (MIR) spectral 

range, which was usually detected by MIR laser sensors. There were several reports of direct 

infrared measurement of dissolved gases, such CO2 (Schaden et al., 2004) and hydrocarbons 

(Buerck et al., 2001; Mizaikoff, 1999) with infrared laser sensors. However, the direct 

measurement of dissolved CO with a laser sensor would encounter several challenges: the low 

CO solubility (27.5mg/L, 1ATM pressure, 25°C, 100%CO, calculated by Henry’s law (Sander 

2015)), the weak CO infrared absorption, and the broad, strong infrared absorption from liquid 

water. The introduction of laser infrared radiation sources also would make the CO sensing 

system complicated and expensive (Popov et al., 1997; P. Werle et al., 2002). 

The development of MIR light emitting diode (LED) and hollow fiber membrane (HFM) 

contactor provides a new solution to the measurement of dissolved CO in aqueous solution. The 

MIR LED could emit infrared radiation in the spectral range between 1.7 µm and 4.8 µm (Popov 

et al., 1997), which might replace the expensive and complicated laser infrared radiation sources 

for the MIR CO detection. Its disadvantage of milliwatt (mW) level of output power can be 

compensated by introducing sensitive photodetectors and digital signal processing techniques. 

The HFM contactor is a mass transfer device that packs numerous microporous HFMs in a 

compact vessel (Gabelman and Hwang, 1999). The unique design of the membrane contactor 

resulted in a very high volumetric mass transfer (Loose et al., 2009; Sengupta et al., 1998), which 

was exploited in several dissolved gas measurement method (Gonzalez-valencia et al., 2014; 

Loose et al., 2009; Matsumoto et al., 2013).  
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Based on a thorough literature review and a preliminary research, an integrated dissolved CO/H2 

measurement system was designed and developed based on a MIR dissolved CO measurement 

system and a commercial dissolved H2 sensor. 

 

1.2 Research Objectives 

The utmost objective of this research is to develop an integrated dissolved CO/H2 measurement 

system, which utilizes an infrared method to measure dissolved CO and an electrochemical 

method to measure dissolved H2 in water based medium. The specific objectives include: 

1) To design, develop and test a MIR CO sensor to measure gas phase CO concentration; 

2) To design, develop and test a dissolved CO measurement system to measure dissolved 

CO concentration in water based medium with a dissolved gas extraction system and the 

developed mid-infrared CO sensor; 

3) To evaluate the performance of a commercial dissolved H2 sensor; and 

4) To develop an integrated dissolved CO/H2 measurement system to measure dissolved CO 

and H2 concentrations in water based medium and to evaluate the performance of the 

integrated system. 
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CHAPTER II 
 

 

LITERATURE REVIEWS 

 

2.1 Introduction to syngas fermentation 

Syngas fermentation is a novel technology to produce biofuel from renewable lignocellulosic 

biomass instead of sugar or starch based feedstock (Devarapalli and Atiyeh, 2015; Maddipati et 

al., 2011). The traditional techniques to utilize lignocellulosic biomass for biofuel production are 

biochemical conversion and thermochemical conversion (Devarapalli and Atiyeh, 2015; 

Munasinghe and Khanal, 2010). Syngas fermentation is a hybrid technique that incorporates the 

gasification process from thermochemical conversion and biological fermentation from 

biochemical conversion (Devarapalli and Atiyeh, 2015; Maddipati et al., 2011). Lignocellulosic 

biomass is gasified to produce syngas, a mixture of CO, CO2, H2, and minor gases such as CH4, 

NH3, H2S, and HCl (Wilkins and Atiyeh, 2011). Then, the CO and H2 components in syngas are 

converted to ethanol, butanol, and other products by biocatalysts, which are extremely anaerobic 

microorganisms such as Clostridium ljungdahlii, C. autoethanogenum, and C. carboxidivorans 

(Wilkins and Atiyeh, 2011). 

Syngas fermentation avoids the disadvantages of biochemical and thermochemical conversion by 

circumventing biomass pretreatment process in biochemical conversion and Fischer-Tropsch 

process in thermochemical conversion (Munasinghe and Khanal, 2010). Fermentation with 
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microorganisms avoids the expensive chemical catalysts, high pressure/temperature operation 

condition, and low product specificity in thermochemical conversion (Daniell et al., 2012; 

Tirado-Acevedo et al., 2010).  

However, commercialization of syngas fermentation was hindered by low productivity 

(Devarapalli and Atiyeh, 2015; Maddipati et al., 2011) and low mass transfer rates of CO and H2 

(Bredwell et al., 1999). The mass transfer rates of CO and H2 could be improved with precise 

measurement and control of dissolved CO and H2 concentrations (Devarapalli and Atiyeh, 2015). 

Appropriate dissolved CO and H2 concentrations in a fermentation medium could improve carbon 

conversion rate and product specificity, which in turn maintained the normal activity of 

microorganisms and enzymes (Phillips et al., 2017). The dissolved CO and H2 concentrations 

were measured with a method using offline gas chromatography and fermenter gas mass transfer 

models in our previous research (Atiyeh et al., 2017), which was complicated and time-

consuming. It was of great value to monitor and control the dissolved CO and H2 concentrations 

in bioreactors to improve the product yield and specificity, which can be achieved by developing 

a real-time online measurement system to avoid the inhibition on the microorganisms by above 

dissolved gases. 

 

2.2 Dissolved gas measurement methods 

2.2.1 Dissolved CO/H2 measurement methods 

2.2.1.1 Dissolved CO measurement methods 

To the best of our knowledge, scant research reported methods to measure dissolved CO 

concentration in aqueous solution. The most related method was to measure the concentration of 

carboxyhemoglobin (COHb), a CO bounded hemoglobin, in the blood (Widdop, 2002). The 
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difference of the optical absorption spectra from COHb and CO-free hemoglobin was used to 

measure COHb concentration (Ramieri et al., 1974; Riggs and Heindel, 2006). This method could 

be further modified to directly measure dissolved CO concentration by establishing a fitting 

model between the dissolved CO concentration and the hemoglobin absorption spectra (Kundu et 

al., 2003; Riggs and Heindel, 2006; Widdop, 2002). The CO concentration was then obtained by 

comparing the absorption spectra of the unknown sample to the absorption spectra of COHb and 

CO-free hemoglobin  (Riggs and Heindel, 2006; Ungerman and Heindel, 2007). 

Another method to measure dissolved CO concentration in blood was performed with gas 

chromatography (GC) or combined gas chromatography-mass spectroscopy (GC-MS) techniques 

(Collison et al., 1968; Varlet et al., 2012; Widdop, 2002). This method was an indirect approach 

as it utilized chemical liberation agents to release CO from COHb. The extracted CO gas was 

then analyzed by GC (Collison et al., 1968) or combined GC-MS technique (Varlet et al., 2012). 

The chemical liberation agents were only effective to COHb; therefore, this dissolved CO 

measurement method had limited applications. 

2.2.1.2 Dissolved H2 measurement method 

Dissolved H2 concentration in aqueous solution can be measured with two common methods: the 

direct method and indirect method. The direct method was to design a sensor that can measure 

dissolved H2 concentration in the liquid (Pauss et al., 1990; Sweet et al., 1980). The indirect 

method was to design a dissolved H2 extraction apparatus and then to analyze the extracted H2 

with a gas phase H2 detector (Björnsson et al., 2001; Cord-ruwisch et al., 1997). 

Membrane coated electrochemical sensors had been used in the direct measurement of dissolved 

H2 concentration in an aqueous solution (Hara and Macdonald, 1997; Kuroda et al., 1991; Sweet 

et al., 1980). Selective permeable membranes, such as Teflon and silicone membrane, were used 

to separate sensors’ electrolytes from the liquid samples and to allow the selective diffusion of H2 



8 

 

to the electrodes (Pauss et al., 1990). Two types of H2 detection principles were used in these 

sensors. The first type utilized the oxidation of H2 with oxygen (O2) as shown in Equation 2.1 and 

2.2 (Hara and Macdonald, 1997): 

12 � + 2�� + �� → 2��� (2.1) 

� → 2�� + 2�� (2.2) 

The overall reaction was that H2 was oxidized to H2O as shown in Equation 2.3: 

12 � + � → �� (2.3) 

The second type of dissolved H2 sensors had different electrode materials and polarization 

voltages (Mislov et al., 2015; Sweet et al., 1980); therefore, they didn’t need O2 in measurement: 

2���� + 2�� → 2�� + 2��� (2.4) 

� → 2�� + 2�� (2.5) 

AgCl (Silver chloride) was reduced to Ag (silver) by H2 in these sensors as shown in Equation 

2.6: 

2���� + � → 2�� + 2��� (2.6) 

Another method for dissolved H2 measurement was to extract the dissolved H2 with gas extractors 

and measure the extracted H2 (Björnsson et al., 2001; Lovley and Goodwin, 1988). Dissolved H2 

in the aqueous solution could be extracted by static headspace equilibrium method (Lovley and 

Goodwin, 1988), gas stripping technique (Björnsson et al., 2001), and membrane extractor (Pauss 

et al., 1990). The extracted H2 was measured by common gas measurement methods such as GC 
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(Lovley and Goodwin, 1988), conductivity sensor (Björnsson et al., 2001), and electrochemical 

gas sensor (Pauss et al., 1990). 

2.2.2 Review of dissolved gas measurement methods  

The literature reviews on the methods to measure dissolved CO and H2 concentrations showed 

two types of measurement methods:  

1) Direct method: measure dissolved CO/H2 in the aqueous solution directly. 

2) Indirect method: measure extracted in gas phase and then calculate dissolved CO/H2 

concentrations. 

Direct method included the electrochemical dissolved H2 sensors and the dissolved CO 

measurement methods using COHb, which utilized the chemical or biological properties of the 

dissolved gases. Indirect dissolved gas measurement method included the GC/MS-GC methods 

with headspace equilibrium, membrane extraction, and chemical gas extraction techniques. 

Chemical (breakdown of hemoglobin) or physical (headspace equilibrium, membrane extractor) 

gas extraction methods were used to extract the dissolved gases.  

Further search on the commercial dissolved CO and H2 sensor showed that there was commercial 

dissolved H2 sensor in the market. However, no dedicated dissolved CO sensor was available 

currently. It was necessary to develop a specific dissolved CO sensor for this research. Therefore, 

a review on the dissolved gas measurement methods was performed to help the design of the 

dissolved CO sensor.  

2.2.2.1 Direct dissolved gas measurement methods 

Electrochemical sensors can be modified to directly measure concentration of dissolved gases 

(Ramamoorthy et al., 2003; Sweet et al., 1980). The Clark type of electrochemical sensors, with 
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hydrophobic membrane coated on the electrodes or the surface of sensors, were reported to 

measure dissolved O2 (Nei and Compton, 1996), H2 (Sweet et al., 1980), H2S (Jeroschewski et al., 

1996), N2O (Revsbech et al., 1988), and SO2 (Schiavon et al., 1991). Membranes in the Clark 

type of electrochemical sensors allowed selective gas-only diffusion while isolated electrolyte 

from liquids (Mislov et al., 2015; Schiavon et al., 1991). Silicone membrane (Krämer and 

Conrad, 1993) and Polytetrafluoroethylene (PTFE) membrane (Hara and Macdonald, 1997) were 

the most commonly used membranes. 

The pH sensors can be used to measure dissolved acidic or alkaline gases, such as CO2 

(Severinghaus and Freeman, 1958) and NH3 (Thomas and Booth, 1973), through the pH changes 

from the dissolution of these gases. The pH sensors used in these applications were 

electrochemical sensors with gas permeable membranes coated on the surface (Thomas and 

Booth, 1973). The Henderson-Hasselbalch equation was used to determine dissolved gases 

concentration according to the pH value and sample temperature (Severinghaus and Freeman, 

1958).  

Optical sensors, such as colorimetric and fluorescence sensors, can be used to measure dissolved 

gases in aqueous solution. Colorimetric sensors utilize the optical absorption change in the 

spectra of the sensing materials to detect dissolved gases. The sensing materials included 

chemical dyes (Mills and Chang, 1994; Stangelmayer et al., 1998) or biological materials, such as 

hemoglobin (Chung et al., 1995; Kundu et al., 2003). They were reported to detect dissolved CO2 

(Mills and Chang, 1994), SO2 (Stangelmayer et al., 1998), CO (Kundu et al., 2003), and O2 

(Chung et al., 1995). Fluorescence sensors were reported to detect dissolved gases such as 

dissolved O2 (Chu and Lo, 2010; McEvoy et al., 1996) and CO2 (Liu et al., 2010) with gas-

binding fluorescence dyes or dissolved CO2 (Burke et al., 2006; Muller and Hauser, 1996; 

Wolfbeis et al., 1998) and NH3 (Lobnik and Wolfbeis, 1998; Waich et al., 2008) with 

fluorescence pH indicators.   
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2.2.2.2 Indirect dissolved gas measurement methods 

Indirect dissolved gas measurement methods can be categorized by their principles for dissolved 

gas extraction. As Henry’s law stated that the solubility of gases was related to the partial 

pressure of the gases (Robbins et al., 1993; Wiesenburg and Guinasso Jr, 1979), most dissolved 

gas extractions were performed by reducing the partial pressure to extract dissolved gases. 

Temperature factor was also utilized as it could change the Henry’s law coefficient, thus further 

affected the dissolution of gases (Sander, 2015). 

Gas stripping technique, or named as dynamic headspace equilibration technique, had been used 

for dissolved gas measurement since 1960s (Swinnerton et al., 1962). Carrier gases, such as N2 or 

He, were forced to pass through the liquid and to strip the dissolved gas from the liquid by 

reducing the partial pressure of the dissolved gas (Cohen, 1977; Cosgrove and Walkley, 1981; 

Salonen, 1981; Swinnerton et al., 1962). Carrier gases were also used to transport the stripped gas 

samples to gas analyzers in these reports.  

Static headspace equilibration method is another common method for dissolved gas extraction 

(B’Hymer, 2003). Automatic static headspace equilibration samplers were available to measure 

dissolved gas concentrations continuously and automatically (Butler and Elkins, 1991; Jalbert et 

al., 2001; Kampbell and Vandegrift, 1998). However, its sensitivity on dissolved gas 

concentrations was lower than the gas stripping technique (B’Hymer, 2003). The operation of 

static headspace equilibration method included two steps: firstly, a portion of liquid sample was 

stored in a sealed vial; secondly, a new equilibrium was established in the vial and the 

equilibrated gas in headspace of the vial was used for analysis (Jalbert et al., 2001; Johnson et al., 

1990). The establishment of new equilibrium can be accelerated by heating liquid sample, 

reducing headspace pressure, or decreasing headspace volume (B’Hymer, 2003; Johnson et al., 

1990; Tsurushima et al., 1999).   
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Vacuum extraction systems, such as the Van Slyke apparatus, were reported in measurements of 

dissolved gas concentrations in blood or environmental water sample manometrically (Brix, 

1981; Van Slyke and Neill, 1924). The mercury manometer inside the apparatus generated a 

controllable vacuum in the headspace for quantitative dissolved gas extraction. Vacuum 

extraction system could also be implemented as a gas stripping system, using high vacuum 

instead of carrier gases to extract dissolved gas (Lammers and Suess, 1994).  

Heating the liquid sample was not commonly considered for dissolved gas measurement because 

of the generated water vapor in the extracted gas. However, this method could achieve a rapid and 

efficient gas extraction (Leonard et al., 1998). A cold condenser or a membrane filter was usually 

used in this method to separate the extracted gas from the water vapor (Noij et al., 1987). 

2.2.2.3 Membranes in dissolved gas measurement 

Gas permeable membranes were used in several dissolved gas measurement systems (Duval, 

2003), such as membrane coated electrochemical sensors (Sweet et al., 1980), membrane 

introduction mass spectroscopy (Hillman et al., 1985), and membrane extraction gas 

chromatography (Pratt and Pawliszyn, 1992). The gas concentration gradient between the two 

sides of membrane provided the force for gas diffusion (Pandey and Chauhan, 2001; Xu and 

Mitra, 1994). Hydrophobic membranes, such as silicone, Teflon, and Nafion membrane, were 

preferred as they would stop the diffusion of liquids through the membranes (Davey et al., 2011; 

Gabelman and Hwang, 1999). Carrier gas and/or high vacuum were also introduced to accelerate 

the process of dissolved gas extraction with membranes (Davey et al., 2011; Pratt and Pawliszyn, 

1992).  

The unique design of HFM contactors, which packed numerous microporous HFMs in a small 

chamber, resulted in very high volumetric mass transfer coefficient by maximizing the contact 

surface area in a given volume (Gabelman and Hwang, 1999; Loose et al., 2009; Sengupta et al., 
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1998). The flow rate and the pressure of liquids or gases in the HFM contactors could be 

maintained at different levels (Gabelman and Hwang, 1999). The modular design of the 

contactors also facilitated easy scale-up and replacement of the contactors (Sengupta et al., 1998). 

HFM contactors were primarily used in industry for gas-liquid or liquid-liquid mass transfer, 

because they reduced problems such as emulsion, foaming, and flooding from conventional mass 

transfer techniques. (Gabelman and Hwang, 1999). The high mass transfer efficiency of HFM 

contactors was exploited in dissolved gas measurements (Sengupta et al., 1998). The application 

of HFM contactor had demonstrated its capability in building an real-time, fast response 

dissolved gas measurement system (Gonzalez-valencia et al., 2014; Loose et al., 2009; 

Matsumoto et al., 2013). 

2.2.2.4 Liquid sample preparation method 

The design of a dissolved gas sensor required to obtain liquid samples with a precise dissolved 

gas concentration for sensor calibration. Henry’s law was a common method to determine the 

dissolved gas concentration in the aqueous solution (Kampbell and Vandegrift, 1998; Sanford et 

al., 1996). Another method was to prepare standard liquid sample with saturated dissolved gases, 

then add gas-free water to the prepared standard liquid sample to obtain liquid samples with 

different dissolved gas concentrations (Riggs and Heindel, 2006; Widdop, 2002). It was also 

possible to use certain chemicals to prepare liquid samples with known dissolved gas 

concentration (Fukushi and Hiiro, 1987; Varlet et al., 2013). The reaction between the chemicals 

could release a certain amount of gases into the liquid sample, thus the dissolved gas 

concentrations in the liquid samples could be obtained. A correlation equation between the 

extracted gas concentration and the dissolved gas concentration could be obtained based on the 

design of the sensor; however, the equation was seldom reported (Cohen, 1977). 
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2.3 Sensors for CO detection 

A review of different CO detection methods was performed to determine the CO detection 

principle. There were several requirements on the ideal CO detection principle summarized from 

the syngas fermentation environments. The most important one was the selectivity of the CO 

sensor. The sensor should have the least interference from other chemicals in the syngas 

fermentation medium, such as H2 and alcohols. The sensitivity of the CO sensor should be high, 

as it was known that CO has a very low solubility in water (27.5 mg/L at 25 °C). Fast response 

time as well as reversible detection were also preferred for a real-time, continuous measurement 

of dissolved CO concentration. 

2.3.1 Electrochemical sensors 

Electrochemical CO sensors utilize the chemical reaction of CO to detect its presence and to 

measure its concentration. They can be categorized as potentiometric sensors and amperometric 

sensors based on the physical properties employed for detection (Vashist et al., 2011).  

Potentiometric CO sensors monitor the electromotive force (emf) between the electrodes to detect 

CO (Okamoto et al., 1980). The measured emf between the two electrodes is generated by the 

mixed potential from the oxidation of CO and reduction of oxygen (Fergus, 2007). The reactions 

occurred at both electrodes with oxygen and CO are shown in Equation 2.7 and 2.8  (Fergus, 

2007; Sorita and Kawano, 1997). 

12 � + 2�� ⟺ �� 
(2.7) 

�� + �� ⟺ �� + 2�� (2.8) 

Overall, CO was oxidized to CO2 by oxygen as shown in Equation 2.9: 
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�� + 12 � ⇔ �� 
(2.9) 

Disadvantages of the potentiometric sensors include low sensitivity, low selectivity between CO 

and H2, and high electrode operation temperature (Fergus, 2007; Sorita and Kawano, 1997). 

Novel electrode materials or catalysts were reported to improve sensitivity and selectivity to CO, 

such as metal oxide catalyst (Li et al., 1993; Park et al., 2010) and metal oxide electrode (Goto et 

al., 2015; Sorita and Kawano, 1997). However, abovementioned materials need to be heated to 

400~700°C for the best selectivity and sensitivity to CO. Nanomaterials were reported with 

improved CO sensitivity and lower operation temperature at about 130°C. (Wu et al., 2003). 

Amperometric CO sensors measure the current changes between the working and counter 

electrodes to determine the CO concentration (Stetter and Li, 2008). A constant or variable 

potential applied between the two electrodes triggers electrochemical reactions. The reaction rate, 

which can be measured as an external circuit current, is proportional to the concentration of CO. 

Practical amperometric CO sensors with liquid electrolyte were firstly reported in 1970s (Bay et 

al., 1974). These sensors a three-electrode structure with a working electrode, a counter electrode, 

and a reference electrode. The electrodes and the liquid electrolyte were covered with a layer of 

gas permeable Teflon membrane. The reference electrode was used to maintain a constant 

electrochemical potential at the working electrode. CO was oxidized on the working electrode as 

shown in Equation 2.10: 

�� + �� → �� + 2�� + 2�� (2.10) 

On the counter electrode, the oxygen was reduced to water as shown in Equation 2.11: 

12 � + 2�� + 2�� → �� 
(2.11) 

Overall, CO was oxidized to CO2 as shown in Equation 2.12: 
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�� + 12 � ⟶ �� 
(2.12) 

Improvements on the original design by Bay et al. (1974) included replacing the liquid electrolyte 

with solid electrolytes and simplifying the sensor structure. CO sensors with solid electrolytes 

such as Nafion conducting polymer (Yan and Liu, 1994) or protonic conduction film (Alberti et 

al., 1993) were reported. Compact planar design of sensor was reported , which greatly simplified 

the structure of the sensor (van der Wal et al., 1996).  

Disadvantages of amperometric CO sensors include high humidity influence and high cross 

sensitivity to other gases. Gas flows with a low relative humidity would greatly reduce the CO 

response of a solid electrolyte sensor (Alberti et al., 1993; van der Wal et al., 1996). The applied 

potential for CO oxidation could also trigger the oxidation reaction on other reducing gases, such 

as NOx, H2 and hydrocarbons (Stetter and Li, 2008; van der Wal et al., 1996).  

In summary, electrochemical CO sensors have low detection limits to CO (1ppm, Takeda et al., 

2015), high CO sensitivity and fast response and recovery time (Fouletier, 1982; Stetter and Li, 

2008). However, they have two disadvantages in syngas fermentation environment: the 

requirement of oxygen and the low selectivity to H2. The electrodes of the potentiometric CO 

sensors need to be heated to several hundred degree Celsius for the best sensitivity and 

selectivity. 

2.3.2 Conductivity sensors  

Conductivity CO sensors include metal-oxide CO sensors and conducting polymer CO sensors 

(Arshak et al., 2004). These sensors are built with a layer of sensing material enclosed between 

two electrodes. When the sensing material is exposed to CO gas, an electrical resistance change 

will occur as the result of the interaction between the sensing material and CO. The change of 
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sensor resistance is used to determine CO concentration (Bai and Shi, 2007; C. Wang et al., 

2010). 

The metal-oxide CO sensors, or semiconductor CO sensors, are fabricated with semiconducting 

metal-oxide based on the phenomena that the conductivity of semiconductors changes in contact 

with gases (Morrison, 1953, 1982; Yamazoe et al., 2003). Primitive metal-oxide CO sensors were 

reported to have cross-sensitivity to H2, because sensing materials used to improve sensitivity to 

CO also increased the sensor’s sensitivity to H2 (Kobayashi et al., 1988; Morrison, 1982). Efforts 

to improve the sensitivity and selectivity of CO detection included applying new metal-oxide 

materials (Kobayashi et al., 1988; Wu et al., 2006; Yamaura et al., 2000) or novel doping 

materials (Choi et al., 2005; Kundu et al., 2003; Yamaura et al., 2008), and modification of the 

surface nanostructure of the sensing materials (Ansari et al., 2002). However, these metal-oxide 

CO sensors need high operation temperature (80°C~250°C) for optimal CO sensitivity and 

selectivity. Room temperature metal-oxide CO sensor was reported with the cost of poor 

selectivity to other reducing gases, such as NO, H2 and CH4 (Wu et al., 2009). 

Detection mechanism of metal-oxide CO sensors is complicated because of the complicated 

nature of the metal-oxide structure (Wang et al., 2010; Yamazoe et al., 2003). A widely accepted 

theory stated that the electrons trapping and the band bending of the sensing materials associated 

with CO and/or oxygen changed the materials’ conductivity (Morrison, 1982; Wang et al., 2010). 

Absorbed oxygen molecules in the surface of metal-oxide sensing materials attracted electrons 

from the surface (Eq.2.13) and generate an electron-depleted region. 

� + 2�� ⟶ 2�� (2.13) 

When CO was exposed to the sensor, it would be oxidized by the absorbed �� and release 

electrons back to the metal-oxide surface as reaction in Equation 2.14.  
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�� + �� ⟶ �� + �� (2.14) 

Therefore, the thickness of the electron-depleted region would decrease and in turn reduced the 

resistance of the metal-oxide sensing materials. Other theories, such as CO absorption on sensing 

material (Wu et al., 2008) and collapsed charge order restoration with CO (Ghosh et al., 2016), 

were also proposed for different type of sensing materials. 

Metal-oxide CO sensors are preferred for their advantages such as solid state structure, low cost, 

and simple structure (Wang et al., 2010). However, their disadvantages such as high optimal 

operation temperature and cross sensitivity to other chemicals are not desired in many 

applications. Also, the sensitivity of metal-oxide CO sensors were influenced by relative humidity 

around the sensors (Barsan and Weimar, 2003; Morrison, 1982; C. Wang et al., 2010; Yamaura et 

al., 2008). Their response was not very fast, ranging from several seconds (Ansari et al., 2002) to 

several minutes (Wu et al., 2008).  

Conducting polymer CO sensors are preferred over metal-oxide CO sensors because of their high 

sensitivity and quick response at room temperature (Bai and Shi, 2007). Polyaniline was the most 

popular conducting polymer for CO detection (Dixit et al., 2005; Misra et al., 2004; Ram et al., 

2005) and was often doped with other materials for enhanced sensitivity (Liu et al., 2012; S. 

Pandey, 2016; Sen et al., 2016; Wang et al., 2017).  

The detection mechanism of polyaniline can be explained by the electrons transfer between CO 

and the polymer itself (Sen et al., 2016). Polyaniline is a P-type semiconductor with majority 

charge carriers of holes (Bai and Shi, 2007). CO molecules extract electrons from the polyaniline, 

thus increase the number of charge carrier in the polyaniline and the conductivity of polyaniline 

(Liu et al., 2012). Other theories included CO physical absorption to polyaniline (Misra et al., 

2004) and redox reaction between CO and polyaniline (Ram et al., 2005).  
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Room temperature operation is one of the biggest advantages of conducting polymer CO sensors 

(Bai and Shi, 2007). Their response time for CO at low concentration fall in several seconds, 

which is faster than that of metal-oxide ones (Liu et al., 2012; Pandey, 2016). However, few 

researcher reported the selectivity of conducting polymer CO sensors. Liu et al. (2012) reported a 

sensor with no cross sensitivity to H2 and Sen et al. (2016) reported a sensor with good selectivity 

to liquefied petroleum gas and CH4. Polyaniline based conducting polymer sensors were also 

used for H2 and alcohols detection (Pandey, 2016), which may imply that these sensors may have 

cross sensitivity to H2 and alcohols.  

In summary, conductivity CO sensors are preferred for their simple structure, easy fabrication and 

high sensitivity and CO selectivity with proper sensing materials (Bai and Shi, 2007; C. Wang et 

al., 2010). Some of them can operate at anaerobic environment (Liu et al., 2012; Wu et al., 2008), 

which is required in syngas fermentation application. However, metal-oxide CO sensors would 

also response to reducing gases, such as H2 and CH4 (Kobayashi et al., 1988). They also need 

high temperature for optimal CO sensitivity (Wu et al., 2009). Conducting polymer CO sensors 

can work at room temperature, but scant research reported their selectivity, especially to the 

reducing gases (Liu et al., 2012). In syngas fermentation with H2 and alcohol rich environment, 

conductivity sensors are not an optimal choice. 

2.3.3 Optical CO sensors 

Optical CO sensors are based on the spectral responses of CO or CO related chemicals in the 

ranges of ultraviolet, visible, and infrared. In general, optical CO sensors have many advantages 

compared to other CO sensors, such as fast response, high gas selectivity, wide measurement 

range, minimal drift, and noninvasive measurement (Hodgkinson and Tatam, 2013).  

Vacuum ultraviolet resonance fluorescence (VURF) CO sensors measured the CO concentration 

by detecting a spectral response located in the fourth positive band of CO vacuum ultraviolet 
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spectrum, which was excited by fluorescent sources (Volz and Kley, 1985). The VURF sensors 

were as fast and sensitive as tunable laser spectroscopy sensors in CO measurements (Gerbig et 

al., 1996). The detection limits of VURF sensors could reach to parts per billion by volume 

(ppbv) level at a response time within a few seconds (Gerbig et al., 1999; Scharffe et al., 2012). 

Water vapor affected accuracy of VURF sensors, thus should be removed completely (Gerbig et 

al., 1996). High concentration of CO2 also affected VURF CO sensors because of the ultraviolet 

photolysis of CO2 to CO (Gerbig et al., 1996; Volz and Kley, 1985). Hence, the rich CO2 

presence in the syngas fermentation environment limits the application of VURF CO sensors. 

Colorimetric CO sensors were built based on the visible or near-infrared absorption spectra 

generated from the interaction between CO and specific chemicals. The chemicals used in 

colorimetric CO sensors could be metal-oxide thin films (Ando et al., 1995; Cantalini et al., 2005; 

Ghodselahi et al., 2011), metal complex (Courbat et al., 2011; Moragure et al., 2011; Park et al., 

2014), or biological materials (Blyth et al., 1995). 

The oxidization of CO on the metal-oxide thin film generated a change of the film’s absorption 

spectra, which was correlated to CO concentration (Ando and Group, 2000; Ghodselahi et al., 

2011). Colorimetric sensors based on metal-oxide thin film generally operated in temperature 

around 250°C ~ 350°C for optimal CO sensitivity and selectivity (Ando et al., 1997; Cantalini et 

al., 2005; Nam et al., 2006). However, metal-oxide colorimetric sensors had poor selectivity to 

other reducing gases, such as H2 (Ando et al., 1997; Cantalini et al., 2005). Metal complex 

colorimetric sensors exhibited an obvious color change when exposed to CO (Benito-Garagorri et 

al., 2008; Marín-Hernández et al., 2016). The coordination between CO and the specific metal 

complex changed the spin-state or the electron density, thus resulted in color changes observable 

to the naked eyes (Marín-Hernández et al., 2016). Advantages of metal complex colorimetric 

sensors include room temperature detection, fast response, low detection limit, and fully 

reversible detection (Benito-Garagorri et al., 2008; Courbat et al., 2011; Moragure et al., 2011). 
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However, scant research reported the selectivity of metal complex colorimetric CO sensors to 

gases or organic chemicals, especially to H2 (Marín-Hernández et al., 2016; Moragure et al., 

2011; Peter et al., 2012).  

Fluorescent CO sensors were built to utilize the luminescence response of metal complex 

(Matkovich et al., 2006; Rogers and Wolf, 2002), organic substrates (Yan et al., 2014; Zheng et 

al., 2014), and fluorescent proteins (Michel et al., 2012) for room temperature CO detection and 

concentration measurement. Fluorescent CO sensors had better sensitivity than the colorimetric 

CO sensors because of the strong luminescence response (Rogers and Wolf, 2002). They were 

also capable to detect CO molecules in living cells or tissues by having the cells or tissues 

incubated with the fluorescent indicators (Michel et al., 2012; Zheng et al., 2014), which imply a 

possibility to design a dissolved CO fluorescent sensor. 

Fluorescent CO sensors were reported with a parts-per-million (ppm) level detection limit and 

good selectivity to multiple gases, such as CO2, SO2, NOx, H2S, and organic vapors like acetone 

and ethanol (Toscani et al., 2015). However, most fluorescent sensors were fabricated based on 

irreversible reaction from metal complex fluorescent indicator or fluorescent proteins (Marín-

Hernández et al., 2016; Matkovich et al., 2006; Toscani et al., 2015), which made them less 

attractable in continuous real-time measurements. 

Infrared CO sensors include non-dispersive infrared sensor, tunable diode laser spectroscopy and 

spectrophotometry (Hodgkinson and Tatam, 2013). These sensors utilize the unique infrared 

absorption spectra of CO for sensitive and selective detection of CO (Borisov and Wolfbeis, 

2008; Hodgkinson and Tatam, 2013; Werle et al., 2002). The wavelengths used in infrared CO 

sensors correspond to the fundamental, 1st overtone, and 2nd overtone infrared absorption band of 

CO at 4.6 µm, 2.3 µm, and1.57 µm respectively (Li et al., 2015). 
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Non-dispersive infrared (NDIR) sensors measure CO concentration by detecting the infrared 

absorption of CO. Broadband infrared sources are usually used in the NDIR sensors. Narrowband 

bandpass optical filters or gas correlation filters were introduced for CO selectivity (Silver and 

Chen, 2006). The sensitivity of the NDIR sensors was mainly determined by its gas cell 

pathlength according to the Beer-Lambert law (Hodgkinson and Tatam, 2013). The photodetector 

properties and signal processing designs affect its sensitivity as well. 

Tunable diode laser spectroscopy (TDLS) is a highly sensitive and selective technology in the 

detection of traces gases in atmosphere (Schiff et al., 1994; P. Werle et al., 2002; Peter Werle, 

1998). The TDLS CO sensors were reported using 4.6 µm (Barron-Jimenez et al., 2006; Miller et 

al., 1993), 2.3 µm (Ebert et al., 2004; Wang et al., 2000), or 1.57 µm (Cai et al., 2011) lasers in 

the measurement of CO infrared absorption. The TDLS CO sensors scanned an individual gas 

absorption line at very high resolution to provide high CO selectivity (Schiff et al., 1994; Werle et 

al., 2002). Lasers’ good directionality promotes very long optical pathlength sensor design, which 

greatly improves their sensitivity to CO (Tittel et al., 2003). TDLS can be categorized as direct 

absorption spectroscopy and wavelength modulation spectroscopy (Hodgkinson and Tatam, 2013; 

Werle et al., 2002). Direct absorption spectroscopy has similar structure to NDIR sensors (Werle 

et al., 2002). Wavelength modulation spectroscopy was introduced to improve the signal-to-noise 

(SNR) ratio of direct absorption spectroscopy (Schiff et al., 1994).   

Infrared spectrometers, such as dispersive infrared spectrometers and Fourier transform infrared 

(FTIR) spectrometers, have the capability to measure the infrared absorption of the sample in a 

wide wavelength range (Hodgkinson and Tatam, 2013). FTIR spectrometers had much better 

SNR compared to traditional dispersive infrared spectrometers (Hodgkinson and Tatam, 2013). 

Although infrared spectrometers were not specific designed for CO measurement, spectrometers 

with an open optical path design were reported to measure CO concentration in environment 

(Childers et al., 2001; Twiss et al., 1955; Zhao et al., 2002). 
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Photoacoustic CO sensors, or optoacoustic CO sensors, were built to detect the pressure wave 

generated from infrared absorption of CO, which was known as photoacoustic effect (Gerlach and 

Amer, 1978; Hodgkinson and Tatam, 2013; Patimisco et al., 2014; Tam, 1986). Lasers were the 

best infrared radiation source for photoacoustic sensors as the photoacoustic signal strength was 

proportional to absorbed infrared radiation strength (Harren et al., 2000). The narrow bandwidth 

and high energy density of lasers resulted in high CO sensitivity and selectivity of photoacoustic 

sensors (Chen et al., 2009; Gerlach and Amer, 1978).  

Advantages of photoacoustic CO sensors include its short optical pathlength for trace gas 

measurement (Gerlach and Amer, 1978; Hök et al., 2000) and free of sensitive photodetector 

(Patimisco et al., 2014). Detection limit of less than one ppm in volume was reported with a laser 

with milliwatt output power (Gerlach and Amer, 1978). The improved Quartz enhanced 

photoacoustic (QEPAS) CO sensors had a detection limit at ppbv level with a mid-infrared 4.55 

µm (Kosterev et al., 2005) or 4.61 µm laser (Stefanski et al., 2013). 

2.3.4 Other CO sensors 

Thermoelectric sensors, piezoelectric sensors, and microelectronic sensors can also be used to 

detect CO. 

Thermoelectric CO sensors utilize the thermoelectric (Seebeck) effect, which converts heat to 

electricity, to measure the CO concentration (Nagai et al., 2013). The heat generated by the 

catalytic combustion of CO is proportional to the CO concentration (Matsumiya et al., 2004). The 

temperature change from the generated heat is further converted to a voltage signal, which is used 

to determine CO concentration. 

The catalysts in thermoelectric CO sensors determined the sensitivity, selectivity, and optimal 

operation temperature of the sensors (Nagai et al., 2013; Xu et al., 2008). The detection limit of 

thermoelectric sensors could reach ppm level (Nagai et al., 2013) while the minimal operation 
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temperature was reported around 90°C ~125°C (Xu et al., 2008). Thermoelectric sensors had a 

good selectivity as no significant responses from H2, CH4, and alcohols were reported 

(Matsumiya et al., 2004; Nagai et al., 2013; Xu et al., 2008). 

Disadvantages of thermoelectric CO sensors include high operation temperature, oxygen required 

in CO detection, and complicated signal processing (Nagai et al., 2013; Xu et al., 2008). The 

catalytic combustion of CO requires oxygen, which is strictly prohibited in syngas fermentation 

application. Thermoelectric CO sensors also need sophisticated circuit design, as the raw voltage 

signal was only several microvolts (Nagai et al., 2013). 

Piezoelectric CO sensors were built based on the phenomena that the resonance frequency of the 

piezoelectric crystal was affected by the crystal mass changes from absorbed gases (Alder and 

McCallum, 1983; Ho and Gullbault, 1982). The resonance frequency change was linear to the 

mass change according to the Sauerbrey equation (Fung and Wong, 2002). These sensors could 

have high sensitivity and selectivity to certain gases with selective absorption coatings (Fung and 

Wong, 2002; Ho and Gullbault, 1982).  

Piezoelectric CO sensors were reported with specific coatings on piezoelectric crystals that could 

directly absorb CO gas in room temperature (Fung and Wong, 2002; Guimarães et al., 2006; Kuo 

and Shih, 2005). Theses sensors were also reported free of interference from H2, SO2, H2S (Fung 

and Wong, 2002) and had a moderate interference from NO2 (Kuo and Shih, 2005). However, the 

reported piezoelectric CO sensors, especially those based on absorption coating, were non-

reversible, single-use ones. (Fung and Wong, 2002; Guimarães et al., 2006). Therefore, 

piezoelectric CO sensors are inappropriate for repeated CO measurement in syngas fermentation 

applications. 

Microelectronic CO sensors include the field-effect-transistor (FET) based CO sensors and the 

diode-based CO sensors. The FET CO sensors exploited semiconducting metal oxides as gate 
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material, whose carrier concentration could be altered in contact with CO (Dobos and Zimmer, 

1985). The change of the carrier concentration alters the threshold gate voltage. The diode-based 

CO sensors measured the change of current-voltage (I-V) characteristic to determine the CO 

concentration (Gurbuz et al., 1999; Salehi and Nikfarjam, 2004). The I-V change of the diode-

based sensor was generated from the conductivity change of the semiconducting materials, which 

was the result of CO oxidation (Gurbuz et al., 1999) or CO absorption (Salehi and Kalantari, 

2007). 

FET CO sensors usually worked at an elevated temperature, ranging from 75°C (Fukuda et al., 

2001) to 160°C (Dobos and Zimmer, 1985). Their sensitivity and selectivity were greatly affected 

by the gate material and the gate surface nanostructure (Fukuda et al., 2001; Maclay et al., 1988). 

Like other CO sensors using semiconducting metal oxide material, FET sensors also had poor 

selectivity to H2 (Formoso and Maclay, 1990), CH4 (Maclay et al., 1988), and ethanol (Dobos and 

Zimmer, 1985). Their response time ranged from 75 seconds (Fukuda et al., 2001) to several 

hundred seconds (Formoso and Maclay, 1990). 

Diode-based CO sensors were reported with a response time within a few seconds (Gurbuz et al., 

1999; Salehi and Nikfarjam, 2004). Diode-based CO sensors in room-temperature were also 

reported with no interference from O2, H2, and CO2 as well as moderate interference from NO 

(Salehi and Kalantari, 2007).  

In summary, thermoelectric sensors, piezoelectric sensors, and microelectronic sensors are not 

suitable in syngas fermentation applications. Thermoelectric sensors and microelectronic sensors 

have poor selectivity and operate at elevated operation temperature. Piezoelectric sensors are non-

reversible, single-use sensors, which need to be replaced frequently. 
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2.3.5 Comparison of CO sensors 

A comparison on the described CO detection methods was performed to determine the 

appropriate CO detection principle for the design of the dissolved CO sensor (Table.2-1). The 

primary comparison criteria included sensor selectivity, oxygen requirement, optimal operation 

temperature, and maturity of the technique. The reversibility of the CO detection was also 

considered in the comparison. 

The presence of H2 and other reducing gases in the fermentation medium was a big challenge for 

the CO detection. Most common methods, such as electrochemical sensors and conductivity 

sensors, also responded to these gases. There were several reports of new sensing materials to 

improve the CO selectivity; however, the maturity or available of the sensors was questionable. 

The requirement of oxygen in the detection of CO was also problematic, since the 

microorganisms were highly anaerobic.  

Vacuum ultraviolet resonance fluorescence senor (VURF) might be a good choice in syngas 

fermentation. However, its reaction to CO2 greatly limited its application. The syngas contains 

CO2 and the microorganisms will also produce CO2 in the fermentation process. 

Colorimetric and fluorescent sensors were promising techniques to detect dissolved CO in the 

aqueous solution. However, these sensors were still in the laboratory development stages and 

their detection might be affected by the color or the debris of the fermentation medium. The 

highly selective fluorescent sensors were based on irreversible reactions. 
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Table.2-1 Comparison of CO sensors in syngas fermentation application 

CO Sensor Type CO Selectivity 
(Interference 
Chemicals) 

Oxygen 
Required? 

Optimal 
Operation 
Temperature 

Maturity 
of Sensor 

1. Electrochemical sensor Low (H2) Yes Room 
temperature 

High 

2. Conductivity sensor: 
Semi-conductor  

Low (H2) Yes High High 

3. Conductivity sensor: 
Conducting polymer  

Low 
(Reducing 
gases) 

Yes Room 
temperature 

Low 

4. Vacuum ultraviolet 
resonance fluorescence 
senor (VURF) 

Low (CO2) No Room 
temperature 

High 

5. Colorimetric sensor High1 No Room 
temperature 

Low 

6. Fluorescent sensor High1,3 No Room 
temperature 

Low3 

7. Infrared sensor High2 No Room 
temperature 

High 

8. Thermoelectric sensor Low (H2) Yes High Low 
9. Piezoelectric sensor High3 No Room 

temperature 

Low3 

10. Microelectronics sensor Low (H2) No Room 
temperature 

Low 

* 1) The color of the fermentation medium may interference; 2) Selectivity can be high when 

properly select the absorption band; 3) Non-reversible CO detection (one-time detection only).  

 

Infrared sensor was the only choice for development a dissolved CO sensor for the syngas 

fermentation application. It did not have the disadvantages, such as interference from H2 or 

requirement of O2, from abovementioned methods. The sensitivity to CO of an infrared sensor 

was among the highest in all kinds of CO detection methods. The response time and repeatability 

of an infrared sensor were also satisfactory. Also, the maturity of the infrared detection 
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technology was high with commercial components available in the market to develop an in-house 

infrared sensor.  

 

2.4 Infrared spectroscopy 

2.4.1 Principle of infrared spectroscopy  

Infrared spectroscopy is a technique to identify and measure chemicals through their interactions 

with infrared radiation. The infrared radiation is one portion of electromagnetic radiation with 

higher wavelength than visible light. It can be categorized as near-infrared (NIR: 0.76 µm-2.5 

µm), mid-infrared (MIR: 2.5 µm-25 µm) and far-infrared (NIR: >25 µm) (Stuart, 2004).  

Molecules absorb infrared radiation when they demonstrate a change of dipole moment from 

molecular vibration or rotation (Stuart, 2004). Symmetric diatomic molecules, such as H2, N2, and 

O2, are transparent to infrared radiation; because their dipole moments remain unchanged in 

molecular vibration. The infrared absorption spectrum is obtained by measuring the absorbed 

infrared radiation over a radiation wavelength range. The wavelength position of an infrared 

absorption peak in the spectrum is related to the vibrational molecular energy of certain 

molecules. The infrared spectrum usually used the unit of wavenumber, which is the spatial 

frequency of the infrared radiation. 

The wavelengths, or in frequencies form of wavenumber, of infrared absorption peaks can be 

estimated with a classic mass and spring model (Williams and Norris, 2001). The vibrational 

energy � of a molecule contains two atoms (mass) connected with a bond (spring) in harmonic 

vibration can be expressed in Equation 2.15: 
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� = ℎ2� ��  (2.15) 

where � is the bond force (spring) constant and ℎ is the Planck’s constant. The reduced mass of 

the system   is defined as  = "#"$"#�"$, in which %& and % are the mass of the two atoms.  

It is the energy coupling between photons and the molecular vibrational energy that generates the 

specific infrared absorption (Williams and Norris, 2001). The frequency of the radiation absorbed 

by the molecule can be calculated by the difference between two vibrational energy states �& and 

�'  as Equation 2.16 (Stuart, 2004): 

(̅ = ��& − �'�/ℎ (2.16) 

The quantum theory states that actual vibrational energy of molecule is fixed in a series of 

discrete, quantized energy levels as in Equation 2.17: 

�, = �- + 1 2⁄ �ℎ(/ (2.17) 

where - is the vibrational quantum number for the vibration and �, is the energy of the -th 

quantum level of that specific vibration. (/ is the fundamental frequency of the vibration as 

&0 1�  2 .  

The absorption of infrared radiation occurs when the energy of a light photon is equal to the 

energy difference between two quantum levels. Therefore, specific molecules only interact with 

infrared radiation energy at certain frequencies. The specific infrared absorption makes the 

infrared spectroscopy a very selective tool in detection of chemicals (Williams and Norris, 2001). 

The infrared absorption can be more complicated by factors such as multi-atoms molecules, 

anharmonic vibration, presence of functional group, and Fermi resonance (Williams and Norris, 

2001).   
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The fundamental absorption bands in an infrared spectrum are the products of harmonic molecule 

vibrations. The overtone bands in an infrared spectrum are generated because the actual 

molecular vibration is not strictly harmonic and the energy differences between quantum levels 

are not constant. Since the energy difference is smaller when the vibrational quantum number is 

larger than one; it is possible that the energy from a single photon matches the required energy 

between multiple quantum levels. The frequency of overtone bands are roughly the multiples of 

the fundamental frequency (/ , but the absorption intensity of the overtone bands are one 

magnitude smaller than the fundamental bands (Stuart, 2004; Williams and Norris, 2001). For 

example, the 1st overtone band is approximately located at 2(/ frequency, in which (/ is the 

fundamental frequency of the vibration. The frequency(/  can be represented in wavelength 3 as 

(/  = 45, where 6 is the speed of light.  

The above discussion on the quantum theory of infrared absorption suggests that the infrared 

absorption in fundamental infrared absorption bands of CO is the strongest. The wavelength of 

the fundamental bands is also higher than the overtone bands. This theory matches with 

observations on actual infrared spectrum of CO (Li et al., 2015). 

2.4.2 Review of infrared spectroscopy instruments 

Infrared spectroscopy can be categorized as transmission spectroscopy and reflectance 

spectroscopy (Stuart, 2004). Transmission spectroscopy directs the infrared radiation pass 

through a sample and utilizes the infrared absorption spectrum to detect and identify chemicals in 

the sample. Reflectance spectroscopy indirectly analyzes the infrared absorption of chemicals 

through the measurement of reflected infrared radiation (Khoshhesab, 2012). Photoacoustic 

infrared spectroscopy is a different technique and utilizes the photoacoustic effect generated by 

infrared absorption to detect chemicals (Michaelian, 2010; Tam, 1986). In general, transmission 

spectroscopy is the most widely used method in the design of infrared spectroscopy instruments. 
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2.4.2.1 Transmission spectroscopy 

Dispersive spectrometers and Fourier transform infrared (FTIR) spectrometers are commonly 

used instruments for dispersive spectroscopy. Traditional dispersive spectrometers use diffraction 

gratings to disperse the infrared radiation to a wide spectral range (Schrader, 1994); then the 

infrared radiation at individual wavelength is separately detected. The design of dispersive 

spectrometers decreases the radiation energy in each wavelength while increases the 

measurement time. Diffraction gratings also need frequent calibration to ensure accuracy 

(Thermo Nicolet Corporation, 2002). 

Fourier transform infrared (FTIR) spectrometers are more advanced and accurate than dispersive 

spectrometers (Saptari, 2003). FTIR spectrometers utilize a Michelson interferometer instead of 

the diffraction gratings in dispersive spectrometers to generate the dispersed wavelengths. The 

obtained interference pattern, called as interferogram, is calculated by a Fourier transform 

algorithm to obtain infrared spectra (Stuart, 2004). FTIR spectrometers are the most prevailing 

instruments in infrared spectrum analysis as they had fast measurement speed, good spectral 

resolution and high signal-to-noise ratio (Bacsik et al., 2004). 

Non-dispersive infrared (NDIR) sensors are designed to measure the infrared absorption of a 

sample (primarily gas) at certain spectral ranges (Hodgkinson and Tatam, 2013). The basic 

components of a NDIR sensor include a broadband infrared source, a sample cell, and an infrared 

detector (Silver and Chen, 2006). The NDIR sensors measure the quantity of infrared absorption 

from sample to determine the sample’s concentration according to the Beer-Lambert law. The 

application of broadband IR sources often requires a narrowband infrared filter to improve sensor 

selectivity to certain chemicals (Dakin et al., 2003; Silver and Chen, 2006). 

Tunable diode laser spectroscopy (TDLS) sensors exclusively utilize lasers as the infrared sources 

(Schiff et al., 1994; Werle, 1998). TDLS sensors are similar to NDIR sensors since both sensors 
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utilize the attenuation of infrared radiation to measure sample concentration. The narrow 

bandwidth characteristics of the laser ensure the high selectivity of TDLS sensors, especially for 

measurement of single component in complex chemicals (Schiff et al., 1994). The spatial 

coherence of lasers, resulting in strong directionality, allows for long and/or multipass optical 

pathlength design; thus greatly improves the sensors’ sensitivity on trace amount gases (Werle et 

al., 2002). TDLS sensors are mostly used in gas measurement at atmosphere pressure or vacuum 

condition when the width of infrared absorption lines is not dramatically increased by high 

pressure (Werle et al., 2002). 

2.4.2.2 Reflectance spectroscopy 

Reflectance spectroscopy includes internal reflectance spectroscopy and external reflectance 

spectroscopy (Khoshhesab, 2012; Stuart, 2004). External reflectance spectroscopy can be further 

divided to specular reflectance spectroscopy and diffuse reflectance spectroscopy (Stuart, 2004). 

The reflectance spectroscopy emerges to study the chemicals that are not suitable for being 

analyzed by transmittance spectroscopy, such as solids and liquids (Khoshhesab, 2012). 

Internal reflectance spectroscopy is also named as attenuated total reflection (ATR) spectroscopy 

(Khoshhesab, 2012). ATR spectroscopy measures evanescent waves generated by total 

reflectance between a sample and a reflection medium (Fahrenfort, 1961; Khoshhesab, 2012). 

The reflection medium is infrared transparent and has a higher reflection index than that of the 

sample to generate the total reflectance. The evanescent waves penetrate through the sample and 

reflect back to the medium; therefore, the infrared absorption of the sample can be measured 

through the intensity of the reflected radiation (Fahrenfort, 1961; Khoshhesab, 2012). ATR 

spectroscopy is most commonly used along with FTIR spectrometers to investigate the infrared 

absorption spectra of surface layer of materials, such as coatings or thin films (Khoshhesab, 2012; 

Mirabella, 1998). 
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External reflectance spectroscopy measures specular reflectance and diffuse reflectance 

(Khoshhesab, 2012). Specular reflectance occurs when the angle of incidence and the angle of 

reflectance are equal. The intensity of the reflected radiation is determined by the angle of 

incidence and the sample’s properties: refractive index, surface roughness, and absorption 

coefficient (Khoshhesab, 2012). Infrared absorption coefficient and spectrum can be calculated 

from the specular reflection spectrum by the Kramers-Kronig equation (Khoshhesab, 2012; 

Roessler, 1965). Therefore, specular spectroscopy is suitable to measure the surface properties of 

materials (Khoshhesab, 2012). 

Diffuse spectroscopy is commonly used to measure materials in particle forms, such as soil or 

minerals (Torrent and Barrón, 2008).  Diffuse spectroscopy is usually integrated into a FTIR 

spectrometer; therefore, it is also termed as diffuse reflectance infrared Fourier transform 

spectroscopy (DRIFTS) (Stuart, 2004). The diffuse spectroscopy measures the reflected radiation 

by diffuse scattering. An integrating sphere is usually used in DRIFTS to collect the reflected 

radiation at every direction (Torrent and Barrón, 2008). The reflectance spectrum can be 

processed by the Kubelka-Munk theory to a spectrum analogous to the absorption spectrum 

(Khoshhesab, 2012; Torrent and Barrón, 2008).  

2.4.2.3 Photoacoustic infrared spectroscopy 

Photoacoustic infrared spectroscopy is designed based on the photoacoustic effect (Tam, 1986). 

The design of the photoacoustic sensors is focused on generating and detecting acoustic waves. 

The acoustic waves are generated by selective infrared absorption of a sample or a medium next 

to a sample. Modulated infrared lasers are commonly used in the photoacoustic sensors while 

applications of LED infrared radiation sources were also reported (Kuusela et al., 2009). The 

sample, mostly in gas form, is sealed in a sample cell with microphone, piezoelectric transducer, 

or capacitor transducer as acoustic wave detectors (Tam, 1986). The applications of cantilever 
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microphones, quartz-enhanced piezoelectric detectors, and resonance sample cells had greatly 

improve the sensitivity of photoacoustic sensors (Bozóki et al., 2011). 

2.4.3 Mid-infrared radiation source and photodetectors  

Mid-infrared (MIR, 2.5 µm-25 µm) wavelength range is preferred in gas detection as it includes 

the fundamental absorption bands of most gases. The infrared absorption intensity at fundamental 

absorption bands is one magnitude larger than that at overtone absorption bands in the near-

infrared wavelength range (Williams and Norris, 2001). The strong infrared absorption is 

favorable in gas detection to achieve lower detection limit, stronger response and compact design. 

Mid-infrared radiation sources include tungsten-halogen lamps, narrowband infrared emitters, 

mid-infrared lasers, and light emitting diodes. Mid-infrared photodetectors include commercially 

available lead selenide (PbSe), indium antimonide (InSb), and mercury cadmium telluride (MCT) 

photodetectors.  

2.4.3.1 Mid-infrared radiation sources 

Tungsten-halogen lamps are traditional infrared radiation sources for near-infrared spectroscopy 

(Hodgkinson and Tatam, 2013). The tungsten filament in the lamp bulb is heated near 3000K to 

emit light (MacIsaac et al., 1999). Halogen gases are added to reduce the vaporization of 

tungsten. Tungsten-halogen lamps can be used as MIR radiation sources, but most of their 

radiation resides in visible and near-infrared wavelength range (MacIsaac et al., 1999; Williams 

and Norris, 2001). These lamps cannot be modulated at a high frequency directly (Hodgkinson 

and Tatam, 2013); therefore, optical choppers are usually required to achieve a high modulation 

frequency. 

Micro-machined narrowband thermal emitters are novel mid-infrared radiation sources (Chan et 

al., 2006; Lin et al., 2003). These emitters are excited to surface plasma state to emit narrowband 

mid-infrared radiations (Chan et al., 2006). The surface plasma state is generated by engraving 
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the emitter’s surface with holes, cavities, or gratings (Miyazaki et al., 2008; Pralle et al., 2002; 

Tsai et al., 2006). The engraved patterns are within several micrometers or nanometers and 

directly affect the emission spectrum of the emitters (Chan et al., 2006; Miyazaki et al., 2008). 

The emission spectrum was reported to have a peak in far infrared wavelength range, around 7 

µm wavelength (Inoue et al., 2014; Miyazaki et al., 2008). The micro-machined thermal emitters 

have significant advantages over the tungsten-halogen lamps as the emission is more efficiently 

concentrated in a narrower wavelength range (Chan et al., 2006). Therefore, they can be used to 

design NDIR sensors without narrowband infrared filters (Inoue et al., 2014; Miyazaki et al., 

2014). However, these emitters still need to operate at a very high temperature and are not 

designed to be modulated at a high frequency (Inoue et al., 2014). 

Mid-infrared lasers include semiconductor lasers, doped insulator lasers, and quantum cascade 

lasers (Werle et al., 2002). Mid-infrared lasers can also be generated from near-infrared lasers by 

difference frequency generation (DFG) method (Tittel et al., 2003). However, the output power 

from a DFG laser is inherently low and the highest emission is limited at up to 5 µm wavelength 

(Kosterev and Tittel, 2002). 

Semi-conductor lasers utilize the transition between conduction band and valence band in 

semiconductor materials to generate emission (P. Werle et al., 2002). The band gaps of the 

semiconductor materials determine the laser’s emission spectrum (Capasso et al., 1999). 

Therefore, most semiconductor lasers have an emission spectrum in the near-infrared wavelength 

(less than 2.5 µm) (Werle et al., 2002). Certain semiconductor lasers fabricated with specific 

materials have emission spectra in the mid-infrared wavelength range at lower operation 

temperature, such as the antimonide lasers fabricated with III-V compounds and the lead-salt 

lasers fabricated with IV-VI semiconducting materials (Werle et al., 2002). The antimonide lasers 

could generate emission in 3-4 µm wavelength range when it was cooled with liquid nitrogen (P. 

Werle and Popov, 1999). Lead-salt lasers were reported with emissions in 3-30 µm wavelength 
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range (Tittel et al., 2003); however, they need to be operated under cryogenic cooling conditions 

(Tacke, 2003). 

Doped insulator lasers emit infrared radiation in near-infrared and mid-infrared wavelength range 

(Godard, 2007; Tittel et al., 2003). They were fabricated of semiconductor materials (II-VI 

compounds) doped with metal ion, such as Cr2+ and Fe2+ (Godard, 2007). The Cr2+ doped lasers 

have an emission in 3-4 µm wavelength range while the Fe2+ doped laser can reach to 4-5 µm 

wavelength under room temperature. However, their emission spectrum are much wider than that 

of other lasers (Godard, 2007). 

The most widely used quantum cascade (QC) lasers are based on the intersubband transitions 

between quantized states in a multiple-quantum-well heterostructure to emit laser (Gmachl et al., 

2001; Kosterev and Tittel, 2002). Electrons cascade down through these states and generate the 

laser emission (Capasso et al., 1999). The wavelength of the emission is determined by the size of 

quantum wells instead of the material band gaps; therefore, it is possible to design lasers with 

specific emission wavelength by adjusting the size of quantum wells (Capasso et al., 1999). The 

QC lasers can have emission spectrum up to terahertz range with a miniwatt level of output power 

(Gmachl et al., 2001; Williams et al., 2006). They can also be operated at room temperature in 

pulsed mode with an emission up to 16 µm wavelength (Gmachl et al., 2001). The distributed 

feedback QC lasers (QC-DFB laser) are particular useful for trace gas measurements; because of 

their advantages of single-frequency emission spectrum, room temperature operation, and high 

output power (Godard, 2007; Kosterev and Tittel, 2002). TDLS sensors with QC-DFB lasers 

provide a sensitivity of several parts-per-billion by volume (ppbv) on gases (Kosterev and Tittel, 

2002).  

Mid-infrared light emitting diodes (MIR LEDs) can provide infrared emission up to 6µm 

wavelength (Alexandrov et al., 2002). The MIR LEDs have many advantages over lasers or 
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tungsten-halogen lamps, such as narrowband emission spectrum, room-temperature operation, 

high modulation frequency, low power consumption, and low cost (Fanchenko et al., 2016; 

Hodgkinson and Tatam, 2013; Sotnikova et al., 2010). However, the biggest disadvantage of MIR 

LEDs is their low output power of several hundred milliwatt (mW) in pulsed mode or several 

mW in continuous wave mode (Abell et al., 2014; Fanchenko et al., 2016). Meanwhile, the 

emission spectrum of MIR LEDs is affected by their temperature (Smith et al., 2002). Therefore, 

it is essential to precisely control their temperature during operation (Hodgkinson and Tatam, 

2013).  

2.4.3.2 Mid-infrared photodetectors 

Commercially available mid-infrared photodetectors include PbSe, InSb, and MCT 

photodetectors, which are named after their fabrication materials (Downs and Vandervelde, 2013; 

Rogalski, 2012). They are most sensitive to infrared radiations in 3-5 µm, 2-6 µm, and 2-14 µm 

wavelength range, respectively (Downs and Vandervelde, 2013). PbSe, InSb and MCT 

photodetectors are categorized as intrinsic quantum photodetectors, since their intrinsic properties 

altered by excitations from received photons (Potter and Eisenman, 1962). Extrinsic quantum 

photodetectors include several type of Si and Ge based photodetectors, whose IR sensitivity is 

generated from the impurities inside the semiconductor (Sclar, 1984). Extrinsic photodetectors 

are sensitive to infrared radiations in a wide wavelength range (up to several hundred 

micrometers), but they need to operate at extremely low temperature (Rogalski, 2002). There are 

some mid-infrared photodetectors under development, such as quantum well (QW) infrared 

photodetectors and strained layer superlattices (SLS) photodetectors (Downs and Vandervelde, 

2013). 

PbSe photodetectors are photoconductive detectors, which have a detectable conductance change 

when they receive infrared radiations (Nudelman, 1962). The spectral response of PbSe 
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photodetectors is dramatically influenced by its operation temperature (Kaye, 1955). The 

photodetectors can be sensitive to infrared radiations at around 6 µm wavelength when they are 

liquid nitrogen cooled (Potter and Eisenman, 1962). PbSe photodetectors are still preferred for 

their low cost, fast response and room-temperature operation in detection of infrared radiations 

within 5 µm wavelength (Rogalski, 2012). The primary noise source of PbSe photodetectors is 

the flicker noise at low frequencies (Emmons et al., 1975); therefore, it is necessary to use high-

frequency modulated infrared radiation sources to improve signal-to-noise ratio of PbSe 

photodetectors. 

InSb photodetectors are photovoltaic detectors with p-n junctions, which generate voltaic signal 

from received infrared radiations (Pagel and Petritz, 1961). InSb photodetectors are commonly 

used to detect infrared radiations within 6µm wavelength (Downs and Vandervelde, 2013; 

Emmons et al., 1975). Since the photodetectors operate in photovoltaic mode, the primary noise 

source is the temperature related thermal noise (Johnson noise) (Pagel and Petritz, 1961). 

Therefore, InSb photodetectors are usually cooled to extreme low temperature by dry ice or liquid 

nitrogen to achieve a highest possible signal-to-noise ratio (Emmons et al., 1975; Potter and 

Eisenman, 1962). The photovoltaic mode makes InSb photodetectors suitable to detect low-

frequency modulated infrared radiations (Emmons et al., 1975).  

MCT photodetectors are the most popular detectors in mid-infrared applications (Downs and 

Vandervelde, 2013; Rogalski, 2012). They can be fabricated to detect infrared radiation in a wide 

wavelength range with an operation temperature from 77K (liquid nitrogen) to room temperature 

(Rogalski, 2005). MCT photodetectors can be designed as photoconductive or photovoltaic 

detectors by adjusting the components composition in MCT alloy (Norton, 2002; Rogalski, 

2005). MCT photodetectors are the most sensitive photodetectors in 3-5µm wavelength range 

(Downs and Vandervelde, 2013). 
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Quantum well (QW) infrared photodetectors are designed to replace the MCT photodetectors in 

mid-infrared detection (Rogalski, 2011). They detect infrared radiation with a series of tiny 

quantum wells to form discretized quantum energy level in these wells. Therefore, QW infrared 

photodetectors can be fabricated with common III-V semiconductor materials instead of the MCT 

alloy (Downs and Vandervelde, 2013). However, QW infrared photodetectors are only sensitive 

to infrared radiation in very narrow spectral range (Rogalski, 2011) and they cannot detect 

normally incident infrared radiation (Karim and Andersson, 2013).  

Strained layer superlattices (SLS) photodetectors are fabricated with lattice matched layers of 

different semiconductors (Rogalski, 2011). The quantum wells are formed within the lattice 

boundary between different materials (Karim and Andersson, 2013). SLS photodetectors can be 

made with well researched III-V semiconductors with a performance similar to MCT 

photodetectors in 3-18µm wavelength range (Downs and Vandervelde, 2013; Razeghi et al., 

2002; Rogalski, 2012).  

2.4.4 Data processing methods for infrared sensors 

The Beer-Lambert law is the basis to determine a sample concentration in infrared transmittance 

spectroscopy. It stated that infrared absorption of a sample is determined by the attenuation 

coefficient of the sample at a specific wavelength 7 (cm-1) and the optical pathlength 8 (cm) as in 

Equation 2.18 (Hodgkinson and Tatam, 2013): 

9 = 9:��;� (2.18) 

in which 9 is the intensity (watt) of infrared radiation transmitted by the sample; 9: is the intensity 

(watt) of the infrared emission from the infrared radiation source. The attenuation coefficient of 

the sample 7 is the product of the molar attenuation coefficient < (L∙cm-1mol-1) and the 

concentration of the sample � (mol∙L-1): 7 = <�. 
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When a sample’s concentration is very low, the ratio between the infrared emission intensity 9: 

and absorbed radiation intensity ∆9 = 9: − 9 can be approximated to a linear function of sample 

concentration � as Equation 2.19: 

∆99: = 9: − 99: = 1 − ��>�? ≈ <8� (2.19) 

The infrared transmittance A and absorbance � (both dimensionless) were defined as (Stuart, 

2004; Swinehart, 1962): 

A = 99: = ��>�? = 10�C (2.20) 

Therefore, the infrared absorbance � could be obtained from Equation 2.19 and Equation 2.20 as: 

� = <8��D10 ≈ 1�D10 ∙ ∆99:  (2.21) 

For gas measurements, the infrared absorbance is actually related to the number of molecules in 

the gas cell. Therefore, the ideal gas law is required to calculate the actual gas concentration 

(Hodgkinson and Tatam, 2013; Stuart, 2004). Pressure and temperature of the gas sample need to 

be recorded to convert the number of molecules to gas concentration. 

Calibration of a transmission type infrared sensor can be performed by measuring samples with 

known concentrations (Schiff et al., 1994; Stuart, 2004). The sensor outputs and the sample 

concentrations generate a calibration equation for analyzing unknown concentration samples. 

Based on the approximation in Equation 2.21, the calibration equation for an IR sensor is linear 

when the sample concentration is low. Therefore, it can be approximated by a linear model with 

the least square method as Equation 2.22 (Williams and Norris, 2001): 

F = %G + H (2.22) 
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in which F is the sensor response (the infrared absorbance, dimensionless ) and G is the sample 

concentration (mol∙L-1). The slope of the linear equation % is often called as the sensitivity (1/ 

mol∙L-1). The intercept H (dimensionless) represents the sensor’s background response when no 

sample is presented. 

Sensitivity is defined as the sensor’s response over the concentration by the International Union 

of Pure and Applied Chemistry (IUPAC) (Long and Winefordner, 1983). Therefore, the slope % 

is usually used as the sensitivity. However, this definition requires two assumption: 1) there is a 

liner relationship between the sample concentration and the sensor’s response; 2) the 

concentration values are correct (Skoog et al., 2017).  

The limit of detection I8 (mol∙L-1) is defined as the minimal concentration that can be detected 

with confidence (Long and Winefordner, 1983; Skoog et al., 2017). It can be calculated from the 

measurements of the background response of the sensor: 

I8 = JKLM%  
(2.23) 

where % is the sensitivity and KLM is the standard deviation of background response measurement. 

J is a constant and usually set at J = 3 (Kaiser, 1978; Mocak et al., 1997). The measurement of 

background response of sensor gives the mean value �OLM and the standard deviation KLM as: 

�OLM = ∑ �LMQRSQT&DL  
(2.24) 

KLM = �∑ U�LMQ − �OLMVRSQT& DL − 1  

(2.25) 

in which DL is the number of measurement and �LMQ represents the jth measurement on blank 

response. 
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2.5 Summary 

Reviews of related literatures suggested that the mid-infrared spectroscopy method might be the 

best method to measure dissolved CO concentration in the syngas fermentation. However, the 

infrared absorption spectra of syngas were required to verify the conclusion on the selectivity of 

mid-infrared spectroscopy method. It was also necessary to evaluate the infrared absorption 

spectrum of liquid water to determine the possibility of a direct, dissolved CO infrared 

measurement system. Preliminary experiments would be performed to answer these questions. 

The final design of the mid-infrared dissolved CO measurement system would be determined 

based on the results from the preliminary experiments. 

The principle of the infrared detection had ruled out the possibility of detecting H2 with infrared 

method. Therefore, a standalone dissolved H2 sensor was purchased and integrated with the 

dissolved CO measurement system to establish an integrated dissolved CO/H2 measurement 

system. 
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CHAPTER III 
 

 

PRELIMINARY EXPERIMENTS FOR DISSOLVED CO INFRARED MEASUREMENT 

 

Abstract 

An infrared CO detection method was selected as the measurement principle for the syngas 

fermentation process based on the previous literature reviews. However, the feasibility of infrared 

CO detection in syngas fermentation was still unknown. Preliminary experiments were designed 

to verify the infrared absorption properties of major chemicals in syngas fermentation process. 

The syngas samples, in gas phase and dissolved phase, were measured with a Fourier transform 

infrared (FTIR) spectrometer to obtain their infrared absorption spectra. A further review on the 

infrared absorption spectra database was also performed. The results from the FTIR spectrometer 

and the database showed that CO had strong spectral response in wavelength range of 4.42 µm to 

5 µm. The infrared method could be used to detect CO in syngas fermentation environment. It 

was also found that other chemicals in the fermentation medium did not have strong spectral 

responses in the CO wavelength range. However, the infrared measurement of dissolved CO was 

challenging because of the strong water interference.  

 

Key Words: Infrared absorption spectra; FTIR spectroscopy, CO infrared detection  
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3.1 Introduction 

Syngas fermentation is a promising solution to produce biofuels, such as ethanol and butanol, by 

extremely anaerobic microorganisms with CO (carbon monoxide) and H2 (hydrogen) in the 

syngas (Wilkins and Atiyeh, 2011). Measurement and control of dissolved CO and H2 

concentrations in the syngas fermentation medium are of great importance to improve the 

products yield and specificity (Atiyeh et al., 2017). 

Currently, there were some commercial dissolved H2 sensors available on the market. However, 

based on our knowledge, there was no dedicated dissolved CO sensor suitable for the syngas 

fermentation application. A dissolved CO sensor needs to be designed for this specific 

application. Previous reviews on the CO detection methods suggested that infrared CO detection 

method should be the best choice. Infrared method is not affected by H2 and require no oxygen in 

measurement (Stuart, 2004). Its measurement is also rapid, sensitive, and reversible (Hodgkinson 

and Tatam, 2013). However, the infrared absorption bands for CO detection as well as the 

influence of water on infrared detection need to be determined before the design of the infrared 

dissolved CO sensor. 

Infrared CO sensors usually utilize infrared absorption bands of CO at 4.6 µm, 2.3 µm, and 1.57 

µm in wavelength (Li et al., 2015). It was also known that the CO infrared absorption at 4.6 µm 

was the strongest. The concentration of CO was determined based on Beer-Lambert law, which 

correlated the infrared absorption strength to the CO’s concentration (McDonagh et al., 2008). 

Therefore, the measurement of CO concentration would be inaccurate if other chemicals had 

infrared absorption spectra overlapped with CO. The infrared absorption bands for CO detection 

should be selected at a wavelength range with the least interference from those of other 

chemicals. Hence, it was necessary to examine the infrared absorption of major chemicals in 

syngas fermentation.  
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The influence of water on infrared CO detection includes two aspects: the water in vapor form 

and in liquid form. Water in vapor form has three infrared detection windows in near and mid 

infrared spectral range, allocated around 4 µm, 2.13 µm, and 1.59 µm in wavelength (Shine et al., 

2016). Water in liquid form has strong and broad infrared absorption bands between 2.5 µm and 

10 µm in wavelength (Downing and Williams, 1975). The influence from water vapor can be 

ignored by using desiccant to remove water vapor in the sample. However, the strong infrared 

absorption from liquid water cannot be circumvented in the design of infrared dissolved CO 

sensor. 

The available reports on infrared dissolved gas measurement method showed that direct 

measurement of dissolved gases, such CO2 (Schaden et al., 2004) and hydrocarbons (Buerck et 

al., 2001; Mizaikoff, 1999), was possible. More conventional indirect infrared measurement 

methods were reported with the aid of gas extraction apparatuses (Boulart et al., 2010; Fietzek et 

al., 2014). Therefore, the preliminary experiments were designed to examine the infrared 

absorption spectra (primary in the mid-infrared range) of syngas in gas phase and in aqueous 

solution. The experiment results would be further used to determine the appropriate infrared 

absorption band(s) for CO detection and to decide the design of the infrared dissolved CO sensor. 

The specific objectives of the preliminary experiments included: 

1) To examine the infrared spectra of syngas components and other chemicals in the 

fermentation medium; 

2) To determine the appropriate infrared absorption band(s) for CO measurement. 
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3.2 Material and Methods 

3.2.1 Gas phase syngas measurement experiment setup 

The gas phase syngas experiment was designed to measure the infrared absorption spectra of the 

following three types of gas samples: 

1) Pure gases: CO, CO2 (carbon dioxide), H2, and N2 (nitrogen); 

2) CO/N2 mixtures: CO/N2 ratio from 0.3%/99.7% to 80%/20%; 

3) Syngas samples: Type I: 40% CO, 30% CO2, and 30% H2; type II: 20% CO, 15% CO2, 

5% H2, and 60% N2; Producer gas: 14.22% CO, 16.9% CO2, 11.54% H2, 53.98% N2, 

2.74% CH4 (methane), 0.07% C2H2 (acetylene), 0.39% C2H4 (ethylene), and 0.15% C2H6 

(ethane). 

The gas samples were prepared in a gas station and stored in 250 mL serum bottles at 20 psig 

pressure. Three replicates were prepared for each type of gas sample. The accurate gas 

composition of each sample was determined by gas chromatography (GC) (Agilent 6890 N GC, 

Agilent Technologies, Wilmington, DE, USA) before the experiment. A gas tight syringe was 

used to take a portion of the gas sample from the serum bottle and deliver it to the GC.  

A flow-through, transmission type gas cell (0024-117, Thermo Spectra-Tech, Madison, WI, 

USA) was used for infrared measurements. The cell has an optical pathlength of 100 mm and 

mounted with uncoated CaF2 windows. A gas delivery system (Fig.3-1) was used to load the gas 

samples to the gas cell. The gas cell was vacuumed to -25 inHg with a manual vacuum pump 

before loading each sample. After the serum bottle was connected with the gas cell, the Cell Inlet 

Valve was open firstly to load the gas cell. Then the Cell Outlet Valve was open to purge the gas 

cell with the desired gas sample before the measurements. The Cell Inlet Valve and the Cell 

Outlet Valve were closed when the pressure inside the serum bottle was around 0.3 psig.  The 

loaded gas cell was placed into the sample chamber of a Fourier transform infrared (FTIR) 
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spectrometer (Nicolet 6700, Thermo Scientific, Madison, WI, USA) for infrared absorption 

spectra measurement. The FTIR spectrometer was thoroughly purged with N2 before each 

measurement. 

Gas Cell 

(100mm Pathlength)

Cell 

Inlet 

Valve

Cell 

Outlet 

Valve

250mL 

Serum 

Bottle

1/3 Psig 

Check 

Valve

Digital Pressure 

Gauge (0-30psig)

Manual 

Vacuum 

Gun

Gas 

Oulet

Gas Flow

Vacuum Gun was 

removed after gas 

cell was vacuumed

 

Fig.3-1. Illustration of experimental setup for loading/purging gas cell with desired gas sample 

 

The FTIR spectrometer was set to measure infrared absorption spectra between 1,110 cm-1 and 

4,000 cm-1 in wavenumber (2.5 µm to 9.009 µm in wavelength) at a resolution of 1 cm-1. Each 

sample was scanned for 32 times to perform average filtering for better measurement quality. The 

background spectrum was obtained by measuring the infrared absorption spectra of pure N2 in the 

gas cell, which would be used to generate infrared absorption spectra of gas samples. The 

obtained infrared absorption spectra were analyzed by OMNIC® (version 8.0, Thermo Scientific, 

Madison, WI, USA) software provided along with the FTIR spectrometer. Infrared absorption 

spectral libraries in the OMNIC software were used to compare the obtained infrared absorption 

spectra and to identify chemicals in the obtained spectra.  

An analysis was performed on the obtained infrared absorption spectra of CO/N2 mixtures to 

determine the relationship between CO concentrations and the infrared absorbance. The CO 

concentration in these samples was prepared to be evenly distributed between 0 to 400 mg/L 
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under the experimental condition. The exact CO concentrations in the samples were calculated 

using the ideal gas law from the sample pressure in the gas cell, ambient pressure, room 

temperature, and percentage of CO in the gas sample. The absorbance data in the infrared 

absorption spectra were further analyzed by a program (Appendix II) written in MATLAB® 

(Release 2013b, The MathWorks, Inc., Natick, MA, USA) to obtain the absorbance data at a 

single wavelength and the accumulated absorbance data in a specific wavelength range. The 

absorbance data at a single wavelength was used to simulate the measurement of a tunable diode 

laser spectroscopy (TDLS) sensor, which measured the infrared absorption at certain absorption 

wavelength. The accumulated absorbance data in a specific wavelength range was used to 

simulate the response of a non-dispersive infrared (NDIR) sensor, which measured the infrared 

absorption in a broad spectral range. The single wavelength was selected 4.63 µm (2161 cm-1 in 

wavenumber) while the wavelength rage was selected as 4.46 µm to 4.95 µm (2020 cm-1 to 2240 

cm-1 in wavenumber). These two values were selected where the CO infrared absorption was the 

strongest and had the least interference from other gases. 

The CO concentration � (mol/L) in the CO/N2 mixtures was calculated based on ideal gas law: 

�� = D� = W?X	A  (3.1) 

where W?X was the partial pressure of CO in the gas cell (kPa). 	 was the gas constant 

(8.3144L·kPa·K-1·mol-1) and A was the temperature of gas sample (K). The partial pressure 

W?X was calculated from the molar percentage, Y, of the CO in the gas sample and the absolute 

pressure WZL[ (kPa) in the gas cell: W?X = YWZL[.  

3.2.2 Dissolved syngas measurement experiment setup 

The dissolved syngas measurement experiment was designed to measure the infrared absorption 

spectra of following two liquid samples: 
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1) Distilled water with pure N2; 

2) Distilled water with CO/N2 gas mixture (80%C O, 20% N2). 

The 250 mL serum bottles were used to prepare the liquid samples. The bottles were filled with 

100 mL of distilled water, then the water and the headspace of the bottles were purged with the 

desired gas samples for at least five minutes. After the purge process, the headspace of the bottle 

was pressurized to 20 psig with the desired gases. The serum bottles were shaken and stored for at 

least 24 hours before the measurements. Three replicates were prepared for each type of the liquid 

samples. The headspace gas composition in each replicate was measured with a GC before the 

experiment. 

A flow-through, transmittance type liquid cell (DLC-S25, Harrick Scientific Products Inc., 

Pleasantville, NY, USA) was used in the experiment. The liquid cell had an optical pathlength of 

100 µm and was mounted with uncoated zinc selenide (ZnSe) windows. A gas-tight syringe was 

used to load the liquid sample from a serum bottle to the liquid cell without dissolved gases 

depressurization. 

The FTIR spectrometer was set to use the same configuration as the previous gas phase 

experiment, which measured the infrared absorption spectra between 1,110 cm-1 and 4,000 cm-1 in 

wavenumber at a resolution of 1 cm-1. Each liquid sample was scanned for 32 times as well. 

However, the output power of the spectrometer was adjusted to the “Turbo” mode to maximize 

the output of the infrared source in the spectrometer. The background spectrum used to compare 

the liquid sample infrared absorption was collected with gas-free distilled water loaded in the 

liquid cell. The OMNIC software was used to process the obtained infrared absorption spectra. 

A review of the major components in the syngas fermentation medium was also performed by 

checking the OMNIC software infrared spectral libraries. The chemicals in syngas fermentation 

medium included two groups: nutrients for microorganisms such as vitamins and minerals; 
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fermentation products, including alcohols and organic acids. The chemicals with higher than 1g/L 

concentration in the medium were investigated as they may have significant influence on the 

infrared absorption. The examined nutrients included glucose, MES (4-morpholineethanesulfonic 

acid) , and cysteine. The examined products included ethanol, butanol, hexanol, acetic acid, 

butyric acid, and hexanoic acid. 

 

3.3 Results and Discussions 

3.3.1 Gas phase syngas measurement experiment 

1) Determination of the CO infrared detection band(s) 

The obtained infrared absorption spectra of the gas sample were shown in Fig.3-2. The spectra of 

pure gases, CO/N2 mixtures, and syngas were demonstrated in the same wavelength scale. The 

obtained infrared absorption spectra showed that the CO infrared absorption bands located 

between 2000 cm-1 and 2260 cm-1 position (4.42 µm to 5 µm in wavelength) were free of 

interference from CO2, CH4, C2H2, C2H4, and C2H6 gases in the syngas.  

H2 and N2 in the syngas were known to be transparent to infrared radiation because of their 

symmetric diatomic molecular structure, which had no dipole moment change in molecular 

vibration (Stuart, 2004). A further investigation of the infrared absorption spectra of CO, CO2, 

and the minor components (CH4 and hydrocarbons) were performed by checking the infrared 

absorption spectral library of OMNIC software (Fig.3-3). The obtained infrared absorption 

spectra from the gas phase FTIR experiment was similar to the high-resolution infrared spectra in 

the library. Therefore, it was concluded that the wavelength range between 4.4 µm and 5 µm was 

the best choice for infrared CO detection in syngas fermentation.  

2) Infrared absorption spectra analysis 
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The results of the infrared absorption spectra analysis on the CO/N2 mixture samples were shown 

in Fig.3-4. A linear regression analysis was performed on the infrared absorbance data and the 

CO concentrations in the mixture samples. The linear regression model was used in the analysis, 

because the Beer-Lambert law stated that the absorbance � (dimensionless) was proportional to 

the concentration � (mg∙L-1) when the infrared attenuation coefficient < (m-1∙mg-1∙L) and optical 

pathlength 8 (m) were fixed. 

The result of the regression analysis performed on the absorbance data on single wavelength 

(4.63 µm, 2161 cm-1 in wavenumber) showed that there was a good linear relationship between 

the prepared CO concentrations and the measured absorbance (Fig.3-4a): 

F = 0.0030G + 0.2510 (3.2) 

The coefficient of determination was 	 = 0.9724.  

The regression analysis performed on the absorbance data on a wavelength range (4.46 µm to 

4.95 µm, 2020 cm-1 to 2240 cm-1 in wavenumber) had a better fit as it had fewer interference 

from outliers in the measurement (Fig.3-4b): 

F = 0.3098G + 13.483 (3.3) 

The coefficient of determination was 	 = 0.9909. 
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Fig.3-2 Obtained infrared absorption spectra from FTIR measurements: a) 100% CO2; b) 100% CO; c) syngas type II; d) producer gas. 



53 

 

 

Fig.3-3 Infrared absorption spectra of syngas components obtained from OMNIC® software infrared spectral library. (CO was represented in light 

green color. Library used: Nicolet Vapor Phase Library) 
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(a)

(b)

 

Fig.3-4 Regression analysis between CO concentrations (x-axis) and infrared absorbance data (y-

axis): a) absorbance at single wavelength 4.63 µm (F = 0.0030G + 0.2510, 	 = 0.9724); b) 

accumulated absorbance data within 4.46 µm to 4.95 µm wavelength range (F = 0.3098G +
13.4829, 	 = 0.9909). 
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3.3.2 Dissolved syngas measurement experiment 

The results of the dissolved syngas measurement experiment were not satisfactory. The FT-IR 

spectrometer could not obtain an obvious infrared absorption spectra even it was set at Turbo 

mode. The background single beam spectra, whose y-axis represented the normalized strength of 

the received infrared radiation at the detector of the spectrometer, showed that liquid water had a 

strong infrared absorption across the entire mid-infrared range (Fig.3-5a). The strength of the 

received infrared radiation was much higher when the same liquid cell was loaded with gas phase 

N2 (Fig.3-5a). The interference fringe in the single beam spectra of the gas phase N2 sample was 

generated by the parallel placed liquid cell windows, according to the liquid cell manufacturer’s 

instruction. 

The measurement on the liquid sample with dissolved CO/N2 mixture (80% CO, 20%N2) showed 

that there was no obvious infrared absorption exist in the known position of CO infrared 

absorption band (Fig.3-5b). The zero absorbance at the CO infrared absorption band suggested 

that it was not possible to detect dissolved CO with the current experiment setup. The abnormal 

infrared absorbance at 2.70 µm to 3.45 µm (3,700 cm-1 to 2,900 cm-1 in wavenumber) and 5.88 

µm to 6.66 µm (1,700 cm-1 to 1,500 cm-1 in wavenumber) were generated from the division of 

sample signal and background signal, which were both zero. The single beam spectra indicated 

that the majority of the infrared radiation from the infrared source was absorbed by water under 

the experiment setup. The strong infrared absorption from water, along with the tiny optical 

pathlength (100 µm) and low solubility of CO in water (27.5 mg/L at 25 °C), leaded to the 

unsuccessful dissolved syngas measurements.  

An analysis was performed to theoretically calculate the infrared absorption of liquid water in the 

selected spectral range for CO detection (4.17µm to 4.95 µm, 2,020 cm-1 to 2,400 cm-1 in 

wavenumber). The infrared attenuation coefficients of liquid water,  c (cm-1), at each wavelength 
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were obtained from data in the literature review (Downing and Williams, 1975). The infrared 

transmittance A was calculated based on the attenuation coefficient data of liquid water (Eq.3.4). 

The optical pathlength 8? of the liquid water was assumed as 100 µm (0.01 cm) (Fig.3-6a). 

A = 99: = ��de�f 
(3.4) 

where 9: was the infrared emission intensity (watt) from the infrared radiation source, 9 was the 

transmitted infrared radiation intensity (watt) by the water sample. 

In the range of interest, 2,020 cm-1 to 2,400 cm-1 in wavenumber (4.17 µm to 4.95 µm in 

wavelength), the calculation showed that less than 5% of the original infrared emission in CO’s 

absorption band (2,020 cm-1  to 2,260 cm-1) could pass through the 100 µm thickness cell 

containing water. This number further decreased when the transmittance of the liquid cell 

materials (uncoated ZnSe glass) was considered, which was around 70% per window according to 

its specification. The transmittance dropped to less than 2% in above spectral range when the 

windows were considered (Fig.3-6b).  

The calculation of the transmittance data for liquid water and the liquid cell materials suggested 

that a very powerful laser should be used to directly measure dissolved CO concentration in the 

aqueous solution. If the infrared absorbance of CO at 4.63 µm (2,161 cm-1) would be used, the 

infrared transmittance would be close to 0.9% from the infrared absorption simulation (Fig.3-6b). 

Therefore, an approximate power of 9 mW would be received by the photodetector from a 1 W 

infrared radiation source. A less powerful infrared radiation source would have the majority of its 

output power attenuated by the liquid water; thus, the signal corresponding to the CO infrared 

absorption would be too small to detect. The high output from a laser could compensate the 

absorption of the liquid water and generate a detectable CO signal for the photodetector to 

measure CO concentration in the liquid sample.  
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(b)

(a)

 

Fig.3-5 Infrared absorption spectra obtained from dissolved syngas experiment: a) background 

single beam spectra with gas phase N2 and distilled water as the sample, respectively; b) the 

measured spectrum of liquid sample with dissolved CO/N2 mixture (80% CO, balance with N2) 

and the background single beam spectrum of liquid water. 
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(a)

(b)

 

Fig.3-6 Calculated transmittance of liquid water based on coefficient data from Downing and 

Williams (1975): a) liquid water (100 µm optical pathlength); b) liquid water in liquid cell with 

two ZnSe windows (100 µm optical pathlength; ZnSe windows’ transmittance was 70% per 

window according to specifications). 

 

The review of the infrared absorption spectra of major chemicals in the fermentation medium 

showed that there was no strong interference from these chemicals to the selected CO detection 

bands (Fig.3-7). Therefore, it was possible to design a method to directly measure dissolved CO 

concentration.  
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Fig.3-7 Infrared absorption spectra of major chemicals in the obtained from OMNIC software infrared spectral libraries. (CO is represented in red 

color in the center. Libraries used: Aldrich Collection FT-IR Spectra Edition II, Nicolet Vapor Phase Library.) 
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3.4 Conclusions 

The preliminary experiments obtained several infrared absorption spectra from gas phase and 

dissolved syngas samples. The analysis of the spectra showed that the mid-infrared spectral range 

between 4.42 µm to 5 µm (2,000 cm-1 and 2,260 cm-1 in wavenumber) was the best choice for 

infrared CO measurement. Other chemicals in syngas and fermentation medium showed nearly 

no infrared absorption in this spectral range. Also, the infrared spectra obtained from gas samples 

with different CO concentration showed that it was possible to measure CO concentration in gas 

phase from its infrared absorbance. 

However, the results from dissolved syngas samples demonstrated that it would be challenging to 

directly measure dissolved CO concentration in aqueous solution. The liquid water had a very 

strong infrared absorption in the above spectra range for CO measurement, which resulted in the 

unsuccessful measurements of dissolved syngas samples with the FTIR spectrometer. The 

calculation of liquid water infrared transmittance data showed that less than 2% of infrared 

radiation could pass through the liquid cell used in the experiment. 

These results suggested two possible methods to measure dissolved CO concentration: 1) directly 

measure dissolved CO concentration with a powerful infrared radiation source, such as a quantum 

cascade laser; 2) extract dissolved CO from the liquid sample, then measure the gas phase CO 

with an infrared sensor and estimate the dissolved CO concentration in the liquid sample. 
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CHAPTER IV 
 

 

MID-INFRARED CARBON MONOXIDE SENSOR 

 

Abstract 

An infrared CO detection method was selected to indirectly measure dissolved CO concentration 

in syngas fermentation medium based on a comparison of CO detection methods. The CO’s mid-

infrared (MIR) absorption bands located between 4.42 µm and 5 µm were used. The developed 

indirectly dissolved CO measurement system contained an infrared CO sensing unit and a 

dissolved gas extraction system. A gas phase MIR CO sensor was developed as a sensing unit. 

The CO sensor used a MIR light emitting diode (LED) as its infrared source, whose emission 

spectrum was appropriate for the MIR CO measurements in syngas fermentation environment. A 

highly sensitive, thermoelectrically cooled photodetector was used. The optical pathlength of the 

sensor was selected as 50 mm. A digital lock-in amplifier was introduced to improve the sensor’s 

sensitivity. The MIR CO sensor was calibrated with standard calibration gases. The validation 

tests on the sensor demonstrated a mean absolute percentage error of 5.67% and a root-mean-

square error of 0.47mg/L in CO measurements.  

 

Key words: Mid-infrared CO sensor, Infrared light emitting diode, Non-dispersive infrared 

sensor 
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4.1 Introduction 

An infrared carbon monoxide (CO) detection method was selected to measure dissolved CO 

concentration in syngas fermentation medium based on the results from preliminary experiments 

and literature reviews. The infrared method had a high CO sensitivity and showed less 

interference from other chemicals than other CO detection methods in syngas fermentation 

environment. The CO infrared absorption bands in a spectral range from 4.42 µm to 5 µm (in 

mid-infrared region) was determined for CO detection after thoroughly examination of the 

infrared absorption spectra of major chemicals in the syngas fermentation medium. 

Two possible approaches were considered for the mid-infrared (MIR) measurement of dissolved 

CO concentration:  

1) Directly measure dissolved CO concentration in the fermentation medium with a 

modified MIR tunable diode laser spectroscopy (TDLS) sensor;  

2) Measure gas phase CO with a MIR CO sensor after the dissolved CO was extracted from 

fermentation medium. 

The first approach was considered as there were several reports of direct infrared measurement of 

dissolved gases, such CO2 (Schaden et al., 2004) and hydrocarbons (Buerck et al., 2001; 

Mizaikoff, 1999) with MIR TDLS sensors. Gas extraction system was not required in this 

approach, which shortened the response time of the sensor and simplified the overall 

measurement system. However, the CO sensing part would be complicated and expensive due to 

the utilization of lasers (Popov et al., 1997; P. Werle et al., 2002). The solubility of CO was 

extremely low (27.5 mg/L, 1ATM pressure, 25°C, 100% CO, calculated by Henry’s law (Sander, 

2015)) and its infrared absorption was weaker than CO2, which made the CO detection more 

challenging. Also, the water had a broad, strong infrared absorption in the same spectral range, 

which further attenuated the infrared signals. The results from the preliminary experiments had 
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showed the difficulties of detecting dissolved CO in the aqueous solution. Therefore, the second 

approach was selected as the method to measure the dissolved CO concentration. The 

development of a MIR CO sensor was described in this chapter while the development of 

dissolved gas extraction system and the integration of the MIR CO sensor were stated in Chapter 

5. 

The MIR CO sensor was developed to measure the gas phase CO concentration based on the 

Beer-Lambert law (Swinehart, 1962), which stated that the infrared absorbance of CO was related 

to the molar CO absorption coefficient, the concentration of CO and the optical pathlength of the 

sensor. TDLS sensors and non-dispersive infrared (NDIR) sensors were the most common 

infrared sensors to measure the concentration of gas phase chemicals (Hodgkinson and Tatam, 

2013). Distributed feedback quantum cascade (QC-DFB) lasers were usually used as the infrared 

radiation sources for the TDLS sensors (Werle et al., 2002) while Tungsten-halogen lamps were 

usually used in NDIR sensors (Williams and Norris, 2001). The structure of NDIR sensors were 

simpler than the TDLS sensors; however, they required optical choppers to modulate the infrared 

radiation and the Tungsten-halogen lamps had most of their emissions in the near-infrared (NIR) 

spectral range (Hodgkinson and Tatam, 2013; MacIsaac et al., 1999). The emission spectra of the 

infrared radiation sources in NDIR sensors limited their application in MIR applications. 

The commercialization of the MIR light emitting diodes (LED) provided alternative choice of 

infrared sources in NDIR sensors. The LEDs could emit infrared radiation in the spectral range 

between 1.7 µm and 4.8 µm (Popov et al., 1997). They usually have one single emission 

spectrum with a narrow spectral bandwidth, which is around one tenth of its peak emission 

wavelength (Sotnikova et al., 2010). Their emission was electronically modulated by controlling 

the driving current of the LEDs (Alexandrov et al., 2002), which made an optical chopper 

unnecessary. There were several reports of NDIR sensors with MIR LEDs as the infrared 
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radiation sources for the measurement of CH4 (methane), CO2, CO, and NO (nitric oxide) 

(Alexandrov et al., 2002; Haigh et al., 2007; Sotnikova et al., 2010). 

The most obvious disadvantage of the MIR LEDs was their low output power, which were 

several hundred milliwatt (mW) in the pulsed mode and several mW in the continuous wave 

mode (Abell et al., 2014; Fanchenko et al., 2016). The low output power resulted in a noisy signal 

and further reduced the detection capability of NDIR sensors. This drawback could be 

compensated by introducing highly sensitive photodetector and digital signal processing 

technology. A digital lock-in amplifier could be introduced to significantly improve the signal-to-

noise ratio, since the emission of the LEDs was electronically modulated at a very high frequency 

(Davies and Meuli, 2010). 

Therefore, the objective of this research was to develop a NDIR CO sensor with MIR LED as its 

infrared radiation source to measure gas phase CO concentration. The specific objectives 

included: 

1) To develop a MIR CO sensor;  

2) To determine the optimal parameters of the MIR CO sensor; and 

3) To evaluate the performance of the developed MIR CO sensor. 

 

4.2 Materials and Methods 

4.2.1 Overall design of the MIR CO sensor 

A mid-infrared (MIR) CO sensor was developed for measuring gas phase CO with a typical 

NDIR sensor structure (Fig.4-1). The infrared radiation source (the MIR LED) and the 

photodetector was placed on the opposite sides of the gas cell. The photodetector was installed on 
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a preamplifier by its manufacturer. A converging lens was used to focus the infrared radiation on 

the photodetector. The sensor had a short optical pathlength (50mm length) design to omit the 

collimating lens for the infrared radiation source. The optical chopper in typical NDIR sensors 

was not necessary as the infrared emission from the LED was electronically modulated. A 

narrowband infrared filter was used to provide the CO selectivity. The entire MIR CO sensor was 

installed in a cage system (Thorlabs Inc., Newton, NJ, USA). 

(a) Narrowband 

IR Filter

Photodetector and 

Preamplifier

Converging 

Lens

Gas Cell

MIR LED

Data 

Acquisition

LED 

Control

Optical Path

(b)

 

Fig.4-1 Illustration of the developed MIR CO sensor: a) schematic diagram of the MIR sensor; b) 

assembled MIR sensor in a cage system. 

 

A data acquisition (DAQ) system was designed to control the LED temperature and to collect the 

output signal from the preamplifier. The DAQ system was programmed using LabVIEW® 

(Release 2015, National Instruments Co., Austin, TX, USA) software. The signal processing 

algorithm for the infrared sensor was also included in the developed LabVIEW® program. 
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4.2.1.1 Infrared radiation source 

The sensor used a mid-infrared light emitting diode (LED) (Lms46LED-TEM-R, LED 

Microsensor NT, LLC, Saint-Petersburg, Russia) as the infrared radiation source. The LED had a 

typical peak emission spectrum wavelength at 4.45 µm and a typical spectral bandwidth about 0.9 

µm (full width at half maximum, FWHM). The actual emission spectrum of the LED was greatly 

influenced by its internal temperature and driving current (Fig.4-2). 

(a) (b)Emission Spectrum at Different Current 

(qCW, T=300K)

Emission Spectrum at Different Temperature 

(qCW, I=150mA)

 

Fig.4-2 Illustration of the LED emission spectrum with different driving currents (a) and under 

different temperatures (b) in quasi continuous wave (qCW) mode (Graphs adopted from the 

LED’s specification document. LED was set at the quasi continuous wave mode). 

 

However, the data shown in Fig.4-2 was obtained in the quasi continuous wave (qCW) mode, 

which had an inferior output radiation power. The maximum LED’s output power was obtained 

when the LED was operated under a pulse mode. Therefore, it was necessary to determine the 

temperature and driving current of the LED in the pulse mode to obtain a highest, stable output 

power. 

The LED included a thermoelectric cooler and a temperature sensor for LED temperature control 

as well as a parabolic reflector to form a collimated light beam. A LED thermoelectric cooling 
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(TEC) controller (TEC controller, LED Microsensor NT, LLC, Saint-Petersburg, Russia) was 

used to provide the LED’s p-n junction temperature control.  

A LED driver board (D-41, LED Microsensor NT, LLC, Saint-Petersburg, Russia) was used to 

power the LED. The LED driver was designed by the manufacturer to operate the LED in a pulse 

mode, thus the emitted infrared radiation from the LED would be a series of pulses with a fixed 

pulse width (Fig.4-3a). The pulse frequency and pulse width were controlled by the jumpers on 

the LED driver board. The amplitude of the pulse was determined by the selected LED driving 

current from the LED driver. However, the heat generated during the LED operation limited the 

combination of LED driving current, pulse frequency, and pulse width (Fig.4-3b).  

LED Emission Pattern in Pulse Mode

Pulse Period: 

1.95,0.488,0.122,0.061ms

Pulse Width: 

2,5,10,20µs

(b)(a)

Amplitude 

of Pulses

 

Fig.4-3 Illustration of the LED’s emission pattern in time domain: a) LED emission pattern 

demonstration (The pulse period is the reciprocal of pulse frequency); b) allowable combinations 

of LED driving current, pulse frequency, pulse width from the manual of the LED driver (Graphs 

adopted from the LED’s specification document). 

 

4.2.1.2 Infrared photodetector 

A photovoltaic photodiode (PVI-4TE-5, VIGO System S.A., Ozarow Mazowiecki, Poland) was 

selected as the photodetector of the MIR CO sensor. The photodiode was attached with a 

programmable preamplifier (PIP-DC-20M-F-M4, VIGO System S.A., Ozarow Mazowiecki, 
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Poland). A thermoelectric cooling (TEC) unit (PTCC-01-BAS, VIGO System S.A., Ozarow 

Mazowiecki, Poland) was used to provide the temperature control (around 196K) function for the 

photodiode. The working condition of the photodiode and the parameters of preamplifier were 

controlled by a preamplifier management software (SmartManager, VIGO System S.A., Ozarow 

Mazowiecki, Poland). 

The selected photodiode had a typical peak detectivity of 2.0E+11�6% ∙ √�h/i) at 5 µm 

wavelength. The typical spectral response bandwidth (in FWHM) was about 2.1 µm; thus the 

photodiode had a strong response to infrared radiation in the spectral range between 4 µm and 6 

µm. Therefore, a narrow passband infrared filter (INBP4800, Electro Optical Components Inc., 

Santa Rosa, CA, USA) was used to block the infrared radiation outside the spectral range 

assigned for CO measurements. The filter was preferred to be transparent for the infrared 

radiation located in the spectral range between 4.7 µm and 4.9 µm, which would not have 

interference issue from CO2. The spectral characteristics of the selected filter were presented 

along with the actual CO fundamental infrared absorption band obtained from previous Fourier 

transform infrared spectroscopy (FTIR) experiment (Fig.4-4). The filter had a typical central 

wavelength of 4.8 µm and a passband width (in FWHM) of 0.25 µm. The minimal transmittance 

of the filter in the passband was 85%. The typical transmittance of the filter in the stopband was 

smaller than 1%.  
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Fig.4-4 Illustration of the CO fundamental infrared absorption band (from FTIR experiment data 

shown as Fig.3-2) and the spectral characteristics of the selected infrared bandpass filter. 

 

4.2.1.3 Optical path design 

The MIR CO sensor was designed without collimating lens. Therefore, the position arrangement 

of the LED and photodetector was determined by the converging lens’ parameters (Fig.4-5). 

R1

φ

R2

γ 

f

LED
Converging lens

PhotodetectorL

 

Fig.4-5 Simplified illustration of the optical path design of the developed MIR CO sensor (	&: 

LED’s beam radius; 	: beam diameter at the focus point; 8: maximum distance between the 

converging lens and the LED; j: half value of the LED beam divergence angle; k: focal length of 

converging lens; l: acceptance angle of photodetector). 
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The optical theory about a converging lens stated that the beam diameter was the smallest at the 

focus; thus the photodetector should be placed at the focus of the converging lens. The optical 

invariant stated the relationship between the optical parameters of the LED and the photodetector 

optical parameters as: 

	 = kj (4.1) 

l = 	& k⁄  (4.2) 

where 	 was the beam diameter at the focus , k (mm) was the focal length of the lens and j was 

the half value of the LED beam divergence angle. The LED had a typical beam divergence angle 

at about 10°, thus j was around 5°. l was the acceptance angle of photodetector, which was the 

maximal deviation angle of the radiation from the optical axis that could be received by the 

photodetector (which was 18° according to its specification). 	& was the LED’s beam radius, 

which was obtained from the radius of the LED’s reflector (was 7.5 mm according to LED’s 

specification). 

Equation 4.1 and 4.2 were used to estimate the focal length of the converging lens and the 

available position for the LED. The radius of the converging lens was determined by the LED 

position and the size limitation of the infrared sensor. The size limitation of the selected cage 

system determined the maximal radius m of the converging lens was 12.7 mm. The maximum 

distance 8n (mm) between the converging lens and the LED was calculated as: 

8n = �m − 	&� j⁄  (4.3) 

The maximum distance 8n was calculated from Equaiton.4.3 as 60 mm, which was obtained 

when the maximal radius m and beam divergence angle j were used. Therefore, a stainless steel, 

transmission gas cell with 50 mm pathlength and 38mm window diameter (164-2500, PIKE 

Technologies, Inc., Madison, WI, USA) was selected based on above calculation on maximum 
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distance 8n. A plano-convex lens (88-163, Edmund Optics Inc., Barrington, NJ, USA) with a 

focal length of 35 mm and a diameter of 25.4 mm was selected for as the converging lens. The 

lens’ beam pattern matched with the acceptance angle of photodetector. The minimal 

transmittance of the plano-convex lens was 90%.  

The design of the MIR sensor was simpler than the typical NDIR sensors (Silver and Chen, 

2006). The developed optical design didn’t have the reference channel to provide the real-time 

feedback on the initial output power of the infrared source (Jacobs et al., 1959). The initial output 

power of the LED was obtained by measuring background signal strength (when gas cell filled 

with nitrogen or air) before and after the CO measurements.  

4.2.1.4 Data acquisition system and signal processing 

The DAQ system was primarily used to control the LED’s temperature and collect the 

preamplifier output signal. It was also used to collect the values of some parameters, such as the 

temperature or the pressure of the gas sample in the gas cell, for the calibration of the MIR CO 

sensor. The detailed description of the DAQ system was provided in Section 6.2.1. 

Meanwhile, the preamplifier output (PO) signal required signal processing procedures to be 

converted to the corresponding gas phase CO concentration. The PO signal was directly related to 

the intensity of the infrared radiation received at the photodetector. Since the MIR CO sensor 

didn’t have the reference channel to measure the intensity of the emitted infrared radiation from 

the infrared radiation source (Silver and Chen, 2006), additional procedure was required to 

calculate the infrared absorbance from the PO signal. The infrared absorbance would be used to 

calculate the CO concentration in gas phase based on the results from the sensor’s calibration. 

A signal enhancement method was also required for the PO signal as the MIR LED had only an 

output power of several hundred milliwatt (mW) in the pulsed mode (Abell et al., 2014; 

Fanchenko et al., 2016). Since the driving mode of the LED naturally modulated the LED’s 
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infrared emission, a lock-in amplifier was used as the primary signal enhancement method 

(Scofield, 1994).  The details of signal processing for the PO signal were provided in Chapter 6. 

 

4.2.2 MIR CO sensor experiment setup 

4.2.2.1 Parameter determination of the MIR CO sensor 

The settings of the preamplifier and the LED need to be determined before further tests of the 

MIR CO sensor. Because there was no detailed reference document for these settings, tests were 

designed to determine the parameters by analyzing the preamplifier output (PO) signal. The 

objective of these tests was to find the best preamplifier and LED settings to obtain a stable PO 

signal with a highest possible strength. 

1. System setup 

The developed MIR sensor was to be tested with different gas samples, such as air, nitrogen (N2), 

and CO. Therefore, a simple test setup was established to transport the N2 and CO to the gas cell 

of the MIR CO sensor (Fig.4-6). 
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Fig.4-6. Schematic diagram of the parameter determination test setup (blue dashed lines indicated 

the main body of the MIR CO sensor). 
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The gas samples were prepared and stored in 250 mL serum bottles beforehand in the laboratory. 

The samples inside the serum bottles were pressurized to 20 psig before the test. The pressure 

was used to flush and fill the gas cell with the desired gas samples. The gas cell was vacuumed to 

-25 inHg before the filling to remove the remaining gas inside the gas cell. When air was used as 

a gas sample, the serum bottle was removed from the setup and the vacuum pump was used to fill 

the gas cell with air. 

The prepared gas samples included pure N2 and CO/N2 mixtures. The concentrations �� (mol/L) 

of CO in the mixture samples were calculated based on the idea gas law as shown in Equation 

4.4: 

�� = D� = Y�W[ + WC�	A  (4.4) 

in which D was the amount of CO molecules (mol), � was the volume of the gas cell (L). Y was 

the molar percentage of CO in the gas samples, W[ was the pressure of the gas sample (psig) and 

WC was the ambient atmosphere pressure (psi). 	 was the ideal law gas constant (8.3144L·kPa·K-

1·mol-1) and A was the temperature of the gas sample (K). 

An oscilloscope (MSO8104a, Agilent, Santa Clara, CA, USA) was used to examine the amplitude 

of the PO signal. The sampling rate of the oscilloscope was set to 1 billion sample per second 

(GS/s) and the built-in oscilloscope signal measurement function was used to measure the 

amplitude. The PO signal was also collected with the DAQ system to examine its waveform. 

The alignment of the infrared sensor was performed before the test to place the LED and the 

photodetector in their optimal positions. The alignment included the orientation of the LED and 

the axial position of the photodetector. The LED was installed in a kinetic mount (KC1, Thorlabs 

Inc., Newton, NJ, USA) in the cage system. The orientation was adjusted by changing the 

direction of the kinetic mount. The position of the photodetector was adjusted by sliding the 
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photodetector and the preamplifier along the rods of the system in order to place the 

photodetector in the focus of the converging lens. The amplitude measurement from the 

oscilloscope was used as the criterion to determine if the alignment of the LED and photodetector 

was correct. The position with the highest PO signal amplitude should be the appropriate 

alignment. 

2. System tests  

A. Photodetector/Preamplifier test 

The objective of the photodetector/preamplifier test was to find the appropriate settings of the 

preamplifier. The frequency bandwidth and the gain were the two major parameters to be 

determined. Above settings were controlled through a manufacturer provided preamplifier control 

software (SmartManager, VIGO System S.A., Ozarow Mazowiecki, Poland). The photodetector 

itself was cooled to 196K during the operation by the controller and other parameters of the 

photodetector were preset by the manufacturer. 

The frequency bandwidth of the preamplifier affect the preamplifier response time and the noise 

in the PO signal (Boreman, 2001; Hall et al., 1975). The frequency bandwidth of the 

preamplifier ∆k is the reciprocal of response time �[ as shown in Equation 4.5 (Boreman, 2001). 

The coefficient � is determined by different preamplifier or detector settings (Eppeldauer and 

Martin, 2001; Hall et al., 1975). An estimation of � was given at 0.35 by the manufacturer of the 

photodetector. 

∆k = � �[⁄  (4.5) 

The frequency bandwidth ∆k along with the detection area �, and the normalized detectivity of 

photodetector I∗ decide the noise equivalent power (NEP) of combination of photodetector and 

preamplifier as shown in Equation 4.6 (Boreman, 2001; Crawford, 1998). Noise equivalent power 
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is defined as the signal have a signal-to-noise ratio of one (Kp	 = 1), which is usually used to 

describe the minimal detectable optical power (Hall et al., 1975). 

p�W = √� ∙ q∆kI∗  
(4.6) 

The preamplifier gain r = r&r was determined by the 1st stage transimpedance amplifier gain 

r& and the 2nd stage amplifier gain r (preamplifier gain in the software) in the preamplifier. The 

photodetector was operated at photovoltaic mode, thus a transimpedance amplifier was required 

to transfer the current output signal to a voltage output signal. The gain of the transimpedance 

amplifier was determined by its transimpedance resistance. For both the 1st and 2nd stage 

amplifiers, the gain could not be infinitely large due to the gain-bandwidth product of the 

amplifiers was a fixed value. 

A high preamplifier gain resulted in a higher PO signal amplitude, but it would increase the 

response time of the preamplifier by lowering the bandwidth (Eq.4.5), which was shown in a 

form of waveform distortions. Thus, the preamplifier might be too slow to respond the fast 

changing signal. The high gain’s negative effect on the frequency bandwidth of the amplifiers 

was also considered in the selection of the 1st and 2nd amplifiers’ gain. Therefore, the 

photodiode/preamplifier test was designed to find the optimal gain settings (1st stage 

transimpedance amplifier resistance and the 2nd stage amplifier gain) to provide a PO signal with 

highest possible amplitude and free of waveform distortion.  

The mid-infrared LED was set with a LED driving current of 0.6A, a pulse frequency of 512 Hz, 

a pulse width of 10 µs, and a LED operating temperature 20 °C during the test. The PO signal was 

monitored by the high-speed oscilloscope (MSO8104a), which was capable of a maximum 4 GS/s 

sampling rate and had a precise signal measurement function. The oscilloscope was set at DC 

coupling during the test and an average of 256 data points were used in the signal measurements. 
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A sampling rate of 1 GS/s was used in the test. The effect of the different preamplifier settings 

was compared based on oscilloscope’s measurements on the PO signal amplitude and waveform. 

B. LED test 

After the settings of the preamplifier was determined, the LED was tested with the objective to 

maximize the intensity of its emitted infrared radiation while keeping the LED’s temperature 

stable. The LED had four parameters to be determined: LED operating temperature, driving 

current, pulse frequency, and pulse width. The LED operating temperature was known to affect 

the LED’s infrared radiation intensity (Fig.4-2b). Meanwhile, the LED driving current directly 

determined the intensity of the emitted infrared radiation from the LED (Fig.4-2a).  

The pulse frequency and pulse width did not affect the intensity of the emitted infrared radiation, 

but they determined to the output power of the LED as they defined the duty cycle of the LED. 

When a lock-in amplifier was used, the pulse frequency and pulse width were also related to the 

strength of the lock-in amplifier output signal (Scofield, 1994). A combination of high LED 

driving current, high pulse frequency and wide pulse width theoretically generated the largest 

LED output power. However, the generated heat during the LED operation limited the selection 

of combinations (Fig.4-3b). 

Thus, the test on the LED included three parts: i. Test of the LED driving current; ii. Test of the 

LED operating temperature; iii. Test of the LED driving settings (driving current, pulse frequency 

and pulse frequency). The designed gas sample delivery system was used to fill the gas cell with 

different gas samples (Fig.4-6). Three types of gas samples were used in the test: air, pure N2, and 

N2/CO mixture. 

The PO signal was collected with the DAQ system to record its waveform for time domain and 

frequency domain analysis. The sampling rate of the DAQ system was selected as 2MS/s. A total 

of 20 million data points (10 seconds length) were collected for each measurement to have a 
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better understanding of the characteristics of the PO signal. For the test i on the LED driving 

current, the high-speed oscilloscope (MSO8104a) was used to examine the PO signal. 

A derivative method was used to calculate the amplitude of the PO signal. The method used the 

derivatives between data points to locate the position of the pulse and to calculate the amplitude. 

The calculated amplitude of the PO signal was the average of all the located pulses. For the 

discrete PO signal, the derivative Gs�t� of the tth data point G�t� was obtained as the difference 

between the tth and t + 1th data points: 

Gs�t� = G�t + 1� − G�t� (4.7) 

The derivative Gs�t� was used to determine the start and the end of a pulse. A large positive 

derivative indicated the start of a pulse while a large negative derivative indicated the end of a 

pulse (Fig.4-7). A threshold was used to find these large derivatives to locate the pulses. 

i. LED driving current test 

The LED driver provided five levels of driving current: 0.2 A, 0.6 A, 1 A, 1.5 A, and 1.9 A, 

which could be selected by a jumper on the driver. All of these current settings were tested since 

there was no instruction on the behavior of the LED under these settings. Air samples were used 

in the test. The LED operating temperature was controlled at 20 °C. The pulse frequency was 

selected as 512 Hz while the pulse width was 2 µs. 
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(a)

(b)

 

Fig.4-7 Demonstration of the derivative method to locate the pulses in the PO signal: a) original 

PO signal; b) calculated derivative (A duration of 2 ms of PO signal was shown in the graph. The 

LED setting (driving current, pulse frequency, and pulse width) was 0.6 A, 2 kHz, and 20 µs). 
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ii. LED operating temperature test 

The LED operating temperature test examined the PO signal’s amplitude with different gas 

samples at different temperatures. Air, N2, and N2/CO mixture samples were used in the test. Four 

operating temperature were tested: -10 °C, 0 °C, 10 °C, and 20 °C. The LED was set with a LED 

driving current of 0.6 A, a pulse frequency of 512 Hz, and a pulse width of 10 µs. The described 

derivative method was used to calculate the amplitude of the PO signal. 

iii. LED driving settings test 

The LED driving settings test used air as the gas sample. The LED operating temperature was set 

at 20 °C. Four LED driving settings were evaluated in the test to provide the data for the design 

of a lock-in amplifier (Table.4-1). Above settings were selected based on the allowable 

combination graph (Fig.4-3b). A pulse frequency of 16 kHz was not selected as it was known that 

the LED did not have a stable temperature under this frequency from the preliminary test on the 

LED. A Fast Fourier Transform (FFT) method was used to analyze the PO signals to evaluate 

their frequency characteristics. 

Table.4-1 List of the LED driving settings tested for lock-in amplifier design 

Setting 
No. 

LED Settings 
LED Driving 
Current (A) 

LED Pulse 
Frequency (kHz) 

LED Pulse 
Width (µs) 

1 0.2 8 20 
2 0.6 2 20 
3 0.6 8 5 
4 1.5 2 10 

 

 

4.2.2.2 Calibration of the MIR CO sensor  

1. Experimental setup 
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The developed MIR CO sensor was calibrated to obtain its response curve. A calibration 

experiment was performed using two types of calibration gases (34LS-49, Cal Gas Direct, Inc., 

Huntington Beach, CA, USA) with verified CO molar percentages of 0.1005% and 0.4950% 

(balance with N2), respectively. The calibration gases were named as CalGas1 (0.1005% CO) and 

CalGas2 (0.4950% CO) in this dissertation. Different CO concentrations in the gas cell were 

obtained by adjusting the pressure of the calibration gases. A pressure transducer (PX509-

050GC2IS, Omega, Norwalk, CT, USA) was used to measure the pressure of the calibration 

gases in the gas cell. A type-T thermocouple was attached to the stainless steel gas cell to 

measure the gas temperature. The atmosphere pressure was recorded from a pressure gauge 

installed in the laboratory.  
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Fig.4-8 Schematic diagram of the MIR CO sensor calibration experimental setup 

 

The settings of LED, preamplifier, and lock-in amplifier in the MIR CO sensor were determined 

and listed as follows: 

a. LED settings: operating temperature: 20 °C; LED driving current: 0.6 A; pulse 

frequency: 2 kHz; pulse width: 20 µs; 
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b. Preamplifier: 1st stage transimpedance: High (5 kΩ); Coupling mode: AC; Frequency 

bandwidth: Low (150 kHz); Preamplifier (2nd stage amplifier) gain: 124 (approximate to 

37.5 V/V); 

c. Lock-in amplifier: Reference frequency: 8192Hz; Lowpass filter: three-order Butterworth 

filter with a cutoff frequency of 2Hz. 

Gas samples with different CO concentrations were obtained by filling the gas cell with 

calibration gas between 0 and 50 psig. An approximate 10 psig pressure interval was designed 

between adjacent pressure levels. The gas cell was pressurized to 50 psig firstly, then the pressure 

was gradually decreased to 5 psig by releasing syngas to obtain a series of gas samples with 

descending CO concentrations. The gas cell was pressurized to 50 psig again to obtain a series of 

gas samples with ascending CO concentrations. Above sample preparation method was designed 

to test if the MIR CO sensor had a hysteresis error. Each calibration gas was used three times in 

the calibration to generate three independence sets of gas samples. A total of 32 data points were 

obtained for each calibration gas.  

Validation tests were performed after the calibration to evaluate the accuracy of the obtained 

calibration model. The first validation test was performed immediately after the calibration model 

was obtained. The second validation test was performed about six months after the initial 

calibration to evaluate the long-term stability of the MIR CO sensor. A set of known 

concentration of CO samples was prepared  and measured by the MIR CO sensor in the validation 

tests. The CO samples with different concentrations were prepared with the same method as the 

calibration experimental setup; however, the gas samples were only prepared with a descending 

CO concentrations. The differences between the measured CO concentration and prepared CO 

concentration were compared.  

The calibration of the MIR CO sensor included following steps: 
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a. The gas cell of the MIR CO sensor was vacuumed to -25 inHg with a manual vacuum 

pump. Then the cell was purged with N2 for two minutes. An infrared measurement was 

performed on the N2 sample to obtain the pre-measurement infrared emission intensity of 

the LED; 

b. The gas cell was vacuumed to -25 inHg and purged with the calibration gas three times 

by pressurizing the cell to 50 psig then releasing the pressure to 0 psig. The cell was 

pressurized to 50 psig with the desired calibration gas after the purge. The pressure in the 

gas cell was decreased to 5 psig and increased to 50 psig again to obtain gas samples with 

descending and ascending CO concentrations. Infrared measurements were performed to 

obtain the transmitted infrared radiation intensity passing through the gas samples. 

c. After all gas samples were measured, the gas cell was vacuumed (to -25inHg) and purged 

with N2 for two minutes. An infrared measurement was performed to obtain the after-

measurement infrared emission intensity. The two measurements on N2 were used to 

estimate the original infrared radiation intensity used for infrared absorbance calculation.  

d. The infrared absorbance was calculated from the transmitted infrared radiation intensity 

and the infrared emission intensity of the LED. A linear regression analysis was 

performed to set up a calibration model between CO concentrations and the infrared 

absorbance, which was used as the response of the MIR CO sensor. The detailed 

calculation process was described in Section 6.2.3.  

2. Data processing 

The prepared CO concentration �� (mg/L) in the gas samples was calculated using Equation 4.4. 

The measured CO concentration �n (mg/L) for each gas sample was obtained through the 

validation tests. 
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An absolute percentage error and a root-mean-square (RMS) error were used to evaluate the 

measurement accuracy of the MIR CO sensor. The absolute percentage error �Cu was used to 

compare the difference between the measured �n and prepared �� CO concentration: 

�Cu = |1 − �n ��⁄ | × 100% (4.8) 

A mean absolute percentage error (MAPE) �OCu and corresponding standard deviation were 

calculated for each calibration gases in the two validation tests. 

A root-mean-square error (RMSE) �ynz was calculated to evaluate the measurement accuracy 

over all the data points. It was obtained by calculating the distance between the measured and the 

prepared CO concentration as Equation 4.9: 

�ynz = �∑ ��n − ���{|T& p  (4.9) 

in which p was the number of the data points. 

 

4.3. Results and Discussions 

4.3.1 Parameter of the MIR CO sensor 

4.3.1.1 Photodetector/Preamplifier settings 

The parameters of the preamplifier were determined as following: 

a. 1st stage transimpedance resistance: High (5 kΩ); 

b. Frequency bandwidth: Low (150 kHz); 

c. Preamplifier gain: 124 (approximate to 37.5 V/V). 
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Due to the limitation made by the manufacturer of the preamplifier, the 1st transimpedance 

resistance could only be selected as High (5 kΩ) or Low (1 kΩ) and the smallest frequency 

bandwidth was 150 kHz. The measurement on the PO signal showed that above settings had the 

highest PO signal amplitude. The waveform analysis did not find a distorted waveform with the 

selected bandwidth setting, which suggested the photodetector and the preamplifier were fast 

enough for this application. 

 

Fig.4-9. Screenshot of the preamplifier setting software with the selected preamplifier settings 

(shown in red blocks). 

4.3.1.2 LED settings 

1. LED driving current test 

The result of the LED driving current test showed that ripples appeared in the PO signal when the 

current was set at 1.0 A and above (Fig.4-10). The ripples greatly affected the measurement of the 

amplitude of the PO signal. To verify the ripples were not generated by the DAQ system, an 
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oscilloscope was directly connected to the preamplifier to monitor the signal. The signal collected 

with the oscilloscope also had the ripples when the current was set higher than 1.0A. 

A further examination was performed to evaluate the effect of different pulse frequency and pulse 

width (Table.4-2). It might be possible that the ripples would disappear with a different pulse 

frequency and/or pulse width. The results showed that the PO signal still had the ripples when the 

pulse frequency or pulse width was changed (Fig.4-11). Therefore, the LED driving current was 

selected as 0.6A since it would not generate the ripples in the PO signal. 

Table.4-2 List of the LED driving settings tested for additional LED driving current evaluation 

Setting 
No. 

LED Settings 
LED Driving 
Current (A) 

LED Pulse 
Frequency (kHz) 

LED Pulse 
Width (µs) 

1 1.0 0.512 10 
2 1.0 2 2 
3 1.0 2 5 
4 1.0 8 2 
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Fig.4-10 Illustration of the PO signal collected with the DAQ system at different LED driving 

current (LED pulse frequency: 512 Hz; Pulse width: 2µs) 
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Fig.4-11 Illustration of the PO signal collected with the DAQ system at different LED settings 

(shown in Table.4-2). 

 

2. LED operating temperature test 

The results of the LED operating temperature test showed that the amplitude of the PO signal was 

the highest when the LED was operated at -10 °C (Table.4-3). However, the heat generated from 

the LED made it difficult to maintain the -10 °C setting for an extended time with the MIR CO 

sensor placed at room temperature (21 °C ± 2 °C).  A cooling fan was added to the MIR CO 

sensor to improve the heat dissipation of the LED. 
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The measurements of the PO signal amplitude were found to be strongly affected by the instable 

LED temperature, which had a negative effect on the stability of the sensor measurement. Since 

the measured amplitude had a maximal difference less than 20% between the -10 °C setting and 

20 °C setting, the improvement of the LED output power from a lower operation temperature did 

not justify the consequent poor measurement stability. Therefore, it was decided to set the LED 

operation temperature at 20 °C.  

Table.4-3 List of average amplitude calculation of the PO signal at different LED temperature set 

points 

LED 
Temperature Set 

Points (°C) 

Average Amplitude of Signal (mV) 
Gas Samples 

Air N2 
N2/CO 
Mix1  

N2/CO 
Mix2 

-10 
58.2061 
(0.5313) 

59.9182 
(0.5468) 

45.1910 
(0.5382) 

49.1301 
(0.4949) 

0 
54.7775 
(0.5110) 

58.1923 
(0.4255) 

44.5451 
(0.4703) 

48.3855 
(0.4758) 

10 
50.5762 
(0.5418) 

56.7302 
(0.4914) 

43.3080 
(0.5068) 

46.9369 
(0.5129) 

20 
48.0382 
(0.4692) 

53.4801 
(0.4780) 

41.2175 
(0.4622) 

44.6457 
(0.4686) 

*Standard deviation of measurement was shown in the parenthesis. CO concentration in N2/CO 

Mix1 sample: 115.1 mg/L; CO concentration in N2/CO Mix2 sample: 77.7 mg/L. 

 

3. LED driving settings test 

The PO signal was a periodic pulse signal, so it could be decomposed by a Fourier Series 

Expansion to a weighed sum of several sinusoidal components at discrete frequencies (%k, % =
1,2,3,∙∙∙), which was the integer times of the pulse frequency k (Hz) (Smith, 1999). The theory of 

the lock-in amplifier suggested that the amplitude of the sinusoidal component would determine 

the strength of the output signal of the lock-in amplifier (Section 6.2.2.2). The amplitude of these 
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sinusoidal components could be calculated by frequency domain (FFT) analysis of the PO signal. 

Therefore, a FFT analysis was performed to measure the peak amplitude of the PO signal at each 

LED driving settings. 

The results showed that the No.1 setting in Table.4-4 had the highest peak amplitude. Meanwhile, 

the calculated amplitudes from No.2 and No.3 settings were 31% and 37%, respectively, smaller 

than No.1 settings. The No.4 setting, which used a LED current of 1.5 A, had unfavorable small 

peaks around the sinusoidal components from the previous discovered ripples (Fig.4-13).  

The comparison of the No.1, No.2, and No.3 settings in time domain indicated that a 0.2 A 

current might had a pulse amplitude too small (nearly one-third of that under 0.6 A) for time 

domain amplitude measurement (Fig.4-14). Meanwhile, the short pulse width in setting No.3 

might be problematic for the data acquisition. Because the DAQ system only had a maximum 

sampling rate of 2MS/s, a 5 µs pulse width would result in only 10 data points collected per 

pulse. Thus, the No.2 setting was selected. 

Table.4-4 List of the LED settings and the peak amplitude in 0-20 kHz frequency range 

No. LED Driving 
Settings 

Peak Amplitude in 0-20 
kHz Frequency Range 

Difference (%) 

1 0.2 A, 8 kHz, 20 µs 3.394E-3 0 
2 0.6 A, 2 kHz, 20 µs 2.332E-3 -31% 
3 0.6 A, 8 kHz, 5 µs 2.149E-3 -37% 
4 1.5 A, 2 kHz, 10 µs 1.571E-3 -54% 
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Fig.4-12 Spectral analyses (in 0-20 kHz frequency range) of the PO signal under different LED 

settings described in Table.4-4 (Peak amplitude was measured with MATLAB® software as the 

markings in the figures, where X represented the frequency (Hz) and Y represented the measured 

peak amplitude). 



91 

 

 

Fig.4-13 Time domain (in 200 ms) and frequency domain (in 0-20 kHz frequency range) analyses 

of the PO signal generated with a LED setting (No.4) of 1.5 A, 2 kHz, 10 µs. 

 

Fig.4-14 Comparison of the PO signal generated with LED current set at 0.2 A (No.1 setting) and 

0.6 A (No.3 setting) in time domain (in 10 ms). 
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4.3.2 MIR CO sensor calibration 

The calibration of the developed MIR CO sensor used gas samples with a CO concentration 

ranged from 1.26 mg/L to 24.80 mg/L. In total, 33 gas samples were prepared at different 

pressures from the two type of calibration gases, CalGas1 and CalGas2, respectively. The 

obtained infrared absorbance and the corresponding prepared CO concentration for each gas 

sample were shown in Fig.4-15. The infrared absorbance was calculated based on the procedures 

described in Section 6.2.3. The prepared CO concentration was calculated using Equation 4.4. A 

regression analysis was performed to obtain a calibration model between the infrared absorbance 

� and the CO concentration �� in gas phase: 

� = 0.0019974�� + 0.00022867, 	 = 0.9971 (4.10) 

The obtained model provided a sensitivity of 1.9974E-3 (infrared absorbance) per 1 mg/L of CO 

(gas phase).  

The results of the two validation tests were shown in Fig.4-16. The prepared and measured CO 

concentrations of the gas samples were displayed as the x-axis and y-axis, respectively. The 

examination of the validation tests showed that the data obtained from the 1st test had a tendency 

of underestimation at lower CO concentrations and overestimation at higher CO concentrations. 

The examination of the raw data showed that the after-measurement infrared emission intensity 

was slightly higher (less than 0.5%) than the pre-measurement infrared emission intensity. 

Because the average of these two intensities was used as the infrared emission intensity of the 

LED in the infrared absorbance calculation (shown in Section 6.2.3). The samples measured at 

the beginning of the test (with higher CO concentrations) would have a higher than actual 

infrared absorbance while the samples measured at the end of the test (with lower concentrations) 

would have a lower one. Therefore, the sensor underestimated the samples with lower 
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concentrations and overestimated the samples with higher ones. This problem could be partially 

solved by controlling the LED warm-up time (one to two minutes) as performed in the 2nd test. 

 

Fig.4-15 Calibration test results of the MIR CO sensor (Data from CalGas1 (0.1005% CO, 

balance with N2) were shown in “o” markers. Data from CalGas2 (0.4950% CO, balance with N2) 

were shown in “+” markers). 

 

The prepared CO concentrations in the 1st validation test were in the range of 1.88-4.73 mg/L for 

CalGas1 and 5.94-23.35 mg/L for CalGas2. The prepared CO concentrations in the 2nd test were 

1.38-4.95 mg/L and 6.21-24.43 mg/L for CalGas1 and CalGas2, respectively. 

The MAPE and the RMSE for individual validation test were shown in Table.4-5. The MAPE 

and RMSE for all the data points in the two tests were 5.67% (standard deviation: 7.06%) and 

0.47 mg/L, respectively. 
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Table.4-5 Calculation of the MAPE and RMSE for the validation tests 

No. Calibration 
Gas 

1st Validation Test  2nd Validation Test 
MAPE MAPE 

S.D. 
Test 

RMSE 
MAPE MAPE S.D. Test 

RMSE 
1 CalGas1 4.76% 5.10% 

0.28mg/L 
15.71% 11.37% 

0.61mg/L 
2 CalGas2 2.12% 2.07% 4.10% 2.52% 

*S.D. was the abbreviation of standard deviation; MAPE was the abbreviation of mean absolute 

percentage error; RMSE was the abbreviation of root-mean-square error. CalGas1: 0.1005% CO, 

balance with N2. CalGas2: 0.4950% CO, balance with N2. 

 

Fig.4-16 Validation tests results of the MIR CO sensor (T1 represented the 1st validation test, 

which was performed instantaneously after the calibration. T2 represented the 2nd validation test, 

which was performed six months after the calibration. Data from CalGas1 (0.1005% CO, balance 

with N2) were shown in “o” and “+” markers. Data from CalGas2 (0.4950% CO, balance with N2) 

were shown in “*” and “X” markers). 
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4.4. Conclusions 

A MIR CO sensor was designed and implemented with a MIR LED and a MIR photodetector. 

The parameters of the LED and the preamplifier were  adjusted based on the time domain and 

frequency domain (FFT) analysis on the preamplifier output signal. A calibration on the MIR CO 

sensor was performed to obtain its calibration model. Two validation tests were performed to 

evaluate the calibration model with gas samples at known CO concentrations. The results 

demonstrated that the MIR LED could be used as the infrared radiation source for MIR CO 

measurement. The developed MIR CO sensor could be applied as the CO sensing unit for the 

developed dissolved CO measurement system with a mean absolute percentage error of 5.67% 

and a root-mean-square error of 0.47 mg/L. 
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CHAPTER V 
 

 

DISSOLVED CARBON MONOXIDE MEASUREMENT EXPERIMENT 

 

Abstract 

The concentration of dissolved carbon monoxide (CO) in the syngas fermentation medium has a 

substantial influence on the fermentation process by regulating the activities of enzymes and 

microorganisms. Precise measurement and control of the dissolved CO concentration can 

improve the fermentation process efficiency and stability. A dissolved CO concentration 

measurement system was developed based on an indirect method, which measured the extracted, 

gas phase CO to determine the dissolved CO concentration. The dissolved CO in a liquid sample 

with known volume was extracted with a hollow fiber membrane contactor. The amount of 

extracted CO was measured by a MIR CO sensor and used to estimate the dissolved CO 

concentration. The performance of the developed dissolved CO measurement system was 

evaluated. The results demonstrated that the developed system could measure dissolved CO 

concentration with a maximal mean absolute percentage error of 6.18%. The measurement took 

20 minutes per sample, but could be reduced by further improvements on the gas extraction 

process. The system can be ultimately integrated with a fermenter controller to provide real-time 

measurement and control of dissolved CO concentrations during syngas fermentation. 
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Key words: Dissolved carbon monoxide, Hollow fiber membrane contactor, MIR CO sensor 

 

5.1 Introduction 

Dissolved carbon monoxide (CO) concentration is a vital parameter in syngas fermentation 

process. Microorganisms in fermentation medium utilize dissolved CO through the acetyl-CoA 

pathway to produce bioethanol or other bioproducts (Wilkins and Atiyeh, 2011). CO 

concentration greatly affected the conversion rate of other syngas components, namely hydrogen 

(H2) and CO2, by regulating the activities of enzymes and microorganisms (Devarapalli and 

Atiyeh, 2015). Appropriate dissolved CO concentration was important to improve the 

fermentation process efficiency and stability (Atiyeh et al., 2017). 

However, methods to measure dissolved CO concentration were scantly reported. Riggs and 

Heindel (2006) developed an optical method to measure the optical absorption spectra of CO-

myoglobin and to determine the dissolved CO concentration. Jang et al. (2018) measured the 

dissolved CO concentration by heating the fermentation medium samples to release CO and then 

measuring the released CO with a gas chromatography equipped with a thermal conductivity 

detector. Offline gas chromatography combined with fermenter gas mass transfer models was 

also used to estimate the dissolved CO concentration based on partial pressure of CO in fermenter 

headspace and the mass transfer of CO (Atiyeh et al., 2017). It was also possible to measure the 

dissolved CO concentration with the help of general, indirect dissolved gas measurement 

methods, such as gas stripping technique (Schelter et al., 2014) and static headspace equilibration 

method (Butler and Elkins, 1991). These general methods firstly separated the dissolved gases 

from liquid samples, then measured the extracted gases with gas chromatography or mass 

spectroscopy techniques. However, the research of syngas fermentation required a measurement 

method that could automatically measure the dissolved CO concentration in a timely manner to 
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optimize the fermentation process. None of abovementioned methods could meet the 

requirements in syngas fermentation application, such as sensor response time, chemical 

interference, and reversible measurement. Therefore, it is of great value to develop a new, real-

time system to measure the dissolved CO concentration in syngas fermentation process. 

Measurement of dissolved CO concentration in a syngas fermentation medium confronted many 

challenges, such as low CO solubility, low chemical reactivity of CO in room temperature, 

anaerobic fermentation environments, and interference from other chemicals, like H2 (hydrogen), 

CO2 (carbon dioxide), CH4 (methane), and alcohols. Review on available CO measurement 

methods showed that infrared method was the best method to measure CO at room temperature 

and in oxygen-free environment. The method also had the least interference from chemicals in the 

fermentation medium. 

Using infrared sensors for dissolved CO measurement had to overcome the challenge from the 

strong, broad water infrared absorption, which limited the penetration depth of infrared radiation 

to a few micrometers (Boulart et al., 2010; Downing and Williams, 1975). Schaden et al. (2004) 

reported a direct method to measure dissolved CO2 with a high power mid-infrared laser in a short 

optical pathlength (119 µm) transmission cell. However, this method was not feasible for 

dissolved CO measurement because CO has much lower solubility and weaker infrared 

absorption than CO2. Hence, an indirect method was selected to measure the dissolved CO 

concentration, which measured gas phase CO extracted from the fermentation medium to 

determine the dissolved CO concentration.  

The design of the dissolved CO measurement system was based on the evaluation of various 

dissolved gas detection methods, such as gas striping (Swinnerton et al., 1962), headspace 

equilibrium (B’Hymer, 2003), and liquid sample evaporation (Jang et al., 2018). Hydrophobic 

membrane was preferred because it would block liquid water into the extracted gases and was 
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easier to set up than the gas stripping or the headspace equilibrium technique. A hollow fiber 

membrane (HFM) contactor was selected due to its high efficiency in gas-liquid mass transfer 

(Gabelman and Hwang, 1999). The usage of HFMs improved the contact surface of the liquid 

sample and reduced the diffusion path length of dissolved gases (Peng et al., 2008). The contactor 

was superior to the widely used single-layer membrane gas extraction method for its better gas 

extraction efficiency at high liquid flow rate (Matsumoto et al., 2013). The applications with this 

type of contactors were recently reported in the detection of dissolved gases, such as N2, O2, CO2, 

CH4, Ar (Argon), and Xe (Xenon), in ground water with satisfactory results (Gonzalez-valencia et 

al., 2014; Loose et al., 2009; Matsumoto et al., 2013).  

The main objective of this research was to develop a dissolved CO measurement system which 

included a gas extraction system and the developed MIR CO sensor. The specific objectives 

included: 

1) To design a dissolved gas extraction system using a HFM contactor and find the suitable 

operation procedure for gas extraction; 

2) To design a dissolved CO measurement system with the dissolved gas extraction system 

and the developed MIR CO sensor; and 

3) To evaluate the performance of the dissolved CO measurement system. 

 

5.2 Materials and Methods 

5.2.1 Measurement system setup 

The dissolved CO measurement system was composed of a dissolved gas extraction system and a 

MIR CO sensor (Fig.5-1). The dissolved gas extraction system was designed to degas a liquid 
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sample with known volume and transport the extracted gases to the MIR CO sensor. The MIR 

CO sensor was used to measure the gas phase CO concentration of the extracted gas samples to 

estimate the total amount of dissolved CO in the liquid sample. The dissolved CO concentration 

was then calculated from the amount of the dissolved CO and the volume of liquid sample used in 

the gas extraction. 
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Fig.5-1 Illustration of the developed dissolved CO measurement system: a) schematic diagram of 

the designed system; b) assembled dissolved CO measurement system with the dissolved gas 

extraction system shown in the left and the MIR CO sensor in the right. 
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5.2.1.1 Dissolved gas extraction system 

The primary objective of the dissolved gas extraction system was to completely extract the 

dissolved gases from a liquid sample. The system used a HFM contactor to extract dissolved 

gases, a vacuum pump to establish vacuum in the contactor, and a peristaltic pump to circulate the 

liquid sample in the contactor. The system was designed to continuously circulate a known 

volume of liquid sample through the HFM contactor to extract dissolved gases. The vacuum was 

established inside the contactor to accelerate the degassing. The vacuum pump was also designed 

to transport the extracted gases to the MIR CO sensor. 

The core component of the dissolved gas extraction system was the HFM contactor (PDXMA-

2500, PermSelect, Ann Arbor, MI, USA). The contactor had a surface area of 2,500 cm2 with 

3,200 silicone membrane microfibers. The membrane fiber separated the contactor into two 

chambers, the lumen side chamber and the shell side chamber. The volumes of the two chambers 

were 21 mL and 26 mL, respectively. The lumen side chamber of the contactor was assigned to 

store the liquid sample because of its higher transmembrane pressure limit than that of the shell 

side. The shell side chamber contained the extracted gases and was connected to the MIR CO 

sensor through the vacuum pump. A digital pressure gauge (DPG5600B, Omega, Norwalk, CT, 

USA) was installed to the shell side chamber to monitor pressure changes during the gas 

extraction. 

The volume of the liquid sample was essential to calculate the dissolved CO concentration. 

However, the gas diffusion through the HFMs would always occur when there was a pressure 

difference between the two sides of the membrane. Thus, the dissolved gases in the liquid sample 

would diffuse through the membrane until an equilibrium was reached between the two sides of 

the membrane. This characteristic of the membrane made it impossible to precisely control the 

volume of liquid sample for degassing if the contactor was directly filled with liquid samples. The 
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liquid samples would release the dissolved gases through the filling process, which made it 

difficult to calculate the dissolved CO concentration. Therefore, a 100 mL glass bottle was 

introduced as a sample container to store a liquid sample with known volume for degassing. 

Meanwhile, the lumen side of the contactor was filled with gas-free water beforehand to avoid the 

loss of dissolved gases during the filling process. 

A diaphragm type vacuum pump (7011-0252, Gardner Denver Thomas, Inc., Sheboygan, WI, 

USA) was installed between the contactor and the MIR CO sensor to generate the required 

vacuum in the contactor. The inlet of the pump was connected to the shell side chamber while the 

outlet of the pump was connected to the inlet port of the gas cell of the MIR CO sensor. The 

vacuum pump was set at a flow rate of 7.5 L/min and a maximal vacuum of -900 mbar (-13.05 

psig, 85 torr in standard atmosphere pressure) at the inlet. Meanwhile, it could generate a 

maximal pressure of 2.3bar (33.36 psig) in its outlet. The pump was also used to transport the 

extracted gases to the MIR CO sensor by feeding the extracted gases into the gas cell of the 

sensor. The diaphragm structure of the pump prevented the backflow of the gases from high 

pressure side (the gas cell of the MIR CO sensor) to the low pressure side (the shell side chamber 

of the contactor). 

For testing purposes, a 500 mL glass bottle was used to prepare liquid samples with known 

dissolved CO concentration. The dissolved CO concentration was calculated from the headspace 

pressure in the 500 mL bottle and the liquid temperature based on the Henry’s law. A digital 

pressure gauge (DPG5600B, Omega, Norwalk, CT, USA) was used to measure the headspace 

pressure. A magnetic stirring bar was placed in the 500 mL bottle beforehand and a magnetic 

stirrer (200 Mini-Stirrer, VWR, Radnor, PA, USA) was used to agitate the liquid sample, which 

would shorten the time to reach an equilibrium between the gas phase and dissolved syngas. 
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A peristaltic pump (7523-30, Cole-Parmer, Vernon Hills, IL, USA) was installed at the outlet of 

the liquid sample container (the 100 mL glass bottle) to transport the liquid sample between 

different vessels. By controlling the pump flow direction, the liquid sample could be circulated 

between the 500 mL bottle and the sample container or between the sample container and the 

lumen side chamber at a desired flow rate. 

5.2.1.2 Mid-infrared CO sensor 

The developed MIR CO sensor was used to measure the gas phase CO concentration in the 

extracted gases. The details of the settings of the MIR CO sensor setup were described in Chapter 

4. The measurements of the CO concentration in the extracted gases were based on the calibration 

model (Eq.4.10) described in Section 4.3.2, which described the relationship between infrared 

absorbance and the gas phase CO concentration. The infrared absorbance of the gas sample was 

calculated from the attenuation of the infrared radiation intensity ∆9 and the infrared emission 

intensity of the LED 9:. The detailed calculation procedures for the infrared absorbance of the gas 

samples were discussed in Section 6.2.3. 

 

5.2.2 Dissolved CO measurement experimental setup 

5.2.2.1 Preliminary test setup 

A preliminary test was performed for the following purposes:  

1) To determine the volume �� (mL) of a liquid sample  and the volume �� (mL) of the gas 

cell for the calculation of the dissolved CO concentration; 

2) To develop the operating procedures of the gas extraction system to achieve the best gas 

extraction.    
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1. Volume measurement test 

The volume of the sensor gas cell �� (mL) was measured by connecting the gas cell with a bottle 

pressurized with nitrogen (Figure.5-2). The pressure inside the gas cell was set at atmosphere 

pressure beforehand. The volume calculation was based on the principle that the total amount of 

gas would not change when the two vessels were connected to each other:  

D& + D = D~ (5.1) 

where D& and D represented the amounts (in mole) of gas in the bottle and in the gas cell before 

the connection. D~ represented the total amount (in mole) of gas in the two vessels after the 

connection. According to the ideal gas law, the pressure W (psia) of certain amount D (in mole) of 

gas was determined by its volume � (mL) and temperature A (K): 

D = W�	A (5.2) 

in which 	 was the ideal gas law constant (8.3144L·kPa·K-1·mol-1). The temperature of the gas 

was maintained at around 23°C during the test. By substituting Equation 5.2 to Equation 5.1, the 

volume of the gas cell �� could be obtained as: 

�W& + WC��& + WC�� = �WC + W���& + ��� (5.3) 

where W& and �& were the initial pressure (psig) and the volume (mL) of the bottle respectively. 

W was the new stabilized pressure (psig) in the two vessels. WC was the recorded atmosphere 

pressure (psia) during the measurement. The volume �& of the bottle was measured with water for 

three times. Three different initial pressures W& (2.52 psig, 6.04 psig, and 9.43 psig) were used in 

the test to measure the volume of the gas cell ��.  

The volume �� (L) of the liquid sample inside the sample container was measured by filling the 

entire bottle and tubing with water. The volume of water inside the bottle was then measured with 
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a graduated cylinder. Three independent measurements were performed to measure the volume of 

the water. 
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Fig.5-2 Illustration of the experimental setup for measuring the volume of the gas cell of the MIR 

CO sensor. 

 

2. Dissolved gas extraction system test 

The test on the dissolved gas extraction system was designed to develop the appropriate operating 

procedures to achieve the best gas extraction. The primary factors related to the gas extraction 

included: 

1) The liquid sample flow rate; 

2) The time duration of the gas extraction; and 

3) The vacuum pump’s capability to transport extracted gases to the MIR CO sensor. 

The specification of the HFM contactor stated that its gas extraction efficiency was inversely 

proportional to the liquid sample flow rate. Matsumoto, et al. (2013) also reported that a slower 

liquid sample flow rate had better gas extraction efficiency. However, above conclusions were 
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obtained when the HFM contactors were installed in a flow-through system. In this research, the 

contactor was installed in a circulation system. The flow rate of liquid sample might have less 

impact on the gas extraction because the liquid samples would circulate in the HFM contactor for 

multiple times and alleviate the corresponding low gas extraction efficiency from a high flow 

rate. 

The time duration of the gas extraction process had a direct influence on the gas extraction ratio 

	�, which was calculated as the ratio between the measured �?X and prepared �?XZ� dissolved CO 

concentration:  

	� = �?X �?XZ�⁄  (5.4) 

The details of the calculation of dissolved CO concentrations were described in Section 6.2.3. 

The gas extraction ratio 	� was used to evaluate different extraction process settings. A longer 

gas extraction process should have a better gas extraction ratio as it increased the time duration of 

the degassing. However, it might have a negative effect on the capability of the vacuum pump to 

transport extracted gases to the MIR CO sensor. Because the vacuum pump was directly 

connected to the gas cell of the MIR CO sensor, a longer gas extraction process might generate a 

high backflow pressure for the vacuum pump when the extracted gas was accumulated in the gas 

cell. Thus, the high backflow pressure would affect the normal operation of the vacuum pump 

and impede the transport of the extracted gases. As a result, the amount of CO measured by the 

MIR CO sensor would be smaller than expected. 

Therefore, the test of the gas extraction system was performed to evaluate the effect of the liquid 

sample flow rate and the time duration of the gas extraction. A further test was performed to 

compare the obtained gas extraction ratio 	� between a single long gas extraction cycle and 

several short gas extraction cycles (total time durations of gas extraction were the same).  
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Liquid samples were prepared with an initial headspace syngas pressure of 5 psig for the most 

part of the test. A liquid sample with an initial syngas pressure of 10 psig was prepared for the 

test with multiple gas extraction cycles to evaluate the gas extraction ratio 	� at different 

dissolved gas concentrations. The detailed test contents were listed as follows: 

1) Compare the setting of the liquid sample flow rate at 50 mL/min (low setting) and 160 

mL/min (high setting), respectively, with a length of gas extraction of four minutes. 

2) Compare the effect of a single long-time gas extraction cycle and multiple short-time gas 

extraction cycles with a liquid sample flow rate of 60 mL/min. The single gas extraction 

cycle lasted ten minutes. Multiple short-time gas extraction cycles included three five-

minute extraction cycles. 

The details of the setup was described in Section 5.2.1. The operation steps of the developed 

dissolved CO measurement system were described as follows:  

1) The measurement system was purged with N2 (nitrogen) for two to three minutes before 

the test. Liquid samples with dissolved CO were prepared by introducing pressurized 

syngas to the container with CO-free water in the test. A total volume of 500 mL reverse 

osmosis (RO) water was used for each test and was injected to the 500 mL bottle before 

the pressurization. The lumen side chamber of the contactor and the 100 mL bottle were 

fully filled with RO water by the peristaltic pump before the introduction of syngas. After 

the vessels were filled with RO water, the Clamp #1, #2, #3, #4, and #5 were applied to 

isolate the three vessels (Fig.5-1a). The Clamp #6 would be closed for the whole test 

unless explicitly mentioned. 

2) The syngas used in the test contained 40% CO, 30% CO2, and 30% H2 in molar 

percentage. The headspace of 500 mL bottle and the RO water inside was purged with the 

syngas before pressurization for three minutes. The headspace of the 500 mL bottle was 
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pressurized to 5 psig after the purge. A magnetic stirrer was used to accelerate the 

establishment of equilibrium between gas phase and dissolved syngas in the bottle. It was 

assumed that an equilibrium between the gas phase and the dissolved syngas was 

achieved when the headspace pressure did not change in ten minutes. 

3) After the equilibrium was achieved, the liquid sample was mixed with RO water inside 

the sample container (the 100 mL bottle). The Clamp #1 and #2 was removed from the 

setup to allow the peristaltic pump to circulate the liquid sample in a counter-clockwise 

direction. The water was circulated (at 100 mL/min flow rate) between the 500 mL bottle 

and the sample container until a new equilibrium was established. The Clamp #1 and #2 

were applied after the new equilibrium was established. The liquid sample containing 

dissolved CO was stored in the sample container and ready for gas extraction. The Clamp 

#3, #4, and #5 were applied in the setup during this step to isolate the RO water inside the 

lumen side chamber of the HFM contactor from the liquid sample. 

4) The Clamp #3 and #4 was removed to allow the circulation of the liquid sample between 

the sample container and the lumen side chamber of the contactor with the peristaltic 

pump. The liquid flow was set at a clockwise direction and maintained during the entire 

extraction process. The liquid flow rate was set at the specific values based on the test 

contents. The Clamp #5 was applied to evaluate the natural diffusion of the dissolved 

gases, which was represented by the pressure change in the shell side chamber. When the 

pressure was stabilized, the Clamp #5 was removed and the Cell Inlet valve between 

infrared CO sensor and the vacuum pump was open.  

5) The vacuum pump was turned on to extract dissolved gases and to transport the extracted 

gases to the MIR CO sensor. When the desired gas extraction time duration was reached, 

the vacuum pump was turned off and the Cell Inlet valve was closed. The CO 
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concentration in the extracted gas sample was measured with the MIR CO sensor. The 

gas cell of the sensor was vacuumed to -25 inch of mercury (inHg) with a manual 

vacuum pump before the gas transportation. The MIR CO sensor was operated based on 

the settings described in Chapter 4. The original infrared radiation intensity was 

measured based on the method described in Section 6.2.3.  

6) The test with multiple gas extraction cycles had additional operations after step 5):  

i. The gas cell of the MIR CO sensor and the vacuum pump was temporally 

disconnected to vent the gas cell. The gas cell was vented and vacuumed to -25 

inHg pressure. An infrared measurement was performed on the remaining gases 

in the gas cell to determine the residual CO concentration, which was used to 

calculate the total amount of extracted CO. 

ii. The procedures stated in step 5) were performed again to measure the CO 

concentration in the extracted gases during the 2nd cycle. 

iii. Repeat step i and ii until the desired number of cycles were completed. 

 

5.2.2.2 Dissolved CO measurement experiment setup 

1. Experimental setup and procedures 

A dissolved CO measurement experiment was designed to evaluate the performance of the 

developed dissolved CO measurement system. Liquid samples with different dissolved CO 

concentrations were measured during the experiment. The setup of the dissolved CO 

measurement system was described in the Section 5.2.1.  
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The operating procedures of the experiment were developed based on the results from previous 

dissolved gas extraction system test, which showed that the method with multiple, short gas 

extraction cycles had better capability to completely extract dissolved CO from the liquid samples 

and transport the extracted CO to the MIR CO sensor. Therefore, the experiment was performed 

with a gas extraction setup of three five-minute gas extraction cycles. The liquid sample flow rate 

during gas extraction was set at 60 mL/min as previous test showed the flow rate did not have 

obvious influence on the gas extraction ratio. The detailed operation procedures were stated in 

Section 5.2.2.1 and Fig.5-3. 

2. Liquid sample preparation method 

Liquid samples with five levels of dissolved CO concentrations were prepared in the experiment. 

The liquid samples were prepared with the same method stated in Section 5.2.2.1. The syngas 

contained 40% CO, 30% CO2, and 30% H2 (in molar percentage). The initial headspace pressures 

in the bottles were controlled at 5 psig, 7.5 psig, 10 psig, 12.5 psig, and 15 psig to generate liquid 

samples with different dissolved CO concentrations. Liquid samples were prepared from RO 

water before each measurement and discarded after the measurement to avoid changes in syngas 

composition. Dissolved CO measurement at each pressure was repeated for three times. 

The dissolved CO concentration �?XZ� (mg/L) in the prepared liquid samples was calculated based 

on Henry’s law as Equation 5.5: 

�?XZ� = ����W?X (5.5) 

where ��� (mol/L·psi) was the Henry’s law constant at the certain temperature A (K) and � was 

the constant to transfer the unit from mol/L to mg/L. W?X (psi) was the partial pressure of the CO 

in the headspace of the 500 mL bottle, which was calculated from the CO molar percentage in the 

syngas and the headspace pressure of the 500 mL bottle. 
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Fig.5-3. Flowchart of the dissolved CO measurement experiment operation procedures 
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The Henry’s law constant was adjusted with the liquid sample temperature A[ measured during 

each test. The adjusted value was calculated from the standard Henry’s law constant at reference 

temperature A� = 298J (Sander, 2015): 

��� = �� × �G� �−∆[:M�	 � 1A[ − 1A��� (5.6) 

where 
�∆����y = 1300 was the temperature dependent terms (K) from van ’t Hoff equation (for 

CO) and �� = 9.7� − 6 was the Henry’s law constant for CO (mol·m-3·Pa-1) at reference 

temperature (Sander, 2015). 

3. Data processing methods 

The dissolved CO concentration �?X (mg/L) was measured in an indirect approach, which 

utilized the measurement of the amount (in mass) of gas phase CO, %?X (mg), and the volume �� 

(L) of the liquid sample to calculate the dissolved CO concentration: 

�?X = %?X ��⁄  (5.7) 

The amount of gas phase CO %?X was calculated from the accumulated gas phase CO 

concentration, �� (mg/L), in the gas cell and the volume of the gas cell, �� (L), as 

%?X = ���� (5.8) 

The calculation of the dissolved CO concentration shown in Equation 5.7 assumed a dissolved 

CO extraction ratio of 100%. Thus, the accuracy of the obtained dissolved CO concentration was 

largely depending on the degassing capability of the dissolved gas extraction system. Meanwhile, 

the accurate values of the volume �� and �� should also be measured before the calculation of the 

dissolved CO concentration. The detailed procedure to obtain the accumulated gas phase CO 

concentration �� was described in the Section 6.2.3. 
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The comparison on the prepared �?XZ� and measured �?X dissolved CO concentration (mg/L) 

would be used to evaluate the performance of the measurement system. The mean absolute 

percentage error (MAPE) �OCu defined in Section 4.2.2.2 were calculated to compare the 

repeatability of the measurement system. The root-mean-square error (RMSE) �ynz (Eq.4.9) was 

used to evaluate the measurement accuracy for all the data points (with a dissolved CO 

concentration in range of 13.7-21 mg/L). 

 

5.3 Results and Discussions 

5.3.1 Preliminary test 

1. Volume measurement test 

The average value of the gas cell volume �� was calculated as 55.27 mL (Table.5-1).  

Table.5-1 Result of the gas cell volume �� measurements 

Sample 
No. 

Pressure in Bottle 
Before Connection 

(psig) 

Pressure in Bottle 
After Connection 

(psig) 

Calculated 
Volume of the 
Gas Cell (mL) 

Bottle 1 2.52 1.86 56.66 
Bottle 2 6.04 4.50 54.64 
Bottle 3 9.43 7.03 54.51 

*Atmosphere pressure: 750 mmHg; Temperature: 23 °C; Gas bottle volume: 159.67 mL 

 

The volume of the liquid sample inside the sample container �� was actually measured in two 

parts: the volume of the sample container and the volume of the rubber tubing inside the 

peristaltic pump (Table.5-2). The average value of the liquid sample volume was calculated as 

128.7 mL. 
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Table.5-2 Result of the liquid sample volume �� measurements 

Measurement 
No. 

Sample 
Container 

Volume  (mL) 

Tubing Volume inside 
Peristaltic Pump (mL) 

Total Volume of 
Liquid Sample 

(mL) 
1 118 10.3 128.3 
2 118 10.1 128.1 
3 120 9.8 129.8 

 

II. Dissolved gas extraction system test  

The results from the tests demonstrated that the liquid sample flow rate did not have an obvious 

effect on the gas extraction ratio 	� , which was calculated as the fraction between the measure 

and prepared dissolved CO concentration. 

The gas extraction ratios obtained with flow rate changed from 160 mL/min to 50 mL/min were 

close to each other when the gas extraction processes had a four-minute length (Fig.5-4). The 

result could be explained by the design to circulate the liquid sample in the contactor, which 

compensated the lower gas extraction efficiency from a higher flow rate with more circulation 

cycles.  

The test results showed that when the total gas extraction time duration was the same (ten 

minutes), multiple short gas extraction cycles had a better gas extraction ratio than one single 

long gas extraction cycle (Fig.5-5). The gas extraction ratio obtained from two five-minute gas 

extraction cycles were obviously higher than that from one single ten-minute gas extraction cycle. 

When three five-minute gas extraction cycles were performed, the gas extraction ratio could reach 

90%.  

The design of the gas extraction system used a vacuum pump to establish vacuum in the contactor 

and to transport the extracted gases. Therefore, the capability of the vacuum pump to establish 

vacuum would deteriorate when there was an excessive backflow pressure built up in the gas cell 
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of the MIR CO sensor, which would resist the flow of the extracted gases to the gas cell. Early 

tests on the vacuum pump had showed that the rotation of the vacuum pump would slow down 

when the pressure inside the gas cell reached 20 psig. A single long extraction cycle was prone to 

reach a high backflow pressure while multiple short extraction cycles could avoid the high 

backflow pressure built up by the vent and the vacuum of the gas cell between cycles. The release 

of the pressure inside the gas cell helped to restore the performance of the vacuum pump. As a 

result, the multiple short extraction cycles had a larger gas extraction ratio than the single long 

extraction cycle with the same total gas extraction time duration. 

 

Fig.5-4 Comparison of the gas extraction ratios at different liquid flow rate (Gas extraction ratios 

were measured at two minutes and four minutes from the start of test). 
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Since the multiple gas extraction cycles procedure only tested three five-minute gas extraction 

cycles, it might be helpful to test procedures with shorter gas extraction time duration (for 

example, two or three minutes) and more extraction cycles (more than three) in a future research. 

In addition, it would be helpful to revise the current setup by replacing the manual clamps with 

automatic solenoid valves, which would reduce operation errors during the measurement.   

The preliminary tests of the dissolved gas extraction system also showed that there was a 

variation of the gas extraction ratio among different samples with the same dissolved CO 

concentrations, even the operation procedures were exactly the same. As few samples were 

tested, a further research on the variation might be needed. 

 

Fig.5-5 Comparison of the gas extraction ratios between single extraction cycle (initial syngas 

pressure: 5 psig) and multiple extraction cycles (initial syngas pressure: 5 psig and 10 psig). 
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5.3.2 Dissolved CO measurement experiment 

The results of the dissolved CO concentration measurement experiment were shown in Fig.5-6. 

The prepared and measured dissolved CO concentration were calculated based on equations 

stated in Section 5.2.2.2. The measured dissolved CO concentration was close to the prepared 

dissolved CO concentration for the samples prepared with 5 and 7.5 psig initial headspace 

pressures. The samples prepared with 10 psig, 12.5 psig, and 15 psig initial headspace pressures 

showed a tendency of underestimation of dissolved CO concentration. It was suspected that a 

higher dissolved CO concentration would require more cycles for complete degassing. Therefore, 

a fourth cycle was added during the measurement of 15 psig samples to verify the assumption. 

The results with four cycles were also demonstrated in Fig.5-6, which showed a better estimation 

of the prepared dissolved CO concentration. The analysis of the mean absolute percentage error 

(MAPE) �OCu, across different pressure level was shown in Fig.5-7 and Table.5-3. The variation 

of the �OCu was shown as the error bar, which represented one standard deviation. The root-mean-

square error (RMSE) was listed in Table.5-3. 

Table.5-3 Calculation of the MAPE and RMSE for each pressure level 

No. Sample 
Initial 

Pressure 

MAPE MAPE 
S.D. 

RMSE after 3rd 
Cycle (mg/L) for 

Entire Test 

1 5 psig 2.61% 2.45% 

0.83 

2 7.5 psig 3.06% 1.49% 

3 10 psig 4.64% 3.54% 

4 12.5 psig 3.58% 0.65% 

5 15 psig 6.18% 0.84% 

6 15 psig* 2.40% 1.11% 

 *Results after the 4th gas extraction cycle. S.D. was the abbreviation of standard deviation. 
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Fig.5-6 Demonstration of the measured dissolved CO concentrations versus the prepared 

dissolved CO concentrations (Data points obtained with three extraction cycles were shown in 

“o” markers. Data points (liquid samples with 15 psig initial pressure) obtained with four 

extraction cycles were shown in “x” markers.) 
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Fig.5-7 Mean absolute percentage errors (MAPE) and corresponding standard deviations in four 

gas extraction cycles for each pressure level 

 

The maximum MAPE was 6.18% (from dataset of 15 psig samples) after three cycles of gas 

extraction. The RMSE for the measurement of dissolved CO concentration was 0.83 mg/L. The 

measurement time for one sample under three extraction cycles was around 20 minutes in the 

current experiment setup and condition. The standard deviations of the MAPEs, shown as the 

error bar in Fig.5-7, were randomly distributed during the experiment ranged from 0.65% to 

3.54%.  

The experiment setup used rubber tubing to connect different vessels, which might have some 

deformations during the experiment. There were several manual clamps applied in the tubing to 

block the liquid samples. The position of these clamps might also have tiny changes during the 
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experiment. The tubing deformations and the clamp position changes could alter the actual 

volume of the liquid sample to be degassed and further affect the calculation of the gas extraction 

ratio. 

Therefore, the future improvement of the developed dissolved CO measurement system was 

suggested to replace current manual system setup with an automatic system. The clamps should 

be replaced with solenoid valves while the rubber tubing should replace with stainless steel 

tubing, which would have better control on the volume of the liquid sample to be degassed. 

Meanwhile, an automatic controller should be used to control the operation sequence, which 

referred to the open or close of the valves and the liquid flow direction. It would be more 

convenient to test different gas extraction procedures and to reduce the measurement time of the 

system. 

 

5.4 Conclusions 

A dissolved CO measurement system was developed with a dissolved gas extraction system and a 

MIR CO sensor. The design and the performance of the system was evaluated with liquid samples 

containing different dissolved CO concentrations. The results demonstrated that dissolved CO 

concentration could be measured with the developed system, which measured the extracted CO to 

determine the dissolved CO concentration. The maximal mean absolute percentage error in 

dissolved CO concentration measurement was less than 7% and the measurement time for one 

sample was around 20 minutes.  

The designed dissolved gas extraction system was built on a hollow fiber membrane (HFM) 

contactor that could reach more than 90% extraction ratio with three five-minute gas extraction 

cycles on around 128 mL of liquid sample with a liquid circulation rate of 60mL/min. The future 

improvement of dissolved CO measurement system could include the automation of the system to 
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improve the measurement repeatability. The designed multiple cycle gas extraction procedures 

also could be tested to determine if a revised procedure with more gas extraction cycles and 

shorter gas extraction per cycle could reduce the measurement time of the system. 
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CHAPTER VI  
 

 

SIGNAL PROCESSING PROCEDURES FOR DISSOLVED CO MEASUREMENT SYSTEM 

 

Abstract 

Signal processing procedures were developed for the designed dissolved CO measurement system  

to convert the measurements from the mid-infrared (MIR) CO sensor to the corresponding 

dissolved CO concentrations. A data acquisition system was built to collect the output signals 

from the MIR CO sensor. The collected signals were then processed by a digital lock-in 

amplifier, which was implemented with LabVIEW® software, to improve the signal-to-noise 

ratio. The parameters of the lock-in amplifier was determined based on theoretical and Fourier 

analysis of the collected signals. The design of the MIR CO sensor did not include the reference 

channel in traditional non-dispersive infrared sensors. Thus, a calculation procedure was specially 

developed to convert the processed signals to gas phase CO concentrations. The obtained gas 

phase CO concentrations were then used to calculate the dissolved CO concentrations in liquid 

samples according to the designed gas extraction process. 

 

Keywords: Dissolved CO concentration, Data acquisition system, Lock-in amplifier 
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6.1 Introduction 

The developed dissolved CO measurement system was designed to measure the total amount of 

dissolved CO in a liquid sample of known volume to indirectly estimate the dissolved CO 

concentration. A mid-infrared (MIR) CO sensor was used to measure the gas phase CO 

concentration in the extracted gas sample, which was used to calculate the total amount of 

dissolved CO in the liquid sample.  

The MIR CO sensor used a MIR light emitting diode (LED) as its infrared radiation source. A 

photodetector was used to measure the transmitted infrared radiation after passing through gas 

samples. In most non-dispersive infrared (NDIR) sensors, a reference channel was included to 

exclusively measure the intensity of the emitted infrared radiation from the infrared radiation 

sources (Burt and Minkoff, 1956; Dinh et al., 2016; Koppius, 1951). The measured infrared 

radiation intensities from the gas sample and the infrared radiation source were compared to 

obtain the infrared absorbance, which was related to the CO concentration according to the Beer-

Lambert law.  

Because of the highly stabilized LED output, the MIR CO sensor was designed without a 

reference channel. It was plausible to use the intensity of the pre-measured LED emission to 

estimate the actual intensity of the LED emission during the CO measurements. The intensity of 

the pre-measured LED emission was obtained by measuring the infrared radiation intensity with 

N2 sample in the gas cell. Therefore, the infrared absorbance could be calculated from the 

obtained infrared radiation intensities of CO samples and the estimated intensity of the LED 

emission. This unique design of the MIR CO sensor required a special signal processing 

procedure to calculate gas phase CO concentrations based on the raw signals collected by the 

photodetector of the MIR CO sensor.  
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Signal enhancements were required to improve the signal-to-noise ratio of the raw signals before 

the calculation of the gas phase CO concentrations. The low output power (in several hundred 

milliwatt in pulse mode) of the LED resulted in a very noisy signal received by the photodetector 

(Abell et al., 2014; Fanchenko et al., 2016). Although a preamplifier was used as a preliminary 

signal processing unit, the obtained preamplifier output (PO) signal was still not suitable for 

direct calculation of the CO concentrations. Thus, a signal enhancement method was required to 

selectively amplify the PO signal. Based on theoretical and Fourier analysis of the PO signal, a 

lock-in amplifier was introduced to process the PO signal.  

The dissolved CO concentrations were obtained from the gas phase CO concentrations according 

to the gas extraction process. The complexity of the gas extraction required a procedure to  

describe the process of calculating the dissolved CO concentrations from the measurements of the 

MIR CO sensor. 

The primary objective of this research was to establish the signal processing procedures for the 

developed dissolved CO measurement system. The specific objectives included: 

1) To design the signal processing procedures to convert the measurements from the MIR 

CO sensor to actual dissolved CO concentrations; 

2) To design and implement a signal enhancement method to improve the preamplifier 

output signal. 

 

6.2 Material and Methods 

6.2.1 Data acquisition system 

The data acquisition (DAQ) system was designed to have following functions (Fig.6-1): 
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1) Measure and control the temperature of the MIR LED; 

2) Measure the pressure and the temperature of gas samples inside the gas cell of the MIR 

CO sensor; and 

3) Measure and record the preamplifier output signal to determine the gas phase CO 

concentration. 

The first two functions were achieved by using a compact data acquisition (cDAQ) controller 

(cDAQ-9133, National Instruments Co., Austin, TX, USA) with three DAQ modules. An analog 

input (AI) module (NI 9205, National Instruments Co., Austin, TX, USA), an analog output (AO) 

module (NI 9264, National Instruments Co., Austin, TX, USA), and a thermocouple input (TI) 

module (NI 9212, National Instruments Co., Austin, TX, USA) were installed in the cDAQ 

controller. The TI module was connected with an isothermal terminal block with screw terminals 

(TB-9212, National Instruments Co., Austin, TX, USA) to provide the connection interface for 

thermocouples. The compact DAQ controller had a built-in embedded processor (Intel Atom® 

E3825, 1.33GHz); therefore, it can operate independently without connecting to a host computer. 

The third function was achieved by using an external DAQ device (USB-6366, National 

Instruments Co., Austin, TX, USA) with a highest sampling rate of two million samples per 

second (2MS/s). The DAQ device was connected to a high-performance host computer instead of 

the cDAQ controller due to the insufficient performance of the controller’s processer. Therefore, 

two LabVIEW® (Release 2015, National Instruments Co., Austin, TX, USA) programs were 

developed for the data acquisition system. One program was running on the cDAQ controller to 

achieve the first two functions. The other one was running on the host computer for the 

preamplifier output signal collection and processing. 
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Fig.6-1 Diagram of the data acquisition system of the MIR CO sensor (AI: analog input; AO: 

analog output; TI: thermocouple input; S/s: sample per second; MS/s: million sample per second.) 

 

6.2.1.1 LED temperature measurement and control 

The temperature of the MIR LED (Lms46LED-TEM-R, LED Microsensor NT, LLC, Saint-

Petersburg, Russia) affected the LED’s infrared emission intensity and spectra. Therefore, it was 

important to stabilize the LED temperature during CO measurements. The LED had a built-in 

thermoresistor to measure its p-n junction temperature and a thermocooler to adjust its 

temperature, which could be connected to a LED thermoelectric cooling (TEC) controller (TEC 

controller, LED Microsensor NT, LLC, Saint-Petersburg, Russia) to measure and control its 

temperature.  

The cDAQ controller was used to obtain the real-time measurement of the LED temperature and 

to adjust the LED temperature setpoint (Fig.6-2). The measurement of the LED temperature was 

performed by connecting the AI module of the cDAQ controller with the temperature signal 
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output terminal of the LED TEC controller. The adjustment of the LED temperature setpoint was 

achieved by outputting an analog voltage signal from the AO module of the cDAQ controller to 

the external temperature control input of the LED TEC controller. 
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Fig.6-2 Hardware connection diagram for LED temperature measurement and control function 

 

The LED temperature measurement was converted from the measured analog voltage signal by 

following equation (Eq.6.1) according to the manual of the LED TEC controller: 

A" = �"/10 (6.1) 

where A" was the measured LED temperature (°C), �" was the voltage of the signal (mV). 

Equation 6.1 was only valid in the temperature range between -15 °C and 25 °C. 

An analog voltage signal was required for external adjustment of the LED temperature setpoint. 

The LED temperature could be set between -10 °C to 22 °C based on the manual of the LED TEC 

controller. The temperature setpoint was converted to an analog output voltage signal as: 

�[ = 0.1364 × �22 − A[� (6.2) 

where A[ was the LED temperature setpoint (°C), �[ was the voltage (V) of the external 

temperature control signal. 
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6.2.1.2 Gas sample pressure and temperature measurements 

The pressure and the temperature of the gas samples were used during the calibration of the MIR 

CO sensor. Therefore, two pressure transducers with a measurement range of 0-50 psig (PX509-

050GC2IS, Omega, Norwalk, CT, USA) and 0-30 psia (PX509-030AC2IS, Omega, Norwalk, 

CT, USA) were installed, respectively, on the gas cell of the MIR CO sensor. A type-J 

thermocouple was attached to the outside wall of the gas cell to measure the temperature of the 

gas sample. 

The measurements of the pressure transducers was output as current signals (4-20mA). A 4 mA 

signal represented the zero point and a 20 mA signal represented the maximal pressure 

measurement (50 psig or 30 psia depending on the pressure transducer). Two 500 Ω resistors (	& 

and 	) were connected to the transducers in series to convert the current signals to two voltage 

signals. The voltage signals (of gas pressure) were then collected with the AI module of the 

cDAQ controller at a sampling rate of 100 S/s. Two conversion equations (Eq.6.3 and Eq.6.4) 

were established to convert the voltage signals to the pressure measurement readings. The 

pressure transducers were powered by a 24 V DC power supply to improve their pressure 

resolution. 

For the 0-50 psig pressure transducer: 

W"& = 6.25 × �"& − 12.5 (6.3) 

where W"& was the measured pressure (psig), �"& was the voltage (V) over its resistor 	&. 

For the 0-30 psia pressure transducer: 

W" = 3.75 × �" − 7.5 (6.4) 

where W" was the measured pressure (psia), �" was the voltage (V) over its resistor 	. 
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The isothermal terminal block (TB-9212) was used to provide the cold junction compensation 

(CJC) function for the thermocouple. The terminal block had two build-in CJC channels (CJC0 

channel was used) to adjust the temperature measurement, A4 (ºC), from the thermocouple. The 

sampling rate of the temperature was set at 10 S/s.  
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DC 24V
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Fig.6-3 Hardware connection diagram for gas pressure and temperature measurement function 

(Only the connection for the 0-50 psig pressure transducer was shown in the graph. The 

connection for the 0-30 psia pressure transducer was similar to the 0-50 psig transducer.) 

 

6.2.1.3 Preamplifier output signal collection 

The MIR CO sensor used a photovoltaic photodetector (PVI-4TE-5, VIGO System S.A., Ozarow 

Mazowiecki, Poland) to measure the intensity of the transmitted infrared radiation to determine 

the CO concentration in the gas sample. When the photodetector was illuminated by an infrared 

radiation, it output a current signal which was magnified and converted to a voltage output signal 

by a preamplifier (PIP-DC-20M-F-M4, VIGO System S.A., Ozarow Mazowiecki, Poland). The 

amplitude of the PO signal was determined by the intensity of the infrared radiation, the IR 

sensitivity of the photodetector, the gain setting of the preamplifier, and the optical design. The 

waveform of the PO signal was determined by the modulation pattern of the infrared radiation. 
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The LED, as the infrared radiation source, was operated at a pulse mode by switching its power 

supply on and off continuously with a LED driver (D-41, LED Microsensor NT, LLC, Saint-

Petersburg, Russia). Therefore, the generated infrared radiation would be a series of pulses, 

whose frequency related to the speed of the switching. The pulse width was determined by the 

time when the LED was powered on during one pulse.  

The frequency of the LED infrared radiation could be selected at four frequency, namely 512 Hz, 

2 kHz (2,048 Hz actually), 8 kHz (8,192 Hz), or 16 kHz (16,384 Hz). The pulse width could be 

selected at 2 µs, 5 µs, 10 µs, or 20 µs. Therefore, the sampling rate of the DAQ device should be 

high enough to catch up the very short pulse width. A sampling rate of 1 MS/s sampling rate 

would record data in a 1µs interval, which equaled to record two data points for one pulse when 

the pulse width was selected at 2 µs. Thus, the sampling rate of the DAQ device was selected at 

its highest value of 2 MS/s. 

The high sampling rate would record a huge number of data points in a short time, which was too 

large to store if the PO signal was collected continuously. Thus, the developed LabVIEW® 

program only collected the PO signal in a limited length, which was ten million data points per 

signal (equal to a signal length of five seconds). 

The preamplifier was connected to the DAQ device through a coaxial cable to provide a good 

interference resistance. A 50 Ω pass-through BNC terminator was installed on the terminal of the 

DAQ device to provide the required 50 Ω load for the preamplifier. 
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Fig.6-4 Hardware connection diagram for preamplifier output signal collection function 

 

6.2.2 Signal enhancement method  

The PO signal carried the information of the CO concentrations in the gas samples. However, the 

infrared radiation source of the MIR CO sensor , the MIR LED, had a very small output power. 

As a result, the obtained PO signal had a very low signal-to-noise ratio (SNR), which made the 

direct utilization of the PO signal problematic. The tiny change resulted from the change of CO 

concentration would easily mixed up with the noise when the signal had a low SNR. Therefore, a 

signal enhancement method was required.  

Meanwhile, the amplitude of the PO signal was directly related to the transmitted infrared 

radiation intensity. However, measurement of the amplitude of each pulse would be hard to 

achieve when the pulse frequency was very high. Hence, the signal enhancement method was also 

used to convert the amplitude into a more appropriate format for further calculation of the CO 

concentration. 

6.2.2.1 Preamplifier output signal analysis 

The PO signal G��� under an ideal condition would be a series of pulses with the same frequency 

and duty cycle as those of the infrared radiation from the LED, which could be described in time 

domain as Equation 6.5: 
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G��� = ��, |�| ≤ � 2⁄0, � 2⁄ < |�| ≤ A 2⁄G��� = G�� ± DA�, D = 0,1,2,∙∙∙ (6.5) 

where A was the pulse period (second) of the signal and the reciprocal of the pulse frequency k =
1 A⁄  (Hz). � was the pulse width (second). � was the amplitude (dimensionless), which was 

related to the LED driving current, the gain of the preamplifier, the optical design of the MIR CO 

sensor, and the CO concentration in the gas cell. The pulse frequency k and the pulse width � 

were determined by the LED driver, which were 2kHz and 20µs (a duty cycle of 4%), 

respectively. 

In real applications, the PO signal was mixed with a noise signal D���, which mainly included the 

thermal noise from the photovoltaic photodetector itself and the Flicker noise from the resistance 

of the preamplifier circuit components (Nudelman, 1962). The thermal noise was evenly 

distributed in all frequency components while the Flicker noise primarily resided in the low 

frequency (Voss and Clarke, 1976). Therefore, the actual PO signal ���� (V) could be described 

as: 

���� = D��� + G��� (6.6) 

in which D��� represented the noise signal generated from the photodetector and the preamplifier 

circuits, G��� was the PO signal under the ideal condition. 

The theoretical analysis of the PO signal showed that the direct calculation of the amplitude in 

time domain was problematic. Two methods, the derivative method and the external 

synchronization method, were considered in the direct measurement of the amplitude. They were 

designed to locate the accurate position of the pulses in the PO signal and calculate their 

amplitude. The derivative method used the derivative between data points to locate the position of 

the pulses while the external synchronization method used an additional data channel to inform 

the preamplifier to collect signal when the LED was lit up. 
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The first problem encountered was the low signal-to-noise ratio of the PO signal. The amplitude 

of the signal G��� itself, was around 50 to 80 mV when no CO was presented in the gas cell (with 

higher than 0.6 A LED driving current). However, the noise signal D��� had an approximate 2 to 

3 mV amplitude. This would made the derivative method particular unreliable, as the derivative 

calculation might falsely recognize a peak generated by the noise as a pulse. The simple 

amplification of the PO signal was useless as it would simultaneously magnify signal and noise. 

 

Fig.6-5. Illustration of the PO signal in time domain and SNR calculation at random pulses (LED 

current was selected as 0.6 A, 1 A, 1.5 A, and 1.9 A. Fifteen random pulses were selected to 

demonstrate the fluctuation of SNR across time.) 
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The second problem was the incapability to remove noise signal D��� from the PO signal ����. 

This problem was applied to both of the methods. The locating of the pulses simplified the 

amplitude calculation and measurement; however, it also made further noise reduction impossible 

by removing the modulation of the infrared radiation. 

The third problem was the ripples in the PO signal generated from the LED driver. When the 

LED driving current was set at higher than 1.0A, the driver cannot provide smooth current. 

Therefore, ripples were detected in the corresponding PO signals (Fig.6-5).  

A spectral analysis program was written with MATLAB® software to analyze the PO signal in 

frequency domain with Fast Fourier Transform (FFT) method (Fig.6-6). The Fourier expansion of 

a pulse signal included three parts: the DC component, the fundamental sinusoidal component, 

and the harmonic sinusoidal components (Smith, 1999). Therefore, the PO signal could be written 

as follows (Eq.6.7): 

���� = D��� + ��k + � 2�%� �tD��%�k��
"T&

6���2�k%�� (6.7) 

The obtained spectra would have strong frequency components at discrete frequency positions 

(%k, % = 1,2,3,∙∙∙), which was the integer times of the pulse frequency, k (Hz). Meanwhile, the 

noise signal D��� resulted in frequency components that resided in the whole frequency range. 

The strength of the noise signal decreased at higher frequency positions because of the 

characteristics of Flicker noise (Voss and Clarke, 1976). The power spectral density analysis of 

the PO signal supported this conclusion as the peaks positioned at the integer times of the 

fundamental frequency. Meanwhile, the power density of the noise decreased when the frequency 

increased (Fig.6-6).  
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Since the signal part and the noise part in the PO signal could be more clearly separated in 

frequency domain, it was necessary to find a suitable method to utilize this characteristic to 

amplify the signal G��� while suppress the noise signal D���.  

 

Fig.6-6 Illustration of spectral analyses of the PO signals shown in Fig.6-5 in 0-10 kHz frequency 

range 

 

6.2.2.2 Design of a lock-in amplifier 
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Lock-in amplifiers were commonly used to process signals from infrared sensors to improve the 

sensors’ performance by their selectively amplification of the signals (Silver and Chen, 2006). 

Optical choppers were used to modulate the infrared emission from the infrared radiation sources. 

Therefore,  the useful, infrared measurement signal could be distinguished from the noise in the 

frequency domain. A lock-in amplifier could utilize this difference to amplify the infrared 

measurement signal with desired frequency components. Since most part of the noise signal was 

not amplified, the sign-to-noise ratio of the measurement signal was improved. In the designed 

MIR CO sensor,  the LED‘s infrared emission was naturally modulated. Therefore, the optical 

chopper was not required.  

The phase sensitive detection method was the basis of a lock-in amplifier (Scofield, 1994). A 

periodic reference signal was generated by the amplifier and was multiplied to the periodic input 

signal. When the two signals had the same frequency, the product was only related to the phase 

difference between the signals. Therefore, the lock-in amplifier could selectively amplify a signal 

with a certain frequency components by minimizing the bandwidth of the noise signal to a very 

tiny intervals. The output value of a lock-in amplifier was determined by the amplitudes and the 

phase difference of the two signals.   

In practice, two reference signals with a phase shift of � 2⁄  was used, so the measurement of the 

phase differences between the input signal and the reference signals would be unnecessary 

(Sonnaillon and Bonetto, 2005). Lock-in amplifiers could be designed in either digital or analog 

form (D’Amico et al., 2010; Davies and Meuli, 2010). A digital lock-in amplifier was more 

favorable as it had better performance (lower phase noise, better frequency range, and flexibility) 

than its analog counterpart (Dixon and Wu, 1989) and it could be implemented as a dedicated 

signal processer (Gaspar et al., 2004) or written as a program (Davies and Meuli, 2010).  

1. Theoretical derivation of lock-in amplifier 
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A theoretical derivation was performed for the MIR CO sensor, as the input signal to the lock-in 

amplifier, the PO signal, was a pulse signal (Eq.6.6) instead of a sinusoidal signal in most 

literature (Dixon and Wu, 1989; Scofield, 1994). The Fourier expansion (Eq.6.8) of the PO signal 

showed that it contained periodic components of ∑ C"0 �tD��%�k��"T& 6���2�k%��, which could 

be applied in the theoretical derivation of lock-in amplifier. 

Two sinusoidal reference signals (shown in Eq.6.8), 	��� and 	O���, were introduced and 

multiplied with the PO signal ����. The reference signals were designed with a phase shift of 

� 2⁄  to remove the procedure to measure the phase differences between the PO signal and the 

reference signals.  

	��� = 6���2�Ω� + ��, 	O��� = �tD�2�Ω� + �� (6.8) 

where Ω was the frequency (Hz) of the reference signals and � was the phase (radian) difference 

between the reference signals and the original signal. When the frequency, Ω, of the reference 

signals equaled to the frequency (Hz), �k, of a certain sinusoidal component in the PO signal 

����, the products would contain two DC components as shown in Equation 6.9 and Equation 

6.10:  

����	��� = 2��� �tD����k�6���2�k���6���2�Ω� + ��
+ �D��� + ��k + � 2�%� �tD��%�k��

"T&
6���2�k%��� 6���2�Ω�

+ �� = ��� �tD����k��6����� + 6���4�k�� + ��� + ⋯ 

(6.9) 
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����	O��� = 2��� �tD ��� �A� 6���2�k����tD�2�Ω� + ��
+ �D��� + ��k + � 2�%� �tD��%�k��

"T&
6���2�k%��� �tD�2�Ω��

= ��� �tD����k���tD��� + �tD�4�k�� + ��� + ⋯ 

(6.10) 

The multiplication of the reference signals and the PO signal altered the original spectra 

distribution of the PO signal. One sinusoidal component in the PO signal was relocated to the DC 

position, while the remaining frequency components would move to higher frequency positions. 

The useful DC components in the products ����	��� and ����	O��� could be separated using low-

pass filters (LPFs): 

���� = ����	���|�? = ��� �tD����k�6����� (6.11) 

�O��� = ����	O���|�? = ��� �tD����k��tD��� (6.12) 

The separated DC components, ���� and �O���, were only related to the phase difference � (rad) 

between the PO signal and the reference signals. The phase difference could be removed by 

adding the squares of the ���� and �O���, which made it possible to obtain the amplitude of the PO 

signal, � (Eq.6.13): 

� = ���tD����k� q������ + ��O���� ≈ 1�k q������ + ��O���� 
(6.13) 

where the form of �tD����k� was approximated to ���k, since the product �k was very small 

based on the LED settings. 

In practice, the form of q������ + ��O���� was used as the output signal of the lock-in amplifier 

(LO signal). The value of the LO signal was determined by the pulse frequency k, pulse width �, 
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and pulse amplitude � of the PO signal. As a result, a gain of �k was added to the amplitude 

while the gain for noise part was close to zero. 

2. Lock-in amplifier software implementation 

A lock-in amplifier was written in LabVIEW software and was added to the developed data 

acquisition program for the preamplifier as a signal processing algorithm. Since the PO signal 

was a discrete time signal with limited length, the reference signals were generated as two 

discrete, sinusoidal signals with the same length of the PO signal. The phase difference of � 2⁄  

between the two reference signals was generated by using a Hilbert transform on one of the 

sinusoidal signal. The amplitude of the reference signals was selected as one. The frequency of 

the reference signals was determined based on the spectral analysis of the PO signal under 

different LED driving settings. 

The DC components ���� and �O��� (Eq.6.11 and Eq.6.12) were separated by two LPFs with the 

same parameters. The LPFs in the lock-in amplifier were critical for the overall amplifier 

performance. The LPFs should have a very low cutoff frequency and a very narrow transient band 

to effectively separate the DC components, ���� and �O���, from other frequency components. 

Ripples in the passband or stopband were not favored, as the ripples in passband might generate 

an unexpected fluctuation of the LO signal when the LED’s driving frequency changed slightly. 

Ripples in the stopband might coincide with some of the non-DC spectral peaks and resulted in 

unexpected noise, especially for the FIR filter, which had multiple stopband ripples (Lim and 

Parker, 1983). 

The LabVIEW software could easily implement a finite impulse response (FIR) filter or an 

infinite impulse response (IIR) filter with its built-in functions. However, the requirement of 

ripples in passband and stopband removed the FIR filter or some IIR filters (Chebyshev and 

elliptical filter) from the candidate list, because of the ripples in their stopband or passband 
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(Smith, 1999). Butterworth filter was the only type of IIR filter with smooth response in both 

passband and stopband. Therefore, Butterworth filter was selected as the LPFs used in the lock-in 

amplifier algorithm. The settings of Butterworth filter, such as the cutoff frequency and the order 

of the filter, would be determined by analyzing the spectral characteristics of the signals 

����	��� and ����	O���.  
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Fig.6-7 Implementation of a lock-in amplifier algorithm in the data acquisition program: a) block 

diagram of the lock-in amplifier algorithm; b) the lock-in amplifier algorithm written with 

LabVIEW® software. 
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6.2.3 Signal processing procedures 

The designed lock-in amplifier algorithm was used to amplify the signal and suppress the noise in 

the PO signal. The LO signal, whose amplitude was related to the intensity of the received 

infrared radiation at the photodetector, was used in the signal processing procedures to calculate 

CO concentration.. However, the infrared absorbance � (dimensionless) was the value that 

directly related to the CO concentration � (mol·L-1) according to the Beer-Lambert law (Eq.6.14). 

The LO signals required additional processing to obtain the infrared absorbance. 

The analysis described in the Section 2.4.4 demonstrated that the infrared absorbance � was 

calculated from the attenuation of the infrared radiation intensity ,∆9 (mV), and the infrared 

emission intensity of the LED, 9: (mV): 

� ≈ 1�D10 ∆99:  (6.14) 

The design of the MIR CO sensor did not include a reference channel to measure the real-time 

intensity of the infrared emission from the LED. Therefore, the infrared emission intensity of the 

LED could be only measured before or after the CO measurement by filling the gas cell with 

infrared transparent gases, such as pure N2. By comparing the LO signal with N2 sample and CO 

samples, the infrared absorbance could be determined.  

A calibration on the MIR CO sensor was then performed to determine the relationship between 

infrared absorbance and the CO concentration, which required to measure the infrared absorbance 

of the gas samples with known CO concentrations. The obtained calibration model was used to 

determine the CO concentrations in unknown gas samples. The measured gas phase CO 

concentrations were then used in the calculation of the dissolved CO concentrations according to 

the designed gas extraction process. 
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Therefore, the signal processing procedures of the MIR CO sensor included two steps to convert 

the LO signal to a dissolved CO concentration (Fig.6-8):  

1) Calculate the gas phase CO concentration from the infrared absorbance of a CO gas 

sample; 

2) Calculate the dissolved CO concentration based on the volume of the liquid sample and 

the amount of the extracted CO. 

Step1: Calculate Gas Phase CO 

Concentration

1) Obtain Infrared Emission 

Intensity of LED from 

Measurements of N2 Samples 

Step2: Calculate Dissolved CO 

Concentration

2) Calculate Attenuation of 

Infrared Radiation Intensity 

3) Use Calibration Model to 

Determine Gas Phase CO 

Concentration 

1) Calculate Accumulated Gas 

Phase CO Concentration According 

to Gas Extraction Procedure 

2) Calculate Dissolved CO 

Concentration by Volumes of Gas 

and Liquid Samples 

 

Fig.6-8 Overview of the signal processing procedures for the dissolved CO measurement system 

 

Step1: Gas phase CO concentration calculation 

1) Calculation of the infrared emission intensity of the LED 

The data acquisition program collected a signal contained 10 million data points in each infrared 

measurement. Thus, the LO signal would have the same number of data points. However, the 

LPFs in the lock-in amplifier algorithm would introduce to a settling time to the LO signal. 

Therefore, only the last five million data points were used in data analysis (Fig.6-9b). The mean 
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and standard deviation of the five million data points were used as the measurement result of the 

gas sample. 

(a) (b)

Steady Status Period for LO 

Signal Amplitude Calculation

Settling Time Generated from 

the Usage of Low Pass Filters 

Theoretical Settling 

Time: 0.7496 (sec)

Fig.6-9 Demonstration of the PO signal and the corresponding LO signal (The PO signal was 

only shown in 0.02 second lengths to display the pulses. Length of the PO signal was five 

seconds). 

 

Because there was no reference channel in the design of the MIR CO sensor, the infrared 

emission intensity of the LED was measured with N2 as the gas sample. Although the lock-in 

amplifier greatly improved the SNR of the signal, it still had some variations in the measurement 

results. Therefore, each N2 sample was measured five times to had a better estimation of the 

infrared emission intensity of the LED. The five measurements were then processed by a 

weighted average method shown in Equation 6.15 to obtain an averaged value G̅ and standard 

deviation  O: 

G̅ = ∑ G| |
¡|T&

∑ 1 |
¡|T&

,  O = 1
�∑ 1 |

¡|T&
 

(6.15) 
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in which G| was the mean value of the tth measurement and  | was the corresponding standard 

deviation. 

The average value G̅ in Equation 6.15 was used as the infrared emission intensity of the LED. 

Two measurements of N2 samples were performed before and after the CO measurements to 

determine the change of the LED infrared emission intensity during the CO measurements. The 

average of these two measurements were used as the infrared emission intensity 9: for absorbance 

calculation (Eq.6.16). 

9: = �9:& + 9:� 2⁄  (6.16) 

where 9:& was the infrared emission intensity obtained before the CO measurement, 9: was the 

infrared emission intensity obtained after the CO measurement. 

2) Calculation of infrared absorbance 

The infrared absorbance used to determine CO concentration was calculated based on Equation 

6.14. The transmitted infrared radiation intensity 9 by the gas samples was obtained with the same 

method as that of the infrared emission intensity of the LED 9:. The gas samples were measured 

five times with the MIR CO sensor. The five measurements were then processed with the 

described weighted average method (Eq.6.15) to obtain the average value, which represented the 

transmitted infrared radiation intensity 9 and was used to calculate the infrared absorbance � of 

the gas samples.  

3)  Calculation of CO concentration from calibration model 

The calibration of the MIR CO sensor generated a calibration model between the infrared 

absorbance and corresponding CO concentration (Eq.6.17), which would be used to calculate the 

CO concentration, � (mg/L), in gas phase. 
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� = 0.0019974� + 0.00022867, 	 = 0.9971 (6.17) 

The infrared absorbance � (dimensionless) of the unknown sample was obtained based on the 

procedure stated in the Step1.  

Step 2: Dissolved CO concentration calculation 

The dissolved CO concentration was calculated by estimating the total amount of CO in a liquid 

sample with known volume, �� (L). The total amount of CO was obtained by using the 

accumulated gas phase CO concentration, �� (mg/L), and the volume of the MIR CO sensor gas 

cell, �� (L): 

�?X = ���� ��⁄  (6.19) 

A gas extraction system was used for the purpose of completely degassing the dissolved CO in a 

liquid sample. A special, three-cycle gas extraction procedure was used in the measurement to 

achieve a maximum gas extraction ratio. The procedure was designed to vacuum the gas cell 

between intervals of gas extraction periods to improve the gas transportation from the gas 

extraction system to the MIR CO sensor (Fig.6-10). 
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5 Minute Gas 
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C1 C2Cv1 Cv2 C3  

Fig.6-10. Illustration of the designed gas extraction process for the accumulated gas phase CO 

concentration �� calculation. 
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Therefore, the accumulated gas phase CO concentration �� was calculated from the repeated 

measurements during the three gas extraction cycles as Equation 6.20: 

�� = �& + � + �~ − ��¢& + �¢� (6.20) 

where �| �t = 1,2,3� represented the measured CO concentration (mg/L) in the gas sample after 

the tth extraction cycle and �¢| �t = 1,2� represented the measured CO concentration (mg/L) in 

the residual gas sample after vacuum sweep in the tth cycle. The subtraction of �¢& and �¢ was 

applied as these residual CO concentrations were included in the measured CO concentration � 

and �~ of the next gas extraction cycles, respectively. 

 

6.3 Results and Discussions 

6.3.1 Lock-in amplifier parameters 

The parameters of the designed lock-in amplifier was listed as follows:  

1) The frequency of the reference signal was determined as 8,192 Hz;  

2) The LPFs in the lock-in amplifier were a pair of three-order Butterworth filters with a 

cutoff frequency of 2 Hz. 

The PO signals with three different LED frequencies: 512 Hz, 2 kHz (2,048 Hz actually), and 8 

kHz (8,192 Hz), were analyzed with the FFT method (Fig.6-11) to determine the frequency of the 

reference signals. The results showed that the 8,192Hz was a suitable reference frequency for the 

three types of LED settings. This reference frequency also was relatively free of the noise 

interference as the majority of the noise signal existed in the lower frequency positions. 

The calculation of the response time (in the form of settling time of the filter) of Butterworth 

filter was shown in Table.6-1. The results showed that a small cutoff frequency and a high order 
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of filter would dramatically increase the settling time of the filter and decrease the response time 

of the lock-in amplifier. 

The order of an IIR filter determined the width of the transition band between the filter’s 

passband and stopband. A higher order filter had a narrower transition band, which resulted in a 

faster attenuation over the cutoff frequency. For the lock-in amplifier, a narrower transition band 

resulted in fewer noise in the LO signal. An evaluation was performed by comparing the ratio 

between the standard deviation and the mean value of the LO signal with different PO signals 

used as the input to the lock-in amplifier. The ratio was used to examine whether the wide 

transition band introduced unnecessary noise to the DC part. The order of the LPF was compared 

in four discrete levels from two to five as shown in Table.6-2. The results in Table.6-1 and 

Table.6-2 showed that a three-order Butterworth LPF would be appropriate with acceptable 

settling time and transition band width.  

 

Table.6-1 List of settling time of Butterworth LPF at different order of filter and cutoff frequency 

Order of Filter 
Settling Time (seconds) 
Cutoff Frequency (Hz) 

1 2 10 25 100 
2 1.0483 0.5241 0.1048 0.0419 0.0105 
3 1.4992 0.7496 0.1499 0.0060 0.0150 
4 1.6589 0.8295 0.1659 0.0664 0.0166 
5 2.2065 1.1033 0.2207 0.0883 0.0221 

* Sampling rate was 2 MS/s 
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Table.6-2 List of the ratio between standard deviation and the mean value of steady state LO 

signal under different LED settings 

Order of 
Filter 

S.D./Mean (%) 
LED Driver Settings 

0.6 A, 512 
Hz,  10 µs 

0.6 A, 2 
kHz, 10 µs 

1.5A, 2 
kHz, 10 µs 

0.2 A, 8 
kHz, 10 µs 

0.6 A, 8 kHz, 
5 µs 

2 1.2720 0.2033 0.1637 0.0612 0.1325 
3 1.2546 0.1897 0.1619 0.0599 0.1311 
4 1.2484 0.1779 0.1639 0.0584 0.1308 
5 1.2478 0.1722 0.1685 0.0568 0.1313 

*Standard deviation (S.D.) and mean value was obtained from output signals in 2.5 seconds to 5 

seconds. Lowpass filter cutoff frequency was 2 Hz. 

 

The spectral analysis of the input signals to the LPF, which were the products ����	��� and 

����	O��� in Equation 6.9 and Equation 6.10, was performed to determine the cutoff frequency of 

the filter (Fig.6-12). The PO signals ���� were selected with different LED pulse frequencies and 

pulse widths to examine whether there was a frequency change of the DC components in different 

LED settings. The result showed that DC components of the products were located at about 1 Hz 

position in the spectra, which implied that there was a slight frequency difference between the 

reference signals and the PO signal. The frequency responses of three LPFs with cutoff frequency 

set at 1 Hz, 2 Hz, and 2.8 Hz and an order of filter of 3 were generated (Fig.6-13). The spectral 

analysis of the LPFs and the input signals to the LPFs showed that 2 Hz was an appropriate cut-

off frequency. A cutoff frequency set at 1 Hz would remove part of the useful frequency 

components. 
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(a) (b) (c)

Fig.6-11. Illustration of spectral analyses of the PO signal with FFT method in 0-20 kHz frequency range (LED driving current, Pulse Frequency, 

Pulse Width: a) 0.6 A, 512 Hz, 5 µs; b) 0.6 A, 2 kHz, 10 µs; c) 0.2 A, 8 kHz, 20 µs.) 
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(d)

(b)(a)

(c)

 

Fig.6-12 Spectral analyses of the signal of product ����	��� under different LED settings (LED 

driving current, Pulse Frequency, Pulse Width: a) 0.6 A, 512 Hz, 10 µs; b) 0.6 A, 2 kHz, 10 µs; c) 

1.5 A, 2 kHz, 10 µs; d) 0.2 A, 8 kHz, 20 µs.) 
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a.0.6A,512Hz,10µs b.0.6A,2kHz,10µs

c.1.5A,2kHz,10µs
d.0.2A,8kHz,20µs

 

Fig.6-13 Spectral analyses of the signal of product ����	��� under different LED settings with 

different LPF cutoff frequency (LED driving current, Pulse Frequency, Pulse Width: a) 0.6 A, 

512 Hz, 10 µs; b) 0.6 A, 2 kHz, 10 µs; c) 1.5 A, 2 kHz, 10 µs; d) 0.2A, 8 kHz, 20 µs.) 

 

6.3.2 Performance evaluation of the lock-in amplifier 

The performance of the designed lock-in amplifier was compared by calculating the amplitude of 

the PO signals and the LO signals to show the signal change from the lock-in amplifier (Fig.6-

14). The amplitude of the PO signals was calculated by the derivative method, which used the 

amplitude change between adjacent data points to detect the position of the pulses. The amplitude 

of the LO signals was obtained when the LO signals entered a stable status. The PO signals and 

the LO signals used had a signal length of five seconds and a total data points of ten millions. The 
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amplitude measurements were performed on the rear part of the signals, from the 2.5 seconds to 5 

seconds, which included the last five million data points. 

The results showed that the amplitude of the LO signals followed the theoretical derivation in 

Equation 6.13, which stated the amplitude was determined by the LED driving current, the LED 

pulse frequency, and the LED pulse width (Table.6-3, Figure.6-14). It was found that the ripples 

in the PO signal, which might disrupt the amplitude measurement with the derivative method, 

could be overcome by the lock-in amplifier (Figure.6-14c). Meanwhile, the introduction of the 

lock-in amplifier selectively amplified the PO signal, which was shown by the relative unchanged 

standard deviation of the LO signal. Therefore, the design of the lock-in amplifier had achieved 

its primary objective: to amplify the modulated signal while to suppress the noise in the PO 

signal. 

Table.6-3 Comparison of the amplitude measurement results of the PO signal and the LO signal 

under different LED settings 

No. 
LED Settings 

PO Signal Steady State LO Signal 

Mean (mV) 
Standard 

Deviation (mV) 
Mean (mV) 

Standard 
Deviation (mV) 

a 0.2 A, 512 Hz,  
10 µs 

22.96 1.91 103.94 2.16 

b 0.6 A, 512 Hz,  
10 µs 

58.59 1.82 264.11 2.29 

c 1.5 A, 512 Hz,  
10µs 

74.79 2.97 343.52 2.37 

d 0.6 A, 2 kHz,  20 
µs 

52.26 1.86 1920.79 2.09 

*1) Lock-in amplifier: 8,192Hz reference frequency. LPF: 2 Hz cutoff frequency, three-order 

Butterworth filter; 2) The data (d) with 2 kHz pulse frequency had less PO signal amplitude to 

that of data (b) with 512 Hz frequency due to the limitation of the LED driver; 3) The standard 

deviation of the PO signal for data (c) was higher because of the ripples generated by the LED 

driver. 
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(a) (b) (c) (d)

Fig.6-14 Time domain PO signals and LO signals comparison (LED driving current, Pulse Frequency, Pulse Width: a) 0.2 A, 512 Hz, 10 µs; b) 0.6 

A, 512 Hz, 10 µs; c) 1.5 A, 512 Hz, 10 µs; d) 0.6A, 2 kHz, 20 µs.) 
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6.4 Conclusions 

Signal processing procedures were developed for the developed dissolved CO measurement 

system, which were used to calculate dissolved CO concentration from the PO signal. The data 

acquisition system was described firstly as the basis of the signal processing procedures. A signal 

enhancement method, which was implemented as a lock-in amplifier, was designed and evaluated 

to overcome the special obstacles generated by the low power LED of the developed MIR CO 

sensor. The developed procedures included two major steps. The first step was to measure the gas 

phase CO concentration from the PO signal. The second step was to calculate the dissolved CO 

concentration from the obtained gas phase CO concentration based on the designed gas extraction 

procedure. 
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CHAPTER VII 
 

 

EVALUATION OF A COMMERICAL DISSOLVED H2 SENSOR 

 

Abstract 

The ratio between dissolved CO and H2 concentrations affects the final product composition and 

CO/H2 conversion efficiencies. Therefore, it is of practical significance to monitor and control the 

dissolved H2 concentration in the syngas fermentation process. A commercial, electrochemical 

dissolved H2 sensor was tested to find an appropriate method to integrate it into the developed 

dissolved CO measurement system. Two installation methods, the flow-through cell setup and the 

submerged probe setup, were compared. The comparison results showed that the submerged 

probe setup was the appropriate method to integrate the dissolved H2 sensor with the developed 

dissolved CO measurement system. It was also demonstrated that the liquid preparation method 

with a magnetic stirrer would generate supersaturated H2 in the liquid sample. The mean absolute 

percentage error (MAPE) of the dissolved H2 concentration was around 11% with the submerged 

probe setup. 

 

Keywords: Syngas fermentation, Electrochemical dissolved H2 sensor, Dissolved H2 

concentration     
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7.1 Introduction 

The ratio between dissolved CO and H2 concentrations affected the dominant chemical reactions 

in the syngas fermentation and further determined the composition of final products and the 

conversion rates of CO and H2 (Devarapalli and Atiyeh, 2015). Therefore, the measurement and 

control of the dissolved H2 concentration during the syngas fermentation process were important 

and necessary. 

The dissolved H2 concentration could be measured by a direct method with membrane coated 

electrochemical dissolved H2 sensors (Hara and Macdonald, 1997; Kuroda et al., 1991; Sweet et 

al., 1980) or an indirect method which measured the extracted H2 concentrations with dissolved 

H2 extractors (Björnsson et al., 2001; Lovley & Goodwin, 1988). The details of these methods 

were described in Section 2.2.1.2. Currently, the electrochemical dissolved H2 sensors were 

commercially available and had been reported being used in several fermentation scenarios 

(Adessi et al., 2012; Revsbech, 2005). Based on a thorough literature review, an electrochemical 

dissolved H2 sensor (H2 microsensor, AMT Analysenmesstechnik GmbH, Rostock, Germany) 

was chosen to measure dissolved H2 concentration in this research. 

The selected dissolved H2 sensor was claimed to be free of interference from major chemicals in 

syngas fermentation medium by its manufacturer. It was also capable of operating under an 

anaerobic environment. However, there was no information from the manufacturer on the 

installation of this sensor into a small-size fermenter. Therefore, it was necessary to find an 

appropriate method to install the dissolved H2 sensor for syngas fermentation and to integrate the 

sensor with the developed dissolved CO measurement system. The overall objective of this 

research was to determine a method to integrate the dissolved H2 sensor into the dissolved CO 

measurement system and to evaluate the H2 sensor’s performance in syngas fermentation 

applications.  
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7.2 Material and Methods 

7.2.1 Dissolved H2 Sensor 

The dissolved H2 sensor included a H2 detection probe, a pH/temperature probe, and a sensor 

controller. The H2 detection probe contained three electrodes and the electrolyte for the 

electrochemical measurement of the dissolved H2 concentration. The pH/temperature probe was 

used to provide temperature compensation during the measurement of the dissolved H2 

concentration (The pH data was not used in H2 measurement). The sensor controller contained a 

preloaded program to operate the two probes and calculate the dissolved H2 concentration. It also 

provided an operation interface to check the probes status and adjust the sensor parameters. The 

sensor controller used a RS-232 interface to upload measurement data to a computer or other data 

acquisition devices. 

In the experiment, the sensor controller was directly connected to a laptop with a null modem RS-

232 cable. A data acquisition program was developed in LabVIEW® (Release 2015, National 

Instruments Co., Austin, TX, USA) software to record the dissolved H2 concentration and the 

liquid sample temperature every two seconds. 

The primary specifications of the commercial dissolved H2 sensor from the manufacturer were 

listed as follows: 

a. Measurement range: 0.0002 mg/L to 3 mg/L; 

b. Accuracy: < 2% of the measuring value; 

c. Response time: < 2 seconds. 

The sensor experiment was designed to verify the above specifications, mainly focused on the 

accuracy of the dissolved H2 concentration measurement. 
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7.2.2 Experiment setup 

7.2.2.1 Liquid sample preparation 

In general, the liquid samples were prepared with the same method used to prepared liquid 

samples with dissolved CO described in Section 5.2.2.2. The liquid samples with dissolved H2 

were prepared by adding pressurized syngas (40% CO, 30% CO2, and 30% H2 in molar 

percentage) to reverse osmosis (RO) water in a 500 mL glass bottle. The RO water and the 

remaining headspace of the bottle were purged with the syngas for five minutes before adjusting 

the pressure to the desired value. 

The dissolved H2 concentration in a liquid sample was controlled by adjusting the syngas 

headspace pressure. A digital pressure gauge (DPG5600B, Omega, Norwalk, CT, USA) was used 

to measure the headspace pressure in the 500 mL bottle. The precise dissolved H2 concentration 

��Z� (mg/L) in the liquid sample was calculated based on the Henry’s law as Equation 7.1: 

��Z� = ����W� (7.1) 

in which ��� was the Henry’s law constant at a certain temperature A[, W� was the partial pressure 

of H2 in the headspace of the 500 mL bottle, � was the coefficient to convert the concentration 

unit from mol/L to mg/L. The temperature, A[ (K), was obtained from the pH/temperature probe. 

The partial pressure, W� (psi), was calculated from the headspace pressure, W� (psig), in the 500 

mL bottle, the molar percentage Y (%) of H2, and the atmosphere pressure, WC (mmHg), as 

shown in Equation 7.2: 

W� = Y�W� + �uWC� (7.2) 

in which �u was the coefficient to transfer the unit of pressure from mmHg to psi. 
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The Henry’s law constant, ��� (mol/L·psi), at temperature A was calculated from the standard 

Henry’s law constant at a reference temperature A� = 298J (Sander, 2015): 

��� = �� × �G� �−∆[:M�	 �1A − 1A��� (7.3) 

in which 
�∆����y = 500 was the temperature dependent terms (K) from van ’t Hoff equation for H2 

and �� = 7.8� − 6 was the Henry’s law constant for H2 (mol·m-3·Pa-1) at the reference 

temperature A� (Sander, 2015).  

The calculation of the prepared dissolved H2 concentration was valid when the gas phase syngas 

and dissolved syngas reached an equilibrium. The equilibrium was accessed by monitoring the 

change of the headspace pressure in a 500 mL bottle. When the headspace pressure was stabilized 

for a certain length of time (10-15 minutes in experiment), it was assumed the equilibrium was 

reached. Two methods, a stirring method and a circulation method, were used in the experiment 

to accelerate the process to reach equilibrium. 

The circulation method was designed to establish an outside circulation path to circulate liquid 

samples. The circulation would facilitate the contact between the water and the syngas in the 

headspace, which in turn reduced the time to reach equilibrium. It would also accelerate the mass 

transfer within the liquid sample to obtain a sample with homogenized dissolved H2. However, 

the circulation method required a large liquid sample flow rate in the system. 

The stirring method was designed to use a magnetic stirrer to speed up the equilibrium. The 

whirlpool generated by the magnetic stirring bar would increase the contact surface of syngas to 

the water. The stirring also helped to get a homogenized liquid sample with same dissolved H2 

concentration. This method, however, might generate some syngas bubbles during the process, 

which might affect the dissolved H2 measurements. 
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7.2.2.2 Sensor installation 

Two flow-through cells were provided along with the dissolved H2 sensor by the manufacturer. 

The cells were customized for the H2 detection probe and the pH/temperature probe, respectively. 

They were connected in series to establish a liquid sample path. Because of the tendency that the 

flow-through cells would leak slightly when the liquid sample was pressurized, the 

pH/temperature probe was not installed into its specific flow-through cell. Only the H2 detection 

probe was installed into its specific flow-through cell. The pH/temperature probe was placed in a 

vessel containing RO water and next to the simulated fermenter. 

The two probes of the dissolved H2 sensor could be also directly submerged into the liquid 

sample. The submerged probe setup was designed to mount the probes in rubber stoppers and 

installed the stoppers into a bottle with liquid samples. However, due to the limitation of the 

rubber stopper diameter, only the H2 detection probe was installed into the bottle. The 

pH/temperature probe was placed in a different vessel like the flow-through cell setup. 

Both the flow-through cell setup and the submerged probe setup were established and tested to 

determine the appropriate method to integrate the dissolved H2 sensor with the dissolved CO 

measurement system. 

1) The flow-through cell setup 

The experiment setup with the flow-through cell was shown in Fig.7-1. The H2 detection probe 

was vertically inserted into the flow-through cell. Two clamp holders were used to hold the cell 

and the probe in their relative positions to avoid liquid sample leakage. The pH/temperature probe 

was placed in a separate beaker (400 mL) filled with approximate 350 mL of RO water as its 

flow-through cell tended to leak under pressure. The H2 detection probe and the pH/temperature 

probe were placed close together to avoid significant temperature difference. The flow-through 

cell was connected to a 500 mL bottle with a flexible rubber tubing. A peristaltic pump (7523-30, 
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Cole-Parmer, Vernon Hills, IL, USA) was installed between the cell and the bottle to provide a 

constant liquid flow rate for the dissolved H2 measurements. Two clamps (Clamp #1 and #2) 

were used to control the liquid flow during the preparation of the liquid samples. 
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Fig.7-1 Illustration of the flow-through cell setup of the dissolved H2 sensor: a) the schematic 

diagram of the test setup; b) the assembled experiment setup. 
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2) The submerged probe setup  

The experiment setup was shown in the Fig.7-2. The H2 detection probe was mounted on a rubber 

stopper (size No.6). The rubber stopper was then installed into a 100 mL glass bottle used as a 

sample container for the developed dissolved CO measurement system. The pH/temperature 

probe was placed in a beaker (400 mL) with 350 mL RO water. The two bottles were connected 

together with a flexible rubber tubing. A peristaltic pump (7523-30, Cole-Parmer, Vernon Hills, 

IL, USA) was used to circulate the liquid sample between the two bottles. Two clamps (Clamp #1 

and #2) were installed on the tubing to control the liquid flow. 
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Fig.7-2 Illustration of the submerged probe setup of the dissolved H2 sensor: a) the schematic 

diagram of the test setup; b) the 100 mL bottle with the H2 detection probe. 

 

7.2.2.3 Experiment procedures 

1) The flow-through cell setup 

The liquid sample was prepared firstly as the method stated in Section 7.2.2.1. The total volume 

of the used RO water was 400mL. The time for purging the RO water and the headspace of the 
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500 mL bottle with syngas was five minutes. The syngas in the headspace was pressurized to two 

levels, 5 psig and 15 psig, respectively. Only the stirring method was used for this setup due to 

the flow rate limitation of the flow-through cell. The rotation speed of the magnetic stirrer was set 

at the smallest (position No.1) to avoid generating strong whirlpool in the bottle. It was assumed 

that the equilibrium was reached when the headspace pressure inside the 500mL bottle was stable 

(less than 0.01 psig pressure change) for more than ten minutes.  

Before each measurement, the H2 detection probe required to be polarized with H2-free water. 

Thus, the flow-through cell was separated from the 500 mL bottle to establish a path to polarize 

the probe with H2-free water. The peristaltic pump was used to pump H2-free water through the 

cell with a flow rate of 10 mL/min. The time for the polarization was about 60 minutes. 

The dissolved H2 sensor was ready for measurement after the equilibrium was reached and the H2 

detection probe was polarized. The prepared liquid sample was pumped through the flow-through 

cell at a fixed 2 mL/min flow rate by the peristaltic pump. Three independent measurements were 

performed for each headspace pressure. The minimal time duration for the three dissolved H2 

measurements was 50 minutes.  

2) The submerged probe setup  

The liquid sample in the submerged probe setup was prepared with 500 mL RO water. The extra 

100 mL RO water was used to fully fill the 100 mL bottle, which contained the H2 detection 

probe. The two bottles were isolated with Clamp#1 and #2 after the 100 mL bottle was full of H2-

free RO water. The preparation of liquid samples was performed in the 500 mL bottle while the 

polarization of the H2 detection probe was performed in the 100 mL bottle with steady state RO 

water. The time for the polarization was around 30 to 40 minutes. The submerged probe setup had 

a short polarization time, because the H2 detection probe was completely submerged in huge 



164 

 

amount of H2-free water (around 100 mL). The sufficient water contact helped to accelerate the 

polarization. 

The remaining RO water in the 500 mL bottle was used to prepare the liquid samples with the 

same procedures described in the flow-through cell setup. However, the syngas was only 

pressurized to 5 psig in this setup. Both the stirring method and the circulation method were used 

in this setup to shorten the time to reach equilibrium. The equilibrium in both methods was 

judged by monitoring the headspace pressure. The equilibrium was believed to be obtained when 

the headspace pressure was stabilized (had less than 0.01 psig pressure change) for ten minutes. 

For the stirring method, the speed setting of the magnetic stirrer was selected at the smallest 

(position No.1). The polarization of the H2 detection probe and the preparation of liquid samples 

were performed simultaneously. After the equilibrium was reached and the H2 detection probe 

was polarized, the liquid sample was pumped to the 100 mL bottle at a flow rate of 100 mL/min. 

Only one measurement was performed with this method as the stirrer might generate tiny H2 

babbles in the liquid sample , which would result in a supersaturated dissolved H2 concentration 

(Kikuchi et al., 2001). The dissolved H2 concentration was measured for at least 100 minutes. 

For the circulation method, the preparation of liquid samples was performed after the H2 probe 

detection was polarized. The connection between the 100 mL bottle and the 500 mL bottle 

provided the path to circulate liquid sample. The flow rate was maintained by the peristaltic pump 

at 100 mL/min. Three independent measurements were performed on liquid samples, which were 

freshly prepared for each test. Because of the additional time required to reach equilibrium, each 

measurement lasted at least 100 minutes, which was longer than that of the flow-through cell 

setup.  
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7.3 Results and Discussions 

7.3.1 The flow-through cell setup 

The results of the dissolved H2 concentration measurement were shown in Fig.7-3. The solid line 

represented the average of the prepared dissolved H2 concentration, ��̅Z� (mg/L), in the liquid 

sample from the three replicate measurements. The concentrations ��Z� in each measurement 

were calculated as the method stated in Section 7.2.2.1 from the Henry’s law. The maximal 

standard deviation of ��Z� among the three measurements was smaller than 0.01mg/L. Therefore, 

the averaged value ��̅Z� was used.  

The dotted line with markers represented the measured dissolved H2 concentration, �� (mg/L), in 

the three measurements. The results from liquid samples with syngas pressurized at 5 psig and 15 

psig were shown in Fig.7-3a and Fig.7-3b, respectively. The result showed the measurements of 

�� in a time duration of 50 minutes.  

The comparison of the prepared and measured dissolved H2 concentration in this experiment 

demonstrated three obvious problems: 

1) An overestimation of the measured dissolved H2 concentration at the beginning of the 

testing; 

2) A rapid decrease of the measured dissolved H2 concentration during the testing; and  

3) An inconsistency of measured dissolved H2 concentration between replicate tests. 
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(b)

(a)

 

Fig.7-3 Measurement results of the dissolved H2 concentrations with the flow-through cell setup 

at initial pressures of 5 psig (a) and 15 psig (b) (R1, R2, and R3 represented the three independent 

measurements. The time point 00:00 represented the time when liquid samples were introduced to 

the dissolved H2 sensor). 
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According to the specification of the dissolved H2 sensor, the sensor should have a measurement 

error less than 2% of the measuring value. However, the results showed in the Fig.7-3 had a 

maximal absolute percentage measurement error of 55.12% for the 5 psig group and 52.52% for 

the 15 psig group. It was also impossible to determine the dissolved H2 concentration because the 

dissolved H2 sensor could not provide a stable dissolved H2 concentration reading. 

The first problem of the dissolved H2 sensor was the overestimation of the dissolved H2 

concentration. According to the manufacturer of the dissolved H2 sensor, the overestimation 

might be the result of H2 supersaturation in the liquid samples. The Henry’s law used to calculate 

the prepared dissolved H2 concentration would no longer valid under this condition. The possible 

cause of the supersaturation was the stirring method used to shorten the equilibrium time. The 

magnetic stirrer generated a whirlpool in the bottle and resulted in large amounts of tiny H2 

bubbles in the liquid sample. This assumption was made based on reports of similar H2 

supersaturation scenarios during the production of H2 from water electrolysis (Kikuchi et al., 

2001) or fermentation of organic waste (Kraemer and Bagley, 2006). The limitation of the mass 

transfer between the dissolved and gas phase H2 generated the supersaturation in above situation 

(Kraemer and Bagley, 2006). Kikuchi et al. (2001) stated that there was a supersaturation status 

existed around the H2 bubbles in the water, which was similar to the scenario in this experiment 

as the magnetic stirrer generated tiny H2 bubbles by forming great whirlpool in the water. 

Therefore, it was reasonable to suspect that the stirring method generated the supersaturation. 

The second problem of rapidly decreased readings and the third problem of inconsistency were 

believed to be the result of the flow-through cell design. The flow-through cell used two rubber 

O-rings as the sealing between the cell body and the probes, which were already found to be 

problematic. The cell for the pH/temperature probe was leaking during the pressure test before 

the experiment. In the initial test, it was also found that the measurement of the dissolved H2 
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concentration would have an obvious change when the flow-through cell and H2 detection probe 

were pressed together.  

It was assumed that the small volume of the flow through cell (around 1 mL) and the leakage 

contributed to the rapid decrease of the sensor reading. The tiny amount of H2 inside the cell was 

prematurely released to the environment, thus generated the decrease of the readings. Meanwhile, 

the installation of the H2 detection probe to the flow-through cell also resulted in different sealing 

conditions between three measurements, which led to the inconsistency of the dissolved H2 

concentration measurements. 

In summary, the experiment on the dissolved H2 sensor with the flow-through cell setup 

demonstrated several problems regarding the liquid sample preparation and the cell design. The 

next experiment with the submerged probe setup was designed to correct these problems. 

 

7.3.2 The submerged probe setup 

The results of the dissolved H2 concentration measurement with the submerged probe setup were 

shown in Fig.7-4. The solid dark blue line represented the average of the prepared dissolved H2 

concentration ��̅Z� in the liquid sample from the three measurements (using circulation method) 

which were calculated as the method stated in Section 7.2.2.1 from the Henry’s law. The 

concentration ��̅Z� was adjusted based on the change of headspace pressure during the process. 

The maximal standard deviation of ��Z� between the three measurements was smaller than 

0.01mg/L. The solid cyan line with “X” markers represented the prepared dissolved H2 

concentration ��̅Z� for the measurement with the stirring method. It was calculated with the same 

method stated in Section 7.2.2.1. 
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The dotted lines with markers represented the measured dissolved H2 concentration ��. The 

results included one measurement with the stirring method (black dotted line with “X” markers) 

and three measurements with the circulation method (with circle, cross, and square markers). The 

two methods to accelerate the equilibrium were compared in Fig.7-4 to verify previous 

assumption that the stirring method generated the H2 supersaturation. The liquid samples used in 

all measurements were prepared with an initial syngas pressure of 5 psig. The tendency of the 

measured and prepared dissolved H2 concentration in 100 minutes were illustrated in Fig.7-4. 

 

Fig.7-4 Measurement results of the dissolved H2 concentrations with the submerged H2 probe 

setup (Black dotted line with “X” markers was obtained with the stirring method to speed up 

equilibrium. The other three dotted lines were obtained with the circulation method. The two 

solid lines represented the average prepared dissolved H2 concentration from the circulation 

method and the stirring method. R1, R2, and R3 represented the three independent measurements 

with the circulation method). 
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The results in Fig.7-4 demonstrated that: 

1) An overestimation of the measured dissolved H2 concentration only occurred with the 

stirring method; 

2) The measurements on the dissolved H2 concentration with the circulation method showed 

relative stable readings and have less deviation among different replicate; and 

3) The prepared dissolved H2 concentration ��Z� (from the Henry’s law) with the stirring 

method was lower than that with the circulation method. 

The first finding showed that the stirring method was the primary cause of the overestimated 

dissolved H2 concentration. The stirrer generated a supersaturated dissolved H2 in the liquid 

samples, which resulted in an invalid condition to use the Henry’s law to calculate the dissolved 

H2 concentration. Thus, the measured dissolved H2 concentration was always higher than the 

prepared one. Meanwhile, the circulation method did not generate the whirlpool; thus, it didn’t 

generate a supersaturation H2 in the liquid sample. The measured dissolved H2 concentrations did 

not show the peak in the start of the measurement and were more close to the prepared 

concentration than the measurement with stirring method. 

The second finding confirmed the suspicion on the flaw of the flow-through cell design. The 

measurement results were consistent with the submerged probe setup due to the better sealing in 

the setup. The variations among measurements was smaller and the rapid decrease of the sensor’s 

reading was not obvious. However, the measured dissolved H2 concentration �� was 1.01% to 

18.30% (average 11.43%) lower than the prepared concentration ��Z� from Henry’s law 

calculation. 

The third finding on the comparison of the prepared dissolved H2 concentration ��Z� might be 

useful to explain the underestimated measured dissolved H2 concentration �� with the stirring 
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method to prepare the liquid sample. The stirring method had a lower prepared concentration ��Z� 

than the circulation method suggested that the circulation method might not able to sufficiently 

dissolve the H2 gas into the water. As a result, the measured dissolved H2 concentration was 

underestimated with the stirring method. 

In summary, the setup with the submerged H2 probe provided more reliable measurements of the 

dissolved H2 concentrations. The magnetic stirrer should not be used in liquid sample preparation 

to generate the supersaturated H2 in the liquid samples. 

 

7.4 Conclusions 

A commercial dissolved H2 sensor was evaluated to determine the appropriate installation and 

operation methods. Two installation methods, the flow-through cell setup and the submerged 

probe setup, were compared. The comparison of the installation methods showed that the 

submerged setup was the appropriate setup to integrate the dissolved H2 sensor with the dissolved 

CO measurement system. The submerged probe setup could achieve consistent, stable dissolved 

H2 concentration measurements. Meanwhile, based on the available measurement results on the 

dissolved H2 concentration, the circulation method was considered as the appropriate method to 

prepare the liquid samples with dissolved H2. The method did not result in supersaturated H2 in 

the liquid samples as the stirring method. 

The mean absolute percentage error (MAPE) between the measured and prepared dissolved H2 

concentration with the submerged probe setup and the circulation method was 11.43%. For the 

experiment performed with the stirring method and the flow-through cell setup, the MAPE could 

not be properly calculated as the measurement readings from the H2 sensor were unstable and 

constantly decreasing.
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CHAPTER VIII 
 

 

PERFORMANCE EVALUATION OF THE INTEGRATED DISSOLVED CO/H2 

MEASUREMENT SYSTEM 

Abstract 

Monitoring and control of dissolved CO and H2 concentrations in syngas fermentation medium 

are important to improve the fermentation efficiency. An integrated dissolved CO/H2 

measurement system was developed based on a dissolved CO measurement system and a 

commercial dissolved H2 sensor. Experiments were performed to evaluate the performance of the 

integrated system. Two liquid sample preparation methods, the circulation method and the stirring 

method, were used in the experiment to address the problems during the integration. The CO 

measurement results showed that the previous determined circulation method failed to have 

sufficient CO dissolved the liquid samples, with a mean absolute percentage error between 

41.21% and 45.84%. The CO measurement results with the stirring method was close to that of 

previous experiment, with a mean absolute percentage error between 8.67% and 10.83%. A mean 

absolute percentage error around 20% was reported for dissolved H2 concentration measurement 

with the circulation method. The H2 measurement showed that a supersaturated H2 generated with 

the stirring method. 

 

Keywords: Syngas fermentation, Electrochemical dissolved H2 sensor, Infrared dissolved CO 

measurement  
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8.1 Introduction 

Appropriate dissolved CO and H2 concentrations were critical to maintain the normal activities of 

microorganisms and enzymes during syngas fermentation (Devarapalli and Atiyeh, 2015; Hurst 

and Lewis, 2010). Precise measurement and control of the dissolved CO and H2 concentrations 

could improve mass transfer rates of CO and H2 in the fermentation medium (Devarapalli and 

Atiyeh, 2015), the final product yield, and fermentation process stability (Atiyeh et al., 2017). 

Therefore, measurement and control of the dissolved CO and H2 concentrations had great 

practical significance in optimization of syngas fermentation.  In previous chapters, the 

measurements of dissolved CO and H2 concentrations were performed separately. This chapter 

presented an integrated dissolved CO/H2 measurement system with an objective to 

simultaneously measure CO and H2 concentrations.  

The dissolved CO/H2 measurement system was established by integrating an off-the-shelf 

dissolved H2 sensor to a developed dissolved CO measurement system. Two integration setups, 

the flow-through setup and the submerged probe setup, were tested and compared in previous 

chapter to determine the appropriate integration method for the dissolved H2 sensor. The flow-

through setup had less influence on the CO measurements as it established a new, separate liquid 

sample circulation path for the dissolved H2 sensor. However, the new liquid path required 

additional components which increased the system complexity. The submerged probe setup 

required less modification of the in-house dissolved CO measurement system since the dissolved 

H2 sensor (the H2 detection probe) was installed in the (liquid) sample container of the system. 

However, the operating procedures for the dissolved CO measurement system need to be 

modified to include the dissolved H2 sensor. Previous tests of the dissolved H2 sensor 

demonstrated that the submerged probe setup was more appropriate than the flow-through setup. 

After the method to integrate the dissolved H2 sensor was determined, the dissolved CO/H2 

measurement system was assembled and tested. The overall objective was to evaluate the 
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performance of the integrated dissolved CO/H2 measurement system. The specific objectives 

were: 

1) To integrate the dissolved H2 sensor with the dissolved CO measurement system to 

establish an integrated dissolved CO/H2 measurement system;  

2) To evaluate the performance of the integrated measurement system. 

 

8.2 Materials and Methods 

8.2.1 Integrated dissolved CO/H2 measurement system 

The integrated dissolved CO/H2 measurement system was established by integrating the dissolved 

H2 sensor with the dissolved CO measurement system (Fig.8-1), which included a dissolved gas 

extraction system and a mid-infrared (MIR) CO sensor. The two probes of the dissolved H2 

sensor, the H2 sensing probe and pH/temperature probe, were integrated into the dissolved gas 

extraction system as the setup described in Section 7.2.2. The H2 sensing probe was installed into 

the sample container of the dissolved gas extraction system. The pH/temperature probe was 

placed in a nearby vessel with H2-free water. Two outlet ports were added to the dissolved gas 

extraction system for the cleanup of the H2 sensing probe. The remaining part of the CO 

measurement system was not changed. The details of the CO measurement system setup and the 

dissolved H2 sensor installation were described in the Chapters 5 and 7, respectively. 
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Fig.8-1 Illustration of the integrated dissolved CO/H2 measurement system: a) the schematic 

diagram of the measurement system; b) the assembled measurement system in the laboratory 

(The MIR CO sensor was not shown). 

 

The data acquisition (DAQ) system for the integrated dissolved CO/H2 measurement system was 

modified based on the developed DAQ system for the MIR CO sensor (Fig.8-2). A serial 

connection (RS-232) was used between the host computer and the dissolved H2 sensor to collect 

the H2 concentration data. 
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Fig.8-2 Diagram of the data acquisition system of the integrated dissolved CO/H2 measurement 

system (MS/s was the abbreviation of million sample per second. S/s was the abbreviation of 

sample per second.). 

 

The high-speed DAQ device and the dissolved H2 sensor were connected to the same host 

computer in the DAQ system. The previously developed LabVIEW® programs were running 

simultaneously to record CO and H2 measurement results. The compact DAQ controller operated 

separately to control the MIR CO sensor with its specific LabVIEW® program. The details and 

the settings of these three DAQ devices were described in the Chapters 6 and 7, respectively.  

The same parameters of the dissolved CO measurement system and the dissolved H2 sensor were 

used in the integrated CO/H2 measurement system. Some primary settings of the MIR CO sensor 

were listed in Table.8-1. The detailed settings of the MIR CO sensor and the dissolved gas 

extraction system were described in Section 4.3.1 and Section 5.2.1, respectively. The settings of 

the dissolved H2 sensor were described in Section 7.2.2.2. 
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Table.8-1 Primary settings of the MIR CO sensor (MIR LED and preamplifier) in the integrated 

measurement system 

LED Driving Settings Preamplifier Settings 

LED 
Current 

Pulse 
Frequency 

Pulse 
Width 

1st stage 
transimpedance 

resistance 

Frequency 
bandwidth 

Preamplifier gain 

0.6 A 2 kHz 20 µs High (5 kΩ) Low (150 kHz) 124 (~ 37.5 V/V) 
 

8.2.2 Experiment setup 

8.2.2.1 Liquid sample preparation 

Liquid samples with dissolved CO and H2 were prepared with the same method described in 

Section 5.2.2.2 and Section 7.2.2.1 by using reverse osmosis (RO) water and pressurized syngas 

(40% CO, 30% CO2, and 30% H2 in molar percentage). The dissolved CO and H2 concentrations 

in the liquid sample were calculated using the Henry’s law. The details of the calculation method 

were described in above sections. The pressures of CO and H2, respectively, for the calculation 

were obtained when the dissolved and gas phase syngas reached an equilibrium. Two methods, 

the circulation method and the stirring method, were used to shorten the time to reach 

equilibrium. The detailed descriptions of these two methods were described in Section 7.2.2.2. 

The syngas in the headspace of the 500 mL bottle was pressurized to three initial pressure levels, 

3 psig, 6 psig, and 9 psig, to obtain liquid samples with three levels of dissolved CO and H2 

concentrations. Totally 18 sets of liquid samples were prepared for the experiment. For each 

pressure, three samples were prepared with the circulation method and another three samples 

were prepared with the stirring method.  
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8.2.2.2 Experiment procedures 

The following experiment procedures were designed based on the procedures of the previous 

experiments on dissolved CO (Section 5.2.2) and H2 measurements (Section 7.2.2.3). 

1) Measurement system initialization 

The initialization of the measurement system included following steps: prepare the MIR 

CO sensor for gas phase CO measurements, prepare the dissolved gas extraction system, 

and start the polarization of the dissolved H2 sensor. 

The setup of the MIR CO sensor included following steps in sequence (details described 

in Section 4.2.2): components warm-up, gas cell clean-up, components setting control, 

and measurement of original infrared signal strength. The preparation of the dissolved 

gas extraction system was proceeded by purge the system with N2 firstly, then add 500 

mL RO water into the system (details described in Section 5.2.2). The polarization of the 

dissolved H2 sensor was performed after the preparation of dissolved gas extraction 

system (details described in Section 7.2.2.3). 

2) Liquid sample preparation 

The preparation of liquid samples included following major steps: purge the 500 mL 

bottle with syngas, pressurize the headspace to desired pressure, and prepare liquid 

samples with equilibrated dissolved syngas (details described in Section 7.2.2.3). 

3) CO/H2 concentration measurements 

Measurement of the dissolved H2 concentration started when the dissolved H2 sensor 

polarization was completed and the liquid samples were introduced to the sample 

container (details described in Section 7.2.2). Measurement of CO concentration included 

following steps (described in Section 5.2.2 and Section 6.2.3): circulate (60 mL/min) a 

liquid sample in the sample container through a hollow fiber membrane (HFM) contactor 
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to degas the sample, perform the designed three-cycle gas extraction method to obtain 

accumulated gas phase CO concentration, and calculate the dissolved CO concentration.   

4) System cleanup 

The system cleanup included following aspects: measure the after-experiment infrared 

emission intensity (details in Section 5.2.2), clean-up the dissolved H2 sensor, and 

remove water/syngas from the system (details in Section 7.2.2.3).  

 

8.2.3 Performance evaluation of the integrated dissolved CO/H2 measurement system 

The performance of the integrated dissolved CO/H2 measurement system was mainly evaluated 

by its accuracy on the measurement of the dissolved CO/H2 concentrations. The differences 

between the measured and the prepared concentrations were used to determine the accuracy of the 

measurement system. 

The prepared dissolved CO and H2 concentrations, �?XZ� (mg/L) and ��Z� (mg/L), were calculated 

from the Henry’s law through their partial pressures and the adjusted Henry’s law constants 

according to the liquid sample temperature. The measured dissolved CO concentration, �?X 

(mg/L), was calculated from the gas phase CO concentration �� (mg/L), the volume (L) of the 

gas cell ��, and the volume (L) of the liquid sample ��as: 

�?X = ���� ��⁄  (8.1) 

The details of the calculation was stated in Section 5.2.2.2 and Section 7.2.2.1, respectively. The 

volume �� was measured with the same method described in Section 5.2.2.1 before the 

experiment, which was 132.33mL (The volume was slightly different than that in Chapter 5 due 

to the replacement of rubber tubing). The measured dissolved H2 concentration, �� (mg/L), was 

obtained directly from the dissolved H2 sensor. The mean absolute percentage error (MAPE) and 
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the root-mean-square error (RMSE) were used to evaluate the performance of the developed 

measurement system. The definition of the above two values were described in Section 4.2.2.2. 
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Fig.8-3 Flowchart of the dissolved CO and H2 concentrations measurement procedures (blue 

dashed lines separated primary steps) 
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8.3 Results and Discussions 

8.3.1 Dissolved CO concentration measurement 

The results of the dissolved CO concentration measurements were shown in Fig.8-4. The x-axis 

represented the prepared dissolved CO concentration, �?XZ� (mg/L), and the y-axis represented the 

measured dissolved CO concentration, �?X (mg/L). The markers on the graph represented the 

measured and prepared dissolved CO concentration for a single measurement. A regression 

analysis (shown in dash-dot line) was performed on the entire nine data points to determine if the 

measurement had non-linear tendency across difference concentrations. The measurements on the 

liquid samples prepared with the circulation method and the stirring method were demonstrated 

separately to compare the two methods. 

The comparison of the measurements suggested that the circulation method might have 

insufficient CO dissolution in the liquid samples. The measurements of the dissolved CO 

concentration with the circulation method were much lower than the results from liquid samples 

with the stirring method. Meanwhile, the RMSE of the measurements with the stirring method 

was close to that of previous dissolved CO measurement (1.40 mg/L to previously 0.83 mg/L). 

The comparison, along with the results from dissolved H2 sensor tests stated in the Chapter 7, 

suggested that the circulation method might not have the syngas fully dissolved into the water. 

Data analysis on the MAPE showed that the measured dissolved CO concentrations with the 

circulation method were about 41.21% to 45.84% lower than the corresponding prepared 

dissolved CO concentrations (Table.8-2). The measured dissolved CO concentrations with the 

stirring method were about 8.67% to 10.83% lower than the prepared dissolved CO 

concentrations. The RMSEs were about 6.16mg/L for the circulation method and 1.40mg/L for 

the stirring method. The regression analysis on the data points demonstrated that the linearity of 

the dissolved CO concentration measurement was better when using the stirring method to 
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prepare the liquid samples. The slope of the regression model was 0.9862, which was close to the 

ideal slope value of one. The slope from the regression model of the circulation method was 

0.7373, which indicated that a higher CO concentration would have a higher measurement error.  

 

Table.8-2 List of the mean absolute percentage error (MAPE) and root-mean-square error 

(RMSE) for the dissolved CO concentration measurements 

No. Initial 
Pressure 

(psig) 

MAPE 
(C) (%) 

MAPE 
S.D. (C) 

(%) 

RMSE (C) 
(mg/L) 

MAPE 
(S) (%) 

MAPE 
S.D. (S) 

(%) 

RMSE (S) 
(mg/L) 

1 3 45.84 2.49 6.16 10.83 1.52 1.40 
2 6 42.72 3.29 10.30 1.53 
3 9 41.21 2.29 8.67 1.78 

* “C” represented circulation method; “S” represented stirring method. S.D. was the abbreviation 

of standard deviation. 
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Fig.8-4 Comparison between the prepared and measured dissolved CO concentrations with the 

circulation method (a) and the stirring method (b) at initial gas pressure of 3 (“o” markers), 6 (“+” 

markers), and 9 psig (“X” markers). (Gas sample composition: 40% CO, 30% H2, and 30% CO2)
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8.3.2 Dissolved H2 concentration measurement 

The results of the dissolved H2 concentration measurements were shown in Fig.8-5 and Fig.8-6, 

respectively. The changing pattern of measured and prepared dissolved H2 concentrations during 

the measurements were shown in these two graphs. The blue solid line was the average of the 

prepared dissolved H2 concentration, ��̅Z� (mg/L), calculated from the Henry’s law. The average 

value was used to simplify the graph to demonstrate the differences between measured and 

prepared dissolved H2 concentrations. The standard deviation of the three prepared dissolved H2 

concentrations was small than 0.05 mg/L. The dotted lines with markers were the measured 

dissolved H2 concentrations in the three replicate measurements.  

The results showed that both the stirring and the circulation method, which were used to shorten 

the time to reach equilibrium status, had great influence on the measurements. The circulation 

method resulted in underestimated measurements of the dissolved H2 concentrations while the 

stirring method lead to overestimated measurements. Meanwhile, the circulation method was 

found to be more sensitive to the modification of the setup. The time to reach equilibrium was 

about one hour, which was longer than that time during the previous test of the dissolved H2 

sensor (around 30 to 40 minutes). 

The stirring method, which used the magnetic stirrer to accelerate the syngas dissolution, had less 

impact from the modification of the system setup (Fig.8-6). However, it still generated a 

supersaturated H2 in the liquid samples as the previous test.  

The measurements of the dissolved H2 concentrations would reach a steady status when the 

circulation method was used (Fig.8-5). The final measured dissolved H2 concentrations were 

obtained when the steady status was reached after 60 to 90 minutes. The mean absolute 

percentage error (MAPE) of the measured dissolved H2 concentrations was calculated as around 

14.49% to 18.47% at the steady status (Table.8-3). A dissolved H2 extraction ratio was also 
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calculated by comparing the dissolved H2 concentration at the beginning and the ending of the 

gas extraction process. The ratio was calculated as about 94%, which showed most H2 was 

removed from the liquid samples by the HFM contactor after three gas extraction cycles. 

 

Table.8-3 List of the mean absolute percentage error (MAPE) and the dissolved H2 extraction 

ratio for dissolved H2 concentration measurements (with the stirring method). 

No. Initial 
Pressure 

(psig) 

MAPE (%) MAPE S.D. 
(%) 

Dissolved H2 
Extraction 
Ratio (%) 

Extraction 
Ratio S.D. 

(%) 

1 3 18.47 2.34 94.76 0.23 
2 6 14.49 3.76 93.33 0.41 
3 9 15.90 0.53 94.68 0.83 

*Measured dissolved H2 concentrations were obtained at the elapsed time of 20 minutes (The end 

time of the measurements). S.D. was the abbreviation of standard deviation. 

 

The measured dissolved H2 concentrations had a tendency to decrease over time, when the 

stirring method was used. Therefore, it was difficult to determine when to report the measured 

dissolved H2 concentrations. Since the dissolved CO measurements took around 20 minutes to 

report a dissolved CO concentration, a regression model was established for the change of the 

dissolved H2 concentrations in the first 30 minutes to predict the overestimation (Fig.8-7). The 

data points used in the model were obtained when the measured dissolved H2 concentrations 

began to decrease. The data from all three pressure levels were presented in different markers. 

The established regression model was: 

F = −13.03G + 9608641.5, 	 = 0.8543 (8.2) 

where F represented the overestimation ratio (%) and G represented the elapsed time (minute). 
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(b)(a)

(c)

 

Fig.8-5 Measurements of the dissolved H2 concentrations with the circulation method: a) 3 psig initial pressure; b) 6 psig initial pressure; c) 9 psig 

initial pressure (R1, R2, and R3 represented the three independent measurements. Gas sample composition: 40% CO, 30% H2, and 30% CO2). 
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(b)(a)

(c)

 

Fig.8-6 Measurements of the dissolved H2 concentrations with the stirring method: a) 3 psig initial pressure; b) 6 psig initial pressure; c) 9 psig 

initial pressure (R1, R2, and R3 represented the three independent measurements. The replicate R1 of 3 psig samples had a different changing 

pattern due to the sample preparation mistake in the experiment. Gas sample composition: 40% CO, 30% H2, and 30% CO2). 
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The regression model demonstrated that the overestimation would decrease gradually after the 

prepared liquid samples were introduced to the sample container. The overestimation would be 

around 40% in 10 minutes and around 22% in 30 minutes. 

 

Fig.8-7 Regression analysis on the overestimation of the dissolved H2 concentrations with the 

stirring method (Data points from 3, 6, and 9 psig initial pressure were shown in “o”, “+”, and 

“x” markers, respectively.). 

 

8.3.3 Results discussion 

The circulation method was determined as the method to prepare the liquid sample based on the 

dissolved H2 sensor test in Chapter 7, because it would not generate a supersaturated dissolved H2 

in the sample. However, the measurements on the dissolved CO concentrations were not 

satisfactory in the integrated system. The measured CO concentrations were around 40% lower 

than the prepared ones. The regression analysis of the data showed that there was a systematical 
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error in the measurements of the dissolved CO concentrations, when the circulation method was 

used to prepare the liquid sample. The slope of the regression model also indicated that higher 

CO concentrations had larger measurement errors.  

To address the problem of the lower than expected dissolved CO concentration, following 

possible causes were examined: 

1) The calibration model of the MIR CO sensor; 

2) The extraction efficiency of the HFM contactor; and 

3) The problem with CO dissolution using the circulation method. 

A validation test of the MIR CO sensor was performed after the measurements of dissolved 

CO/H2 concentrations with the circulation method (Section 4.2.2.2). The validation test examined 

the difference between the measured and prepared CO concentrations (in gas phase) to determine 

whether the calibration model was still valid. The results of the validation test showed that the 

calibration of the mid-infrared CO sensor was valid; therefore, the measurements of gas phase 

CO concentrations were accurate. 

It was known that the HFM contactor’s gas extraction efficiency would deteriorate over time by 

clogging or membrane aging. Therefore, the capability of the HFM contactor was also examined 

to check if there was anything abnormal during the gas extraction process. Since there was no 

suitable tool for the evaluation of the CO extraction ratio. The dissolved H2 extraction ratio was 

used to evaluate the gas extraction process (Table.8-3), which showed that the HFM contactor 

and the designed extraction method could reach a dissolved H2 extraction ratio higher than 90%.  

Therefore, the liquid sample preparation with the circulation method was the only cause of the 

abnormal CO concentrations. The results from the liquid samples prepared with the stirring 

method had normal measurement errors on the dissolved CO concentrations. Therefore, it was 

determined that the circulation method was not able to sufficiently dissolve CO in the water. 
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However, the circulation method generated supersaturated H2 and made the measurements of 

dissolved H2 concentrations unreliable. The future research should focus on the improvement of 

the dissolved H2 concentration measurement, which might include the modification on the sensor 

installation and a device or procedure to eliminate the supersaturated H2 before the measurement. 

It was also worthy to find a new method to prepare liquid samples, which could fully dissolve the 

syngas to the water and provide an accurate estimation on the dissolved syngas concentrations. 

 

8.4 Conclusions 

An integrated dissolved CO/H2 measurement system was established based on the developed 

dissolved CO measurement system and a commercial dissolved H2 sensor. Experiments were 

performed to evaluate the performance of the developed measurement system. The results 

showed the liquid preparation method had a great influence on the CO and H2 measurements. The 

circulation method used to prepare liquid samples generated insufficient CO and H2 dissolution 

and resulted in underestimated measurements. The stirring method, which used a magnetic stirrer, 

generated sufficient CO dissolution. However, it might generate supersaturated H2 in liquid 

samples and affect the dissolved H2 concentration measurements.  

The mean absolute percentage error (MAPE) of the dissolved CO concentrations was ranged 

between 8.67% and 10.83% with the stirring method to prepare liquid samples. The root-mean-

square error (RMSE) of the dissolved CO concentration was 1.40 mg/L. The overestimation of 

the dissolved H2 concentrations was around 40% in 10 minutes and around 22% in 30 minutes 

after the liquid samples were introduced to the dissolved H2 sensor. Future research should focus 

on the improvements of the dissolved H2 concentration measurement. New method for the liquid 

sample preparation was also necessary in the future research to overcome the opposite effect of 

stirring on CO and H2 dissolution. 
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CHAPTER IX 
 

 

CONCLUSIONS AND RECOMMENDATIONS 

 

9.1 Conclusions 

This research had following conclusions: 

1) Literature reviews showed that the infrared detection method was the best method to 

detect dissolved CO in the syngas fermentation media. The preliminary results of FTIR 

experiment showed that it was feasible to measure CO concentrations in the gas phase 

syngas. However, the broad, strong liquid water interference was a challenge to measure 

dissolved CO in aqueous solution. Infrared CO measurements at mid-infrared (MIR) 

spectral range between 4.42 µm to 5 µm (2000 cm-1 and 2260 cm-1 in wavenumber) were 

free of interference from other chemicals in syngas and fermentation medium.  

2) Two methods could be used to measure dissolved CO concentrations with infrared 

spectroscopic technology: a) directly measure dissolved CO concentrations with a 

powerful infrared radiation source, such as a quantum cascade laser; b) extract dissolved 

CO from the liquid sample then measure the gas phase CO with an infrared sensor. The 

latter method would not require a laser as the infrared radiation source, which could 

significantly reduce the cost and simplify the infrared CO sensing system. 
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3) A MIR CO sensor with MIR light emitting diode (LED) as the infrared radiation source 

was established. It was capable of measuring CO concentrations that in range for 

dissolved CO measurements. Dissolved CO concentrations could be measured from the 

designed indirect method with a dissolved gas extraction system and the developed MIR 

CO sensor. The maximal mean absolute percentage error in dissolved CO concentration 

measurements was 6.18% and the measurement time for one liquid sample was around 20 

minutes. The designed dissolved gas extraction system could achieve a gas extraction 

ratio higher than 90% with specific operation procedures (three five-minute extraction 

cycles) for liquid samples (with around 130 mL volume). 

4) The liquid preparation methods had a great influence of the CO and H2 measurement 

results. The circulation method used to prepare liquid samples resulted in insufficient CO 

and H2 dissolution and underestimated measurements. The stirring method, which used a 

magnetic stirrer, generated sufficient CO dissolution. However, it might resulted in 

supersaturated H2 in liquid samples. 

5) When the stirring method was used to prepare the liquid sample, the mean absolute 

percentage error of the dissolved CO concentrations was ranged between 8.67% and 

10.83%. The root-mean-square error of the dissolved CO concentration was 1.40 mg/L. 

The overestimation of dissolved H2 concentrations was around 40% in 10 minutes and 

around 22% in 30 minutes after liquid samples were introduced to the dissolved H2 

sensor. 

 

9.2 Recommendations 

The recommendations for future research involved following aspects: 
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1) Due to the limitation of funding and time, the gas cell of the developed MIR CO sensor 

was not specially optimized for the application. The current gas cell had a large volume 

and did not have inner surface coating to reflect the infrared light. The gas cell can be 

further improved by using a small volume, inner-coated customized cell. The optical 

pathlength can also be extended when the infrared radiation can be reflected in the inner 

surface. The improvement of the gas cell will further improve the sensitivity of the MIR 

CO sensor. 

2) A reference channel can be added to simplify the operation procedures of the MIR CO 

sensor. The current method obtained the infrared emission intensity of the LED by 

measuring pure N2 in the gas cell, which might not be available in actual applications. 

Therefore, it will be useful to establish a reference channel for real-time measurement of 

the infrared emission intensity of the LED . The reference channel could be introduced by 

adding another optical path and photodetector to directly measure the infrared emission. 

It could also be achieved by adding a correlation cell with gas samples with known CO 

concentration (Koppius, 1951). 

3) The future improvement of the dissolved CO/H2 measurement system should involve the 

automation of the dissolved gas extraction system. An automatic system will be helpful 

for the revision of the current method with multiple gas extraction cycles, which will 

improve the repeatability and reduce the measurement time of the system.  

4) The volume of the liquid samples could also be adjusted to reduce the measurement time. 

The volume used in this research, around 130mL, required about 20 minutes for one 

measurement. With the improvement of the MIR CO sensor, it is possible to use smaller 

volume of liquid samples for a faster measurement. 
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5) New method for the liquid sample preparation is necessary in future research to 

overcome the contradiction between CO and H2 dissolution in current method. An online 

gas chromatography method may be added to measure the CO and H2 percentage changes 

during the liquid sample preparation process. A longer liquid sample preparation may be 

introduced to ensure the sufficient dissolution of CO/H2 as well. 
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APPENDICES 
 

 

I. Illustration of circuits and program for the MIR CO sensor  

LED Temperature 
Controller

Power 
Input DC 

12V±5%,0
.3A  

Thermocooler 
Power Output
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Input

LED Temperature Voltage 
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+

+
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D-41 LED Driver

 Power 
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+

LED Driving 
Current+

12V Power 
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Fig.A-1 Illustration of the connections between the MIR LED, the LED driver, and the 
LED temperature controller



216 

 

 

Fig.A-2 Screen shot of the preamplifier settings (in preamplifier management software) 
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1.Name Path 

Definition

2.Signal Output (to 

lock-in amplifier)

 

Fig.A-3 Data acquisition program for the MIR CO sensor 
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1. Signal Input (from 

data acquisition part) 

2. Signal Length

3. File Path

4. Data 

Storage

5. Data Display

 

Fig. A-4 Digital lock-in amplifier in the data acquisition program for MIR CO sensor 
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Fig. A-5 Data acquisition program for dissolved H2 sensor 
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II. MATLAB programs for signal analysis  

1. Infrared absorbance analysis for FTIR measurement results 
 
clc; 

clear; 

%05072018, MATLAB program to draw the regression curve for CO 

FTIR gas 

%experiment data 

C = [2.58352045 2.629246476 2.581759265 2.796900573 2.853980176 

2.787386109 3.65558834 3.630262784 3.660575767 3.970028492 

3.727909543 4.209599177 4.771637493 5.334461152 4.747838803 

8.3785 8.1403 8.1623 10.3498 10.5967 10.93132 33.20940177 

30.98463511 27.9347507 54.68225846 52.6393888 54.52779736 

97.05377572 95.78021663 89.52855224 112.1448 104.5453 110.4761 

160.3839 160.7422 163.9771 308.3984309 306.5703594 306.5703594 

447.2645279 452.6302568 456.7803109 531.1462753 527.1446191 

528.082463 926.3397021 927.7443186 920.3633121]; 

%CO concentration (mg/L) 

Res1 = [0.1002 0.0887 0.0823 0.1129 0.1215 0.1136 0.1455 0.1281 

0.1434 0.1533 0.1432 0.1704 0.1926 0.2062 0.1894 0.2931 0.2996 

0.2885 0.3424 0.3570 0.3518 0.2834 0.2692 0.2825 0.4145 0.3999 

0.4149 0.6462 0.6480 0.6346 0.7429 0.7484 0.7470 0.9272 0.9126 

0.9118 1.4410 1.4457 1.4412 1.6082 1.6978 1.7410 1.9265 1.8319 

1.9190 2.9505 2.8239 2.8595]; 

%CO absorbance, 2161.864cm-1 

Res2= [5.0696 4.9091 2.0876 5.9983 6.5027 6.0132 8.3055 7.1935 

8.0944 9.1887 5.5786 7.7692 11.0667 10.8091 11.3131 18.3525 

19.0255 18.6253 22.7970 23.6459 23.3360 18.5221 17.1744 18.2908 

29.1010 27.8017 29.1077 49.5558 50.0450 49.1739 58.4829 62.0740 

58.8719 76.9663 68.0005 76.0265 115.4047 115.5847 115.0528 

149.9981 160.0800 163.7206 183.9246 172.6291 183.5224 292.2719 

288.9843 290.0360]; 

%CO absorbance over area 

  

figure(1) 

scatter(C,Res1,'ro') 

hold on 

p = polyfit(C,Res1,1) 

Rsquare = Rsquarecalc(C,Res1,p) 

f = polyval(p,C); 

% y = 0.003x+0.251,R^2 = 0.9724 

plot(C,f,'b-.') 

grid on 

%title('Regression Analysis on Single Line (2161cm^-^1) 

Absorbance Data') 

xlabel('CO concentration(mg/L)') 

ylabel('Absorbance') 

legend('Data points','Regression: y=0.0030x+0.2510,R^2=.9724') 

  

figure(2) 
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scatter(C,Res2,'ro') 

hold on 

p2 = polyfit(C,Res2,1) 

Rsquare2 = Rsquarecalc(C,Res2,p2) 

f2 = polyval(p2,C); 

% y = 0.3098x+13.483,R^2 = 0.9909 

plot(C,f2,'b-.') 

grid on 

%title('Regression Analysis on Absorbance in Total CO Absorption 

Band') 

xlabel('CO concentration(mg/L)') 

ylabel('Absorbance') 

legend('Data points','Regression: y=0.3098x+13.4829,R^2=.9909') 

 
 
2. Preamplifier/lock-in amplifier output signal spectrum analysis 

 

clc; 

clear; 

%Calculate the FFT spectrum and display the Preamplifier Output 

signal 

  

filename = 'PDData63R.mat'; 

rawMat = load(filename,'ConvertedData'); 

%Read data from TDMS levels 

rawDataStruct = rawMat.ConvertedData.Data.MeasuredData(1,3); 

rawData = rawDataStruct.Data; 

Fs = 2000000; 

  

%2MSa/s data's sampling rate 

[F,P] = DFT_Dec(rawData,Fs); 

figure()%FFT spectrum 

plot(F,P) 

axis([0 20000 0 inf]) 

title('Single-Sided Amplitude Spectrum 1.5A,2kHz,10\mus' ) 

xlabel('f (Hz)') 

ylabel('|P(f)|') 

grid off 

  

figure()%PO signal in time domain 

  

tS = 0.2;%Length of displayed signal 

inputData = rawData(1:tS*Fs); 

t = 1/Fs; 

k = t:t:tS; 

z = 1000;%change time unit to ms 

plot(1000*k,1000*inputData) 

xlabel('Time (ms)') 

ylabel('Signal Amplitude (mV)') 

title('Time Domain Signal 1.5A,2kHz,10\mus' ) 
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