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A combination of four instrumental systems and five chemometric methods are shown to 

improve the efficiency and resolving power (i.e. peak capacity/ peak capacity production) of multi-

dimensional gas chromatography (MDGC) as well as provide straightforward, easily interpretable 

chemical information. Implementation of a high speed pulse flow valve for two-dimensional gas 

chromatography (GC × GC) is shown to provide ultra-fast modulation with modulation periods 

(PM) as short as 50 ms. Using a commercially available pulse flow valve, this injection technique 

performs a combination of vacancy chromatography and frontal analysis, whereby each pulse 

disturbance in the analyte concentration profile as it exits the first column (1D)  results in data that 

is readily converted into a second separation (2D). A three-step process converts the raw data into 



 

a format analogous to a GC × GC separation, incorporating signal differentiation, baseline 

correction and conversion to a GC × GC chromatogram representation. For a PM of 250 ms, the 

apparent peak width on the 2D, 2Wb, ranged from 12 to 45 ms producing a 2D peak capacity, 2nc, 

of ~ 10, and the total peak capacity, nc,2D, was 4300 or a peak capacity production of 650 

peaks/min. Next, the use of a high temperature diaphragm valve as a modulator for GC × GC 

facilitated separation temperatures up to 325 °C. Previous diaphragm valve technology limited use 

to 175 °C if the valve was mounted in the oven or to 265 °C if the valve was face mounted on the 

outside of the oven. A 44-component mixture was evaluated and the diaphragm valve created 

narrow, reproducible peaks on the 2D dimension leading to a peak capacity production of 300 

peaks/min and had minimal retention time shifting on the 1D and 2D dimensions. In addition, the 

high temperature diaphragm valve was shown to increase the detection sensitivity by ~8 times 

compared to one-dimensional gas chromatography due to zone compression.  Furthermore, the 

high temperature diaphragm valve was proven to be compatible with time-of-flight mass 

spectrometry (TOFMS). Finally a combination of the high temperature diaphragm valve and pulse 

flow valve yielded a three-dimensional gas chromatography system (GC3) that  had a peak capacity 

production of 1000 peaks/min which is a ~5 times increase in efficiency compared to other GC3 

systems.  

Investigation of novel chemometric techniques for the analysis of GC × GC is shown to be 

beneficial in extracting useful chemical information from complicated samples. Kerosene-based 

rocket fuels were analyzed via a GC × GC – FID system that implemented a high temperature 

diaphragm valve as a modulator. Using leave-one-out cross validation (LOOCV), the summed GC 

× GC – FID signal of three compound-class selective 2D regions (alkanes, cycloalkanes, and 

aromatics) was regressed against previously measured ASTM derived values. Additionally, a more 



 

detailed partial least squares (PLS) analysis was performed on compound classes (n-alkanes, iso-

alkanes, mono-, di-, and tri-cycloalkanes, and aromatics) as well as the physical properties 

previously determined by ASTM methods (such as net heat of combustion, hydrogen content, 

density, kinematic viscosity, sustained boiling temperature and vapor rise temperature). The 

resulting models had low root mean square errors of cross validation (RMSECV) and had similar 

outcomes to previously reported results using a GC × GC – TOFMS. Using the information gained 

from the study, a more extensive study of predicting four physical properties (e.g., viscosity, heat 

of combustion, hydrogen content, and density) was undertaken using 74 different kerosene-based 

fuels. Highly reliable PLS models were developed that related chemical composition obtained via 

GC × GC – TOFMS to fuel properties obtained via ASTM methods. The PLS prediction of the 

four physical properties (e.g., viscosity, heat of combustion, hydrogen content, and density) had 

relatively low errors of RMSECV values of 0.0434, 38.1, 0.112, and 0.0037, respectively. 

Investigation of the linear regression vectors (LRVs) indicate the relationship between the 

chemical composition and physical properties enabling the chemical compositions of fuels to be 

altered to meet certain industrial specifications. Using a similar fuel set comprised of 36 kerosene-

based fuels, the thermal stability was evaluated using a novel instrument, CRAFTI (Compact 

Rapid Assessment of Fuel Thermal Integrity). Using a chemometrics-based feature discovery 

algorithim, the chemical information obtained via GC × GC – TOFMS was correlated to the 

thermal integrity data. Certain forms of carbon that were deposited within the test article of the 

CRAFTI instrument were found to strongly correlate with increased backpressure and some of the 

more prevalent compounds were identified. Next, tile-based Fisher ratio (F-ratio) analysis was 

applied to tandem ionization time-of-flight mass spectrometry (TI – TOFMS) in order to enhance 

discovery-based analyses. A hard ionization energy (70 eV) and soft ionization energy (14 eV) 



 

were collected concurrently, and the discovery of 12 analytes spiked in diesel fuel was shown to 

be improved when the two ionization energies were used in tandem resulting in a higher discovery 

rate while also lowering the number of false positives. Using parallel factor analysis (PARAFAC) 

the analytes that were “discovered” were deconvoluted in order to obtain their identification via 

match values. Lastly, the limit of detection (LOD) and limit of quantification (LOQ) were 

improved by a novel integration method. Signal to noise (S/N) enhancement was theoretically 

studied using simulations and both the LOD and LOQ can be lowered by a factor of 3. When 

compared to the two-step, a commonly applied method for quantifying one-dimensional and two-

dimensional, the integration method resulted in more accurate and precise measurements at low 

S/N.  
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Chapter 1. Introduction to Gas Chromatography, Multi-Dimensional Gas 

Chromatography, and Chemometric Analyses 

Some parts of this chapter have been reproduced from S.E. Prebihalo, K.L. Berrier, C.E. Freye, 

H.D. Bahaghighat, N.R. Moore, D.K. Pinkerton, and R.E. Synovec, “Multidimensional Gas 

Chromatography: Advances in Instrumentation, Chemometrics, and Applications” Analytical 

Chemistry 90 (2018) 505-532. 

 

1.1  INTRODUCTION TO CHROMATOGRAPHY 

 History and Overview of Chromatography 

Chromatography is an analytical technique that was invented at the turn of the 20th century 

by Mikhail Tswett, an Italian-born scientist studying plant pigments [1]. Tswett used a chalk-filled 

tube and organic solvent to physically separate chlorophyll, xanthophylls, and carotene (colored 

pigments). In his landmark paper in 1906, Tswett called his separation technique 

“chromatography” which in Greek, chroma means “color” and graphein means “to write.” The 

evolution from the original separation technique to modern high performance separations occurred 

over the beginning of the 20th century, and in 1952 Martin and James’s article on gas 

chromatography can be considered the beginning of modern, high-performance chromatography 

[2]. For a complete history of chromatography, the readers are referred to several publications [3-

5]. There are many different forms of chromatography (e.g. liquid, gas, supercritical fluid, size-

exclusion), but each has the overarching goal to physically separate a mixture into its separate 

components.   
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Gas chromatography (GC) is a separation technique that uses an inert gas, usually helium 

or hydrogen but sometimes nitrogen, as a mobile phase [6]. The gaseous mobile phase flows 

through a column with a liquid or polymer stationary phase and separates volatile and semi-volatile 

species based on their affinity for the stationary phase. There is a plethora of stationary phases 

available that mainly separate species based on their boiling point and/or polarity; however, there 

are some application specific columns which may be beneficial for certain mixtures. GC is capable 

of resolving thousands of compounds in a single analysis, and when coupled to an appropriate 

detector, can detect them at very low concentrations which makes GC useful in many disciplines. 

A GC separation can be monitored by any number of detectors, both universal and specific to 

sample type. One of the most commonly employed GC detectors is the flame ionization detector 

(FID). A FID operates by measuring the number of ions formed during the combustion of the 

compounds in a hydrogen flame where the number of ions is proportional to the concentration of 

the organic species in the gas stream. The other most commonly employed GC detector is an MS 

detector which may come in many different forms. All MS detectors share a similar mechanism: 

analytes entering the MS are ionized, fragmented and separated based on their mass-to-charge ratio 

(m/z). Analytes exhibit unique fragmentation patterns and mass spectra which can be used to 

identify the unknown molecules.  

  GC Theory and Separation Fundamentals 

GC Theory  

Some of the fundamental aspects of chromatography will be provided in order to 

sufficiently quantify the improvements made in this dissertation. For a more in-depth coverage of 

GC theory, a review by Reid and Synovec [7] covers sufficient GC theory. Several figures of merit 

such as resolution, peak capacity, and peak capacity production will be discussed in depth. For 
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further understanding of these and other principles of chromatographic figures of merit, the reader 

is directed to these resources [6,8-10]. 

As previously mentioned, compounds present in a mixture are separated based on their 

affinity for the stationary phase. After a sample has been introduced to the system, the components 

will equilibrate between the stationary phase and the mobile phase as the mobile phase flows 

through the column. The distribution coefficient, KD, is defined as 

𝐾𝐷 =
[𝐴𝑛𝑎𝑙𝑦𝑡𝑒]𝑆𝑃

[𝐴𝑛𝑎𝑙𝑦𝑡𝑒]𝑀𝑃
 (1.1) 

where [Analyte]SP is the concentration of the analyte in the stationary phase and the [Analyte]MP 

is the concentration of the analyte in the mobile phase. A higher concentration of the analyte in the 

stationary phase relative to the mobile phase will result in a higher distribution coefficient, which 

in turn will result in more retention on the column. The KD can be tuned by differences in stationary 

phase composition as well as temperature. 

The retention factor, k, is a means of measuring the retention of an analyte on a 

chromatographic column. The retention factor is the ratio of the time the analyte spent in the 

stationary phase over the time the analyte spent in the mobile phase. 

The retention factor, k, is defined as 

𝑘 =
𝑚𝑜𝑙𝑒𝑠  𝐴𝑛𝑎𝑙𝑦𝑡𝑒𝑆𝑃

𝑚𝑜𝑙𝑒𝑠  𝐴𝑛𝑎𝑙𝑦𝑡𝑒𝑀𝑃
 (1.2) 

which also can be written as 

𝑘 =
𝑡𝑅−𝑡0

𝑡0
 (1.3) 

where tR is the retention time, the amount of time an analyte spent on column, and t0 is the dead 

time, the time it takes an unretained analyte to travel through the separation column. Analytes that 

spend more time in the stationary phase will have a higher k than analytes that spend less time in 



4 

 

the stationary phase. The distribution coefficient, KD, and retention factor, k, are related through 

the factor β which is the ratio of the volume of the mobile phase, VG, to the volume of the stationary 

phase, VS, and is represented by the following equation 

𝛽 =
𝑉𝐺

𝑉𝑆
 (1.4) 

 

Thus the relationship between, KD, k, and β is defined as 

𝐾𝐷 = 𝛽𝑘 (1.5) 

 

As analytes elute from the column and are observed by the detector, they exhibit a Gaussian profile 

which is defined as 

𝑔(𝑥) =
1

𝜎√2𝜋
𝑒−

1

2
(

𝑥−𝜇

𝜎
)2

 (1.6) 

 

Here, σ is the standard deviation, μ is the mean, and the fraction prior to the exponential is equal 

to the area and is often replaced by a constant A. The retention time of an analyte, tR, is equal to μ 

and is the time at which the maximum response of an analyte is measured. The width of the peak 

can be measured at half height, W1/2, or at baseline, Wb, where the peak width at baseline is defined 

as 4σ or ± 2σ from tR. Figure 1.1 shows the relationship between all these parameters as well as 

the fraction of the total peak height or signal that occurs at various distances from tR. 
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GC Figures of Merit 

 

A brief overview of GC theory has been provided, yet none of these parameters previously 

introduced define how efficient or effective a GC separation is. One way to calculate the separation 

between analytes is the resolution, Rs, defined as 

𝑅𝑠 =
𝑡𝑅,2−𝑡𝑅,1

𝑊𝑏,𝑎𝑣𝑔
 (1.7) 

 

Which is the difference in retention time between the two analytes divided by the average width 

at base of the two analytes as seen in Figure 1.2. A Rs of 1.5 is considered baseline resolution. A 

Rs of 1 is considered enough separation for quantitative analysis as there is only a 5% overlap. At 

a Rs of 0.5, the two analytes present will appear to a single peak, and at a Rs of 0.3, most 

deconvolution techniques begin to fail. Deconvolution will be discussed more in Section 1.2.4. 

 

Figure 1.1 Gaussian peak with width at base, fractional peak heights and retention time identified. 
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Figure 1.2 Visual representation of resolution between two peaks. 

Figure 1.3 Representative peaks at various resolutions. 
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These four resolution values are shown in Figure 1.3 where the red and blue curves represent a 

single analyte, the thick black curve is what would be viewed by the detector response, and the 

purple area is the peak overlap due to the coelution. Indeed a chromatographer’s goal is to 

maximum the resolution of a separation by tweaking various instrumental parameters or through 

use of chemometric techniques. Another method to improve resolution is to perform multi-

dimensional separations which will be discussed in the next section. 

In order to determine the efficiency or separation power of an instrumental setup, several 

metrics have been introduced. N, the number of theoretical plates, is often used to compare 

different columns with similar experimental setups, and plate height, H, has been extensively used 

in predicting peak widths from on-column band broadening using the Golay equation. The most 

commonly applied metric is peak capacity, nc. Peak capacity is defined as the number of peaks 

with an average width at base (4σ), Wb,avg, that can be separated in a given separation window, tsep. 

𝑛𝑐 =
𝑡𝑠𝑒𝑝

𝑊𝑏,𝑎𝑣𝑔
 (1.8) 

Peak capacity is a useful metric because it is easy to calculate from experimental data. By 

measuring a few peaks from the separation, a good understanding of the peak capacity of the 

instrumental system can be obtained. Normally, nc, is calculated at unit resolution (Rs = 1). For a 

typical GC separation, peaks are ~ 3 seconds wide. With a 20 minutes (1200 seconds) separation 

window, the peak capacity is 400. Peak capacity can be improved in either two ways: 1) increase 

separation time or 2) decrease peak widths. However, the latter is preferred because this does not 

increase the duty cycle (e.g. total run time plus cool down time) of the instrument which could 

lead to a long analysis time when multiple samples are analyzed. Perhaps the most suitable method 

for determining the separation efficiency of an instrument is peak capacity production, which is 

peak capacity per unit time, defined as 
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𝑛𝑐

𝑡𝑠𝑒𝑝
=

1

𝑊𝑏,𝑎𝑣𝑔
 (1.9) 

Using the same numbers as the peak capacity example above (nc = 400, tsep = 20 min), the peak 

capacity production is 20 peaks/min.  

 Multi-Dimensional Gas Chromatography (GC × GC and GC3) 

Perhaps the most powerful way to increase peak capacity and peak capacity production is 

through the use of two- and three-dimensional separations. Giddings introduced the idea of 

comprehensive two-dimensional separations in 1984 [9], but it was not until 1991 when the first 

two-dimensional gas chromatograph (GC × GC) was developed by Liu and Phillips [11]. In GC × 

GC, two separation columns are employed with sufficiently orthogonal stationary phases (different 

chemical selectivity) and are connected through a modulation interface which transfers eluate from 

the first column to the second column with a user defined interval, termed the modulation period, 

PM. Chapters 1, 2, and 3 explore the use of new modulators for GC × GC. The peak capacity of a 

GC × GC instrument is the combination of the peak capacities on each dimensions 

𝑛𝑐 ∗  𝑛𝑐
21 = 𝑛𝑐,2𝐷 (1.10) 

Or more detailed 

𝑡𝑠𝑒𝑝
1

𝑤𝑏,𝑎𝑣𝑔
1 ∗

𝑡𝑠𝑒𝑝
2

𝑤𝑏,𝑎𝑣𝑔
2 = 𝑛𝑐,2𝐷 (1.11) 

 

where 2tsep is equal to the PM. Because the separation times of a GC × GC are similar to a GC 

instrument, the addition of a second column significantly improves the peak capacity and peak 

capacity production relative to a one dimensional (1D) GC. Moreover, the additional selectivity 

added by the orthogonal stationary phase of the second dimension aids in separating compounds 

that may co-elute on the first dimension. Another important parameter for multi-dimensional gas 
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chromatography (MDGC) is the sampling density, ρs, [12] also known as the modulation ratio, MR, 

[13] defined as 

𝜌𝑠 =
𝑊𝑏

𝑃𝑀
 (1.12) 

where Wb is the width at base on the first dimension and PM is the modulation period. An analyst 

strives to keep this number between ~2-4 as undersampling can lead to loss of quantitative 

precision and modulator induced band broadening while oversampling can lead to a loss in 2nc [12-

16]. Using the peak width from the 1D-GC calculations (1Wb = 3 sec, tsep = 20 min), an appropriate 

PM is 1.5 seconds. Peak widths on the second dimension, 2Wb, can range from 40-200 ms wide. 

Due to the pseudo-isothermal nature of the second dimension, peaks become wider directly 

proportional to their retention, 2k, on the second dimension. Normally a 2nc ranging from ~8-15 is 

obtained which matches the theoretical predictions by Blumberg and co-workers [17]. 

Comprehensive three-dimensional gas chromatography (GC3) was pioneered by Watson et 

al in 2007 [18]. Improvements to instrumental design by using new state-of-the-art modulators and 

hyphenation to time-of-flight mass spectrometers (TOFMS) and data analysis techniques have 

been recently published [19,20]. When compared to GC × GC, GC3 does not have the expected 

increase in peak capacity from adding a third dimension of separation. This is mainly due to the 

limitations of the modulators that were implemented and the data collection frequencies. While 

the peak capacities from GC3 and GC × GC are similar, GC3 offers an additional dimension of 

chemical selectivity [21]. Indeed, using a third column may allow the analyst to tune the separation 

in order to focus on critical regions of interest. The calculation of peak capacity for a GC3
 

instrument is an extension of the peak capacity calculation for GC × GC 

𝑡𝑠𝑒𝑝
1

𝑤𝑏,𝑎𝑣𝑔
1 ∗

𝑡𝑠𝑒𝑝
2

𝑤𝑏,𝑎𝑣𝑔
2 ∗

𝑡𝑠𝑒𝑝
3

𝑤𝑏,𝑎𝑣𝑔
3 = 𝑛𝑐,3𝐷 (1.13) 
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Chapter 4 explores the combination of the work in Chapters 1 and 2 to create a novel GC3 

instrument which has a large peak capacity production. 

1.2  DATA ANALYSIS AND CHEMOMETRICS 

 Introduction to Chemometrics 

The ability to analyze GC, GC × GC, and GC3 data and obtain useful chemical information 

is paramount to the utility of separations. All three, especially GC × GC and GC3, produce large 

amounts of data, but when these separation techniques are coupled with multichannel detectors 

such as a TOFMS, the amount of data is enormous. Indeed, when multiple samples or replicates 

are analyzed, it can become a hassle to extract meaningful information. There are challenges in 

working with such complex and dense data sets. Some challenges include analyte peak overlap, 

difficult and time-consuming computations, confident discovery of important (and often subtle) 

chromatographic differences between samples, and extraction of other meaningful information. 

Optimization of the experimental and instrumental conditions is very important in dealing with 

these issues. However, when instrumental capabilities have been fully optimized and have become 

a limiting constraint, the analyst must apply other approaches to achieve the desired goals. The 

application of chemometrics can provide the analyst with a means to address these goals. The field 

of chemometrics specializes in mathematically gleaning useful information from chemical 

measurements [22-27].  However, specific care must be taken for some chemometric methods as 

some techniques have specific requirements such as bilinearity or trilinearity and suitable data 

density across the 1D and 2D peaks. Many of these chemometric methods require a minimum 

amount of chemical selectivity, in both the separation (i.e., adequate resolution) and detection 

dimensions. The common classes of chemometrics include property prediction, pattern 
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recognition, deconvolution, and retention time/index modeling. A brief overview of property 

prediction, pattern recognition, deconvolution is provided below. 

 Property Prediction 

There is growing need to relate physical and/or chemical property data obtained via a 

variety of other methods (some analytical, some not so much) to the chemical information obtained 

from MDGC. Property prediction is also important to link the chemical information contained in 

the chromatographic data to the property data, in order to create meaningful understandings 

between the two data sets.  

Partial Least Squares (PLS) 

Partial least-squares (PLS) regression analysis is the most commonly implemented 

chemometric method for the prediction of properties. A detailed review of the theory of PLS 

analysis can be found elsewhere [28], but briefly, PLS analysis attempts to correlate two data 

matrices (X-block and Y-block) by calculating loadings referred to as the number of latent 

variables (LVs). PLS analysis aims to model the covariance between these two matrices by finding 

the multidimensional direction in the X-block which explains the maximum multidimensional 

variance in the Y-block. In other words, PLS analysis uses analytes which have a large range of 

intensities across the MDGC samples and attempts to correlate them to the differences in the 

physical or chemical properties of the samples (the property data). PLS modeling provides a one-

to-one (i.e. linear) correspondence between the measured property values relative to the predicted 

property values. While the model is a linear correlation, it is possible to scale the data (e.g. 

logarithmically, quadratically, etc.). PLS analysis provides the following two valuable outcomes. 

First, using a training set of samples, a linear correspondence of the previously measured property 

data is modeled using the MDGC data, so subsequent analyses of MDGC data of new samples can 
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be used to predict the property value of the new samples without having to directly measure these 

properties on the new samples. Second, since the underlying relationship between the chemical 

compositions of the samples is correlated to the property data, a deeper understanding between the 

two measurement platforms is provided. The first outcome of the PLS modeling is the regression 

plot showing the relationship between the MDGC dataset and the predicted property. This is 

typically shown as the measured property on the x-axis and predicted property on the y-axis. The 

second outcome of the PLS modeling is the linear regressions vectors (LRVs), which can be 

examined to determine which compounds are positively correlated (or negatively correlated) with 

the property being predicted. Analytes that exhibit positive values in the LRVs are correlated with 

increasing the specified property while negatively correlated analytes will exhibit negative values 

in the LRV and are correlated with decreasing the specified property. 

 Pattern Recognition 

A major goal in performing MDGC analyses is to discover relevant features in the data 

across multiple samples. Many pattern recognition applications fall under this category of cross-

sample analysis, including sample classification, class comparison, chemical fingerprinting, and 

chemical/biomarker discovery. These methods are classified as nontargeted approaches, where the 

relevant analytes may be unknown beforehand, and the experimental design may be either 

supervised or unsupervised. Supervised methods are used when information about the samples 

(i.e., classes) is known beforehand and thus utilized in the experimental design and operation of 

the method. Unsupervised methods are applied when there is much less known about the sample 

classifications a priori and this information is desired (i.e., sample class membership). 

Classification is used to describe pattern recognition methods that aim to classify samples into 

groups based on similarity such as principal component analysis (PCA). Class comparison 
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methods aim to identify significant differences between samples belonging to different classes, 

whereby class membership is known a priori, such as Fisher ratio (F-ratio) analysis, which can 

assist/result in the discovery of biomarkers or chemical markers that differentiate sample classes. 

Pattern recognition methods can be used for feature selection or data reduction, followed by further 

chemometric analysis.  

Principal Component Analysis (PCA) 

Principal Components Analysis (PCA) is an unsupervised nontargeted classification 

method that can be used to quickly analyze and compare a large number of samples and objectively 

extract useful information. More detailed information about PCA can be found elsewhere [29-

31,32]. Briefly, PCA translates the information from an n-dimensional variable into principal 

component (PC) space where there is one score describing each variable in the data set in the new, 

much lower dimensional, PC space. Mathematically, PCA is described as:  

𝑋 = 𝑇𝐷𝑃𝑇 + 𝐸 (1.14) 

where X is the data matrix with m rows and n columns, with m equal to the number of samples 

and n equal to the number of variables. T is the matrix whose columns consist of the scores vectors, 

ti, and PT is the matrix whose rows are loadings vectors, pT
i. D is the diagonal matrix with the 

diagonal elements equal to the square roots of the eigenvalues of XTX, and E is the matrix of 

residuals. The PCs are sorted based on their eigenvalues and oriented such that they span the 

greatest variation inherent in the scores. Thus the eigenvalue quantifies the amount of variance 

(i.e. chemical/physical information) captured by the PC. PCs that contain useful chemical/physical 

information are kept while PCs that contain predominately noise are discarded. PCA results in a 

scores plot which shows the degree of sample clustering, shedding information on distinct 

grouping of samples and loadings plots which provide information about the basis of the 
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groupings; in other words, the loadings can be used to determine which regions of the 

chromatogram (i.e., peaks/analytes) are important in differentiating the various sample classes. 

Fisher Ratio Analysis (F-ratio) 

Fisher ratio (F-ratio) analysis, initially described by Fisher [33], is a supervised nontargeted 

approach to discover underlying differences in samples. Supervision refers to prior classification 

of samples/chromatograms as they relate to the experimental design. The F-ratio approach is an 

analysis of variance (ANOVA) method that provides data reduction to elucidate class 

distinguishing features. The F-ratio is defined as: 

𝐹 − 𝑟𝑎𝑡𝑖𝑜 =
𝜎𝑏𝑐

2

𝜎𝑤𝑐
2  (1.15) 

where σbc
2

 is the variance present between the classes and σwc
2

 is the variance within the classes. 

Since the F-ratio calculation is based on the variance of the signals in the MDGC data (raw data 

approach) or variance in quantified analytes (peak table approach), the F-ratio method prioritizes 

statistical significance over absolute signal/concentration with a higher F-ratio having a greater 

difference between the two classes.  

An analyst can apply the F-ratio method to MDGC data in three different ways: pixel-

based, peak table-based, and tile-based. Pixel-based F-ratio analysis means an F-ratio is calculated 

at every data point within the chromatogram, i.e., at every point in which a mass spectrum has 

been collected in the multi-dimensional separation [34,35]. However, pixel-based F-ratio may 

suffer from false positives or false negatives due to the misalignment of the data. This can be 

mitigated by aligning the data prior to analysis. For peak table-based F-ratio, peak tables are 

calculated, the tables are aligned, and then the F-ratio is calculated [36]. While this is a simpler 

method then dealing with 2D retention time misalignment, peak tables may miss analytes present 

at low concentrations. Another way to deal with misalignment is binning the data based upon 
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the 1D and 2D peak widths in relation to the observed retention time shifting. However, this will 

result in splitting analytes into multiple bins and lower F-ratio values. In order to address this issue 

with binning, a method has been introduced to use a tiling scheme which creates bins at different 

locations enabling the bin to be centered on the peak resulting in a maximum F-ratio [37-40]. 

Chapter 8 will explore using the tile-based F-ratio method in conjunction with a new type of 

detector for improved discovery-based analysis. After the F-ratios are calculated, a hit list is 

assembled with the highest F-ratio indicative of the statistically most prominent feature or “hit”. 

In order to determine a point at which the analysis becomes unreliable, a null distribution approach 

which takes advantage of the inherent noise (instrumental and chemical) in the data set will be 

implemented [38-40]. 

 Deconvolution Techniques 

Despite the increased peak capacity due to additional separation dimension(s), analyte 

overlap is ubiquitous in GC × GC (or GC3) separations. Chromatographic peak deconvolution 

methods play an integral role in addressing this challenge to provide confident analyte 

identification, quantification, and peak purity assessment. Through the application of 

deconvolution methods, such as parallel factor analysis (PARAFAC), overlapped peaks can be 

computationally separated on the 1D and 2D (and 3D) time and spectral dimensions in order to gain 

chemical information for specific analytes. With the deconvoluted peak data, analytes that were 

overlapped can be identified using the deconvoluted spectra and quantified with the peak profiles 

obtained, thereby facilitating calibration methods [41]. 

Parallel Factor Analysis (PARAFAC) 

Parallel factor analysis (PARAFAC) is a tensor rank decomposition method that can be 

applied to three-way (or greater) data (e.g. GC × GC – TOFMS) in order to decompose the data 
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into components that ideally describe the number of analytes present [42]. PARAFAC 

mathematically resolves a given trilinear structure by modeling each component as the outer 

product of its three fixed vectors (i.e. 1tR, 2tR, m/z), while also simultaneously filtering out 

nontrilinear signals such as noise contributions to signals. Mathematically PARAFAC is:  

𝑅 = ∑ 𝑥𝑖𝑓𝑜𝑟 𝑖=1 𝑡𝑜 𝑛 × 𝑦𝑖 × 𝑧𝑖 +  𝐸 (1.16) 

where R represents the data cube generated by GC × GC – TOFMS separation. Each of the n 

components is resolved into the x, y, and z vectors which represent the first dimension profile, 

second dimension profile, and mass spectral profiles, respectively. Any of the remaining signal is 

retained in the residual matrix, E. PARAFAC has a strict trilinearity requirement which means as 

the data diverges further from this constraint, the PARAFAC model will diverge from the “real” 

answer [43,44]. More detailed about PARAFAC can be found in these suggested references 

[45,46]. 

1.3  CHALLENGES AND MOTIVATIONS  

In order to place this dissertation in the context of the field of MDGC, it is important to 

address some of the challenges within the field and the motivations to further investigate certain 

areas. The goal of MDGC, as with any analytical technique, is to provide the greatest amount of 

information within the shortest period of time. This prerequisite can be met in two different 

approaches, or more likely a combination of both. The first approach is to use a state-of-the-art 

instrument resulting in high peak capacity production and high chemical selectivity in conjunction 

with a selective detector such as a TOFMS. The second approach is to use chemometrics in order 

to extract useful and meaning chemical information from the data rich datasets. Chapters 2, 3, and 

4 introduce new modulators, pulse flow valves and high temperature diaphragm valves, for GC × 

GC in an attempt to improve peak capacity production. Chapter 5 uses the information gained in 
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Chapters 2-4 and applies it GC3 instrumentation in order to create a highly chemically selective 

instrument with the added benefit of high peak capacity production. Chapter 6 is a combination of 

state-of-the-art instrumentation and chemometrics in order to correlate the physical properties of 

kerosene-based rocket fuel to the chemical information obtained via GC × GC. Using the 

knowledge gained in Chapter 6, Chapter 7 expands upon the study using a large dataset of 74 

different aerospace grade fuels to gain insight into the relationship between chemical composition 

of the fuels and their physical properties. In Chapter 8, the chemical information obtained from 

GC × GC – TOFMS is correlated to the physical properties obtained from CRAFTI, a simulative 

environment for regenerative cooling, in order to gain an understanding of the relationship between 

thermal stability of a fuel and its chemical composition. Chapter 9 investigates the complementary 

information provided by tandem ionization time-of-flight-mass spectrometry (TI – TOFMS) in 

order to enhance discovery-based analysis. Furthermore, it is demonstrated how an analyst can 

implement a work flow creating a streamlined process from experimental to design to extraction 

of meaningful information. Lastly, Chapter 10 provides a new strategy for improving the limits of 

detection (LOD) and limits of quantification (LOQ) and compares this new strategy to the 

established two-step technique.  

1.4  HYPOTHESES  

The following chapters describe the investigative research performed over the past five 

years, which focus on new modulators for two-dimensional and three-dimensional gas 

chromatography and various chemometric methods for analyzing complex datasets. A brief 

summary of each chapter is provided below. 
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 Chapter 2: Comprehensive Two-Dimensional Gas Chromatography Using Partial 

Modulation via a Pulsed Flow Valve with a Short Modulation Period 

Partial modulation via a pulsed flow valve for comprehensive two-dimensional (2D) gas 

chromatography (GC × GC) is demonstrated, producing narrow peak widths, 2Wb, on the 

secondary separation dimension, 2D, coupled with short modulation periods, PM, thus producing a 

high peak capacity on the 2D dimension, 2nc. The GC × GC modulator is a pulse flow valve that 

injects a pulse of carrier gas at the specified PM, at the connection between the primary, 1D, column 

and the 2D column. Using a commercially available pulse flow valve, this injection technique 

performs a combination of vacancy chromatography and frontal analysis, whereby each pulse 

disturbance in the analyte concentration profile as it exits the 1D column results in data that is 

readily converted into a 2D separation. A three-step process converts the raw data into a format 

analogous to a GC × GC separation, incorporating signal differentiation, baseline correction and 

conversion to a GC × GC chromatogram representation. A 115-component test mixture with a 

wide range of boiling points (36–372 °C) of nine compound classes is demonstrated using 

modulation periods of PM = 50, 100, 250, and 500 ms, respectively. For the test mixture with 

a PM of 250 ms, peak shapes on 2D are symmetric with apparent 2Wb ranging from 12 to 45 ms 

producing a 2nc of ~ 10. Based on the average peak width of 0.93 s on the 1D separation for a time 

window of 400 s, the 1D peak capacity is 1nc ∼ 430. Thus, the ideal 2D peak capacity nc,2D is 4300 

or a peak capacity production of 650 peaks/min using the PM of 250 ms. Additionally, for a PM of 

50, 100 and 500 ms, the 2nc are 4, 7, and 12, respectively. Retention times on 2D, 2tR, are 

reproducible having standard deviations less than 1 ms. Finally, the processed data is shown to be 

quantitative, with an average RSD of 4.7% for test analytes. 
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 Chapter 3: High Temperature Diaphragm Valve-based Comprehensive Two-Dimensional 

Gas Chromatography 

A high-temperature diaphragm valve-based comprehensive two-dimensional gas 

chromatography (GC × GC) instrument is demonstrated which readily allows separations up to 

325 °C. Previously, diaphragm valve-based GC × GC was limited to 175 °C if the valve was 

mounted in the oven, or limited to 265 °C if the valve was faced mounted on the outside of the 

oven. A new diaphragm valve has been commercially developed, in which the temperature 

sensitive O-rings that previously limited the separation temperatures have been replaced with 

Kalrez O-rings, a perfluoroelastomer, allowing for significantly higher temperatures permitting a 

greater range of volatile and semi-volatile compounds to be readily separated. In the current 

investigation, a separation temperature up to 325 °C is demonstrated with the valve mounted 

directly in the oven. Since the temperature limit for most commonly used GC columns is at or 

below 325 °C, the scope of diaphragm valve-based GC × GC is now dramatically broadened to 

encompass a majority of all column stationary phase chemistries. A 44-component mixture of 

alkanes, alcohols, and polyaromatic hydrocarbons is used to study this new configuration whose 

boiling points range from 98 °C (n-heptane) to 450 °C (n-triacontane). For the test mixture using 

a modulation period PM of 1.0 s, peak shapes on second dimension separations, 2D, are symmetric 

with average widths at base of 79.4 ms, producing a 2D peak capacity of 2nc ∼ 12. Based on the 

average peak width of 2.4 s for the first dimension separation with a run time of 32.5 min, the 1D 

peak capacity is 1nc ∼ 800. Thus, the ideal two-dimensional peak capacity nc,2D is 9600. Little 

variation in within-analyte 2D peak width was observed with an average %RSD of less than 3.0%. 

Furthermore, retention time on 2D was very reproducible with an average %RSD less than 0.5%. 

Measured peak areas (sum of all 2D peaks for given analyte) had an average %RSD of 4.4%. The 
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transfer fraction from 1D to 2D was experimentally determined to be ∼30%, while the detection 

sensitivity for valve-based GC × GC was ∼8 times higher than one dimensional GC due to zone 

compression. After a year of use with temperatures consistently up to 325 °C, there has been no 

deterioration of the valve or its performance for GC × GC. Separations of vacuum pump oil and 

orange oil are also reported to demonstrate practical utility. 

 Chapter 4: High Temperature Diaphragm Valve-based Comprehensive Two-Dimensional 

Gas Chromatography with Time-of-Flight Mass Spectrometry 

A high temperature diaphragm valve-based two-dimensional (2D) gas chromatography 

(GC × GC) with time-of-flight mass spectrometry (TOFMS) instrument, with the valve mounted 

directly in the GC oven, is demonstrated with separations up to 325 °C. Use of the diaphragm 

valve allowed for the use of uncoupled carrier gas flows for 1D (first column dimension) and 2D 

(second column dimension), with a 1D flow rate of 1 ml/min, and a 2D flow rate 3 ml/min. The 

3 ml/min flow rate on 2D was selected to ensure compatibility with most TOFMS detectors. For 

valve-based modulation, a 5 µl sample loop coupled with a 60 ms pulse width was selected, 

providing sufficient sensitivity concurrent with an acceptable 2D peak capacity. A 44-component 

mixture of alkanes, alcohols, and polyaromatic hydrocarbons (including n-alkanes of heptane to 

triacontane) whose boiling points range from 98 °C to 450 °C was used to initially study 

instrument performance. For a 120 min separation and a modulation period PM of 2 s, average peak 

widths-at-base of 10 s and 94 ms were achieved for the alkanes on the 1D and 2D dimensions, 

respectively. Hence, the 1D peak capacity is 1nc  ~ 700, and the 2D peak capacity can in principle 

be 2nc ~ 20. Thus the ideal 2D peak capacity could in principle approach nc,2D ~ 14,000 using the 

120 min 1D run time. The limit of detection (LOD) for docosane, a representative analyte, was 

determined to be 1.5 ppm injected concentration when 2 µl of liquid sample was injected with a 
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20:1 split. A separation of diesel fuel demonstrated the practical utility of the instrument with this 

complex sample using a relatively fast run time of 20 min and a short modulation period PM of 1 s. 

Average peak widths-at-base of 5.4 s and 166 ms were achieved on the 1D and 2D dimensions, 

respectively. This yielded a 1nc ~ 220 and a 2nc  ~ 6. Therefore, the 2D peak capacity is nc,2D  ~ 1320 

with the 20 min diesel separation. 

 Chapter 5: Investigation of Ultrafast Separations via a Pulse Flow Valve for MDGC (GC 

× GC, GC3) 

Ultrafast modulation (PM < 75 ms) via a pulse flow valve is demonstrated for 

comprehensive two-dimensional gas chromatography (GC × GC) and comprehensive three-

dimensional gas chromatography (GC3). Improving on previous work, the separation conditions 

are optimized for the pulse flow valve resulting in significant increases in peak capacity and peak 

capacity production. Using GC × GC, a 115-component test mixture is evaluated using a PM of 

500 creating average 2Wb of 25 ms producing a 2nc of ~ 20. Based on the average peak width of 

1.0 s on first (1D) dimension, the total peak, nc,2D, is ~7200 or a peak capacity production of ~1200 

peaks/min was achieved. Using the optimized conditions, a PM of 75 ms is evaluated producing 

2Wb of 8 ms. Using the knowledge gained from the GC × GC instrumental experiments, the pulse 

flow valve was implemented as the second modulator in a GC3 instrument. A simple volatile 

mixture containing 18 compounds, the 115-component test mixture, and diesel fuel spiked with 8 

compounds where analyzed by the GC3 instrument.  Evaluating the GC3 instrumental configuration 

with the 115-component test mixture with a 1PM of 1.2 s and a 2PM of 60 ms is demonstrated. The 

peak shapes on the 1D, 2D and 3D are symmetrical with an average 1Wb of 3.2 s, 2Wb of 130 ms, 

and 3Wb 13 ms producing a 1nc of ~ 220, 2nc of ~ 9.5, and 3nc of ~ 5. Experimentally a total peak 

capacity, nc,3D, of ~ 10,600 is achieved for the 4 representative analytes for a 10.8 min separation, 
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which results in a peak production of 1000 peaks/min. The analytical benefits of employing three 

varied chemical selectivity of the 3D separation is illustrated by the detection of spiked analytes 

as part of diesel fuel analysis.   

 Chapter 6: Partial Least Squares Analysis of Rocket Propulsion Fuel Data Using 

Diaphragm Valve-based Comprehensive Two-Dimensional Gas Chromatography 

Coupled with Flame Ionization Detection 

The chemical composition and several physical properties of RP-1 fuels were studied using 

comprehensive two-dimensional (2D) gas chromatography (GC × GC) coupled with flame 

ionization detection (FID). A “reversed column” GC × GC configuration was implemented with a 

RTX-wax column on the first dimension (1D), and a RTX-1 as the second dimension (2D). 

Modulation was achieved using a high temperature diaphragm valve mounted directly in the oven. 

Using leave-one-out cross-validation (LOOCV), the summed GC × GC – FID signal of three 

compound-class selective 2D regions (alkanes, cycloalkanes, and aromatics) was regressed against 

previously measured ASTM derived values for these compound classes, yielding root mean square 

errors of cross validation (RMSECV) of 0.855, 0.734, and 0.530 mass%, respectively. For 

comparison, using partial least squares (PLS) analysis with LOOCV, the GC × GC – FID signal 

of the entire 2D separations was regressed against the same ASTM values, yielding a linear trend 

for the three compound classes (alkanes, cycloalkanes, and aromatics), yielding RMSECV values 

of 1.52, 2.76, and 0.945 mass%, respectively. Additionally, a more detailed PLS analysis was 

undertaken of the compounds classes (n-alkanes, iso-alkanes, mono-, di-, and tri-cycloalkanes, and 

aromatics), and of physical properties previously determined by ASTM methods (such as net heat 

of combustion, hydrogen content, density, kinematic viscosity, sustained boiling temperature and 

vapor rise temperature). Results from these PLS studies using the relatively simple to use and 



23 

 

inexpensive GC × GC – FID instrumental platform are compared to previously reported results 

using the GC × GC – TOFMS instrumental platform. 

 Chapter 7: Gaining a Fundamental Understanding of Fuel Properties by Chemometric 

Analysis of Advanced Chemical Composition Measurement Data  

Kerosene-based jet and rocket fuels such as Jet A, JP-8, RP-1, and RP-2 are ubiqitous to 

the aerospace propulsion industry. There is an ongoing need to more fully assess the fuel 

composition (i.e., specific chemical compounds and compound classes present as a result of 

refining and feedstock blending) for the purpose of improving quantitative connections between 

fuel composition, properties, and ultimately system performance. Prediction of fuel performance 

through modeling puts a greater emphasis on obtaining detailed and accurate fuel property and 

compositional information. In order to optimally glean chemical composition information from 

complex fuels, comprehensive two-dimensional gas chromatography with time-of-flight mass 

spectrometry (GC × GC – TOFMS) has been shown to be an analytical effective tool. Additionally, 

multivariate data analysis methods, referred to as chemometrics, must be implemented in order to 

relate the vast, detailed chemical information captured within the GC × GC – TOFMS data, to 

complementary data obtained from the same fuels using ASTM standard measurement methods 

that infer fuel performance properties (e.g., viscosity, heat of combustion, hydrogen content, and 

density). In this study, a broad compositional range of distillate and multicomponent aerospace 

fuels is targeted, to gain a deeper understanding of the fuel physical properties. With an extremely 

large dataset of 74 different fuels, highly reliable partial least squares (PLS) models are developed 

enabling a comprehensive understanding between chemical composition obtained via GC × GC – 

TOFMS and fuel properties obtained via ASTM methods. The PLS prediction of the four physical 

properties (e.g., viscosity, heat of combustion, hydrogen content, and density)  had relatively low 
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errors of RMSECV values of 0.0434, 38.1, 0.112, and 0.0037, respectively. This corresponds to 

an NRMSECV of 6.10%, 12.8%, 10.5%, and 7.81% for viscosity, heat of combustion, hydrogen 

content, and density, respectively. Investigation of the linear regression vectors (LRVs) indicate 

the relationship between the chemical composition and physical properties enabling the chemical 

compositions of fuels to in principle be altered to meet desired application specifications.  

 Chapter 8: Recent Advances in the Development of Chemical Analysis Tools to Relate 

Compositional Variation to Thermal Integrity Data for RP-1, RP-2, and Related Fuels 

There is an ongoing need to more fully assess and control the composition of kerosene-

based rocket propulsion fuels (i.e., specific chemical compounds and compound classes present as 

a result of feedstock blending and processing), in order to make better quantitative connections 

between fuel performance and fuel properties. Recent efforts in predicting fuel performance 

through modeling have put greater emphasis on detailed and accurate fuel properties and fuel 

compositional information. In order to optimally glean chemical composition information from 

these complex fuels, comprehensive two-dimensional gas chromatography combined with time-

of-flight mass spectrometry (GC × GC – TOFMS) has been implemented. In this report, by 

applying multivariate data analysis techniques, referred to as chemometrics, the chemical 

compositional information from fuels provided using GC × GC – TOFMS is correlated to data 

obtained from the same fuels using CRAFTI (Compact Rapid Assessment of Fuel Thermal 

Integrity) which has been developed to simulate regenerative cooling channel environments in 

liquid rocket engines. Chemometric analysis of the data will be shown to provide significant 

insight into the thermal integrity of the fuels (manifested in the CRAFTI data: pressure and 

carbonaceous deposition profiles), and how the thermal integrity depends upon chemical 

composition (manifested in the GC × GC – TOFMS data).  A recently developed chemometrics-
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based chemical feature discovery approach correlates thermal integrity data to key chemical 

compounds in the GC × GC – TOFMS data, such as sulfur containing compounds, aromatic 

compounds, and other key chemical compounds. This research platform should have broad 

implications for the development of high fidelity composition-property models, leading to an 

optimized approach to fuel formulation and specification for advanced engine cycles.   

 Chapter 9: Enhancing the Chemical Selectivity in Discovery-based Analysis with Tandem 

Ionization Time-of-Flight Mass Spectrometry Detection for Comprehensive Two-

Dimensional Gas Chromatography 

The complementary information provided by tandem ionization time-of-flight mass 

spectrometry (TI – TOFMS) is investigated for comparative discovery-based analysis, when 

coupled with comprehensive two-dimensional gas chromatography (GC × GC). The TI conditions 

implemented were a hard ionization energy (70 eV) concurrently collected with a soft ionization 

energy (14 eV). Tile-based Fisher ratio (F-ratio) analysis is used to analyze diesel fuel spiked with 

twelve analytes at a nominal concentration of 50 ppm. F-ratio analysis is a supervised discovery-

based technique that compares two different sample classes, in this case spiked and unspiked 

diesel, to reduce the complex GC × GC – TI – TOFMS data into a hit list of class distinguishing 

analyte features. Hit lists of the 70 eV and 14 eV data sets, and the single hit list produced when 

the two data sets are fused together, are all investigated. For the 70 eV hit list, eleven of the twelve 

analytes were found in the top thirteen hits. For the 14 eV hit list, nine of the twelve analytes were 

found in the top nine hits, with the other three analytes either not found or well down the hit list. 

As expected, the F-ratios per m/z used to calculate each average F-ratio per hit were generally 

smaller fragment ions for the 70 eV data set, while the larger fragment ions were emphasized in 

the 14 eV data set, supporting the notion that complementary information was provided. The 
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discovery rate was improved when F-ratio analysis was performed on the fused data sets resulted 

in eleven of the twelve analytes being at the top of the single hit list. Using PARAFAC, analytes 

that were “discovered” were deconvoluted in order to obtain their identification via match values 

(MV). Location of the analytes and the “F-ratio spectra” obtained from F-ratio analysis were used 

to guide the deconvolution. Eight of the twelve analytes where successfully deconvoluted and 

identified using the in-house library for the 70 eV data set. PARAFAC deconvolution of the two 

separate data sets provided increased confidence in identification of “discovered” analytes. Herein, 

we explore the limit of analyte discovery and limit of analyte identification, and demonstrate a 

general workflow for the investigation of key chemical features in complex samples. 

 Chapter 10: Expanding the Limits of Detection and Quantitation in Chromatography 

through Integration 

The limit of detection (LOD) conventionally defined is three times the standard deviation 

of the noise while the limit of quantitation (LOQ) is ten times the standard deviation of the noise. 

These values are highly dependent on the noise and sensitivity of the detector as well as peak shape 

which can become wider with increased retention. Furthermore peak shape can become 

asymmetric by fronting or tailing due to column interactions resulting in a lower signal. By using 

this integration method, these limitations can be overcome providing better LOD and LOQ values 

that are independent of peak shape and is not hindered by Gaussian or low frequency noise. 

Through integration, the signal is transformed from univariate to a function dependent on time 

which incorporates the concentration profile and results in a more sensitive measurement. 

However, the noise has also been translated to a function of time and a new definition of noise has 

been presented for the integration method. Signal to noise (S/N) enhancement has been 

theoretically studied using simulations. Both LOD and LOQ enhancement are a function of peak 
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width (Wb), and both can be lowered by a factor 3 for a Wb of 20 data points which is commonly 

found in most separation methods. Herein, the two step method, commonly used for quantifying 

one dimensional and two-dimensional chromatography, is compared to the integration method. At 

high signal to noise (S/N), both techniques provide similar peaks areas while the integration 

method results in more accurate and precise measurements of peak area at low S/N. Furthermore, 

the integration method was studied for data that was collected via two dimensional gas 

chromatography with a time-of-flight mass spectrometer (GC × GC – TOFMS).  The S/N 

improvement exceeded theoretical predictions and the integration method produced a 36-fold 

increase in S/N.  
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Chapter 2. Comprehensive Two-Dimensional Gas Chromatography Using 

Partial Modulation via a Pulsed Flow Valve with a Short Modulation 

Period 

This chapter was reproduced from C.E. Freye, H.D. Bahaghighat, R.E. Synovec, “Comprehensive 

Two-Dimensional Gas Chromatography Using Partial Modulation via a Pulsed Flow Valve with 

a Short Modulation Period” Talanta 177 (2018) 142–149. 

 

2.1  INTRODUCTION 

Comprehensive two-dimensional (2D) gas chromatography (GC × GC) is a powerful 

technique for the analysis of complex samples containing analytes that are naturally volatile, semi-

volatile, or amenable to gas phase analysis after derivatization [1–5]. Addition of a secondary 

separation dimension, 2D, provides a 5-fold to 15-fold increase in total peak capacity over a one-

dimensional (1D) separation (1D-GC). In order to transfer analytes from the primary 1D column 

to the 2D column, a modulation interface must be present. The modulator operates by injecting 

portions of the 1D column effluent onto the 2D column with a user defined, relatively rapid 

frequency. There are many types of modulators in GC × GC, but all fall under the three basic 

categories: thermal [1,6–15], valve-based [16–21], and flow modulation [22–29]. 

Thermal modulation relies on a low temperature to trap and focus analytes as they elute 

from the 1D column and introduces them in a narrow pulse to the 2D column through rapid heating. 

There are three types of thermal modulators: resistively heated trap [1,6,7], heated sweeper [8,9], 

and cryogenic focus, which is often divided into longitude movable trap [10] and jet trap [11–15]. 

Phillips and Liu developed the first thermal modulator using a slotted heater which swept across a 

thick-filmed capillary connecting the 1D column to the 2D column [1]. Analytes eluting from 

http://www.sciencedirect.com/science/article/pii/S003991401730927X#bib1
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the 1D column are retained in the thick film and then volatilized and injected onto the 2D column 

when the heater sweeps over the capillary. The most common thermal modulator uses a cryogen 

to trap analytes before reinjecting them. Marriott and Kinghorn [10] pioneered the longitude 

movable cryogen trap, whereby a jet of fluid CO2 is applied to produce a moving cryogenic trap 

with a small portion of capillary between the two columns. The condensed analytes are injected 

onto the 2D column when the capillary is rapidly heated. Another cryogenic modulator, and 

perhaps the most commonly used thermal modulator, is the jet trap developed by Ledford and 

Billesbach [11], which uses strategically placed and timed jets of cryogenic gas or a combination 

of heat and cooled jets. Numerous improvements have been made to these thermal modulators. 

Valve-based modulation commonly employs a diaphragm valve to divert effluent from 

the 1D to 2D column [16]. The diaphragm valve utilized in the initial report had a temperature limit 

of 175 °C due to the temperature sensitive O-rings, and only ~ 10% of the effluent from 1D column 

was injected onto the 2D column. Improvements by Seeley increased detection sensitivity by 

employing a sample loop to collect the effluent from the 1D separation before injection onto the 2D 

column, with the fraction of the 1D effluent transferred to the 2D column approaching 100% [17]. 

Using a significantly higher flow rate on the 2D column compared to the 1D column, sample pulses 

are compressed within the sample loop creating narrow 2D peaks while improving detection limits 

compared to 1D-GC [17,18]. The original temperature limit of 175 °C was overcome by face 

mounting the valve on the top of the GC, which extended the temperature limit to 265 °C [19]. 

Recent advances in diaphragm valve technology have extended the temperature limit to 325 °C 

with the valve mounted directly in the oven, avoiding the complication and shortcomings of face 

mounting the valve [18]. Diaphragm valve-based modulation has also been demonstrated to be 

compatible with mass spectrometry [20,21]. 
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Flow modulation has its origins in Deans switching which is often used in heart-cutting 

GC-GC to transfer a portion of the effluent from the first GC column onto a subsequent GC 

column [22]. A Deans switch has been adapted by Seeley for use as a modulator for GC × GC [23]. 

Differential flow modulation is another type of flow modulation which closely resembles Deans 

switching, but results in total transfer of effluent from the 1D column to the 2D column. Differential 

flow modulation involves the alternation of filling and flushing cycles of a collection channel 

controlled by a solenoid valve [24]. Flow modulation is gaining popularity due to the operational 

simplicity, reliability, and capability to modulate components over a wide volatility range [22–28]. 

Flow modulation has also been demonstrated in an atypical manner. A pattern of the primary 

effluent is transferred to the secondary column instead of single pulses [29]. The detected signal 

is then deconvoluted and transformed into a GC × GC chromatogram. While extra processing is 

required to convert the detected signal into more readily interpretable data, more intense and 

narrower peaks are obtained compared to a traditional flow modulation technique. 

Another interesting, yet unconventional, modulation approach was introduced by Cai and 

Stearns [30], a method referred to as “partial modulation.” Using a custom built pulse flow 

modulator, small pulses of carrier gas are repetitively injected at the interface between the 1D 

and 2D columns, creating either local high or low concentration pulses in the effluent departing 

the 1D column, which are then separated on the 2D column. Dependent upon the mode of 

modulation, either positive or negative “spikes” in analyte concentration are created. When the 

injected pulses are negative, the resulting 2D separations are essentially performing vacancy 

chromatography. A modulation period, PM, of 1 s was applied in this previous report. Since partial 

modulation produced raw data in an unconventional format, additional data processing is required 

to achieve a conventional appearing 2D plot of the GC × GC separation. The 2D peak widths 

http://www.sciencedirect.com/science/article/pii/S003991401730927X#bib22
http://www.sciencedirect.com/science/article/pii/S003991401730927X#bib23
http://www.sciencedirect.com/science/article/pii/S003991401730927X#bib24
http://www.sciencedirect.com/science/article/pii/S003991401730927X#bib22
http://www.sciencedirect.com/science/article/pii/S003991401730927X#bib29
http://www.sciencedirect.com/science/article/pii/S003991401730927X#bib30


34 

 

observed were 2Wb ~ 50 ms and larger [30], similar to what is achieved by thermal [10–15], 

diaphragm valve [16–21,31], and standard flow modulation [23–28]. 

Partial modulation lends itself to producing a short PM because the effluent from the 1D 

column does not have to be cryogenically trapped or collected in a sample loop or channel. 

Moreover, there is no desorption or injection period, which facilitates very narrow peaks on the 2D 

separation and thus a high 2D peak capacity. While the initial report using partial modulation 

method was intriguing [30], there is untapped potential for producing extremely narrow 2D peaks 

with 2Wb smaller than 50 ms, and extremely short PM. Being able to do so may open up new 

opportunities in the development of novel high speed versions of multi-dimensional GC-based 

separation technology involving “GC-sensors” [31–35]. 

In order to begin to explore these high speed GC-based technologies, herein we study the 

feasibility of a pulse flow valve modulator for GC × GC, implementing partial modulation using 

a commercially available pulse flow valve. Very short modulation periods are examined, PM of 

50, 100, 250 and 500 ms, with 50 and 100 ms notably shorter than the smallest PM reported of 

200 ms [31]. Using the commercially available pulse flow valve, this injection technique will be 

shown to perform a combination of vacancy chromatography and frontal analysis, whereby each 

pulse disturbance in the analyte concentration departing the 1D column results in data that is readily 

converted into a 2D separation. A procedure is introduced to convert the raw data obtained into the 

2D form typical of a GC × GC separation.  
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The basic concept is illustrated in Figure 2.1, which shows the modulation of a single analyte using 

the commercial pulse flow valve and the subsequent conversion of the raw data into the typical 2D 

form of an analyte signal in a GC × GC chromatogram. The pulse flow valve creates pressure 

pulses in the shape of an exponentially modified Gaussian where the leading edge of each pressure 

pulse is extremely sharp and then slowly decays to zero. Negatively modulated signals are created 

as in vacancy chromatography, while also containing basic elements of a frontal analysis 

measurement. The raw data is differentiated to convert it into a “traditional” 1D raw vector plot. 

Differentiation of the sharp leading edge of the analyte signal creates the resulting 2D peak, while 

differentiation of the slowly decaying portion of the analyte signal results in a modest baseline sag 

that is readily removed using a baseline correction algorithm. The baseline corrected data is then 

Figure 2.1 Modulation process using the pulse flow valve and conversion of the modulated signal 

into two-dimensional (2D) format with the appearance of a GC × GC chromatogram. 
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36 

 

folded at the modulations to produce the typical 2D form of the GC × GC chromatogram. The 

experimental data and resulting GC × GC chromatograms will be shown to support the illustration 

in Figure 2.1. For this study, a separation of a 115-component test mixture with a wide range of 

boiling points (36–372 °C) of nine different sample classes is evaluated using PM ranging from 50 

to 500 ms.  

2.2  EXPERIMENTAL 

The GC × GC instrument with the pulse flow valve modulator was evaluated using a flame 

ionization detector (FID). The instrumental platform consisted of an Agilent 6890 GC (Agilent 

Technologies, Palo Alto, CA, USA) modified in-house with high-speed pulse valve model 009–

1643-900 (Parker Hannifin, Hollis, NH, USA) mounted outside the oven. The pulse flow valve 

was controlled using LabVIEW 8.2 (National Instruments, Austin, TX, USA) interfaced to a 

National Instruments data acquisition board. The stock electrometer for the Agilent FID was 

Figure 2.2 Instrumental schematic to perform comprehensive 2D gas chromatography (GC × GC) 

using partial modulation via the pulse flow valve. 
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replaced with a high-speed electrometer built in-house allowing the data to be collected at 100 kHz, 

with the data boxcar averaged to 1 kHz. The electrometer was interfaced to a National Instruments 

data acquisition board, and the resulting data was collected using an in-house written LabVIEW 

program. Post-run data processing was performed in Matlab R2015b (The Mathworks, Inc., 

Natick, MA, USA). A schematic of the instrument is shown in Figure 2.2. 

Samples were introduced to the GC × GC via a 7683B auto-injector (Agilent Technologies, 

Palo Alto, CA, USA). The inlet and FID temperature were both set to 250 °C. The 1D column was 

a RTX-5ms (diphenyl dimethyl polysiloxane) stationary phase: 40 m length, 180 µm inner 

diameter (i.d.), and 0.4 µm film thickness. The 2D column was a RTX-Wax (polyethylene glycol) 

stationary phase: 2.0 m length, 180 µm i.d., and 0.180 µm film thickness. 1D and 2D columns were 

linked using a 3-way T-union model MT.5CXS6 (Valco Instruments Company Inc., Houston, TX, 

USA). An in-house fitting was fabricated to mate the pulse flow valve to 7.24 cm × 1.65 mm 

copper tubing (Restek, Bellefonte, PA, USA) reduced to 3.81 cm × 0.635 mm steel tubing 

interfaced with a 2 μl sample loop model CSL2 (Valco Instruments Company Inc.) which was 

connected to the 3-way T-union. Prior to each sample injection, HPLC grade hexane and acetone 

obtained from Fisher Scientific were used as solvent rinses. Ultra-high purity hydrogen (Grade 5, 

99.999%) was used as the carrier gas (Praxair, Seattle, WA, USA) at a constant flow of 4 ml/min. 

Oven temperature control on 2D was not applied, so both columns were at the same temperature. 

A test mixture containing a diverse set of 115 compounds was used to evaluate the 

instrumental platform. The test mixture contained a wide range of boiling points (36–372 °C) with 

nine chemical compound classes: alkanes, esters, halogenated alkanes, aromatics, alkenes, 

alkynes, ketones, alcohols, cycloalkanes [35]. A 1 μl volume of the test mixture was injected at a 

split of 240:1. For each test mixture separation, the oven was held at 40 °C for 1.5 min and ramped 
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at 40 °C/min to 220 °C where it was held for 3 min. Various modulation periods were 

studied: PM of 50, 100, 250, and 500 ms, all using an injection pulse width of 2 ms (i.e. how long 

the pulse valve injects carrier gas). Using the Bernoulli equation, it is estimated that ~ 11 μl of 

carrier gas is injected for each 2 ms modulation. The head pressure on the valve was held at 32 psig 

for 1.5 min and ramped at 4.0 psig/min to 50 psig and held for 3 min. The head pressure on the 

pulse valve must be higher than the exit pressure of the 1D column, otherwise the analytes will not 

be interrupted by the carrier gas injection from the pulse flow valve. The above mentioned pressure 

was determined to provide suitable flow to interrupt the shape of the 1D profiles enabling the data 

processing to be performed. However, care must be taken to not overpressure the pulse valve as it 

will cause increased retention times on the 1D dimension, 1tR. 

The suitability of pulse flow valve modulation for quantitative analysis was investigated. 

Two solutions, each 5.2 ppt (parts per thousand by weight) of cyclohexane and benzene diluted in 

dicholoromethane, were quantitatively combined to form seven calibration solution mixtures of 

benzene to cyclohexane by percent weight of each of these two solutions: 100–0%, 90–10%, 75–

25%, 50–50%, 25–75%, 10–90%, and 0–100%. A 0.1 μl volume of each solution mixture was 

injected at a split of 80:1. Three replicates of each solution mixture were obtained using a 1D RTX-

5ms (diphenyl dimethyl polysiloxane) 8 m length × 100 µm i.d. × 0.1 µm film thickness and a 2D 

RTX-Wax 1.0 m length, 100 µm i.d., and 0.1 µm film thickness. A modulation period of 250 ms 

was used and the oven was set to 65 °C with a column flow of 3.0 ml/min and a head pressure on 

the pulse flow valve of 80 psig. All other instrumental parameters were the same as mentioned 

above. 

2.3  RESULTS AND DISCUSSION 
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The GC × GC – FID chromatogram for the test mixture using a modulation period PM of 

250 ms in the raw 1D vector form is shown in Figure. 2.3A. A representative analyte is shown 

in Figure 2.3B (box indicated in Fig. 2.3A) which is relatively unretained on 2D has been selected 

to demonstrate the data processing (to convert the raw data into a format with the appearance of a 

GC × GC chromatogram). The inset in Fig. 2.3B shows a single “peak” created by the modulator. 

The sharp decrease in signal represents the 2D analyte response of interest, nominally in the form 

of an “error” function, followed by a slow decay of the analyte response back to the original 1D 

concentration profile. This 2D analyte response is created by rapid actuation of the pulse flow valve 

in combination with the three-way union and coupled with the tubing assembly (see Fig. 2.2). 

Reducing the tubing assembly from a large inner diameter to a smaller inner diameter results in a 

pressure wave in the form of an exponentially modified Gaussian with a very sharp leading edge. 

This pressure wave causes the analytes to have the “error” function profile followed by a slow 

decay back to the original 1D concentration profile. After the raw vector data is baseline corrected 

and smoothed, the differential of the raw vector data is taken and is then multiplied by negative 

one to invert the chromatogram creating peaks that have positive intensities as shown in Fig. 2.3C. 

The differentiation process, defined as ∆Signal/∆Time, was calculated by taking the difference 

between two adjacent signal intensity values (FID Signal) and dividing by the time interval (1 ms). 

By taking the differential of the data, each “error” function signal response is nominally turned 

into a Gaussian-like analyte peak. The width of each 2D Gaussian peak is dependent on the slope 

of the error function, and 2D the retention time is defined by the inflection point of the error 

function. However, due to the decay of the analyte concentration back to the 1D concentration 

profile, a sag in baseline is initially observed following the differentiation step. The baseline sag 

is readily removed using a rolling minimum baseline correction program written in-house [36], 
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which objectively removes the low frequency drift in the baseline, with the result shown in Fig. 

2.3D. The baseline correction step was found to not adversely affect the shape nor areas of the 2D 

peaks, as is demonstrated herein. While the differentiation and baseline correction steps must be 

taken to visualize the data in the form of a traditional GC × GC chromatogram, useful chemical 

information is inherently encoded within the data when it is in the raw non-differentiated form. 

Figure 2.3 (A) Chromatogram (raw data on 1D) of the 115 component test mixture collected using 

a modulation period PM of 250 ms. (B) Shown is a mid-elution non-overlapped analyte on 1D. The 

inset figure shows a zoom of a single “peak” create by pulse modulation. (C) Processed data 

wherein the raw data in (B) has been differentiated to produce 2D peaks. (D) Data from (C) has 

been baseline corrected using a rolling minimum. Peaks on the 2D separation are narrow yielding 

a high peak capacity despite a short modulation period of PM of 250 ms. 

http://www.sciencedirect.com/science/article/pii/S003991401730927X#f0015
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Additional figures-of-merit for the representative analyte are discussed using the processed 

1D vector form as shown in Fig. 2.3D. The apparent width on the first dimension, 1Wb is 0.93 s, 

determined by fitting a Gaussian function through the apexes of each of the 2D peaks in the 1D 

vector format [18,21,37–39]. With a modulation period PM of 250 ms, the apparent sampling 

density across the 1D peak width-at-base (41σ), defined as ρS = 1Wb/ PM, was experimentally 

Figure 2.4 An example of an overlapped peak on the 1D dimension from Fig. 2.3A for a 

modulation period PM of 250 ms. (A) Raw data on 1D for two overlapped analytes. The inset 

shows an enhanced view, for one modulation. (B) After data processing, the two analytes are 

transformed into Gaussian-like peaks which are resolved on the 2D dimension. (C) View of the 

fully processed data in a GC × GC separation format.   

http://www.sciencedirect.com/science/article/pii/S003991401730927X#bib18
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determined to be 3.7 [40]. The sampling density, ρS, defined as such is equivalent to the 

modulation ratio, MR [38], but ρS is more descriptive of the relationship between the data sampling 

rate (modulation frequency) and the 1D peak width so is used throughout. For either valve, flow 

or thermal modulation, a ρS < 2.0 is deemed to only be semi-quantitative and can lead to high 

%RSD for measured peak areas [23,38,39]. The average apparent 2Wb was an impressive 13 ms 

for this representative analyte in Fig. 2.3D, which is significantly more narrow than any previous 

reported 2Wb for conventional GC × GC separations. 

We now demonstrate the data processing steps, as illustrated in Fig. 2.1, for a pair of 

analytes that co-elute in the 1D separation from Fig. 2.3, but are separated in the 2D separation. Fig. 

2.4A shows the raw 1D vector plot of the data of two analytes that are overlapped in the 1D 

separation. The inset in Fig. 2.4A shows a single modulation containing the responses for the two 

analytes. In the sharp decreasing portion of the single modulation, there are two inflection points, 

one for each analyte, located at a different times indicating the analytes are separated on the 2D 

column. Following the data processing steps as presented in Fig. 2.3B-D, the resulting two analyte 

peaks are evident in the context of the 1D and 2D dimensions in Fig. 2.4B. The two analytes have 

different apparent 2Wb peak widths in the resulting 2D peaks (Fig. 2.4B inset), a direct result of 

having different slopes for their error functions (Fig. 2.4A inset). As expected, the analyte which 

is retained less (lower 2k’) has a smaller 2Wb. Fig. 2.4C shows the 2D view, in the form of a GC × 

GC chromatogram, of the fully processed data for the analytes overlapped on 1D. 

http://www.sciencedirect.com/science/article/pii/S003991401730927X#bib40
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Following the data processing steps in Fig. 2.3B-D, the raw data from Fig. 2.3A has been 

converted into the GC × GC – FID chromatogram of the test mixture using a PM of 250 ms, as 

presented in Fig. 2.5A. The chromatogram has been re-registered by 680 ms on 2D to remove the 

dead time offset. With the re-registered format, the earliest analyte elutes at 34 ms on 2D, while 

the most retained analyte elutes at 265 ms (wrapped around into the next modulation). Based upon 

the re-registration time of 680 ms, the retention factors on 2D range from 2k’ ~ 0.05–0.40. These 

small 2k’ values benefit the higher efficiency (narrow chromatographic peaks) obtained on the 2D 

separation [31,32,41]. Due to the mismatch of the pressure gradient from the pulsed flow valve 

and the exit of 1D exit pressure, the dead time on 2D changes ~ 40 ms across the entire 1D 

separation. This is visually manifested by the change in the 2tR of the alkanes (lowest 2k’). 

Common implementation of this technique will require a better understanding of how to address 

Figure 2.5 (A) GC × GC – FID chromatogram of the 115 component test mixture collected using 

a modulation period PM of 250 ms. Fully processed data from Fig. 2.3A in the form of Fig. 2.4C. 

The 2D separation has been reregistered by 680 ms to remove the dead time. (B) Enhanced view 

of a selected portion of the chromatogram is shown. 

http://www.sciencedirect.com/science/article/pii/S003991401730927X#bib31
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these pressure and flow matching challenges. To better assess the performance of this separation 

approach, an enhanced portion (box indicated in Fig. 2.5A) of a portion of the separation is shown 

in Fig. 2.5B. Remarkably, the 2D apparent peak widths in this time window range from 15 ms to 

25 ms. 

In order to discuss the GC × GC separation peak capacity achieved, the relationship 

between apparent 2Wb and retention time 2tR in the 2D separation dimension was studied. For this 

purpose, data from separations using a PM of 50, 100, 250, and 500 ms were collected, although 

only the PM of 100, 250, and 500 ms are compared in Fig. 2.6 since no analytes were wrapped 

around into lesser retained analytes from the subsequent modulation. As shown in Fig. 2.6, pulse 

flow valve modulation provides a linear relationship between apparent 2Wb and retention time 2tR, 

as expected [42–44]. However, it is interesting to note for a given analyte, its 2tR directly correlates 

to the PM applied. That is, the smaller PM produced a smaller 2tR for the same analyte, with the 

effect more pronounced for the more retained analytes. For example, diethyl phthalate, the most 

retained analyte, has a 2tR of 323 ms for a PM of 500 ms, 2tR of 262 ms for a PM of 250 ms, 

Figure 2.6 Plot of apparent 2Wb versus 2tR for a set of selected analytes for three different 

modulation periods PM of 500, 250 and 100 ms. 2tR has been adjusted to remove the dead time. 

http://www.sciencedirect.com/science/article/pii/S003991401730927X#bib42
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and 2tR of 245 ms for a PM of 100 ms. 2-decanone, a moderately retained analyte, has a 2tR of 

158 ms for a PM of 500 ms, a 2tR of 142 ms for a PM of 250 ms, and a 2tR of 137 ms for a PM of 

100 ms. Hexadecane, the least retained analyte, has 2tR of 39 ms, 36 ms, and 33 ms for PM of 

500 ms, 250 ms, and 100 ms, respectively. Additionally, as the modulation period PM was 

decreased, analytes were more retained on 1D (∆1tR of ~ 30 s from PM of 500–50 ms). Both these 

observations are attributed to the pulse flow valve actuation injecting carrier gas at an increased 

rate which delays elution on the 1D separation but drives analytes through the 2D column at a faster 

rate. Additionally, 1Wb also increases but at an insignificant amount (∆1Wb of ~ 90 ms from a PM of 

500–50 ms). This phenomenon could be due to the delayed 1tR, and/or due to the analyte being 

broadened by the modulator during the transfer from the 1D column to the 2D column. The PM of 

50 ms was the fastest modulation period observed whereby the pulse flow valve was found to 

reliably and reproducibly modulate. 

Based on the fitted equation in Fig. 2.6, for a PM of 250 ms allowing no wrap around and 

full use of the 2D space, the peak capacity on 2D was determined to be 2nc = 10. Increasing 

the PM to 500 ms only increased 2nc by a modest amount to 12 due to the nonlinear relationship 

between 2nc and 2k’ (which is linearly related to apparent 2Wb) [42]. For the 2nc determination, a 

simple peak capacity equation, i.e. 2nc = PM/2Wb,avg, where 2Wb,avg is the average apparent peak 

width on 2D, is not sufficient due to the pseudo-isothermal 2D separations. Using the 2Wb of an 

unretained analyte to calculate 2nc can also result in overinflated values. Therefore, the following 

recursive equation was applied to accurately determine 2nc, 

𝑅𝑆 =
𝑡𝑅,𝑛−𝑡𝑅,𝑛−1

0.5(𝑊𝑏,𝑛−𝑊𝑏,𝑛−1)
= 1 (2.17) 

The relationship between retention time and 2Wb was discussed in the previous paragraph (and 

illustrated in Fig. 2.6). Substituting the equation from Fig. 2.6 into Eq. (2.1) for both  Wb,n and 
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Wb,n-1 and rearranging allows the calculation of the retention times of successive peaks (and Rs = 

1) based on the measured dead time, tR,(n = 0) on 2D. These retention times were used to calculate 

apparent 2Wb from the experimentally observed linear relationship between 2tR and apparent 2Wb. 

Individual Gaussian peaks of equivalent area were modeled based on these peak widths and 

retention times, then concatenated to give a continuous chromatogram [42,43]. The number of 

peaks that fit in a given PM provides the accurate determination of 2nc. Finally, the ideal total peak 

capacity, nc,2D, defined as 1nc × 2nc, was calculated assuming 1Wb of 0.93 s for a run time of 400 s 

Figure 2.7 (A) GC × GC – FID chromatogram, as in Fig. 2.5, using a modulation period PM of 

50 ms instead of 250 ms. (B) Enhanced view of a selected portion of the chromatogram is shown. 

(C) Raw 1D vector form of the GC × GC – FID data for a single peak, highlighted in (B). Due to 

the ultra-fast PM, the peak is highly sampled. The insert shows the peaks for two modulations. 

http://www.sciencedirect.com/science/article/pii/S003991401730927X#bib42
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(first analyte elutes at 1tR = 100 s and last analyte at 1tR = 500 s). Therefore, the nc,2D (1nc ~ 430) × 

(2nc ~ 10) is ~ 4300 or a peak capacity production of ~ 650 peaks/min for a PM of 250 ms. 

Using the modulation period PM of 50 ms highlights the ability of pulse flow valve 

modulation to produce extremely fast GC × GC separations, demonstrating the enabling potential 

of this technology for high speed, high peak capacity GC-sensors [32–35]. Fig. 2.7A shows the 

GC × GC – FID chromatogram of the test mixture using a PM of 50 ms after the data processing 

steps (Fig. 2.3B-D). The results for a PM of 500 and 100 ms, while summarized in Fig. 2.6 and 

elsewhere, are not shown in the same detail as Fig. 2.7 for brevity. The chromatogram in Fig. 2.7A 

has been re-registered on 2D to remove the dead time offset. Fig. 2.7B shows an enhanced portion 

of Fig. 2.7A in order to discuss merits of the short PM of 50 ms. Due to the short PM, analytes are 

wrapped around into the next modulation, however based upon the narrow apparent 2Wb of ~ 

12 ms, a 2nc ~ 4 is readily estimated. Fig. 2.7C shows the raw vector form of a moderately retained 

analyte. The insert shows the two most intense modulated 2D peaks. Due to the ultra-fast PM, the 

analyte 1D peak is highly sampled with a ρS of 17.4. Future application of the 50 ms PM would 

involve a ρS of 2–4, adequate for sampling 1D peaks in GC × GC separations. Hence, it is intriguing 

to consider application of the pulse valve in conjunction with a modified injection interface to 

provide narrower 1D peaks [32,44,45]. Numerous modified injection interfaces have been 

developed resulting in 1Wb ranging from 3 to 500 ms [32,42,44–48]. An analyst should be able to 

produce 1D peaks with 1Wb ~ 100 ms, enabling a PM of 50 ms to be used with ρS of ~ 2. A 1nc ~ 

4000 (for a separation run time of 400 s) and a 2nc ~ 4 should be achievable resulting in a 

remarkable nc,2D (1nc ~ 4000) × (2nc ~ 4) ~16,000 or a peak capacity production of ~ 2400 

peaks/min. Given this large peak capacity production, it is appealing to consider exploring 

comprehensive, ultra-fast GC × GC and GC3. 

http://www.sciencedirect.com/science/article/pii/S003991401730927X#bib32
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An important consideration for any analytical technique is the ability to perform 

quantitative analysis. For a more rigorous test, chromatographic conditions (see Experimental) 

were purposely chosen to fully overlap cyclohexane and benzene on the 1D separation. Fig. 2.8A 

shows the raw vector form of the data, and Fig. 2.8B shows the processed data, per Fig. 2.1. 

Following the data processing the 2D peaks for benzene and cyclohexane are found to be baseline 

resolved (Rs greater than 1.5). Fig. 2.8C shows the processed data in the form of a GC × GC 

chromatogram. Because 100 µm i.d. columns were used, the apparent 2Wb are extremely narrow 

with apparent 2Wb of 8 and 9 ms for cyclohexane and benzene, respectively. Fig. 2.8D shows the 

calibration data for the different concentrations of cyclohexane and benzene. Peak areas were 

measured by summing all 2D peaks above the limit of quantification (S/N of 10), i.e., along all 1D 

modulations, to create a single 2D peak [18]. Then, the single 2D peak was integrated to provide a 

single peak area value. The measured peak areas for cyclohexane and benzene were both found to 

be linearly related to injected concentration, with R2 values greater than 0.99 for each linear 

regression best fit line. As indicated by the standard deviation error bars, the quantitative precision 

in Fig. 2.8D was quite good, with an average RSD of 4.7% for analyte concentrations injected at 

or above 1.3 ppt.  

http://www.sciencedirect.com/science/article/pii/S003991401730927X#bib18


49 

 

 

 

 

Figure 2.8 Partial modulation using the pulse flow valve was investigated to determine if the 

data is suitable to perform quantitative analysis, using mixtures of cyclohexane and benzene. 

(A) Raw vector form of the data for cyclohexane and benzene, labeled CH and B, respectively. 

(B) Processed data is shown, whereby the 2D peaks are observed to be baseline resolved on 

the 2D separation. (C) The processed data is shown in the form of a GC × GC separation with 

the apparent 2Wb provided. (D) The concentration in ppt (parts per thousand) of cyclohexane 

and benzene were varied in order to study the quantitative aspects of the technique. 
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It is important to point out that the peak intensities of the processed data are directly related 

to the slope of the initial “error” function portion of the raw data. If an analyte is retained 

significantly on the 2D separation, the “error” function in the raw data will have a smaller slope 

and following differentiation the “Gaussian” like 2D peak will be wider with a concomitant lower 

intensity. If the “error” function becomes too broad, the analyte response may appear similar to 

the noise in the baseline. This issue is overcome as presented herein, by using highly efficient 2D 

separations and operating in a low 2k’ separation regime. In addition to achieving acceptable 

precision for analyte quantification, reproducible 2tR were also achieved. The standard deviation 

for the 2tR for cyclohexane and benzene were both less than 1 ms indicating excellent 

reproducibility, limited by the FID collection rate of 1 kHz. This was determined by finding the 

retention times of all 2D peaks above a S/N of 10 across all concentration ranges and injection 

replicates. There were about three 2D peaks for each analyte per run, at six different concentrations 

(benzene and cyclohexane are not present at the opposite extremes of the calibration curves), and 

three injection replicates resulting in 54 measured 2tR. 

2.4  CONCLUSION 

A novel pulse flow valve modulator for GC × GC has been demonstrated, which creates 

narrow apparent 2Wb ~ 10 ms. A separation of a complex test mixture was demonstrated for 

various modulation periods PM of 500, 250, 100 and 50 ms. A procedure has been introduced to 

convert the raw data into a format with the appearance of a GC × GC chromatogram through the 

process of differentiation. Relatively symmetric peaks were generated on both dimensions, 

with 2tR standard deviations less than 1 ms. In addition, the processed data has been shown to be 

suitable for quantitative analysis. Due to the extremely narrow peaks generated, the 2D peak 

capacity is very high, resulting in a 2nc ~ 10 for a modulation period of 250 ms. The 
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resulting nc,2D is ~ 4300 or a peak capacity production of 650 peaks/min which is 2-fold increase 

over traditional GC × GC applications. Furthermore, the pulse valve may be implemented in high 

speed, high peak capacity GC-sensors. 
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Chapter 3. High Temperature Diaphragm Valve-based Comprehensive Two-

Dimensional Gas Chromatography 

This chapter was reproduced from C.E. Freye, L. Mu, R.E. Synovec, “High Temperature 

Diaphragm Valve-based Comprehensive Two-Dimensional Gas Chromatography” Journal of 

Chromatography A 1424 (2015) 127–133. 

 

3.1 INTRODUCTION 

One-dimensional gas chromatography (1D-GC) is an efficient analytical technique capable 

of separating volatile and semi-volatile species with high resolution. However, complex samples 

cannot always be sufficiently separated. Comprehensively adding a second dimension of GC 

increases the resolving power, and generally provides ample resolution for complex samples. This 

concept, theoretically pioneered by Giddings [1], was experimentally pioneered in the GC field by 

Phillips and Liu in 1991, who reported the first experiment for comprehensive two-dimensional 

gas chromatography (GC × GC) [2]. Use of GC × GC has been extremely beneficial for the 

analysis of many complex sample types such as such as fuels [3–5], environmental samples [6,7], 

pesticide contaminated foods [8], and fragrances [9–11]. In GC × GC, two sufficiently 

“orthogonal” columns are used to maximize the utilization of the two-dimensional separation 

space [12]. In order to transfer the analytes from the primary 1D column to the secondary 2D 

column in GC × GC, a modulation interface must be present. The GC × GC modulator serves as 

the heart of the instrument. The modulator operates by injecting portions of the 1D column effluent 

onto the 2D column with a user defined, relatively rapid frequency. There have been many 

developments and iterations in modulator design, and several reviews have been written on the 

various types of modulators applied with GC × GC [13–18]. There are basically three modulator 
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designs: thermal modulation [19–23], flow modulation [24–26], and diaphragm valve-based 

modulation [27–30], although the flow modulation and diaphragm valve modulation are often 

grouped together. 

Thermal modulation is the most commonly applied, and relies on low temperatures to trap 

and focuses analytes as they elute from the 1D column and introduces them to the 2D column 

through rapid heating. The initial design pioneered by Phillips and Liu used a slotted heater which 

swept across a thick-filmed capillary which connected the 1D column to the 2D column [19,20,31]. 

The analytes eluting from the 1D column were retained in the thick film and then volatilized and 

injected onto the 2D column when the heater swept over the capillary. The most common type of 

thermal modulation is cryogenic modulation. In one type of cryogenic modulator design, 

developed by Marriott and Kinghorn, a jet of fluid CO2 is applied to produce a moving cryogenic 

trap with a small portion of capillary between the two columns [21,32]. This causes the analytes 

to condense on the capillary and then is injected onto the 2D column when heated rapidly. The 

most commonly applied cryogenic modulator design, developed by Ledford, Beens, and others, 

uses strategically placed and timed jets of cryogenic gas or a combination of heat and cooled jets 

to eliminate moving parts [22,33]. This design has been commercially adapted. While thermal 

modulation is very popular, it can be expensive to implement and is generally not amenable to 

reducing to a simple, lowest cost instrumental platform. 

For the sake of discussion, modulators that employ flow switching and valve-based devices 

are grouped into the category of flow modulation. Dean switching has been used often in heart-

cutting GC–GC to modulate sections of the effluent from the first column onto the second 

column [34]. Seeley first introduced the Deans switch as a modulator for GC × GC [24,34]. 

Agilent has introduced a capillary flow version (CFT) of the in-line fluidic modulator for 
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GC × GC, initially pioneered by Seeley, thus providing a commercially available way to modulate 

via a flow-based regime [35]. This commercial adaptation of the Deans switch-based GC × GC 

provides reproducible retention times on both dimensions a consistent performance, and hence, 

has been popular for industrial applications. Additionally, a differential flow modulator has been 

developed, which closely resembles a Deans switch but results in total transfer of the 1D 

effluent [26]. Flow modulation, as categorized herein, is gaining popularity for GC × GC due to 

the relatively simple design and hearty performance [36,37]. 

The first diaphragm valve-based modulator design with GC × GC was reported in 1998, in 

which a diaphragm valve was programmed to divert 1D column effluent to the 2D column [27]. 

The original diaphragm valve-based GC × GC was limited to a maximum temperature of 175 °C, 

(due to shortcomings at that time in the valve construction for GC applications), and in the initial 

report only 10% of the 1D effluent reached the 2D column. However, diaphragm valve-based 

modulation is relatively simple and very inexpensive to implement, and use of a narrow injected 

pulse width onto the 2D column has been demonstrated to produce a high GC × GC peak capacity 

even when a short modulation period is used (e.g., PM of 1 to 2 s) [4,27,28,38,39]. Additional 

improvements to implementing a diaphragm valve-based modulator for GC × GC were reported 

by Seeley and co-workers, who employed a sample loop to collect the 1D effluent, which provides 

a high fraction of the 1D column effluent being transferred to the 2D column [28]. When a high 

carrier flow rate on the 2D column is used, sample pulses are compressed within the sample loop 

creating narrow 2D peaks while increasing detection sensitivity. Indeed, using a diaphragm valve-

based modulator, 100% transfer of the 1D effluent to the 2D separation has been reported, 

producing highly efficient separations with good peak capacity [30]. The primary shortcoming of 

the initial diaphragm valve-based modulator design in the past has been the limited temperature 
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range due to the O-rings within the valve, limiting the usage to a maximum of 175 °C if placed 

directly in the GC oven. This shortcoming was partially overcome by face mounting the valve on 

the top of the GC that extended the temperature limits to 265 °C while preserving the temperature 

sensitive O-rings within the valve [29]. By face mounting the valve, the temperature sensitive O-

rings were not subjected to high temperatures, while the portions of the valve involved with 

sampling were within 1.2% of the oven temperature. 

Recently, a state-of-the-art diaphragm valve with perfluoroelastomer O-rings has been 

developed that is capable of being placed directly in the GC oven and can readily withstand 

temperatures up to 325 °C for long term use. With this new valve, it is intriguing to consider a 

valve-based GC × GC for routine, low-cost, high efficiency separations. Indeed, herein we report 

a diaphragm valve-based GC × GC configuration that allows the valve to be used in temperatures 

up to 325 °C with the valve simply mounted directly in the oven. By operating the whole valve 

directly in the oven there is no need for complicated face mounting, and the whole valve is subject 

to the same temperature as the oven so there is no temperature difference between the oven and 

sample loop. This configuration will expand the ability of diaphragm valve-based GC × GC to 

analyze compounds with higher boiling points. A separation of a test mixture of alkanes, alcohols, 

and polyaromatic hydrocarbons with boiling points ranging from 98 to 450 °C is demonstrated. 

Retention time and peak width precision on the 2D separations, and overall quantitative precision 

is evaluated. Additionally, valve-based GC × GC is compared to 1D-GC to determine the transfer 

fraction of the valve, as well as the relative detection sensitivity of the two techniques. Finally, we 

demonstrate applicability of this configuration to complex samples such as vacuum pump oil and 

orange oil. 
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3.2 EXPERIMENTAL 

The GC × GC instrument with the high temperature diaphragm valve modulator was 

evaluated using a flame ionization detector (FID). The instrumental platform consisted of an 

Agilent 6890 GC (Agilent Technologies, Palo Alto, CA, USA) modified in-house with a high-

speed, six-port diaphragm valve VICI model DV-12-1116 T (Valco Instruments Company Inc., 

Houston, TX, USA) fitted with a 5 μl sample loop which was mounted inside the oven. A diagram 

for the valve connections has been previously reported (albeit prior valve versions had temperature 

limitations), indicating the modulator connections, and direction of gas flows during the two 

modulation steps [14,28,29]. The diaphragm valve O-rings have been replaced with Kalrez O-

rings allowing routine separation temperatures up to 325 °C. 

The diaphragm valve was operated using LabVIEW 8.2 (National Instruments, Austin, TX, 

USA) program which was used to control the valve actuation. The stock electrometer for the 

Agilent FID was replaced with a high-speed electrometer built in-house allowing the data to be 

collected at 100 kHz, with the data further boxcar averaged to 1 kHz followed by Savitsky–Golay 

smoothing. Collecting the FID signal at a higher frequency than the stock electrometer facilitates 

more precise data smoothing operations in order to optimize the signal-noise-ratio (S/N) concurrent 

with not introducing additional broadening of the 2D peaks. 

Samples were introduced to the GC × GC via a 7683B auto-injector (Agilent Technologies, 

Palo Alto, CA, USA). Data was collected at 1 kHz with an FID temperature of 325 °C. The 1D 

column was a RTX-5ms (diphenyl dimethyl polysiloxane) stationary phase: 20 m length, 250 μm 

inner diameter (i.d.), and 0.25 μm film thickness. The 2D column was a RTX-200 

(trifluoropropylmethyl polysiloxane) stationary phase: 2.4 m length, 180 μm i.d., and 0.2 μm film 

thickness. Prior to each sample injection, hexane and acetone were used as solvent rinses. The inlet 

http://www.sciencedirect.com/science/article/pii/S0021967315015885#bib0280
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temperature was set to 325 °C. The flow on 1D was 1.5 ml/min while flow on 2D was 20 ml/min. 

Oven temperature control on 2D was not applied, so both columns were at the same nominal 

temperature. Column separation conditions were selected in order to sufficiently use the two 

dimensional separation space for the test mixture, the vacuum pump oil, and the orange oil, with 

the following specific conditions for each sample. 

A 2 μl volume of the test mixture which contained alkanes, alcohols, and polyaromatic 

hydrocarbons was injected at a split of 20:1. For the test mixture separation, the oven was held at 

40 °C for 3 min and ramped at 10 °C/min to 325 °C where it was held for 1 min, and the 

modulation period PM was 1.0 s with an injection pulse width of 25 ms. Five replicates were 

obtained for the test mixture. For the analysis of orange oil, 1 μl was injected with a 20:1 split, the 

oven program was identical to the test mixture analysis except the oven was held at 325 °C for 

3 min, and the modulation period PM was 1.5 s with an injection pulse width of 25 ms. The vacuum 

pump oil was diluted 1:2 in hexane. A 2 μl sample volume of diluted vacuum pump oil was injected 

with a 100:1 split, the oven was held at 200 °C for 1 min and ramped at 5 °C/min to 325 °C and 

held for 1 min, and the modulation period PM was 1.0 s with an injection 25 ms pulse width. The 

vacuum pump oil was also run on a GC × GC–TOFMS with similar separation conditions to aid 

in identification of selected unresolved analytes. The GC × GC–TOFMS instrumental platform 

consisted of an Agilent 6890 N gas chromatograph equipped with an Agilent 7683 autoinjector 

(Agilent Technologies, Palo Alto, CA) coupled with a LECO Pegasus III TOFMS equipped with 

a 4D thermal modulator upgrade (LECO, St. Joseph, MI). The electron energy for the TOFMS was 

set to −70 eV with a detector voltage of 1600 V and data was collected from 35 amu to 334 amu 

at unit mass resolution. 

 

3.3 RESULTS AND DISCUSSION 
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The GC × GC–FID chromatogram for the test mixture (Table 3.1) is shown in Fig. 3.1A. 

The chromatogram has been re-registered on the 2D dimension to remove the dead time. On the 

reregistered 2D time axis, the alkanes elute at ∼0.3 s, the alcohols elute at ∼0.4 s and the 

polyaromatic hydrocarbons elute from ∼0.5 to 0.8 s. The earliest analyte, heptane is eluting at 

2.2 min and an oven temperature of 40 °C while the latest eluting peak, triacontane, elutes at 

26.6 min which corresponds to an oven temperature of 276 °C. A comprehensive list of elution 

times is provided in Table 3.1. 
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In order to discuss the merits of the high temperature diaphragm valve-based GC × GC, an 

enhanced view of a portion of the separation of the text mixture including tetradecanol is shown 

in Fig. 3.1B (box indicated in Fig. 3.1A). Tetradecanol, a representative mid-separation eluting 

alcohol in the mixture, has an apparent width on the first dimension 1Wb of 2.5 s which was 

determined by fitting a Gaussian function over the data (through the apexes of each of the 2D peaks 

in the raw vector format) [40–42]. With a modulation period PM of 1.0 s, the modulation 

ratio MR which is defined as 1Wb/PM was determined to be 2.5 for tetradecanol [41]. 

 

Table 3.1 List of the analytes in the test mixture as well as their boiling points, retention times on 

both dimensions, width at base 2Wb on the 2D dimension, and the %RSD for 2Wb. Additionally, 

peak area of the summed 2D peak was quantified and the %RSD is reported (aOctane was used as 

an internal standard). 

http://www.sciencedirect.com/science/article/pii/S0021967315015885#bib0410
http://www.sciencedirect.com/science/article/pii/S0021967315015885#bib0415
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Figure 3.1 (A) GC × GC – FID chromatogram of the test mixture separation which has been 

registered to adjust the 2D dead time. Analytes span an elution temperature range of 40–276 °C. 

On the reregistered 2D time axis, alkanes elute at ∼0.3 s, alcohols elute at ∼0.4 s, and polyaromatic 

hydrocarbons elute from 0.5 to 0.8 s. A comprehensive peak list with retention times and peak 

widths is provided in Table 3.1. (B) Enhanced view of a selected portion of the chromatogram 

containing tetradecanol is shown. (C) Shown is the raw vector form of the GC × GC – FID data 

for tetradecanol. Peaks in the 2D separation are narrow yielding significant peak capacity on the 2D 

dimension even in conjunction with a short modulation period PM of 1.0 s. The insert Fig. is the 

sum of all 2D peaks to produce a single 2D peak. 
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Additional figures-of-merit are discussed using the raw chromatogram of tetradecanol 

(in Fig. 3.1C), which elutes at 15.7 min, corresponding to an elution temperature of 167 °C. The 

average 2Wb was 78.0 ms, corresponding to a peak capacity of 2nc ∼ 13 at unit resolution, which is 

very acceptable for the modulation period PM of 1.0 s [28,29,42]. Peak capacity on 2D was 

calculated at unit resolution with RS = 1, defined by the PM divided by the average 2Wb. On an 

average, the alcohols exhibited very low variation in retention time on 2D dimension with a %RSD 

of 0.4%, and they had an average 2Wb of 81.0 ms with an average %RSD of 3.3%. Regarding our 

overall observations, when the valve is switched from the fill to flush position, the volumetric flow 

rate of the mobile phase decreases temporarily to bring the sample loop up to proper 2D column 

pressure which appears to result in minor flow fluctuations. However, for analytes eluting near the 

actuations no noticeable deformations in 2D peak shapes were observed, albeit with some minor 2D 

retention time shifting. No tailing was observed on 2D, despite having some very polar, low 

volatility compounds in the test mixture. This implies the wetted surfaces of the valve are behaving 

very inert with minimal dead volume. 

The quantitative area for the GC × GC peaks was also determined by summing all 2D peaks 

above the limit of quantification (LOQ), defined by a S/N of 10. The insert for Fig. 3.1C shows the 

summation of all the 2D peaks for tetradecanol. The summed 2D peak was then integrated to 

determine the quantitative peak area for tetradecanol. The %RSD for the calculation of the peak 

area for tetradecanol was 4.5% (for the five trials), and at a MR of 2.5, this %RSD is consistent 

with previous reports [42]. The peak areas were calculated for all 44 analytes in the test mixture. 

A comprehensive list of 2D peak widths and their respective width %RSD is provided in Table 

3.1 as well as the %RSD for their quantification using octane as the internal standard (see Fig. 

3.1A). The average %RSD for the peak area for all compounds was 4.4%. 

http://www.sciencedirect.com/science/article/pii/S0021967315015885#fig0005
http://www.sciencedirect.com/science/article/pii/S0021967315015885#bib0350
http://www.sciencedirect.com/science/article/pii/S0021967315015885#bib0420
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We now turn our attention to the peak capacity provided by the instrument. Using the data 

for all 44 analytes in the test mixture (Table 3.1), based on the average peak width on the 1D 

dimension of 2.4 s with a run time of 32.5 min, the 1D peak capacity is 1nc ∼ 800. The average 

peak width on the 2D dimension is 79.4 ms (see Table 3.1) with a modulation period PM of 1.0 s 

results in a 2D peak capacity of 2nc ∼ 12. Thus, the ideal two-dimensional peak capacity given 

by nc,2D = 1nc × 2nc is 9600 or a peak capacity production of about 300 peaks/min. The two-

dimensional peak capacity of this separation is very high, and is similar to other reports using 

valve-based GC × GC [28,42]. Overall, the peaks are quite narrow on the 2D dimension leading to 

a high two-dimensional peak capacity even with a short modulation period PM of 1.0 s, which was 

necessary due to the very narrow peaks produced on the 1D separation. 

The valve-based GC × GC was compared to 1D-GC to determine the transfer fraction of 

the valve, as well as the relative sensitivity of the two techniques. The 1D-GC chromatogram is 

shown in Fig. 3.2A. The same temperature program and flow rate were used with 1D-GC in order 

to obtain a separation essentially equivalent to the 1D separation obtained with GC × GC (Fig. 

3.1A). Near the end of the separation, one can visibly see the baseline drift due to the column bleed 

at higher temperature. The valve is readily operational up to 325 °C while typical GC columns 

have a temperature limit around 325 °C, while polar columns (such as polyethylene glycol (Rtx-

Wax) or cyanopropylmethyl phenylmethyl polysiloxane (Rtx-225)) often have temperature limits 

of roughly 250 °C). Two representative analytes, tridecane, and triacontane, were used in this 

instrumentation comparison. Fig. 3.2B shows the 1D-GC peak for tridecane. The raw vector form 

for the GC × GC data has been overlaid on the 1D-GC peak for comparison. The modulated 

http://www.sciencedirect.com/science/article/pii/S0021967315015885#bib0350
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GC × GC peaks on 2D elute 1 s later than shown (since PM = 1 s), but are shown directly on top of 

the 1D-GC peak for clarity. With valve modulation, the transfer fraction of tridecane from 1D to 2D 

was determined to be 36% at a MR of 2.0. The transfer fraction was determined by integrating the 

1D-GC and comparing that peak area to the integrated GC × GC peak area. The insert for Fig. 

3.2B shows the summed 2D peaks to give a single tridecane 2D peak for the GC × GC peak area 

Figure 3.2 (A) GC–FID chromatogram of the test mixture is shown. (B) and (C) refer to tridecane 

and triacontane which are used to discuss transfer fraction of the valve and the sensitivity of 

GC × GC relative to 1D-GC. (B) Shown is the overlaid 1D-GC and GC × GC data for tridecane. 

The insert shows the summed 2D peaks to give a single tridecane 2D peak for the GC × GC data. 

(C) Shown is the overlaid 1D-GC and GC × GC data for triacontane. The insert shows the 

summed 2D peaks to give a single triacontane 2D peak for the GC × GC data. 
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determination. In terms of detected peak sensitivity, although 36% of tridecane is transferred in 

GC × GC, the most intense 2D peak is 5.5 times more intense than the 1D-GC peak. This enhanced 

detection sensitivity for GC × GC is a consequence of zone compression with valve-based 

GC × GC [26]. Indeed, the 2D tridecane peaks is ∼23 times narrower than the single 1D-GC peak. 

In fact, if one considers the summed 2D peak in the insert Fig. 3.2B with a height of ∼0.4 V, it 

is∼8 times higher than the 1D-GC peak with a height of∼0.05 V. Because the tridecane peaks are 

23-fold narrower on 2D for GC × GC than for the single 1D-GC peak, the 36% transfer fraction of 

the valve is more than offset, resulting in the 8-fold higher sensitivity using the summed 2D peak 

in the comparison. Similarly, Fig. 3.2C shows the 1D-GC and GC × GC peaks for triacontane. The 

transfer fraction from 1D to 2D was 27% for triacontane at MR of 2.3. The insert shows the 

summed 2D peaks for triacontane. Similar to the tridecane, the most intense 2D peak is ∼5.5 times 

the intensity of the 1D-GC peak, however the 1D-GC peak is ∼29 times the width of the most 

intense 2D peak. 

Although vacuum pump oil does not contain a large diversity of chemical compound 

classes, it is an excellent test mixture for showing the ability of the high temperature diaphragm 

valve-based GC × GC – FID instrument to perform at higher operating temperatures. Fig. 3.3A 

shows the separation of the vacuum pump oil. The first analyte elutes at an oven temperature of 

∼220 °C while the last analyte elutes at an oven temperature of ∼315 °C. Because vacuum pump 

oil is a very refined hydrocarbon sample, it is not very complex in terms of having different classes 

of analytes. A one dimensional view (i.e., raw vector form) of a portion of the separation is 

provided in Fig. 3.3B. Peak widths for the vacuum pump oil on the 2D dimension are significantly 

wider than those determined in the test mixture. When the sample was run on the GC × GC –

TOFMS to determine peak identity, it was discovered that the peaks that initially appeared to be 

http://www.sciencedirect.com/science/article/pii/S0021967315015885#bib0340
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single analytes with GC × GC – FID actually contained several overlapping analytes which in turn 

resulted in a slightly inflated peak widths in the GC × GC – FID separation. Based on retention 

times and mass spectral information, interpretation of the data suggested that the vacuum pump 

oil contains primarily cyclic compounds. Because there are several analytes contained within each 

peak, it is not appropriate to calculate peak widths. Nevertheless, based upon inspection of the 

peak shapes across the entire chromatogram (with those in Fig. 3.3B being representative), the 

peaks are reasonably symmetric, especially at higher temperatures. 

Orange oil has commonly been studied using one dimensional gas chromatography–mass 

spectrometry due to the complex sample containing a wide range of compounds with an extremely 

wide range in volatility, and it is one of more prevalent essential oils. Hence, orange oil is ideally 

suited to challenge the performance of our high temperature diaphragm valve-based GC × GC –

FID instrument. The chromatogram of orange oil is shown in Fig. 3.4A; we see that the orange oil 

sample is complex and GC × GC is necessary to achieve necessary resolution between a majority 

of the analytes. The first analyte elutes from the 1D column at 1.0 min corresponding to an oven 

Figure 3.3  (A) The GC × GC–FID chromatogram for vacuum pump oil is shown. The elution 

temperature range for detected peaks spans from 220 °C to 315 °C. (B) A detailed view is shown 

of an analyte peak at a 1tR and2tR of 14 min and 0.7 s, respectively. 
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temperature of 40 °C, while the last analyte elutes at 30.2 min corresponding to an oven 

temperature of 312 °C. In the chromatogram of the orange oil, the 1D column starts to bleed at 

30 min. 

A portion of the orange oil separation in Fig. 3.4A is presented in Fig. 3.4B to facilitate 

discussion of the performance of the high temperature diaphragm valve-based GC × GC–FID 

instrument. The portion of the complete orange oil separation in Fig. 3.4B is from 25 to 31 min 

(an oven temperature of 260–320 °C), and displays the significant resolution obtained through 

narrow 2D peak widths. However, raw vector form data provides further insight to discuss the 

merits of this separation. Fig. 3.4C and D show two “unknown” analytes from Fig. 3.4B in the raw 

vector form. These unknown analytes are highly retained analytes on the 1D and 2D dimensions 

with a reasonably high signal-to-noise ratio. The average 2Wb for Analyte 1 in Fig. 3.4C is 

142.0 ms, corresponding to a peak capacity of 2nc ∼ 11. Analyte 2 in Fig. 3.4D has an 

average 2Wb of 141.0 ms, corresponding to a peak capacity of 2nc ∼ 11. Also, Analytes 1 and 2 

have 1Wb of 4.2 and 3.1 s which corresponds to a MR of 2.8 and 2.1, respectively. Based on the 

average peak width on 1D dimension (3.7 s) with a run time of 34.5 min, the 1D peak capacity 

is 1nc ∼ 560. The average peak width on the 2D dimension is 122.3 ms with a modulation 

period PM of 1.5 s results in a 2D peak capacity of 2nc ∼ 12. With a modulation ratio MR of 2.8, the 

ideal two-dimensional peak capacity is nc,2D ∼ 6000 or a peak capacity production of roughly 175 

peaks/min spanning an extensive temperature range of 285 °C. As seen in Fig. 3.4C and D, 

Analytes 1 and 2 both have symmetrical peak shapes on the 2D dimension. At higher temperatures, 

thermal modulators often tail because the analytes may not desorb uniformly due to their high 

boiling points. Based upon this initial study with this newly available valve, we surmise that 
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diaphragm valve-based GC × GC is now limited by the column chemistry and no longer by the 

valve temperature limits. 

 

 

 

 

Figure 3.4 (A) Shown is the GC × GC – FID chromatogram for orange oil. (B) A detailed 

portion of the chromatogram is shown from 25 to 31 min which corresponds to temperatures 

of 260–320 °C. (C) A detailed view is shown of an Analyte 1 eluting at 29.1 min. Due to the 

narrow peaks, peak capacity is significant on the 2D dimension and the peaks are uniform in 

shape even at high temperatures. (D) A detailed view is shown of the Analyte 2 eluting at 

29.2 min. 
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3.4 CONCLUSION 

A high temperature diaphragm valve-based GC × GC – FID has been developed and 

initially studied. By using a recently developed diaphragm valve, in which the stock O-rings 

(limited to 175 °C) have been replaced with Kalrez O-rings, the temperature limit has been 

extended to 325 °C with the valve mounted directly in the oven. Separation of the test mixture of 

alkanes, alcohols, and polyaromatic hydrocarbons which encompasses a wide range of boiling 

points produced uniform, symmetric peaks on the both the 1D and 2D dimensions indicating 

inertness of the wetted portions of the valve. High reproducibility was observed for 2D peak 

widths, retention times, and peak areas. Due to narrow peaks on the 2D dimension, the peak 

capacity is very useful with 2nc ranging from 11 to 13, even with a short modulation period, which 

facilities producing truly comprehensive GC × GC separation [29,38,42] with an adequate 

modulation ratio [41]. Separations of complex mixtures such as vacuum pump oil and orange oil 

demonstrated extended applicability of diaphragm valve-based GC × GC to 325 °C, which is 

roughly the temperature limit of commonly used GC columns. 
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Chapter 4. High Temperature Diaphragm Valve-based Comprehensive Two-

Dimensional Gas Chromatography with Time-of-Flight Mass 

Spectrometry 

This chapter was reproduced from C.E. Freye, R.E. Synovec, “High Temperature Diaphragm 

Valve-based Comprehensive Two-Dimensional Gas Chromatography with Time-of-Flight Mass 

Spectrometry” Talanta 161 (2016) 675-680. 

 

4.1 INTRODUCTION 

Comprehensive two-dimensional gas chromatography (GC × GC) is a powerful technique 

that can be used to separate complex samples. Comprehensive two-dimensional (2D) separations 

were conceptually laid out by Giddings [1], and experimentally pioneered in the GC field by 

Phillips and Liu [2]. In GC × GC, two columns are utilized providing complementary separations 

which should ultimately produce a separation space with a high degree of informational 

orthogonality [3]. The two chromatographic columns are coupled using a modulator, which injects 

portions of eluent containing analyte from the 1D column onto the 2D column with a user defined 

frequency. While modulator design has become relatively well established, there continues to be 

a need for the development of high performance modulators that are low cost to purchase and 

operate, which is the topic of this report. 

For the sake of clarity, we define three approaches for GC × GC modulation: thermal 

modulation, flow modulation, and diaphragm valve-based modulation. Briefly, thermal 

modulation relies on a low temperature to trap and focus analyte eluting from the 1D column [2,4–

9], followed by rapid heating to introduce the analyte in a small volume injection onto the 2D 

column. Flow modulation closely resembles Dean switching but results in total transfer of analyte 

http://www.sciencedirect.com/science/article/pii/S0039914016306725#bib1
http://www.sciencedirect.com/science/article/pii/S0039914016306725#bib2
http://www.sciencedirect.com/science/article/pii/S0039914016306725#bib3
http://www.sciencedirect.com/science/article/pii/S0039914016306725#bib2
http://www.sciencedirect.com/science/article/pii/S0039914016306725#bib2
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from the 1D column to 2D column [10–12]. In contrast, diaphragm valve-based modulation is 

distinctively different from the other two forms of modulation since the carrier gas flow rates for 

the 1D and 2D separations are uncoupled, which provides the advantage to independently optimize 

the separations on the two dimensions [13–15]. Additional information regarding GC × GC 

modulation can be found elsewhere [16–21]. 

Modulation for GC × GC via a diaphragm valve was first reported in 1998, wherein a 

portion of the 1D column effluent was diverted to the 2D column [13]. Originally, the diaphragm 

valve had temperature limits of 175 °C due to the temperature sensitive O-rings. This temperature 

limitation was overcome to some extent by face-mounting the valve on the outside of the oven 

allowing separations up to 265 °C [14]. Improvements to the diaphragm valve-based modulator 

were implemented by Seeley and co-workers who used a sample loop to the collect a relatively 

large fraction of the 1D column effluent which improved detection sensitivity [15]. Recently, 

diaphragm valve-based GC × GC – FID has been developed with the diaphragm valve O-rings 

upgraded with a perfluoroelastomer material which allows the valve to be placed directly in the 

GC oven for separations up to 325 °C [22,23]. This state-of-the-art instrument diaphragm valves 

are gaining traction as a simple and inexpensive, yet robust, method for modulation in GC × GC. 

Narrow injection pulses onto the 2D column have been shown to produce high GC × GC peak 

capacity even with short modulation periods [13,15,24,25]. While the recent work with the high 

temperature valve-based GC × GC has been with the FID for detection, the next logical step was 

to investigate coupling of the valve-based GC × GC with time-of-flight mass spectrometry 

(TOFMS). The use of TOFMS for detection will substantially broaden the scope of using 

diaphragm valve-based GC × GC. 

http://www.sciencedirect.com/science/article/pii/S0039914016306725#bib10
http://www.sciencedirect.com/science/article/pii/S0039914016306725#bib13
http://www.sciencedirect.com/science/article/pii/S0039914016306725#bib16
http://www.sciencedirect.com/science/article/pii/S0039914016306725#bib13
http://www.sciencedirect.com/science/article/pii/S0039914016306725#bib14
http://www.sciencedirect.com/science/article/pii/S0039914016306725#bib15
http://www.sciencedirect.com/science/article/pii/S0039914016306725#bib22
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The TOFMS is ideally suited for GC × GC detection, and in particular diaphragm valve-

based GC × GC which produces narrow 2D peaks, because the TOFMS readily collects full spectra 

at a frequency up to 500 Hz [26,27]. However, when performing diaphragm valve-based GC × GC 

– TOFMS, special considerations of the flow rate must be taken into account. Commonly for valve-

based modulation, the flow rate on the 2D column has been in excess of 10 ml/min which is 

generally not applicable to GC × GC – TOFMS [14,15,22]. Previously, diaphragm valve-based 

GC × GC – TOFMS has been performed with a flow rate of 6 ml/min and was limited to separation 

temperatures of 265 °C using the face mounted valve approach [28]. While this previous study 

demonstrated that valve-based modulation and TOFMS detection can be used in union, high flow 

rates on the 2D dimension limit the mainstream applicability to mass spectrometry systems without 

the use of powerful vacuum pumps. To address this challenge, we targeted use of a maximum flow 

rate of 3 ml/min for more universal compatibility with TOFMS vacuum pump systems. Herein, 

we demonstrate the ability to perform diaphragm valve-based GC × GC – TOFMS at a flow rate 

of 3 ml/min with separation temperatures up to 325 °C with the diaphragm valve mounted directly 

in the oven. Peak capacity and detection sensitivity are examined. Finally, diesel fuel is evaluated 

to investigate performance of the instrument on a real-world sample. 

4.2 EXPERIMENTAL 

The high temperature diaphragm valve was installed on a GC × GC – TOFMS, comprised 

of an Agilent 6890 N gas chromatograph equipped with an Agilent 7683 autoinjector coupled with 

a LECO Pegasus III TOFMS (LECO, St. Joseph, MI) as shown in Fig. 4.1. The electron impact 

ionization voltage for the TOFMS was set to −70 eV, with a detector voltage of 1700 V, and the 

data was collected from 35 amu to 334 amu at unit mass resolution at a rate of 100 Hz. The 1D 

column had a RTX-5 ms stationary phase (Restek, Bellefonte, PA, USA), with a 60 m length, 

http://www.sciencedirect.com/science/article/pii/S0039914016306725#bib26
http://www.sciencedirect.com/science/article/pii/S0039914016306725#bib14
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250 µm inner diameter, and 0.5 µm film thickness, and the 2D column had a RTX-200 stationary 

phase (Restek, Bellefonte, PA, USA), with a 1 m length, 100 µm inner diameter, and 0.1 µm film 

thickness. A test mixture, which was previously used to evaluate the diaphragm valve [22], was 

evaluated as listed in Table 4.1 in order to study the instrumental platform. The test mixture 

contained a wide range of boiling compounds (98−450 °C) with different chemical characteristics 

(alkanes, alcohols, and polyaromatic hydrocarbons) which allowed for a comprehensive study of 

the diaphragm valve. A 2 µl volume of the test mixture was injected at a split of 20:1 with an inlet 

temperature of 325 °C. Ultra-high purity helium (Grade 5, 99.999%) was used as the carrier gas 

(Praxair, Seattle, WA, USA) at a constant flow of 1.0 ml/min on 1D while the flow on 2D was 

3 ml/min. The oven was held at 40 °C for 8 min and ramped at 2 °C/min to 325 °C where it was 

held for 10 min, with a 5 °C degree offset applied to the 2D oven. The modulation period PM was 

2 s. The high temperature valve was implemented with a 5 µl sample loop and an injection pulse 

width of 60 ms. Although a larger injection pulse width of ~100 ms is required to totally clear the 

sample loop (the time in the inject state), a shorter pulse width of 60 ms was found to result in 

narrower peaks on the 2D dimension with only a modest loss in detection sensitivity. 

Diesel fuel, obtained from a local gas station, was evaluated using the high temperature 

diaphragm valve-based GC × GC – TOFMS. For the diesel separation, a RTX-5 ms stationary 

phase for the 1D column was also used, but with a 20 m length, 250 µm i.d., and 0.5 µm film 

thickness. The 2D column had a RTX-200 stationary phase with a 2 m length, 100 µm i.d., and 

0.1 µm film thickness. A 2 µl sample of diesel fuel was injected at a split of 20:1 with an inlet 

temperature of 300 °C. The flow on 1D was 1.0 ml/min while flow on 2D was 3 ml/min. The oven 

was held at 40 °C for 2 min and ramped at 10 °C/min to 300 °C where it was held for 10 min, and 

http://www.sciencedirect.com/science/article/pii/S0039914016306725#bib22
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a 5 °C degree offset was applied to the secondary oven. The modulation period PM was 1 s, with a 

5 µl sample loop and an injection pulse width of 60 ms. 

4.3 RESULTS AND DISCUSSION 

In the initial evaluation of the high temperature diaphragm valve-based GC × GC –

TOFMS, a chromatogram for the test mixture (Table 4.1) for m/z 43 is shown in Fig. 4.2A, 

demonstrating the ability of the valve to separate a wide range of boiling points (98–450 °C). The 

earliest eluting analyte (heptane) elutes at a time of 20 min, corresponding to a temperature of 

64 °C, while the latest eluting analyte (triacontane), elutes at a time of 133 min, corresponding to 

a temperature of 306 °C. In order to discuss the peak capacity and sensitivity of the instrument, an 

enhanced view of docosane is shown in Fig. 4.2B. Docosane, a representative mid-separation 

analyte has an apparent peak width-at-base 1Wb of ~10 s (±4 standard deviation peak width). This 

was determined by fitting a Gaussian function over the data (through the apexes of each of the 2D 

Figure 4.1 High temperature diaphragm valve-based GC × GC–TOFMS instrument schematic. 

Modulation occurs via a sample loop on the six-port high-speed diaphragm valve. 
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peaks in the unfolded vector format) [29–31]. With a modulation period PM of 2 s, the modulation 

ratio MR which is defined as 1Wb/PM was determined to be 5 for docosane [30]. Previous findings 

using the high temperature diaphragm valve-based GC × GC – FID to determine the precision for 

retention times and peak widths on the 2D column found that the retention times varied by less 

than 0.5% and the peak widths varied by less than 3% [22]. Observed results for the high 

temperature diaphragm valve-based GC × GC – TOFMS were found to be essentially the same 

and thus are excluded for brevity herein. 

 

 

 

Table 4.1  List of the analytes in the test mixture as well as their boiling points. 

http://www.sciencedirect.com/science/article/pii/S0039914016306725#bib29
http://www.sciencedirect.com/science/article/pii/S0039914016306725#bib30
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Figure 4.2  (A) Chromatogram of m/z 43 is shown. A separation of the test mixture (per Table 4.1) 

is shown demonstrating the high capability of the valve modulation for a temperature program of 

40–325 °C. (B) Enhanced view of a portion of the chromatogram containing eicosane to 

tetracosane is shown in order to discuss the merits of peak capacity and sensitivity. The 2D view 

of docosane (C22) is provided as an insert. (C) Unfolded vector form of docosane is shown. Using 

the 3 ml/min flow rate on 2D, narrow peaks are achieved. (D) Additional zoom in view of docosane 

is shown. Due to narrow peaks, a large peak capacity is achieved on 2D. 
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Peak capacity and detection sensitivity discussion is facilitated using the vector form (one 

dimensional array) of the docosane data provided in Fig. 4.3C and D. Docosane had an 

average 2Wb of 94 ms which corresponds to a peak capacity of 2nc ~ 20 on 2D with a PM of 2 s. 

The 2nc peak capacity was calculated at unit resolution (RS = 1), defined as PM divided by the 2Wb. 

Based on a peak width-at-base on the 1D dimension of 10 s with a run time separation window of 

120 min, the 1D peak capacity is 1nc ~ 700. Thus, using docosane as a representative analyte, the 

ideal 2D peak capacity given by nc,2D = 1nc × 2nc is hypothetically ~ 14,000. The results in Fig. 

4.2 demonstrate that narrow peaks and high peak capacity can be produced on the 2D dimension 

despite using the 3 ml/min flow rate. In terms of the detection sensitivity for the instrument, the 

most intense modulation of docosane in Fig. 4.3C, is at a signal-to-noise ratio (S/N) of 100. 

Docosane was injected at a concentration of 45 ppm, which translates into a limit of quantitation 

(LOQ) for docosane of 4.5 ppm, and a limit of detection (LOD) of 1.5 ppm. Given the injection 

split ratio was 20:1, additional improvement in the LOQ and LOD can be readily achieved by 

reducing the split. It is acknowledged that the detection sensitivity of the valve based instrument 

is lower than for thermal modulation, but for many applications, especially those in which it is 

desirable to avoid the expense of cryogens and/or a large split is warranted for the injection 

onto 1D, then the valve based instrument may very well be the instrumental platform of choice. 

GC × GC analysis of petroleum based samples (i.e. diesel, RP fuel, or crude oil) often requires 

high splits for injection onto the 1D column (200:1) in order to avoid 2D column and detector 

overloading when thermal modulation is used [7,18]. However, when valve-based modulation is 

implemented with these types of samples, a lower split (20:1) is typically implemented [22–24]. 

Since roughly 10–40% of the sample is transferred from the 1D column to the 2D column in valve-

http://www.sciencedirect.com/science/article/pii/S0039914016306725#bib7
http://www.sciencedirect.com/science/article/pii/S0039914016306725#bib22
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based modulation [22] depending upon the separation conditions, roughly the same amount of 

sample reaches the detector as in thermal modulation. 

 

 

The utility of high temperature diaphragm valve-based GC × GC – TOFMS was evaluated 

using diesel fuel obtained from a local gas station. As shown in the Fig. 4.3A, the total ion 

chromatogram (TIC) for diesel fuel contains a wide range of compounds ranging over a wide range 

of volatility. The first analyte elutes on 1D at a ~ 6.5 min, corresponding to a temperature of 85 °C 

Figure 4.3  (A) TIC chromatogram of diesel fuel is shown. (B) Portion of the chromatogram is 

shown for m/z 91 to highlight the single ring aromatic compounds (C) Portion of the chromatogram 

is shown for m/z 154, to highlight the naphthalene compounds. (D) Portion of the chromatogram 

is shown for m/z 168, which emphasizes additional relatively polar compounds. 

http://www.sciencedirect.com/science/article/pii/S0039914016306725#bib22
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while the last analyte elutes at ~23.5 min, corresponding to a temperature of 255 °C. A limitation 

in using the TIC in Fig. 4.3A to visualize the separation is that the diesel fuel components at low 

concentration are not apparent, since diesel contains compounds that cover an extremely broad 

concentration range, from a few volume percent to well below the LOD of the instrument, which 

is about 1 ppm. Therefore, the TIC chromatogram does not clearly show whether or not the 

instrument is effectively using the 2D peak capacity. 

In order to clearly demonstrate use of the 2D peak capacity, Fig. 4.3B–D were prepared, 

which highlight individual mass channels for selected chemical compound classes. In Fig. 4.3B, 

using m/z 91, a large number of aromatic compounds are indicated. The insert shows two well 

resolved peaks, propylbenzene (1tR = 9.3 min and 2tR = 0.25 s) and 1,2,3-trimethylbenzene (1tR = 

9.8 min and 2tR = 0.3 s). Peak widths at base on 1D and 2D were also measured for propylbenzene 

(1Wb = 4.6 s, and 2W b= 145 ms), and for 1,2,3-trimethylbenzene (1Wb = 5.0 s, and 2Wb = 143 ms) 

for the purpose of calculating the 2D separation space peak capacity. The accompanying mass 

spectra for propylbenzene (match value = 900) and 1,2,3-trimethylbenzene (match value = 926) 

are provided in Fig. 4.4A and B, respectively, indicative of the single-ring aromatic compounds 

being emphasized in Fig. 4.3B. Excellent spectral matches to the NIST MS search program were 

obtained. The match value is calculated by taking the inner product of the instrumentally obtained 

mass spectrum relative to the NIST MS data base mass spectrum, with lower m/z peaks having 

less weight than the higher m/z peaks. Values are reported from 1 to 1000 where 1000 is a perfect 

match. 

Further evidence for effective use of the 2D peak capacity was obtained. In Fig. 4.3C 

using m/z 156, representative of naphthalene derivatives are highlighted. The insert provides an 

enhanced view of 2,6-dimethylnaphthalene (1tR = 15.44 min and 2tR = 0.8 s, and 1Wb = 6 s, and 2Wb 
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= 200 ms), with the mass spectrum provided in Fig. 4.4C (match value = 922), indicative of the 

naphthalene compounds being highlighted in Fig. 4.3C. Finally, in Fig. 4.3D using m/z 168, yet 

another view of other types of aromatic species is emphasized. The insert in Fig. 4.3D provides an 

enhanced view of 4-methyl-1,1′-biphenyl (1tR = 17.41 min and 2tR = 0.8 s, and 1Wb = 6.3 s, and 2Wb 

= 176 ms), with the mass spectrum provided in Fig. 4.4D (match value = 890). 

 

The four compounds highlighted in Figs. 4.3B–D and 4.4A–D as well as a couple other 

analytes (cyclohexane and decane) serve as representative peaks for calculation of the 2D peak 

capacity. Based upon the 1D and 2D peak width-at-base values summarized in Table 4.2, the 

average 1D and 2D peak widths were determined to be 1Wb = 5.4 s, and 2Wb = 166 ms. Using these 

Figure 4.4 (A) Mass spectrum of propylbenzene. (B) Mass spectrum of 1,2,3-trimethylbenzene. 

(C) Mass spectrum of 2,6-dimethylnaphthalene. (D) Mass spectrum of 4-methyl-1,1′-biphenyl. 
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average peak width values, the 1nc peak capacity was determined to be 220, based upon a 20 min 

separation time window (Fig. 4.3A). Likewise, the 2nc peak capacity was 6 for the modulation 

period PM of 1.0 s. The resulting ideal 2D peak capacity is nc,2D ~ 1320. This 2D peak capacity is 

very consistent, and competitive, with what is generally achieved in the field using thermal 

modulated GC × GC – TOFMS for 1D run times of only 20 min [30,32]. 

 

4.4 CONCLUSION 

A high temperature diaphragm valve has been incorporated as a modulator for GC × GC –

TOFMS using a flow rate of 3 ml/min on the 2D dimension. A separation of a test mixture 

containing alkanes, alcohols, and polyromantic hydrocarbons which encompassed a wide range of 

boiling points (98–450 °C) was performed. Production of narrow peaks on the 2D dimension 

(94 ms for docosane) resulted in respectable peak capacity of ~ 20 for a PM of 2 s. A separation of 

diesel fuel was performed to demonstrate the applicability of high temperature diaphragm valve-

based GC × GC – TOFMS. The instrument performed well for a complex sample such as diesel 

fuel. 

Table 4.2 Summary of the compounds identified in the diesel fuel for purposes of studying peak 

capacity in the context of a relatively rapid separation for a complex sample. 

http://www.sciencedirect.com/science/article/pii/S0039914016306725#bib30
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Chapter 5. Investigation of Ultrafast Separations via a Pulse Flow Valve for 

MDGC (GC × GC, GC3) 

This chapter was reproduced from C.E. Freye†, H.D. Bahaghighat†, R.E. Synovec, “Investigation 

of Ultrafast Separations via a Pulse Flow Valve for MDGC (GC × GC, GC3)” prepared for 

submission in Journal of Chromatography A 

† These authors contributed equally to this work 

 

5.1 INTRODUCTION 

Comprehensive two-dimensional gas chromatography (GC × GC) was first conceptually 

introduced by Giddings [1] and established by Liu and Phillips in 1991 [2]. The transition from 

the initial instrumentation design to the modern GC × GC platform has yielded a highly efficient 

and effective instrument for the separation of complex samples [3–9]. In tandem with the 

development of GC × GC instrumentation, a large amount of effort has been dedicated into 

developing tools to analyze these information dense datasets [10–15]. There are many reviews 

written that cover GC × GC instrumental development [16–19] as well as improvements to data 

analysis techniques [16,17,20,21]. The goal of GC × GC as with any analytical technique is to 

provide the greatest amount of information within the shortest period of time. For any separation 

technique, this is normally quantified as the peak capacity or peak capacity production (e.g. peak 

capacity per unit time). When compared to one-dimensional (1D) GC, GC × GC has roughly a 

factor of 10 improvement in peak capacity due to addition of the second (2D) dimension [22]. 

Furthermore, the addition of 2D dimension results in increased chemical selectivity. Analytes that 

are overlapped on the first (1D) dimension have the opportunity to be resolved on the 2D dimension.  
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Despite the numerous benefits of GC × GC compared to 1D-GC (increased peak capacity 

and chemical selectivity), it is still possible to have unresolved analytes. This may be overcome 

by increasing the overall peak capacity of the instrument, but this may negatively impact the duty 

cycle (i.e. run time and cool down time) which may be of special concern when multiple samples 

are analyzed. In order to further enhance the chemical selectivity, it is intriguing to consider higher 

order instruments especially comprehensive separations. There have been a limited number of 

comprehensive three-dimensional gas chromatography (GC × GC × GC), herein referred to as 

GC3, publications [23–26], but the work serves as an anchor for further refinements to the 

technique. In the second report [24], the addition of a third dimension (3D) composed of an ionic 

liquid stationary phase was leveraged in order to fully resolve several phosphonated compounds 

(i.e. chemical warfare simulants). More recently, GC3 was coupled to a TOFMS which allowed 

for another dimension of selectivity and peak identification [25,26]. 

While GC3 is an attractive instrumental platform due to the increased selectivity provided 

by the three different dimensions, past work has traded peak capacity (or peak capacity production) 

for an increase in selectivity. In the first report, a peak capacity of 3,500 or peak capacity 

production of ~45 peaks/min was demonstrated [23]. This was improved by 4-fold in the second 

report, with approximately the same peak capacity obtained in a 20 minute time period resulting 

in a peak capacity production of ~180 peaks/min [24]. The third iteration resulted in a similar peak 

capacity production of ~140 peaks/min and a total peak capacity of 7,000 [25] which is very similar 

to state-of-the art GC × GC [5,22,27–30]. However, one would expect the peak capacity (and peak 

capacity production) of GC3 to exceed that of GC × GC by a significant amount similar to how 

GC × GC has ~10 times more peak capacity compared to 1D-GC. In order to understand where 

GC3 fails to produce the expected increase in peak capacity (and peak capacity production), the 
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factors that govern 3D peak capacity, nc,3D, must be examined. For GC3, the ideal peak capacity is 

given by 

 𝑛𝑐,3𝐷 = 𝑛𝑐 ∗1 𝑛𝑐 ∗2 𝑛𝑐
3                                   (5.1) 

where 1nc, 
2nc, and 3nc are the 1D, 2D, and 3D peak capacities, respectively. At unit resolution, Rs = 

1, equation 1 can be expressed as 

 𝑛𝑐,3𝐷 =
𝑡1

𝑊1 ∗
𝑡2

𝑊2

𝑡3

𝑊3                                      (5.2) 

where 1t is the total run time, 2t is equivalent to the modulation period, 1PM, for the coupling of the 

1D to the 2D separations, and 3t is equivalent to the modulation period, 2PM, for the coupling of the 

2D to the 3D separations. The nominal peak width at base (4σ) for each dimension is given by 1W, 

2W, and 3W, respectively. In terms of modulation periods, instead of separation run times equation 

2 can be expressed as 

 𝑛𝑐,3𝐷 =
𝑡1

𝑊1 ∗
𝑃𝑀

1

𝑊2

𝑃𝑀
2

𝑊3                                      (5.3) 

At the time of the publication of the previous GC3 work, the fastest modulator published was a 

diaphragm valve with a PM of 200 ms which produced peaks ~ 30 ms wide at base [24,31].  In 

order for GC × GC and GC3 to be considered comprehensive, the sampling density, ρs, defined as 

the width at base divided by the modulation period, must be greater than 2 [32–34]. Thus peaks 

sampled by the diaphragm valve must be at a minimum of 400 ms wide. If a peak is 400 ms wide, 

2W, an appropriate modulation period, 1PM, might be 3 seconds and thus the peak being sampled 

must be 6 seconds wide at a minimum. Substituting these numbers in to equation 3, assuming a 30 

minute (1800 s) run time 

 𝑛𝑐,3𝐷 =
1800 𝑠

6 𝑠
∗

3 𝑠

400 𝑚𝑠
∗

200 𝑚𝑠

30 𝑚𝑠
= 15,000 𝑜𝑟 500 𝑝𝑒𝑎𝑘𝑠/𝑚𝑖𝑛                                     (5.4) 
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results in a theoretical maximum peak capacity of 15,000 or 500 peaks/min. However, this 

equation assumes that peaks on the 2D and 3D separations have constant widths which is not a 

correct assumption since these separations are considered to be pseudo-isothermal. Thus more 

appropriate numbers to use would be the average widths for those dimension which might be 600 

ms and 40 ms for 2W and 3W, respectively resulting in a peak capacity of 7,500 and peak capacity 

production of 250 peaks/min. The limiting factor for GC3 is the 2PM which requires wider than 

optimum peaks on 2D. Recently, work has been published using a pulse flow valve that can actuate 

as fast as 50 ms and create peaks as narrow as 15 ms [35]. It is intriguing to use this as a modulator 

linking the 2D to 3D allowing for optimal separations conditions to be used.   

Herein we explore the feasibility of the pulse flow valve to serve as a modulator for GC3 

and continue to evaluate the pulse flow valve for GC × GC. For the GC × GC instrumentation, we 

continue to optimize the separations based on the previous work with the pulse flow valve with 

the overall goal to maximum peak capacity on 2D without reducing the peak capacity of the 1D 

separation. Additionally, we continue to assess the pulse flow valve as an ultra-fast modulator. The 

optimized conditions gained from GC × GC study were then applied to GC3 instrumentation. We 

evaluate the GC3 instrument using a two test mixtures and a “real world” sample of diesel fuel 

spiked with 8 compounds. 

5.2 EXPERIMENTAL 

 Instrumental Summary 

The GC × GC and GC3
 instruments were both evaluated using a flame ionization detector 

(FID). The instrumental platforms consisted of an Agilent 6890 GC (Agilent Technologies, Palo 

Alto, CA, USA). The stock electrometer for the Agilent FID was replaced with a high-speed 

electrometer built in-house allowing the data to be collected at 100 kHz, with the data boxcar 
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averaged to 10 kHz. The electrometer was interfaced to a National Instruments data acquisition 

board, and the resulting data was collected using an in-house written LabVIEW program (National 

Instruments, Austin, TX, USA). Post-run data processing was performed in MATLAB R2015b 

(The Mathworks, Inc., Natick, MA, USA). Data was imported into MATLAB and further binned 

to 1 kHz. Samples were introduced to the instrument via a 7683B auto-injector (Agilent 

Technologies). Prior to each sample injection, HPLC grade hexane and acetone obtained from 

Fisher Scientific were used as solvent rinses. Ultra-high purity hydrogen (Grade 5, 99.999%) was 

used as the carrier gas (Praxair, Seattle, WA, USA). For all instrumental setups an inlet and FID 

temperature of 250 °C was implemented. All columns were contained within the same oven thus 

all had the same temperature. Four distinct instrumental setups were implemented (two GC × GC 

and two GC3) with each instrumental setup described below.  

 GC × GC 

For the two GC × GC evaluations, the GC was fitted with a high-speed pulse valve model 

009–1643-900 (Parker Hannifin, Hollis, NH, USA) mounted outside of the oven. The pulsed flow 

valve was controlled using the same program that was used to collect the FID data. A schematic 

of the GC × GC instrument is shown in Figure 5.1A. The 1D and 2D columns were linked using a 

3-way T-union model MT.5CXS6 (Valco Instruments Company Inc., Houston, TX, USA). An in-

house fitting was fabricated to mate the pulse flow valve to 7.24 cm × 1.65 mm copper tubing 

(Restek, Bellefonte, PA, USA) reduced to 3.81 cm × 0.635 mm steel tubing interfaced with a 2 μl 

sample loop model CSL2 (Valco Instruments Company Inc.) which was connected to the 3-way 

T-union.  

For the first investigation, the 1D column was a SPB-5 (5% diphenyl/95% dimethyl 

siloxane) stationary phase: 8 m length × 100 µm inner diameter (I.D.) × 0.1 µm film thickness 



95 

 

(d.f.), and the 2D column was a DB-WAX (polyethylene glycol) stationary phase: 1 m × 100 µm 

I.D. × 0.1 µm d.f. A test mixture containing a diverse set of 115-compounds was used to evaluate 

the instrumental platform. The test mixture contained a wide range of boiling points (36–372 °C) 

with nine chemical compound classes: alkanes, esters, halogenated alkanes, aromatics, alkenes, 

alkynes, ketones, alcohols, cycloalkanes [25,35]. A 0.5 µl volume of the 115-component test 

mixture was injected at a split of 100:1. A constant flow rate of 0.8 ml/min was applied. The oven 

was held at 40 °C for 1 min and ramped at 40 °C/min to 250 °C where it was held for 1 min. A 

modulation period, PM, of 500 ms was applied with an injection pulse width of 2 ms (i.e. how long 

the pulse valve injects carrier gas). The head pressure on the pulse valve was held at 30.5 psig for 

1 min and ramped at 1.08 psig/min to 36.2 psig and held for 1 min. 

For the second investigation, the 1D column was a SPB-5 stationary phase: 3 m length × 

100 µm I.D. × 0.1 µm d.f., and the 2D column was a DB-WAX stationary phase: 1 m × 100 µm 

I.D. × 0.1 µm d.f. A 0.5 µl volume of a test mixture containing 15 compounds (see Table A.1, 

Supporting Information) was injected at a split of 100:1. A constant flow rate of 5.3 ml/min was 

applied. The oven was held at 50 °C for 3 min. The PM was 75 ms with a 2 ms injection pulse 

width, and the head pressure on the pulse valve was held at 91 psig.  
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 GC3  

For the two GC3 instrumental setups, the GC was fitted with a high-speed, six-port, high 

temperature diaphragm valve VICI model DV-12-1116 T (Valco Instruments Company Inc.) fitted 

with a 5 µl sample loop which was mounted inside the oven which was used to link 1D and 2D 

columns [25,27,36,37]. The pulse valve was used to link columns 2D and 3D in an identical manner 

as described in section 5.2.2. The diaphragm valve, pulse flow valve, and the FID data were all 

controlled/collected using a LabVIEW program. A schematic of the GC3 instrument is shown in 

Figure 5.1B.  

Figure 5.1 (A) Schematic of the major components of the GC × GC - FID instrument. A pulse 

flow valve was implemented to link the 1D and 2D columns.  (B) Schematic of the major 

components of the GC3 - FID instrument. A high-temperature diaphragm valve was utilized as a 

modulator to link the 1D and 2D columns, and a pulse flow valve was implemented to link the 2D 

and 3D columns.  
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For the third investigation, the 1D column was a RTX-17 Sil MS (50% phenyl/50% 

methylpolysiloxane) stationary phase: 20 m length × 180 µm I.D. × 0.18 µm d.f., the 2D column 

was a SPB-5 stationary phase: 6 m length × 100 µm I.D. × 0.1 µm d.f, and the 3D column was a 

DB-WAX stationary phase: 1 m length × 100 µm I.D. × 0.1 µm d.f. A 0.5 µl volume of an 18 

component test mixture (see Table A.2, Supporting Information) was injected at a split of 100:1. 

A constant flow rate of 0.8 ml/min was applied to 1D. The 2D and 3D columns were controlled via 

the auxiliary pressure controller with a pressure of 100 psig which corresponds to a flow rate of 

~6.3 ml/min. The oven was held at 50 °C for 3 min. A 1PM of 1 sec with an injection pulse width 

of 20 ms applied to the diaphragm valve and a 2PM of 50 ms with an injection pulse width of 2 ms 

was applied to the pulse valve. The head pressure on the pulse valve was held at 83 psig.  

For the fourth investigation, the 1D column was a RTX-17 Sil MS stationary phase: 20 m 

length × 180 µm I.D. × 0.18 µm d.f., the 2D column was a SPB-5 stationary phase: 2 m length × 

100 µm I.D. × 0.1 µm d.f, and the 3D column was a DB-WAX stationary phase: 0.75 m length × 

100 µm I.D. × 0.1 µm d.f. 1 µl of the 115-component mixture was injected at a split of 60:1. A 

constant flow rate of 0.7 ml/min was applied to 1D. The 2D and 3D columns were controlled via 

the auxiliary pressure controller under a ramped pressure program held at 39.2 psig for 1.5 min, 

ramped at 2.55 psig/min to 65.9 psig, and held at the final pressure for 1 minute. This pressure 

ramp corresponds to a flow rate of ~3 ml/min. The oven was held at 40 °C for 1.5 min, ramped at 

20 °C/min to 250 °C, and held for 1 min. A 1PM of 1.2 sec with an injection pulse width of 20 ms 

applied to the diaphragm valve and a 2PM of 60 ms with an injection pulse width of 2 ms was 

applied to the pulse valve. The head pressure on the pulse valve was held at 36.9 psig for 1.5 min, 

ramped at 2.55 psig/min to 63.7 psig and held for 1 min. Diesel fuel spiked with 8 compounds (see 
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Table A.3, Supporting Information) was also evaluated using the same conditions as noted above 

except the split was reduced to 20:1.  

5.3 RESULTS AND DISCUSSION 

 GC × GC 

The GC × GC - FID chromatogram for the 115-component test mixture using a modulation 

period, PM, of 500 ms in the raw vector form is shown in Fig 5.2A.  Three representative analytes 

(Methyl Decanoate, Pentadecane, Dodecanol) are shown in Fig. 5.2B which range from relatively 

unretained on 2D to moderately retained. In the raw vector format, the sharp decreases in signal is 

representative of the 2D analyte response of interest, nominally in the form of an “error” function, 

followed by a slow decay of the analyte response back to the original 1D concentration profile. 

This 2D analyte response is created by rapid actuation of the pulse flow valve in combination with 

the three-way union and coupled with the tubing assembly (see Fig 5.1A). Reducing the tubing 

assembly from a large inner diameter to a smaller inner diameter results in a pressure wave in the 

form of an exponentially modified Gaussian with a very sharp leading edge. Using the same 

method as previously reported [35], a 3-step method involving differentiation, inversion, and 

baseline correction was implemented to convert the data from the raw form into the final processed 

form which appears analogous to a “traditional” vector GC × GC chromatogram. Figure A.1 

(Supporting Information) demonstrates the data processing method. Figure 5.2C shows the 

processed vector chromatogram of the data shown in Figure 5.2B.  
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Figure 5.2 (A) Raw (preprocessed) chromatogram of the 115 component mixture collected 

using a modulation period PM of 500 ms. The highlighted subset shown contains three non-

overlapped analytes (1: Methyl Decanoate, 2: Pentadecane, 3: Dodecanol). (B) Enhanced 

view of  the three non-overlapped analytes is shown. (C) Processed vector chromatogram 

of the three analytes with width of base annotated.  The insert shows the 2D chromatogram 

of the three analytes. (D) GC × GC - FID chromatogram of the 115 component mixture. 

Using the three step data processing method, the raw chromatogram shown in (A) has been 

converted into a “traditional” 2D plot.  
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The 2Wb is annotated for the three analytes.  Since a polar column (DB-WAX) was implemented 

as the 2D dimension, the most retained analyte should be methyl decanoate, an ester, which has an 

apparent 2Wb of 41 ms. The next most retained analyte is dodecanol with an apparent 2Wb of 25 ms, 

and the least retained analyte is pentadecane which has an apparent 2Wb of 19 ms. The 2Wb of each 

analyte is dependent on the slope of the “error” function, and the 2D retention time, 2tR, is defined 

by the inflection point of the “error” function. The insert in Figure 5.2C shows the GC × GC 

chromatogram of these three analytes which has been registered by 200 ms on the 2D to remove 

the dead time. Figure 5.2D shows the GC × GC chromatogram of the data processed in Figure 

5.2A. The data was registered on 2D by 200 ms to remove the dead time. 

In order to accurately measure the 2D peak capacity (2nc), 12 representative analytes that 

spanned the entire 2D separation were selected (see Figure A.2, Supporting Information). The 2tR 

and the 2Wb for each analyte was measured and an equation was fitted to those values [34–36]. 

Compared to the previous report [35], the slope of the equation is ~40% less which is due to the 

use of micro-bore columns and optimization of the pulse flow valve. Using the following recursive 

equation, the 2nc was calculated. 

 𝑅𝑠 =
𝑡𝑅.𝑛−𝑡𝑅,𝑛−1

0.5(𝑊𝑏,𝑛−𝑊𝑏,𝑛−1)
= 1                                      (5.5) 

The equation obtained from Figure A.2 (Supporting Information) was subsituted into equation 5.5 

for both Wb,n and Wb,n-1 and rearranging allows the calculation of the retention times of successive 

peaks (and Rs = 1) based on the measured dead time, tR,(n = 0) on 2D [35,38,39]. These retention 

times were used to calculate apparent 2Wb from the experimentally observed linear relationship 

between 2tR and apparent 2Wb. Individual Gaussian peaks of equivalent area were modeled based 

on these peak widths and retention times, then concatenated to give a continuous chromatogram 

(see Figure A.2, Supporting Information).  
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Figure 5.3 (A) Raw (preprocessed) chromatogram of a GC × GC - FID separation of a 15-

component low boiling point mixture collected using a modulation period PM of 75 ms. 

The highlighted subset is shown in figure (B). (B) Close up view of raw chromatogram 

containing four analytes numbered in elution order (10: 1-Chlorobutane, 11: Carbon 

Tetrachloride, 12: Benzene, 13: Cyclohexane). Analytes 11 and 13 are observed to be 

overlapped in both dimensions which can be seen in (D) (C) Processed vector 

chromatogram of the four analytes with width of base annotated. (D) GC × GC - FID 

chromatogram of the 15 component mixture. Using the three step Data processing method, 

the raw chromatogram shown in (A) has been converted into a “traditional” 2D plot. The 

names of the compounds can be found in Table A.1. The 2D peaks are extremely narrow, 

with an average 2Wb of 10 ms. However, the 1D peaks have been oversampled with a ρS of 

~12 as seen in (C). 
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The resulting 2nc was calculated to be 20. Using the same 12 analytes, the average 1Wb was 

calculated to be ~1 s resulting in a 1D peak capacity (1nc) of 360 (tsep = 6 min). Thus the 2D peak 

capacity, nc,2D, is ~7200 or a peak capacity production of ~1200 peaks/min for this separation.  

While pulse flow valve using a PM of 500 results in extremely high peak capacity 

production, investigation of the potential as a high speed modulator is warranted. Using a PM of 

75 ms, a 15 component mixture (see Table A.1, Supporting Information) was evaluated. Figure 

5.3A shows the raw vector chromatogram of the separation with a tsep of ~13 s. Figure 5.3B shows 

an enhanced view of Figure 5.3A where 4 analytes are present. One analyte (10: 1-chlorobutane) 

is totally resolved on 1D while three analytes (11: carbon tetrachloride, 12: benzene, and 13: 

cyclohexane) are severely overlapped. The processed vector chromatogram is shown in Figure 

5.3C with the 2Wb annotated. Figure 5.4D shows the 2D chromatogram obtained from processing 

the data in Figure 5.4A. The narrowest peaks measured (analytes 4, 5, 7, and 9) had 2Wb of 8 ms. 

The 2nc was calculated to be 7.5 and the 1nc was calculated to be ~14.5 (1Wb,avg ~ 0.9 s and tsep ~ 13 

s) resulting in a nc,2D of ~110 or a peak capacity production of ~510 peaks/min. However, the 1D 

peaks were significantly oversampled with a sampling density, ρs, of ~12. In order to reduce the ρs 

to an appropriate number (~2-4), one could use a modified injection source [38,40–43] or perhaps 

more interesting would be to sample analytes with pulse flow valve as the second modulator in a 

GC3 instrument. 

 GC3  

Building from past research of high temperature diaphragm valve-based GC × GC [27,36] 

and GC3 [25,26] it was considered ideal to combine the known attributes of the high temperature 

diaphragm valve modulator with pulse flow valve modulator. Figure 5.1B shows the instrumental 

schematic for the GC3 separations.  
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Figure 5.4A shows the raw vector chromatogram of an 18 component mixture (see Table A.2, 

Supporting Information) that was collected using a 1PM of 1.0 seconds and a 2PM of 50 ms. The 

elution order was determined by a series of individual injections of the analytes under the same 

Figure 5.4 (A) The raw (pre-processed) vector chromatogram of a GC3 - FID separation of the 18 

component mixture. The 1PM was 1 sec and the 2PM was 50 ms. An insert of two analytes (8: 

methylcyclopentane and 9: 1-Hexyne) are shown which are slightly overlapped on the 1D 

dimension. (B) An enhanced view of the processed vector chromatogram is shown for the two 

analytes highlighted in (A). (C) Isosurface plot of the region depicted in (B). 
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separation conditions of the 18 analyte mixture. A processed vector chromatogram of the 18 

individual analytes that are overlaid onto one chromatogram is shown in Figure A.3 (Supporting 

Information). Figure 5.4B shows the processed vector chromatogram of two analytes (8: 

methylcyclopentane and 9: 1-hexyne) that exhibit a slight overlap on the 1D dimension. In order 

to demonstrate the selectivity provided by the addition of two dimensions (2D and 3D), Figure 5.4C 

shows an isosurface plot of the same region shown in Figure 5.4B. The data was registered by 10 

ms on the 3D to remove the dead time.  

To further explore the selectivity provided by the three separation dimensions, the data 

shown in Figure 5.4A has been plotted in Figure 5.5A and 5.5B which show the 1D vs 2D where 

the data has been summed along the 3D and 1D vs 3D where the data has been summed along the 

2D, respectively. The chemical selectivity provided by the 3 dimensions can easily be seen when 

elution pattern of Figure 5.5A is compared to Figure 5.5B. Analytes that are not resolved or only 

partially resolved on 1D are either separated on the 2D or 3D dimensions. To further explore the 

selectivity of the GC3 system, the 2D vs 3D chromatogram has been prepared in Figure 5.5C where 

the data was summed along the 1D. Figure 5.5D is a 3-D isosurface plot of the entire separation. 

In order to calculate the peak capacity of the GC3 instrument, three representative analytes were 

selected (n-hexane, 1-hexyne, methylcyclopentane). These 3 analytes span a wide range of 

retention times on all three dimensions and thus deemed appropriate in calculate the peak capacity. 

The figures of merit for the 3 analytes are shown in Table 5.1. For the three representative analytes, 

the total peak capacity (1-minute total time), nc,3D, ranged from 772 to 914 with an average of ~825 

or a peak capacity production of 825 peaks/min, which is a 4.5 times improvement over previously 

published GC3 values [24,25]. These results and were based on a simple mixture separated 
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isothermally which in itself is impressive; however, further work on a more complex mixture that 

required temperature ramping is needed. 

 

Figure 5.5 In order to show the benefits of the chemical selectivity of the GC3 - FID system, three 

contour plots and an isosurface plot have been prepared for the separation of the 18 component 

mixture. (A) Contour plot of 2D vs 1D summed along the 3D. (B) Contour plot of 3D vs 1D summed 

along the 2D. (C) Contour plot of 3D vs 2D summed along the 1D. (D) Isosurface plot. An example 

of the chemical selectivity provided by the three different columns can be seen in A and B. 

Analytes (8) methylcyclopentane and (9) 1-hexyne have a dramatic shift in retention of the non-

polar 2D and polar 3D columns. This shift in affinity for 2D and 3D columns is highlighted in Figure 

5.3.  
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In order to continue to evaluate the merits of the GC3 system, the same 115 component 

mixture was assessed using optimized experimental conditions (see Section 5.3). Figure 5.6A 

shows the processed vector chromatogram that was collected using a 1PM of 1.2 seconds and a 2PM 

of 60 ms. In order to see the selectivity provided by three dimensions, Figure 5.6B and 5.6C have 

been created which show the 1D vs 3D where the data has been summed along the 2D and 1D vs 2D 

where the data has been summed along the 3D, respectively. The chemical selectivity provided by 

the 3 dimensions can be especially be seen at ~ 4 to 6 minute range on 1D. Analytes that are not 

resolved or only partially resolved on 1D are either separated on the 2D or 3D dimensions. To 

further explore the selectivity of the GC3 system, the 2D vs 3D chromatogram has been prepared 

(see Fig A.5A, Supporting Information). When the all the data along the 1D dimension is summed, 

the chemical selectivity that is provided by this view disappears. This is because the analyst is 

Table 5.1 Chromatographic peak measurements and figures of merit for three representative 

compounds in the 18 component mix. 
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“looking down the tube” and thus it is difficult to extract useful information. Thus 3 2D vs 3D 

chromatograms have also been prepared (see Fig A.5B-D, Supporting Information) that span a 

range of 60 seconds (same as GC3 separation of the 18 component mixture). Figure 5.6D shows 

the isosurface plot of the 115 component mixture. Four analytes listed in Table 5.2 (see Fig A.6, 

Supporting Information) have been selected to demonstrate the figures of merit for the GC3 system. 

While this is a small portion of the 115 component mixture, these 4 analytes span a wide range of 

times on all three dimensions and thus deemed appropriate to quote the figures of merit. The 

method for determining these values was the same as those used in the evaluation of the 18 

component mixture. For the 4 representative analytes, the total peak capacity, nc,3D, ranged from 

5600 to 19,000 with an average of ~10,700. Perhaps more importantly is the peak capacity 

production which ranges from 520 to 1,800 with an average of ~1000 peaks/min which is a 

significant improvement over previously published GC3 values of 140 and 180 peaks/min [24,25].  

Table 5.2 Chromatographic peak measurements and figures of merit for the 115 component test 

mixture. See supporting information Fig A.6 for location of the analytes in the chromatograms. 
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To further show the selectivity provided by the GC3 system, diesel fuel was spiked with 8 non-

native analytes. Figure 5.7A shows the processed vector chromatogram of the diesel fuel. In this 

view, it is possible to see the characteristic “petroleum hump” which can be totally resolved using 

GC3. For this analysis, the conditions were optimized to provide the most separation for the 8 spike 

analytes instead of attempting to totally resolve the matrix (diesel) background. An isosurface plot 

shown in Figure 5.7B, has been prepared to shows the selectivity for the 8 spiked analytes. In order 

visual the data, analytes that have a 3D retention times from 0 to 25 ms are colored blue, analytes 

Figure 5.6 (A) Vector chromatogram (processed data) of the 115 component test mixture collected 

using a 1PM of 1.2 seconds and a 2PM of 60 ms. (B) Plot of 1D vs 3D summed along 2D. (C) Plot of 

1D vs 2D summed along 3D. (D) Isosurface plot of the 115 component mix. For 2D vs 3D see 

supporting information Fig A.5.  
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that have a 3D retention times from 25 to 40 ms are colored green, and analytes that have a 3D 

retention times from 40 to 60 ms are colored red. The blue color roughly corresponds to the 

location of the alkanes and cycloalkanes and the green color roughly corresponds to the location 

of the aromatics present in diesel fuel. The 8 spiked analytes were highly retained on 3D and have 

3D retention times >40 ms and thus are colored red. In order to visualize the diesel fuel in a planar 

fashion analogous to a GC × GC chromatogram, Figure A.7 (Supporting Information) has been 

prepared. 

 

Figure 5.7 (A) Vector chromatogram (processed data) of the diesel that has been spiked with 8 

components collected using a 1PM of 1.2 seconds and a 2PM of 60 ms. (B) Isosurface plot of 

diesel spiked with the 8 components. Analytes that have a 3D retention time from 0 to 25 ms are 

colored blue, analytes that have 3D retention time from 25 to 40 ms are colored green, and 

analytes that have 3D retention times from 40 to 60 ms are colored red. All 8 spiked compounds 

have 3D retention times greater than 40 ms and thus are colored red. For 1D vs 2D, 1D vs 3D, and 

2D vs 3D chromatograms, see supporting information Fig A.7.  
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5.4 CONCLUSION 

Past applications of GC3 instrumentation demonstrated great promise based on the 

increased selectivity provided for separations that was superior to GC × GC, but this increase in 

selectivity came at the cost of peak capacity and peak capacity production. It has been 

demonstrated that the use of a high temperature diaphragm valve in conjunction with a recently 

introduced pulse flow valve, it is now possible to take advantage of the increased selectivity of a 

GC3 instrument, while achieving a peak capacity production of ~1000 peaks/min. Future studies 

will be focused on applying these instrumental improvements with spectral data, to create an ultra-

fast 4D data structure to address complex separation mixtures. 
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Chapter 6. Partial Least Squares Analysis of Rocket Propulsion Fuel Data 

Using Diaphragm Valve-based Comprehensive Two-Dimensional Gas 

Chromatography Coupled with Flame Ionization Detection 

This chapter was reproduced from C.E. Freye, B.D. Fitz, M.C. Billingsley, R.E. Synovec, “Partial 

Least Squares Analysis of Rocket Propulsion Fuel Data Using Diaphragm Valve-based 

Comprehensive Two-Dimensional Gas Chromatography Coupled with Flame Ionization 

Detection” Talanta 153 (2016) 203-210. 

 

 

6.1 INTRODUCTION 

Although aerospace fuel commodities are produced to meet numerous specification 

requirements, even advanced kerosene-based fuels such as rocket propellant (RP-1) may possess 

wide variation in chemical composition, which may result in unacceptable or unexpected 

performance and fuel properties [1–4]. Variation may be due to original crude oil/feed stock 

composition and refinery operating conditions. Additionally, RP-1 chemical composition can vary 

depending upon post-refinery formulation. Investigation of RP-1 fuel properties and their 

relationship to their chemical composition must be performed in order to develop optimum fuels 

for specific applications [5–11]. Although there are current methods to analyze RP-1 and related 

fuels [3,6,7,11], more informative, yet simpler and cost effective chemical analysis methods 

should be developed and investigated for routine application. 

Gas chromatography (GC) coupled with flame ionization detection (GC – FID) is a 

traditional analytical platform to separate and analyze volatile and semi-volatile mixtures [12]. 

However, complex mixtures such as RP-1 fuels generally cannot be sufficiently separated with a 

single dimension of GC in order to provide the desired analytical insight. Comprehensive two-
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dimensional (2D) gas chromatography with flame ionization detection (GC × GC – FID) can 

improve upon the separation power of one dimensional GC and yield quantitative information [13–

15]. With GC × GC, two “orthogonal” separation dimensions are implemented to increase peak 

capacity which substantially improves the information that may be gleaned from complex samples. 

Typically, the first GC × GC separation dimension (1D) uses a column with a non-polar stationary 

phase, while the second dimension (2D) uses a column with a polar stationary phase, providing 

complementary information. However, a “reversed column” GC × GC configuration has been 

found to be more appropriate to provide optimized use of the 2D separation space to effectively 

separate the various compound classes in RP-1 and related fuels (n-alkanes, branched alkanes, 

mono- di- and tricyclic alkanes, and aromatics) [16,17]. The reversed column configuration uses 

a polar 1D column followed by a non-polar 2D column [18]. 

The modulator is the heart of the GC × GC instrument, interfacing the 1D column to the 2D 

column to accomplish a comprehensive two-dimensional separation. Here, we categorize three 

modulator designs: cryogenic-based “thermal” modulation [19–23], flow modulation [24–26], and 

diaphragm valve modulation [14,27,28]. While thermal modulation is popular, it can be expensive 

to implement and is generally not amenable to reduce to a simple platform because of the 

complexity involved with the cryogenic fluids. Flow modulation is becoming more popular with 

GC × GC, however, the injected pulse width onto the 2D column is intrinsically quite large, 

resulting in a significant source of peak broadening and a relatively low 2D peak capacity [29,30]. 

In comparison, diaphragm valve modulation is relatively simple and inexpensive to implement, 

while also providing a narrow injected pulse width onto the 2D column with superior peak capacity 

even when a short modulation period is used (e.g., 1–2 s) [14,27,28,31–33]. The primary 

shortcoming of the diaphragm valve in the past has been the limited temperature range due to the 

http://www.sciencedirect.com/science/article/pii/S0039914016301436#bib13
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O-rings within the valve, limiting the usage to a maximum of 175 °C if placed directly in the GC 

oven. This shortcoming was overcome to a reasonable extent by face mounting the valve on the 

top of the GC case to preserve the temperature sensitive O-rings within the valve, with a maximum 

temperature of 265 °C [28]. Recently, a state-of-the-art “high temperature” diaphragm valve with 

perfluoroelastomer O-rings has been developed that is capable of being placed directly in the GC 

oven; it can withstand temperatures up to 325 °C [34]. Recently, we reported the implementation 

and evaluation of this high temperature diaphragm valve with GC × GC – FID [35]. This high 

temperature diaphragm valve-based GC × GC – FID is implemented in this current study. 

GC × GC – FID is well suited technique for when identification and quantification of every 

chemical compound is generally not possible and/or is an extremely laborious and impractical 

process for complex samples such as RP-1 fuels. Chromatographic-based ASTM methods often 

are rooted in this type of strategy. In this regard, it is advantageous to implement chemometric 

analysis of complex samples, specifically herein to discover important chemical/physical 

relationships between compositionally unique RP-1 fuels [16,17,36]. Partial least squares (PLS) 

analysis is well suited to quantitatively relate the GC × GC – FID data of complex samples, such 

as RP-1 fuels, with other forms of chemical/physical measurements. 

PLS analysis provides the following two valuable outcomes. First, using a training set of 

samples, a linear correspondence of the chemical/physical properties can be modeled using the GC 

× GC – FID data, so subsequent analyses of GC × GC – FID data of new samples can be used to 

predict the modeled chemical/physical property without having to directly measure these 

properties on the new samples. Second, the underlying relationship between the chemical 

composition of the samples can be correlated to the modeled chemical/physical measurements, so 

a deeper understanding between chemical composition via the GC × GC – FID data and the 

http://www.sciencedirect.com/science/article/pii/S0039914016301436#bib28
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chemical/physical measurements is provided [37–40]. To achieve both of these outcomes, leave-

one-out cross validation is often performed (LOOCV) [16,17,37]. 

In this study, we seek to demonstrate the simple, yet highly capable GC × GC – FID 

instrumental platform, combined with PLS, to provide valuable information about the chemical 

composition of RP-1 fuels. Due to the potential for significant variation in chemical composition 

of RP-1 fuels as a result of variations that may result during the distillation and blending processes, 

it is often beneficial to evaluate special laboratory blends where the analyst can control the make-

up of the fuel [5–9]. Therefore, we study a set of fuels that have been well studied before, so as to 

provide validation of the instrument performance. Furthermore, we present implementation of a 

state-of-the-art high temperature diaphragm valve [34,35] as the modulator, with the valve 

mounted directly in the oven. To the best of our knowledge, this is the first application study using 

the high temperature diaphragm valve. With GC × GC – FID, we hope to obtain similar 

quantitative information as previously obtained while using GC × GC – TOFMS [16]. While GC 

× GC – TOFMS can yield substantially more qualitative information especially with the ability to 

identify analytes, instrumental cost is too high for routine implementation in many laboratory 

settings. Furthermore, GC × GC – TOFMS requires a large amount of upkeep, such as the systems 

associated with maintaining the vacuum, to keep it operational. When identification of analytes is 

not necessary or has already been performed, a FID can provide ample information and requires 

less maintenance and lower operational costs. 

The following studies were performed. First, the summed GC × GC – FID signal of three 

compound-class selective 2D regions (alkanes, cycloalkanes, and aromatics) was simply regressed 

against previously measured (ASTM standard test method) values for these compound classes, and 

LOOCV was used for regression validation. Next, for comparison, using PLS analysis with 

http://www.sciencedirect.com/science/article/pii/S0039914016301436#bib37
http://www.sciencedirect.com/science/article/pii/S0039914016301436#bib16
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LOOCV, the GC × GC – FID signal of the entire 2D separations was regressed against the same 

ASTM values for the same three compound classes. Using PLS, retention times are preserved and 

it is possible to determine how specific compounds influence the model by looking at the linear 

regression vectors (LRVs). Finally, PLS analysis was used to provide a more detailed study of 

compound classes (n-alkanes, iso-alkanes, mono-,di-,and tri-cycloalkanes, and aromatics) and of 

physical properties previously determined by ASTM methods (such as net heat of combustion, 

hydrogen content, density, kinematic viscosity, sustained boiling temperature and vapor rise 

temperature). Results from these studies using GC × GC – FID instrumentation are compared to 

previously reported results using GC × GC – TOFMS [16]. 

6.2 EXPERIMENTAL 

Ten previously studied RP-1 fuel samples (listed in Table 6.1) were obtained from the Air 

Force Research Laboratory (AFRL) [5,6]. HPLC Grade hexane and acetone were obtained from 

Fisher Scientific and were used as solvent rinses prior to injection. Chromatographic data was 

obtained using a GC × GC – FID consisting of an Agilent 6890 GC (Agilent Technologies, Palo 

Alto, CA, USA) modified in-house with a high-speed, six-port diaphragm valve VICI model DV-

12-1116T (Valco Instruments Company Inc., Houston, TX, USA) fitted with a 10 µl sample loop, 

with the complete valve mounted inside the GC oven. This valve allows separation temperatures 

up to 325 °C without degradation of the valve's temperature sensitive O-rings [34]. The diaphragm 

valve actuation controlled using a LabVIEW 8.2 program (National Instruments, Austin, TX, 

USA). The stock electrometer for the Agilent FID was replaced with a high-speed electrometer 

built in-house allowing the data to be collected at 100 kHz, with the data further boxcar averaged 

to 1 kHz, using an FID temperature of 250 °C. The primary column (1D) for the GC × GC used a 

RTX-wax stationary phase: 30 m length, 250 μm inner diameter, and 0.5 μm film thickness. The 

http://www.sciencedirect.com/science/article/pii/S0039914016301436#bib16
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secondary column (2D) used a RTX-1 stationary phase: 1.2 m length, 100 μm inner diameter, and 

0.18 μm film thickness. The modulation period was set to 2.5 s (i.e., the secondary column 

separation time) with a pulse width of 200 ms which was sufficient to clear the sample loop. The 

RP-1 fuel samples were introduced to the GC × GC via a 7683B auto-injector (Agilent 

Technologies, Palo Alto, CA, USA). Prior to injection, hexane and acetone were used as solvent 

rinses. One µl of the RP-1 fuels was injected via the auto-injector, using a 100:1 split, and an inlet 

temperature of 225 °C. Flow on the first column was 1.8 ml/min while flow on the second column 

was 2.5 ml/min. Oven temperature was held at 40 °C for 2 min, increased at 6 °C/min to 225 °C 

and held for 3 min. The secondary column oven temperature control was not applied, so the 

secondary column oven was open and at the same nominal temperature as the primary column 

oven. 

For each RP-1 sample, four replicates of GC × GC – FID chromatographic data were 

collected. The chromatographic data was imported into MATLAB2012b (MathWorks, Natick, 

MA) where it was boxcar smoothed by a factor of 3 and baseline corrected using in-house software. 

Table 6.1 RP-1 fuel set. The NIST and ARFL numbers are provided for reference to previous 

studies [5,6]. 
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Data was binned 7.5 s along 1D (3 modulations) and 10 ms along 2D. Binning was performed to 

remove any chromatographic misalignment and reduce the size of the data set to save computation 

time [41–43]. The data was then forwarded to PLS Toolbox 7.5 (Eigenvector Research Inc., 

Wenatchee, WA, USA) and underwent mean centering [36]. The ASTM measured data was 

imported to PLS Toolbox and underwent autoscaling. The following compound class analyses 

(mass%) were performed using ASTM D2425: paraffins (n-and iso-), cycloparaffins, 

dicycloparaffins, and tricycloparaffins. Within the results reported herein, the term “alkanes” is 

used in place of “paraffins.” n-alkane analysis provided further categorization; iso-alkane content 

was assumed by subtraction. Total aromatic content (mass%) was determined according to ASTM 

D6379. Additional composition and physical properties of these fuels have been reported [5,6,44]. 

The following list includes the physical properties and method of measurement: density (g/ml) – 

ASTM D4052 (at 15 °C), kinematic viscosity (mm2/s) – ASTM D445 (at −10 °C), net heat of 

combustion (MJ/kg) – ASTM D4809, net heat of combustion (MJ/l) – ASTM D4809 (density at 

30 °C), hydrogen content (wt%) – Perkin Elmer Elemental Analyzer, Model EA2400, sustained 

boiling temperature (°C), and vapor rise temperature (°C). 

For the PLS analysis of GC × GC – FID data, two data matrices (X and Y block) are related 

through calculation of loadings referred to as latent variables (LVs). In our study, the X block is 

the chromatographic data obtained via GC × GC – FID analysis, while the Y block is the measured 

values [5,6,44]. PLS aims to model the covariance between these two matrices by finding the 

multidimensional direction in the X-block which explains the maximum multidimensional 

variance in the Y-block. In other words, PLS uses analytes which have a large range of intensities 

across the different RP-1 fuels and attempts to correlate them to the differences in the measured 

values. PLS analysis seeks to provide a linear trend relating the chromatographic data to the 

http://www.sciencedirect.com/science/article/pii/S0039914016301436#bib41
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chemical/physical properties measured via ASTM methods. For the construction of the PLS 

models, all underwent LOOCV for testing the overall predictive ability of each model, and to 

determine the most appropriate number of LVs. The LOOCV procedure for N samples uses N−1 

samples to predict the omitted sample. This is repeated N times and the model is analyzed yielding 

a root mean square error of cross validation (RMSECV) [45]. The RMSECV values indicate the 

precision, and to some extent the accuracy, of the PLS models through the calculated residuals of 

the model. The coefficient of determination, R2, is another manner in which to calculate the 

goodness-of-fit, but RMSECV values are more appropriate herein because RMSECV explicitly 

indicates to what extent the predictions deviate. R2 values are mentioned but excluded from Tables 

for sake of brevity. Normalized root mean square error of cross validation (NRMSECV) is found 

by dividing the RMSECV by the range of the measured values. This value is dimensionless and is 

useful for comparing models with different units. Additionally, LRVs can be examined to 

determine which analyte compounds are positively correlated (or negatively correlated) with the 

specific property of interest [16]. Analytes that exhibit positive values in the LRVs are correlated 

with increasing the specified property while negatively correlated analytes will exhibit negative 

values in the LRV and are correlated with decreasing the specified property. 

6.3 RESULTS AND DISCUSSION 

Using GC × GC – FID in reversed column configuration, we achieved an excellent 2D 

chromatographic separation of the compound classes: alkanes (n-and iso-), cycloalkanes, and 

aromatics in the RP-1 fuels. Fig. 6.1 shows the 2D separation of a representative fuel LB073009-

08. The chromatograms for the other nine RP-1 fuels are excluded for brevity. For the analysis of 

the RP-1 fuels, regions of the chromatogram were chosen based on previous work [16] and 

expected location of the compound classes within the chromatogram. As seen in the figure, the 

http://www.sciencedirect.com/science/article/pii/S0039914016301436#bib45
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alkane compounds are located from 2.0 to 2.5 s and 0.0 to 0.4 s on 2D. The alkanes were purposely 

allowed to wrap around to efficiently use the 2D separation space. The cycloalkanes were located 

from 0.9 to 2.0 s on 2D. The aromatics are located from 15 to 36 min on 1D, and from 0.4 to 0.9 s 

on 2D. Although it is possible to discern subclasses for the cycloalkanes and aromatic classes (i.e. 

monocyclics, dicyclics, tricyclics, mono-aromatics, and di-aromatics), it would be extremely 

difficult to pick an exact boundary especially for the cyclic compounds without knowing the 

identity of the chromatographic peaks. However, the emphasis of the present study is not 

exhaustive peak identification, but rather demonstrating the ability to qualitatively and 

quantitatively relate the RP-1 fuels based on PLS modeling and LOOCV of the chromatographic 

data in comparison to the ASTM derived values. 

 

Figure 6.1 A representative GC × GC – FID chromatogram for the RP-1 fuels (LB073009- 08). 

The alkane region encompassed the entire 1D separation, and 2.0–2.5 s and 0– 0.4 s on 2D. The 

cycloalkanes encompassed the entire 1D separation, and from 0.9 to 2.0 s on 2D. Finally, the 

aromatics were located in the area from 13 min to the end of the 1D separation, and from 0.4 to 

0.9 s on 2D. 
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To determine the percent composition for each of the principal hydrocarbon classes 

(alkanes, cycloalkanes, aromatics), the signal in the specified area was summed and divided by the 

total signal in the chromatogram, yielding a percent signal for each compound class. These 

calculations were performed for the ten RP-1 fuels. The values obtained by the ASTM D2425 

method were summed where appropriate to yield the principal hydrocarbon classes 

(monocycloalkanes, dicycloalkanes, and tricycloalkanes were summed to yield cycloalkanes). 

Using LOOCV, the results from the GC × GC – FID method were regressed against the measured 

mass% values. This was accomplished by regressing the summed FID signal in the region of 

interest against the measured values. Table 6.2 shows the RMSECV and NRMSECV values of the 

three classes. The regression using this GC × GC – FID method provides high accuracy and 

precision for predicting the ASTM values for alkanes and cycloalkanes; however, this method is 

somewhat less precise for the prediction of aromatics, potentially due to the lower signal-to-noise 

ratio of the aromatic peaks (since they are present in the fuels at a relatively low concentration). 

LOOCV yielded a linear trend between the predicted and measured values. Fig. 6.2A shows the 

LOOCV regression plots for the GC × GC – FID alkane class signal percentage method. Likewise, 

the LOOCV regression plots for the cycloalkanes and aromatics are shown in Fig. 6.2B and C. 

Table 6.2 Summary of the LOOCV regression model for the measured properties analyzed via 

GC × GC – FID. RMSECV values for each class of compounds are included as well as the 

NRMSECV. 

http://www.sciencedirect.com/science/article/pii/S0039914016301436#t0010
http://www.sciencedirect.com/science/article/pii/S0039914016301436#f0010
http://www.sciencedirect.com/science/article/pii/S0039914016301436#f0010
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Error bars (± one standard deviation) are included for these figures and subsequent figures based 

on the four injection replicates. 

 

Next, the GC × GC – FID data was analyzed using PLS with the previously measured 

mass% content for the principal hydrocarbon classes: alkanes, cycloalkanes, and aromatics. 

Chromatographic data from the appropriate section of the chromatogram was forwarded to PLS 

Figure 6.2 Results for the simple regression using LOOCV for the compound classes derived from 

the GC × GC – FID chromatograms. After preprocessing (see Experimental), the total area of the 

chromatogram where the respective compounds were located was summed. This value was then 

regressed against the ASTM derived values. The dashed line shows the ideal agreement between 

the predicted and measured mass%. (A) LOOCV of alkanes. (B) LOOCV of cycloalkanes. (C) 

LOOCV of aromatics. 
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which was regressed against the measured values. The PLS model for the alkanes, cycloalkanes, 

and aromatics are shown in Fig. 6.3A–C, respectively. A summary of the RMSECV and 

NRMSECV values is provided in Table 6.3.  

The simple regression using LOOCV yields a more linear trend than the PLS analysis, 

which results in significantly lower RMSECV and NRMSECV. The simple regression method 

using LOOCV most likely performs better since analytes in the same class (i.e. alkanes, 

cycloalkanes, and aromatics) have almost identical FID responses. However, it should be noted 

Figure 6.3 PLS modeling of the GC × GC – FID chromatograms via LOOCV for the compound 

classes. The dashed line shows the ideal agreement between the predicted and measured mass%. 

(A) PLS modeling of alkanes using 1 LV. (B) PLS modeling of cycloalkanes using 4 LVs. (C) 

PLS modeling of aromatics using 2 LVs. 

http://www.sciencedirect.com/science/article/pii/S0039914016301436#f0015
http://www.sciencedirect.com/science/article/pii/S0039914016301436#t0015
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that the advantage of PLS compared to the simple regression is the preservation of the 

chromatographic information. The number of LVs was selected after inspecting the RSMECV 

values. When there is an insignificant difference between two satisfactory PLS models, the rule of 

parsimony is adhered to and the model with fewer LVs is chosen [46]. For the alkanes, the PLS 

model was built using 1 LV as seen in Fig. 6.3A. The PLS predicted mass% is plotted versus the 

measured mass% as conventionally shown. Similarly, the PLS model for the cycloalkanes was 

constructed with 4 LV, and the aromatics PLS modeling was constructed with 1 LV. Comparison 

of predicted and measured values for these compound classes is shown in Fig. 6.3B and C, 

respectively. 

In the third portion of the study, the mass% of n-alkanes, iso-alkanes, monocycloalkanes, 

dicycloalkanes, tricycloalkanes, and aromatics was modeled via PLS. The PLS models were 

constructed using only the relevant portions of the chromatographic regions as previously shown 

in Fig. 6.1 after the data was binned (e.g. n-alkanes and iso-alkanes were predicted using only the 

alkane region). A summary of the RMSECV and NRMSECV values is provided in Table 6.4. 

Included within the table are previous results using GC × GC – TOFMS [16]. The GC × GC – FID 

data with PLS modeling yields very similar results when compared to using GC × GC – TOFMS 

Table 6.3 Summary of the PLS model metrics using LOOCV for the measured properties 

analyzed via GC × GC – FID. RMSECV values for each class of compounds are included as 

well as the NRMSECV. 

 

http://www.sciencedirect.com/science/article/pii/S0039914016301436#bib46
http://www.sciencedirect.com/science/article/pii/S0039914016301436#f0015
http://www.sciencedirect.com/science/article/pii/S0039914016301436#f0015
http://www.sciencedirect.com/science/article/pii/S0039914016301436#f0005
http://www.sciencedirect.com/science/article/pii/S0039914016301436#t0020
http://www.sciencedirect.com/science/article/pii/S0039914016301436#bib16
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for n-alkanes, iso-alkanes, and monocycloalkanes. GC × GC – FID struggles to some extent when 

predicting the di- and tricycloalkanes and the aromatics. The NRMSECV values for the 

tricycloalkanes are relatively high. This is most likely due to the small sample amount in each 

sample resulting in low intensities. Furthermore, the tricycloalkanes have an extremely small 

range, which results in a very challenging situation for PLS modeling, causing the NRMSECV 

values to be higher in comparison to the other studied chemical compositions. A potential reason 

that aromatics respective RMSECV and NRMSECV values are significantly higher for the GC × 

GC – FID method is the low intensities of these peaks. Another possible reason for the high 

RMSECV values for the different classes could be the potential for inherent inaccuracy of the 

ASTM methods. Measurements of the ASTM values are very reproducible with variations of less 

than 3%, but method accuracy has not been determined because there is no suitable reference [47]. 

ASTM methods are inferred as the gold standard for providing the correct (accurate) answer, 

however there are obvious shortcomings to this common perception. 

 

Table 6.4 Summary of the PLS model metrics using LOOCV for the measured properties 

analyzed. RMSECV values for the GC × GC – FID and GC × GC – TOFMS [16] and their 

accompanying normalized RMSECV. 

 

http://www.sciencedirect.com/science/article/pii/S0039914016301436#bib47
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Resulting from this third portion of the study, the PLS regression plots for the n-alkanes, 

monocycloalkanes, dicycloalkanes, and tricycloalkanes are shown in Fig. 6.4A–D, respectively. 

The other PLS regressions are not included for brevity. Modeling the specific subclasses such as 

the mono-, di-, and tricycloalkanes can be performed to obtain more information about them. 

However, these subclasses can be harder to predict because they span a very small mass% range. 

As seen in Fig. 6.4A, the n-alkanes PLS modeling was performed with 3 LV, and the 

regression exhibits a very linear trend with a low amount of variation. The n-alkane PLS regression 

had a R2 value of 0.933, a RMSECV value of 1.14 mass%, and a NRMSECV of 8.44% indicating 

a high precision (see Table 6.4). A large number of samples lay between 0.5% and 3% as seen in 

the PLS regression. The monocycloalkanes in Fig. 6.4B were modeled using 5 LV, the 

dicycloalkanes in Fig. 6.4C were modeled using 2 LV, and the tricycloalkanes in Fig. 6.4D were 

modeled using 1 LV. The monocycloalkanes had a R2, RMSECV, and NRMSECV values of 0.694, 

2.15 mass%, and 18.7%, respectively; the dicycloalkanes had a R2, RMSECV, and NRMSECV 

values of 0.246, 1.53 mass%, and 28.9%, respectively; and the tricycloalkanes had R2, RMSECV, 

and NRMSECV values of 0.062, 0.453 mass%, and 34.8%, respectively (Table 6.4). The 

monocycloalkanes had the largest mass% range of all the RP-1 fuels studied. Most of the values 

lie close to the line with a slope of unity, which indicates good agreement between predicted and 

measured value; some values in the lower range are slightly over/under predicted. Most of the 

dicycloalkanes seem to be over predicted especially near the middle of the mass% range. The 

tricycloalkanes are over predicted at the lower values and under predicted at the higher values. The 

tricycloalkanes span a very small mass% range, making this a difficult compositional trait to 

accurately predict, as is also suggested by the low extremely R2 value of 0.062. In summary, it has 

been shown that GC × GC – FID chromatographic data can be readily correlated with the measured 

http://www.sciencedirect.com/science/article/pii/S0039914016301436#f0020
http://www.sciencedirect.com/science/article/pii/S0039914016301436#f0020
http://www.sciencedirect.com/science/article/pii/S0039914016301436#t0020
http://www.sciencedirect.com/science/article/pii/S0039914016301436#f0020
http://www.sciencedirect.com/science/article/pii/S0039914016301436#f0020
http://www.sciencedirect.com/science/article/pii/S0039914016301436#f0020
http://www.sciencedirect.com/science/article/pii/S0039914016301436#t0020
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chemical compositional values via PLS modeling, in some cases better than others. From PLS 

modeling of the chemical content based on measured values, LRVs are obtained. In basic terms, 

the LRVs describe what analytes are positively correlated and negatively correlated with the 

measured mass% values. Although not specifically presented herein, LRVs could be used to 

determine which analytes affect the mass% in the modeling. 

 

 

Figure 6.4 PLS modeling of the GC × GC – FID chromatograms via LOOCV for the compound 

classes. (A) PLS modeling of n-alkanes using 3 LVs. (B) PLS modeling of monocyloalkanes using 

2 LVs (C) PLS modeling of dicycloalkanes using 2 LVs. (D) PLS modeling of tricycloalkanes 

using 1 LV. 
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Finally, physical properties obtained using standard ASTM test methods were studied with 

PLS; a summary of the RMSECV and NRMSECV values for the GC × GC – FID and previous 

work using GC × GC – TOFMS are provided in Table 6.5. The GC × GC – FID RMSECV values 

are very similar to the GC × GC – TOFMS RMSECV values, with most of them being within a 

few percent of each other. Fig. 6.5 shows the PLS model results of the net heat of combustion 

(MJ/l), which is representative of the other physical properties (not shown). In the PLS regression 

of the net heat of combustion as provided in Fig. 6.5, the point at the low extreme of the data set 

is over predicted. This is mainly due to the use of LOOCV with the PLS modeling which tends to 

amplify slight deviations from the trend at extremes in the data sets. 

 

Table 6.5 Summary of the PLS model metrics using LOOCV for the measured properties 

analyzed. RMSECV values for each physical property are included for GC × GC – FID and GC × 

GC – TOFMS [16] and their accompanying normalized RMSECV. 

http://www.sciencedirect.com/science/article/pii/S0039914016301436#t0025
http://www.sciencedirect.com/science/article/pii/S0039914016301436#f0025
http://www.sciencedirect.com/science/article/pii/S0039914016301436#f0025
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Using the LRVs, specific analytes can be identified that directly affect the physical 

properties of the RP-1 fuels. Because there are thousands of chemical compounds, it can be 

extremely difficult to identify a compound although it can be accomplished based on 1D and 2D 

retention times. However, general trends can be seen in the LRVs such as those observed in Fig. 

6.6A and B. The LRV for the net heat of combustion (MJ/l) indicates that the alkane compounds 

(which are located from 2.0 to 2.5 s on 2D) and aromatics (which are located from 0.4 to 0.9 s 

on 2D) are negatively correlated with the net heat of combustion while the monocycloalkanes and 

dicycloalkanes are positively correlated. It can be seen in the LRV that the dicycloalkanes are the 

most positively correlated with the net heat of combustion. By using LRVs the specific physical 

properties of the RP-1 fuel can be tailored for the specific fuel application need. 

6.4 CONCLUSION 

We have demonstrated the evaluation of RP-1 fuels using GC × GC – FID followed with 

PLS analysis with LOOCV. The GC × GC – FID instrumental platform was facilitated by a 

Figure 6.5 PLS regression using LOOCV for the net heat of combustion (MJ/l) using 1 LV. The 

dashed line indicates the ideal line. 

http://www.sciencedirect.com/science/article/pii/S0039914016301436#f0030
http://www.sciencedirect.com/science/article/pii/S0039914016301436#f0030
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recently developed state-of-the-art diaphragm valve (suitable for continuous high temperature 

operation) that was implemented directly in the oven as the GC × GC modulator. Both chemical 

composition and physical properties of these kerosene-based fuels were successfully analyzed. 

This method could be used to analyze a myriad of other complex volatile mixtures. Based on the 

information obtained in the physical properties modeling, specific properties of the fuel can be 

tailored for the specific purpose of the fuel. Overall, this technique should provide another viable, 

simple, inexpensive method for the analysis of kerosene-based rocket fuels. 
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Chapter 7. Gaining a Fundamental Understanding of Fuel Properties by 

Chemometric Analysis of Advanced Chemical Composition Measurement 

Data 

This chapter was reproduced from C.E. Freye, M.C. Billingsley, R.E. Synovec, “Gaining a 

Fundamental Understanding of Fuel Properties by Chemometric Analysis of Advanced Chemical 

Composition Measurement Data” prepared for submission in Energy & Fuels 

 

7.1 INTRODUCTION 

Chemical composition of kerosene-based fuels is known to affect the fuel properties and 

performance [1-4]. Traditionally, multicomponent fuels, including middle distillate (kerosene) 

fractions and blends thereof, are analyzed for known impurities and hydrocarbon classes (e.g. 

sulfur, olefin, oxygenates, and aromatic compounds) [5]. Indeed it is a challenging endeavor to 

achieve precise control over the chemical composition of multicomponent distillate fuels due to 

variations in crude oil composition and place of origin, refinery and post-refinery conditions, or 

even the date and time the material was refined, treated, and formulated to meet the detail 

specification requirements. Gaining a better understanding between fuel composition and its 

relationship to physical properties (and ultimately performance) is vital for the design and analysis 

of energy conversion devices, including those used in aerospace propulsion. Indeed, much work 

has been performed aimed to establish correlations between the variation in fuel composition and 

fuel specifications [6-16]. In order to provide a sound connection between fuel composition and 

performance and physical properties, it has been shown to be beneficial to evaluate laboratory 

blends, where the analyst has relative control over chemical composition, as well as to assess the 

performance of “field” fuels [6-10,12-16]. However, as the number of fuels analyzed increases, a 
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reliable and straightforward method is needed in order to glean significant information while 

keeping analysis time short.  

Gas chromatography (GC) is a traditional analytical technique that is amenable for the 

separation and analysis of volatile and semi-volatile mixtures [17,18]. When GC is coupled with 

mass spectrometry (MS), spectral information is gathered allowing for further selectivity and the 

ability to identify chemical compounds. GC – MS has been shown to be a powerful tool for the 

analysis of kerosene-based fuel [6-11]. Comprehensive two-dimensional (2D) gas chromatography 

coupled with time-of-flight mass spectrometry (GC × GC – TOFMS) can further improve upon 

the separation power of one dimensional GC and provide additional insight into complex mixtures 

of volatile compounds such as those present in kerosene-based fuels [13-15,19-21]. Traditionally 

in GC × GC, the first separation dimension uses a non-polar stationary phase while the second 

dimension uses a polar stationary phase. However, a reverse-column configuration with a polar 

first dimension and a non-polar second dimension has been shown to provide better selectivity for 

petroleum based samples [13-16,21]. A critical issue in the application of GC × GC – TOFMS is 

the sheer magnitude of data that is produced in the analysis of fuels, and the conversion of that 

data to useful information. This data analysis challenge is compounded by injection replicates for 

a large set of fuels. Yet, the challenge of obtaining meaningful information can be overcome 

through application of powerful chemometric software methods which can aid in the interpretation 

of such complex data sets [22,23]. 

Partial least squares (PLS) analysis is a chemometric method that associates the differences 

in measurable information for two different data sets. Details about PLS can be found elsewhere 

[24-27]. Briefly, PLS analysis mathematically relates, via linear algebra, two data matrices (X and 

Y block) through calculation of loadings referred to as latent variables (LVs). Using PLS, in the 
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study herein, models are constructed to account for the variance (ideally, the relevant chemical 

differences) in both the GC × GC – TOFMS data for a fuel sample set, i.e., the signal intensities 

(which constitute the X-block) and the respective measured property values, i.e., the ASTM data 

for the same fuel sample set (which constitute the Y-block). A key output of PLS modeling is a 

one-to-one correspondence between the measured ASTM values relative to the predicted ASTM 

values based upon the relationship to the chemical composition encoded in the GC × GC – TOFMS 

data, referred to as the PLS calibration. The other key output obtained from the PLS modeling is 

the linear regression vectors (LRVs) which indicates how the variables of the X-block (i.e. 

chromatographic and mass spectral information) relate to the Y-block (i.e. physical properties). 

PLS has been extensively used with GC × GC – TOFMS [15,28,29] and other GC × GC 

instrumental systems [16,30-34] to relate the chemical information to physical properties of 

interest. When constructing PLS models, it is important to have a large number of samples that are 

truly diverse in composition. For example, when the fuel sample set is derived from lab blends 

composed from a limited set of feed stocks, the fuel set is not truly diverse. Lack of true sample 

set diversity may lead to covariance between compounds (or classes of compounds) leading to 

misleading and inaccurate information provided by the LRVs in the PLS models, albeit with 

accurate PLS calibrations [15, 16]. In order to address this shortcoming, it is paramount to study a 

large, predominately naturally diverse fuel sample set. 

Herein, we use an expanded fuel set of 74 kerosene-based fuels (i.e., jet and rocket fuels) 

with varying specifications (e.g. Jet A, JP-5, JP-8, RP-1, RP-2, etc.) in order to gain an accurately 

detailed insight into the relationship between selected fuel properties and chemical composition. 

Tables B.1 and B.2 (Supporting Information) summarize all the samples. Using PLS, the chemical 

information with the data obtained from GC × GC – TOFMS is correlated to the measured physical 
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properties of viscosity, heat of combustion, and hydrogen content as well as density at 15, 45 and 

85 °C, respectively. An important goal is to expand upon the previous work to further gain insight 

and create robust PLS models with a large, diverse set of fuels [15,16].  Furthermore, we 

investigate the LRVs to gain a comprehensive, and accurate, understanding of the relationship of 

the physical properties to the chemical composition of the fuels.  

7.2 EXPERIMENTAL 

 ASTM Measured Values  

The physical properties for the 74 fuels (Tables B.1 and B.2, Supporting Information) were 

obtained in triplicate and the average value was used in the PLS modeling. The complete list of 

physical and compositional properties measured and methods used to obtain values are the 

following: viscosity (cSt) at 40 °C according to ASTM D445/D446; hydrogen content (mass%) 

according to ASTM D7171; heat of combustion (btu/lbm) according to ASTM D4809 using a Parr 

Instruments Model 6200 calorimeter; and density (g/ml) at 15, 45, and 85 °C according to ASTM 

D4052 using a Rudolph Research Analytical DDM2911 density meter. A summary of the property 

data is provided in Table B.2 (Supporting Information).  

 GC × GC – TOFMS Analysis   

To investigate the chemical composition of the fuels, a GC × GC – TOFMS instrumental 

platform was used consisting of an Agilent 6890N GC (Agilent Technologies, Palo Alto, CA, 

USA), a thermal modulator (4D upgrade, LECO, St. Joseph, MI, USA), and a Pegasus III TOFMS 

(LECO, St. Joseph, MI, USA). Aliquots of the fuel samples were introduced to the GC × GC – 

TOFMS instrument via a 7683B auto-injector (Agilent Technologies, Palo Alto, CA, USA). The 

auto-injector was set to inject 1 µL of sample at a 200:1 split at an inlet temperature of 275 °C. 
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Prior to injection, HPLC grade acetone and hexane (Fisher Scientific) were used as solvent rinses. 

The primary GC × GC column (1D) was a Rxi-17Sil MS: 29.5 m × 250 µm inner diameter (i.d.) × 

0.25 µm film thickness, and the secondary GC × GC column (2D) was a Rxi-1MS 1.5 m × 180 µm 

I.D. × 0.25 µm film thickness. Ultrahigh purity helium (Grade 5, 99.999%, Praxair, Seattle, WA, 

USA) was used as the carrier gas at a constant flow rate of 2.0 mL/min. The primary 1D oven was 

held at 40 °C for 1.5 min before being temperature programmed at 5 °C/min to 200 °C where it 

was held for 1 min. The secondary 2D oven was held at a +12 °C offset relative to the primary 1D 

oven and the modulator block was held at a +30 °C offset to the primary 1D oven. The modulation 

period was 3 s (separation run time of the 2D column) with 0.75 s hot and cold pulses for each 

stage. The transfer line was set to 285 °C and the ion source was 225 °C. Mass channels, m/z, 35-

334 at unit resolution were collected with an electron impact ionization voltage of 70 eV at 100 

spectra/s after a 10 s acquisition delay. The 74 samples (Table B.1, Supporting Information) were 

analyzed with two GC × GC – TOFMS replicates for each sample.  Samples 1-68 and 69-74 were 

analyzed in two different time periods separated by 6 months.  

 Data Analysis  

The GC × GC – TOFMS chromatograms were imported into MATLAB 2015b 

(MathWorks, Natick, MA) using an in-house converting algorithm. The data were baseline 

corrected and binned by 4 data points (modulations) on the 1D dimension and by 15 data points 

(150 ms) on the 2D dimension, thereby reducing the sample matrix from (600 1D data points × 300 

2D data points × 300 m/z) to (150 1D data points × 20 2D data points × 300 m/z). This binning 

procedure mitigated any minor run-to-run GC retention time misalignment while also reducing 

computation time [26]. Because Samples 69-74 were run 6 months later than Samples 1-68 there 

was minor 1D retention time shifting. This shifting was readily corrected with a small linear 
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correction factor. The chromatographic data was then mean centered. After the preprocessing 

steps, the chromatographic data was forwarded into the PLS analysis which was performed using 

PLS Toolbox 8.02 (Eigenvector Research Inc., Wenatchee, WA, USA). The following physical 

properties were predicted: kinematic viscosity (cSt), and net heat of combustion (btu/lb), hydrogen 

content (mass%), and density (g/mL) at 15, 45, and 85 °C.  Normally leave-one-out cross 

validation (LOOCV) is implemented with PLS [15,16,26,28,30], but with a large dataset, this 

would result in an excessively long computation time and potential overfitting of the data. 

Therefore, for construction of the PLS models, all underwent Venetian blinds cross validation for 

testing the overall predictive ability of the models and to determine the correct number of latent 

variables (LVs) [35,36]. For the Venetian blinds cross validation, a PLS calibration model was 

prepared with each group of N - 6 fuels, and the given physical property for the remaining 6 fuels 

was predicted, where N is the total number of fuels being analyzed. For example, if the PLS 

analysis was for 72 fuels (evenly divisible by 6), Samples 1, 14, 27, 40, 53, 66 would be left out 

of the calibration step (using all of the other fuels) but are then predicted, then Samples 2, 15, 28, 

41, 54, 67 were left out of the calibration step and are then predicted, and so on in a round robin 

fashion. Since in this study of 74 fuels, N is not divisible by 6, then the first two groups of 6 

excluded from the calibration step will have an additional fuel to make up for the difference (i.e. 

there will be one or more group of 7, not to exceed 5 groups). Hence in this study of 74 fuels, 

Samples 1, 14, 27, 40, 53, 66, 72 were left out of the PLS calibration step and then predicted, then 

Samples 2, 15, 28, 41, 54, 67, 73 were left out of the calibration step and then predicted, and so 

on. Linear regression vectors (LRVs), as defined in the PLS toolbox, were investigated to 

determine the relationship between the chemical composition and physical measurements. Analyte 

compounds that exhibit positive values in the LRV are correlated with increasing the specified 
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property, while negatively correlated analyte compounds exhibit negative values in the LRV and 

are correlated with decreasing the specified property [13-16, 24-27, 30]. The GC × GC – TOFMS 

chromatogram replicates were analyzed in separate PLS models and are overlaid on the same graph 

for ease of visualization. In order to determine the “goodness-of-fit” for the PLS models, the root 

mean square error of cross validation (RMSECV) was calculated as defined by,  

 

𝑅𝑀𝑆𝐸𝐶𝑉 = [
1

𝑁
∗  ∑(𝑦𝑖,𝑐𝑣 − 𝑦𝑖,𝑚𝑒𝑎𝑠)2]

0.5

                         (7.18) 

 

where N is the number of fuel samples, yi,cv is the cross validation predicted value of sample (i) 

and yi,meas is the measured value for the same sample. RMSECV can be normalized (NRMESCV) 

by dividing the RMESCV by the range of the y,meas values. In addition, principal component 

analysis (PCA) was performed on the three LRVs from the density measurements for the purpose 

of interrelating the three separate PLS models at 15, 45 and 85 °C.   

7.3 RESULTS AND DISCUSSION 

Using the GC × GC – TOFMS instrument in the reversed column configuration, an 

excellent 2D chromatographic separation of the fuels was achieved. Figure 7.1 shows the total ion 

current (TIC) chromatograms of four representative fuels. Figure 7.1A shows the chromatogram 

of Sample 1: YA2921HW10 which is a middle distillate cut fuel, mainly composed of alkanes and 

cycloalkanes. Figure 7.1B shows the chromatogram of Sample 4: WC0721HW01, a heavy 

distillate cut mainly composed of alkanes. Figure 7.1C shows the chromatogram of Sample 66: 

POSF 10264, a light distillate fuel primarily composed of alkanes and aromatics. Figure 7.1D 

shows the chromatogram of Sample 67: POSF 10289, a middle distillate fuel composed of alkanes, 

cycloalkanes, and aromatics. For each compound class (alkane, cycloalkane, and aromatic) it is 

possible to discern sub-classes (e.g. n-alkanes, isoalkanes, monocylcoalkanes, etc.). Figure B.1A 
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(Supporting Information) shows the approximate location in the 2D separation of the major 

compound classes: alkanes, cycloalkanes, and aromatics. It will be shown that each fuel can be 

thought of as providing its own chemical fingerprint comprised of a unique combination of these 

various compound classes and sub-classes. Note that if the data had not been collected using GC 

× GC (see Fig B.1B, Supporting Information), and a one-dimensional GC separation were 

employed, there would have been significant overlap between the compound classes making it 

difficult to distinguish them. Additionally, because each GC × GC chromatogram was collected 

Figure 7.1 Four total ion current (TIC) GC × GC chromatograms representing the wide variety of 

fuels analyzed. (A) GC × GC chromatogram of Sample 1: YA2921HW10. (B) GC × GC 

chromatogram of Sample 4: WC0721HW01. (C) GC × GC chromatogram of Sample 66: POSF 

10264. (D) GC × GC chromatogram of Sample 67: POSF 10289. 
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with a multivariate detector (TOFMS), it is possible to choose selective m/z that are representative 

of different chemical compound classes that exist in the fuels. To illustrate this point, Figure B.2A-

F (Supporting Information) shows several analytical ion chromatograms (AIC) for Sample 67. 

This figure demonstrates the power of using selected m/z (as desired) coupled with the 2D 

separation advantage to isolate and in principle quantify the various hydrocarbon classes present 

in these fuels. However, in the current study, it was not necessary to identify and quantify every 

hydrocarbon class or every analyte present in the fuels in order to meet the goals of the PLS 

modeling.  

For the sake of complete disclosure, the TIC GC × GC chromatograms of all 74 fuels is 

provided in Figure B.3 (Supporting Information). It should be noted that these 74 fuels have a 

varied range of chemical composition (unique fingerprint) with wide ranging distillate cut and 

various combinations of the major compounds classes (alkanes, cycloalkanes, and aromatics), with 

Figure 7.1 illustrating these differences. Furthermore, the fuels have various specifications (i.e. 

RP-1, RP-2, JP-8, Jet-A, etc.) along with a wide variety of fuel properties. There are nine fuels, 

Samples 16, 20, 24, 25, 46, 47, 48, 50, and 72, that exhibit a significantly atypical chemical 

fingerprint compared to the majority of the fuels (remaining 65 fuels). The combination of the 

fuels provided in Figure 7.1 constitute the various compound classes exhibited by the “typical” 

fuel. Herein, we refer to any fuel that ultimately models well using PLS (Figure B.4, Supporting 

Information), yet is compositionally unique in its own right is referred to as a typical fuel. In 

contrast, Sample 48 (see Fig. B.3, Supporting Information), is only composed of 2 major peaks 

and several minor peaks. Another atypical fuel is Sample 16 (see Fig. B.3, Supporting Information) 

which at first glance may appear to be a typical fuel; however, the entire alkane region is not 

present and there are several excessively concentrated peaks. We shall see that the large chemical 
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variation present in these nine samples will make the PLS modeling of the fuels difficult, as is 

demonstrated next. 

We now turn our attention to the PLS modeling of the physical properties. Using PLS 

modeling, the measured viscosity values (ASTM D445/D446) for all of the samples were predicted 

based upon the GC × GC – TOFMS chromatograms for each fuel. Figure 7.2A shows the 

calibration results from the modeled viscosity for all 74 fuel samples with both replicates of the 

GC × GC – TOFMS shown. The errors for the modeling are below a NRMSECV of 11%. 

However, there are several samples (Samples 16, 20, 24, 25, 46, 47, 48, 50, and 72) which do not 

model correctly. Inspection of the LRV in Figure 7.2B indicate there are several chemical features, 

Figure 7.2 (A) PLS prediction of the viscosity using GC × GC – TOFMS chromatograms of all 

74 fuel samples (Table B.1, Supporting Information). The black line represents the ideal 

agreement between the predicted and measured values. There are nine fuels that are incorrectly 

predicted (Figure B.4). (B) Linear regression vectors (LRVs) from the PLS prediction of the 

viscosity. Viscosity should be primarily based on distillate cut (i.e. boiling point). However, there 

appears to be 3 compounds eluting on the 1D dimension at 8, 10, and 12 min that are dominating 

the model.  
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three compound regions in particular, 1tR ≈ 8 min (large red feature), and 10 and 12 min (large blue 

features), which adversely influence the model the most. Investigating the Q residuals and Hoteling 

T2 (see Figure B.4, Supporting Information) there are several fuels that adversely impact the PLS 

modeling due to large chromatographic differences relative to the typical fuel samples.  This was 

mentioned earlier in the context of Figure 7.1 (and Figure B.3, Supporting Information) that some 

fuels stand out upon visual inspection as being “chemically” very different than a majority of the 

fuels. As previously mentioned, Sample 48 only has some minor peaks and two major peaks 

(chemical compounds) which are present in the sample at a grossly high concentration. Predicting 

the viscosity as well as the other physical properties will be adversely challenged because this 

sample is so chemically different from the rest of the fuels. Thus, fuels that exhibited a high 

Hoteling T2, were excluded from the subsequent modeling of viscosity. There were a few fuels 

that had low Hoteling T2 values, but moderately high Q residuals. Those fuels were kept in the 

subsequent modeling as they only led to a modest and acceptable increase in the modeling error. 

In order to create a PLS model with low Q residuals and low Hoteling T2, Samples 16, 20, 

24, 25, 46, 47, 48, 50, and 72 were excluded, and viscosity modeling was re-evaluated with the 

remaining fuels (65 of the initial 74 fuels). The errors in the modeling are much lower with 

NRMSECV ~ 6% (instead of ~ 11%) in the calibration presented in Figure 7.3A with the average 

of both replicates shown, and with the fuels presented in Figure 7.1 highlighted. The PLS model 

with both replicates can be found in Figure B.5 (Supporting Information). The range of viscosity 

values over which the model accurately represents experimentally measured data is noteworthy. 

Additionally, the LRV in Figure 7.3B is more appropriate with no chemical compounds 

dominating the PLS modeling, and provides a sound chemical interpretation. Compounds with 

higher boiling points (longer retention times 1tR on the 1D separation) are positively correlated with 
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increasing viscosity while lower boiling point compounds (shorter 1tR on the 1D separation) are 

correlated with lower viscosity. Comparing the chromatograms presented in Figure 7.1 to the 

LRVs, an analyst would expect Sample 4 to have a high viscosity, Samples 1 and 67 to have 

moderate viscosity, and Sample 66 to have a low viscosity. Sample 4 has more compounds that 

elute at longer 1tR, Samples 1 and 67 have equal amounts of compounds that elute equally across 

the entire 1D separation, and Sample 66 has a lack of compounds that elute at longer 1tR. This is 

appropriately reflected in the calibration plot in Figure 7.3A.  

Figure 7.3 (A) PLS prediction of the viscosity using GC × GC – TOFMS chromatograms using 

65 of the initial 74 fuels from Table B.1 (Supporting Information), with Samples 16, 20, 24, 25, 

46, 47, 48, 50, and 72 objectively excluded based on statistical tests (Figure B.4). The blue line 

represents the ideal agreement between the predicted and measured values (slope = 1). Samples 

1, 4, 66, and 67 have been highlighted red in order to discuss the relationship between their 

chemical composition, location on the calibration plot and linear regression vectors (LRV) (B) 

LRV from the PLS prediction of viscosity indicating that viscosity is a function of distillate cut 

(i.e. boiling point). Fuels that have a heavier distillate cut will have a higher viscosity.  
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Before PLS prediction of the heat of combustion could be calculated, the heat of 

combustion values (see Table B.2, Supporting Information) were corrected for their hydrogen 

content (see Figure B.6, Supporting Information) which is a linear correction factor and accounts 

for the amount of heat lost to the water produced by the combustion [37,38].  Similar to the PLS 

prediction of viscosity, the PLS prediction of the heat of combustion is provided in Figure 7.4A, 

Figure 7.4 (A) PLS prediction of the heat of combustion using GC × GC – TOFMS 

chromatograms using 65 of the initial 74 fuels from Table B.1 (Supporting Information), with 

Samples 16, 20, 24, 25, 46, 47, 48, 50, and 72 objectively excluded based on statistical tests. The 

blue line represents the ideal agreement between the predicted and measured values. Samples 1,4, 

66, and 67 have been highlight red in order to discuss the relationship between their chemical 

composition, location on the calibration plots and linear regression vectors (LRVs) (B) LRVs from 

the PLS prediction of heat of combustion indicating that heat of combustion is a dependent on the 

amount of alkanes, cycloalkanes, and aromatics present in the fuel. Fuels that have higher alkane 

content will have a higher heat of combustion, while fuels that have a large aromatic content will 

have a low heat of combustion. The cycloalkanes do not appear to effect the heat of combustion 

of a fuel relative to the contribution from alkanes and aromatics.  
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and was carried out in a similar fashion to the viscosity modeling with the same outlier samples 

excluded: 16, 20, 24, 25, 46, 47, 48, 50, and 72. Samples mentioned above were excluded because 

they exhibited high hoteling T2 values. The modeling of the heat of combustion has a slightly 

higher error than the viscosity and density (see below) with a NRMSECV of ~ 13%. However, the 

method precision (repeatability) and bias for ASTM D4809 are 0.096 and 0.089 MJ/kg (~ 40 

btu/lb) respectively, and the model quality based on true values may therefore be better than 

indicated. Chemical interpretation of the LRV in Figure 7.4B indicates that the alkanes positively 

correlate with the heat of combustion while the aromatics negatively correlate with the heat of 

combustion. The cycloalkanes appear to not contribute to the heat of combustion based on the PLS 

modeling, at least not to the extent that the alkanes and aromatics do contribute. Comparing the 

chromatograms presented in Figure 7.1 to the LRVs, an analyst would expect Samples 1 and 4 to 

have a high net heat of combustion since no aromatics are present in the fuel, Sample 66 should 

have a moderately high net heat of combustion since there are a large amount of alkanes present 

but also a minor amount of aromatics, and Sample 67 should have a low net heat of combustion 

because there is a large amount of aromatics present. The calibration plot shown in Figure 7.4A 

matches this visual assessment. For comparison to Figure 7.4, Figure B.7 (Supporting Information) 

shows the PLS modeling of the heat of combustion with the inclusion of all fuels and the LRVs. 

In addition the PLS modeling of the heat of combustion excluding Samples 16, 20, 24, 25, 46, 47, 

48, 50, and 72 is provided in which the replicates are plotted. 

The PLS prediction of the hydrogen content was performed similarly to the viscosity and 

heat of combustion with the same samples being excluded (Samples 16, 20, 24, 25, 46, 47, 48, 50, 

and 72) due to their high hotelling T2 values. The calibration plot is provided in Figure 7.5A and 

has a NRMSECV error below 11%. Chemical interpretation of the LRVs (Figure 7.5B) indicates 
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that the alkanes are positively correlated while the aromatics are negatively correlated. In chemical 

terms, this matches as aromatics have pi bonds (double bonds) reducing the amount of saturation, 

and thus the amount of hydrogen present. It appears that the cycloalkanes do not appear to affect 

the hydrogen content significantly. Visually comparing the chromatograms present in Figure 7.1, 

Samples 1, 4, and 66 have a large amount of alkanes present in the fuel, Sample 66 has a moderate 

Figure 7.5 (A) PLS prediction of the hydrogen content using GC × GC – TOFMS chromatograms 

using 65 of the initial 74 fuels from Table B.1 (Supporting Information), with Samples 16, 20, 24, 

25, 46, 47, 48, 50, and 72 objectively excluded based on statistical tests. The blue line represents 

the ideal agreement between the predicted and measured values. Samples 1,4, 66, and 67 have been 

highlight red in order to discuss the relationship between their chemical composition, location on 

the calibration plots and linear regression vectors (LRVs) (B) LRVs from the PLS prediction of 

hydrogen content indicating that hydrogen content is a dependent on the amount of alkanes and 

aromatics present in the fuel. Fuels that have higher alkane content will have a higher hydrogen 

content, while fuels that have a large aromatic content will have a low hydrogen content. It appears 

that the cycloalkanes do not seem to effect the hydrogen content of a fuel relative to the contribution 

from alkanes and aromatics.  
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amount of aromatics, and Sample 67 has a large amount of aromatics. Thus, Samples 1 and 4 

should have a high hydrogen content, Sample 66 should have a moderate amount, and Sample 67 

should have a low amount. However, Samples 1, 4, and 66 are all roughly predicted to have the 

same hydrogen content.  One potential reason for Sample 66 having a relatively high hydrogen 

content could be the number of alkanes present in the sample are overriding the negative effects 

of having aromatics present. As with the other modeling, Figure B.8 (Supporting Information) 

shows the PLS analysis of the hydrogen content will the inclusion of all fuels and the resulting 

LRVs. Furthermore, the PLS modeling of the hydrogen content excluding Samples 16, 20, 24, 25, 

46, 47, 48, 50, and 72 is shown with the replicates. 

Finally, an overlay of the three PLS density models at 15 °C, 45 °C, and 85 °C is provided 

in Figure 7.6A with the average of both replicates indicated. The PLS model has an error of 

NRMSECV ~8%. Samples 66, 4, 1, and 67 (left to right in Fig 7.6A) have been highlighted for all 

three temperatures in order to discuss the relationship between the LRVs and chemical 

composition of the fuels. The LRVs for the PLS modeling of the density at 15 °C, 45 °C, and 85 

°C are shown in Figures 7.6B-D, respectively. Interpretation of the LRVs indicate that alkanes are 

negatively correlated with density, cycloalkanes are moderately positively correlated with density, 

and aromatics are positively correlated with density. Sample 67 has a large amount of aromatics 

leading to a higher density, Sample 1 and 4 have no aromatics, approximately the same amount of 

cycloalkanes, but Sample 4 has been alkanes leading to a slightly lower density than Sample 1. 

Sample 66 has the lowest density as the same is mainly composed of alkanes with a minor amount 

of aromatics. It appears that density and heat of combustion are inversely correlated as compounds 

(or compound classes) that increase heat of combustion decrease the density of a fuel.  
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Figure 7.6 (A) Overlay of the three PLS prediction models of density at temperatures of 15 °C, 

45°C, and 85 °C using GC × GC – TOFMS chromatograms with Samples 16, 20, 24, 25, 46, 47, 

48, 50, and 72 excluded. The average of the two PLS modeling results for the two GC × GC – 

TOFMS replicates is shown. The blue line represents the ideal agreement between the predicted 

and measured values. Samples 66, 4, 1, and 67 (left to right) have been highlighted for each 

temperature so they can be discussed in the context of their chemical composition, location on the 

calibration plot and linear regression vectors (LRVs). (B) LRVs for PLS prediction of density at 

15 °C. (C) LRVs for PLS prediction of density at 45 °C. (D) LRVs for PLS prediction of density 

at 85 °C. 
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The PLS evaluation of the density at 15, 45, and 85 °C including all the fuels can be seen in Figure 

B.9, B.10, and B.11 (Supporting Information), respectively. Additionally, PLS modeling of the 

density at 15, 45, and 85 °C excluding Samples 16, 20, 24, 25, 46, 47, 48, 50, and 72 is shown 

with the replicates. The three LRVs in Figures 7.6B-D appear identical to each other as a function 

of temperature.  In order to investigate this observation further, and to gain insight into the 

temperature dependence on density, the LRVs from each PLS modeling of the density (2 replicates 

× 3 different temperatures) were forwarded to PCA, with results presented in Figure 7.7.  The 

LRVs separate on PC2 (PC1 not shown for brevity) in the scores plot in Figure 7.7A, forming a 

linear trend with respect to temperature. Over a sufficiently short range of temperature, density for 

a bulk sample such as kerosene based fuel is essentially linearly dependent on temperature. 

Investigating the loadings plot for the PCA in Figure 7.7B reflect what was originally observed in 

Figure 7.6, that the alkanes negatively influence density, while the cycloalkanes have a minor 

positive correlation with density, and aromatics are positively correlated. However, the loadings 

Figure 7.7 PCA modeling on the LRVs from the PLS prediction of density at 15, 45 and 85 °C, 

respectively. (A) Scores on PC2 form a linear function with respect to temperature. (B) Loadings 

plots from the PCA on the LRVs of the PLS prediction of density. 
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plot also provides insight into the relationship between density as a function of temperature. For 

each compound, density increases at a different rate (i.e. different slope in a function) which is 

caused by the intermolecular forces [39]. 

7.4 CONCLUSION 

The overarching goal of this research is to better understand and enhance fuel performance 

through chemometric modeling, by relating fuel property data (ASTM measurements) to chemical 

composition data (GC × GC – TOFMS). The predictive PLS modeling approach presented herein 

may ultimately be used to educate fuel selection. Proof-of-principle of the PLS modeling approach 

was demonstrated on ASTM measurements of four physical properties: viscosity, heat of 

combustion, hydrogen content, and density. With an extremely large dataset composed of 74 

diverse fuels, reliable PLS models were produced, that relate the chemical composition 

information provided by GC × GC – TOFMS measurements of each fuel to the physical properties 

of each fuel. Overall success of the approach relied heavily on having a compositionally diverse 

set of fuels with accurately measured physical properties. Additionally, it should be straight 

forward to transition this approach to either different fuels (jet fuel, diesel fuel, etc.) and/or 

different properties or even performance metrics such as thermal stability measurements. Future 

work should also focus on digging deeper into chemical compound identification that correlates to 

each physical property, following along the lines presented in Figure B.2 (Supporting 

Information).    

7.5 SUPPORTING INFORMATION 

Figures B.1 to B.11 and Table B.1 and B.2 can be found in Appendix B.  
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Chapter 8. Recent Advances in the Development of Chemical Analysis Tools 

to Relate Compositional Variation to Thermal Integrity Data for RP-1, 

RP-2, and Related Fuels 

This chapter was reproduced from C.E. Freye, B. Hill-Lam, N. Keim, M.C. Billingsley, and R.E. 

Synovec “Recent Advances in the Development of Chemical Analysis Tools to Relate 

Compositional Variation to Thermal Integrity Data for RP-1, RP-2, and Related Fuels” prepared 

for submission in Energy & Fuels 

 

8.1 INTRODUCTION 

The decomposition of hydrocarbons into carbonaceous deposits (also known as “coking”) 

is a major problem found in the cracking of petroleum products [1-3], pyrolysis of biomass for 

biofuels [4-6], production of PVC [7,8], and regenerative cooling in rocket and jet engines [9-11]. 

The formation of carbonaceous deposits is a relatively well understood phenomenem, and it is 

generally accpeted that there are three basic mechanisms that govern the formation of carbon 

deposits [1,3,9,12-18]. These include the production of condensation (amorphous) carbon via 

formation of polycyclic aromatic hydrocarbons (PAH) in the hyrdocarbon stream which condense 

on the tubing, catalyst, and/or reactor wall surfaces, free radical growth reactions between the 

hyrdocarbon stream and the surface coke, and filamentous carbon via catalytic reactions with 

surface metals found in the tubing, catalyst, and/or reactor wall surfaces. Several studies using 

single component model compounds have shown that coking propensity as a function of chemical 

structure is n-alkanes < iso-alkanes < alkenes ≈ cycloalkanes < armomatics < PAH [3,16,19]. 

Furthermore, the the presence of heteroatoms such as those containing sulfur can increase coking 

rates [1,20].  
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The use of regenerative cooling in liquid-hydrocarbon-fueled hypersonic vehicles has been 

a staple for the aerospace field wherein the fuel flows through tubes or channels of a heat-

exchanger in order to act as a heat-sink [12,21-24]. Robert Godard built the first regeneratively 

cooled engine in 1923, and subsquent design of the V-2 rocket, Rocketdyne F-1 and Rocketdyne 

J-2 Saturn V engines, Pratt & Whitney J58 engine for the SR-71, and many prior and successive 

engine designs use regenerative cooling. While regenerative cooling may be advantageous to 

reduce temperature of the combustion chamber, nozzle of the engine, and/or other sub-systems, a 

major shortcoming is the undesirable formation of carbonaceous deposits [9-12,25,26]. 

Investigation into the thermal stability of fuels has taken a three-fold approach: 1) fuel 

composition, 2) cooling surface substrates (i.e. copper, stainless steel, etc.), and 3) testing 

conditions (i.e. pressure and flow rates).   

Using a single-tube flow reactor, two jet fuels, Jet A-1 and JP-8, and a Synthetic Paraffinic 

Kerosene (SPK) derived from the Fischer-Tropsch process were analyzed [27]. All three fuels 

were prone to pyrolysis and subsequent carbon deposition but the SPK was more reactive which 

was determined to be a result of its higher hydrogen content (%mass). Five common kerosene-

based fuels: JP-7, JP-8, JP-8+100, JP-10, and RP-1 were evaluated using a restively heated tube 

test apparatus which simulates regeneratively cooled rocket engines [28]. Carbon deposition for 

each fuel was evaluated for both the stainless steel and copper tubing. All fuels deposited 

measureable amounts of carbon, however, the high sulfur content JP-8 and JP-8+100 testing with 

the copper tubing resulted in extremely high carbon deposition which forced the premature ending 

of the testing. This was mitigated by using stainless steel tubing. Comparing SS316 (Fe-rich alloy) 

and Inconel 600 (Ni-based superalloy) for the thermal stressing of Jet A fuel, deposits of carbon 

of similar composition were measured [29]. Coating the SS316 with an alumni-coating 
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significantly inhibited the deposition of carbon. This investigation was expanded by another group 

of who used eight different surface substrates [30]. Titanium-based coatings have also been shown 

to be effective at reducing carbon deposition [31]. It has been demonstrated that elevated pressures 

in regenerative cooling channels promotes carbon deposition wherein the amorphous carbon 

increased drastically which inhibited the formation of catalytic filamentous carbon [32].  

Traditionally, multicomponent distillate fuels were analyzed for known impurities (e.g. 

sulfur, olefin, oxygenates, and aromatic compounds) and effects on fuel-wetted surfaces (e.g. 

copper corrosivity) [33], with additional testing in representative engine components and 

environments providing full assurance of system reliability. However, this approach can become 

expensive and time consuming as engine operating environments and the number of candidate fuel 

formulations increases, and skilled technicians may be required both for testing as well as analysis 

and interpretation of results. In order to evaluate fuel performance, an ideal approach is to 

implement an apparatus that exposes candidate fuels to perturbations in the most relevant 

environmental conditions occurring in rocket cooling system environments. By observing the 

response of this simulative environment through a number of measurable parameters, a candidate 

fuel’s performance is assessed. Furthermore, the ability to correlate compositional information to 

these measurable differences yields the opportunity to more effectively select, control, and specify 

fuels for advanced applications.  

It is important to note that the influence on certain types of compounds on fuel thermal 

performance is widely accepted. For example, in rocket grade kerosene, aromatic, olefinic, and 

sulfur-containing compounds are restricted to relatively low levels due to their detrimental 

influence on cooling performance and other engine behavior [34-38]. However, questions 

regarding existing specifications must be addressed before candidate fuels are adopted for use in 
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systems imposing high levels of thermal stress and surface reactivity. These include assessment of 

1) validity of current test methods controlling deleterious compounds; 2) validity of current 

maximum allowable levels for contaminants and unsaturated species; 3) specific types of 

compounds in a given class or family, including their relative detriment to cooling performance; 

and 4) other compounds not governed by specification limits but suggested to influence fuel 

reactivity, decomposition, and deposit formation.  

Gas chromatography (GC) is a traditional analytical platform to separate and analyze 

volatile and semi-volatile mixtures [39-41]. When coupled with mass spectrometry (MS), spectral 

information can be gathered allowing for further selectivity. Although GC – MS is a powerful 

technique, it cannot sufficiently separate complex mixtures such as kerosene-based fuels with only 

a single dimension of GC [33,39,42-45]. Comprehensive two-dimensional gas chromatography 

followed by time-of-flight mass spectrometry (GC × GC – TOFMS) can further improve upon the 

separation power of one dimensional GC and provide additional insight into complex mixtures of 

volatile compounds such as those present in kerosene-based fuels [45-52].  With GC × GC, two 

complementary separation dimensions are implemented to maximize the separation power, which 

allows the analyst to substantially improve upon the information gleaned from complex samples. 

Typically, the first separation dimension uses non-polar stationary phase while the second 

dimension uses a polar stationary phase. However, a reverse-column configuration is implemented 

herein, which provides better selectivity for samples, in which the first dimension column has a 

polar stationary phase and the second dimension column has a non-polar stationary phase 

[46,53,54]. Although multidimensional chromatography has recently experienced increased 

applicability for aerospace fuel analysis, the extent of its utility has heretofore been limited in most 

cases to qualitative comparisons between fuels and in some cases hydrocarbon type classification, 
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owing to the immensity of the datasets offered by GC × GC. With the amount of chemical 

information obtained from GC × GC – TOFMS, there are significant challenges in gleaning useful 

information from the data.  

Partial least squares (PLS) analysis is well suited to relate complex chemical information 

obtained from GC × GC – TOFMS to other forms of chemical/physical measurements 

[45,46,52,55-58]. PLS yields two important outcomes, a linear correspondence of the 

chemical/physical properties to the GC × GC – TOFMS data. This can subsequently be used to 

predict modeled chemical/physical properties without having to directly measure these properties 

in new samples. The second outcome is the underlying relationship between the chemical 

composition of the samples and the predicted chemical/physical measurements. This is commonly 

denoted as the linear regression vectors (LRVs). In order to achieve reliable, robust PLS modeling, 

as well as determine the correct number of latent variables, cross validation is performed 

[45,46,52,54,56-58].  

Herein for 36 fuels listed in Table 8.1, chemical information obtain via GC × GC - TOFMS 

is related to the physical properties obtained via CRAFTI analysis using PLS. The physical 

properties obtained from CRAFTI analysis and the subsequent LECO RC612 carbon deposition 

determinations were change in pressure as function of time and the carbon deposition profiles. A 

major goal is to determine if there are informative connections between the chemical information 

and the measured physical properties. Furthermore, we attempt to identify chemical classes or 

compounds that are predictive of the physical properties. Based on the information gained, 

improvements in the selection, control, and specification of future kerosene-based rocket 

propellants will be further enhanced. Herein, we aim to establish an experimental platform using 

advanced analytical techniques with chemometric data analysis to interrelate the chemical and 
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physical properties of kerosene-based rocket propellant, to begin to facilitate assessment of these 

questions. 

8.2 EXPERIMENTAL 

 CRAFTI and Carbon Deposition Analyses 

The thermal stability of the 36 fuels (Table 8.1) was probed using a instrument used to 

simulate regenerative cooling channel environments in liquid rocket engines. Figure C.1 

(Supporting Information) shows pictures of the CRAFTI instrument. Fuel at a rate of 2.43*10-4 

kg/min was flowed through a 30.5 cm copper tube which is termed the test article. The inner and 

outer dimensions of the test article are 0.91 and 3.18 mm, respectively. The inlet of the test article 

was held at 6.9 MPa. After the pressure at the inlet stabilized at 6.9 MPa, the test article was 

restively heated with an input power of 4500 Watts between 5.1 cm and 15.3 cm for 15 minutes. 

Pressure transducers were placed directly before and after the test article to measure the pressure. 

After the CRAFTI analysis, the test article was cut into 1.27 cm lengths. Each section was wiped 

with KimWipes and then immersed in an IPA bath. Each section was then evaluated using a LECO 

RC612 Carbon Determinator (LECO, St. Joseph, MI, USA). The furnace was held at 275 °C for 

200 seconds, ramped to 400 °C at 100 °C/min and held for 120 seconds, ramped to 600 °C at 100 

°C/min and held for 120s, and rampled to 900 °C at 100 °C/min and held for 60 seconds. 

 GC × GC - TOFMS Analysis   

To investigate the chemical composition of the fuels a GC × GC – TOFMS instrumental 

platform was used consisting of an Agilent 6890N GC (Agilent Technologies, Palo Alto, CA, 

USA), a thermal modulator (4D upgrade, LECO, St. Joseph, MI, USA), and a Pegasus III TOFMS 

(LECO, St. Joseph, MI, USA). Aliquots of the fuel samples were introduced to the GC × GC – 
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TOFMS instrument via a 7683B auto-injector (Agilent Technologies, Palo Alto, CA, USA). The 

auto-injector was set to inject 1 µl of sample at 200:1 split at an inlet temperature of 275 °C. Prior 

to injection, HPLC grade acetone and hexane (Fisher Scientific) were used as solvent rinses. The 

primary GC × GC column (1D) was a Rxi-17Sil MS: 29.5 m × 250 µm inner diameter (i.d.) × 0.25 

µm film thickness, and the secondary GC × GC column (2D) was a Rxi-1MS 1.5 m × 180 µm i.d. 

× 0.18 µm film thickness. Ultrahigh purity helium (Grade 5, 99.999%, Praxair, Seattle, WA, USA) 

Table 8.1 Sample number and sample name are given. A Summary of the physical properties 

measured via CRAFTI and LECO’s RC612 Carbon Determinator. The change in pressure is 

measured in psi and carbon measurements are in counts. 
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was used as the carrier gas at a constant flow rate of 2.0 ml/min. The primary 1D oven was held at 

40 °C for 1.5 min before being ramped at 5 °C/min to 200 °C where it was held for 1 min. The 

secondary oven was held at a +12 °C offset relative to the primary oven and the modulator block 

was held at a +30 °C offset to the primary oven. The modulation period was 3 s (separation run 

time of the 2D column) with 0.75 s hot and cold pulses for each stage. The transfer line was set to 

285 °C and the ion source was 225 °C. Mass channels, m/z, 35-334 at unit resolution were collected 

with an ionization voltage of 70 eV and detector voltage of 1850 at 100 spectra/s after a 10 s 

acquisition delay. The 36 samples (Table 1) were analyzed with two GC × GC – TOFMS replicates 

for each sample.   

 Data Analyses 

The GC × GC – TOFMS chromatograms were imported into MATLAB 2015b 

(MathWorks, Natick, MA) using an in-house converting algorithm. The data was baseline 

corrected and binned by 3 data points (modulations) on 1D and 20 data points (200 ms) on 2D 

reducing the sample matrix to (200 1D data points × 15 2D data points × 250 m/z). This binning 

procedure mitigated any minor run-to-run GC retention time misalignment while also reducing 

computation time [46,52,54]. For the PLS modeling of the fuels, the 36 fuels were forwarded into 

PLS analysis which was performed using PLS Toolbox 8.02 (Eigenvector Research Inc., 

Wenatchee, WA, USA). The following physical properties were modeled: ∆pressure, chemisorbed 

carbon in the heated zone, chemisorbed carbon in the exit zone, amorphous carbon in the heated 

zone, amorphous carbon in the exit zone, filamentous carbon in the heated zone, and filamentous 

carbon in the exit zone (Table 8.1). For construction of the PLS models, all underwent leave-one-

out cross validation (LOOCV) for testing the overall predictive ability of the models and to 

determine the correct number of latent variables (LVs). The GC × GC – TOFMS chromatogram 
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replicates were analyzed in separate PLS models and are overlaid on the same graph for ease of 

visualization. In order to determine the “goodness-of-fit” for the PLS models, the root mean square 

Figure 8.1 Illustration of the workflow for the PLS prediction of the physical properties. (A) For 

all fuel samples, GC × GC – TOFMS chromatographic data were binned in order to remove any 

chromatographic misalignment and reduce computation time. (B) Next, at each tile location, each 

mass channel was regressed against the physical property of interest using leave-one-out cross 

validation. (C) In order to be selected as a feature, at least 3 mass channels below a certain 

NRMSECV threshold were required. Mass channels that were above the threshold were not 

included in the final PLS modeling. (D) Mass channels at the tile locations that passed the 

thresholds were concatenated and regressed against the physical property using PLS. 
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error of cross validation (RMSECV) was calculated as defined by,  

𝑅𝑀𝑆𝐸𝐶𝑉 = [
1

𝑁
∗  ∑(𝑦𝑖,𝑐𝑣 − 𝑦𝑖,𝑚𝑒𝑎𝑠)2]

0.5

                         (8.19) 

 

where N is the number of fuel samples, yi,cv is the cross validation predicted value of sample (i) 

and yi,meas is the measured value for the same sample. RMSECV can be normalized (NRMESCV) 

by dividing the RMESCV by the range of the y,meas values.  

          Next a novel feature selection technique was applied prior the calculation of the PLS models. 

It is been demonstrated previously that feature selection prior to PLS modeling can reduce errors 

and yield overall better models [59-62]; however, its application to GC × GC has been relatively 

limited [56].  Figure 8.1 shows the illustration of the workflow for the feature selection technique. 

As shown in Figure 8.1A, the chromatograms were binned by 3 data points on 1D and 20 data 

points on 2D reducing the sample matrix. At each tile, each m/z was individually regressed against 

the physical property of interest (∆pressure, chemisorbed carbon in the heated zone, chemisorbed 

carbon in the exit zone, amorphous carbon in the heated zone, amorphous carbon in the exit zone, 

filamentous carbon in the heated zone, and filamentous carbon in the exit zone) using LOOCV 

resulting in 750,000 regressions (200×15×250) as shown in Figure 8.1B. A normalized root mean 

square error of cross validation (NRMSECV) threshold was applied, and finally, to be deemed a 

relevant chemical feature, each tile identified had to contain at least 3 m/z below the NRMSECV 

threshold as shown in Figure 8.1C. The tiles that passed both of these requirements were then 

concatenated and used to holistically predict the physical property of interest using PLS as seen in 

Figure 8.1D.  
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8.3 RESULTS AND DISCUSSION 

Using GC × GC – TOFMS in a reverse column configuration, an excellent 2D 

chromatographic separation of the compound classes: alkanes, cycloalkanes, and aromatics was 

achieved. Figure 8.2 shows the 2D separation of two representative fuels: Sample 1: 

YA2921HW10, and Sample 8: LB073008-08. The chromatograms of the other 34 fuels are 

excluded for brevity. The alkanes compounds are located from 2.0-3.0 s on 2D, the cycloalkanes 

are located from 1.0-2.0 s on 2D, and the aromatics are located form 0-1.0 s on 2D and 5-30 min 

on 1D. These regions were identified based on investigation of the mass spectra within each region 

and previous work [46,52,54].  Although it is possible to discern subclasses for the cycloalkanes 

and aromatic classes (i.e. monocyclics, dicyclics, tricyclics, mono-aromatics, and di-aromatics) 

and every hydrocarbon class (or each hydrocarbon) could be quantified and identified (utilizing 

retention indices and mass-to-charge ratios, m/z) in order to create compositional descriptions of 

the fuels based, we have elected to approach the chemical analysis of the fuels in a more targeted 

approach. The identification of the general elution times for the three classes (alkanes, 

Figure 8.2 Shown are the two representative GC × GC - TOFMS chromatograms of kerosene-

based rocket fuels (TIC – total ion current signal plotted). (A) Sample 1: YA2921HW10. (B) 

Sample 8: LB073007-08.  
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cycloalkanes, aromatics) in the 2D chromatographic space serves as a more instructive purpose of 

correlating general fuel chemical composition with differences in measured performance behavior. 

The key difference between Sample 1: YA2921HW10 (Fig. 8.2A) and Sample 8: LB073008-08 

(Fig. 8.2B) is the presence of aromatic species. However, there are minor differences in the 

presence of alkane and cycloalkane chemical species. The 36 fuels exhibit a large composition 

range leading to their various physical properties and thermal stability.  

The information obtained from the thermal integrity assessment (i.e. CRAFTI and LECO 

RC612 Carbon Determinator) is shown in Figure 8.3. Figure 8.3A shows the instrumental 

schematic for the test article of the CRAFTI instrument. The test article is divided into three major 

sections: the inlet, the heated zone, and exit zone. The change of pressure, defined as pressure at 

the inlet minus the pressure at the exit, as a function of time is shown in 8.3B. The pressure data 

from the multiple experimental tests for each of the 36 fuels was averaged together creating a 

single change of pressure vs. time vector for each of the fuels. There are 4 fuels that have a 

relatively large change in pressure as a function of time (2: BG1121GP04, 5: LB073009-05, 8: 

LB073009-08, and 17: LB073009-02), 4 fuels that have a very moderate change in pressure (15: 

POSF 3327, 16: POSF4765, 25: EA130720, and 35: ED060739), and the rest of the samples have 

relatively little change in pressure. However, it is important to note that all samples exhibit some 

change in pressure as a function of time. This is to be expected because as the test article 

temperature increases, the viscosity of the fuels changes. For the subsequent PLS modeling of the 

pressure, the measured value herein referred to as ∆P was defined as the change of pressure at 900 

seconds minus the change of pressure at 0 seconds. These values for the 36 fuels are listed in Table 

8.1. Figure 8.3C and 8.3D show the Carbon Deposition profiles (Carbon Chromatograms) for 

Sample 1: YA2921HW10 and Sample 8: LB073008-08, respectively.  
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Figure 8.3 Thermal integrity information obtained from the CRAFTI analyses and subsequent 

Carbon Determinator analysis. (A) Schematic of the CRAFTI test article showing the three zones 

(inlet, heated, and exit) as well as the location of the thermocouples. (B) Pressure was measured 

at the beginning and end of the test article in order to investigate the backpressure generated by 

the deposition of the carbon. The change in pressure as defined as the difference of the pressure at 

the inlet minus the pressure at the outlet is shown as a function of time for all 36 fuels. (C) Carbon 

deposition for fuel YA2921HW10 is representative of fuels that exhibit low pressure changes. 

These fuels deposit a relatively small amount of chemisorbed and amorphous carbon. (D) Carbon 

deposition for fuel LB073007-08 is representative of fuels that perform poorly. These fuels deposit 

a relatively large amount of chemisorbed carbon in the heated zone (sections 4-11) as well as more 

amorphous carbon in the exit zone (sections 12-21).  
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As previously mentioned, sections 1 and 22 were excluded as these sections contained consistently 

high carbon content (~ 800°C oxidation temperature) due to the graphite ferrules used to seal the 

test article. Therefore, twenty sections per CRAFTI run were included in subsequent analyses. 

Four different types of carbon can be identified in the test article sections depending on the furnace 

temperature during oxidation analysis. Chemisorbed carbon is detected at ~ 190 °C, amorphous 

carbon is observed at ~ 385 °C, filamentous carbon is detected at ~600 °C, and crystalline graphite 

platelets are detected at ~ 800 °C. These furnace temperatures correspond to analysis times of 

approximately 100, 300, 625, and 900 seconds, respectively, in the Carbon Determinator two-

dimensional data. For all of the fuels, there was limited deposition in sections 2 and 3 prior to the 

heated zone. Six fuels (2: BG1121GP04, 8: LB073008-08, 5: LB073009-05, 25: EA130720, 20: 

DC310925, and 15: POSF 3327) deposited large amounts of chemisorbed carbon in the heated 

zone (sections 4-11) and five fuels (17: LB073009-02, 5: LB073009-05, 8: LB073008-08, 27: 

CHC JP-5, and 25: EA130720) that deposited relatively large amounts of amorphous carbon in the 

exit zone (sections 12-20).  All other fuels deposited small of amounts of chemisorbed carbon in 

the heated zone and amorphous carbon in the exit zone but at much lower counts. It is interesting 

to note that 4 fuels (20: DC310925, 13: SA1421L03, 21: DC310925, and 19: DB131014) deposited 

large amounts of filamentous carbon in the heated zone. Sample 13: SA1421L03 has been 

considered the “gold standard” for the industry due to fact that is has been through extra 

purification steps to remove any unwanted chemical species.  

It is possible that the large deposition of filamentous carbon content is ironically due to this 

fuel being “too clean”, with the copper surface of the test article serving as a catalyst for the 

filamentous carbon deposition growth analogous to producing carbon nanotubes [63]. More study 

is warranted to learn more regarding this possibility and its consequences for fuel composition 
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design and specification. However, this large deposition of filamentous carbon does not impact the 

change in pressure as function of time vectors. The carbon deposition values for the PLS modeling 

can be found in Table 8.1. In order to derive the carbon deposition values, the appropriate section 

number and time regions were summed to a single value. As previously mentioned, the heated 

zone and exit zone comprised sections 4-11 and 12-21, respectively. The chemisorbed carbon is 

located from 0 to 200 seconds, the amorphous carbon is located from 200 to 450 seconds, and the 

filamentous carbon is located from 450 to 700 seconds. With the large amount of information 

derived from the CRAFTI and Carbon Determinator analyses it was decided to originally focus on 

∆P and the carbon values that correlated with ∆P. Figure C.2 (Supporting Information) shows the 

relationship between chemisorbed carbon in the heated zone (log scale and non-log scale) and ∆P 

and amorphous carbon in the exit zone and ∆P. Other figures of merit comparing ∆P and other 

forms of carbon are excluded for brevity but showed low correlation.  

PLS was used to predict the ∆P based upon the entire chromatograms of the 36 fuels as 

shown in Figure C.3 (Supporting Information). The PLS model had a NRMSECV of ~17% but 

there were several fuels whose ∆P was predicted to be rather high when their measured ∆P was 

low. The PLS modeling for the logarithmically scaled chemisorbed carbon in the heated zone and 

amorphous carbon in the exit zone had similar errors (not shown for brevity). Because the PLS 

models with the entire dataset did not yield acceptable NRMSECVs and reliable models, a feature 

selection technique was implemented in order to reduce modeling errors. As described in the 

Experimental, the chromatograms were binned and then each m/z in each bin was regressed against 

the physical property using LOOCV resulting in 750,000 regressions. Figure 8.4A shows the 

750,000 regressions for the feature selection for ∆P as slope as a function of NRMSECV. The 

slope was calculated by fitting a best fit line to the LOOCV regression. Unsurprisingly, as the 
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slope approaches 1, the NRMSECV approaches 0. Figure 8.4B shows the top 15,000 regressions. 

Figure C.4 (Supporting Information)  shows m/z as a function of NRMSECV for the 750,000 

regressions. It appears that there is no obvious relationship between m/z and NRMSECV and thus 

the feature selection thresholding (discussed below) was mainly based on the slope and 

NRMSECV values. Several NRMSECV thresholds were applied to the LOOCV regressions in 

order to better understand how to optimize the PLS modeling of the change in pressure. Table C.1 

(Supporting Information) shows how the applied NRMSECV affects the number of features, 

number of tiles, and resulting error in the PLS modeling of the ∆P. Two NRMSECV thresholds of 

14 and 17% were selected as this yielded a local minimum with a number of tiles great than 100. 

An analyst could opt to choose a lower NRMSECV threshold but this would result in a lower 

number of features leading to a less robust model.  

Figure 8.4 (A) The slope is plotted as a function of NRMSECV for the LOOCV regressions of 

the change in pressure. There are 750,000 mass spectra at the tile locations that were evaluated. 

Ideally, the evaluated mass spectra should have a slope close to 1 and a low NRMSECV. (B) An 

enhanced view of (A) is shown. Unsurprisingly, the lowest error in the regression has a slope 

closest to 1 which would indicate a good agreement between the predicted and measured change 

in pressure.  
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Figures 8.5A and 8.5B show the analytical ion chromatogram (AIC) of Sample 8 for the 

tiles identified by the LOOCV regressions for the change in pressure at a NRMSECV threshold of 

14%. All of the tiles identified are located within the aromatic region of the chromatogram with a 

majority found within di-aromatic region (naphthalene derivatives). Figure 8.5C shows the 

Figure 8.5 (A) The LOOCV regressions for the change in pressure from each tile per m/z which 

had a NRMSECV below 14% (RMSECV = 12.6 psi) and contained at least 3 m/z were used to 

create an analytical ion current chromatogram using Sample 8 to highlight the tiles identified. A 

total of 113 tiles were identified located within the aromatic compound and heteroatom containing 

compound portions of the chromatogram. (B) An enhanced view of A is shown. (C) PLS prediction 

of the change in pressure was performed using the tile locations and their respective m/z which 

were below the NRMSECV threshold of 14%. (D) Loadings of the PLS model indicating what 

tiles had a positive or negative correlation with ∆P. 
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subsequent PLS model based on those selected tiles and m/z. The resulting PLS NRMSECV error 

is 10.6% which is significantly lower than the non-feature selection PLS model which had a 

NRMSECV error of 16.9% and there are no significant outliers. The linear regression vectors 

Figure 8.6 (A) The LOOCV regressions for the change in pressure from each tile per m/z which 

had a NRMSECV below 17% (RMSECV = 15.3 psi) and contained at least 3 m/z were used to 

create an analytical ion current chromatogram using Sample 8 to highlight the tiles identified. A 

total of 354 tiles were identified located within the aromatic compound and heteroatom containing 

compound portions of the chromatogram. (B) An enhanced view of A is shown. (C) PLS prediction 

of the change in pressure was performed using the tile locations and their respective m/z which 

were below the NRMSECV threshold of 17%. (D) Loadings of the PLS model indicating what 

tiles had a positive or negative correlation with ∆P. 
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(LRVs) of the PLS model of ∆P is shown in Figure 8.5D. The LRVs show which compounds are 

positively or negatively correlated with ∆P. 

Figure 8.6A and 8.6B show the AIC of Sample 8 for the tiles identified by the LOOCV 

regressions for the change in pressure at a NRMSECV threshold of 17%. The identified tiles are 

similar to those when a 14% NRMSECV threshold was applied but there are significantly more 

tiles identified in between 0.5 and 1.0 seconds on 2D. Figure 8.6C shows the PLS modeling of ∆P 

based upon the tiles that passed the 17% NRMSECV threshold. The PLS model has a similar error 

(11.8%) compared to the 14% threshold but closer inspection reveals that some of the fuels that 

exhibit high ∆P are farther away from the 1:1 line. Figure 8.6D shows the LRVs for the PLS model 

based on the 17% threshold. The LRVs are also similar to the 14% NRMSECV threshold LRVs 

but there are more tiles.  

Using the tiled GC × GC – TOFMS data, the PLS prediction of the logarithmically scaled 

chemisorbed carbon in the heated zone and amorphous carbon in the exit zone was performed 

using the same approach as the ∆P. The figures showing the relationships between slope and m/z 

as a function of NRMSECV threshold have been excluded for brevity. Table C.2 and C.3 

(Supporting Information) shows how the applied NRMSECV affects the number of features, 

number of tiles, and resulting error in the PLS modeling of the logarithmically scaled chemisorbed 

carbon in the heated zone and amorphous carbon in the exit zone, respectively. Figure 8.7A shows 

the tiles selected for the logarithmically scaled chemisorbed carbon in the heated zone for a 

NRMSECV threshold of 17%. A total of 86 tiles were identified and there is a striking similarity 

to the tiles identified by the ∆P at a threshold of 14% (Fig. 8.5A). The identified tiles were then 

used to holistically predict the logarithmically scaled chemisorbed carbon in the heated zone using 
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PLS as shown in Figure 8.7B. The PLS modeling has an NRMSECV error of 16.4%. Furthermore, 

the PLS model fails at predicting Sample 2 and underestimates Samples 15, 20, and 25.  
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Although these tiles did not perform a particularly well at predicting the logarithmically scaled 

chemisorbed carbon in the heated zone, the PLS prediction of the ∆P (Fig. 8.7C) is similar to using 

tiles specifically identified by the LOOCV regressions of the change in pressure. The PLS 

modeling error is low at 11.4% and is very similar to the PLS model of ∆P in Figure 8.5C. In 

addition, the LRVs (not shown for brevity) are extremely similar to the LRVs from the ∆P PLS 

model (Fig. 8.5D). Figure 8.7D shows the tiles identified when a NRMSECV threshold of 18% 

was used to select tiles which resulted in 422 tiles passing the threshold. The tiles identified are 

similar to those identified when a 17% threshold was applied to the ∆P. However, there are some 

tiles that are identified within the cycloalkane and alkane region that were not present in the ∆P. 

Figure 8.7 (A) The LOOCV regressions for the logarithmically scaled chemisorbed carbon in the 

heated zone (CCH) from each tile per m/z which had a NRMSECV below 17% (RMSECV = 

0.2558) and contained at least 3 m/z were used to create an AIC using Sample 8 to highlight the 

tiles identified. A total of 120 tiles were identified which were predominantly within the aromatic 

portion of the chromatogram. (B) PLS prediction of the logarithmically scaled CCH. (C) PLS 

prediction of the ∆P based on the tiles selected in A. (D) The LOOCV regressions for the CCH 

from each tile per m/z which had a NRMSECV below 18% (RMSECV = 0.2709) and contained at 

least 3 m/z were used to create an AIC using Sample 8 to highlight the tiles identified. A total of 

422 tiles were identified which were predominantly within the aromatic portion of the 

chromatogram. (E) PLS prediction of the logarithmically scaled CCH using the tiles identified in 

D. (F) PLS prediction of the ∆P based on the tiles selected in D. 
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Figure 8.7E shows the PLS modeling of the logarithmically scaled chemisorbed carbon in the 

heated zone based on the 18% NRMSECV threshold. The PLS model is nearly identical to 8.7B 

when a lower threshold was implemented. Although the chemisorbed carbon in the heated zone 

was logarithmically scaled, there may be other non-linear factors that are present that are causing 

the PLS modeling to fail. Using the tiles that passed the 18% NRMSECV threshold for the 

logarithmically scaled chemisorbed carbon in the heated zone, ∆P was PLS modeled. The PLS 

model has slightly higher errors compared to when a 17% NRMSECV threshold for the 

logarithmically scaled chemisorbed carbon in the heated zone, but is very similar to the PLS model 

of the ∆P when tiles were selected for ∆P when a threshold of 17% was used. However, the LRVs 

(not shown for brevity) are very different. Many of the compounds that were positively identified 

in Figure 8.6A are now negatively correlated with ∆P. Figure C.4A (Supporting Information)  

shows the AIC for Sample 8 for the tiles identified by the LOOCV regression of the amorphous 

carbon in the exit zone that were below a NRMESCV threshold of 17% and contained at least 3 

m/z per tile. The location of these tiles is located within a different temporal location than the tiles 

identified by the LOOCV regressions of the logarithmically scaled chemisorbed carbon in the 

heated zone. Figure C.4B (Supporting Information) shows the PLS prediction of the amorphous 

carbon in the exit zone using the tiles identified. Relatively speaking, the PLS model does a 

reasonable job of predicting the amorphous carbon in the exit zone with the exception of Sample 

25. Figure C.4C (Supporting Information) shows the PLS prediction of ∆P based on the tile 

identified by the feature selection for the amorphous carbon in the exit zone. This model 

significantly over predicts and under predicts Samples 27 and 2, respectively and has a higher error 

of 16.1%.  
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Table 8.2 List of compounds identified by the LOOCV regressions of the change in pressure, and 

the logarithmically scaled chemisorbed carbon in the heated zone. The top 30 tiles are shown. A 

comprehensive list for all tiles and for all the forms of carbon are shown in Table C.3 (Supporting 

Information). 
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Based on the temporal location of the tiles for the chemisorbed carbon in the heated zone 

and the tiles for amorphous carbon in the exit zone compared to the tiles for the ∆P and the 

subsequent PLS modeling of the ∆P (Fig 8.5C, Fig 8.7C, and Fig C.5, Supporting Information), it 

is concluded that the deposition of chemisorbed carbon in the heated zone is the most responsible 

for the change in pressure (Fig 8.3B). In order to provide a metric to the correlation between the 

tiles identified by the ∆P and the various forms of carbon and locations, the number of common 

tiles identified in the LOOCV regressions were compared. Table 8.2 provides a list of the top 30 

tiles identified by the LOOCV regressions of ∆P ordered in rank of number of m/z. The number of 

m/z identified by the chemisorbed carbon in the heated zone LOOCV regressions is included. In 

addition, tentative identification of the compounds contained within the tiles identified by the 

LOOCV regressions of ∆P are included. Many of the tiles contained two chemical species. Most 

of the compounds identified are naphthalene derivatives but it is important to note that there were 

several sulfur and oxygen containing compounds were found to be highly correlated to ∆P and the 

chemisorbed carbon in the heated zone. A comprehensive list for all the different forms of carbon 

and locations is shown in Table C.3. For sake of brevity identification of analytes in all the tiles 

are not included. Of the 113 tiles identified by the ∆P LOOCV regressions, the logarithmically 

scaled chemisorbed carbon in the heated zone had 74 tiles in common or 66%. The chemisorbed 

carbon in the exit zone had 6%, the amorphous carbon in the heated zone had 8%, the amorphous 

carbon in the exit zone had 15%, the filamentous carbon in the heated zone had 1% and the 

filamentous carbon in the exit zone had 5%. While there are a large number of tiles in common 

between the ∆P and the logarithmically scaled chemisorbed carbon in the heated zone and a minor 

amount of tiles between the ∆P and the amorphous carbon in the exit zone, there are a large amount 

of tiles (compounds) that are not shared between the carbon locations and the ∆P. Potential reasons 
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for this phenomenon are tiles (compounds) may be logarithmically (or another form of scaling) 

related to carbon but linearly related to carbon. Further investigation into this is needed. 

 

In order to highlight some of the compounds identified by the feature selection process, 

Figure 8.8 has been prepared. The TIC GC × GC - TOFMS of Sample 8 is shown in Figure 8.8A 

and the AIC of Sample 8 prepared using m/z 152, 157, 167, and 170, which are highly selective 

for the majority of the compounds identified by the feature selection is shown in Figure 8.8B. The 

TIC GC × GC - TOFMS of Sample 3 is shown in Figure 8.8C and the AIC of Sample 3 prepared 

Figure 8.8 (A) TIC for Sample 8 showing a zoomed in area. (B) AIC for Sample 8 highlighting 

compounds that were identified by the LOOCV regressions of ∆P. (C) TIC for Sample 3 showing 

a zoomed in area. (D) AIC for Sample 3 highlighting compounds that were identified by the 

LOOCV regressions of ∆P.  
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using m/z 152, 157, 167, and 170 which is shown in Figure 8.8D. Using the entire chromatogram 

of Sample 3 results in overprediction of the ∆P (Fig C.3, Supporting Information). Visually 

comparing the TIC chromatograms of Sample 3 and Sample 8, they appear to be very chemically 

similar, but closer inspection of the AIC in Figure 8.8B and 8.8D indicates that Sample 3 is missing 

almost all of the compounds that were identified by the feature selection.  

8.4 CONCLUSION 

Herein we have demonstrated the establishment of a fuel analysis platform using advanced 

analytical techniques and chemometrics to obtain useful information regarding the chemical and 

physical properties of kerosene-based rocket propellant, as these properties relate to thermal 

integrity. GC × GC – TOFMS data, CRAFTI pressure data, and Carbon Determinator data all 

provide insight into fuel properties. A new chemometric technique based on PLS analysis was 

developed that readily identifies locations in the chromatograms which correlate with measured 

CRAFTI and Carbon Determinator data. Using PLS, the chemical data was used to predict useful 

physical property information. For the ∆P, the logarithmically scaled chemisorbed carbon in the 

heated zone, based upon PLS modeling with the GC × GC – TOFMS data, important chemical 

compounds have been identified. The findings of this research suggest that the chemisorbed carbon 

in the heated zone correlates strongly with the ∆P. Further investigation is warranted into the other 

measured physical properties: chemisorbed carbon in the exit zone, amorphous carbon in the 

heated zone, and filamentous carbon in the heated zone and exit zone. There were several fuels 

which deposited these types of carbon but had a low measured change in pressure. This prompts a 

further investigation into the chemical composition of the fuels and how chemical composition 

impacts the physical response in the CRAFTI testing. Using the information gleaned from the 

CRAFTI testing coupled with GC × GC – TOFMS analysis, chemical composition of kerosene 
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rocket fuel can further be tailored to achieve optimal physical properties. Additional studies are 

warranted to provide a deeper insight into how the chemical properties affect the physical 

properties of these fuels.  

8.5 SUPPORTING INFORMATION 

Figures C.1 to C.5 and Table C.1 and C.4 can be found in Appendix C.  
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Chapter 9. Enhancing the Chemical Selectivity in Discovery-based Analysis 

with Tandem Ionization Time-of-Flight Mass Spectrometry Detection for 

Comprehensive Two-Dimensional Gas Chromatography 

This chapter was reproduced from C.E. Freye†, N.R. Moore†, R.E. Synovec, “Enhancing the 

Chemical Selectivity in Discovery-based Analysis with Tandem Ionization Time-of-Flight Mass 

Spectrometry Detection for Comprehensive Two-Dimensional Gas Chromatography” Journal of 

Chromatography A 1537 (2018), 99-108. 

† These authors contributed equally to this work 

 

 

9.1 INTRODUCTION 

Comprehensive two-dimensional (2D) gas chromatography coupled with time-of-flight 

mass spectrometry (GC × GC – TOFMS) is a powerful instrumental platform for the analysis of 

complex mixtures such as those found in food chemistry [1–4], metabolomics [5–7], and petroleum 

products [8–10]. While a TOFMS is an attractive detector due to its fast data acquisition rate and 

full range mass sensitivity [3,11], identification of species is not always possible, or as confident 

as desired, due to similar fragmentation patterns between species that share similar structures. 

TOFMS and quadrupole MS generally employ electron impact (EI) ionization at 70 eV [8–12] 

when coupled with GC × GC separations. Limitations of hard ionization have brought about a 

demand for soft (lower) ionization methods (12–15 eV). Soft ionization can provide the 

preservation of the molecular ion and different fragmentation patterns, which is especially 

important for the identification of isomers [13,14]. There are numerous methods for soft ionization 

such as chemical ionization (CI) [15,16], field ionization (FI) [17,18], photoionization (PI) [19–

21], and atmospheric pressure chemical ionization (APCI) [22–24]. However, all these methods 
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https://www.sciencedirect.com/science/article/pii/S0021967318300086#bib0025
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for soft ionization require a different ion-source which is time-consuming and resource intensive 

if a single TOFMS instrument is being used. Recently, TOFMS instrumentation for GC × GC has 

been introduced that provides a variable ionization source allowing for ionization energy to be 

tuned between 10 eV and 70 eV [13,14,25]. This variable ionization source has been used to study 

volatile organic compound profiles in human blood, increasing confidence in identification by 

providing more structurally significant mass fragments [14]. However, the multiple ionization 

energies were collected over several chromatographic runs which required the data to be aligned 

before any of the data processing could be performed. Recently this TOFMS instrument has been 

commercially modified to allow concurrent collection of two, user defined ionization energies, 

i.e., tandem ionization. Tandem ionization (TI) provides a hard ionization energy (70 eV) with a 

soft ionization energy (e.g. 14 eV), thus providing complementary streams of MS data without the 

need for retention time alignment between the two sets of data for each sample run. Fig. D.1 

(Supporting Information) shows a representation of how tandem ionization data is collected by the 

instrument, in which mass spectra are collected at a rate of 50 Hz for each ionization energy. 

Due to the complexity and enormous amount of information within a single GC × GC –

TOFMS chromatogram, there is a need for data analysis strategies to uncover meaningful chemical 

information from complex samples. Meaningful chemical information is often buried in the 

background of less meaningful chemical signal and noise. Tandem ionization in conjunction with 

replicate injections will result in large data sets. The large data sets render identification of 

chemical features a time consuming, difficult process, especially when these chemical features are 

not known ahead of time, such as in non-targeted data mining studies that employ supervised 

comparison of samples/chromatograms [26,27]. A recent development to address many of these 

challenges in non-targeted discovery-based analysis of GC × GC – TOFMS data is tile-based 

https://www.sciencedirect.com/science/article/pii/S0021967318300086#bib0065
https://www.sciencedirect.com/science/article/pii/S0021967318300086#bib0070
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Fisher ratio (F-ratio) analysis [9,27–30], which is an ANOVA technique. F-ratio analysis 

prioritizes statistical significance in the class comparison of chemical analyte “features” over 

absolute signal. Indeed, the tile-based F-ratio software has been recently applied to yeast 

metabolites [29] and chemically altered diesel fuel [30] elucidating statistically significant class-

distinguishing analytes in complex sample matrices. Recently, the software was optimized using 

receiver operator curves (ROC) to determine the ideal signal-to-noise (S/N) threshold and number 

of mass channels (m/z) used to calculate the average F-ratio in the generation of a hit list of 

chemical features [9]. A S/N of 10 and the top 10 m/z per hit were found to increase the true 

positive probability versus the false positive probability (i.e. increase discovery of true positives 

while decreasing false positives). While F-ratio analysis is amenable to discovering differences in 

GC × GC – TOFMS, identification and quantitation must be performed using a deconvolution 

technique. For this purpose, parallel factor analysis (PARAFAC) has been shown to be extremely 

effective for analyte deconvolution, identification, and quantification, making use of the third order 

advantage [31]. 

Herein, we investigate the complementary mass spectral information provided from the TI 

feature of the TOFMS using optimized non-targeted F-ratio analysis of GC × GC –TI – TOFMS 

data. Diesel fuel was spiked with twelve analytes. Diesel fuel was selected for this study as it 

provided a complex matrix background, while the spiked analytes were chosen to provide 

challenging cases for discovery, deconvolution, and identification. The complementary benefit of 

using a hard ionization energy (70 eV data set) concurrent with the soft ionization energy (14 eV 

data set) is explored, based upon the F-ratio hit lists produced. In addition, the two data sets are 

fused and F-ratio analysis is performed to further investigate the complementary benefits of the TI 

feature of the TOFMS. Combinatorial null distribution analysis for each hit list is applied, 

https://www.sciencedirect.com/science/article/pii/S0021967318300086#bib0045
https://www.sciencedirect.com/science/article/pii/S0021967318300086#bib0145
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providing a statistical threshold for the analyst [28–30]. After a “potential” hit location has been 

identified, PARAFAC is used to deconvolute the signal yielding quantitative information and 

identification, demonstrating the work flow from discovery to quantitative analysis. 

9.2 EXPERIMENTAL 

Diesel fuel (∼1 gallon) was obtained from a local fueling station (Seattle, WA, USA). A 

non-native internal standard of 1,2,3-trichlorobenzene (0.5170 g), was spiked into one l of diesel 

fuel to create a stock solution of 608 ppm trichlorobenzene. This stock solution was used for all 

subsequent serial dilutions. A neat stock solution of twelve analyte compounds was made by 

adding ∼45 mg each to a scintillation vial. The contents of the vial were quantitatively transferred 

to an amber bottle of known mass. The stock solution was then added until the final mass reached 

∼56 g, creating ∼800 ppm concentration of the twelve spiked analytes. This solution was then 

serially diluted using the stock solution to concentration levels of ∼50 ppm. A list of each spiked 

analyte, exact mass added, resulting spike concentration, purity and supplier is provided in Table 

D.1 (Supporting Information). 

GC × GC – TI – TOFMS data was collected using an Agilent 7890A GC (Agilent 

Technologies, Palo Alto, CA, USA) coupled to a BenchTOF-Select (Markes International, 

Llantrisant, UK) equipped with a SepSolve Analytical flow modulator [32–35]. A reverse column 

configuration was employed with 30.0 m × 250 μm × 0.25 μm Rxi-17 Sil MS primary column (1D) 

and a 3.5 m × 180 μm × 0.18 μm Rxi-1 MS as a secondary column (2D) [8,9]. After the 2D 

separation, the flows were split with a 1 m × 180 μm transfer line into TOFMS and a 

0.74 m × 320 μm transfer line into the FID. This resulted in ∼ 25% of the 2D column effluent being 

split to the TOFMS and ∼75% being split to the FID. The GC inlet and transfer line were set to 

285 °C. Ultrahigh purity helium (Grade 5, 99.999%, Praxair, Seattle, WA, USA) was used as the 

https://www.sciencedirect.com/science/article/pii/S0021967318300086#bib0140
https://www.sciencedirect.com/science/article/pii/S0021967318300086#bib0160
https://www.sciencedirect.com/science/article/pii/S0021967318300086#bib0040
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carrier gas at a constant flow of 1.8 ml/min on the 1D column and 20 ml/min on the 2D column. A 

3.7 m × 100 μm of deactivated silica was used as a bleed line to balance the flows. An Agilent 7683 

autosampler was used to inject 1 μl of diesel with a sample split at 200:1, resulting in ∼62 pg of 

each spiked analyte reaching the TOFMS detector. Prior to injection, HPLC grade hexane and 

acetone, obtained from Fisher Scientific, were used as solvent rinses. The 1D column was held at 

40 °C for 3 min and then ramped at 5 °C/min to 285 °C and held for 2 min. The 2D column was 

kept at the same nominal temperature as the 1D column. The modulation period was 2.0 s with a 

80 ms flush time. The effluent from the 1D column was collected in a 25 μl sample loop before it 

was transferred to the 2D column. The ion source was set to 285 °C. Mass channels (m/z) 35–350 

were collected at 0.01 amu mass resolution at 50 spectra/s for both ionization energies (14 and 

70 eV). The filament was held at 1.0 V then ramped to 1.6 V after 10 s and held constant for the 

rest of the acquisition. The FID temperature was set to 285 °C and data was collected at 100 Hz. 

The FID, with its higher data collection rate than the TOFMS, was used to assess the separation 

performance of the instrument, to ensure good 2D chromatographic peak shapes were obtained. 

Six injection replicates each were obtained for the 50 ppm spike solution and the stock solution. 

The GC × GC – TI – TOFMS data were baseline corrected using the instrument software 

(ChromSpace, version 1.0, Markes International, Llantrisant, UK). The baseline corrected data 

were converted to a netCDF file and was imported into Matlab 2015b (Mathworks, Inc., Natick, 

MA, USA) using an in-house algorithm. The mass spectral dimension was binned from 0.01 amu 

resolution to unit mass resolution after importation to reduce computation time with the current F-

ratio software, while focusing on the benefits of the TI feature of the TOFMS. However, collecting 

the data at the higher mass resolution leaves open the possibility to explore software refinements 

in the future. The 50 ppm spike solution was compared to the stock solution using an in-house tile-
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based F-ratio software, an algorithm that identifies differences between the two classes of samples, 

such as different concentrations of analytes. For a thorough a description of the software, readers 

are directed to previous publications [9,27–30]. For the F-ratio software executions, in the initial 

tiling step, the tile size on the 1D dimension was 20 s and the 2D dimension was 80 ms. All 

chromatograms were normalized to the internal standard 1,2,3-trichlorobenzene (m/z 180). The 

S/N threshold was set to 10 to initially calculate the F-ratio per tile (per m/z). At the 95% 

confidence level for the six spiked versus six unspiked diesel sample class comparison [36], a 

Fcritical (Fcrit) threshold of 4.96 was then implemented to discard statistically insignificant F-ratios 

on a per tile (per m/z) basis, prior to calculating the average F-ratios. Implementation of the 

Fcrit threshold is a new step relative to previous reports [9,27–30], as this step improved the ability 

to distinguish between true positives and false positives in the subsequent average F-ratio hit list. 

Next, on a per tile basis the average F-ratio was calculated. A maximum of 10 m/z (but at least 

3 m/z) that passed the S/N threshold and Fcrit threshold were required to calculate an average F-

ratio per tile [9]. The pinning and clustering step was then automatically applied to remove 

redundant hit tiles. A 2D cluster window of 12 s on the 1D dimension by 60 ms on the 2D dimension 

was used. Finally, hit lists were calculated for both the 70 eV and 14 eV ionization energies. In 

addition, the data sets were fused (concatenated) by stacking the mass channels from two different 

ionization energies and the hit list was calculated. F-ratio calculations were performed identical to 

individual ionization energies. The workflow from the collection of the data, to the F-ratio analysis, 

to the eventual identification of the spiked analytes is provided in Fig. D.2 (Supporting 

Information). 
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Figure 9.1 (A) Total ion current (TIC) GC × GC chromatogram of the spiked diesel at 70 eV 

annotated with the location of the twelve spiked analytes at a nominal concentration of 50 ppm. 

Table D.1 (Supporting Information) provides the identification and actual concentrations of each 

spiked analyte. (B) An enhanced portion of the unspiked diesel chromatogram at 70 eV has been 

provided and has been logarithmically scaled to, in principle, intensify analytes present at lower 

concentrations. (C) An enhanced portion of the spiked diesel chromatogram at 70 eV is shown and 

has been logarithmically scaled to intensify analytes present at lower concentrations. 
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9.3 RESULTS AND DISCUSSION 

 GC × GC separations and fisher ratio analysis with tandem ionization TOFMS 

Using the GC × GC – TI– TOFMS in the reverse column configuration, an excellent 2D 

chromatographic separation was obtained. Fig. 9.1A shows the total ion current (TIC) 

chromatogram of the 70 eV data with the location of the twelve spiked analytes at the low nominal 

concentration of ∼ 50 ppm. Table D.1 (Supporting Information) gives the names and actual 

concentrations of the twelve analytes. Ten of the analytes are non-native to this sample of diesel 

fuel while two are present at low concentration. Although the 14 and 70 eV chromatograms 

nominally look the same (see Fig. D.3, Supporting Information), there are key differences to be 

exploited in the F-ratio analysis. It would be a challenging endeavor for an analyst to find the 

differences between the spiked and unspiked TIC chromatograms at either ionization energy. Only 

through a priori knowledge could the analyst locate all twelve spiked analytes using 

specific m/z and inspecting the known 2D elution times. To illustrate this point, comparison of a 

spiked versus unspiked TIC chromatogram for the 70 eV ionization energy is provided in Fig. 9.1B 

and C, which have been logarithmically scaled to, in principle, enhance the signal due to the low 

concentration spiked analytes in the portion of the separation in which the spiked analytes 

predominate. Of the twelve spiked analytes, one is fully resolved on both dimensions (2,5-

dimethylthiophene), three are partially resolved on the 2D dimension (1-chlorohexane, 1-

ethylnapthalene, and limonene), and the remaining eight are moderately to severely overlapped. 

For example, a comparison of spiked versus unspiked TIC chromatographic data (70 eV) for 1-

chlorohexane and 2-decanone is provided in Fig. 9.2. 1-Chlorohexane is readily observed in the 

TIC, while the 2-decanone cannot be observed due to the severe overlap from the diesel matrix 

background peaks. 

https://www.sciencedirect.com/science/article/pii/S0021967318300086#fig0005
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Figure 9.2 Portions of the spiked and unspiked diesel GC × GC chromatograms at 70 eV are 

shown for 1-chlorohexane and 2-decanone. When comparing the spiked and unspiked diesel 

chromatograms some minor retention time shifting on both 1D and 2D can be seen, which is readily 

handled by the tile-based F-ratio software (A) Portion of the spiked diesel GC × GC chromatogram 

containing 1-chlorohexane. (B) Portion of unspiked diesel GC × GC chromatogram, without 1-

chlorohexane. (C) Portion of the spiked GC × GC chromatogram containing 2-decanone. (D) 

Portion of the unspiked GC × GC chromatogram, without 2-decanone. 
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F-ratio analysis provides a tremendous level of data reduction, as the algorithm marches 

through the various steps, culminating in the calculation of the average F-ratios in the hit list: tiling, 

S/N threshold, Fcrit threshold, number of m/z required, and pinning and clustering for redundant hit 

removal. For both data sets there were 158,900 pixels (total spectra collected) in the 2D 

chromatograms (1589 1D modulations × 100 2D mass spectra) with 315 m/z per spectrum resulting 

in over 50 million possible F-ratios. Tiling each 2D chromatogram reduces the total number of 

possible hits to 1,244,250. For the 70 eV F-ratio comparison, application of the S/N and 

Fcrit thresholds, followed by enforcing the number of m/z required coupled with calculation of the 

average F-ratio reduces the possible hits to 7470. Finally, redundant hit removal reduced the final 

hit list to 1713 average F-ratios for the 70 eV data set. Likewise, for the 14 eV F-ratio comparison 

the final hit list has 1771 entries. Finally, when the two data sets were fused, the final hit list has 

1915 entries. 

The average F-ratio distributions for the 70 eV, 14 eV, and fused data sets are provided 

in Fig. 9.3. None of the distributions have an average F-ratio <5 due to application of the Fcrit 

threshold. The 70 eV and 14 eV distributions both have an apex at a F-ratio of ∼10. Additionally, 

both data sets are sufficiently similar in shape and magnitude, thus fusing the data sets into a signal 

data set was deemed appropriate for the purpose of exploring the added chemical selectivity 

provided by tandem ionization coupled with F-ratio analysis. If the distributions were too 

dissimilar the analyst could still fuse them together, but the identified m/z would be biased towards 

a specific ionization energy. Null distribution analysis (details not shown for brevity) was 

performed for all three analyses [28–30], with results indicated in Fig. 9.3 insets. With the 70 eV 

data set, a F-ratio null threshold of 36 at a 0.1% false discovery rate (FDR) with a 95% confidence 

level was determined. Likewise, the F-ratio null threshold was 36 and 35 for the 14 eV data set 

https://www.sciencedirect.com/science/article/pii/S0021967318300086#bib0140
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and the fused data set, respectively. Application of the F-ratio null threshold reduced the hit lists 

from 1713 entries to 9 entries for the 70 eV data set, 1771 to 9 for the 14 eV data set, and 1915 to 

10 for the fused data set (70 and 14 eV). This corresponds to an overall data reduction to only 

∼0.0006% of the original GC × GC – TI – TOFMS data (see Fig. D.2). The analyst is 

recommended to evaluate hits slightly below the F-ratio null threshold in order to not overlook 

readily discovered true positives, as is practiced herein. 

Figure 9.3 The average F-ratio distributions for the three comparisons of spiked versus unspiked 

diesel. Null distribution analysis was performed [28–30], with the F-ratio null threshold indicated 

in the inset figures, which provides an estimate of the 0.1% false discovery rate (FDR) at a 95% 

confidence level. (A) The 70 eV data set comparison, with a F-ratio null threshold of 36. (B) The 

14 eV data set comparison, with a F-ratio null threshold of 36. (C) The comparison using the fused 

data set, combining the 70 eV and 14 eV data sets, with a F-ratio null threshold of 35. 
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A representative example of the complementary nature of the mass spectra for one of the 

twelve spiked analytes (butyrophenone), and how this results in complementary information in the 

F-ratio analysis is presented in Fig. 9.4. A “head-to-toe” plot comparing the 70 eV to the 14 eV 

mass spectra are provided in Fig. 9.4A. The 70 eV ionization energy results in more fragmentation 

while the 14 eV contains higher m/z fragments. The match value (MV) between the 70 and 14 eV 

spectra was calculated to provide a quantitative metric to infer complementariness of the two 

ionization energies for a given analyte. Calculated in this fashion, a lower MV indicates that the 

70 and 14 eV spectra differ, while a higher MV (approaching 1000) indicates that the 70 and 14 eV 

spectra are similar. For butyrophenone this MV was 741, indicating there are significant spectral 

differences that the F-ratio analysis can likely leverage to provide more chemical selectivity. The 

“F-ratio spectra” for the 70 and 14 eV ionization energies are provided in Fig. 9.4B, where an F-

ratio spectrum is the plot of the F-ratios as a function of m/z. The 70 eV F-ratio analysis identified 

three lower m/z that were not present in the 14 eV. In addition, the m/z identified when the two 

ionization energies data sets were fused are starred (★). The “head-to-toe” mass spectra plots with 

the 70–14 eV mass spectra MV, and the F-ratio spectra comparing the 70 eV to 14 eV for the other 

eleven analytes is provided in Fig. D.4 (Supporting Information). 
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 Fisher ratio analysis hit list: 70 eV hard ionization 

A summary of the 70 eV F-ratio hit list is provided in Table 9.1 with 1D retention time 

(1tR), 2D retention time (2tR), average F-ratio value, and the qualifying m/z in order of largest to 

smallest (left to right) used to calculate the average F-ratio. Eleven of the twelve analytes were 

discovered with two false positives found interspersed toward the bottom of this abbreviated hit 

list. One of the analytes, 2-heptanol was not discovered due to the S/N and Fcrit threshold. 2-

Heptanol only has one major fragment (m/z 45) which is the only m/z that passed the S/N threshold 

that is associated with 2-heptanol. The F-ratio for m/z 45 at the tile that contained 2-heptanol had 

a value of 0.74 which does not pass the Fcrit threshold. The analyte 1-ethylnapthalene is natively 

Figure 9.4 (A) Head-to-toe plots comparing the 70 eV to 14 eV mass spectra for butyrophenone. 

The match value (MV) between the 70 and 14 eV spectra is indicated, providing a quantitative 

metric to infer complementariness of the mass spectra at the two ionization energies. (B) Head-to-

toe plots comparing the 70–14 eV F-ratio spectra for butyrophenone. The mass channels, m/z, 

starred () are those found when the two data sets (70 eV and 14 eV) are fused prior to performing 

the F-ratio analysis. Head-to-toe plots comparing the 70–14 eV mass spectra and the F-ratio spectra 

for the other eleven analytes can be found in Fig. D.4 (Supporting Information). 

https://www.sciencedirect.com/science/article/pii/S0021967318300086#tbl0005
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present at a concentration of 38.2 ppm [9], so with the spike concentration of 40.9 ppm the 

resulting concentration ratio of 1.9 was more challenging than the other spiked (non-native) 

analytes, resulting in a lower F-ratio. Based upon the null distribution analysis, see Fig. 9.3A, at 

the determined F-ratio null threshold of 36 (0.1% FDR), nine of the twelve spiked analytes are 

above the F-ratio null threshold with one false positive. Note that hits #12 (2-decanone) and #13 

(1-ethylnaphthalene) are just below the 0.1% FDR and would be readily discovered in a practical 

application of the F-ratio analysis. In the 70 eV hit list in Table 9.1, a total of 94 m/z passed the 

various criteria to be included in the average F-ratio calculation. The m/z only found within in the 

70 eV hit list (in comparison to the 14 eV hit list in Table 9.2) are bolded (34 m/z or 36.2% of the 

94 m/z), and false positive m/z are in parentheses (8 m/z or 8.5%). Generally, the unique 

(bolded) m/z are smaller m/z, because hard ionization results in more fragmentation compared to 

the soft ionization which emphasizes higher m/z as shown in Table 9.2. Proportionately more false 

Table 9.1 Summary of the 70 eV hit list. Eleven of the 12 analytes were found with two false 

positives (hits #10 and #11). The m/z bolded are only found within the 70 eV hit list and those in 

parentheses are false positives. In the final hit list, the null distribution threshold for a 0.1% false 

discovery rate (FDR) at a 95% confidence interval is an average F-ratio of 36. (a) 2-Heptanol was 

not found due to being below the S/N threshold. 

https://www.sciencedirect.com/science/article/pii/S0021967318300086#bib0045
https://www.sciencedirect.com/science/article/pii/S0021967318300086#fig0015
https://www.sciencedirect.com/science/article/pii/S0021967318300086#tbl0005
https://www.sciencedirect.com/science/article/pii/S0021967318300086#tbl0010
https://www.sciencedirect.com/science/article/pii/S0021967318300086#tbl0010
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positive m/z are found further down the hit list as one would expect for this challenging study in 

which the spike level of ∼ 50 ppm is approaching the limit of detection (LOD) for the separation 

conditions implemented. 

 Fisher ratio analysis hit list: 14 eV soft ionization 

Table 9.2 summarizes the 14 eV ionization energy F-ratio hit list for the twelve spiked 

analytes. 1-nonanol (hit # 8 in the 70 eV comparison) and 2-heptanol were not discovered due to 

being below the S/N threshold. At the determined F-ratio null threshold of 36, see Fig. 9.3B, nine 

of the twelve spiked analytes are above the F-ratio null threshold with one false positive. In the 

14 eV hit list, a total of 81 m/z passed the various criteria to be included in the average F-ratio 

calculation. The m/z only found in the 14 eV hit list are bolded (21 m/z or 25.9% of the 81 m/z), 

Table 9.2 Summary of the 14 eV hit list. The top 9 hits correspond to 9 of 12 the analytes. 1-

ethylnapthalene was found, albeit at a much lower hit number. The m/z bolded are only found 

within the 14 eV hit list and those in parentheses are false positives. In the final hit list, the null 

distribution threshold for a 0.1% FDR is an average F-ratio of 36. (a) 1-nonanol, and (b) 2-heptanol 

were not found due to being below the S/N threshold. 

https://www.sciencedirect.com/science/article/pii/S0021967318300086#fig0015
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and false positive m/z are in parentheses (8 m/z or 9.9%). In contrast to the 70 eV results in Table 

9.1, the bolded m/z are generally larger m/z due to the lower ionization energy. 

 Fisher ratio analysis of fused data sets: 70 eV and 14 eV 

 

Finally, in contrast to Tables 9.1 and 9.2, in which the two different ionization energy data 

sets were analyzed independently, Table 9.3 provides the F-ratio analysis when the two ionization 

energy data sets have been fused into a single data set. Evidence indicating the selectivity 

advantage of fusing the data sets is provided. Eleven of the twelve analytes were discovered along 

Table 9.3 Summary of the F-ratio hit list for the fused 70 eV and 14 eV data sets. The top 10 hits 

correspond to 10 of the analytes with 1-ethylnaphthalene being found at hit number 14. The m/z 

bolded are only found within one of the ionization voltages and those in parentheses are false 

positives. Compared to the individual F-ratio analyses (Tables 1 and 2), complementary m/z are 

emphasized and there are significantly fewer false positive m/z. The null distribution threshold for 

a 0.1% FDR is an average F-ratio of 35. (a) 1-nonanol has no m/z that contribute at 14 eV due 

being below the S/N threshold, and (b) 2-heptanol was not discovered due to being below the S/N 

threshold. 

https://www.sciencedirect.com/science/article/pii/S0021967318300086#tbl0005
https://www.sciencedirect.com/science/article/pii/S0021967318300086#tbl0005
https://www.sciencedirect.com/science/article/pii/S0021967318300086#tbl0005
https://www.sciencedirect.com/science/article/pii/S0021967318300086#tbl0015
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with three false positives above the F-ratio null threshold of 35, per Fig. 9.2C. 2-Heptanol was not 

found due to being below the S/N and Fcrit thresholds and 1-nonanol did not have any m/z from the 

14 eV due to being below the S/N threshold. It is noteworthy that when the data sets were fused, 

there are significantly fewer false positive m/z. In general, the true positive hits were more 

confidently “discovered” in the hit list, further away from the F-ratio null threshold. Overall, the 

TI feature of the TOFMS enhances the F-ratio analysis as indicated by the complementary 

information expressed in Tables 9.1–3. Indeed, by fusing the two data sets there were 107 m/z that 

passed the various criteria of the F-ratio software with a total of 49 unique m/z (45.8% unique m/z), 

and only 9 false positive m/z (8.4% of the 107 m/z). Granted the 70 eV data set contributed more 

unique ions when the two data sets were fused, but this is to be expected due to increased 

fragmentation. 

To further investigate the complementary information provided by tandem ionization, the 

MV between the 70 eV and 14 eV mass spectra were calculated based on the in-house library 

spectra (see Fig. D.4, Supporting Information). The average MV for all twelve analytes was 

777 ± 80. In principle, the lower the MV between the 70 and 14 eV spectra, the greater likelihood 

that there will be unique m/z identified in the F-ratio calculations of the fused data set. However, 

several analytes are overlapped significantly by large interferences so it is not possible to directly 

study this metric for all twelve analytes. Four analytes were sufficiently resolved to consider this 

metric: 1-ethylnapthalene, 2,5-dimethylthiophene, limonene, and 1-chlorohexane, with 70–14 eV 

MV of 638, 666, 720, and 882, respectively. Correspondingly, the number of unique m/z identified 

for 1-ethylnapthalene, 2,5-dimethylthiophene, limonene, and 1-chlorohexane are 8, 6, 4, and 5, 

respectively, indicating there may be a cause/effect relationship between the unique 

number m/z and the MV. More investigation into this topic is warranted. 

https://www.sciencedirect.com/science/article/pii/S0021967318300086#tbl0005
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 Analyte discovery and identification 

A familiar figure-of-merit dealing with analyte detection is the limit of detection (LOD) 

[37,38]. The most common definition for the LOD, defined by the IUPAC in 1975, is when the 

analyte signal is three times the standard deviation of the baseline noise [39]. Less familiar yet 

critical figures-of-merit for analyte detection relate to analyte discovery (e.g., in an F-ratio 

analysis), and analyte identification. Herein, we refer to these figures-of-merit as the “limit of 

discovery” and “limit of identification”. These limits are determined in the context of a given 

experimental scenario and data set, and are highly dependent on the matrix background and refer 

to the notion that there is a minimum analyte concentration in which analyte discovery and 

identification can be confidently accomplished. The basic idea is, for a given analyte, the same 

concentration likely does not define these two limits. Indeed, the limit of discovery is often lower 

than the limit of identification (as demonstrated below), especially if identification requires a 

complete mass spectrum which can be more challenging to obtain when major interferents are 

present. Thus “discovering” a statistically significant change in analyte from one sample class to 

the next does not guarantee it will be identified. 

For the F-ratio analysis, the limit of discovery is defined by the F-ratio null threshold. As 

previously mentioned, the hit lists were investigated to an F-ratio value right below the F-ratio null 

threshold (Fig. 9.3). Besides providing a F-ratio threshold, the null distribution analysis yields a 

quantitative metric for the FDR at a given confidence level (i.e. a 0.1% FDR at a 95% confidence). 

F-ratio analysis locates statistically significant signal differences between two sample classes (i.e. 

“discover” chemical differences), but F-ratio analysis does not directly provide analyte 

identification. The 2D locations indicated by F-ratio analysis must be “mined” to identify (and 

quantify) the analytes that are responsible for the statistical differences. PARAFAC is utilized to 

https://www.sciencedirect.com/science/article/pii/S0021967318300086#bib0185
https://www.sciencedirect.com/science/article/pii/S0021967318300086#bib0195
https://www.sciencedirect.com/science/article/pii/S0021967318300086#fig0015
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“mine” these locations with the aim to obtain a full mass spectrum for a given F-ratio hit. 

PARAFAC decomposes the 3-way data array (GC × GC – TOFMS) into a series of components 

in which each analyte is described by a single component. Each component is given by the outer 

product of 1D and 2D chromatographic and mass spectrometric vectors. PARAFAC has a 

trilinearity requirement which may be interrupted in GC × GC – TOFMS due to modulation-to-

Figure 9.5 PARAFAC deconvolution of 5-decyne from the 70 eV data set, overlapped by three 

interfering analytes. (A) 2D chromatographic profile which contains the relative analyte 

concentration information. (B) 1D chromatographic profile (C) Mass spectrum and match value 

(MV). In this instance, in contrast to Fig. 9.4, the MV is between the 70 eV spectrum 

deconvoluted by PARAFAC relative to the 70 eV library spectrum. The PARAFAC 

deconvolution of 5-decyne at 14 eV can be found in Fig. D.5 (Supporting Information). 
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modulation 2tR shifting [40]. The potential loss of trilinearity can be readily mitigated by using an 

appropriate PM (1–2 s) in conjunction with an appropriate temperature ramp rate (5–10 °C/min). 

PARAFAC, as well as F-ratio analysis, does not require the chromatographic peak shapes to be 

Gaussian(s) on either/both the 1D or 2D separations. Herein the limit of identification is defined as 

a MV > 800, for the MV of the deconvoluted spectrum relative to the in-house spectrum for a given 

ionization energy. 

The center of the 2D location of each hit is defined by the cluster step of the F-ratio 

software, so each analyte of interest is centered in a 2D window for PARAFAC with dimensions 

of 12 s (6 modulations) on 1D by 300 ms on 2D. This 2D window for PARAFAC is extracted from 

the chromatogram in order to reduce computation time and reduce the number of factors required 

in the model. When performing the deconvolution, an analyst could use the F-ratio spectrum to 

help guide their deconvolution through the use of soft constraints or visually comparing the F-ratio 

spectrum to the mass spectrum. Fig. 9.5 shows the PARAFAC deconvolution of 5-decyne from 

the 70 eV data set, which was hit #4 in the 70 eV F-ratio comparison. Even though 5-decyne is 

overlapped by two large interfering compounds, PARAFAC deconvolution provides a high mass 

spectral MV of 841 (the traditional sample spectrum to library spectrum MV at a given ionization 

energy in this instance). PARAFAC deconvolution of 5-decyne at 14 eV can be found in Fig. D.5 

(Supporting Information) with similar results. Table 9.4 provides a summary of the PARAFAC 

deconvolution for all twelve analytes at 70 eV and 14 eV. For comparison, the mass spectra were 

taken at the peak apex and then matched. While some analytes such as 2,5-dimethylthiophene are 

resolved on both GC × GC dimensions, the PARAFAC MV is much higher than the peak apex 

MV because PARAFAC removes noise, which results in a higher MV. Several spiked analytes, 3-

octanone, 2-decanone, and 1-nonanol were not successfully deconvoluted and thus not 

https://www.sciencedirect.com/science/article/pii/S0021967318300086#bib0200
https://www.sciencedirect.com/science/article/pii/S0021967318300086#tbl0020
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“identified.” All three of these spiked analytes were not deconvoluted due to a lack of enough 

selective m/z and/or severe overlap with large interferences. 2-Heptanol was not “discovered” in 

the F-ratio analysis and so a deconvolution could not be performed. The complementary benefit 

of having both sets of ionization energy data is further exemplified in Table 9.4, where we note 

that the MV obtained for the 14 eV data are consistently higher than those obtained with the 70 eV 

data set. It appears whereas the 70 eV data set contributes more to discovering the spiked analytes 

(see Table 9.3), identification of the spiked analytes is more confident with the 14 eV data set. 

Moreover, the extra ionization energy mass spectra provide increased confidence of identification 

of an analyte by providing another MV. 

 

Table 9.4 The average F-ratios for the fused data set (combining the 70 eV and 14 eV data sets), 

followed by PARAFAC deconvolution to provide the mass spectrum of the spiked analytes. (a) 2-

decanone and 1-nonanol were not deconvoluted due to severe interference. (b) 3-octanone was not 

identified in the 70 eV data due to not enough selective m/z. (c) 1-nonanol was not found with the 

14 eV F-ratio analysis. (d) 2-heptanol was not discovered with F-ratio analysis, due to low S/N. 

https://www.sciencedirect.com/science/article/pii/S0021967318300086#tbl0020
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We turn our attention to 2-decanone in order to discuss this distinction between the limit 

of discovery versus limit of identification. Fig. 9.6A shows a single modulation which corresponds 

to the highest intensity sub-peak of 2-decanone for the 70 eV data set. Visually it appears that 2-

decanone is overlapped by four analytes. Fig. 9.6B shows the mass spectrum from the peak apex 

corresponding to the location of 2-decanone. The most intense m/z of 2-decanone (m/z 58) is ∼10-

fold less intense than the most intense m/z at this retention time. Essentially, most of the spectral 

features in the mass spectrum in Fig. 9.6B are due to the interferences. The corresponding figures 

for the 14 eV data set can be found in Fig. D.6 (Supporting Information). Fortunately, F-ratio 

analysis is sensitive to small class-to-class changes in concentration [27], enabling the software to 

Figure 9.6 (A) From the 70 eV data set, a portion of the GC × GC data along the 2D dimension 

for a single modulation is shown which corresponds to the highest intensity for 2-decanone 

which elutes at a 2tR of 0.52 s. Visually, it appears that at least four interfering analytes overlap. 

(B) Mass spectrum from the elution time of 2-decanone. The most intense mass channel (m/z 58) 

is ∼10-fold less intense than the most intense m/z. While F-ratio analysis is able to discover the 

location of 2-decanone, PARAFAC deconvolution of the full mass spectrum was not successful. 

The corresponding figures for the 14 eV data set can be found in Fig. D.6 (Supporting 

Information). 

https://www.sciencedirect.com/science/article/pii/S0021967318300086#fig0030
https://www.sciencedirect.com/science/article/pii/S0021967318300086#bib0135
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discover extremely minor changes despite a large matrix background. Specially, 2-decanone was 

hit #12 in the 70 eV data set with 5 selective m/z and only 2 false positive m/z (Table 9.1), and 

even better at hit #8 in the 14 eV data set with 4 selective m/z and 4 false positive m/z (Table 9.2). 

Furthermore, fusing the two data sets improves the discovery of 2-decanone as it is hit #8 with 

2 m/z unique to the 70 eV data set and 3 m/z in common between the two data sets, so a total of 8 

selective m/z, and only 2 false positive m/z (Table 9.3). However, for both ionization energies, 2-

decanone was not successfully deconvoluted for the current purpose of providing its full mass 

spectrum, hence it is below the limit of identification since an adequate MV could not be provided 

(Table 9.4). 

9.4 CONCLUSION 

Herein we have investigated the complementary information provided by tandem 

ionization time-of-flight mass spectrometry (TI – TOFMS) when coupled with GC × GC for 

discovery-based analysis. For this purpose, we sought to “discover” twelve analytes that were 

spiked into diesel fuel at low concentration. Investigating the hit list of the 70 eV and 14 eV 

ionization energies, and the fusion of these two data sets, resulted in the discovery of eleven of the 

twelve analytes. Due to the complementary nature of tandem ionization, the F-ratio 

spectra m/z identified by all of the hit lists aided in the discovery of analytes. Using PARAFAC 

deconvolution, nine of the twelve analytes were accurately identified based upon a 2D retention 

time match and mass spectral MV. Finally, discussion about the limit of discovery and limit of 

identification indicates that tandem ionization is a beneficial in aiding the analysis of complex 

samples such as diesel. It has been demonstrated how an analyst could implement this workflow 

for discovery based analysis. 
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9.5 SUPPORTING INFORMATION 

Figures D.1 to D.6 and Table D.1 can be found in the Supporting Information which is available 

free of charge on the internet at  

https://doi.org/10.1016/j.chroma.2018.01.008 

The Supporting Information is also reprinted in Appendix D.  

 

9.6 ACKNOWLEDGEMENTS 

We thank SepSOLVE for loaning the instrumentation for this study. We specifically thank 

Pete Grosshans, Nick Bukowski, Wade Bontempo, Matt Edwards, Ian Biggs, and Ollie Stacey for 

helpful discussions and assistance with facilitating setting up the instrumentation. 

 

9.7 REFERENCES 

[1] D. Ryan, R. Shellie, P. Tranchida, A. Casilli, L. Mondello, P. Marriott, Analysis of 

roasted coffee bean volatiles by using comprehensive two-dimensional gas 

chromatography–time-of-flight mass spectrometry, J. Chromatogr. A 1054 (2004) 57-65. 

[2] F. Magagna, A. Guglielmetti, E. Liberto, S.E. Reichenbach, E. Allegrucci, G. Gobino, C. 

Bicchi, C. Cordero, Comprehensive chemical fingerprinting of high-quality cocoa at 

early stages of processing: effectiveness of combined untargeted and targeted approaches 

for classification and discrimination, J. Agric. Food Chem. 65 (2017) 6329-6341. 

[3] R. Shellie, P.J. Marriott, P. Morrison, Concepts and preliminary observations on the 

triple-dimensional analysis of complex volatile samples by using GC×GC−TOFMS, 

Anal. Chem. 73 (2001) 1336-1344. 

[4] P.-H. Stefanuto, K.A. Perrault, L.M. Dubois, B. L’Homme, C. Allen, C. Loughnane, N. 

Ochiai, J.-F. Focant, Advanced method optimization for volatile aroma profiling of beer 

using two-dimensional gas chromatography time-of-flight mass spectrometry, J. 

Chromatogr. A 1507 (2017) 45-52. 

[5] M.K. Das, S.C. Bishwal, A. Das, D. Dabral, A. Varshney, V.K. Badireddy, R. Nanda, 

Investigation of gender-specific exhaled breath volatome in humans by GC × GC – TOF-

MS, Anal. Chem. 86 (2014) 1229-1237.  

[6] W. Welthagen, R.A. Shellie, J. Spranger, M. Ristow, R. Zimmermann, O. Fiehn, 

Comprehensive two-dimensional gas chromatography–time-of-flight mass spectrometry 

(GC × GC-TOF) for high resolution metabolomics: biomarker discovery on spleen tissue 

extracts of obese NZO compared to lean C57BL/6 mice, Metabolomics 1 (2005) 65-73.  

[7] X. Huang, F.E. Regnier, Differential metabolomics using stable isotope labeling and two-

dimensional gas chromatography with time-of-flight mass spectrometry, Anal. Chem. 80 

(2008) 107-114. 

https://doi.org/10.1016/j.chroma.2018.01.008


216 

 

[8] B. Omais, M. Courtiade, N. Charon, D. Thiébaut, A. Quignard, M.C. Hennion, 

Investigating comprehensive two-dimensional gas chromatography conditions to 

optimize the separation of oxygenated compounds in a direct coal liquefaction middle 

distillate, J. Chromatogr. A 1218 (2011) 3233-3240. 

[9] B.C. Reaser, B.W. Wright, R.E. Synovec, Using receiver operating characteristic curves 

to optimize discovery-based software with comprehensive two-dimensional gas 

chromatography with time-of-flight mass spectrometry, Anal. Chem. 89 (2017) 3606-

3612. 

[10] M.K. Jennerwein, M. Eschner, T. Gröger, T. Wilharm, R. Zimmermann, Complete 

group-type quantification of petroleum middle distillates based on comprehensive two-

dimensional gas chromatography time-of-flight mass spectrometry (GC×GC-TOFMS) 

and Visual Basic Scripting, Energy Fuels 28 (2014) 5670-5681. 

[11] J. Dallüge, L.L.P. Van Stee, X. Xu, J. Williams, J. Beens, R.J.J. Vreuls, U.A.Th 

Brinkman, Unravelling the composition of very complex samples by comprehensive gas 

chromatography coupled to time-of-flight mass spectrometry: Cigarette smoke, J. 

Chromatogr. A 974 (2002) 169-184. 

[12] J.F. Hamilton, P.J. Webb, A.C. Lewis, J.R. Hopkins, S. Smith, P. Davy, Partially 

oxidised organic components in urban aerosol using GCXGC-TOF/MS, Atmos. Chem. 

Phys. 4 (2004) 1279-1290.  

[13] M.S. Alam, C. Stark, R.M. Harrison, Using variable ionization energy time-of-flight 

mass spectrometry with comprehensive GC×GC to identify isomeric species, Anal. 

Chem. 88 (2016) 4211-4220. 

[14] L.M. Dubois, K.A. Perrault, P.H. Stefanuto, S. Koschinski, M. Edwards, L. McGregor, 

J.F. Focant, Thermal desorption comprehensive two-dimensional gas chromatography 

coupled to variable-energy electron ionization time-of-flight mass spectrometry for 

monitoring subtle changes in volatile organic compound profiles of human blood, J. 

Chromatogr. A 1501 (2017) 117-127. 

[15] B. Munson, Chemical ionization mass spectrometry: ten years later, Anal. Chem. 49 

(1977) 772A-775A. 

[16] M.S.B. Munson, F.H. Field, Chemical ionization mass spectrometry. I. General 

Introduction, J. Am. Chem. Soc. 88 (1966) 2621-2630. 

[17] J. Chen, N. Mclean, D. Hager, Prediction of molecular weight by-boiling-point 

distribution of middle distillates from gas chromatography−field ionization mass 

spectrometry (GC−FIMS), Energy Fuels 25 (2011) 719-726. 

[18] W. Genuit, H. Chaabani, Comprehensive two-dimensional gas chromatography-field 

ionization time-of-flight mass spectrometry (GCxGC-FI-TOFMS) for detailed 

hydrocarbon middle distillate analysis, International Journal of Mass Spectrometry 413 

(2017) 27-32. 

[19] A. Giri, M. Coutriade, A. Racaudi, K. Okuda, J. Dane, R.B. Cody, J.F. Focant, Molecular 

characterization of volatiles and petrochemical base oils by photo-ionization GC × GC- 

TOF – MS, Anal. Chem. 89 (2017) 5394-5403. 

[20] S. Mitschke, W. Welthagen, R. Zimmermann, Comprehensive gas chromatography – 

time-of-flight mass spectrometry using soft and selective photoionization techniques, 

Anal. Chem. 78 (2006) 6364-6375. 

[21] L. Hanley, R. Zimmermann, Light and molecular ions: the emergence of vacuum UV 

single-photon ionization in MS, Anal. Chem. 81 (2009) 4174−4182. 



217 

 

[22] V.V. Lobodin, E.V. Maksimova, R.P. Rodgers, Gas chromatography/atmospheric 

pressure chemical ionization tandem mass spectrometry for fingerprinting the Macondo 

oil spill, Anal. Chem. 88 (2016) 6914-6922. 

[23] T. Portolés, C. Sales, B. Gómara, J.V. Sancho, J. Beltrán, L. Herrero, M.J. González, F. 

Hernández, Novel analytical approach for brominated flame retardants based on the use 

of gas chromatography-atmospheric pressure chemical ionization-tandem mass 

spectrometry with emphasis in highly brominated congeners, Anal. Chem. 87 (2015) 

9892-9899.  

[24] A. Ballesteros-Gómez, J. de Boer, P.E.G. Leonards, Novel analytical methods for flame 

retardants and plasticizers based on gas chromatography, comprehensive two dimensional 

gas chromatography, and direct probe coupled to atmospheric pressure chemical 

ionization-high resolution time-of-flight-mass spectrometry, Anal. Chem. 85 (2013) 

9572-9580.  

[25] Markes International, Ltd. Application Note 537 (2016). 

[26] K.M. Pierce, B. Kehimkar, L.C. Marney, J.C. Hoggard, R.E. Synovec, Review of 

chemometric analysis techniques for comprehensive two dimensional separations data, J. 

Chromatogr. A 1255 (2012) 3-11. 

[27] L.C. Marney, W.C. Siegler, B.A. Parsons, J.C. Hoggard, B.W. Wright, R.E. Synovec, 

Tile-based Fisher-ratio software for improved feature selection analysis of 

comprehensive two-dimensional gas chromatography time-of-flight mass spectrometry 

data, Talanta 115 (2013) 887-895. 

[28] B.A. Parsons, L.C. Marney, W.C. Siegler, J.C. Hoggard, B.W. Wright, R.E. Synovec, 

Tile-based Fisher ratio analysis of comprehensive two-dimensional gas chromatography 

time-of-flight mass spectrometry (GC × GC–TOFMS) data using a null distribution 

approach, Anal. Chem. 87 (2015) 3812-3819.  

[29] N.E. Watson, B.A. Parsons, R.E. Synovec, Performance evaluation of tile-based Fisher 

ratio analysis using a benchmark yeast metabolome dataset, J. Chromatogr. A 1459 

(2016) 101-111. 

[30] B.A. Parsons, D.K. Pinkerton, B.W. Wright, R.E. Synovec, Chemical characterization of 

the acid alteration of diesel fuel: Non-targeted analysis by two-dimensional gas 

chromatography coupled with time-of-flight mass spectrometry with tile-based Fisher 

ratio and combinatorial threshold determination, J. Chromatogr. A 1440 (2016) 179-190. 

[31] J.C. Hoggard, R.E. Synovec, Parallel factor analysis (PARAFAC) of target analytes in 

GC × GC-TOFMS data: Automated selection of a model with an appropriate number of 

factors, Anal. Chem. 79 (2007) 1611-1619. 

[32] M. Poliak, M. Kochman, A. Amiray, Pulsed flow modulation comprehensive two-

dimensional gas chromatography, J. Chromatogr. A 1186 (2008) 189–195. 

[33] Q. Gu, F. David, F. Lynen, K. Rumpel, G. Xu, P. Vos, P. Sandra, Analysis of bacterial 

fatty acids by flow modulated comprehensive two-dimensional gas chromatography with 

parallel flame ionization detector/mass spectrometry, J. Chromatogr. A 1217 (2010) 

4448-4453. 

[34] P.A. Bueno, J.V. Seeley, Flow-switching device for comprehensive two-dimensional gas 

chromatography, J. Chromatogr. A 1027 (2004) 3-10. 

[35] J.F. Griffith, W.L. Winniford, K. Sun, J. Luong, A reversed-flow differential flow 

modulator for comprehensive two-dimensional gas chromatography, J. Chromatogr. A 

1226 (2011) 116-123. 



218 

 

[36] R.E. Walpole, R.H. Myers, Probability and statistics for engineers and scientists, second 

ed., MacMillan Publishing Co., Inc., New York, 1978. 

[37] K.H. Chang, Limit of detection and its establishment in analytical chemistry, Health Env. 

J. 2 (2011) 38-43. 

[38] J. Krupčík, P. Májek, R. Gorovenko, J. Blaško, R. Kubinec, P. Sandra, Considerations on 

the determination of the limit of detection and the limit of quantification in one-

dimensional and comprehensive two-dimensional gas chromatography, J. Chromatogr. A 

1396 (2015) 117-130. 

[39] G.L. Long, I.D. Winefordner, Limit of detection a closer look at the IUPAC definition, 

Anal. Chem. 55 (1983) 712A-724A. 

[40] D.K. Pinkerton, B.A. Parsons, T.J. Anderson, R.E. Synovec, Trilinearity deviation ratio: 

a new metric for chemometric analysis of comprehensive two-dimensional gas 

chromatography time-of-flight mass spectrometry data, Anal. Chim. Acta 871 (2015) 66-

76. 

 

  



219 

 

Chapter 10.  Expanding the Limits of Detection and Quantitation in 

Chromatography through Integration 

 

10.1 INTRODUCTION 

The ability to detect a trace element or molecule is termed the limit of detection (LOD) 

which describes the lowest concentration or mass that can be measured. This value must be 

statistically different from the analytical blank but various approaches of measuring this value can 

lead to different values which could easily span an order of magnitude [1-6]. Indeed, many 

different organization define LOD in various terms. The US Enivronmental Protection Agency 

(EPA) uses method detection limit as the minimum concentration of an analyte that can be 

identified and measured at 99% confidence while the International Conference for Harmonization 

(ICH) defines LOD as the lowest amount of analyte in a sample which can be detected but not 

necessarily quantitated as an exact value [6]. The most commonly used definition of the LOD, 

which was defined by the IUPAC in 1975, is three times the standard deviation of the noise [7-

12]. At this location, there is a 0.13% chance that the measured signal will fall within the 

distribution of the noise [12]. Thus, there is a chance, albeit small, that the measured signal is not 

a true measurement.  

Limit of quantitation (LOQ) is the lowest concentration at which an analyte can be detected 

reliably for some predefined goal of bias and imprecision. At the LOQ there is an insignificantly 

small chance that the measured value will fall within the distribution of the noise [4-7]. 

Furthermore, fluctuations of the baseline will affect the analyte response signal by less than 20% 

[13]. The IUPAC definition of LOQ is ten times the standard deviation of the noise [7]. The 

original IUPAC definition was chosen for spectrochemical analysis (i.e. UV-Vis absorbance, ICP-

AES), which does not account for chromatographic conditions where measurement of an analyte 
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is a time dependent response (e.g., spacial phenomenon observed in the time domain) [14]. 

Nevertheless, most chromatographic analysis for determining the LOQ (or LOD) use the IUPAC 

definition [6, 14]. 

Quantitation in chromatography is normally performed by determining the peak area of the 

analyte of interest. Perhaps the most common, current method used for determining the peak area 

in chromatography is the two-step method [15]. As the name implies, there are two “steps” that 

must be performed in order to obtain the peak area. The first “step,” is to determine the S/N of the 

peak of interest. Briefly, the signal is determined by finding the signal at the peak maximum and 

dividing by the noise which is determined by finding the standard deviation for a portion of the 

chromatogram where there are no analytes present or column bleed. If the S/N of the peak is above 

the LOQ, the peak is integrated in the second “step.” Another method proposed by Synovec and 

Yeung involved integrating the peak and then determining if the measured area was above the 

LOQ [16]. They proposed using the peak height to determine if the analyte was above the LOD 

(or LOQ) was inappropriate because much of the “peak” information was not included. 

Furthermore, measurement of analyte in chromatography is not univariate measurement. By 

integrating the peak of interest, the signal detectability is enhanced relative the original 

chromatogram.  

Integration methods, such as cumulative sum, have been used to determine underlying 

trends which may not be apparent in raw data. Extracting signal from background noise is a 

problem in analysis; however, significant changes can be detected in the data from its background 

noise as shown by Page using the cumulative sum (CUSUM) test [17].  Essentially, CUSUM is a 

statistical method to detect the serial-dependence of the signal in the presence of background noise. 

The cumulative sum of random data points should fluctuate around a mean while detection of an 
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analyte will cause the trend line to drift away from the mean indicating a non-random process is 

occurring (i.e. response of a detector to an analyte). Using this technique, statistical detection 

methods such as CUSUM-charts have been developed to determine the changes from the mean 

level of a series of sequential data points [18-20]. CUSUM-charts have often been used in areas of 

quality control [21-23] and medical fields [24-26]. They have also been used in analytical nuclear 

chemistry to monitor background radioactivity counts in order to obtain more accurate 

measurements [27]. Additionally, this technique has been used to obtain information about the 

internal energy distribution of fluorescing nitrogen dioxide [28]. CUSUM-charts have been used 

in gas chromatography for quality control to ensure that the detector, columns, and other variables 

in the instrument are remaining constant in order to obtain reproducible results [29, 30]. 

Herein we report on an integration method to improve upon the S/N of peaks in a chromatographic 

system in an attempt to glean more accurate and precise quantitation of analytes. Converting the 

analyte response into a function of time through integration can result in an improved S/N. 

Integration of the chromatographic data converts the univariate data into a function of time which 

takes into account the peak shape which can be affected negatively by the separation media. This 

method requires a new definition to measure the signal as well as noise in order to determine the 

appropriate S/N. We have proposed a method to measure both these values and studied this method 

in a rigorous manner. Comparing integration of the analyte response and noise, we have identified 

the optimum manner to gain the maximum improvement for the S/N. Using the optimized 

conditions, we have applied this technique to both one and two dimensional separations.  

Additionally we have compared our technique to a commonly used method to quantitate 

chromatographic data, the two-step method, in order to evaluate the accuracy and precision of our 

technique. Finally, the integration method is herein demonstrated on experimental data obtained 
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from two dimensional gas chromatography with a time-of-flight mass spectrometer (GC × GC –

TOFMS).  

10.2 THEORY 

A Gaussian function is often used to model chromatographic data and peaks can be 

described by, 

 

 𝑆𝑖(𝑡) =
𝑉𝑖𝑅𝑖

𝜎𝑖(2𝜋)1/2 𝑒𝑥𝑝(
−(𝑡−𝑡𝑅,𝑖)

2

2𝜎𝑖
2 )                                    (10.1) 

where Si(t) is the height of the peak at time t, defined by the standard deviation of the peak (σi), 

retention time (tR) at the maximum Si(t), volume fraction injected (Vi), and analyte detection 

response factor (Ri).  Integration of equation 10.1 will yield the area of the Gaussian function.  

 

𝑆𝑖,𝐴𝑅𝐸𝐴 = ∫
𝑉𝑖𝑅𝑖

𝜎𝑖(2𝜋)1/2 𝑒𝑥𝑝(
−(𝑡−𝑡𝑅,𝑖)

2

2𝜎𝑖
2 )

∞

−∞
 𝑑𝑡                           (10.2) 

In practice, integration of data is normally done by performing a Riemann sum. A Riemann sum 

is calculated by dividing the region into shapes (most commonly squares for Gaussian 

distributions) and summing the area of those shapes. However, because the data is continuous and 

sampled at discrete time intervals, the Si, AREA is approximated by taking the Riemann sum of 

chromatographic peak (i.e. summing each data point). If data was collected at an infinitely fast 

rate, the Riemann sum for a peak would converge to the integral shown in equation 10.2. Because 

Vi and Ri are both independent of time, these variables can be factored out from equation 10.1. The 

remaining portion of equation 10.1, is referred to as a normal (or Gaussian) distribution which 

integrates to 1. Thus we can simplify the equation to: 

𝑆𝑖,𝐴𝑅𝐸𝐴 = 𝑉𝑖𝑅𝑖                                            (10.3) 

By substituting  t= tR into equation 10.1, the maximum of the Gaussian function can be calculated. 
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𝑆𝑖,𝑀𝐴𝑋 =
𝑉𝑖𝑅𝑖

𝜎𝑖(2𝜋)1/2
                                                 (10.4) 

Traditionally, the maximum signal (Si,MAX) is used to determine if the response of the analyte is 

above the LOD or the LOQ. If the response is below the LOD or LOQ, the peak is left out from 

the analysis (i.e. not identified/quantified). The improvement in the signal using the area compared 

to the maximum height of the function is given as: 

 𝑆𝐼𝑀𝑃𝑅𝑂𝑉𝐸𝑀𝐸𝑁𝑇 =
𝑆𝑖,𝐴𝑅𝐸𝐴

𝑆𝑖,𝑀𝐴𝑋
= 𝜎𝑖(2𝜋)1/2                                     (10.5) 

By using the peak area to determine if an analyte is above the LOD or LOQ, a significant 

improvement in the sensitivity can be gained. For a peak width (Wb) of 20 data points which is 

common in gas chromatography (GC), the signal is improved by a roughly a factor of 12.5 if the 

entire area of the peak is captured.  However, equation 10.5 assumes that there is an infinite signal 

to noise (S/N).  

Noise for chromatographic detectors often follows a normal distribution in which there is 

a uniform probability distribution over some interval [3]. The probability density of the normal 

distribution for the noise can be modeled by: 

 𝑓(𝑥, 𝜇, 𝜎) =
1

√2𝜋𝜎2
𝑒

−
(𝑥−𝜇)2

2𝜎2                                      (10.6) 

Here μ is the mean of the distribution which can be set to zero through baseline correction of the 

chromatogram. The standard deviation is signified by σ. Measurement of the noise in a 

chromatographic system is typically done in a region where no analytes or column bleed is present. 

The standard deviation of a significant number of data points is used to define the noise of the 

chromatogram. When the noise is integrated the variance of the integrated domain can be 

summarized as: 

 𝜎𝐼𝑛𝑡
2 = ∑ 𝜎𝑖

2𝑛
𝑖=1                                         (10.7) 
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where 𝜎𝐼𝑛𝑡
2  is the variance of the noise in the integrated domain, n is the number of points and σi is 

the standard deviation of the noise in the chromatographic system. Because we assume that the 

distribution of the noise is constant throughout the chromatogram, we can simply equation 10.7 

to: 

  𝜎𝐼𝑛𝑡
2 = 𝑛𝜎0

2                                        (10.8) 

Thus the standard deviation of the noise in the integrated domain is 

  𝜎𝐼𝑛𝑡 = √𝑛𝜎0                                        (10.9) 

Therefore the increase in the noise from the traditional domain to the integrated is 

𝑁𝑜𝑖𝑠𝑒𝐼𝑁𝐶𝑅𝐸𝐴𝑆𝐸 =
𝜎𝐼𝑛𝑡

𝜎0
= √𝑛                                  (10.10) 

Assuming a Wb (4σ) of 20 data points and integrating across (6σ) to capture 99.7% of the peak 

area, the noise in the integrated domain will increase by a factor of √30 or roughly 5.5 in 

comparison to the tradition definition of noise.  

Given we know the improvement in the signal from the traditional chromatogram to the 

integrated chromatogram as well as the increase in the noise, we can calculate a S/N improvement 

factor by combining equation 10.5 and 10.10.  

(𝑆
𝑁⁄ )𝐼𝑀𝐹 =

𝑆𝑖𝑔𝑛𝑎𝑙𝐼𝑀𝑃𝑅𝑂𝑉𝐸𝑀𝐸𝑁𝑇

𝑁𝑜𝑖𝑠𝑒𝐼𝑁𝐶𝑅𝐸𝐴𝑆𝐸
=  

𝜎𝑖(2𝜋)1/2

√𝑛
                   (10.11) 

For a Wb of 20 data points the S/N should increase by a factor of 2.28 to the integrated domain 

from the traditional domain wherein σi is 5 and n is 30 (because of integrating across 6σ). As the 

number of data points to define a peak increases, the improvement factor will become higher 

increasing the S/N in the integrated domain compared to the traditional chromatographic domain.  
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10.3 EXPERIMENTAL 

Chromatographic simulation, quantitation, and statistical calculations were all done in 

MATLAB version 2012b (MathWorks, Natick, MA). The software was written in-house. Gaussian 

noise was generated with a standard deviation of 0.003757 with a mean of zero. The standard 

deviation of the noise was determined by finding the average of the noise of ten chromatograms 

that were free of analytes and column bleed. These chromatograms were collected on an Agilent 

6890 GC (Agilent Technologies, Palo Alto, CA, USA).  For the chromatographic simulations, the 

Wb was 20 data points wide unless otherwise noted. Figure 10.1 shows the traditional means that 

S/N were measured as well as how the integrated signal and integrated noise were determined. 

Signal for the Gaussian peaks was determined by height above baseline of the peak center which 

was specified in the simulations. Thus S/N for the Gaussian peaks was calculated by taking the 

signal at peak center and dividing by the noise (which was specified). The entire peak was then 

integrated from -8σ to 8σ making sure the entire peak was captured. Signal was calculated for the 

integrated peak by finding the average of σ points (5 data points for a Wb of 20 data points) at a 

specified difference from the peak center. For example, to capture 6σ of the peak (for a 20 data 

point wide peak), the average of 5 points was found centered at -3σ and 3σ. The difference of the 

two values was used to find the signal of the integrated peak. Noise was calculated in the same 

manner.  

Chromatograms of a test mixture were collected in order to demonstrate this technique on 

non-simulated data. The GC × GC – TOFMS system was an Agilent 6890N gas chromatograph 

equipped with an Agilent 7683 autoinjector coupled with a LECO Pegasus III TOFMS equipped 

with a 4D thermal modulator upgrade (LECO, St. Joseph, MI). The electron energy for the TOFMS 

was set to -70 eV with a detector voltage of 1600 V, and the data was collected at 100 Hz from 35 
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amu to 300 amu at unit mass resolution. The inlet was set to 275 °C. The oven was held at 40 °C 

for 1 minute, ramped at 5 °C/min to 300 °C and held for 2 minutes. There was a 5 °C offset on the 

secondary oven. The flow rate was 2.0 mL/min of ultra-high purity helium and the modulation 

period was 2.0 seconds. The first-dimension (1D) column was a 30 meter × 250 µm inner diameter 

(I.D.) × 0.25 µm film thickness (D.F.) Rxi-17SilMS (diphenyl dimethyl polysiloxane) and the 

second dimension column (2D) column was a 1.5 meter × 180 µm I.D. × 0.18 µm D.F. Rxi-1ms 

(dimethyl polysiloxane).  
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Figure 10.1 (A) Chromatographic peak as it elutes is shown. Signal is measured from 

baseline to maximum on the peak (often denoted as the retention time, tR) (B) The 

chromatographic peak has been integrated and the signal has been transformed from 

univariate to integrated wherein the signal is dependent on time and incorporates the 

concentration profile (i.e. peak shape). Signal is defined as the difference of the averages 

of a section prior to the peak eluting and a section after the peak has eluted (C) Signal for 

noise has often been defined as height above baseline for a single pixel response (D) By 

integrating the noise, it is amplified and is subjected to a random walk effect. In order to 

determine the signal of the noise, the integrated noise is averaged prior to where the peak 

eluted and post peak elution. The difference of these values yields a signal for the noise in 

the integrated domain 
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10.4 RESULTS AND DISCUSSION 

Traditionally, chromatographic peaks have been measured at their peak maximum on a 

pixel based level and this value has been used to determine if the peak is above the LOQ (or LOD). 

If the peak is above the LOQ, the concentration can be determined by finding the peak area. 

However, the concentration of the peak is a function of time due to its Gaussian shape and should 

not be measured in a pixel based manner because that only indicates the concentration of the peak 

at that specific point in time. Any asymmetry of the peak brought about by chromatographic 

interactions, will broaden the peak and lower the peak maximum. By integrating the peak, the 

signal can be transformed from univariate to integrated wherein the signal is dependent of time 

and incorporates the concentration profile (i.e. peak shape). The integrated shape is affected by the 

original chromatographic peak shape but the signal of the integrated peak is not affected by the 

peak shape unlike traditional means of measuring chromatographic peaks. Additionally, measuring 

the area of the peak through integration results in a higher signal. As shown in equation 10.2, the 

area of the peak is σ(2π)1/2
 times the peak height. For a Wb of 20 data points (4σ), the signal 

increases by a factor of roughly 12.5 if the entire peak area is captured.  

Noise in detectors such as flame ionization (FID), time of flight mass spectrometry 

(TOFMS), or optical detectors (i.e. absorbance, florescence) exhibit Gaussian white noise which 

mathematically defined is a uniform probability distribution over a specific interval. The noise of 

a detector is typically measured by taking the standard deviation of a section of a chromatogram 

which is free of analytes and column bleed. Measurement of the noise in the integrated domain 

cannot be done similar to traditional way of determining noise because the noise has been 

transformed into a function with respect to time. The standard deviation of the noise in the 

integrated domain is different than that of the traditional means of measuring noise as a function 
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of the square root of the number of data points (equation 10.7). As seen in Figure 10.2A, the noise 

in the integrated domain is subjected to a random walk effect due to the random distribution of the 

noise. In order to determine the noise in the integrated domain, 1000 randomly generated noise 

files that were 40 data points long were integrated. This corresponds to -4σ to 4σ for a peak that is 

20 data points wide. A subset of those curves can be seen in Figure 10.2A. The first five data points 

(1σ) were averaged and subtracted from the average of the last five data points which corresponds 

to 7σ of the peak area captured if a peak with Wb of 20 data points was integrated. Figure 10.2B 

shows the distribution that was generated from the 1000 replicates when 7𝜎 is measured. The 

standard deviation of the distribution was 0.0215 which was identified as the noise of the integrated 

domain when 7σ of the peak is captured. The noise in the integrated domain has increased roughly 

by √33 which matches the theoretical prediction in equation 10.7.  
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Figure 10.2 (A) Random noise was generated and integrated. As shown in Figure 10.1, signal is 

defined as the difference of an average of an area prior to peak elution and post peak elution. In A 

the first five data points were averaged and subtracted from the average of the last five data points. 

The baseline drifts as a function of the number of points integrated. (B) Distribution of the signal 

of the integrated random noise. This distribution was produced using 1000 replicates and has a 

standard deviation of 0.0215. 
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Integrating a lower number of points will result in a small distribution of the noise but 

conversely this would result in capturing less of the area underneath the peak. Figure 10.3A shows 

the increase in the noise dependent on the Wb and σ captured. Similar to Figure 10.2, noise was 

generated using a Gaussian distribution and integrated. For each Wb, varying amounts of 𝜎 (2σ to 

7σ) were captured. The integrated noise was divided by the traditional definition of noise to find 

the increase in noise. As Wb increases, the noise increases by a square root of the number of points 

integrated as defined in equation 9 (i.e. the more points in a peak, the greater the noise). Capturing 

more area under the peak (i.e. 7σ compared to 2σ) results in a higher noise increase because the 

distribution of the noise. For a Wb of 20 data points, if you only integrate and capture 2𝜎 of the 

peak, the noise will increase by a factor of roughly 2.5 from the original noise. However, if you 

integrate and capture 7σ of the peak, the noise will increase by a factor of roughly 6. Inverse to the 

noise increase, the signal increases as more area under the peak is captured and as Wb increases. 

Capturing 7σ results in 99.7% of the peak area being integrated while capturing 2𝜎 results in only 

68.2% of the peak area being captured as shown in Figure 10.3B. Thus the signal of the integrated 

peak will have a higher increase in signal if more of the peak is captured. Dividing the increase in 

the signal (Sint/S0) by the noise (Nint/N0) yields an improvement in the S/N. Figure 10.3C shows 

the improvement in signal to noise for various Wb and 𝜎 captured. For a Wb of 20 data points, the 

maximum improvement of signal is when 3σ of the peak is captured. However, 4𝜎 captured is 

likely a better choice because if asymmetry is present in the peak, the larger integration area will 

capture the potential variation in the peak shape and is less than a 10% difference between the 

optimum of 3𝜎 captured. This increase in S/N will lower the LOD and LOQ by a factor of 3.  
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Figure 10.3 (A) Random noise was generated and for various peak widths (4σ), different amount 

of variance was captured by integrating across various amounts of σ. Herein the noise has been 

divided by the traditional definition of noise to show the increase in the noise.  (B) For integrating 

a peak, a larger amount of signal will be captured if your bounds are larger (i.e. if you integrate 

with a sigma captured of 7,  99.7% of the peak is captured while integrating capturing two sigma 

will only capture 68.2% of the peak). Based on equation, 
𝑆𝑖𝑛𝑡

𝑆0
= 𝜎√2𝜋1/2 the integration signal 

increases linearly with peak width  (C)  The signal improvement curves (B) have been divided by 

the increase in the noise curves (A) yielding a improvement in the signal to noise as a function of 

peak width. Based on the curves, capturing 3σ will yield an optimum improvement in the S/N. 

Commonly peaks are roughly 20 data points wide at the base which when integrated will have a 

S/N improvement of a factor of 3. 
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The LOD which is defined as the height of the peak three times the standard deviation of 

the noise in traditional terms. Shown in Figure 10.4A are ten curves which are a subset of 1000 

curves that were generated with an average S/N of 3. By integrating the peaks and the S/N has been 

increased to 7.2 when 6σ is captured or 9.0 when 3σ is captured as shown in Figure 10.4B. By 

extending the LOD by a factor 3, analytes can be detected at lower concentrations. Furthermore 

the LOQ is also extended by a factor of 3 allowing more sensitive and accurate quantitation of 

analytes at low concentrations. We argue that to determine if a peak is present, one should integrate 

and capture 4σ of the peak. However, one should capture 6σ of the peak when determining the 

concentration of the peak as this captures more of the peak area and is a more accurate quantitation 

of the peak.  

 

Figure 10.4 (A) A chromatographic peak has been modeled by Gaussian distribution which has a 

Wb of 20 data points with a S/N of 3. This has been traditionally defined as the limit of detection. 

Ten replicates are shown (B) The peaks have been integrated, and the S/N has been increased 2.4 

times for an 6σ captured or a 3.0 times increase in S/N for 3σ sigma captured. The peak is now 

significantly above the LOD. 
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Figure 10.5 (A) A two dimensional separation is shown with a MR of 5 for an in-phase peak. The 

modulations are labeled  (B) The amount of area contained as a percentage of the total area per 

modulation of the original peak is shown for various MR. For a MR of one, Peaks 1,2,3,5,6, and 7 

are infinitesimally small meaning almost 100% of the area is contained within Peak 4. As the MR 

increases, the area of the original 1D peak area is spread out more amongst the modulations. (C) 

A two dimensional separation is shown with a MR of 5 for an out of phase peak. The modulations 

are labeled (D) Amount of area contained as a percentage of the total area per modulation of the 

original peak is shown for various MR for an out of phase peak. Similar to (B), at lower MR most 

of the area is contained within peaks 4 and 5 while at higher MR the area of the 1D peak is spread 

out to other modulations. 

 



234 

 

This integration method can also be applied to two-dimensional separations where it can 

be useful to determine which peaks on the 2D to include or exclude when determining 

concentration of analytes.  As the modulation ratio (MR) increases, the area under the one-

dimensional peak is spread out between more of the 2D peaks. At a MR of one for an in-phase peak, 

almost 100% of the peak area is contained within one peak. However, at a MR of 5, the middle 2D 

peak only contains 46 % of the area. Leaving 54 % of the area to be spread out amongst 5 other 

2D peaks. Often the outer 2D peaks which contain only 3.58 % of the area are excluded due to 

being below the LOQ which can lead to inaccurate quantitation for the analyte. For an out of phase 

peak, more of the area is contained within inner two modulations which means that not including 

the area from the smaller 2D peaks could be more accurate compared to in-phase peaks. 

Nevertheless, not including the outer 2D peaks will results in less accurate quantitation of the 

analyte. A summary of how MR affects the distribution of the peak area for both in-phase and out 

of phase peak can be seen in Figure 10.5.  

To apply the integration method to two-dimensional data, the peak (or peaks) in question 

should be extracted from the chromatogram and converted into a one-dimensional view as seen in 

Figure 10.6A.  One can always select a larger area and more modulations to ensure that the entire 

peak is captured. Because the data was modeled, we know the exact Wb (20 data points) and 

location of 2D peak maxima. As seen in Figure 10.6B, the extracted information from the two 

dimensional data has been converted into one dimensional data and 8σ (40 data points) is included 

for each peak. Figure 10.6C shows the peaks after integration. Modulations 2 and 6 where 

originally below the LOD but now are significantly above the LOD after integration. After 

integration modulations 3 and 5 are above the LOQ and can be included in the calculation of the 
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peak area for purposes of finding analyte concentration. See supporting information (Fig E.1) for 

the individual integration curves that are excluded for brevity.  

 

 

Figure 10.6 (A) modeled two dimensional chromatographic peak is shown with MR of 4. The area 

within the box was cut out. (B) The area that was cut out of the box was converted to a one 

dimensional view. The peaks have widths of 20 data points. and the most intense peak has a S/N 

of 14 (C) The data was integrated and the S/N of each individual peak has been increased roughly 

3 times. Thus peak 2 is now above the LOD as seen in the insert as well as peak 6. Peaks 3 and 6 

are now significantly above the LOQ (see Figure E.1, Supporting Information). Peak 4 was barely 

above the LOQ in original data but now is significantly above the LOQ. 
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Concentrations of analytes are often determined using the two step method. Briefly, this 

method entails looking at the maximum intensity of the peak of interest. If this intensity is above 

the LOQ, the peak is integrated. If the signal of the peak is not high enough it is excluded from 

determining the concentration of the analyte, but can used to identify the analyte if above the LOD. 

In two dimensional separations, this often means that modulations are excluded when determining 

the concentration of the analyte leading to inaccurate quantitation. Traditionally, peaks have only 

been included in the quantitation of an analyte if the signal is above the LOQ. At this S/N, there is 

an extremely small chance that the measured signal will fall within the distribution of the noise.  

Conversely at the LOD, there is a 0.13% chance that the measured signal will fall within the 

distribution of the noise. An illustration is shown in Figure 10.7 comparing using the two step 

method and the integration method using LOD and LOQ to quantify the concentration of an 

analyte. At high S/N ( >100), both methods, two step and integration, are acceptable to use. Both 

methods yield accurate and precise quantitation. At moderate S/N (≈ 70) of the most intense 

modulation measured in the traditional means, the two step method starts to exclude some of the 

smaller peaks. At a MR of 4 for an in phase peak (as seen in Figure 10.7), the outer 2D peak (peaks 

2 and 6 as seen in Figure 10.5) account for roughly 11% of the signal. The two step-method 

excludes these peaks when the most intense modulation is roughly at a S/N of 80 while the 

integration method using the LOQ starts to exclude these peaks at roughly a S/N of 45. At a S/N 

of roughly 20, the two step method starts to exclude peaks 3 and 5 which results in about a 60% 

error while the integration method using LOQ starts to fail when the S/N of the most intense 

modulation is roughly 10. It is apparent that the integration method is more accurate than the two 

step method at lower concentrations. However, if we use the integration method and quantify all 

peaks if they are above the LOD, a more accurate answer is achieved. For a MR of 4 for an out of 
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phase peak, the integration method using LOQ captures nearly 100% of the peak area to about a 

S/N of 17 for the most intense modulation. At lower S/Ns the integration method using LOQ is 

inaccurate, but quantifying anything above the LOD we achieve an answer closer to the true area. 

The precision is lower but not significantly so except for at extremely low S/Ns (S/N ≈ 3). We 

would argue that having a more accurate answer with a small loss in precision is better than 

excluding peaks by either method, two step or integration using LOQ. Further comparison of the 

two step method to the integration method at various MR can be seen in the supporting information 

(Figure E.2).  

Figure 10.7 (A) Comparison of the integration method and two step method for a MR of 4 for an 

in phase peak. At high S/N, both techniques work quite well capturing almost 100% of the area 

with similar errors. Modulations 1 & 7 contain about 1% of the total peak area. When modulation 

4 reaches a signal to noise around 80, modulations 2 & 6 start to be excluded because they are not 

above the LOQ. Because the integration method has an increase in S/N modulations 2 & 6 will be 

included at a lower S/N. At a S/N of ~35 the integration method will exclude the 2nd and 6th 

modulation as well. At a S/N of ~18 the two step method will start to exclude modulations 3 & 5. 

Quantifying peaks above the integration LOD gives the most accurate answer but is not as precise 

at lower S/N (B) Shown is the comparison of the three methods for an out of phase peak at an MR 

of 4. Similar results are observed as (A). 
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In order to demonstrate this technique on non-simulated data, a test mixture was analyzed via GC 

× GC – TOFMS. Figure 10.8A shows the chromatogram for bromobenzene at m/z 156. For 

quantification of mass spectral data, a specific m/z is used which is at high S/N and is not interfered. 

The portion of the chromatogram within box in Fig. 10.8A is extracted and has been converted 

into the raw vector form in Fig 10.8B where Savitzky-Golay smoothing was performed. The noise 

of the raw vector was determined to be 4.47 and the 2Wb is 70 data points (70 ms). There are four 

modulations which are above the LOQ; however, there is a fifth modulation centered at 235 data 

Figure 10.8 Application of the integration method to non-simulated data. (A) GC × GC 

chromatogram of bromobenzene using m/z 156. (B) Vector form for bromobenzene which has 

been extracted from the GC × GC chromatogram. The four most intense modulations are above 

the LOQ but the fifth is slightly below. (C) Integration of the least intense modulation which is 

now significantly above the LOQ.  
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points which is above the LOD and below the LOQ with a S/N ≈ 8.5. This peak was integrated as 

shown in Fig 10.8C. The noise in the integrated domain was determined to be 4.07 which is 

significantly lower than expected. Thus the S/N in the integrated domain was determined to be 40 

which is 4 fold increase from the traditional measurement of S/N.  

10.5  CONCLUSION 

In this report, we have provided a new, novel way to analyze one and two dimensional 

chromatographic data. By using the proposed integration method, sensitivity can be increased by 

a factor of 3. This increased sensitivity allows for quantitation of peaks at lower S/N compared to 

other methods of analysis.  We have presented a thorough investigation of the manifestation of the 

noise in the integrated domain and how to achieve the maximum improvement in S/N. 

Furthermore, we have shown, that the integration method is a more accurate method to quantitate 

two-dimensional data. Finally, we investigated using this method for both LOD and LOQ. Using 

the LOD to determine which peaks to include results in more accurate answers with only a minor 

loss to the precision. Further investigation of this method involved analysis of GC × GC – TOFMS 

data for practical analysis. This integration method can be easily incorporated into typical data 

handling systems for chromatographic data. Finally, this method has general applicability to any 

data set which has a Gaussian distribution as a function of time and uncorrelated, normal 

distribution of noise. 

10.6 SUPPORTING INFORMATION 

Figures E.1 and E.2 can be found in Appendix E 
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Chapter 11. Conclusion 

 

11.1 SUMMARY OF PRESENTED WORK 

The evolution from one-dimensional gas chromatography (GC) to comprehensive multi-

dimensional gas chromatography (MDGC), namely two-dimensional gas chromatography (GC × 

GC), has been one of the most significant advancements in the field of GC in the past 27 years. In 

addition to the improvements in instrumentation, there have been numerous developments to 

optimization, materials and methodology, and data processing and analysis. A multitude of 

researchers have applied numerous approaches to improve the various components that make up a 

GC × GC separation and data analysis techniques, resulting in significant improvements. The 

presented work developed new instrumentation and data analysis techniques that further expand 

the chemical information that can be gleaned from MDGC with a focus on GC × GC.   

Chapters 2 through 4 focus on new modulators for GC × GC that are robust, reliable, cost-

effective, and still maintain similar figures of merit (peak capacity and peak capacity production) 

to commercially available systems. Through use of a pulse flow valve, an unconventional form of 

modulation, partial modulation, was investigated that provided a peak capacity on the 2D 

dimensional (2nc = 10) while achieving this feat with a modulation period (PM) of only 250 ms. 

Furthermore, the pulse flow valve was shown to operate with PM of 50 ms enabling it to be used 

for high-speed separations as well as used as a “GC sensor.” While this study was very preliminary, 

further research with this pulse flow valve is warranted. Chapters 3 and 4 investigated high 

temperature diaphragm valve-based modulators for GC × GC – FID and GC × GC – TOFMS. 

Separation temperatures up to 325 °C were achieved, and narrow, reproducible, and symmetric 

peaks were created on the 2D dimension. Peak capacity of 9600 in ~30 minutes was achieved for 
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GC × GC – FID separations, and a peak capacity of ~1,500 in ~20 minutes was achieved for the 

GC × GC –TOFMS separations. The knowledge gained from the investigation of the pulse flow 

valve and high temperature diaphragm valve were applied to GC3 as demonstrated in Chapter 5. 

Building on previous work by the Synovec group, an optimized instrumental platform was 

designed allowing for both increased selectivity provided by the three dimensions and a high peak 

capacity production of 1,000 peaks/min, a 4-fold improvement from previous GC3 platforms.  

Chapter 6 focused on the implementation of a cost-effective instrument for routine analysis 

of kerosene-based rocket fuels. A high temperature diaphragm valve was used as a modulator for 

GC × GC – FID, and partial least squares (PLS) analysis was used to correlate the chemical 

information of fuels obtained via GC × GC – FID to several chemical and physical properties of 

the fuels. The models had low RMSECV values and interpretation of the linear regression vectors 

(LRVs) allowed for identification of compounds that positively or negatively correlated with the 

properties of interest.  

Chapter 7 and 8 also applied PLS to link chemical information obtained via GC × GC – 

TOFMS to physical properties of interest. Chapter 7 employed an extremely large, diverse set of 

kerosene-based fuels (74 samples) in order to gain a better fundamental understanding of the 

relationship between chemical composition and fuel properties such as kinematic viscosity, heat 

of combustion, hydrogen content, and density at three different temperatures (15 °C, 45°C, and 85 

°C). The PLS modeling yielded highly reliable models with errors ranging from ~6% to 13%. 

Investigation of the linear regression vectors (LRVs) indicated the relationship between the 

chemical composition and physical properties enabling the chemical compositions of fuels to in 

principle be altered to meet desired application specifications. Chapter 8 used a subset of these 

fuels (36 samples) and investigated the relationship between chemical composition and thermal 
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stability. The thermal stability of the fuels was evaluated by CRAFTI and subsequent carbon 

deposition analysis. Initial modeling using the entire chromatograms did not produce satisfactory 

models. Thus, a novel feature selection technique was implemented resulting in improved models 

as well as a better understanding of the relationship between the chemical composition and thermal 

stability.  

The complementary information provided by tandem ionization time-of-flight mass 

spectrometry (TI – TOFMS) was leveraged to improve the discovery-based analysis in Chapter 9. 

Twelve analytes that were spiked into diesel fuel were “discovered” using the tile-based Fisher 

ratio software. The hard and soft ionization energies (70 and 14 eV) hit lists and the fusion of the 

two datasets were investigated resulting in improved discovery. Eleven of the twelve analytes were 

“discovered” and using PARAFAC deconvolution, nine of the twelve analytes were identified 

using spectral matching. The limit of discovery and limit of identification were investigated and it 

was concluded that tandem ionization lowered these thresholds.  

In the Chapter 10, a novel method for lowering the limit of detection and quantification 

(LOD and LOQ) were explored for one- and two-dimensional chromatography. Using the novel 

integration method, the LOD and LOQ were lowered by a factor of 3 for one-dimensional 

chromatography. This was then applied to two-dimensional chromatography and was compared to 

the traditionally used two-step method. Application of this technique to a “real-world” sample 

collected via two-dimensional gas chromatography with a time-of-flight mass spectrometer (GC 

× GC – TOFMS) resulted in a S/N improvement of 36-fold which exceeded the theoretical 

predications.  
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11.2 FUTURE DIRECTIONS 

There remain several future directions for the research presented in each chapter of this 

document. This section will expand on some potential ideas for new research. 

 Future Directions for Instrumentation 

There is a large untapped reservoir of research for the pulse flow valve as a modulator. 

Indeed, several ideas have already been proposed for subsequent graduate students to pursue at the 

time of the writing of this manuscript. The first would be using the pulse valve to continuously 

monitor a reaction in real time. A continuous stream of gas from the headspace of the reaction 

could be piped into the GC and the pulse valve could be actuated at a relatively rapid rate (<75 

ms). The resulting chromatogram could be “cut” at each modulation resulting in a series of 1D 

separations that are representative of the reaction. PCA could be used to simplify the analysis of 

the data, and the resulting scores plot should be a function of the time points. The loadings plots 

would provide chemical insight into the reaction profile as well as further insight into reaction 

mechanisms and reaction rates.  

While the original intention of the pulse flow valve was to find an ultrafast modulator 

which would enable high speed separations, a downside to its use is the requirement to differentiate 

the data in order to visual the chemical information. Current research being performed by H.D. 

Bahaghighat has shown that it is possible to use multivariate curve resolution alternating least 

squares (MCR-ALS) to deconvolute GC × GC – TOFMS in order to extract the chemical 

information without processing the data. Nevertheless, there continues to be numerous 

opportunities to create high speed modulators that perform MDGC in the traditional approach by 

creating Gaussian peaks or by introducing disturbances into the 1D Gaussian profiles creating 

“sensor” information.  
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Research with the high temperature diaphragm valves presented herein and research 

performed by others (Watson et. al) have shown the diaphragm valve to be a modulator system 

that is robust, reliable, and cost-effective while still yielding identical performance to other state-

of-the-art systems as well as commercially available systems. Many researchers across the world 

are recognizing that there are alternative modulation systems compared to the traditional liquid 

nitrogen (LN2) systems. Diaphragm valve technology is ready to be commercialized and 

introduced to the wider GC × GC community.  

 Future Directions for Data Analysis 

Partial least squares (PLS) analysis has been shown to be an effective tool in relating 

chemical information obtained from GC × GC – FID and GC × GC – TOFMS to physical 

properties of interest. All the PLS analysis herein was performed on kerosene-based aeronautical 

fuels, but this technique does not need to be limited to such a specific sector of research. Expansion 

of this technique to food chemistry, metabolomics, and many other areas would provide valuable 

insight into the relationship between chemical information and physical properties. PLS can also 

be used outside the field of GC × GC. As seen in Chapter 8, PLS may not always work unless a 

feature selection technique is implemented. The use of feature selection for PLS has been rather 

limited and there is only one publication for feature selection for PLS in GC × GC. Chapter 8 

introduces a novel algorithm for feature selection which could be expanded to other modeling 

situations when PLS does not work initially or the resulting models do not yield favorable results.  

Tandem ionization (TI) is in its early stages as a detection technique, and there are numerous areas 

to investigate. Deconvolution with TI needs to be further investigated as having two “sets” of data 

may be beneficial in lowering the required resolution to deconvolute severely overlapped peaks. 

Very preliminary research has been performed about the complementary information provided by 
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TI. Match values and spectral contrast angles were calculated between the low and high ionization 

energies (14 and 70 eV) for a diesel fuel sample as shown in Figure 11.1. The alkane species have 

a high match value and a low spectral contrast angle. The cycloalkanes have a relatively high 

match value and a moderate spectral contrast angle, and the aromatics have a lower match value 

and a high spectral contrast angle. This trend might be present because alkanes fragment a large 

amount at both 70 and 14 eV and thus have relatively similar spectra. Aromatics are a more stable 

entity and thus the higher ionization voltage will result in more fragmentation while the low 

ionization voltage will result in minimal or almost no fragmentation. Thus, there will be a lower 

match value and higher spectral contrast angle. Further investigation into this pattern is warranted. 

 

 

Figure 11.1 (A) The match value comparing the 70 to 14 eV mass spectrum was calculated at 

every pixel above a TIC signal threshold of 40,000. The alkanes and cycloalkanes mass spectra 

are similar to each other while the aromatics do not have very high match values. (B) The spectral 

contrast angle comparing the 70 to 14 eV mass spectrum was calculated at every pixel above a 

TIC signal threshold of 40,000. The same trend for the alkanes and aromatics is seen using the 

spectral contrast angle.  
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Table A.1. Table of the 15-component mixture ordered by elution time on 1D. The supplier and 

purity are included. The 15 compounds were combined equally by volume by adding 25 µl each 

for a total volume of 375 µl.  
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Table A.2. Table of the 18-component mixture ordered by elution time on 1D. The supplier and 

purity are included. The 18 compounds were combined equally by volume by adding 25 µl each 

for a total volume of 450 µl.  

Table A.3. List of 8 compounds that were spiked into diesel fuel in order of elution time on 1D. 

100 µl of each compound was mixed to create a 800 µl stock solution. Then 10 µl of the stock 

solution was added to 190 µl of diesel fuel to create a 200 µl solution. 
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Figure A.1. Modulation of 1D signal with pulse flow valve and processing steps (3 steps) to 

convert signal to 2D format with the appearance of a GC × GC chromatogram. (A) The 

unmodulated peak of a non-overlapped single analyte. (B) The same analyte after partial 

modulation with the pulse flow valve. (C) Differentiation of the partially modulated peak in 

(B). The minima represents the inflection point of the error function produced by the pulse 

valve flow modulator. (D) Inversion of the differentiated data. This is performed by multiplying 

the differentiated by -1. (E) The baseline sag produced by the differentiation step is removed 

by an in-house low frequency noise filter. (F) A 2D chromatogram produced by cutting and 

folding the data by the modulation period (PM) time. 
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Figure A.2. (A) Shown is a 2D Chromatogram of the 115 mixture separation shown in Figure 

5.2.  Twelve analytes were used to evaluate the peak capacity on the second dimension (2nc). 

(B)  The twelve analytes were cut out of the 2D chromatogram, concatenated, and are plotted 

in a single chromatogram to measure their respective 2D retention time and peak width (2Wb).  

Retention times verses peak width is shown in the subset along with the fitted equation.  (C)  A 

model based on the equation from (B) is used to calculate the 2nc. A resulting second dimension 

peak capacity of 20 was calculated at a resolution of 1, for a total peak capacity nc,2D of ~7200 

or a peak capacity production of ~1200 peaks/min for this separation. 
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Figure A.3. (A) The combined processed vector chromatogram of a GC3 - FID separation of 

the 18 component mixture. Each analyte was injected individually to identify the analyte based 

on retention times. The 1PM was 1 sec and the 2PM was 50 ms. (B) An enhanced view of the 

processed vector chromatogram of is shown for n-Hexane. The width of based data is listed for 

all three separation dimensions. (C) An enhanced view of the processed vector chromatogram 

of is shown for Methylcyclopentane (red), and 1-Hexyne (yellow). The width of based data is 

listed for all three separation dimensions. 
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Figure A.4. (A) 1D vs 2D chromatogram of the 18 component test mixture collected using a 
1PM

 
of 1.0 seconds and a 2PM of 50 ms that has been summed on the 3D. The analytes from 

Table 5.1 have been circled. (B) 1D vs 3D chromatogram of the 18 component test mixture 

collected using a 1PM
 
of 1.0 seconds and a 2PM of 50 ms that has been summed on the 2D. The 

analytes from Table 5.1 have been circled. 
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Figure A.5. (A) 2D vs 3D chromatogram of the 115 component test mixture collected using a 
1PM of 1.2 seconds and a 2PM of 60 ms that has been summed on the 1D. Because this is the 

summation of all the 1D modulations, it is difficult to extract meaningful information. Thus (B), 

(C), and (D) have been prepared to show the benefit of visualizing the data in this manner. (B) 

Plot of 2D vs 3D chromatogram of the 115 component test mixture summed on 1D between 3 to 

4 minutes. (C) Plot of 2D vs 3D chromatogram of the 115 component test mixture summed on 
1D between 5 to 6 minutes. (D) Plot of 2D vs 3D chromatogram of the 115 component test 

mixture summed on 1D between 7 to 8 minutes.  
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Figure A.6. (A) 1D vs 2D chromatogram of the 115 component test mixture collected using a 
1PM of 1.2 seconds and a 2PM of 60 ms that has been summed on the 3D. The analytes from 

Table 5.2 have been circled. (B) 1D vs 3D chromatogram of the 115 component test mixture 

collected using a 1PM of 1.2 seconds and a 2PM of 60 ms that has been summed on the 2D. The 

analytes from Table 5.2 have been circled. 
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Figure A.7. (A) 1D vs 2D chromatogram of diesel fuel spiked with 8 compounds collected using 

a 1PM of 1.2 seconds and a 2PM of 60 ms that has been summed on the 3D. (B) 1D vs 3D 

chromatogram of diesel fuel spiked with 8 compounds collected using a 1PM of 1.2 seconds and 

a 2PM of 60 ms that has been summed on the 2D. (C) 2D vs 3D chromatogram of diesel fuel 

spiked with 8 compounds collected using a 1PM of 1.2 seconds and a 2PM of 60 ms that has been 

summed on the 1D. Diesel fuel is even more complicated than the 115 and 18 component 

mixtures and because there are thousands of compounds, viewing the data in this manner does 

not yield much information. Thus (D), (E), and (F) have been prepared where only portions of 

the 1D chromatogram are shown. In order to improve the visualization, only 3 modulations (3.6 

seconds) are shown. (D) 2D vs 3D chromatogram of diesel fuel spiked with 8 compounds 

collected using a 1PM of 1.2 seconds and a 2PM of 60 ms that has been summed on the 1D from 

6.4 to 6.44 minutes. The analyte at a 2D retention time of ~0.45 s and 3D retention time of ~45 

ms is butylamine 1 of the 8 spiked analytes. (E) 2D vs 3D chromatogram of diesel fuel spiked 

with 8 compounds collected using a 1PM of 1.2 seconds and a 2PM of 60 ms that has been 

summed on the 1D from 7.82 to 7.86 minutes. The analyte at a 2D retention time of ~0.90 s and 
3D retention time of ~55 ms is 1,2-dichloroethane 1 of the 8 spiked analytes. (F) 2D vs 3D 

chromatogram of diesel fuel spiked with 8 compounds collected using a 1PM of 1.2 seconds and 

a 2PM of 60 ms that has been summed on the 1D from 9.42 to 9.46 minutes. The analyte at a 2D 

retention time of ~0.90 s and 3D retention time of ~50 ms is N,N-dimethylaniline 1 of the 8 

spiked analytes.  
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Table B.1. List of the 74 kerosene-based fuels analyzed. The fuels span a wide range of 

distillate cuts and compositional variation. Furthermore, the fuels have different specifications 

(i.e. types). 
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Table B.2. List of the physical properties for the 74 fuels numbered in Table B.1. 
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Figure B.1.  (A) Representative GC × GC – TOFMS TIC chromatogram for the fuel sample 

set (Sample 69: POSF 10289) with the three major chemical classes highlighted: alkanes 

(paraffins), cycloalkanes (cycloparaffins), and aromatics. (B) One dimensional GC separation 

of Sample 69. This figure was prepared by summing the second dimension separations of the 

GC × GC TIC in (A) onto the first dimension axis. 

 

Total Ion Current (TIC)        Sample 67 

Alkane
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(Parafins) 

Cycloalkanes 
(Cycloparafins) 
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Total Ion Current (TIC)        Sample 67 
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Figure B.2. Analytical ion chromatograms (AIC) for Sample 67 showing the ability to use 

selective m/z to identify the chemical compound classes (i.e., monocycloalkanes, 

dicycloalkanes, alkyl benzenes, etc.). Within each figure is a mass spectrum of an arbitrarily 

selected analyte compound which has been circled. (A) AIC of Sample 69 for alkanes. (B) AIC 

of Sample 69 for monocycloalkanes. (C) AIC of Sample 69 for dicycloalkanes. (D) AIC of 

Sample 69 for alkyl benzenes (E) AIC of Sample 69 for naphthalenes. (F) AIC of Sample 69 

for tetralins and indans.  

 



263 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.3. GC × GC – TOFMS chromatograms of all 74 fuel samples.  There are 9 samples 

(Samples 16, 20, 24, 25, 46, 47, 48, 60, and 72) that are dissimilar in their chemical fingerprint 

from the majority of the samples. 
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Sample 73 Sample 74 

Figure B.4. Q residuals reduced vs the hoteling T2
 reduced for the PLS prediction of viscosity 

using all of the GC × GC – TOFMS chromatograms (see Figure 7.2). The PLS model used six 

latent variables (LVs) and had an NRMSECV error of ~ 11% for both replicates. While the 

calibration plot in Figure 7.2 had several outliers (Samples 16, 20, 24, 25, 48, 50, and 72), the 

rest of the samples were reasonably close to the ideal calibration line (slope of one) indicating 

an overall good model. Evaluation of the linear regression vectors (LRVs), indicated that there 

were several compounds that were dominating the model which should not be the case since 

viscosity is a bulk property and should be based on a large number of compounds. Thus, to 

evaluate the model, a Q residuals and hotelling T2 reduced plot was prepared. The hotelling T2 

reduced values describe how different samples are away from the model. In other words, how 

chemically different are the samples from the typical sample. The Q residual reduced values 

describe the goodness-of-fit or how well each sample is described by the model. We chose to 

exclude samples that had a high hoteling T2 value (Samples 16, 20, 24, 25, 46, 47, 48, 50, and 

72). The purples lines is the Hotelling T2 values that was chosen as the threshold for a fuel to 

be included. There were a few samples that had modestly elevated Q residuals reduced, but 

low hoteling T2 reduced values. It was elected to keep those samples in the model. This resulted 

in a ~1% increase in NRMSECV of the models. The 9 samples that were excluded are 

significantly different than the typical sample. For example, Sample 48 (see Figure B.3) is only 

composed of 2 compounds that are grossly overloaded with some additional minor compounds. 

Modeling of this sample is not possible. 



270 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.5. PLS Prediction of viscosity using the GC × GC – TOFMS chromatograms 

excluding Samples 16, 20, 24, 25, 46, 47, 48, 60, and 72 which were found to have large 

hoteling T2 values.  The PLS model used four latent variables (LVs) and had an NRMSECV 

error of ~ 6% for both replicates 

Figure B.6. Heat of combustion corrected for hydrogen content.  
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Figure B.7. (A) PLS Prediction of heat of combustion using all the GC × GC – TOFMS 

chromatograms. The PLS model used four latent variables (LVs) and had an NRMSECV error 

of ~ 11% for both replicates. Similar to the viscosity, there are several samples that are not 

close to the ideal line. Evaluation of the Q residuals reduced and hoteling T2 reduced (not 

shown for brevity) indicated that the same samples (Samples 16, 20, 24, 25, 46, 47, 48, 60, and 

72) exhibited high hoteling T2 values. (B) Linear regression vectors (LRVs) for the PLS 

evaluation of heat of combustion using all the samples. There are several compounds that 

dominate the model. This is consistent with LRVs seen in the viscosity modeling when all 

samples were included. (C) PLS modeling of the heat of combustion with (Samples 16, 20, 24, 

25, 46, 47, 48, 60, and 72 excluded. The error is ~13% for both replicates. It should be noted 

that, the method precision (repeatability) and bias for ASTM D4809 are 0.096 and 0.089 MJ/kg 

(~ 40 btu/lb) respectively, and the model quality based on true values may therefore be better 

than indicated. 
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Figure B.8. (A) PLS Prediction of hydrogen content using all the GC × GC – TOFMS 

chromatograms. The PLS model used four latent variables (LVs) and had an NRMSECV error 

of ~ 11% for both replicates. Similar to the viscosity and heat of combustion, there are several 

samples that are not close to the ideal line. While the PLS modeling of the hydrogen content 

yielded a better calibration curve, the evaluation of the Q residuals reduced and hoteling T2 

reduced (not shown for brevity) indicated that the same samples (Samples 16, 20, 24, 25, 46, 

47, 48, 60, and 72) exhibited high hoteling T2 values. (B) Linear regression vectors (LRVs) for 

the PLS evaluation of hydrogen content using all the samples. There are several compounds 

that dominate the model. This is consistent with LRVs seen in the viscosity and heat of 

combustion modeling when all samples were included. (C) PLS modeling of the hydrogen 

content with (Samples 16, 20, 24, 25, 46, 47, 48, 60, and 72 excluded. The error is ~10% for 

both replicates.  
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Figure B.9. (A) PLS Prediction of density at 15 °C using all the GC × GC – TOFMS 

chromatograms. The PLS model used four latent variables (LVs) and had an NRMSECV error 

of ~ 9% for both replicates. Similar to the viscosity, heat of combustion, and hydrogen content, 

there are several samples that are not close to the ideal line. The evaluation of the Q residuals 

reduced and hoteling T2 reduced (not shown for brevity) indicated that the same samples 

(Samples 16, 20, 24, 25, 46, 47, 48, 60, and 72) exhibited high hoteling T2 values. (B) Linear 

regression vectors (LRVs) for the PLS evaluation of density at 15 °C using all the samples. 

There are several compounds that dominate the model. This is consistent with LRVs seen in 

the viscosity, heat of combustion, and hydrogen content modeling when all samples were 

included. (C) PLS modeling of the density at 15 °C with (Samples 16, 20, 24, 25, 46, 47, 48, 

60, and 72 excluded. The error is ~8% for both replicates.  
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Figure B.10. (A) PLS Prediction of density at 45 °C using all the GC × GC – TOFMS 

chromatograms. The PLS model used four latent variables (LVs) and had an NRMSECV error 

of ~ 9% for both replicates. Similar to the viscosity, heat of combustion, and hydrogen content, 

there are several samples that are not close to the ideal line. The evaluation of the Q residuals 

reduced and hoteling T2 reduced (not shown for brevity) indicated that the same samples 

(Samples 16, 20, 24, 25, 46, 47, 48, 60, and 72) exhibited high hoteling T2 values. (B) Linear 

regression vectors (LRVs) for the PLS evaluation of density at 45 °C using all the samples. 

There are several compounds that dominate the model. This is consistent with LRVs seen in 

the viscosity, heat of combustion, and hydrogen content modeling when all samples were 

included. (C) PLS modeling of the density at 45 °C with (Samples 16, 20, 24, 25, 46, 47, 48, 

60, and 72 excluded. The error is ~8% for both replicates.  
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Figure B.11. (A) PLS Prediction of density at 85 °C using all the GC × GC – TOFMS 

chromatograms. The PLS model used four latent variables (LVs) and had an NRMSECV error 

of ~ 9% for both replicates. Similar to the viscosity, heat of combustion, and hydrogen content, 

there are several samples that are not close to the ideal line. The evaluation of the Q residuals 

reduced and hoteling T2 reduced (not shown for brevity) indicated that the same samples 

(Samples 16, 20, 24, 25, 46, 47, 48, 60, and 72) exhibited high hoteling T2 values. (B) Linear 

regression vectors (LRVs) for the PLS evaluation of density at 85 °C using all the samples. 

There are several compounds that dominate the model. This is consistent with LRVs seen in 

the viscosity, heat of combustion, and hydrogen content modeling when all samples were 

included. (C) PLS modeling of the density at 85 °C with (Samples 16, 20, 24, 25, 46, 47, 48, 

60, and 72 excluded. The error is ~8% for both replicates.  
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Figure C.1. Compact Rapid Assessment of Fuel Thermal Integrity (CRAFTI) instrument. (A) 

Overview of entire instrument. (B) Enhanced view of the test article. (C) View of the 

thermocouples placed on the test article.  
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Figure C.2. Two forms of carbon that best correlated with ∆P. (A) ∆P as a function of chemisorbed 

carbon in the heated zone (B) ∆P as a function of logarithmically scaled chemisorbed carbon in 

the heated zone. (C) ∆P as a function of amorphous carbon in the exit zone.  
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Figure C.3. (A) PLS prediction of ∆Pressure using the entire chromatogram for the 36 samples. 

The model yields an error of ~17% but more troublesome is that some fuels have extremely high 

predicted ∆P when their measured ∆P is low. (B) The linear regression vectors for the PLS 

prediction of ∆P. The aromatics are the major species that are attributed to increasing the ∆P. The 

n-alkanes seem to also correlate with increasing ∆P. The cycloalkanes and the iso-alkanes are 

negatively correlated with increasing ∆P. The PLS model was deemed insufficient to predict the 

∆P so a feature selection technique was implemented prior to the PLS modeling of the ∆P.  
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Figure C.4. Summary of the different m/z and their NRMSECV based on the LOOCV regressions 

for ∆P. (A) Mass channel is plotted as a function of NRMSECV. There does not appear to be a 

specific m/z that correlates with low NRMSECV. (B) Enhanced view of A. 
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Table C.1. Summary of how the various NRMSECV thresholds impact the amount of data 

forwarded to PLS regression for the prediction of ∆P and the precision of the PLS model. Two 

thresholds of 14% and 17% were investigated. 

 

 

 

 

 

 

 

 

Table C.2. Summary of how the various NRMSECV thresholds from the LOOCV regressions of 

the logarithmically scaled carbon in the heated zone impact the amount of data forwarded to PLS 

regression and the precision of the PLS model. Two thresholds of 17% and 18% were investigated. 

 

NRMSECV 
threshold 

# below 
threshold 

# of tiles 
RMSECV 
from PLS 

NRMSECV 
from PLS 

13 11 2 0.1887 12.54 
14 65 5 0.1918 12.75 
15 227 9 0.2056 13.66 
16 568 24 0.2361 15.69 
17 2055 120 0.2460 16.35 
18 7456 422 0.2467 16.39 

 

NRMSECV 
threshold 

# below 
threshold # of tiles RMSECV 

from PLS 
NRMSECV 
from PLS 

10 2 0 N/A N/A 
11 85 3 9.256 10.28 
12 217 8 9.216 10.24 
13 668 48 9.071 10.08 
14 1677 113 9.530 10.59 
15 3220 187 10.775 11.97 
16 5097 272 11.119 12.35 
17 7239 354 10.645 11.83 
18 9418 430 11.052 12.28 



281 

 

 

 

 

 

 

 

Table C.3. Summary of how the various NRMSECV thresholds for the LOOCV regressions of 

the amorphous carbon in the exit zone impact the amount of data forwarded to PLS regression and 

the precision of the PLS model.  

 

NRMSECV 
threshold 

# below 
threshold 

# of tiles 
RMSECV 
from PLS 

NRMSECV 
from PLS 

14 19 2 26883 13.40 
15 105 11 28105 14.01 
16 583 32 27630 13.77 
17 1726 86 28844 14.38 
18 3596 133 28899 14.41 
19 6593 240 29989 14.95 
20 10456 829 30649 15.28 
21 14331 1049 31530 15.72 
22 18029 1186 31669 15.79 
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Figure C.5. (A)The LOOCV regressions for the amorphous carbon in the exit zone from each tile 

per m/z which had a NRMSECV below 17% (RMSECV =36,000) and contained at least 3 m/z 

were used to create an analytical ion current chromatogram using Sample 8 to highlight the tiles 

identified. A total of 86 tiles were identified located predominantly within the aromatic portion of 

the chromatogram. (B) PLS prediction of the amorphous carbon in the exit zone was performed 

using the tile locations and their respective m/z identified in A. (C) PLS prediction of the ∆P was 

performed using the tile locations and their respective m/z identified in A. 
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Table C.4. Summary of the top 100 tiles identified by ∆P LOOCV regressions in order of the 

number m/z identified by the LOOCV regressions of the ∆P. The retention times included are for 

the center of each tile.  

Tile Hit 

Number 
2
t
R
 (s) 

1
t
R
 

(min) 
2
D Tile 1

D Tile LRV Sign 

for ∆P ∆P m/z CCH 

m/z 
CCE 

m/z 
ACH 

m/z 
ACE 

m/z 
FCH 

m/z 
FCE  

m/z 
1 0.20 25.3 9 169 + 83 93 0 0 0 0 0 
2 0.20 23.5 9 157 + 74 88 0 0 0 0 0 
3 0.20 25.6 9 171 + 63 71 0 0 0 0 0 
4 0.20 22.8 9 152 + 59 23 0 0 0 0 0 
5 0.60 22.0 11 147 + 56 10 0 0 0 0 0 
6 0.20 24.3 9 162 - 51 50 0 0 0 0 0 
7 0.40 25.2 10 168 + 51 0 0 6 0 0 0 
8 0.20 24.1 9 161 - 50 49 0 0 0 0 0 
9 0.20 27.6 9 184 + 48 57 0 0 0 0 0 
10 0.20 25.2 9 168 + 46 67 3 0 0 0 0 
11 0.20 23.4 9 156 + 42 75 0 0 0 0 0 
12 0.40 25.9 10 173 + 40 0 0 0 0 0 0 
13 0.20 27.9 9 186 + 38 42 0 0 0 0 0 
14 0.20 21.0 9 140 - 33 33 0 0 0 0 0 
15 0.20 26.4 9 176 + 32 39 0 0 0 0 0 
16 0.60 22.9 11 153 + 32 4 0 0 0 0 0 
17 0.60 20.5 11 137 + 27 36 4 0 14 0 0 
18 0.20 26.2 9 175 + 26 3 0 0 5 0 0 
19 0.40 23.8 10 159 + 22 7 0 0 3 0 0 
20 0.40 25.6 10 171 + 21 0 0 0 0 0 0 
21 0.20 28.5 9 190 + 20 0 0 0 0 0 0 
22 0.60 23.5 11 157 + 20 0 0 0 0 0 0 
23 0.80 22.9 12 153 + 19 3 0 0 0 0 0 
24 0.80 20.2 12 135 - 17 6 0 0 3 0 0 
25 0.20 26.5 9 177 + 15 53 0 0 0 0 0 
26 0.80 14.5 12 97 + 15 7 0 0 39 0 0 
27 0.20 20.4 9 136 - 14 0 0 0 0 0 0 
28 0.60 19.9 11 133 + 14 13 0 0 25 0 0 
29 0.20 22.9 9 153 + 13 65 0 0 0 0 0 
30 0.20 25.5 9 170 + 12 30 0 0 0 0 0 
31 0.20 27.3 9 182 + 11 17 0 0 0 0 0 
32 0.40 24.3 10 162 + 11 9 0 0 0 0 0 
33 0.40 25.3 10 169 + 11 0 0 3 0 0 0 
34 0.40 26.2 10 175 + 11 0 0 3 0 0 0 
35 1.00 22.9 13 153 + 11 6 0 0 0 0 0 
36 0.40 26.4 10 176 + 10 0 0 0 0 3 0 
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37 0.20 28.6 9 191 + 9 6 0 3 0 0 0 
38 0.40 24.9 10 166 + 9 8 0 3 0 0 0 
39 0.60 22.2 11 148 + 9 30 0 0 0 0 0 
40 0.60 25.3 11 169 + 9 12 0 0 0 0 0 
41 0.80 17.1 12 114 - 9 0 0 0 26 0 0 
42 0.20 24.7 9 165 + 8 3 0 0 0 0 0 
43 0.20 25.9 9 173 + 8 54 0 7 0 0 0 
44 0.20 27.4 9 183 + 8 22 0 0 0 0 0 
45 0.40 23.2 10 155 - 8 8 0 5 0 0 0 
46 0.60 25.9 11 173 + 8 0 0 3 0 0 0 
47 1.00 23.5 13 157 + 8 0 0 0 0 0 0 
48 1.20 23.5 14 157 + 8 0 0 0 0 0 0 
49 0.00 23.7 8 158 + 7 0 0 0 0 0 0 
50 0.20 23.2 9 155 + 7 13 0 0 0 0 0 
51 0.80 23.5 12 157 + 7 0 0 0 0 0 0 

52 0.80 25.9 12 173 + 7 5 0 0 0 0 0 

53 1.60 22.9 1 153 + 6 6 0 0 0 0 0 

54 1.60 23.7 1 158 + 6 0 0 0 0 0 0 

55 1.80 23.7 2 158 + 6 0 0 0 0 0 0 

56 0.20 25.8 9 172 - 6 45 0 0 0 0 0 

57 0.20 26.1 9 174 + 6 16 0 0 0 0 0 

58 0.40 22.9 10 153 + 6 3 0 0 0 0 0 

59 0.40 27.3 10 182 + 6 0 0 0 0 0 0 

60 0.60 20.4 11 136 + 6 5 0 0 3 0 0 

61 0.60 23.8 11 159 - 6 0 0 0 0 0 0 

62 0.80 16.8 12 112 + 6 0 0 0 15 0 8 

63 1.00 25.3 13 169 - 6 6 0 0 0 0 0 

64 1.00 25.9 13 173 + 6 6 0 0 0 0 0 

65 1.20 22.9 14 153 + 6 7 0 0 0 0 0 

66 1.40 23.5 15 157 + 6 0 0 0 0 0 0 

67 1.80 22.9 2 153 + 5 3 0 0 0 0 0 

68 0.20 20.2 9 135 + 5 73 0 0 0 0 0 

69 0.20 24.4 9 163 - 5 3 0 0 0 0 0 

70 0.20 26.7 9 178 - 5 4 0 0 0 0 0 

71 0.40 24.1 10 161 + 5 4 0 0 0 0 0 

72 0.80 25.3 12 169 + 5 6 0 0 0 0 0 

73 1.40 22.9 15 153 + 5 5 0 0 0 0 0 

74 2.00 22.9 3 153 + 4 5 0 0 0 0 0 

75 2.20 23.7 4 158 + 4 0 0 0 0 0 0 

76 2.60 23.7 6 158 - 4 0 0 0 0 0 0 

77 0.00 25.3 8 169 + 4 5 0 0 0 0 0 

78 0.20 21.1 9 141 + 4 0 0 0 0 0 0 

79 0.20 27.7 9 185 - 4 6 0 0 0 0 0 

80 0.60 18.1 11 121 + 4 0 3 0 71 0 0 

81 0.60 20.2 11 135 + 4 7 9 0 41 0 21 

82 0.60 22.5 11 150 - 4 4 0 0 0 0 0 

83 0.60 25.2 11 168 + 4 3 0 0 0 0 0 

84 0.60 27.6 11 184 + 4 4 0 0 0 0 0 



285 

 

85 0.80 17.4 12 116 + 4 0 0 0 27 0 0 

86 0.80 25.2 12 168 + 4 4 0 0 0 0 0 

87 1.00 20.2 13 135 + 4 0 0 0 0 0 0 

88 1.00 23.4 13 156 - 4 3 0 0 0 0 0 

89 1.00 25.2 13 168 - 4 4 0 0 0 0 0 

90 1.20 25.3 14 169 + 4 4 0 0 0 0 0 

91 1.60 23.5 1 157 + 3 7 0 0 0 0 0 

92 2.00 23.7 3 158 + 3 0 0 0 0 0 0 

93 2.20 22.9 4 153 - 3 0 0 0 0 0 0 

94 2.40 23.7 5 158 - 3 0 0 0 0 0 0 

95 2.80 20.2 7 135 + 3 0 3 0 0 0 0 

96 2.80 23.7 7 158 + 3 0 0 0 0 0 0 

97 0.40 23.5 10 157 + 3 7 3 0 0 0 3 

98 0.40 24.4 10 163 + 3 0 0 4 0 0 0 

99 0.60 19.6 11 131 + 3 0 0 0 9 0 7 

100 0.60 20.7 11 138 - 3 20 0 0 0 0 0 
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This Appendix is reproduced from the Electronic Supplementary Content of C.E. Freye, N.R. 

Moore, R.E. Synovec, “Enhancing the Chemical Selectivity in Discovery-based Analysis with 

Tandem Ionization Time-of-Flight Mass Spectrometry Detection for Comprehensive Two-

Dimensional Gas Chromatography” Journal of Chromatography A 1537 (2018), 99-108. 

 

 

 

 

Figure D.1. Visual representation of tandem ionization GC × GC – TOFMS data collection. (A) 

Tandem ionization allows for two different ionization energies (70 and 14 eV in this study) to be 

collected concurrently. The ion source switches back and forth between the two ionization energies 

which is represented by the green and red dots, at a rate of 50 Hz for each ionization energy. (B) 

The different ionization energies while collected concurrently are stored in different data files 

enabling the analyst to explore a single ionization energy or both simultaneously. (C) A “head-to-

toe” plot of the mass spectra for the two different ionization energies. Tandem ionization has been 

introduced as way to obtain both hard and soft ionization for increased peak identification without 

decreasing sample throughput.  
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Table D.1. Table of the spiked components with the analyte number as shown in manuscript Figure 

9.1. The supplier, purity, the mass in stock solution, and the actual concentrations are shown. Two 

analytes, t-butylbenzene and 1-ethylnapthalene are native to this diesel fuel, at 4.4 ppm and 38.2 

ppm, respectively [9].  
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Figure D.2. Data analysis workflow for the calculation of the Fisher ratios and subsequent 

deconvolution by PARAFAC. Discovery of a spiked analyte is not guaranteed as it may be 

overlapped by a large interferent and/or be below the S/N filter. In addition, deconvolution by 

PARAFAC may not result in a successful identification due to a lack of selective m/z and/or large 

interferent.  
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Figure D.3. (A) Total ion current (TIC) chromatogram of the 70 eV data. (B) TIC chromatogram 

of the 14 eV data. While the 14 eV and 70 eV TIC chromatograms look nominally the same, key 

differences are found at each m/z which is shown in the F-ratio analyses (Tables 9.1,9.2,9.3), and 

during the PARAFAC deconvolution providing the mass spectra. 
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Figure D.4. Head-to-toe plots comparing the 70 eV to 14 eV mass spectra and F-ratio spectra for 

the remaining eleven of twelve analytes. As in Fig. 9.4 in the manuscript, the match value (MV) 

between the 70 and 14 eV spectra is indicated, providing a quantitative metric to infer 

complementariness of the mass spectra at the two ionization energies The mass channels, m/z, 

starred (★) in the F-ratio spectra are those found when the two data sets (70 eV and 14 eV) are 

fused and F-ratio analysis is performed. 2,5-Dimethylthiophene (A) mass spectrum, and (B) F-

ratio spectrum. 1-Chlorohexane (C) mass spectrum, and (D) F-ratio spectrum. 5-Decyne (A) mass 

spectrum, and (F) F-ratio spectrum. t-Butylbenzene (G) mass spectrum, and (H) F-ratio spectrum. 

Limonene (I) mass spectrum, and (J) F-ratio spectrum. Cyclooctane (K) mass spectrum, and (L) 

F-ratio spectrum. 2-Decanone (M) mass spectrum, and (N) F-ratio spectrum. 3-Ocatanone (O) 

mass spectrum, and (P) F-ratio spectrum. 1-Nonanol (Q) mass spectrum, and (R) F-ratio spectrum. 

1-Ethylnapthalene (S) mass spectrum, and (T) F-ratio spectrum. 2-Heptanol (U) mass spectrum, 

and (V) F-ratio spectrum.  
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Figure D.5. PARAFAC deconvolution of 5-Decyne at 14 eV. 5-Decyne is overlapped by two 

analytes. (A) 2D profile which contains the relative concentration information (B) 1D profile (C) 

Mass spectrum and match value (MV). In this instance, the MV is between the 14 eV spectrum 

deconvoluted by PARAFAC relative to the 14 eV library spectrum. 
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Figure D.6. (A) From the 14 eV data set, a portion of a single modulation is shown which 

corresponds to the highest intensity for 2-decanone which elutes at a 2tR of 0.52 s. Visually, it 

appears that at least four interfering analytes overlap. (B) Mass spectrum from the elution time of 

2-decanone. The most intense mass channel (m/z 58) is ~ 10-fold less intense than the most intense 

m/z. While F-ratio analysis is able to discover the location of 2-decanone, PARAFAC 

deconvolution of the full mass spectrum was not successful.  
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Figure E.l. (A) This shows a zoomed view of the 2nd modulation which has a 1tr of 6 seconds 

and is centered at 60 data points in Figure 10.6. After integration, this peak is now above the 

LOQ and can be included for quantitation. (B) This shows a zoomed view of the 3rd modulation 

which has a 1tr of 9 seconds and is centered at 100 data points in Figure 10.6. This peak was 

originally above the LOQ but is now significantly above the LOQ. 
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Figure E.2. Shown is the difference between the two step method and the integration method 

using both LOD and LOQ to determine concentration of analytes in phase and out of phase for 

various MR. (A) Shown is the comparison for a in phase peak at a MR of 3 (B) Shown is the 

comparison for an out of phase peak at a MR of 3 (C) Shown is the comparison for a in phase 

peak at a MR of 2 (D) Shown is the comparison for an out of phase peak at a MR of 2 
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