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Abstract 

 

This thesis describes the development of novel methods to analyze organosulfur 

compounds using gas chromatography (GC) with flame photometric detection (FPD). The 

first area of exploration utilizes a water stationary phase for sulfur separations. Several 

organosulfur compounds are retained to varying degrees on this phase, while non-polar 

hydrocarbons are unretained. This prevents the co-elution of sulfur analytes with 

hydrocarbons and the response quenching that is often observed in GC-FPD. Overall, the 

water stationary phase is shown to be a useful alternative for the analysis of organosulfur 

compounds in complex matrices. 

Next, a sample preparation method using lead oxide particles or plumbite solution is 

demonstrated to complex thiols into a solid lead thiolate moiety that can be physically 

separated from complex sample matrices and then reconstituted as the original thiol in a 

simple replacement solvent for analysis. The method allows thiols to be selectively isolated 

from co-eluting peaks, which can simplify their determination and greatly reduce interference 

from signal quenching when using an FPD. As an extension of this technique, a selective 

chromatographic system is also demonstrated. This uses PbO or plumbite as a pre-column 

trap for thiols, which allows non-thiols to separate as normal while thiols are not eluted until 

in situ reconstitution. This illustrates the potential for their controlled GC analysis. 

Accordingly, results indicate that these methods could be useful alternative approaches for 

the selective analysis of such thiol-containing samples. 

Lastly, a novel miniaturized GC-FPD device built within a titanium platform (Ti 

µGC-FPD) is presented. The monolithic Ti device contains both a separation column and a 
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shielded cavity to house the detector flame. The FPD employs a micro counter-current flame 

that is stabilized by opposing relatively low flows of oxygen and hydrogen, with minimum 

detectable limits of about 70 pg S/s for sulfur and 8 pg P/s for phosphorous. Overall, good 

separations with stable and sensitive detector performance are obtained with the device, and 

its sturdy Ti structure supports robust operation. Results indicate that this Ti µGC-FPD 

device may be a useful alternative approach for incorporating selective FPD sensing in µGC 

analyses. 
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 CHAPTER ONE: INTRODUCTION 

 

1.1 Importance of Organosulfur Compounds 

Volatile organosulfur compounds (VSCs) are important to a wide range of industries. 

For example, organosulfur compounds present in the air can contribute to environmental 

pollution. In fact, when sulfur-compounds exist in refined petroleum products such as 

gasoline, the combustion products that contain sulfur can pollute the air as SOx which can 

lead to acid rain and result in detrimental effects on buildings, trees, and other surfaces [1]. In 

areas surrounding factories that make rubber, organosulfur pollution is also observed in air 

and/or water, due to the sulfur used to strengthen rubber products (such as car tires) in a 

process called vulcanization [2–4]. Similarly, natural VSCs from soils and vegetation can 

also get into water streams and contaminate them [5], affecting animal life and endangering 

human consumption. Another area where VSCs are important is the food and beverage 

industry. Of note, the flavoring and odor of numerous foodstuffs is often reliant on the 

concentration and class of different sulfur-compounds present in them. For instance, foods 

such as garlic, mustard, and coffee each contain VSCs that are essential to their aroma or 

taste [6]. Notably, many sulfur compounds display a potent odor, even at very low 

concentrations. In foods, often the low concentration sulfur component has a subtle impact 

on flavor and smell. However, if a food product has a high concentration (i.e. too much) of 

an organosulfur compound, both the flavor and smell can be adversely affected [6]. 

Organosulfur compounds are also frequently present in other diverse applications such as 

chemical warfare agents [7,8] and pesticides [9,10]. 
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Due to their importance and prevalence, VSCs must be regularly monitored to ensure 

quality control and avoid negative effects to the environment. Thus, analytical methods that 

can rapidly and accurately determine the sulfur compounds of interest in these different 

settings are desirable. Unfortunately, a large barrier often encountered with VSC analysis is 

the complexity of the matrix from which it comes. For example, there are hundreds of 

different hydrocarbons present amongst the sulfur compounds in gasoline, and foodstuffs 

similarly contain many other flavor and odor components in addition to sulfur-bearing 

analytes. This myriad of compounds present in a sample can make it difficult to effectively 

select for and analyze the sulfur-containing analyte(s), due to the significant background 

interference that can be generated by non-sulfur analyte signals. In an attempt to minimize 

this matrix interference, gas chromatography with selective detection is often employed as a 

sulfur-selective analysis technique. This method both increases the separation between 

interfering compounds and the sulfur component(s) of interest and enhances the signals of 

the latter. The focus of this thesis will be on the development of novel sulfur-selective 

methods of gas chromatography analysis that can be applied in various complex mixtures. 

 

1.2 Gas Chromatography 

As a whole, gas chromatography (GC) is one of the most commonly used analytical 

techniques for the determination of volatile organic compounds, including organosulfur 

compounds. This technique generally relies upon gas-phase analyte interactions between a 

mobile phase and a stationary liquid or solid phase for retention and separation of mixtures 

on a column, and was first demonstrated in 1952 by James and Martin [11]. Over half a 

century later, GC has greatly evolved and has been commercialized into a technique that is 



 3 

 

commonly used by laboratories throughout the world. For example, GC is now readily 

employed in various industries such as pharmaceuticals, oil and gas, food sciences, air 

quality, forensics, and others [9,12,13–20,21]. Its prevalence can be partially attributed to the 

success GC has had with increasing the analytical selectivity for numerous organic 

compounds. Since its inception, advances in GC column chemistries have been able to 

demonstrate improvement for separation and resolution between analytes in complex 

mixtures. Thus, there is continual development of columns for the intent of optimizing 

analysis for many different types of compounds [22,23]. Further, various detection methods 

can be used to discriminate between classes of compounds in a mixture that elute off the GC 

column. This discrimination increases the selectivity that can be invoked in the system. As 

such, GC is an effective tool for deriving qualitative and quantitative information from both 

known and unknown samples. Due to its widespread applicability, other advances in GC 

technology are also on-going. For example, recent innovations have led to the miniaturization 

of this technique [14], where micro-columns and micro-detectors have been the subject of 

much exploration [24–32]. Therefore, overall further development of GC methods remains of 

great interest. 

 

1.2.1 GC Instrumentation & Parts 

In GC, the sample is introduced into the system through a hot injector to allow for 

analyte (and solvent) volatilization. This vaporized sample is then carried onto a separation 

column by an inert carrier gas (i.e. mobile phase) where partition interactions occur between 

the analyte and the stationary phase inside of a GC column. As different analytes have 

varying degrees of phase interactions, each spends a unique portion of time interacting with 
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the stationary phase. Thus, analytes naturally begin to separate from one another as they are 

carried to the outlet of the column. As each analyte elutes off the column, they enter a 

detector. The detector is a sensor that signals when the analyte elutes from the column and 

can often provide other information about the analyte, such as concentration and compound 

identification. A schematic of a GC set up is shown in Figure 1-1. 

 

 

Figure 1-1: A general schematic of GC instrumentation. 

 

1.3 The Separation Column 

The purpose of a GC column is to allow separation of a mixture into its individual 

components. Although factors such as column internal diameter, stationary phase particle 

size or coating thickness, and column length can have influence on the efficiency of a 

separation [33], the chemical composition of the stationary phase is a primary feature that 

impacts the resulting chromatography obtained on a column. This is often described by the 
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selectivity () of the column for two separated analytes, which is greatly influenced by the 

stationary phase used (Equation 1).  

 

α = tr,b
′ tr,a

′⁄                                      Equation 1 

 

As shown in Equation 1, the theoretical selectivity can be expressed by the adjusted 

retention time (tr
′ ) of two analytes a and b. The more retained analyte value is given in the 

numerator and α gives a representation of how much more one component is retained relative 

to another. Retention can be represented in different ways. The adjusted retention time only 

considers the time an analyte spends partitioned to the stationary phase (𝑡𝑠), and not the time 

spent in the mobile phase (𝑡𝑚), which is constant for each analyte. Alternatively, the 

retention factor, 𝑘′, indicates the fraction of time each analyte spends in the stationary phase 

relative to time spent in the mobile phase (𝑡𝑠/𝑡𝑚). As such, it too can also be used to 

calculate α. Overall then, due to individual analyte interactions with the stationary phase, 

varying selectivities can be achieved for separations by using different stationary phases with 

different affinities for particular types of analytes. This phase chemistry is therefore an 

important characteristic to consider when choosing a column for specific analyte separations. 

Related to the selectivity of a column is the separation efficiency. Since the goal of 

chromatography is often to obtain well-resolved, narrow analyte peaks, the efficiency of this 

process is commonly measured through determining the resolution (𝑅; Equation 2) between 

two peaks.  

 𝑅 =  ∆𝑡𝑟 𝑤𝑏,𝑎𝑣𝑔⁄                                             Equation 2 
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As seen, resolution measures how well separated two analytes are by the difference in 

their chromatographic retention times (∆𝑡𝑟) relative to their average peak widths at base 

(𝑤𝑏). To ensure good separation, a resolution value ≥ 1.5 is required, which corresponds to 

very little overlap of the two analyte peaks. Resolution can also be measured through the 

Purnell equation (Equation 3).  

 

𝑅 =  
√𝑁

4
(

α −1

α 
) (

𝑘𝑏
′

1+𝑘𝑏
′ )    Equation 3 

 

Although both resolution equations present the same result, Equation 3 outlines some 

important variables that affect a separation in a chromatogram. For instance, Equation 3 

relies on 𝑁, α, and 𝑘′. It should be noted that 𝑁 indicates the number of theoretical plates in a 

column, in which each theoretical plate represents an equilibration event between the 

stationary and mobile phases where analyte interaction occurs. 𝑁 is calculated in Equation 4. 

 

𝑁 =
16 𝑡𝑟

2

𝑤𝑏
2     Equation 4 

 

If there is a high number of plates (𝑁) then there are more opportunities for analytes to 

separate from one another, which is desirable. One way to increase 𝑁 is to increase the length 

of a GC separation column. In the context of Equation 3, however, it can be seen that 

changing 𝑁 has much less of an effect on resolution (due to the square root relationship) than 

changing the selectivity, α, or retention factor 𝑘′. However, since increasing resolution 

through increasing 𝑘′ requires much larger retention times, this route is also often 
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impractical. Thus, selectivity, and therefore the stationary phase, has the greatest direct 

influence on resolution for a separation. 

GC columns are generally categorized as either packed or capillary (Figure 1-2). A 

packed column is filled with solid particles that can be coated with stationary liquid phase, 

while a capillary column is open tubular and is often coated with stationary phase along the 

inner walls of the tube. Packed columns usually have more stationary phase per unit length 

than a capillary column due to the increased surface area available from the particles. This 

results in an increase in theoretical plates per unit length and can be very useful.  

 

 

Figure 1-2: Schematic representation of the cross section from packed (left) and wall-

coated open tubular capillary (right) columns. 

 

However, packed columns are limited by their length, as longer columns require 

higher pressures to ensure carrier flow through the column. In contrast, capillary open tubular 

columns are less restrictive to flow, so much longer lengths can be achieved without 

Packed Column Capillary Column

Stationary Phase
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undergoing the same pressure drop over the column that packed columns suffer from. This 

means that longer lengths of capillary and more frequent partition interactions can occur 

overall, and so generally capillary columns have more theoretical plates and a better ability to 

resolve analytes than packed columns. For this reason, capillary columns are most commonly 

used in modern GC and will be used extensively throughout this thesis.  

 

1.3.1 Fused Silica Columns 

The most common columns in GC are made of a fused silica capillary support [22]. 

These columns are coated with a liquid stationary phase that can be bonded and cross-linked 

onto the inside wall of the tube/support. This bonded nature enhances the durability of the 

stationary phase [34], allowing the column to endure high temperatures (~350 °C) with very 

little ‘bleed’ (where bleed refers to the stationary phase decomposing and coming off of the 

column support and into the detector). A typical GC stationary phase is often comprised of 

polysiloxanes. The simplest form of this coating is a non-polar polydimethylsiloxane, where 

the polymer is 100% methyl-substituted, as seen in Figure 1-3. This is used in commercial 

GC columns such as the well-known DB-1 column. Other functional groups may be added to 

the polymer for additional column selectivity and/or polarity, such as phenyl and 

cyanopropyl groups. Normally, larger analytes with higher boiling points are more retained 

on these typical GC columns than smaller compounds with lower boiling points. However, 

any means of increasing the selectivity between components with similar properties and 

boiling points can still work to improve separations and analysis speed.  
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Figure 1-3: Chemical structure of polydimethylsiloxane. 

 

To this end, developments to increase selectivity, separation and resolution in GC 

columns have been ongoing since the inception of GC [22]. Accordingly, many stationary 

phases are commercially available for the purpose of optimizing methodologies for specific 

applications. However, purchasing a catalog of several different column chemistries for 

specific analyses can be extremely costly and perhaps impractical since they have a finite 

lifespan. Additionally, from an environmental standpoint, the polymers and other materials 

used to develop columns are not always green and can produce hazardous waste from both 

column development and their eventual disposal. Thus, there is a need for simpler and more 

cost effective ways to develop columns with unique selectivity. 

 

1.3.2 Water Phase Columns 

In this manner, water is an interesting component to investigate. Water has unique 

physical and chemical properties in addition to being non-toxic, non-flammable and widely 

available. In chromatography, water has been utilized for various applications. It is most 

commonly used as a mobile phase or modifier in liquid chromatography (LC). For example, 

this provides a highly polar mobile phase for reverse-phase LC. Another technique, 

subcritical-water chromatography (SWC), exploits the chemical properties of water at 

elevated (sub-critical point) temperatures for use as a mobile phase to accomplish separations 

[35]. Notably, as the temperature of water increases toward its critical point (374 °C), its 
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polarity decreases [36]. This indicates that SWC has the potential to separate analytes with 

little-to-no harmful organic solvent [35]. Thus, the use of water in other chromatographic 

separations could be beneficial as a useful alternative green approach.  

In recent years, water as a stationary phase for use in capillary GC and supercritical 

fluid chromatography has been developed [37–45]. In GC, both Gallant et al. and Darko et al. 

found that applying water to the interior walls of a stainless steel capillary resulted in a stable 

stationary water phase that could be used reliably up to temperatures around 140-160 °C 

[39,43–45]. The water stationary phase showed very unique separations with high selectivity 

for polar compounds. Correspondingly, this phase also demonstrated little retention and 

selectivity for non-polar hydrocarbons. For example, a gasoline matrix composed of 

hundreds of hydrocarbons eluted completely within the void volume region in the water 

phase system [39,44], presenting the opportunity to better separate out any moderately polar 

compounds of interest that would have otherwise eluted with and been obscured by the bulk 

matrix components in the detector. Conversely, very highly polar compounds were found to 

partition into the phase and not elute at all [43,44]. Similarly, due to the aqueous nature of the 

phase, direct aqueous samples could also be easily analyzed without the need for any sample 

preparation prior to analysis. These retention characteristics lend themselves well to further 

applications for selective GC with compounds containing polar moieties in a complex matrix. 

While several oxygen and nitrogen-bearing hydrocarbons have been investigated with this 

phase [39,43–45], organosulfur compounds have been very little explored using it. Thus, 

analysis of organosulfur compounds using a water stationary phase would be interesting to 

examine. 
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1.4 Detection 

After the analyte elutes off of the column, it enters a detector that produces a signal 

proportional to the amount present. In GC, there are many different detectors available for 

use. In order to recognize and utilize the ideal detector for analysis, an understanding of how 

a detector responds to a class of compounds is important. Therefore, how the analyte signal is 

generated and what type of compounds they respond to dictates the classification of such 

detectors. 

 

1.4.1 Concentration and Mass-Flow Detectors 

The primary means by which a detector generates an analyte signal can be broadly 

categorized as either concentration or mass-flow sensitive. In a concentration sensitive 

detector, a signal is produced that is proportional to the analyte concentration inside of a 

detection cell. Therefore, the volume of the cell can drastically impact the signal, as it affects 

the concentration being monitored. An example of a concentration sensitive GC detector is 

the thermal conductivity detector. In contrast to this, the signal in mass-flow detectors is 

generated based on the rate at which an analyte flows through the detection cell. Thus, a 

signal is produced based on the mass of analyte flowing per unit time through the detector. 

Some common mass-flow GC detectors are the flame ionization detector (FID) and the flame 

photometric detector (FPD). The latter are used extensively in this thesis and will be 

expanded upon later in the text. 

An important feature to recognize between the above two detector types is their 

dependency on column flow rate for chromatographic peak heights and areas. A 

concentration sensitive detector only senses the observed concentration, and thus flow rate 
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through the cell theoretically has little effect on peak height (signal) in a chromatogram. 

However, since flow rate impacts the time the analyte spends in the detection cell, the peak 

area can be greatly affected. On the other hand, mass-flow sensitive detectors observe the 

absolute mass of the analyte flowing through the detector per unit time, rather than its 

concentration. Thus, if the flow rate were to change in a mass-flow detector, the same mass 

would pass through the detector at a different rate and the peak height would change 

accordingly while peak area theoretically remains the same at either flow. This characteristic 

can sometimes make comparisons between these detector types difficult, such as when 

reporting limits of detection where a concentration (e.g. g/mL) or a mass-flow rate (e.g. g 

X/s, where X is an element that the detector responds to) can be quoted depending on the 

type of detector. Either way, it is useful to know how a detector responds in this regard and 

how the measurement of peak height or area may be affected in this regard. 

 

1.4.2 Universal and Selective Detectors 

Another important classification for GC detectors is their response to compounds 

with different properties. The most common classes encountered are universal and selective 

detectors. A universal detector is a sensor that theoretically responds uniformly to all analytes 

that elute from the column. The FID is an example of a universal detector, as it responds 

uniformly with the same response factor to (nearly all) carbon compounds [46]. These 

detectors are particularly useful for analyzing and characterizing unknown samples. For 

instance, qualitative and quantitative information can be obtained from using a universal 

detector in GC, to indicate how many compounds are present and how much of each exists in 

the sample.  
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Alternatively, a selective detector typically only responds to a particular sample type, 

such as compounds with a specific atom or functional group. This kind of detector therefore 

provides a specific chromatogram, where only the compounds the detector can sense are 

observed. This is useful in the analysis of complex matrices, where the target compound may 

not be distinguishable from numerous others when using a universal detector. Additionally, 

selective detectors can often enhance detection limits of the target compound since 

background interference is usually low. Notably, the FPD is a selective GC detector most 

commonly utilized for sulfur and phosphorous detection [46,47].  

 

1.5 Detector Performance Characteristics 

 

1.5.1 Sensitivity and Detection Limits 

Due to the wide range of applications for GC analysis, there is need for sensitive 

detectors with low detection limits. From a detector’s output, information is gathered about 

both the analyte (signal) and the background response (noise). These are both important 

features that can help determine the sensitivity and the minimum detectable limit (MDL) of a 

detector. Sensitivity refers to the capability of a detector to respond reliably to small changes 

in analyte concentration [33]. It is calculated as the response per mass of analyte introduced 

and is often determined as the slope from a typical calibration curve. High sensitivity is an 

important characteristic as it determines how effective (i.e. ‘sensitive’) the detector is at 

responding to the eluting analyte. 

Another important aspect that determines a detection limit is the background noise. 

Noise constitutes the random variations and fluctuations of the detector output in the absence 
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of analyte. This background can be measured either as root-mean-square noise (Nrms, also 

denoted as σ) or peak-to-peak noise (Np-p). Nrms is calculated as the standard deviation of the 

noise fluctuations on a background signal. Alternately, Np-p is determined as the difference 

between the minimum and maximum deviations from a representative baseline. Noise is 

normally measured over a time span equivalent to at least 10 analyte peak base widths. An 

analyte peak (or signal) must be able to rise above the noise in order to be observed in a 

detector, so efforts to minimize noise are desirable.  

The MDL of a detector is commonly determined as the amount of analyte exhibiting a 

signal response that is twice the Np-p (S/N = 2). Alternatively, the limit of detection can also 

be expressed using the IUPAC definition from employing Nrms (or σ), where S/σ = 3. These 

S/N ratios correspond to the amount of analyte that gives the lowest discernable response in a 

detector (i.e. the MDL). 

 

1.5.2 Selectivity  

As previously described, selective detectors respond specifically to certain classes of 

compounds. This is incredibly practical when analyzing a complex sample since it can sense 

one analyte amidst a multitude of others. However, in practice, selective detectors may still 

elicit a very small response from other non-analyte compounds. Therefore, in order to 

measure the magnitude of selectivity of a detector, a calibration curve for both an analyte that 

the detector is selective for and one that represents the background matrix must be prepared. 

A comparison then of the mass of each that corresponds to their equal response in the 

detector determines the response selectivity. For example, in an FPD the selectivity for sulfur 

over carbon (S/C) is 104-6 [33]. This indicates that an FPD requires 104-6 × more carbon to 
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yield the same response observed for sulfur, and thus at analytically relevant levels, very 

little response is seen from any amount of carbon in this detector. Accordingly, when 

choosing and comparing detectors, the larger difference in mass required for an equal 

response leads to greater selectivity. 

 

1.5.3 Linearity and Equimolarity 

Another important characteristic of a detector is the response linearity. This refers to 

the range over which the detector response increases linearly with an increase in the amount 

of sample. A calibration curve is a convenient way to visualize a linear range, and an 

example of this is shown in Figure 1-4.  

 

 

Figure 1-4: A representative calibration curve demonstrating linear range, minimum 

detectable limit, and selectivity. 
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As seen, the response increases linearly until the detector becomes saturated with 

analyte, where additional analyte can no longer induce an increased detector response. A 5% 

deviation from this linearity is conventionally considered the endpoint of the linear range.  

In order to further understand the importance of a linear and uniform detector 

response, equimolarity must also be considered. An equimolar detector response indicates 

that equal molar amounts of different analytes will each yield the same response. However, 

practically this is not always the case. For instance, differences in the structure of a 

compound may cause the detector to respond slightly differently to it from other compounds 

without the same features. This also means that the calibration curves for different analytes 

may vary substantially in the same detector. As such, detectors that generate a more uniform 

response for a group of diverse compounds are commonly preferred since most analytes will 

produce the same calibration characteristics in such devices. If so, this means that one known 

analyte can be used to calibrate the detector for subsequent quantification of various other 

known/unknown analytes as needed.  

 

1.6 Flame Based GC Detectors 

 

1.6.1 Flame Ionization Detector 

The flame ionization detector (FID) is one of the most widely used detectors for 

organic compound analysis in GC as it is a universal detector for carbon and is also very 

sensitive. The FID was developed simultaneously by McWilliam and Dewar and Harley et al. 

in 1958 [48,49], who each discovered a large amount of ions generated from organic carbon 

passing through a polarized hydrogen-air flame. The FID has long been commercialized and 
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is a common detector equipped on most GCs. A general design of an FID is shown in Figure 

1-5.  

 

 

 

Figure 1-5: A basic schematic of a flame ionization detector. 

 

As the FID uses a hot (2100 K) hydrogen-air flame, hydrocarbons thermally break 

down into methane, CH4, just beneath the flame [46]. The methane then undergoes chemi-

ionization reactions with hydrogen in the flame until it forms a CH· species. This radical then 
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reacts with oxygen in the flame, resulting in the production of CHO+ and an electron, which 

is believed to provide FID response, as follows:  

 

CH· + O·  CHO+ + e-        Equation 5 

 

Since the collector is more positively charged than the polarizer, the negatively charged 

electron produced is attracted to it, and a current is generated that is proportional to the 

carbon present in the flame. 

As the FID first processes all hydrocarbons into a single-carbon moiety (CH4), the 

FID is said to have a fairly equimolar response, since the current generated is proportional to 

each gram of carbon analyzed [46]. Remarkably, it has been found that only one of every 105 

carbon atoms in an FID will actually react to produce the CHO+ ion. Despite the low 

conversion of carbon to CHO+, the FID is still able to obtain low limits of detection, on the 

order of a few picograms of carbon per second (10-12 g C/s) [46]. Further, the linear range for 

an FID is also quite large and often observed to be around 107 [46].  

Although the FID is largely universal to hydrocarbons, there are some carbon-

containing species to which it does not respond. For example, CO, CO2, CCl4 and CS2 give 

little-to-no FID response since they lack a CH fragment and therefore cannot form CHO+ 

ions. As such, other partially functionalized carbon species can also exhibit a reduced 

response in the FID. Interestingly, some metals have also been found to respond in the FID, 

which suggests that any compounds that can similarly produce an electron in the polarized 

flame may possibly be able to garner a significant response from this detector [50–52]. 
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Over recent years, in attempts to provide detection in portable micro-GC units, efforts 

to miniaturize the FID without compromising sensitivity and detection limits have been made 

[25,28,53–55]. To this end, a titanium-based micro-GC (µGC) platform with on-board µFID 

has recently been reported, allowing very successful separation and detection on one device 

[56]. This µFID shows a similar limit of detection, linear range, and sensitivity to a 

conventional FID [56], indicating that other flame-based GC detectors could be fabricated 

using a titanium substrate for miniaturization and be utilized in a similar fashion to the µGC-

FID. However, this has yet to be explored and requires further investigation. 

 

1.6.2 Flame Photometric Detector 

In 1966, Brody and Chaney developed the flame photometric detector for the 

selective analysis of sulfur and phosphorous compounds [57]. In this detector, 

chemiluminescence is monitored in a cool (~500 °C) hydrogen-rich flame by a 

photomultiplier tube (PMT). Although sulfur and phosphorous are the main elements 

explored with the FPD, emission of light from tin, germanium, selenium, tellurium, 

manganese, ruthenium, and many others have also been observed in this detector and used 

for selective analysis [47,58–60]. A schematic of the FPD is shown in Figure 1-6.  
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Figure 1-6: A basic schematic of a flame photometric detector. 

 

The hydrogen flame contributes to the decomposition of the eluent analyte into 

luminescent species such as S2 and HPO, for sulfur and phosphorous, respectively. The flame 

also provides the energy required to transition these species into an excited state for light 

emission. Although this excitation step is not fully understood, it is generally agreed upon 

that analyte species utilize the energy released (about 4.5 eV) from the recombination of 

hydrogen radicals present in the flame to form H2 (Equation 6). When a chemiluminescent 

species is present, such as S2, the released energy is used to excite this species, as 

demonstrated from Equation 7. This excited species can then emit light. 
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H· + H·  H2 + 4.5 eV    Equation 6 

H· + H· + S2  H2 + S2
*       Equation 7 

 

As such, the flame is kept fuel-rich to encourage hydrogen radical production in order to 

maximize the frequency of excitation events. This is in contrast to the FID flame, which 

functions in an oxygen-rich environment to produce CHO+. It should be noted that this 

mechanism of excitation in the FPD is not species specific, as any chemiluminescent species 

(e.g. HPO) can utilize the energy released from the hydrogen radical recombination. Most 

importantly, as the excited state species returns to its ground state, the resulting emitted light 

is then monitored by a PMT for quantification.  

Not surprisingly, the species-dependent light emission therefore has a great influence 

on the detector response. Analytes containing phosphorous generate HPO in the flame, while 

the major emitting species for sulfur-containing compounds is S2. Thus, sulfur requires two 

sulfur atoms for emission, while phosphorous only needs one. This often produces a near 

quadratic (i.e. non-linear) response for sulfur in the FPD (Equation 8), while the response for 

phosphorous remains linear. 

 

e.g. Response ∝ [S]n, where n  2     Equation 8 

 

Since many species can chemiluminesce, an appropriate interference filter can be 

placed before the PMT in order to monitor only a particular wavelength/bandwidth of light. 

These filters can be specific to each chemiluminescent species and the colour of light they 

emit. Notably, S2
* has a characteristic blue spectrum largely ranging from 320-460 nm, with 
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a maximum emission around 393 nm [33,46,47]. On the other hand, HPO* has a green 

emission with its maximum at 526 nm. Thus, with the use of interference filters, these two 

species are easily isolated and distinguished from one another. Interestingly, the analysis of 

these compounds is often of great concern, particularly in complex mixtures such as 

petroleum products and biological samples [2,46,53,57,61–65], where selective detection is 

required.  

The greatest advantage to using an FPD is that it generates a selective response for 

the analyte of interest and is insensitive to other potentially interfering species. As noted 

previously, a typical FPD has a S/C response selectivity of 104-6, while that of P/C is 105 

[33,47,60]. This highly selective nature over carbon demonstrates the applicability of the 

FPD for analysis of complex samples containing chemiluminescent species. Further, the 

MDLs for sulfur and phosphorous in the FPD are around 2-50 pg S/s and 0.1-2 pg P/s 

[33,47].  

Despite the selective nature and good detection limits of the FPD, reports of a 

miniaturized FPD have been scarce [24,66]. This can largely be attributed to difficulties in 

miniaturizing the conventional burner and flame size without compromising sensitivity or 

stability. Further investigation into reducing and miniaturizing the FPD would therefore be 

beneficial to advance selective detection options in µGC. 

Perhaps the biggest challenge that the FPD faces is the phenomenon of hydrocarbon 

response quenching. When a chemiluminescent analyte co-elutes with a hydrocarbon from 

the column and they enter into the detector flame together, the analyte signal can be severely 

reduced (i.e. quenched). Although the exact mechanism for this phenomenon is not known, it 
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is thought to be related to the combustion and breakdown of the hydrocarbon, where it 

consumes free hydrogen radicals in the flame (Equation 9) to form methane.  

 

CH3· + H·  CH4      Equation 9 

 

This effect scavenges the hydrogen radicals and decreases the available energy for 

chemiluminescence. The result is a quenched analyte signal due to inadequate species 

excitation and corresponding emission. Consequently, emission can be nearly eliminated by 

even a small amount of hydrocarbon in the flame [67–69]. As such, complex mixtures with a 

matrix made up of numerous hydrocarbon components requires a high resolution column to 

prevent hydrocarbon co-elution; however this is not always possible for a complicated 

sample. Therefore, other means of separating an interfering hydrocarbon matrix from the 

analyte of interest are greatly desired. 

 

1.7 Other GC Detectors 

Quenching in the FPD can make the detector difficult to use for some applications, 

such as those in which the analysis of sulfur- or phosphorous-containing samples takes place. 

Therefore, other detectors for such samples have also been developed over the years.  

 

1.7.1 Dual Flame Photometric Detector 

The dual FPD (dFPD) has similar operating principles to the conventional single-

flame FPD [70,71]. In this design, two hydrogen-rich flames are operated in series. The first 

flame serves to decompose and combust the compounds as they elute off the column. The 
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products of this flame are swept longitudinally into the second flame, where 

chemiluminescence of the analyte is monitored by a PMT. Thus, the dFPD has separated the 

two processes (decomposition and chemiluminescence monitoring) that occur in a single-

flame FPD. This deconvolution of steps is important as it has been found that quenching can 

be reduced in a dFPD since carbon is present as a more oxidized and less-quenching form (e.g. 

carbon dioxide) in the second flame [72]. As such, the dFPD has led to success in decreasing 

the hydrocarbon quenching observed in a conventional FPD [70–72]. Unfortunately, the 

dFPD is also found to be significantly less sensitive than a single-flame FPD. 

1.7.1.1 Multiple Flame Photometric Detector 

Improvements on the dFPD have been found in the multiple flame photometric 

detector (mFPD), which utilizes five flames in series. Here, four initial ‘worker’ flames are 

used to homogenize the sample and ensure that all of the hydrocarbons have combusted and 

are decomposed into CO2 [73,74]. This also helps break down compounds into their 

chemiluminescent emitter species and produces a more uniform and equimolar response. The 

products of the worker flames enter the fifth and final analytical flame for 

chemiluminescence with significantly reduced quenching and no reduction in sensitivity. 

Although this detector has shown great promise, it is not yet commercially available. Thus, 

other detectors are also utilized for selective detection of sulfur compounds. 

 

1.7.2 Atomic Emission Detector 

The atomic emission detector (AED) is another detector that can be used to overcome 

the difficulties of quenching in an FPD. The AED is a multi-element detector based on 

atomic emission lines. In essence, this detector works by transferring column effluent into a 

hot plasma, where compounds decompose into their individual atoms. These atoms are then 
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thermally excited and produce an emission of light that is monitored by a photodiode array. 

In this way, simultaneous emission from different atoms can be monitored. For sulfur 

detection, minimum detectability occurs near 1 pg S/s with a linear range of 104 [60]. By its 

operation, the AED is a quenching-free detector with a linear and selective response for 

various elements. However, the huge relative cost of the instrument and substantial 

requirements for additional maintenance are the largest hindrance for widespread usage of 

this detector. Thus, in terms of a sulfur-selective detector, the AED is not the most readily 

accessible option.  

 

1.7.3 Sulfur Chemiluminescence Detector 

The sulfur chemiluminescence detector (SCD) was first developed in 1989 by Benner 

et al., and is based on sulfur chemiluminescence induced from a reaction with ozone [75]. 

Sulfur compounds in GC effluent are first decomposed in a hot furnace where SO is 

produced. This is then carried into an ozone reaction cell under vacuum conditions, where 

SO is converted into excited SO2, a species which then emits light. Thus, similar to the FPD, 

the SCD also utilizes unique sulfur chemiluminescent properties. The emission of SO2
* 

occurs over a range of 280-460 nm [33,60]. 

The SCD is able to decompose eluting hydrocarbons without interfering with sulfur 

emission and detection, resulting in a non-quenched sulfur response. The SCD also has very 

good detection properties. For example, the detection limit for sulfur in an SCD is nearly 1 

pg S/s, with a linear range of 104-5, and a selectivity for sulfur over carbon of 107. Further, the 

response is linear due to the light-emitting SO2 species consisting of only one sulfur atom. 

However, as seen, the SCD is much more complicated than a simple FPD, as it requires an 



 26 

 

ozone generator and a vacuum cell. Consequently, although the SCD is less expensive than 

the AED, it is still considerably more expensive when compared to an FPD and requires 

much more frequent maintenance. 

 

1.8 Sample Preparation in GC 

Another effective way to increase selectivity in chromatographic analysis is to invoke 

a selective sample preparation method. In every analytical process, there is a sample 

preparation step that prepares a sample for introduction into the measuring instrument, while 

hopefully reducing the background matrix presence. In its simplest form, sample preparation 

can be achieved by weighing a solid before dissolving it into a volume of solvent. Other 

common preparation techniques such as liquid-liquid extraction strive to selectively extract 

analyte from a complex matrix containing potential interferents into a less complicated 

matrix. Thus, sample preparation simplifies a sample which in turn simplifies its 

chromatographic analysis. Often, isolating analytes of interest from a bulk matrix and/or 

derivatizing compounds that are difficult to detect are preparation methods employed for GC. 

Although liquid-liquid extraction is commonly used for sample preparation, it 

regularly requires large amounts of organic solvent which becomes hazardous waste after 

use. One technique that reduces this waste is solid-phase micro-extraction (SPME). In 

SPME, a syringe is used to house a fused silica fiber coated with an extracting polymer [76]. 

The fiber is exposed to the sample (either liquid or gas) and extraction of the analyte of 

interest takes place without the use of organic solvent. The fiber can then be removed and 

injected straight into a GC for analysis. This is often an easy way to help reduce matrix 

effects and simplify analyses. However, similar to other common extraction techniques, 
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SPME can suffer from non-selective extraction, meaning other compounds in addition to the 

analyte of interest are transferred to the fiber [76]. To this end, simultaneous in-fiber 

derivatization with SPME has been noted to somewhat further increase selectivity during 

extraction [13,77]. Nevertheless, SPME requires optimization of polymer composition, 

exposure time, etc., which can make this a lengthy sample preparation process [76]. Thus, 

other selective sample preparation techniques, especially for sulfur-containing compounds in 

complex matrices, are desired. 

Derivatization in GC is another way in which samples can be prepared for analysis.   

Analytes that may have poor chromatographic peak shapes, have low/no volatility, reduced 

signal, or are thermally labile can be chemically derivatized to increase their ability to be 

analyzed chromatographically [78]. For example, derivatization of thiol compounds, a type 

of organosulfur compound, can help increase their retention on a column to separate them 

further from interfering components that may have been co-eluting with the thiols prior to 

derivatization [79]. As a result, the post-derivatization separation demonstrates an increase in 

selectivity. Therefore, derivatization can sometimes allow quantification of analytes in other 

complicated matrices, such as pharmaceutical formulations and biofluids [12,80–84]. Despite 

these improvements to analyses, derivatization can also be very lengthy, prone to errors, and 

often requires specialized reagents [78]. 

Research is ongoing to increase the speed, convenience, and selectivity of sample 

preparation methods. It is well known that sample preparation is the most time consuming 

step in an analytical process, accounting for up to 80% of the time spent on a particular 

analysis. Also, various reagents and solvents can produce waste that requires special 

disposal, so efforts to minimize these reagents are of benefit. Thus, novel methods of 
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selectively preparing samples for analysis, particularly those containing sulfur analytes, are 

of continual interest.  

 

1.9 Statement of Purpose 

This thesis describes several novel means of improving the selective analysis of 

organosulfur compounds in GC using an FPD. As described, there are many routes for 

increasing selectivity in a GC analysis. One such way is using a selective detector, such as 

the FPD, which is commonly used to detect sulfur compounds. This detector is highly 

selective and exhibits good detection limits (i.e. picogram level), while being cost-effective, 

robust, and simple to operate. However, as noted previously, the FPD is prone to 

hydrocarbon quenching when analyzing complex samples. Therefore, even greater means of 

increasing selectivity are required to generate quenching-free results for the analysis of sulfur 

compounds in an FPD. Further, the FPD has not yet been miniaturized into a format for 

simple µGC use.  

As noted, column chemistry primarily drives the selectivity for compound retention. 

In Chapter Three, an environmentally friendly water stationary phase is examined for 

separations of organosulfur compounds. Previous investigations with this phase in GC 

demonstrated its separation potential for moderately polar compounds [39,43–45]. As 

organosulfur compounds are typically separated on non-polar columns, it is of interest to 

study their separation characteristics on a polar water stationary phase. Additionally, the 

improved separation between analyte and organic matrix reported earlier with a water 

stationary phase suggests that this phase may increase selectivity for sulfur over 

hydrocarbons to prevent co-elution and quenching in the FPD. This method of separation is 
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therefore investigated as an alternative for sulfur-selective GC analysis where the FPD is 

employed.   

Another way to avoid FPD quenching is to simplify the sample to reduce background 

interference prior to GC analysis. As an important class of sulfur compounds, thiols are often 

prepared from petroleum and foodstuff samples by various techniques such as derivatization, 

liquid-liquid extraction and SPME [79,85–87]. On a much greater scale, the selective 

removal of thiols from industrial Canadian petroleum process streams in the 1860s was 

performed by using an aqueous ‘Doctor Solution’, containing plumbite (PbO2
2-) [88]. This 

process inspired recent reports of using lead (II) oxide (PbO) for a similar purpose [89,90]. 

However, plumbite and PbO have never been explored for use as an analytical extraction 

technique for thiols. Thus, Chapter Four explores the use of these reagents as a novel 

selective sample preparation extraction technique for thiols to simplify their later analysis by 

GC-FPD.  

The modification of a water stationary phase to suit certain applications has been 

reported previously [43–45,91]. For example, using an aqueous acid, base, or chiral solution 

was found to give good separation and peak shape for the phase-selected class of analyte. 

Thus, for sulfur-selective analysis, it is of interest to examine a short column with a plumbite 

stationary phase coating (as a new extension to the work in Chapter Four) prior to a 

conventional GC column. Chapter Five investigates the use of a thiol ‘trap-and-release’ setup 

in GC to increase the on-line separation control between thiol compounds and interfering 

components for analysis with an FPD. 

As the FPD is a robust, sensitive, simple, and very widely used detector, 

investigations into miniaturizing the FPD for use in µGC are of continual interest. Although 
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there has been progress made in decreasing burner sizes and flow rates required for FPD 

operation, many µGC devices are unfortunately made of silicon wafers that are prone to 

fracturing and breakage, especially at high temperatures such as those of a flame [92]. 

However, recently a titanium-based µGC-FID device has been reported. Thus, the use of 

titanium as a stronger and more durable µGC substrate could help integrate an FPD into such 

a device. Chapter Six describes and characterizes a novel titanium microfluidic device that 

contains a µGC column with an on-board µFPD. 

The seventh chapter contains a brief summary of this work and presents thoughts on 

directions for this work in the future. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 31 

 

 CHAPTER TWO: EXPERIMENTAL 

 

2.1 Analysis of Sulfur Compounds Using a Water Stationary Phase in Gas 

Chromatography with Flame Photometric Detection 

 

2.1.1 Instrumentation and Operation 

An HP 5890 Series II GC (Hewlett-Packard, Palo Alto, CA, USA) equipped with an 

FPD was used in these experiments. The GC system is depicted in Figure 2-1 and is similar 

to that described previously with an FID [39]. Briefly, high purity helium carrier gas 

(Praxair, Calgary, AB, CAN) is bubbled through HPLC-grade water (Burdick & Jackson, 

Muskegon, MI, USA) and saturated with vapor using a reservoir made from a 1/4” Swagelok 

cross-union (Calgary Valve and Fitting, Calgary, AB, CAN) connected to a capped stainless 

steel (SS) tube (4.6 mm i.d. x 5 cm) that resides inside the oven [39]. It is important to 

emphasize here that this water only serves to saturate the carrier gas and preserve the water 

phase, which is firmly stationary against the capillary wall and does not move [37]. The 

carrier gas then passes through a SS pre-heating coil (1/16” o.d. x 250 µm i.d. x 168 cm; 

Chromatographic Specialities, Brockville, ON, CAN) before entering the injector, which was 

typically maintained at 220 ºC with a split ratio of 7:1. 
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Figure 2-1: Schematic diagram of the water stationary phase GC-FPD system. 

 

The SS capillary column employed (1/16” o.d. x 250 µm i.d. x 30 m; 

Chromatographic Specialties) was coated with an HPLC-grade water stationary phase 

(Burdick & Jackson) using a previously established technique [39]. This coating 

methodology typically yields a phase thickness of about 4 m [37]. It was then placed inside 

the oven with the inlet directly connected to the injector. A fused silica restrictor (75 µm i.d. 

x 50 cm; Biotaq, Gaithersburg, MA, USA) was connected to the column outlet by a zero 

dead volume union (Vici-Valco, Houston, TX, USA) and was led directly into the detector 

where it was situated just below the flame. 

The carrier gas velocity was normally maintained at 22 to 26 cm/s. The detector 

temperature was kept at 320 ºC with flame gases set to 40 mL/min hydrogen (Praxair) and 7 

mL/min oxygen (Praxair). Note that although oxygen is used here, air should be useful as an 

alternative as well. All FPD emission was monitored using an R-1104 PMT (Hamamatsu, 
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Bridgewater, NJ, USA) with a 393 nm optical interference filter (11 nm bandpass; Oriel 

Instruments, Stratford, USA). It should be mentioned that a useful linear sulfur emission at 

750 nm has also been reported [93], and can readily be observed in this system as well. 

However, since this study was directed toward the vast majority of FPD users that still access 

the quadratic response at 393 nm and experience the interference problems at that 

conventional wavelength, it was invoked here. For some comparison experiments, a DB-1 

column (250 µm i.d. x 30 m; 0.25 µm thickness; Agilent Technologies, Mississauga, ON, 

CAN) was employed in a conventional unhydrated manner. 

Data acquisition was performed using PeakSimple Chromatography Software with a 

Model 202 Four Channel Data System (SRI Instruments, Torrance, CA, USA). The PMT 

was operated through an external power supply/electrometer constructed in-house by the 

University of Calgary Chemistry Electronics Shop. 

 

2.1.2 Reagents and Supplies 

A variety of standard sulfur-containing organic compounds were examined in this 

study. They include: 2-propanethiol, tetrahydrothiophene (each 97%; Fluka Analytical, 

Oakville, ON, CAN), tert-butylthiol, 1-propanethiol, 1-butanethiol, dimethyl sulfide, carbon 

disulfide, diethyl disulfide, dimethyl disulfide, thianaphthene (each 99%; Sigma-Aldrich, 

Oakville, ON, CAN), 2-butanethiol, diethyl sulfide (each 98%; Sigma-Aldrich), dipropyl 

sulfide (97%; Sigma-Aldrich), diisopropyl disulfide (96%; Sigma-Aldrich),  and 1-

hexanethiol (95%; Sigma-Aldrich). 

Standard solutions were normally prepared in hexanes (a mix of isomers; EMD 

Chemicals, Gibbstown, NJ, USA), except for those in the quenching experiments, which 
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were instead prepared in octane (98%; Sigma-Aldrich) or a commercial automotive fuel 

(purchased from a local vendor). Other applications had sulfur solutions prepared directly in 

wine, milk, or urine samples that were all obtained locally. The urine sample was collected 

from a healthy volunteer after informed consent was obtained, and all related experiments 

were conducted in compliance with the relevant laws and institutional protocols established 

under the auspices of the University of Calgary Biosafety Committee. All other details are 

outlined in the text. 

 

2.2 A Rapid Analytical Method for the Selective Quenching-Free Determination of 

thiols by GC-FPD 

 

2.2.1 Chemicals and Reagents 

The solid yellow massicot form of PbO (99%; Sigma-Aldrich) was used in these 

extractions. Also used was a 0.06 M PbO2
2- solution, made from saturating 1 M sodium 

hydroxide (97%; EMD Chemicals) with the solid PbO. Nitric acid (68-70%; VWR 

International, Edmonton, CAN) diluted to 1 M with HPLC-grade water (Burdick & Jackson) 

was used to recover the thiols. Test analytes included 2-propanethiol, tetrahydrothiophene 

(each 97%; Fluka Analytical), tert-butylthiol, 1-butanethiol, dimethyl disulfide, 

thianaphthene (each 99%; Sigma-Aldrich), 2-butanethiol, diethyl sulfide (each 98%; Sigma-

Aldrich), dipropyl sulfide (97%; Sigma-Aldrich), diisopropyl disulfide (96%; Sigma-

Aldrich), and benzenethiol (99%; Eastman Chemical, Kingsport, TN, USA). Standard 

analyte solutions were made in n-hexane (99%; Sigma-Aldrich) at varying concentrations as 

noted in the text. Pentane, cyclohexane (each 99%; Sigma-Aldrich), heptane (96%; Sigma-
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Aldrich), octane (98%; Sigma-Aldrich), benzene and toluene (each 99%; EMD Chemicals) 

were used to prepare a model petroleum condensate sample matrix. A natural gas sample was 

obtained in-house, while commercial gasoline was acquired from local vendors. 

 

2.2.2 GC Analysis 

A Shimadzu 8A GC-FPD instrument (Shimadzu Corporation, Kyoto, Japan) was used 

to analyze samples. A megabore DB-5 column (30 m x 530 µm i.d.; 1 µm thickness; Agilent 

Technologies) was employed for separations using a high purity helium (Praxair) carrier gas. 

The optimum flow was 3 mL/min, but was occasionally set to 11 mL/min for faster analyses. 

Note the GC conditions used are “fit-for-purpose” (i.e. not designed for a given application), 

and only used to demonstrate the concept of the sample preparation. High purity hydrogen 

and oxygen (both Praxair), at respective flows of 40 and 7 mL/min, supplied the flame gases. 

Signal response was monitored by a Hamamatsu photomultiplier tube (R-268P; Hamamatsu, 

Bridgewater, NJ, USA) without an interference filter. For certain work, an adjacent flame 

ionization detector (FID) was also used with 300 mL/min air and 100 mL/min hydrogen. 

PeakSimple Software (SRI Instruments) was used to acquire data. 

 

2.2.3 General Procedure 

Normally, a standard solution of sulfur analytes in hexane (1 mL) was placed in a 

glass vial at room temperature and solid PbO (0.04 to 0.08 g) or PbO2
2- solution (0.5 to 1.5 

mL; 0.06 M) was added to it. The mixture was then briefly shaken to rapidly remove the 

thiols by precipitating the solid lead thiolate complex according to either Reaction 1 or 2: 
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PbO     + 2RSH  Pb(SR)2  +   H2O    (Reaction 1) 

PbO2
2- + 2RSH  Pb(SR)2   +  2OH-   (Reaction 2) 

 

Following this, the remaining hexane layer was typically removed by hand using a 

pipet, or alternatively by careful evaporation with a low stream of high purity N2 (Praxair) 

across the surface. A new organic layer of equal or reduced volume (as appropriate to the 

experiment) was then added in its place using a pipet. The trapped thiols were recovered 

from the lead thiolate complex by adding sufficient 1 M HNO3 to neutralize the solution and 

protonate the thiolates, which were reconstituted into the new organic layer as a result. This 

step was also visually confirmed by the disappearance of the yellow thiolate complex 

according to Reaction 3: 

 

Pb(SR)2  + 2HNO3 2RSH  + Pb(NO3)2 (Reaction 3) 

 

Specific conditions for several applications that were performed are given below. 

 

2.2.3.1 Natural Gas 

A capped 1 L Erlenmeyer flask was thoroughly flushed and filled with a natural gas 

sample spiked with 104 ppm of tert-butylthiol. A gas-tight syringe was used to withdraw 40 

mL of this sample and it was dispensed through a 5 mL solution of PbO2
2- placed in a glass 

vial. The solid yellow thiolate complex immediately formed atop this aqueous layer. Hexane 

(1 mL) was then added to the vial and the solution was neutralized with 1 M HNO3 to capture 

the thiol analyte. The organic layer was then analyzed by GC for its thiol content. 
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2.2.3.2 Petroleum Condensate 

A model condensate sample was prepared by combining pentane, hexane, heptane, 

cyclohexane, benzene, toluene (4:4:4:1:1:1 ratio) and spiked with 610 ng/µL of 1-

butanethiol. A 1 mL aliquot of the sample was added to a vial containing 1.5 mL of PbO2
2- 

solution and the mixture was shaken briefly to form the thiolate complex. The organic layer 

was removed by evaporation with N2 and 1 mL of fresh hexane solvent was added. This 

solution was then neutralized with 1 M HNO3 to recover the thiol as above prior to GC 

analysis of the hexane layer. 

2.2.3.3 Gasoline 

A 1 mL volume of a gasoline sample spiked with 600 ng/µL of 1-butanethiol was 

placed in a vial. A 0.04 g portion of solid PbO was added to the sample and it was allowed to 

equilibrate and form the thiolate complex. The gasoline matrix was then removed by pipet 

and it was rinsed 3 times with equal washings of hexane. A final 1 mL aliquot of hexane was 

then added to the vial and the thiol compound was released as above using 1 M HNO3, prior 

to GC analysis.  

2.2.3.4 Garlic 

A bulb of garlic (36 g) was coarsely chopped and placed inside of a capped, N2-

purged 125 mL Erlenmeyer flask and allowed to equilibrate for several hours, during which 

time it was analyzed at specified points. At each interval, 10 µL of headspace was taken by 

syringe and analyzed directly by GC. Following this, 40 mL of headspace was removed using 

a gas-tight syringe and it was dispensed through a 1.5 mL PbO2
2- solution, forming the 

thiolate complex. Next, 1 mL of hexane was added to this solution and it was neutralized 

with 1 M HNO3 as above to recover the thiol prior to analyzing the organic layer. Any other 
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details are outlined in the text. 

 

2.3 Trap-and-Release System for the Determination of Thiols by GC-FPD 

 

2.3.1 Reagents  

Similar to Chapter 2.2.1, a 0.06 M PbO2
2- solution was used for trapping thiol 

compounds. The thiol tested was 1-butanethiol (Sigma-Aldrich) in an n-hexane (Sigma-

Aldrich) solvent. Diethyl sulfide (Sigma-Aldrich) was also tested in this system, as a non-

thiol compound for comparisons. The releasing acid in this study was formic acid (96%; 

Sigma-Aldrich).  

 

2.3.2 Instrumentation and Set-up 

A Shimadzu 8A GC-FPD instrument (Shimadzu Corporation) with a megabore DB-5 

column (30 m x 530 µm i.d.; 1 µm thickness; Agilent Technologies) was employed for 

separations using high purity helium (Praxair) as carrier gas (Figure 2-2). Oven temperature 

was typically 30 °C. A 50 cm length of fused silica (250 µm i.d.; Biotaq) was coated with 

PbO2
2- solution and was used as the trap column. Another fused silica shunt (20 cm x 250 µm 

i.d.; Biotaq) inserted into the injector was connected to the trap through a ZDV union (Vici-

Valco). The other end of the trap was connected through another ZDV union to the analytical 

column. The trap was outside of the oven to allow for the same conditions as the offline 

method as described in Chapter 2.2.3 (i.e. room temperature reaction), and also for ease of 

coating and changing the trap when required. Other modifications to this set up are 
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mentioned in the text. Data acquisition was performed using PeakSimple Software (SRI 

Instruments). 

 

 

Figure 2-2: Schematic diagram of the Trap-and-Release GC-FPD system. 

 

 

2.4 Micro-Flame Photometric Detection in Miniature Gas Chromatography on a 

Titanium Tile 

 

2.4.1 Instrumentation 

A Shimadzu GC-8A instrument (Shimadzu Corporation) was employed to perform 

injections. The injector temperature was kept constant at 200 ºC and a split ratio of 1:100 was 

commonly used. A 15 cm length of 250 µm i.d. fused silica tubing (Biotaq) was led from the 

injector and connected to the carrier gas inlet of the Ti µGC tile by a gas tight Vespel fitting 

(see below). High purity helium (Praxair) was used as the carrier gas with a typical flow rate 
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of about 0.1 mL/min. High purity oxygen and hydrogen (both Praxair) were each employed 

for FPD operation. These flame gases were similarly delivered through lengths of 250 µm 

i.d. fused silica tubing (Biotaq) attached to the tile by gas tight Vespel fittings at their 

respective inlets. With these connections in place, the Ti µGC tile was positioned adjacent to 

the GC mainframe where injections were performed, while separation and detection were 

accomplished on-board the µGC device.  

 

2.4.2 Ti µGC-FPD Device  

The Ti µGC tile employed in this work was obtained from Waters Corporation 

(Milford, MA, USA) and its construction has been previously described in detail [56]. A 

schematic of the device is depicted in Figure 2-3. Briefly, two rectangular Ti tiles (each 7.5 

cm x 15 cm x 660 µm thick) were joined together to form a single Ti device. One of the tiles 

had been etched with a channel such that the resulting device contained a 5 m long x 100 µm 

i.d. serpentine column that was subsequently coated with OV-101 stationary phase [56]. At 

the column outlet, a channel for flame gases (5 cm x 228 µm i.d.) was etched along the width 

of the tile. The hydrogen inlet was incorporated at the junction of the column outlet and this 

channel while the oxygen inlet was added to the terminal end of the channel. In the middle of 

its length, a 1.44 mm i.d. hole was bored through the monolithic tile to create a flame cavity. 

Carrier gas was incorporated at the column inlet. 
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Figure 2-3: Schematic diagram of the Ti µGC-FPD device showing the a) top down 

view, b) side view (upper) and alignment of the channels with respect to the flame cavity 

(lower) 

 

Each flow inlet was secured by a custom made 316 stainless steel gas tight fitting (9.0 

mm o.d. x 2 mm i.d.) that was bolted onto the Ti tile. The fittings were threaded to accept a 

one-piece Vespel nut/ferrule assembly (0.4 mm i.d. x 13 mm long) to hold the fused silica 
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gas transfer line in place. This allowed the formation of a zero dead volume interface 

between the gas inlet hole on the tile and the tubing outlet. Between the separation column 

and the flame cavity, a 3.5 cm long x 0.3 cm wide rectangular piece was excised from the tile 

to thermally isolate the column and shield it from the heat of the detector flame. The 

temperature of the column was regulated by a 76 mm x 102 mm Minco Thermofoil Heater 

(model 5466; Minco Products Inc, Minneapolis, MN, USA) that was adhered to the column 

side of the Ti device. Temperature control was maintained by a standard variable transformer 

(120 V supply, 10 A max; model 3PN 1010, Staco Inc., Dayton, OH, USA) that allowed the 

device to be readily and repeatedly maintained at temperatures up to 100 ºC (1.8% RSD; 

n=5) for well over an hour. 

To enhance FPD operation, the flame cavity was bounded by stainless steel fittings (3 

mm o.d. x 1 mm i.d. x 6.5 mm long) on both sides of the tile cavity (Figure 2-3b). This 

helped maintain a hydrogen-rich atmosphere to support chemiluminescence in the flame. The 

FPD operated at counter-current flows of 7 or 10 mL/min oxygen (for sulfur or phosphorous 

analysis respectively) and 40 mL/min hydrogen. Analyte emission from the flame was 

transmitted through a sealed quartz light guide (3 mm o.d. x 17 cm) fixed to one end of the 

FPD flame cavity, and was delivered to a photomultiplier tube (PMT; R-268P; Hamamatsu) 

placed at the other end that was used to monitor the signal. Selective sulfur analysis was 

achieved by placing a 393 ± 11 nm interference filter (Oriel Instruments) in front of the 

PMT, while phosphorous analysis utilized a 527 ± 10 nm filter (Melles Griot, Rochester, NY, 

USA). The PMT was also occasionally operated in open mode (no filter) for other analyses. 

The opposite side of the flame cavity was fitted with a tiny removable light tight aluminum 
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cap for venting of flame gases and ease of viewing as required in experiments. The signals 

were acquired and processed through PeakSimple Software (SRI Instruments). 

 

2.4.3 Reagents and Supplies 

Diethyl sulfide (98%), diethyl disulfide (99%) and trimethyl phosphite (99%) were 

purchased from Sigma-Aldrich while tetrahydrothiophene (97%) was obtained from Fluka 

Analytical. These were used as test analytes and prepared in n-hexane (99%; Sigma-Aldrich) 

to achieve standard solutions. Hexane and benzene (99.9%; EM Science, Gibbstown, NJ, 

USA) were used to gauge hydrocarbon response in the detector. A garlic bulb obtained from 

a local vendor was prepared for headspace analysis of allyl mercaptan by coarsely chopping 

the bulb (32 g) and placing it inside of a capped, N2-purged, 125 mL Erlenmeyer flask. After 

equilibrating for 1 hour, 10 µL of headspace was taken by syringe and analyzed directly with 

the device. In-house natural gas was also analyzed. The sample was prepared by thoroughly 

flushing a capped, 1 L Erlenmeyer flask and filling it with a natural gas sample containing 

130 ppm of tetrahydrothiophene. From this, 10 µL of sample was withdrawn and injected 

onto the tile for µGC-FPD analysis. Any other details are noted in the text. 
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 CHAPTER THREE: ANALYSIS OF SULFUR COMPOUNDS USING A WATER 

STATIONARY PHASE IN GAS CHROMATOGRAPHY WITH FLAME 

PHOTOMETRIC DETECTION 

 

3.1 Introduction 

As discussed, a common approach used for the analysis of volatile organic 

compounds containing sulfur is GC-FPD. However, the signal quenching that occurs when 

analytes co-elute with hydrocarbons decreases the observed response and can compromise 

analytical results [94]. One such means of overcoming this barrier has been the pursuit of 

better separation between hydrocarbons and sulfur compounds to prevent co-elution and 

response quenching [95]. Currently, many sulfur compounds are separated using 

conventional non-polar (e.g. dimethylpolysiloxane) [96–103] or polar (e.g. porous layer open 

tubular) [104] columns. However, the general effectiveness of these columns is still largely 

hindered by the limited resolution achievable for most complex mixtures. As a result, 

separation columns that can yield higher selectivity for sulfur compounds over other 

hydrocarbons in such matrices could potentially further facilitate GC-FPD utilization and 

would be beneficial to explore. 

Previous investigations with a water stationary phase for use in capillary column GC 

have demonstrated unique selectivity toward moderately polar compounds. Of note, retention 

has been shown to be primarily based on analyte water solubility and minimally dependant 

on volatility [39]. Thus, non-polar hydrocarbons display almost no retention in this method, 

while functionalized compounds are relatively well-retained. As of yet, an extensive 

examination of organosulfur compounds on the water stationary phase has not been reported.  
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In this chapter, the potential of a water stationary phase for analyzing organosulfur 

compounds is explored. The system compatibility with selective detection from an FPD is 

also demonstrated. Several analytes and their retention characteristics are examined and FPD 

performance when coupled with the water phase is investigated. Various system applications 

will be presented and discussed. The combined selectivity from a selective column and 

detector is found to provide a relatively simple means for direct, quenching-free, and 

sensitive analyses of such sulfur compounds in complex mixtures. 

 

3.2 General operating characteristics 

Initial efforts were aimed at establishing the FPD performance characteristics within 

the assembled system (see Chapter 2.1.1). For example, although no interference was 

anticipated, it was uncertain if the water-laden carrier gas might adversely impact the 

detector’s background emission and analytical properties, as the FPD had never before been 

coupled with this phase. However, upon probing this further, it was indeed found that the 

FPD yielded favorable and appropriate response behavior. For instance, experiments revealed 

that with and without the water phase present in the system, the background flame emission 

intensity remained very low in either case and differed by only 4% over a wide range of 

system operating temperatures. This stability was also observed with various carrier and 

flame gas flows. Of note, as flows were considerably varied during optimizations, the system 

noise changed very little with and without the water present and only altered on average by a 

factor of about 1.3. Therefore, no appreciable interference was noted in the detector from the 

added water vapor present. 
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Figure 3-1: Calibration curve for dimethyl sulfide response using the water stationary 

phase GC-FPD system. 

 

Accordingly, good sulfur response was observed with the system. In terms of 

performance characteristics, the calibration curve of dimethyl sulfide is shown in Figure 3-1. 

As seen, the response obtained increases pseudo-quadratically over about 3 orders of 

magnitude (roughly 30 pgS/s to 30 ngS/s) and yields a minimum detectable limit near 30 

pgS/s. Similar results were obtained with other analytes as well. This response was also quite 

selective over hydrocarbons, as no signal was observed for dodecane or benzene below 

amounts of about 150 µg injected on column. This translated into a formal selectivity for 

sulfur over carbon of about 3 x 104. In all, these values agree quite well with those of 

conventional GC-FPD methods and most modern commercial manufacturers [57,105,106]. 

0

1

2

3

4

5

6

7

8

-12 -11 -10 -9 -8 -7 -6

L
o
g
 S

ig
n

a
l 

to
 N

o
is

e

Log Grams of Sulfur per Second

m = 2



 47 

 

Therefore, the results indicate that the water stationary phase system can readily interface 

with an FPD for the analysis of organosulfur compounds. 

 

3.3 Retention characteristics of sulfur analytes 

In order to better understand the relative retention characteristics of the system, a 

number of organosulfur analytes were examined with it. Table 3-1 shows an example of this 

with the retention time observed for the various analytes under isothermal conditions of 30 

oC. As seen, the compounds are listed in increasing elution order and they show varying 

degrees of retention. However, a few interesting trends can be noted from the data. 

For example, many analytes show a “normal phase retention pattern” akin to that 

observed in HPLC, where more polar compounds are more strongly retained, similar to 

earlier work with the water stationary phase [37–39]. Of note, this is demonstrated by the 

elution of sulfides, where the less polar dipropyl sulfide elutes before the increasingly more 

polar diethyl and dimethyl sulfides. Similarly, the disulfide series elutes in an analogous 

fashion. Furthermore, in addition to analyte polarity, these elution patterns also trend closely 

with greater analyte water solubility in many cases. For instance, dimethyl sulfide is nearly 2 

orders of magnitude more water soluble than dipropyl sulfide [107]. As well, dimethyl 

disulfide is near 10-fold more water soluble than diethyl disulfide [107,108]. Note that while 

this property may also imply a potential relationship between analyte retention and Log Kow 

partitioning, very few values (i.e. only 5) are available for the analytes studied here. 

Nonetheless, of those obtained, a good linear relationship between Log Kow and retention 

was found, with an R2 correlation of 0.9. However, this parameter needs more data in the 

future to establish a verifiable trend (if any). 
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Table 3-1: The retention* of various organosulfur analytes on the water stationary 

phase.  

Compound tr (min) 

Boiling 

point 

(°C) 

Structure 

hexane 2.26 68.72 
 

carbon disulfide 2.30 46.2  

tert-butylthiol 2.50 64.2 
 

2-propanethiol 3.02 52.6 

 

2-butanethiol 3.05 85.0 

 

1-propanethiol 3.16 67.7 
 

dipropyl sulfide 3.58 142.8  

isopropyl disulfide 3.84 177 

 

diethyl sulfide 3.88 92.1 
 

1-hexanethiol 4.09 152.7  

dimethyl sulfide 4.15 37.32 
 

diethyl disulfide 4.21 154.0 
 

dimethyl disulfide 5.24 109.72 
 

1-butanethiol 5.33 98.4 
 

tetrahydrothiophene 12.29 121.1 

 

thianaphthene 25.76 220.9 

 
 

*Column temperature is 30 oC and carrier flow is 2.5 mL/min. 
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In contrast to this, analyte boiling point does not seem to correlate well with retention. 

For example, also included in Table 3-1 is the boiling point for each compound. It can be 

seen that as retention times increase, there is no apparent trend in the corresponding analyte 

boiling point. For instance, even though dimethyl sulfide possesses the lowest boiling point 

of 37 ºC, it is more retained than a number of other higher boiling point analytes, including 

several thiols, sulfides, and even diisopropyl disulfide, which boils at 177 ºC. Additionally, 

several other similar cases can be seen where this occurs as well. Therefore, in many 

instances, increasing polarity and water solubility appear to be key factors in promoting 

sulfur analyte retention on the water stationary phase, while boiling point is less relevant. 

This also agrees well with previous findings for other hydrocarbons on this phase [39]. 

It should be noted that certain thiols did not exhibit this retention behavior. As seen, 

1-propanethiol was found to elute before 1-butanethiol. Even more odd, 1-hexanethiol eluted 

between these analytes. However, of the compounds examined, the latter was also the only 

one to yield a very poor, broad peak shape. This may be due to potential interactions with the 

stainless steel column wall, as it is well known that some thiols can strongly adhere to such 

surfaces [109]. In fact, when probing this further, 1-hexanethiol did show some retention on 

dry stainless steel tubing, whereas other analytes did not. Therefore, it appears possible that 

such interactions could potentially influence the retention behavior of certain thiols in this 

system. Still, aside from the adverse separation characteristics noted for 1-hexanethiol, good 

peak shape and retention behavior was generally noted for the other compounds investigated 

here. Figure 3-2 illustrates this with the separation of some different organosulfur species 

using the assembled GC-FPD system. 
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Figure 3-2: Chromatogram showing the separation of various sulfur analytes using the 

water stationary phase GC-FPD system. The temperature program is 30 ºC for 2 min, 

then 20 ºC/min to 70 ºC, and then 47 ºC/min to 140 ºC. The elution order is 2-

propanethiol, diethyl sulfide, dimethyl disulfide, and tetrahydrothiophene.  

 

3.4 Reduced FPD quenching 

Since addressing FPD quenching was a primary motivation for this study, it was of 

interest to examine how this may be impacted by the current method. In particular, since 

most non-polar hydrocarbons are essentially unretained on the water stationary phase, it was 

anticipated that this might be able to offer beneficial selectivity in cases where peak co-

elution can lead to detrimental FPD response quenching. Figure 3-3A demonstrates this issue 

for a dimethyl disulfide standard solution in octane on a conventional DB-1 column.  
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Figure 3-3: The FID (left) and FPD (right) traces of 220 ng of dimethyl disulfide in 

octane solvent on (A) a conventional DB-1 column and (B) the water stationary phase. 

Oven conditions are (A) 50 oC for 2 minutes, then 10 oC/min to 100 oC, and (B) 30 oC.  

 

As seen from the octane solvent in the FID trace (left) and the dimethyl disulfide peak 

in the FPD trace (right), the two co-elute and fully overlap. As a result, the sulfur response 

obtained is severely quenched and the peak intensity shown is diminished to just 29% of its 

anticipated value. This is determined by referencing signals against an identical unquenched 

analyte standard in a non-overlapping hexane solvent on the same column. By comparison, 
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Figure 3-3B shows the same analysis with the water stationary phase system. As shown, the 

FID trace (left) displays rapid elution and low retention of the non-polar octane solvent on 

the phase, still yielding similar hydrocarbon response (within a factor of 1.3) to that obtained 

in Figure 3-3A. Conversely, though, the sulfur analyte is retained and well separated from 

octane. As a result, no hydrocarbon response quenching is observed in the FPD analysis. 

Therefore, in complex matrices containing numerous hydrocarbons, this retention behaviour 

may be potentially useful for alleviating FPD quenching of sulfur analyte signals. 

To examine this, a gasoline sample spiked with diethyl sulfide, dimethyl disulfide, 

and tetrahydrothiophene was also analyzed on a conventional DB-1 column and the water 

stationary phase. As seen from the FID chromatogram of the DB-1 trial (Figure 3-4A), the 

hydrocarbon matrix continually elutes across the 10 minute period displayed. The 3 sulfur 

test analytes were also found to elute within this same range. As a result, significant analyte 

signal quenching was observed for this sample in the FPD. Table 3-2 displays the response 

erosion that was measured for each analyte, and indicates that about half of the signal was 

lost due to quenching from overlapping hydrocarbons. In contrast to this, the water stationary 

phase promotes rapid elution of these same non-polar gasoline components (Figure 3-4B), 

and prevents hydrocarbon co-elution and interference with FPD sulfur response as a result. 
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Figure 3-4: The FID chromatograms of gasoline spiked with 120 ng of diethyl sulfide, 

dimethyl disulfide, and tetrahydrothiophene on (A) a conventional DB-1 column and 

(B) the water stationary phase. The unquenched FPD sulfur signals arising from the 

latter water phase trial are also shown in (C). Oven conditions are (A) 30 oC for 1.5 

minutes, then 5 oC/min to 120 oC, and (B, C) 30 oC for 4.5 minutes, then 20 oC/min to 

100 oC.  
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Table 3-2: Preservationa of FPD sulfur response in gasoline analyzed on different 

columns 

Analyte Conventional DB-1 Water Stationary Phase 

Diethyl sulfide 48 ± 9 % 97 ± 3 % 

Dimethyl disulfide 57 ± 9 % 105 ± 11 % 

Tetrahydrothiophene 45 ± 9 % 109 ± 14 % 

 

a As a percentage of the original unquenched response of a reference standard in hexane; n = 

3. 

 

Of note, the data in Table 3-2 demonstrate that the sulfur signal is essentially fully 

preserved when the same sample is analyzed on the water stationary phase. Figure 3-4C 

further illustrates this with the unquenched FPD sulfur signals obtained from this trial. 

Therefore, the large bias of the water phase against retaining non-polar hydrocarbons can 

allow for such components in complex matrices to be completely separated from target 

analytes and greatly facilitate FPD sulfur analyses. 

 

3.5 Sulfur analysis in other complex matrices 

In an analogous fashion, the water stationary phase can also simplify the analysis of 

other complex matrices that contain a variety of more polar sample constituents. For 

example, it has been shown previously that highly polar matrix components are often fully 

retained on the water stationary phase, while more mobile target analytes can be eluted and 

quantified [39]. Further, there is no subsequent concern for column fouling from the retained 

species since the water stationary phase can be readily discarded and replenished on demand. 
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Therefore, it was of interest here to also analyze for sulfur in some other challenging matrices 

using this system. 

The first of these was a red wine sample spiked with dimethyl sulfide and dimethyl 

disulfide. The analysis of these compounds is important since they are often found in wine 

and can be indicators of bad flavouring if present in high concentrations [110]. However, 

wine also contains many other components such as sugars, polyphenols, and proteins that 

increase the turbidity of the product. These can often make GC quantification of the sulfur-

containing flavour compounds difficult and they frequently necessitate the use of multiple 

sample preparation steps prior to analysis [111]. As seen from Figure 3-5, direct injection of 

the neat wine sample on the water stationary phase results in two prominent peaks for these 

target analytes on an otherwise smooth background with no other apparent matrix 

interference. This was also supported by FID examinations of the same sample, which were 

similar in appearance and indicated that many of the other polar and/or high molecular 

weight components present in the wine remained highly retained on the water phase and did 

not interfere with the sulfur analysis at hand. Incidentally, while the presence of sulfur 

dioxide might also be anticipated in such a sample, it was found here to be very highly 

retained. For example, it did not elute after an hour of observation, even at 100 oC using the 

30 m column. Therefore, if it were a target analyte in future investigations using this method, 

the employment of a shorter column could be beneficial. 
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Figure 3-5: The FPD chromatogram of dimethyl sulfide (15 ng) and dimethyl disulfide 

(30 ng) in an undiluted red wine sample directly injected onto the GC water stationary 

phase. Oven temperature is 30 oC. 

 

The second sample investigated was milk, which is subject to similar quality issues 

when high concentrations of sulfurous compounds are present [20,112]. Additionally, milk 

can be a very challenging matrix since it is a heterogeneous solution often containing various 

casein proteins, significant amounts of large triglycerides, and abundant sugars such as 

lactose, all of which can complicate GC analysis [20,112]. As shown in Figure 3-6, when a 

neat injection of milk containing dimethyl sulfide was analyzed on the water stationary 

phase, a prominent analyte peak is again observed on an essentially unobstructed background 

(i.e. no response from large hydrocarbon concentrations breaching the detector selectivity). 

Therefore, as with the red wine sample, many of the large, polar components in milk appear 

to be highly retained by the phase, allowing for a relatively simple analysis of the sulfur 

analyte. This was further confirmed by FID examination of the sample, which showed a very 
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similar trace with the addition of some minor unretained hydrocarbons that eluted early in the 

separation and did not interfere. 

 

 

Figure 3-6: The FPD chromatogram of dimethyl sulfide (30 ng) in an undiluted milk 

sample directly injected onto the GC water stationary phase. Oven temperature is 30 

oC. 

 

A final investigation focused on the analysis of urine, which is an important area of 

research that can facilitate the diagnosis of a number of health issues. For example, decreased 

levels of urinary dimethyl sulfide have been correlated to instances of breast cancer [113], 

while increased dimethyl disulfide concentrations have also been noted as an indicator of 

skin cancer [114]. Currently, GC analysis of these analytes in such complex matrices can be 

difficult as urine often contains thousands of metabolites in each sample, including larger 

components such as steroids, protein hormones, and collagen cross-linker metabolites [115].  
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Figure 3-7: Direct injections of urine in the water stationary phase GC-FPD system. 

The samples are (A) urine spiked with dimethyl sulfide (15 ng) and dimethyl disulfide 

(30 ng), (B) unspiked urine obtained before consuming asparagus, and (C) unspiked 

urine obtained after consuming 500 g of asparagus. Oven temperature is 30 oC. 

 

Figure 3-7A demonstrates the chromatogram of a urine sample spiked with dimethyl 

sulfide and dimethyl disulfide that is injected directly into the water stationary phase system. 

As seen, these important organosulfur markers are well separated and produce good peak 
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shapes with no apparent background interference from the sample matrix (i.e. no response 

from large hydrocarbon concentrations breaching the detector selectivity). Again, this is 

because most of the other components present in urine are heavily partitioned into the water 

stationary phase and do not elute from the system. As before, FID examination of the same 

sample also further attested to this as little else was detected beyond the target analytes.  

Given the strong signals obtained for the above spiked sample, another experiment 

was performed in efforts to monitor the endogenous formation of such target analytes. 

Asparagus is well-known for the pungent odour that it can create in the urine after 

consumption, which is due in part to the presence of sulfur compounds such as dimethyl 

disulfide that evolve during digestion [116]. Therefore, to examine if the system could be 

able to distinguish such an event at more biologically relevant concentrations, urine was 

obtained from a healthy individual before and after eating about 500 g of asparagus. As seen 

in Figure 3-7B, prior to ingesting the asparagus, no sulfur compounds appear in the urine, 

which was directly injected into the system. However, after eating the asparagus and 

collecting the urine several hours later for analysis, Figure 3-7C shows that there is an 

obvious presence of dimethyl disulfide that arises as a result. This was also evident from the 

relative odour of each sample. Of particular note, approximately 680 µg of this analyte was 

determined in the urine sample, which agrees very well with previous reports of near 770 µg 

of dimethyl disulfide being detected in the same volume of urine by headspace analysis 

[116].  

Finally, it should also be noted that these separations reproduced quite well as repeat 

injections of the above samples yielded retention times that differed by only about 0.4% RSD 

(n=3). Therefore, overall the water stationary phase GC-FPD system provides reliable 
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performance that can potentially simplify the analysis of such complex samples by largely 

preventing matrix interference and reducing the need for sample preparation. 

 

3.6 Conclusions 

The analysis of various organosulfur compounds using a water stationary phase GC-

FPD system has been described. The FPD demonstrated good compatibility with the phase 

and yielded figures of merit similar to those of a conventional GC-FPD system. The retention 

of a number of organosulfur compounds was examined on the column. Many of the analytes 

showed increasing retention as a function of water solubility and polarity. In all cases, 

analyte boiling point was generally a poor predictor of analyte retention. By comparison, 

most non-polar hydrocarbons are uniquely unretained on the water stationary phase. As a 

result, the FPD response for sulfur analytes was not subject to conventional signal quenching 

by co-eluting hydrocarbons, which greatly assists the analysis of complex samples such as 

petroleum products. Conversely, many large polar molecules are heavily retained on the 

water stationary phase. Accordingly, this can equally simplify the analysis of complex 

aqueous samples since they can be directly injected into the system and the sulfur analytes 

present can be determined with little matrix interference. These results suggest that this GC-

FPD water stationary phase system could provide a useful alternative method for analyzing 

organosulfur compounds in complex matrices. 
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 CHAPTER FOUR: A RAPID ANALYTICAL METHOD FOR THE SELECTIVE 

QUENCHING-FREE DETERMINATION OF THIOLS BY GC-FPD 

 

4.1 Introduction 

As seen in Chapter Three, the analysis of organosulfur compounds present in 

complex samples can be challenging. One such class of organosulfur compound that can be 

difficult to analyze is organic thiols. The analysis of thiols is an important area due to their 

inherent properties and prevalence in various sectors [104]. For example, owing to their 

negative effects on oil refinery equipment and the environment, their concentration in 

petroleum products is routinely regulated [117,118]. Further, thiols are often found in many 

foodstuff products, where they strongly impact smell and flavor [119,120]. Thus, frequent 

quality control analysis of thiols is required in matrices such as gasoline [88,121–125], 

condensate [126–128], natural gas [129–131], and foods/beverages [85,86,119,120,132–137]. 

However, due to the highly complex nature of many of these samples, the use of GC-FPD for 

such analyses can be limited. 

To this end, sample preparation methods for thiols can be very helpful as an effective 

way to facilitate the continued use of GC-FPD and avoid quenching during analysis. For 

instance, petroleum and foodstuff samples are often prepared for thiol analysis by various 

extraction techniques [79,85–87]. In fact, on a much greater scale, the selective removal of 

thiols from large industrial process streams has been a significant interest for many years. For 

example, as early as the 1860s, Canadian petroleum producers employed a caustic ‘Doctor 

Solution’ containing plumbite ion (PbO2
2-) in bulk refinery feedstocks to selectively complex 

thiols and form lead thiolates, which were then converted into less odorous disulfides after 
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reaction with powdered sulfur [88,122,138]. Even more recently, high concentrations of 

thiols have also been removed from such large scale petroleum streams using an analogous 

reaction with lead oxide (PbO), which forms a solid lead thiolate product that is filtered off 

by gravimetric means [89,90]. The separated thiols can then be recovered in the process by 

the addition of acid. Even though such bulk procedures are typically quite long (i.e. 1-2 

hours) [89,90], they do demonstrate the effective removal of thiols in large industrial 

applications. Perhaps surprisingly, given their highly selective nature and potential benefit, 

similar approaches have never been developed and examined for their use in analytical 

methods. 

This chapter presents a rapid analytical technique for the selective GC-FPD 

determination of thiols that employs primary facets of both of these industrial thiolate-

trapping and acid-release approaches. The method is simple and inexpensive and greatly 

reduces hydrocarbon matrix components such that it can allow for FPD operation without 

quenching interference. The properties and characteristics of this technique are discussed and 

applications to various complex samples are demonstrated. 

 

4.2 General Optimization 

Initial experiments revealed that either solid PbO particles or PbO2
2- (plumbite) 

solutions could be used to efficiently isolate thiols from samples for analysis. Figure 4-1 

helps illustrate the typical observations of this process with the removal and recovery of a 

thiol standard from solution using PbO.  
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Figure 4-1: The analysis of a standard solution of 1-butanethiol (600 ng/µL) in hexane 

A) before adding PbO, B) after adding PbO, and C) after adding nitric acid (1 M) to the 

solution in B). Schematic illustrations of the process are shown adjacently for the use of 

solid PbO addition (left) and plumbite solution (right).  
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Figure 4-1A shows the analysis of the thiol standard in hexane before addition of 

PbO, and displays a prominent analyte peak. After addition of PbO (Figure 4-1B), analysis of 

the hexane layer indicates that the thiol has been effectively removed (>99%) from the 

solution by forming an insoluble lead thiolate complex on the particle surface. Note, this 

compares favorably to corresponding industrial-scale procedures, which typically remove 

about 80% of thiols present after an hour of treatment [89,90]. Following this, after addition 

of acid to the solution, the thiol is released from the complex and fully recovered back into 

the hexane layer (Figure 4-1C). This again is consistent with industrial-scale trials, which 

typically recover about 80% of the initial thiols removed [89,90]. Note that while the data 

here in Figure 4-1 was generated using solid PbO, very similar results were obtained when 

using plumbite solution to form a thiolate layer at the interface between the aqueous and 

organic solvents (also depicted in the figure). Therefore, it appeared that either lead substrate 

could provide a potentially effective route for isolating thiols for analysis. 

Next, a closer examination was made of the relative ability of these substrates to 

extract thiols. Since thiolates have been formed in bulk hydrocarbon matrices using both red 

(litharge) and yellow (massicot) PbO [88,89], the two forms were compared to better reveal 

any differences in their extraction characteristics (Figure 4-2). While both demonstrated the 

ability to extract thiols, it was found that the red form was nearly 10 times slower at 

removing the analytes. Of note, while yellow PbO often quantitatively extracted thiols in 

about 25 min, the red form frequently took up to 4 h to achieve the same result. While the 

exact reason for this is not clear, it could be related to differences in the available lattice 

forms (orthorhombic or tetragonal) of the two species on the PbO particle surface [139]. 
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Regardless, because yellow PbO had preferable properties, it was employed in subsequent 

trials. 

 

 

Figure 4-2: The percent of response remaining for 1-butanethiol (600 ng/µL) after the 

addition of yellow (♦) and red (■) PbO. 

 

Since alkaline plumbite solution has also been used to remove thiols in bulk processes 

industrially [140], it was further compared here to the solid PbO substrate, shown in Figure 

4-3. It was found that plumbite solution was particularly rapid at extracting thiols and was 

often near 10 fold faster than even the solid yellow PbO form. This is likely due to the 

relative mobility of the analyte and substrate in solution, which can enhance formation of the 

lead thiolate complex. As a result, thiols were reproducibly extracted from samples in a very 

short time using the plumbite solution. For example, 98  1% (n = 3) of a 1-butanethiol 

standard in hexane (600 ng/µL) was extracted after only 2 minutes of contact with plumbite 

solution. Thus, similar to industry, both solid PbO and plumbite solution can each efficiently 

0

20

40

60

80

100

120

0 50 100 150 200 250 300 350 400

%
 O

ri
gi

n
al

 R
e

sp
o

n
se

Time (min)

Yellow PbO

Red PbO



 66 

 

extract thiols on an analytical scale, and appear to do so quite readily. Given the relatively 

rapid nature of the plumbite solution, it was primarily used here going forward. 

 

 

Figure 4-3: The percent of response remaining for 1-butanethiol (600 ng/µL) after the 

addition of yellow PbO (♦) and PbO2
2- (▲). 

 

Accordingly, a number of parameters were examined for their impact on thiol 

extraction efficiency using the plumbite solution. These included the volume (0.5 – 1.5 mL) 

and the concentration (0.06 – 0.015 M) of the plumbite solution used, and the concentration 

of analyte being extracted (60 – 1000 ng/µL). In general these variations did not greatly alter 

the overall extraction efficiency, and most trials yielded greater than 90% thiol removal after 

only 2 minutes. However, when the plumbite concentration was below about 0.03 M, it often 

took several minutes longer to achieve complete removal of the thiol from solution. 

Therefore, this is important to optimize and was normally maintained at 0.06 M in these 

experiments. The same was also true when analyte concentrations were low (near 60 ng/µL), 
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likely due to reduced contact between the thiol and substrate in solution. To offset this, it was 

found that increasing the plumbite solution volume could improve the extraction efficiency 

of more dilute analyte solutions, even though it had little effect for more concentrated 

solutions. Specifically, it was determined here that an analyte to plumbite solution volume 

ratio of 1 to 1.5 gave optimum results for analyte concentrations at or below about 60 ng/µL, 

and while not necessary, also worked well for most other scenarios. Therefore, while thiol 

extractions using 0.5 to 1 mL of 0.06M plumbite solution were typically adequate and quite 

efficient (i.e. for 1 mL of analyte solution), in certain cases where greater contact with the 

substrate was useful, larger volumes were employed. 

 

4.3 Extraction Selectivity 

The selectivity of this thiol extraction method was also examined. Figure 4-4A shows 

the results of extracting various different analytes from solution using the standard approach 

of adding plumbite and then monitoring the analyte concentration in the organic layer over 

time. As can be seen, the non-thiol analytes investigated were essentially unaffected by the 

addition of the plumbite solution and fully remained in the organic layer over the course of 

the trial. Conversely, the various thiols investigated were quantitatively removed from 

solution within about 2 minutes of the plumbite addition and did not return thereafter. Thus, 

the extraction of thiols by plumbite appears to be highly selective. Similar behavior was also 

noted for solid PbO addition. 

Next, various thiols were extracted using plumbite solution and then the ability to 

recover them from the resulting thiolate complex was explored by adding acid to the mixture. 

Figure 4-4B displays the typical results of these experiments. 
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Figure 4-4: A) Extraction efficiency of plumbite solution for various sulfur analytes as a 

function of time. Trials were done with 1 mL analyte standard solutions in hexane 

extracted with 0.5 mL of 0.06 M plumbite solution. B) Thiol content in solution before 

(left) and after (middle) plumbite addition, and then again after nitric acid (1 M) 

addition (right) for various analytes. Average time to measurement was 3.5 min and 

immediately after plumbite and acid addition respectively 
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For this, before the addition of plumbite (left plot), the average signals of the thiols 

present in the organic layer were measured and then used to represent 100% of the total thiol 

present. As seen, only a few minutes after the addition of the plumbite solution (middle plot), 

the amount of thiol present in the organic layer is greatly reduced (< 3% remaining) as a 

result of the high efficiency of the thiolate complex formation. Finally, immediately upon the 

addition of acid to this solution (right plot), the thiol is released from the lead complex and 

quantitatively transfers back to the hexane layer. Thus, the process provides an efficient and 

reversible means of thiol removal. As such, it offers potential for highly selective extractions 

that can target thiols in solution and isolate them from sample matrices.  

In order to test this latter concept, an experiment was performed with a mixture of 

thiol and non-thiol sulfur analytes in hexane. Figure 4-5A shows the chromatogram of this 

mixture, which displays prominent peaks for each analyte. Upon the addition of plumbite 

solution (Figure 4-5B), it can be seen that the thiol signals disappear and only the non-thiol 

analyte signals remain, consistent with that expected from Figure 4-4A. Following this, the 

organic layer was carefully removed from atop the aqueous plumbite solution and solid 

thiolate complex. It was replaced with an equivalent volume of pure hexane and acid was 

then added to release the thiols from the complex and transfer them back into the organic 

layer. As expected from the results in Figure 4-4B, it is seen from the analysis of this layer 

(Figure 4-5C) that the thiol signals are restored to yield a selective chromatogram without 

any detectable signals from the other analytes originally present. Therefore, this approach 

may provide a highly selective means of analyzing thiols and also distinguishing them from 

other sulfur analytes, which is useful in sample characterization [79]. 
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Figure 4-5: Analysis of a mixture of sulfur analytes in hexane (about 520 ng/µL each) in 

order of A) before and B) after plumbite addition, and C) after subsequent 

removal/replacement of the organic layer with an equal volume of hexane and the 

addition of nitric acid (1 M). Analytes are 2-propanethiol (1), 2-butanethiol (2), 1-

butanethiol (3), tetrahydrothiophene (4), dipropyl sulfide (5), and isopropyl disulfide 

(6). Conditions: 30 oC for 2 min, then 10 oC/min to 100 oC; Carrier gas at 3 mL/min. 
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4.4 Signal Enhancement 

Considering the selective nature of the thiol extraction method, it was further 

investigated for its ability to facilitate situations where the analyte signal may be obscured. 

The first of these concerned the chromatographic co-elution of analytes, where the signals 

interfere with one another. Figure 4-6A demonstrates this with the chromatogram of a 

mixture of diethyl sulfide and 1-butanethiol in hexane. As seen on the expanded scale shown, 

two prominent peaks appear for the analytes, which are notably overlapped at their base. The 

mixture was then treated with plumbite solution as above and the solution was reanalyzed. 

As seen (Figure 4-6B), this results in the removal of the 1-butanethiol peak leaving the 

diethyl sulfide peak for analysis and free from interference. Following this, the hexane layer 

containing the diethyl sulfide was carefully removed and replaced with an equivalent volume 

of pure hexane and acid was added to release the thiol into the fresh organic layer. As seen 

from the analysis of this layer (Figure 4-6C), the result is a chromatogram of the sole thiol 

peak restored from the original pair without overlap. Thus, this approach can help resolve 

such co-eluting analytes. 
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Figure 4-6: Analysis of a mixture of diethyl sulfide (1) and 1-butanethiol (2) in hexane 

(600 ng/µL each) in order of A) before and B) after plumbite addition, and C) after 

subsequent removal/replacement of the organic layer with an equal volume of hexane 

and the addition of nitric acid (1 M). Temperature is 70 oC and carrier is 11 mL/min. 
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time of 1.1 min, just after the hexane solvent peak at around 45 seconds. Following this, a 5 

mL aliquot of this same solution was treated with 7 mL of the plumbite solution in order to 

remove all of the thiol present. The hexane layer was then carefully removed and replaced 

with 250 µL of pure hexane and acid was added to release the thiol into the organic layer. As 

seen from its analysis (Figure 4-7B), a strong signal now appears in the same retention 

window due to the 20 fold concentration factor invoked. Thus, this approach may also 

facilitate sample preconcentration. 

 

 

Figure 4-7: Analysis of a 6 ng/µL solution of 1-butanethiol in hexane A) before plumbite 

addition, and B) after plumbite addition, removal/replacement of the organic layer, and 

the addition of nitric acid (1 M). 7 mL of plumbite solution was added to 5 mL of 

analyte solution. After organic layer removal, it was reconstituted into 250 µL of hexane 

for analysis. The temperature is 70 oC and the carrier gas is at 11 mL/min. 
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4.5 Applications 

To examine the utility of this method, both lead substrates were used to analyze 

various samples. The first was a commercial gasoline containing 1-butanethiol. Figure 4-8A 

presents an FID trace of the sample, which contains a complex multitude of hydrocarbons.  

 

 

Figure 4-8: Chromatograms of a gasoline sample containing 1-butanethiol (600 ng/µL) 

as detected by an A) FID, B) FPD, and C) FPD after thiolate formation, 

removal/replacement of the gasoline with an equal volume of hexane, and the addition 

of nitric acid (1 M). Solid PbO addition is used to form the thiolate. Conditions used are 

50 oC for 2 min, then 10 oC/min to 250 oC; Carrier gas is at 11 mL/min. 
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By comparison, the selective FPD trace of the sample (Figure 4-8B) displays a lone 

peak for the thiol at 1.4 minutes, which also co-elutes with the most abundant hydrocarbons 

present (shown by the off scale FID signals). As a result, the analytical signal is diminished 

due to severe response quenching. Of note, comparison with a reference standard indicates 

that hydrocarbon interference has eroded the signal to 16% of its expected value. Following 

this, solid PbO was added to the fuel sample, where the thiolate complex readily formed on 

the solid surface and facilitated the subsequent careful removal of the gasoline from the solid. 

This was replaced with an equivalent volume of hexane and then treated with acid to again 

release the thiol. Analysis of this solution is shown in Figure 4-8C. As seen, a much stronger 

thiol signal appears and is restored to 97% of its expected value as a result of removing the 

co-eluting hydrocarbon interference. 

Similar results were also obtained from a model petroleum condensate sample 

containing a prescribed assortment of target hydrocarbons and 1-butanethiol, seen in Figure 

4-9A. Specifically, the signal of 1-butanethiol was quenched to 27% of its expected value 

due to significant overlap between the heptane portion of the sample and the sulfur analyte, 

signified by the arrow in the figure. Using the same approach as above, but this time with 

plumbite solution, the signal was subsequently restored to 94% of its expected value by 

removing the bulk of the hydrocarbon matrix and replacing it with hexane. Figure 4-9B 

demonstrates the strong prominent analyte signal obtained from analysis of this solution. 

Therefore, the ability to isolate thiols from complex petroleum matrices using either solid 

PbO or plumbite solution treatments can greatly simplify their GC-FPD analysis. 
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Figure 4-9: A) The FID trace of a model condensate containing 1-butanethiol (600 

ng/uL) and B) the FPD trace of the same sample after thiolate formation, 

removal/replacement of the condensate with an equal volume of hexane, and the 

addition of nitric acid (1 M). Hydrocarbons included are (1) pentane, (2) hexane, (3) 

cyclohexane, (4) benzene, (5) heptane, and (6) toluene, amongst various solvent 

impurities (i). The arrow in the FID trace represents the elution time of 1-butanethiol. 
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The method was also examined with gas phase matrices. In particular, a natural gas 

sample containing tert-butylthiol was next evaluated. Using similar protocol as before, and 

carefully passing 40 mL of the gas through 5 mL of the plumbite solution, it was found that 

the thiol present was readily trapped in the solution. Acidification then transferred the thiol 

into a 1 mL aliquot of hexane added to the sample and produced a significantly enhanced 

signal as a result of the concentration factor. Of note, 77% of the thiol was recovered from 

the gas sample and the signal was enhanced by a factor of near 3300, a result of the increased 

analyte concentration and the well-known square law response of the FPD [93]. Reasons for 

the somewhat lower thiol recovery are unconfirmed, but are likely due to gas bubbles 

escaping the solution unreacted from the simple syringe approach used here for the purpose 

of demonstration.  

Still, such a concentration effect can be quite useful in monitoring trace quantities of 

analytes. For example, another gas phase sample examined was the headspace above freshly 

cut garlic. Since garlic contains many sulfur compounds that can impart flavor and potential 

health benefits, it is of great interest to analyze [141]. For this, a garlic bulb was cut into 

pieces that were placed in a sealed flask and the headspace was monitored over time. Figure 

4-10 shows the analysis of this sample using the same approach as above for natural gas. 

Figures 4-10A, B, and C show the progression of the first three hours of thiol evolution from 

the sample.  
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Figure 4-10: Chromatograms showing the analysis of a headspace sample above freshly 

cut garlic. 40 mL of headspace was passed through a plumbite solution, then 1 mL of 

hexane was added and it was acidified with 1 M nitric acid. Analyses are done A) 1, B) 

2, and C) 3 hours after cutting the garlic. Analytes in elution order are methyl 

mercaptan and allyl mercaptan. Conditions are 30 oC for 2 min, then 10 oC/min to 250 

oC; Carrier gas flow is 11 mL/min. 
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As seen, two prominent species emerge over this period, from trace quantities after 1 

hour (Figure 4-10A) to a more abundant presence after 3 hours (Figure 4-10C). These were 

confirmed by GC-MS to be methyl mercaptan and allyl mercaptan, which are well known 

and important components of garlic [132,142], and the only prominent mercaptans found in 

the headspace over such samples [132]. By comparison, when directly analyzing the 

headspace without the thiolate extraction method, the untreated sample yielded little evidence 

for these analytes (Figure 4-11). This indicates that when this sample is not preconcentrated, 

the signal for these analytes is not able to rise above the noise for detection. Of note, no other 

sulfur compounds were observed over the three hours that the headspace of this garlic sample 

was monitored, likely due to their low concentration and thus limited response in the 

untreated method. Therefore this method appears to have a reasonable ability to work with 

both solution and gas phase samples and can provide useful signal enhancement for thiols.  

 

 

Figure 4-11: The direct analysis of 10 µL of headspace above freshly cut garlic after 3 

hours without any sample treatment. Same conditions as in Figure 4-10. 

0

20

40

60

80

100

120

140

160

180

200

0 1 2 3 4 5 6 7 8 9 10

F
P

D
 R

e
s
p

o
n

s
e
 (

m
V

)

Time (min)



 80 

 

4.6 Conclusions 

The use of solid PbO and plumbite solution substrates, traditionally employed in 

industry to trap thiols, can provide a relatively rapid and efficient analytical tool for usage in 

the determination of thiols in a variety of samples. The method is highly selective, simple, 

inexpensive, adaptable, and allows for GC-FPD analysis of thiols without quenching 

interference. The method is also potentially amenable to the trapping of longer-chain thiols 

for analysis [89,90], and may be useful in the determination of thiols in biological samples in 

the future [143]. Therefore, results indicate that this approach could be a useful means of 

isolating thiols from complex matrices for their subsequent analysis. 
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 CHAPTER FIVE: A SELECTIVE CHROMATOGRAPHIC SYSTEM FOR THE 

DETERMINATION OF THIOLS BY GC-FPD 

 

5.1 Introduction 

The sample extraction technique described in Chapter Four also presents a potentially 

effective and simple way to selectively analyze thiols by GC-FPD. The data in Chapter Four 

shows that through the use of an aqueous plumbite solution, this technique resulted in thiol 

extractions that occurred nearly instantaneously. However, due to the offline nature of this 

method, extra time (up to two minutes) and sample handling was required to prepare the 

sample for injection into the GC for analysis. To this end, it would be even further beneficial 

to extrapolate this technique into a selective online ‘trap-and-release’ GC system and 

minimize the total analysis time, while still maintaining the advantages of the quenching-free 

analysis seen previously.  

In Chapter Three, a water stationary phase in a capillary column was established with 

great promise for sulfur separations. Accordingly, as a water-based solution, plumbite also 

has the potential to be used as a stationary phase in a capillary column format. Thus, a 

plumbite phase used as a pre-column trap could generate an in situ precipitation reaction of 

thiols into solid lead thiolates. This would allow non-thiols to pass through the trap 

unaffected and separate as normal on the subsequent analytical column, but prevent thiol 

compound elution until they are later released through the injection of acid into the system. 

The advent of such a trap and release method could potentially also help avoid co-elution of 

thiols with various hydrocarbons, and thus the resulting response quenching in an FPD. 
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This chapter presents an investigation into the potential of a selective 

chromatographic system using a trap column coated with plumbite solution and subsequent 

release through injection of acid. This method is highly selective for thiols and presents the 

potential opportunity to control their elution in GC. The general operating properties of this 

system and characterization of the trap column phase are discussed.  

 

5.2 Establishing the Trap Phase 

Initial efforts were aimed at testing if thiols could be selectively extracted and 

released in situ with a plumbite stationary phase pre-column trap. Previous work has shown 

separations using a water stationary phase inside of capillary tubing. As such, plumbite was 

established here as a stationary phase in fused silica tubing prior to a megabore analytical 

column. Preliminary results indicated that this plumbite phase was indeed very effective at 

trapping thiols injected into the system, while other compounds passed through and separated 

on the column unaffected. For instance, upon injection, thiol peaks never appear after nearly 

an hour of monitoring, while sulfide species eluted as normal. Thus, the subsequent release 

of the trapped thiols was explored next.  

The plumbite phase must be neutralized by an acid to allow conversion of the trapped 

thiolate back into the original thiol. Although nitric acid was effective for neutralization in 

the offline method in Chapter Four, it is also corrosive to capillary columns and was thereby 

avoided for this in situ technique. Instead, formic acid was introduced for release of thiols, as 

it is relatively volatile and does not exhibit the same corrosion effects as nitric acid. To 

confirm its ability to convert thiolate into original thiol, formic acid was then tested as the 

acid in the offline extraction technique, described in Chapter Four. From this, it was found 
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that formic acid could also readily be used for neutralization of the phase and conversion into 

thiols. Further, when applied to the plumbite stationary phase, formic acid demonstrated 

good ability in neutralizing the phase and releasing the trapped thiols. Of note, thiol peaks 

would appear only after injection of acid. Thus, formic acid was used moving forward. 

Next, the length of the plumbite phase pre-column trap was examined and optimized. 

Since plumbite reacts nearly instantaneously with thiols, it was expected that even short 

lengths of column would be effective at trapping thiol. As such, lengths between 30 and 50 

cm were examined. Some typical results are shown in Figure 5-1. Initial observations 

suggested that all lengths of pre-column trap surveyed were effective at trapping the thiol. As 

can be seen from the figure, the thiol is expected to elute at 4 minutes (without plumbite 

present; Figure 5-1 top), but using a plumbite pre-column trap resulted in no observed signal 

around that same time range (Figure 5-1 middle, bottom), indicating successful trapping with 

the phase. The addition of formic acid (noted by the arrows) then demonstrates a release of 

thiol from the trap, as a signal is then detected around 7 minutes after this acid injection. 

However, the 35 cm length trap showed the detection of multiple peaks after the acid 

addition. Also, this length indicates insufficient recovery of thiol, as the response given is a 

tenth of that expected (in Figure 5-1 top). In addition, the shorter 30 cm length of trap 

behaved similarly with multiple peaks eluting after the addition of acid. It is not clear why 

this occurs, but it may be related to the manner in which the analyte band spreads in the trap 

prior to release. In contrast, the 50 cm length trap (Figure 5-1 bottom) showed one distinct 

peak that resembles the expected response of the analyte (in Figure 5-1 top). This indicates 

excellent conversion between thiolate to thiol in the release step of this technique. Further, up 
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to 1000 ng of 1-butanethiol could be trapped with a 50 cm length of trap. As such, a 50 cm 

length of trap was chosen for all future experiments. 

 

 

Figure 5-1: The analysis of 1-butanethiol (419 ng) using 50 cm (top, bottom) and 35 cm 

(middle) lengths of the pre-column trap.  Arrows indicate injection of 10 µL of formic 

acid (14 M) for release. Oven is 30 °C for 0.5 mins, then 35 °C/min to 70 °C, with 

carrier gas at 3.6 mL/min. 
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It should be noted that another early observation with the fused silica pre-column trap 

was that it was unable to be reused. Even after thoroughly washing with water prior to 

reusing, the efficiency of trapping thiol decreased on the same piece of fused silica. Thus, a 

fresh fused silica shunt was used for each plumbite trapping analysis. 

 

5.3 Selectivity 

Similar to the results discussed in Chapter Four, the plumbite pre-column trap was 

selective for thiol compounds, while non-thiol compounds were unaffected. Figure 5-2 

demonstrates this for the analysis of both 1-butanethiol and diethyl sulfide. As expected 

without plumbite present, 1-butanethiol elutes as normal near 4 minutes. When plumbite is 

added to the trap column, the thiol is effectively trapped until after the addition of acid (noted 

by the arrow). As such, the strong peak at 15 minutes indicates neutralization of the phase 

and full elution of the thiol. In contrast, the chromatograms of diethyl sulfide with and 

without the presence of the plumbite phase pre-column trap are almost identical in retention 

and peak height. This shows that diethyl sulfide is unaffected by the plumbite trap. In 

addition, the analysis of diethyl sulfide also shows a hexane solvent void time marker in both 

chromatograms, indicating (as anticipated) that hydrocarbons are also not affected by the 

trap. Thus, this trapping selectivity shows the potential for selective analysis of complex 

matrices containing thiols, as hydrocarbons and other non-thiols could separate and elute as 

normal through the GC, while thiols present in the sample would remain trapped until their 

later controlled release by the addition of acid.   
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Figure 5-2: The elution of 1-butanethiol (419 ng; left) and diethyl sulfide (265 ng; right) 

with (bottom) and without (top) a plumbite pre-column trap. The arrow indicates the 

addition of 10 µL of formic acid (14 M) for release. Conditions for 1-butanethiol: 30 °C 

for 0.5 mins, then 35 °C/min to 70 °C, with carrier gas at 3.5 mL/min. Conditions for 

diethyl sulfide: 30 °C with carrier gas at 7 mL/min. 
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results. For example, Figure 5-3 demonstrates the back-to-back analysis for 1-butanethiol, 

each using a freshly coated trap. As can be seen, while both analyses trap the thiol well, only 

in the first attempt is the thiol fully eluted and recovered. This unpredictability was common 

and each trial was very difficult to reproduce. Thus, the system could not be reliably used in 

its current format. 

 

 

Figure 5-3: The consecutive analysis of 1-butanethiol (525 ng) with a plumbite phase 

pre-column trap. Arrows indicates injection of 10 µL of formic acid (14 M) for release. 

Conditions: 30 °C with carrier gas at 4.7 mL/min. 
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In order to attempt to better reflect the conditions from the reliable and effective 

offline method described in Chapter Four, the system was modified to allow room 

temperature neutralization of the plumbite phase. As such, an additional union was added to 

allow for injection outside of the oven. This circumvents the need to use the hot injector for 

the introduction of acid and instead allows liquid acid to be added directly to the plumbite 

phase pre-column trap. However, in this format it was found that the while the plumbite 

continued to trap the thiol well, room temperature additions of liquid acid did not help to 

reproducibly release the thiol as hoped. Further, liquid injections of hexane (previously used 

as a solvent in Chapter Four) were also ineffective at helping to elute the thiol through the 

system. 

To investigate reasons for the unpredictability in response, the pre-column trap, 

analytical column, and detector were visually observed after each trap-and-release attempt. 

The pre-column trap was repeatedly found to be completely void of any liquid. This means 

that the arrangement did not well retain the plumbite phase and it was carried into the 

column. Additionally, the outlet of the analytical column (that enters the detector/heating 

block), and the detector itself contained black spots. These are suspected to be from the 

reaction product between plumbite and formic acid, which is lead formate. At elevated 

temperatures (> 190 °C), lead formate decomposes [144], which may help explain why only 

the hot detector and a small portion of the column contained the black product. However, a 

decrease in detector temperature did not resolve this issue overall, as the contaminant passing 

through the detector decomposed in the flame instead, resulting in an unstable flickering 

flame response.  
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To this end, restrictions on the pre-column trap were also examined in an attempt to 

prevent the plumbite stationary phase from escaping into the column or detector. Various 

lengths of fused silica shunts (of 50 and 100 µm i.d.) were explored for restriction use post-

trap and post-analytical column. Unfortunately, under the conditions tested, these restrictive 

shunts were not able to prevent the plumbite phase from escaping the pre-column trap and 

into the analytical column. Thus, other means of preventing the plumbite from entering the 

column were also explored. 

One such way to address the movement of plumbite in the system is to use a drying 

agent after the pre-column trap. In this manner, water (from plumbite and/or acid) in the pre-

column trap can be absorbed by the agent and prevent its progression through the system. As 

such, a small amount of drying agent was added to the system through a union. CaCl2 was 

found to be ineffective at preventing water from passing through to the analytical column, 

with liquid visibly observed inside the inlet of the column. Conversely, MgSO4 and Na2SO4 

were very effective at absorbing water from the pre-column trap. However, both of these 

agents also absorbed the thiol and its elution/release could not occur. Thus, while the 

plumbite pre-column approach has shown potential effectiveness at trapping/releasing thiols 

injected into the system, the lack of reproducibility that could not be overcome led us to 

abandon this approach. 

 

5.5 Solid Lead (II) Oxide (PbO) for Trap-and-Release 

As PbO(s) was also useful in Chapter Four for the selective removal of thiols from 

solutions, it too was examined here for trap-and-release. Instead of a coated pre-column trap, 

a short fused silica shunt filled with a small amount of PbO was inserted in its place. Once 
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again, initial results indicated excellent trapping efficiency of injected thiols with no effect on 

non-thiols, as expected. However, releasing the thiol was found to be difficult. Figure 5-4 

demonstrates the PbO trap. The asterisk in the figure indicates where the expected elution of 

thiol without PbO present would take place near 4 minutes. As no peak is observed at this 

time, this demonstrates that PbO is an effective trap for the thiol. However, the addition of 

formic acid (shown by the arrow) did not release the thiol for its subsequent elution and 

separation on the analytical column. In fact, up to 50 µL of formic acid (14 M) was added to 

the system in some trials with no elution of thiol. Further, the addition of more formic acid 

extinguishes the detector flame, so extra amounts of acid could not be used in this regard. It 

should be noted that in this setup, black spots were again present near the analytical column 

outlet and inside of the detector. 

 

 

Figure 5-4: The analysis of 1-butanethiol (419 ng) using a solid PbO trap. Arrow 

indicates 10 µL injection of formic acid (14 M) for release. Asterisk shows typical thiol 

elution time without PbO.  Conditions: 30 °C with carrier gas at 3.9 mL/min. 
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To further attempt thiol elution with the PbO trap shunt in-line, a stronger acid was 

employed. In Chapter Four, liquid nitric acid (1 M) was used to neutralize the PbO and 

plumbite solutions, and as such it was investigated here. However, it was ineffective in this 

regard as no significant peaks arose from this attempt at thiol release. Moreover, after adding 

7 µL of nitric acid, there was no trace of PbO remaining in the shunt. It is unclear why the 

release of thiol was not observed and thus this requires further investigation to better 

understand. 

 

5.6 Conclusions 

A plumbite phase pre-column trap was employed to demonstrate a trap-and-release 

system for controlling the analysis of thiols in GC. The plumbite trap showed excellent 

selectivity for thiol compounds, which allows all non-thiols to elute and separate as normal 

while thiols are converted into thiolate on the pre-column trap until their subsequent release 

and conversion back to thiol by the addition of formic acid. Further, solid PbO also showed 

great selectivity for trapping thiols. However, release of the thiol in both of these methods 

was frequently difficult and unreproducible and therefore requires further optimization and 

investigation. Still, the data proves that the overall idea of trap-and-release has great potential 

and could be powerful for controlling thiol separations in GC. Thus, if the reproducibility 

issues can be addressed in the future, it could lead to a very beneficial method. 
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 CHAPTER SIX: MICRO-FLAME PHOTOMETRIC DETECTION IN 

MINIATURE GAS CHROMATOGRAPHY ON A TITANIUM TILE 

 

6.1 Introduction 

Throughout this thesis, GC has been utilized as the primary analytical method for the 

determination of VSCs. Due to its widespread employment in various areas [7,9,15,145], 

continuous advancements are being made to improve the speed and performance of GC 

methods [146,147]. For example, miniaturization of such instruments can afford many 

benefits including increased analysis speed, reduction of resource consumption and 

instrument portability [29,31,148–150]. 

Microfluidics has been a very effective tool in this regard. Of note, since the first 

miniaturized microfluidic GC (µGC) device was reported [14], many developments have 

been made in this field [29,151]. One area of on-going interest in µGC is the adaptation of 

detection methods. Unfortunately, although the FPD is a widely used and highly desirable 

GC detector, reports of incorporating this selective detector into µGC devices have been 

scarce [66]. This can largely be attributed to difficulties in miniaturizing the conventional 

diffusion burner and flame size to function within the reduced channel dimensions of a μGC 

device without severely compromising sensitivity or stability. Further, the FPD flame is 

normally enclosed to help establish the optimal hydrogen-rich atmosphere that drives analyte 

chemiluminescence, and this is challenging to achieve in small cavities like those of a 

microfluidic device [24]. Lastly, popular device materials such as silicon wafers are fragile 

[92] and often susceptible to fracture and breakage from contact with the hot flame. Thus, 
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novel materials and microfluidic detector designs that can help address these issues and 

successfully incorporate FPD sensing into μGC analyses are useful to investigate. 

Earlier explorations with counter-current micro-flames have been able to help 

miniaturize flame-based GC detectors while maintaining similar performance [24,25,28,152]. 

Briefly, this method directly opposes low flows of fuel and oxidant gas streams to establish 

micro-flames that can be supported/stabilized on a reduced burner within a small enclosure. 

For instance, this technique has enabled flame-based photometric and ionization detectors to 

be operated inside of conventional capillary GC columns [24,28] and a few 

modifications/adaptations of the method have even been used to demonstrate flame operation 

with quartz-based microfluidic devices [55,66,153]. These efforts indicate that further 

exploration of integrating the FPD within a microfluidic device by this approach using other 

materials would be useful. 

Recently, titanium (Ti) tiles which are strong, lightweight, thermally conductive and 

simple to coat for separations have been employed in μGC devices [56,154]. For these 

reasons and also due to their relative inertness and monolithic architecture, microfluidic Ti 

devices are increasingly being sought for various analytical tasks such as liquid 

chromatography, electrophoresis, and other applications [155–158]. Owing to their robust 

structure and electrical conductivity, it was found that Ti tiles provide an excellent substrate 

for the incorporation of an FID into a μGC device [56]. The Ti μGC-FID was durable, 

functional, and performed on par with a conventional FID. Since the FPD is similarly a 

flame-based GC detector, it would be of great interest to investigate if Ti tiles could also 

provide a useful platform for the incorporation of an FPD into µGC devices. 
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This chapter investigates a novel Ti µGC-FPD device that uses a counter-current 

flame approach to incorporate the FPD into the microfluidic tile. The general operating 

properties of the Ti µGC-FPD device are discussed and the optimal FPD parameters are 

established. Additionally, the performance of this miniaturized FPD for analyzing sulfur and 

phosphorous compounds is presented, and the Ti µGC-FPD device is demonstrated in 

analytical applications. 

 

6.2 General Operating Characteristics 

In contrast to fragile components such as quartz [66] that have been used previously 

to support µGC devices and detectors, Ti tiles can provide a relatively very robust substrate 

for such endeavors. Indeed, initial observations of the Ti µGC-FPD device explored here 

were that it was quite sturdy and not prone to breakage or cracks. For example, the gas inlet 

and flame cavity fittings used with this tile have been replaced multiple times without 

causing any defects in the structure from the bolting used to make gas-tight connections. In 

addition, there have been no observed effects on analytical performance from routine 

handling of the device, including occasionally dropping it. Further, extensive flame operation 

did not produce any signs of surface fatigue or fracturing, as is common in quartz substrates. 

Thus, similar to earlier results reported for a Ti µGC-FID device [56], Ti generally appears 

quite compatible as a platform material for use in µGC devices, and particularly those 

employing flame based detectors. 

With regard to detector stability, preliminary experiments demonstrated that the FPD 

flame could be readily lit in the device with the fittings in place surrounding the flame cavity. 

Direct ignition was routinely achieved by presenting a spark at the open end of the cavity 
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with hydrogen and oxygen flowing. The FPD flame established could then be operated stably 

and hydrogen-rich for hours without any visual fluctuation or disturbance. Further, the 

resulting flame was relatively tiny (~250 µm wide, similar to earlier reports [56]) and it 

resided on the oxygen flow inlet to the cavity (Figure 6-1). This is normal for a hydrogen-

rich flame [152] and additionally confirms that the cavity fittings employed effectively 

isolated the flame from atmospheric oxygen. Of greater interest to FPD operation was the 

intense chemiluminescence that was visually observed for various analytes as they passed 

through the flame cavity in the tile. For example, as anticipated [47] sulfur and phosphorous 

compounds produced characteristic bright blue and green emissions respectively (Figures 6-

1, 6-2), while carbon compounds yielded almost nothing (Figure 6-3).  

 

 

Figure 6-1: Image of the detector flame in the Ti µGC-FPD device as sulfur passes 

through the flame cavity. 
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Figure 6-2: Image of the detector flame in the Ti µGC-FPD device as phosphorous 

passes through the flame cavity. 

 

 

Figure 6-3: Image of the detector flame in the Ti µGC-FPD device as carbon passes 

through the flame cavity. 

 

As well, similar to a conventional FPD, the chemiluminescence could extend well 

beyond the visible flame region (e.g. Figure 6-1) and even fill the cavity (e.g. Figure 6-2) 

depending on the mass flow of the analyte present. In this way, both sulfur and phosphorous 
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analytes were seen to fill the cavity with chemiluminescence when analyte flows were large. 

Thus the selective emissions observed qualitatively agreed well with those anticipated for an 

FPD and were further explored for their analytical properties. 

 

6.3 Ti µGC-FPD Device Properties 

A similar approach for column design and coating to that used previously for Ti tiles 

was also adopted here [56,154]. In particular, a 100 µm wide and deep channel dimension 

was used to obtain reasonable separation efficiency. Further, this was coated with a standard 

non-polar OV-101 phase since it has demonstrated good chromatographic utility previously 

in µGC applications involving Ti and also ceramic platforms [32,56,154]. However, while 

some earlier Ti µGC devices employed a dual-spiral column design [154], a serpentine 

column configuration was used here since it was more amenable to interfacing with the on-

chip FPD. Further, it readily facilitated the incorporation of a heat shield cavity to help 

thermally isolate the detector flame from the separation column.  

Initial trials indicated that the device produced quite reasonable GC separations with 

good detector response. For example, Figure 6-4 shows a chromatogram of a mixture of 

diethyl sulfide, dimethyl disulfide and tetrahydrothiophene in hexane as separated on the Ti 

µGC-FPD device. As seen, these compounds are well resolved from each other on the 

relatively short 5 m column employed, and they each display fairly good peak shape with the 

device providing a plate height of 0.8 mm for tetrahydrothiophene under these conditions. 

Even more, the trace shows a very stable FPD response profile, a smooth baseline, and 

prominent analyte signals with no significant response from the hexane solvent. Overall, 

these attributes align well with those expected of conventional GC-FPD systems [47]. 
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Figure 6-4: Separation of diethyl sulfide, dimethyl disulfide, and tetrahydrothiophene 

(in order of elution; each 40 ng) on the Ti µGC-FPD device. Column temperature is 52 

°C. 

 

In order to maximize the performance of the on-chip FPD, efforts were next made to 

optimize the flame gas flows. A range of hydrogen and oxygen flows were examined in the 

device to determine those that achieve the highest analyte signal-to-noise ratios and best 

system performance. In general, optimal operating flow rates were normally found between 

about 5 to 14 mL/min of oxygen and 30 to 60 mL/min of hydrogen. These are fairly modest 

relative to most conventional FPDs, which can require over 200 mL/min of gas depending on 

the design [47]. Note that while either oxygen or air could be used, similar to a conventional 

FPD [47], the former is noted to yield more compact flames. Further, these optimal gas flows 

should also be scalable with channel dimensions, as has been shown previously with counter-
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current flames [24]. Over the range investigated it was found that the noise (peak-to-peak) 

was fairly consistent and changed little, normally residing between about 0.004 and 0.007 

mV. By comparison, the chemiluminescent analyte signal was more notably affected in this 

regard. For example, phosphorous response was most impacted this way as changing the 

oxygen flow by 4 mL/min could lead to a near 5 fold change in signal intensity. Ultimately it 

was found that the optimal flow rate for sulfur response in the device was obtained with 7 

mL/min of oxygen and 40 mL/min of hydrogen. Conversely, the phosphorous response was 

maximized with 10 mL/min of oxygen and 40 mL/min of hydrogen. These values agree well 

with those from other counter-current FPD flame applications [25,73,93,159], and are 

decidedly hydrogen-rich in character as would be expected for FPD operation [47]. For 

instance, the hydrogen to oxygen ratio invoked resides between 4 and 6 to 1, similar to a 

conventional FPD. As well, a slightly higher oxygen flow was found preferable for 

phosphorous response, which is consistent with the fact that its primary emitting species 

(HPO*) is oxygenated whereas that of sulfur (S2
*) is not [47]. 

Using these optimal conditions, the performance and analytical figures of merit for 

the Ti µGC-FPD device were probed further. Figure 6-5A shows how the response of sulfur 

and phosphorous (examined as diethyl sulfide and trimethyl phosphite respectively) changes 

as a function of injected analyte concentration.  
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Figure 6-5: (A) Response of the Ti µGC-FPD device toward different amounts of diethyl 

sulfide (■), trimethyl phosphite (∆), and benzene (○) in the open mode under optimal 

conditions. Peak traces for (B) 740 pg of diethyl sulfide and (C) 4 ng of trimethyl 

phosphite on the device are also shown. 
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As can be seen, over a range of about 3.5 orders of magnitude investigated, sulfur 

response increases pseudo-quadratically with concentration, while phosphorous responds 

linearly. This is because the diatomic nature of the S2
* emitter (vs HPO* for phosphorous) is 

thought to theoretically yield a square-law response, but often varies slightly in practice [47]. 

This yields a detection limit of about 70 pg S/s for sulfur with the Ti µGC-FPD device, 

which is 50 times lower than previous reports of coupling an FPD to a µGC system [66]. 

Alternately, the device also yields a detection limit near 8 pg P/s for phosphorous, which is 

about 1.5 times lower than, and more similar to, that reported previously [66]. Further, these 

values also agree well with those anticipated from a conventional FPD [47]. Note that these 

values were both determined at the conventional signal-to-noise ratio of 2, where noise is 

measured as peak-to-peak fluctuations of the baseline over at least 10 analyte peak base 

widths. Therefore, the Ti µGC-FPD device provides quite reasonable operating sensitivity. 

Figure 6-5B and C further confirm these values with peaks of sulfur and phosphorous 

analytes near their detection limit. Also seen is the relatively more tailed peak shape of the 

phosphorous compound, which is a commonly observed chromatographic trait for such 

analytes [24,66,152], and as such is not ascribed uniquely to the Ti channel properties. Since 

other phosphorous compounds can yield better peak shape [47], this may be useful to further 

explore in the future. 

In terms of repeatability, the Ti µGC-FPD device was also found to be quite 

consistent in performance. For example, since the adhesive heating pad arrangement 

employed yielded stable device temperatures over long periods, this translated into reliable 

analyte retention times that only varied within about 0.7% RSD (n=10). Further, in terms of 

detector output, analyte peak areas were also quite consistent. For instance, signals from 
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repeated injections of diethyl sulfide produced an RSD of 3.7% (n=10), which is similar to 

the range and behavior expected from a conventional FPD [47,93]. Therefore, this indicates 

that the Ti µGC-FPD device is very stable in routine operation. 

Figure 6-5A also includes the Ti µGC-FPD device response toward carbon (as 

benzene) to help gauge the natural (i.e. without an interference filter) selectivity of the 

system with respect to sulfur and phosphorous. As seen, carbon response is relatively very 

low. In fact, in our experience, only hydrocarbon masses of about 10 µg or larger were 

normally detectable in the system. As a result, this provides a natural selectivity of about 

104.3 and 105 for sulfur and phosphorous response, respectively, over hydrocarbon response. 

This finding is reasonable given the selective nature of the FPD and agrees well with 

conventional GC-FPD methods [47,104,160,161]. 

Since routine FPD operation often employs interference filters to enhance selectivity 

in monitoring sulfur and phosphorous analytes, they were also examined here. Figure 6-6 

illustrates the results with a standard mixture of diethyl sulfide and trimethyl phosphite in 

hexane as analyzed on the Ti µGC-FPD device, both with and without characteristic 

interference filters employed. As seen, in the open mode without any filter (Figure 6-6A), 

both sulfur and phosphorous compounds are readily observed due to their respective 

chemiluminescence. Conversely, the hexane injection solvent at 0.75 minutes (i.e. carbon 

response) is practically undetected. Of note, closer examination of Figure 6-6A revealed that 

it only gave a signal of about 0.02 mV that is near the noise level. To discern the HPO* 

emission band from the phosphorous compound, a 527 nm (10 nm bandpass) filter was used 

with the PMT. Subsequent analysis of the same mixture rendered a lone trimethyl phosphite 

peak in the chromatogram, as seen in Figure 6-6B. Similarly, a 393 nm (11 nm bandpass) 
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filter used to isolate a characteristic S2
* emission band from the sulfur compound also 

resulted in the diethyl sulfide peak being solely observed (Figure 6-6C).  

 

 

Figure 6-6: The Ti µGC-FPD analysis of (in order of elution) diethyl sulfide and 

trimethyl phosphite in hexane using a PMT with A) no filter (open), B) a 527 nm filter, 

and C) a 393 nm filter. Column temperature is 35 °C. 
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Further, in both Figure 6-6B and C, no signal at all was detected from the 

hydrocarbon injection solvent. It is worth noting that because of the extensive range of the 

S2
* spectrum, a very minor interference can be seen in the phosphorous channel in Figure 6-

6B at the diethyl sulfide retention time. However, this is commonly observed in the 

conventional FPD [47], and only amounts to 0.17% of the original signal in Figure 6-6A. 

Thus, together this confirms that the Ti µGC-FPD device can readily invoke the familiar 

selectivity enhancements (over hydrocarbons and other elements) expected from the 

conventional FPD [47] when interference filters are used to further isolate sulfur and 

phosphorous emissions. 

 

6.4 Applications 

To help illustrate the analytical utility of the device, some samples were analyzed. 

The first was a natural gas sample containing the common additive tetrahydrothiophene. This 

sulfur compound is often used as an odorant for natural gas and is therefore important to 

monitor [162]. Figure 6-7 presents a chromatogram of this sample as analyzed on the Ti 

µGC-FPD device and displays a singular sulfur peak corresponding to about 5 ng of the 

compound. As seen, the analysis yields a good sharp signal for this analyte in a short amount 

of time. 
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Figure 6-7: Chromatogram from the Ti µGC-FPD device showing the analysis of a 

natural gas sample containing tetrahydrothiophene. Column temperature is 35 °C. 

 

The second sample tested was the headspace over minced garlic. Literature reports 

that one of the most abundant and important compounds found in garlic headspace is allyl 

mercaptan [132,142] and so it was also investigated here with the Ti µGC-FPD device. As 

seen, analysis of the headspace after an hour of equilibration with the garlic readily detected 

the early-eluting allyl mercaptan species (Figure 6-8), which represented nearly 1 ng of the 

analyte present. Therefore, the Ti µGC-FPD device demonstrates a simple operation and 

good sensitivity that can allow for useful selective analyses. 
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Figure 6-8: Chromatogram from the Ti µGC-FPD device showing the analysis of allyl 

mercaptan in the headspace over garlic an hour after mincing. Column temperature is 

35 °C. 

 

6.5 Conclusion 

The properties of a novel Ti µGC-FPD device are demonstrated. The design is 

favorable for on-chip separation and detection, and provides robust and reliable FPD 

analysis. The separation column employed allows for fairly rapid µGC-FPD analysis with 

reasonable peak shape and resolution. Using relatively low optimal flow rates, the detector 

yields good detection limits, repeatability, and selectivity. It should also be noted that a linear 

sulfur response mode in the FPD has been reported [93] and therefore it would be interesting 

to explore in this Ti device in future investigations. Results indicate that Ti platforms, such as 

those used in this device, can be a useful alternative for supporting µGC analyses with a 

portable FPD sensor on-chip. As such, the Ti µGC-FPD device may be a beneficial approach 

for miniaturizing conventional GC-FPD systems and could also perhaps lead to other useful 

detector adaptations. 
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 CHAPTER SEVEN: SUMMARY AND FUTURE WORK 

 

7.1 Summary 

This thesis describes the development of novel strategies for the analysis of 

organosulfur compounds in gas chromatography with flame photometric detection. Due to 

the importance of regular monitoring for quality control purposes, analytical methods that 

can selectively determine organosulfur compound identities and amounts are desirable. In 

GC, these analyses often employ selective detectors such as the rugged and simple FPD. 

However, the FPD can suffer from response quenching when a chemiluminescent analyte 

(i.e. sulfur) co-elutes with a hydrocarbon. As such, further development of methods that 

avoid or reduce quenching for FPD use are beneficial. 

One such way to avoid FPD quenching is to invoke increased selectivity for GC 

separations through a water stationary phase column, which was investigated here for sulfur 

separations for the first time. With this stationary phase, various classes of sulfur compounds 

such as thiols, sulfides, disulfides, and ring species were retained and separated on the phase, 

while non-polar alkanes exhibited no retention. This inherent selectivity for sulfur 

compounds over hydrocarbons prevents their co-elution and enables the use of the FPD. The 

separation of a complex gasoline matrix spiked with three sulfur components demonstrated 

this, with no detector quenching observed when using the water stationary phase. In contrast, 

the same analysis using a conventional non-polar DB-1 column showed significant sulfur 

response quenching in the FPD. Overall, these experiments have shown the potential for 

further use of a water stationary phase for GC-FPD analysis of organosulfur compounds. 
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Next, a selective sample preparation method for the extraction of thiols was presented 

to simplify solutions prior to GC-FPD analysis. This method uses solid PbO or plumbite 

(PbO2
2-) solution to convert thiols into solid lead thiolates. These reagents were both found to 

have excellent selectivity toward thiol compounds. Further, plumbite was able to extract 

thiols ten times faster than PbO. To this end, extraction efficiencies near 100% were achieved 

for 1-butanethiol, benzenethiol, tert-buylthiol, and 2-propanethiol in less than four minutes of 

contact with plumbite, with most of the extraction taking place within the first two minutes. 

Conversion of solid thiolate back into the original thiol was rapidly achieved through the 

addition of acid to neutralize the plumbite solution. Using this method, thiols were 

selectively extracted and fully reconstituted into a fresh and simple solvent to avoid co-

elution and FPD quenching from other matrix components. These results suggest that this 

method could be very useful as an analytical tool for the determination of thiols in complex 

matrices.  

The utility of this extraction method was then extended by using plumbite as a 

stationary phase for the potentially selective chromatographic analysis of thiols. Using a 

plumbite pre-column stationary phase, thiols injected into the GC system could be easily 

converted into solid thiolates and trapped on the phase, while non-thiol compounds eluted as 

normal. As expected, the plumbite phase was selective only for thiol compounds, and the 

conversion of thiol to solid thiolate was instantaneous. However, releasing the thiol into its 

original form for analysis was difficult and unreliable. Reproducibility from trial-to-trial was 

unpredictable despite various troubleshooting attempts, such as using restriction or drying 

agents to prevent plumbite from entering the analytical column. Alternatively, solid PbO was 

tested. Similar results were obtained in this format, showing both excellent selectivity toward 
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thiols and also the lack of repeatable release. However, overall the data still indicates that this 

method has the potential to be powerful for controlling thiol elution in GC. 

This thesis also described the first on-board FPD in a µGC device. The Ti µGC-FPD 

showed good separation and peak shape, as well as excellent chemiluminescence from sulfur 

and phosphorous compounds. As such, the limits of detection obtained from this device were 

similar to a conventional FPD and were comparatively much lower than previous reported 

limits from an FPD coupled into a µGC system. The use of interference filters for flame 

emission was demonstrated and a few applications were examined to show the usefulness of 

this device. Overall, this initial study with the Ti µGC-FPD device indicates the potential for 

selective detection in a µGC format that could be further beneficial in field analysis. 

 

7.2 Future Work 

 

7.2.1 FPD Analysis of Other Chemiluminescent Compounds Using a Water Stationary 

Phase 

Since the FPD is a selective detector for chemiluminescent compounds, it would be of 

interest to analyze various other light-emitting compounds using the water stationary phase. 

A natural extension of the work presented in Chapter Three is to analyze phosphorous-

containing compounds, as their analysis is frequently performed with an FPD. Preliminary 

results with phosphites on the water phase indicated their reactivity and incompatibility. 

However, phosphates are much more stable in water and have not yet been explored in detail. 

Thus, a study of their retention characteristics on the water stationary phase could be 

valuable and help elucidate their behaviour on the phase. Moreover, the analysis of various 
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phosphorous-containing pesticides and insecticides are of interest due to their presence in a 

wide range of environmental samples. For example, chlorfenvinphos is a potent insecticide 

with high water solubility that would be of interest to monitor in groundwater leaching 

experiments. This analysis can be difficult due to the complex nature of these samples. To 

this end, the water stationary phase could be very beneficial for the examination of such 

compounds. Further, the selectivity of the water phase for moderately polar compounds over 

non-polar or highly polar hydrocarbons could help avoid FPD response quenching with 

matrix materials. Therefore, it would be advantageous to explore this and numerous other 

phosphorous-bearing analytes. 

Other chemiluminescent compounds would also be interesting to investigate using the 

water stationary phase. For example, tetraethyl tin can be used as a biocide and thus its 

analysis is important in biological aspects [163].  As tetraethyl tin has low water solubility 

and biological components are often highly soluble in water, the water stationary phase could 

provide good separation of the two and therefore lead to improved detection. Thus, 

examination of the water stationary phase for this and other chemiluminescent species (e.g. 

Fe, Cr, Ni, Mn, etc.) may lead to novel and useful methods for analyzing various metals by 

this GC-FPD approach.  

 

7.2.2 Subtraction Chromatography Using PbO or Plumbite 

The selective chromatographic system described in Chapter Five demonstrated the 

possibility of a controlled trap-and-release thiol analysis. Although further investigations are 

necessary to understand the in situ process, this method does however indicate the potential 

for subtraction chromatography. In subtraction chromatography, chromatograms are 
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subtracted from one another to determine differences between analyses. For example, an 

unknown solution may demonstrate a chromatogram with multiple peaks. Using the in situ 

thiol trapping method with PbO or plumbite, the injection of the same sample can show a 

similar analysis but with no thiol peaks present. Thus, the subtraction of these two 

chromatograms would eliminate the common peaks that were observed in each 

chromatogram, and show only the thiol compounds. This distinguishes which of the 

unknown peaks were from thiols. Therefore, it would be useful to explore the extraction 

technique employed in this thesis for subtraction chromatography to determine with certainty 

the presence of thiols in unknown solutions.  

 

7.2.3 Further Investigations into the Ti µGC-FPD Device 

The µGC-FPD presented in Chapter Six showed great potential for a miniaturized 

analytical device selective for sulfur and phosphorous. However, only a few compounds have 

been characterized on this device as the existing on-board heater has a limiting maximum 

temperature of 100 °C. Since most conventional GC columns can be heated to 250 °C or 

higher, it would be of great interest to investigate other suppliers that can provide a larger 

temperature range for this device. In turn, more complex matrices could be analyzed. This 

would be a very beneficial trait for a portable analytical device. For example, a small, 

lightweight, low reagent consumption device would be useful for the oil and gas industry to 

perform regular selective analysis for sulfur compounds at various points along a pipeline to 

ensure quality control. Additionally, the use of a higher temperature separation device could 

also be beneficial for military personnel detecting chemical warfare agents in the field, as 

these compounds often have moderately high boiling points. 
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Further characterization of the FPD response in this device would also be interesting 

to explore for elements such as arsenic, tin, selenium, and others. Such elements can garner a 

significant response in the FPD, so it is valuable to examine. Additionally, interference filters 

may be required to differentiate between such chemiluminescent compounds. Thus, there is 

still much to investigate with this device. Overall, the ability to selectively analyze multiple 

light-emitting species is beneficial and could potentially extend the applicable range of this 

analytical device to numerous industries.  
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