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 73 

A combination of four instrumental systems and one chemometric method are presented 74 

that improves the efficiency, resolving power (i.e. peak capacity/ peak capacity production), and 75 

lessens the typical time of multi-dimensional gas chromatography (MDGC) separation in a 76 

straightforward, easily interpretable manner. Application of partial modulation via a commercially 77 

available high speed pulse flow valve for two-dimensional gas chromatography (GC×GC) is 78 

shown to provide ultra-fast modulation with modulation periods (PM) as short as 50 ms. This 79 

technique performs a combination of vacancy chromatography and frontal analysis by an injection 80 

of carrier gas at the union of the first column (1D) and second column (2D). Each pulse disturbance 81 

in the analyte concentration profile as it exits the first column (1D) results in vacancy like data that 82 

is readily converted into a second separation (2D). A three-step process converts the raw data into 83 



 

a format equivalent to a traditional GC×GC separation chromatogram: 1. signal differentiation, 2. 84 

inversion of data, 3. baseline correction. The first instrumental system (GC×GC-Flame Ionization 85 

Detector (FID) with a PM of 500 ms, separating a 115-component mixture composed of a wide 86 

range of boiling points (36–372 °C) compounds with apparent peak widths on the 2D, 2Wb, ranged 87 

from 10 to 40 ms, producing a 2D peak capacity, 2nc, of ~ 20, and the total peak capacity, nc,2D, was 88 

7200 or a peak capacity production of 1200 peaks/min. For a PM of 75 ms, separating a low boiling 89 

point 15-component mixture isothermally, apparent peak widths on the 2D, 2Wb, averaged 10 ms 90 

producing a 2D peak capacity, 2nc, of ~ 7.5, with a peak capacity production of 950 peaks/min.  The 91 

second system incorporated a high temperature diaphragm valve modulator and a pulse valve flow 92 

modulator to create a three-dimensional gas chromatography system (GC3) with a peak capacity 93 

production of 1000 peaks/min which is a ~5 times increase in efficiency compared to other GC3 94 

systems. The third instrumental design established capability with a time-of-flight mass 95 

spectrometer (TOF), a method was developed for GC×GC-TOF separation in which a 96 

concentration study was conducted with an 18-component mixture and a PM of 50 ms. The 97 

subsequent data was deconvoluted with multivariate curve resolution-alternating least squares 98 

(MCR-ALS) in order to obtain their identification via match values. The resulting MCR-ALS data 99 

was converted in a similar manner as before into GC×GC chromatograms. 100 

Lastly, the pulse valve flow modulator was demonstrated to conduct continuous gas 101 

sampling of a system via one dimensional (1D) chromatography. The method applies the partial 102 

modulation technique to create frontal analysis peaks that are then transformed into a 1D 103 

chromatogram of analytes from a dynamic system that present a novel method of continuous 104 

sampling.  105 

 106 
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 Fundamentals of Gas Chromatography Separations, Multi-276 

Dimensional Gas Chromatography, Chemometrics, and 277 

Modulator Evolution. 278 

Some parts of this chapter have been reproduced from three sources: 1) S.E. Prebihalo, K.L. 279 

Berrier, C.E. Freye, H.D. Bahaghighat, N.R. Moore, D.K. Pinkerton, and R.E. Synovec, 280 

“Multidimensional Gas Chromatography: Advances in Instrumentation, Chemometrics, and 281 

Applications” Analytical Chemistry 90 (2018) 505-532, 2) C.E. Freye, H.D. Bahaghighat and R.E. 282 

Synovec, “Comprehensive two-dimensional gas chromatography using partial modulation via a 283 

pulsed flow valve with a short modulation period” Talanta 177 (2018) 142-149, and 3) H.D. 284 

Bahaghighat, C.E. Freye, and R.E. Synovec, “Recent Advances in Modulator Technology for 285 

Comprehensive Two Dimensional Gas Chromatography” prepared for submission in TrAC. 286 

 287 

 INTRODUCTION  288 

 Multi-Dimensional Gas Chromatography Background 289 

The separation, identification, and quantification of analytes contained within complex 290 

mixtures is often addressed with chromatographic methods. The goal of analytical separations, 291 

such as gas chromatography (GC), is to provide the desired chemical information to meet the goals 292 

of the analysis, often with analysis speed being an important factor. This type of situation 293 

commonly occurs in the analysis of complex mixtures frequently experienced in the following 294 

areas: food, flavors, fragrance [1–3], environmental [4,5], petroleum sciences [6,7], forensic [8,9], 295 

biological, metabolomics, and volatile organic compounds [10,11]. While the GC field is 296 

dominated by traditional one-dimensional gas chromatography (1D-GC), two-dimensional gas 297 

chromatography (2D-GC) has rapidly emerged from a niche technique into a widely used method 298 

in industrial, national laboratory and academic research sectors. 2D-GC principally takes on two 299 
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forms, either heart-cutting (GC-GC), or comprehensive (GC×GC) [12] experimentally pioneered 300 

in 1991 by Liu and Phillips [13].  In the pioneering GC×GC design, analytes eluting from the 301 

primary (1D) column were trapped at ambient temperature external to the oven, and then re-302 

injected onto a secondary (2D) column using a resistively heated design, which is a form of thermal 303 

modulation. Indeed, the critical component for GC×GC to perform properly is the modulator, 304 

which for over a quarter of a century has been under constant development. Numerous useful 305 

reviews over the years have been produced covering the development of 2D-GC [14–16], and 306 

specifically the development of the modulator [17–19]. 307 

 Heart Cutting (GC-GC) versus Comprehensive (GC×GC) 308 

This introduction is focused on the modulators associated with both forms of 2D-GC, heart-309 

cutting (GC-GC) and comprehensive (GC×GC) but will emphasize the evolution of modulators 310 

tailored toward the use with GC×GC. It is important to define the difference between GC-GC and 311 

GC×GC, both of which are categorized as multidimensional gas chromatography (MDGC).  Heart-312 

cutting predates comprehensive in use [20] and is tailored toward targeted analysis of select 313 

regions of the 1D separation. In its most basic form, GC-GC transfers only selected regions of 314 

eluate containing targeted compounds from a 1D column to a 2D second column. This method is 315 

effective in providing the additional chromatographic benefits associated with MDGC, but for only 316 

select regions of the 1D separation. Comparatively, GC×GC applies the benefits of MDGC to the 317 

entirety of the separation of analytes injected on the 1D column. In this manner the modulator of 318 

GC×GC operates continuously during the entire 1D separation by injecting increments of the 1D 319 

eluate onto 2D column with a user defined modulation period (PM). The practice of  GC×GC 320 

maintains the integrity of the 1D separation, while providing the additional 2D separations 321 

throughout the entire 1D separation in an untargeted fashion [12–14,21]. 322 
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 PRINCIPLES OF MODULATION  323 

 Modulators: An Overview and Operation Principles 324 

One can view the modulator as the “heart” of the GC×GC instrument, since it is solely 325 

responsible for transferring analyte from the 1D column to the 2D column, facilitating a 326 

comprehensive separation. Modulators can be broadly classified into three categories: thermal 327 

[13,22–26], valve-based [27–30], and flow [18,20,29,31–34]. Thermal modulators use temperature 328 

control to trap and then release the analytes in the eluate during transfer from the 1D column to the 329 

2D column. Valve-based modulators employ a mechanical valve to control and divert aliquots of 330 

collected 1D eluate to accomplish transfer of analyte whereby the 1D and 2D column flows are not 331 

coupled. Flow modulators in a similar fashion divert gas flow for analyte transfer, but the column 332 

flows remain coupled. Each modulator category has distinct advantages and disadvantages, but 333 

have a common function of isolating and transferring eluate from the 1D column to the 2D column 334 

as quickly and efficiently as possible.  335 

Modulators have four parameters by which their performance may be evaluated: duty 336 

cycle, modulation period, injection pulse width, and resulting peak capacity provided by the 2D 337 

separation. Duty cycle is defined as the fraction of analyte that is transferred from the 1D column 338 

to the 2D column. A modulator that completely transfers all of the 1D eluate to the 2D column has 339 

a duty cycle of 1.0. All thermal modulators provide a duty cycle of 1.0, since the columns are 340 

serially connected, providing thermal modulators with a fundamental advantage over other forms 341 

of modulation due to increased detection sensitivity and signal-to-noise ratio (S/N). Most valve-342 

based and flow modulators have a duty cycle < 1.0 since only a portion of the analyte is directed 343 

to the 2D column and on to detection. A duty cycle ≤0.5 is referred to as a low duty cycle modulator. 344 
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In general, flow and valve-based modulation overcomes, in part, the lower duty cycle through zone 345 

compression of the analyte upon injection onto the head of the 2D column.  346 

The modulation period PM, defined as the amount of time between modulations (i.e., 347 

separation run time on 2D), can play a role in modulator performance considerations. Typical 348 

modulation periods are in the 1-10 s range [29,30,35–40], with a minimum of 50 ms recently 349 

reported, and the focus of this dissertation [34]. The PM should be selected to complement the 350 

width-at-base (Wb) (4σ) of the 1D peaks. Proper PM selection is driven by the need to provide an 351 

acceptable sampling density (ρs). The sampling density [41] (also referred to as modulation ratio, 352 

MR) [42], is the 1D peak width divided by the time length of the 2D separation, i.e., the modulation 353 

period, PM. 354 

ρs = 
1𝑊𝑏

𝑃𝑀
                                                                   (1.1) 355 

Generally, the PM should be chosen to provide a sampling density of ρs ~ 2 to 4 [41,43]. A 356 

ρs < 2 results in under sampling of the 1D separation, causing loss of analytical information such 357 

as a reduction in the 1D resolution and peak capacity, and possibly loss of quantitative precision 358 

and accuracy [21,44]. A ρs > 4 is essentially over sampling the 1D separation which is not 359 

detrimental to the 1D resolution and peak capacity. However, there is a reduced peak capacity for 360 

the 2D separation [45,46], since the PM used to produce the ρs > 4 could be increased to make room 361 

for more 2D peaks without adversely impacting the 1D separation.  362 

Indeed, the best practice of GC×GC relies on maximizing peak capacity [47,48]. The peak 363 

capacity (nc,1D) in a 1D separation at unit resolution, Rs = 1, defined as the total time (1t) of the 1D 364 

separation divided by the average width-of-base, 1Wb, is given by, 365 

𝑛𝑐 =
1𝑡

1𝑊𝑏

                                               (1.2) 366 
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For GC×GC the ideal peak capacity is given by,  367 

  𝑛𝑐,2𝐷 = 𝑛𝑐  
1 × 𝑛𝑐 

2                                       (1.3) 368 

where 1nc and 2nc are the 1D and 2D peak capacities, respectively. Equation (1.3) can be rewritten 369 

to assist in discussions of modulator performance, and the impact on peak capacity optimization, 370 

     𝑛𝑐,2𝐷 =  
1𝑡

1𝑊𝑏

 ×  
2𝑡

2𝑊𝑏

    =    
1𝑡

1𝑊𝑏

 ×  
𝑃M

2𝑊𝑏

                                                          (1.4) 371 

where 1t is the total time of the 1D separation, 2t is the time of the 2D separation (equivalent to PM), 372 

and 1Wb and 2Wb describe the average width-of-base at (4σ) on each separation.  To maximize peak 373 

capacity, the GC×GC instrument must produce highly efficient separations, characterized by 374 

narrow peak widths in both dimensions, 1Wb and 2Wb.  Minimizing the 1D peak widths benefits 375 

from a narrow injection pulse onto the 1D column, likewise, minimizing the 2D peak widths relies 376 

upon providing a narrow injection pulse from the modulator [49–52]. Hence, nc,2D relies heavily 377 

upon the performance of the modulator. Overall, optimally applied GC×GC performance should 378 

provide ~10-fold increase in peak capacity over 1D-GC, concurrent with applying a ρs ~ 2 to 4 379 

[53,54].  380 

Each modulator, no matter the category, operates on the premise of trapping and/or 381 

isolating a portion of the 1D eluate and injecting that portion onto the head of the 2D column. 382 

Thermal modulators principally trap analytes in a region of cold (relative to the current separation 383 

conditions), with the trapped analytes held until some form of heating is applied to release them 384 

onto the head of the 2D column.  385 

Thermal modulation concentrates analyte during the trapping stage. For example, if a PM 386 

= 3 s is applied, and if the injected pulse width produced by the modulator is 30 ms, then the 387 
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388 

analyte trapped over this PM cycle has been concentrated 100-fold via the thermal modulation 389 

process. For thermal modulation the injection pulse width is dominated by two parameters:  the 390 

Figure 1.1 Illustration of Thermal Modulation for GC×GC  

Thermal modulation is graphically shown, demonstrating the process of trapping and releasing of 

analytes via temperature control. For this demonstration co-eluting analytes on the first dimension 

are shown. (A) Peak profile in red is shown of co-eluting analytes as they enter the thermal 

modulator. The dashed lines are used to demonstrate the modulation period (P
M

) of 1 second used 

for this demonstration. (B) The blue vertical bars represent the collected analyte at the modulator. 

For each modulation analyte is collected for approximately 1 second, then rapidly released via 

heating. For this example, one could assume a 950 ms trapping phase, followed by a 50 ms 

desorption phase. which leads to an approximate 18-fold increase in concentration of analytes for 

the injection onto head of 
2
D column. The red Gaussian peak overlaid from (A) is meant to 

illustrate this concept. (C) Injection on the 
2
D separation column results in separation of the co-

eluting analytes from the 
1
D column shown in (A). (D) Through the commonly applied practice of 

folding the data by the modulation period (1 s) a 2D chromatogram is generated for the two 

respective analytes with the respective 
1
D and 

2
D retention times shown. 
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physical dimensions of the region in which trapping occurs, and the time interval required to 391 

release the trapped analytes via rapid heating onto the head of 2D column. Ideally, both of these 392 

contributors to the modulator pulse width should be negligibly small to minimize 2D band 393 

broadening due to the modulation process. Figure 1.1, demonstrates the process of thermal   394 

modulation of two overlapped analytes on the 1D separation column. The 1D peak profile of the 395 

overlapped analytes is shown in Figure 1.1A, as the analyte peak enters the cooled region of the 396 

modulator where the analyte is trapped and concentrated, represented by blue colored bars in 397 

Figure 1.1B. At the prescribed modulation period time, the now concentrated analyte is desorbed 398 

via rapid heating and injected onto the head of the second column, the resulting separated analyte 399 

peaklets at the detector is shown in Figure 1.1C. The resultant data is folded by the modulation 400 

period, which is 1 second in this example to form the 2D chromatogram shown in Figure 1.1D. 401 

Flow and diaphragm valve-based modulators function by rapid redirection of gas flow, normally 402 

where a portion of the 1D eluate is directed into a short sample loop made from either a glass 403 

capillary column, or stainless steel. This eluate portion is then redirected onto the head of the 2D 404 

column during the modulator injection stage. Depending on the direction of flow within the sample 405 

loop, the modulator would be considered a forward flush modulator (FFF), or a reverse flow 406 

modulator (RFF). Flow modulators are considered forward flush if the flush (injection) is in the 407 

same direction as the original fill stage, and reverse if the injection is performed in the opposite 408 

direction of the fill stage [32]. Hence, for valve-based and flow modulators the injection pulse 409 

width is often dominated by the amount of time the flow of gas containing the eluate from the 1D 410 

column is directed onto the head of the 2D column. Figure 1.2, demonstrates the process of 411 

valve/flow modulation of two overlapped analytes on the 1D separation column. The 1D peak 412 

profile of the overlapped analytes is shown in Figure 1.2A. As the analyte peak flows through the 413 
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sample loop/connecting column of the modulator, at prescribed time the valve/flow modulator is 414 

activated to inject the analyte present in the connection loop/column, represented by blue colored 415 

 416 

  417 
Figure 1.2. Illustration of Flow/Valve-Based Modulation for GC×GC  

Flow and Valve modulation is graphically shown, demonstrating the process of transferring 

analytes from 
1
D to 

2
D columns via gas flow control. Flow and Valve modulators have a few key 

differences that distinguish the two forms of modulations, which is explained within the body of 

the paper, for this demonstration the two are treated equal as both transfer via flow switching 

control. For this demonstration co-eluting analytes on the first dimension are shown. (A) Peak 

profile in red is shown of co-eluting analytes as they enter the modulator collection column/loop. 

The dashed lines are used to demonstrate the modulation period (P
M

) of 1 second used for this 

demonstration. (B) The blue vertical bars represent the analyte from the collection column/loop 

that is transferred from the modulator to the head of the 
2
D column. The grey region between the 

blue bars represents analyte that is either lost through a vent, or directed to a second detector. For 

this example, one could assume for 900 ms analyte is flowing through the collection column/loop, 

followed by a 100 ms flow switching phase that flushes the contents (analytes), which leads to the 

injection of analytes onto head of 
2
D column. This would be an example of an approximate duty 

cycle of (0.2). The flush depending on the modulator is either in the direction of the original flow 

(Forward Flow Flush), or reveres the original flow (Reverse Flow Flush). The red Gaussian peak 

overlaid from (A) is meant to illustrate that the modulator does not concentrate the analyte as with 

thermal modulation. However due to zonal compression during the flushing phase, analyte 

concentration within the injection is increased, helping improve S/N and reducing the effect of a 

low duty cycle. (C) Injection on the 
2
D separation column results in separation of the co-eluting 

analytes from the 
1
D column shown in (A). (D) Through the commonly applied practice of folding 

the data by the modulation period (1 s) a 2D chromatogram is generated for the two respective 

analytes with the respective 
1
D and 

2
D retention times shown. 
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bars in Figure 1.2B. The greyed out region shown in Figure 1.2B for this example is the portion of 418 

the analyte peak lost or directed towards a secondary detector, resulting in a duty cycle of (< 1.0). 419 

During the injection phase, which is either a reverse or forward flush of the collection loop/column, 420 

the analyte undergoes compression which results in increased S/N helping off set analyte lost and  421 

improving sensitivity. The resulting separated analyte peaklets seen at the detector are shown in 422 

Figure 1.2C. The resultant data is folded by the modulation period, which is 1 second in this 423 

example to form the 2D chromatogram shown in Figure 1.2D. 424 

Several published papers group diaphragm valve-based and flow modulators together 425 

[16,18,19] since both use gas flow control to transfer 1D eluate onto the 2D column. However, in 426 

this text, the two are introduced separately in order to emphasize key differences between these 427 

two modulation approaches. An important advantage of diaphragm valve-based modulators is the 428 

fully de-coupled flows of the 1D and 2D columns, so the two columns are operated independently. 429 

Flow modulators also utilize different 1D and 2D flow rates, however, the two column flows 430 

‘communicate’ with the other at the modulator union and cannot be operated truly independently. 431 

With the flows fully decoupled, method development can be inherently easier with diaphragm 432 

valve-based modulation. In general, all three of the modulator category designs have distinct 433 

advantages and disadvantages, with the shared mission to transfer eluate from the 1D column to 434 

the 2D column as efficiently and quickly as possible.  435 

 HISTORICAL BACKGROUND AND RECENT DEVELOPMENTS OF THERMAL 436 

MODULATION  437 

Thermal modulation, initially introduced in 1991 [13], continues to be the most commonly 438 

applied technique. It relies on low temperatures to trap and focus analytes as they elute from the 439 

1D column and introduces them to the 2D column through rapid heating. Thermal modulators can 440 
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be further broken down into three subcategories: resistively heated trap, heated sweeper, and 441 

cryogenic focus, which is often divided into longitude movable trap and jet trap [15]. The first two 442 

categories, resistively heated trap and heated sweeper, were the center of developmental focus 443 

during the 1990’s. However, cryogenic focus has all but replaced both forms [17]. For a thorough 444 

history of thermal modulation we direct the reader to previous reviews [15,17,18]. While cryogen-445 

based jet modulators have proven to be highly reliable, recent innovations have been directed 446 

toward providing simpler and more cost-effective thermal modulator designs. To that end, a major 447 

thrust is the research, development, and commercialization of cryogen-free thermal modulators. 448 

 Cryogen-Free Thermal Modulators 449 

Two commercially available cryogen-free thermal modulators have recently been 450 

introduced. The ZOEX Corporation has introduced the ZX2 thermal modulator which employs a 451 

closed cycle refrigerator/heat exchanger to create a two-stage loop modulator capable of 452 

modulating C7 +, offering the closest performance to cryogen based systems of C4+. The two-stage 453 

loop modulator uses a continuous cold jet flow with a regularly pulsed hot jet to re-inject trapped 454 

analytes. The cold jet can produce temperatures of -90 °C, and the hot jet can produce temperatures 455 

of 475 °C, with a minimum PM of 1 s. Liquid nitrogen based thermal modulators trap with a cold 456 

jet in the range of -190 °C, allowing for trapping typically down to C3. A secondary oven is offered 457 

for use with the 2D column that can lead or lag the GC oven up to 40 °C. This design has been 458 

used to study petroleum products in several different studies [55–58], although the modulation 459 

rating to C7 did not have an impact on the modulators ability to be used for these applications. The 460 

temperature range, and PM of 1 s may limit the applicability of the ZX2 in the analysis of highly 461 

volatile analytes and high speed GC×GC separations, but should be appropriate for a wide variety 462 

of analyses.  463 
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J&X Technologies recently introduced the Solid State Modulator 1800 (SSM1800), the 464 

world’s first commercial SSM that uses thermoelectric (TE) cooling, mica-thermic heating, and a 465 

movable capillary column. The modulator uses a two stage method to trap and inject analytes, via 466 

a “modulation” column. The SSM1800 utilizes two zones of trapping and releasing, so analytes 467 

are trapped and released, then trapped and released a second time onto the head of 2D column. Use 468 

of this two stage trapping system is meant to minimize breakthrough concerns. Modulation takes 469 

place in one of three “modulation” columns that come with the SSM1800, whereby the selected 470 

modulation column serves as the union between the 1D and 2D columns. This design places 471 

limitations on the analysis, as each modulation column has a specific application range: C2-C12, 472 

C5-C30, and a third listed for use with mineral oils and organic components analysis of aerosols. 473 

An additional, unique feature of the SSM1800 is the augmentation of a gas flow stream which 474 

decouples the flows of the 1D and 2D columns allowing for independent optimization of separation 475 

conditions on both columns. Luong et. al. were the first to demonstrate the SSM1800 using a test 476 

mixture with a volatility range equivalent to C6 to C24.[59] 477 

One of the more promising thermal modulators under development is a single-stage 478 

consumable-free modulator, which uses a coated stainless steel capillary trap [60–62]. Trapping is 479 

accomplished using cooled ceramic pads, and the subsequent desorption is completed using a 480 

capacitive discharge power supply to resistively heat the trap. Mascalu et. al. compared the 481 

modulator to the widely used LECO quad jet LN2 modulator using a 4 s PM [60]. The performance 482 

of each was judged in the context of applying a routine accredited method of analysis of 483 

polychlorinated biphenyls, organochlorine pesticides and chlorobenzenes. Twenty-five analytes 484 

were evaluated for their 2D peak widths, 1D and 2D retention times, and concentration limit of 485 

detection (LOD). Additionally, tests were performed to confirm robustness. The results from this 486 
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modulator were generally consistent with the quad jet system in all figures-of-merit, albeit with a 487 

noted 35% increase in average peak widths with the single-stage consumable-free modulator, 488 

which would cause a reduction in 2D peak capacity. In a more recent study [62], Ntlhokwe et. al. 489 

analyzed the volatile constituents of honeybush tea via SPME extraction to evaluate the 490 

performance of their consumable-free modulator. In this study the cryogen-free modulator was 491 

demonstrated with a PM of 5 s and modulated the lightest compound 1-pentanol (b.p. 138 °C, 492 

equivalent to C8 b.p. 125 °C). Breakthrough did occur with a few compounds at high injected 493 

concentration, but this was attributed to the high concentration and not the performance of the 494 

modulator.  495 

Another approach to cryogen-free modulation that applies the principles of a resistively 496 

heated trap similar to the original Liu and Phillips design [13] was developed by Mucédola et.al., 497 

termed a “Do-It-Yourself” interface that can be built using two low cost, commercially available 498 

components [63]. This design is a segmented loop-based thermal modulator that requires no 499 

cryogens. Excellent GC×GC – FID chromatograms of petroleum samples and hop oils were 500 

obtained. Trapping was accomplished using a delay loop composed of metallic modulation loop 501 

(1 m) with a 0.50 µm stationary phase film thickness located in the oven at ambient temperature. 502 

Desorption was accomplished by resistive heating of the metal column with application of a short 503 

heat pulse (355-500 ms) provided by a 32-45 W power source. A reproducible minimum PM of 6 504 

s was reported, restricting applicability to longer GC×GC separations that necessarily produce 505 

wider 1D peaks. 506 

A micro thermal modulator (µTM) was first introduced by Kurabayaski et. al. in 2010 to 507 

produce an ultra-small ‘lab on chip’ modulator [64]. The original design had a PM of 7 s and was 508 

able to trap from 250 °C to -20 °C in ~ 0.9 s and then rapidly heated for re-injection in 150 ms.  509 
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The µTM was designed to be used with µGC×µGC, employing a solid-state TE cooler to facilitate 510 

portability, thus making the power of thermal modulated GC×GC more amenable for remote site 511 

analyses [65,66]. An air-gap spacer was added in a subsequent design to enhance the trapping and 512 

desorption of the µTM using a TE cooler, which improved the temperature uniformity across the 513 

device channels [66]. This improvement resulted in a 25% increase in detection sensitivity. A 514 

second key improvement to the performance of a µTM using a TE cooler with temperature 515 

programming was the combination of an ionic liquid as the stationary phase to assist in trapping 516 

the 1D eluate resulting in narrower 2D peaks at the point of re-injection [65].  517 

Recent improvements in cryogen-free modulators have yielded several key breakthroughs 518 

in performance, attaining figures-of-merit similar to that obtained by cryogen-based (either LN2 or 519 

CO2) modulation, and thus similar peak capacities for 2D separations. However, two key issues for 520 

universal application of the cryogen-free thermal modulators remain. First, there is the challenge 521 

to properly modulate C3-C7, and second, the relatively long modulation periods provided negate 522 

the opportunity to apply the cryogen-free modulators for high speed GC×GC applications. The 523 

challenge to address these issues will be impetus for future research efforts. 524 

 Cryogen-Based Thermal Modulators 525 

Due to the well-developed and understood modulation properties, and the excellent 526 

modulation performance, the use of cryogens (either LN2 or CO2) for thermal modulators remains 527 

popular and continues to be further developed. In particular, there is continued development of 528 

cryogen-based single-stage jet trap modulators. Unlike the more popular dual-stage cryogen trap 529 

modulators that utilize two trap and release stages (often referred to as a quad jet modulator), the 530 

single stage concept uses only one cold and one hot jet sequence. The quad jet design is intended 531 

to help address breakthrough and desorption concerns while providing a double focusing of analyte 532 
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to assist with optimizing S/N and the LOD. Jet trap modulators are considered the simplest form 533 

of thermal modulation since there are no moving parts. 534 

A single-stage cryogenic modulator was recently reported by Mostafa and Górecki [67]. 535 

The use of silica wool inside a trapping column, serves as a restriction at the point of the cold jet 536 

to increase trapping efficiency by slowing the gas flow during the trapping and desorption stage to 537 

preventing breakthrough and desorption issues [67]. Performance of the modulator was evaluated 538 

with a broad range (C5 to C24) of compounds.  Narrow peak widths were achieved, down to 2Wb 539 

of 60 ms, with no breakthrough observed. An experiment was conducted to elucidate that the 540 

carrier gas flow rate slows down during the trapping stage, which involved doping the carrier gas 541 

with propane. During the trapping stage, a negative peak was produced due to the decrease in 542 

carrier gas flow rate, observed as a reduction in propane signal. The reduction in carrier gas flow 543 

rate during eluate trapping is instrumental in improving trapping efficiency. Performance of the 544 

restricted modulator was similar to a traditional quad jet modulator while significantly reducing 545 

the quantity of LN2 consumed.   546 

Another design using a single jet modulation, does so with a loop-based configuration. One 547 

set of jets traps and then desorbs the eluate which travels around the loop where it is trapped again, 548 

and then desorbed onto the 2D column. An important parameter for modulation in GC×GC is the 549 

carrier gas velocity at the point of re-injection (desorption) [68,69]. For loop-based thermal 550 

modulation, similar to other types of thermal modulation, the 1D and 2D columns are serially 551 

coupled. This means that the 2D flow rate is directly influenced by the length, diameter, and flow 552 

rate of 1D. To optimize the re-injection conditions, a bleed line can be added using a Y connector 553 

at the end of 1D between the outlet of the modulator loop and 2D column.  Others have used this 554 

technique to improve the separation on the 2D column [70,71]. A significant number of research 555 
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groups have contributed to thermal modulator development, aiming to perfect cryogen-free and 556 

cryogen-based thermal modulators. For a deeper examination of current research efforts, the reader 557 

is encouraged to review several methods and modulators developed in the last few years but not 558 

discussed here [72–81]. 559 

 HISTORICAL BACKGROUND AND RECENT DEVELOPMENTS OF VALVE 560 

MODULATION  561 

 562 

Diaphragm valve-based modulation was first introduced in 1998 by Bruckner et. al. [27]. 563 

The original design utilized a VICI 6 port diaphragm valve, which diverted eluate from the 1D to 564 

the 2D column with a PM of 500 ms using only four of the six ports in the valve. The results of this 565 

study produced narrow 2D peak widths with excellent 2tR reproducibility. There were, however, 566 

two key limitations, only ~10% (low duty cycle) of the eluate from the 1D separation was 567 

transferred to the 2D column, and due to mechanical limitations the valve could not be operated 568 

above 175 °C. An early solution to the temperature limit was to have the valve face-mounted 569 

external to the oven [30]. This approach extended the useable temperature range of the valve to 570 

250 °C, enabling application to higher boiling point analytes.  To address the low duty cycle of the 571 

initial demonstration of diaphragm valve-based modulation, Seeley and co-workers improved 572 

performance by employing a sampling loop to collect the 1D eluate, which provided a much higher 573 

fraction of the 1D column eluate being transferred to the 2D column producing improved detection 574 

sensitivity [28]. Also, using the sample loop, flow during the re-injection can be reversed creating 575 

a narrow injection pulse to improve 2Wb and detection S/N. 576 

A unique feature of the diaphragm valve-based modulator that distinguishes it from other 577 

forms of flow modulation is that the 1D and 2D columns do not significantly ‘communicate’ at the 578 
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valve since they are isolated from each other. This allows independent optimization of each 579 

separation dimension. Instead of using thermal zones to trap eluate from the 1D separation, 580 

diaphragm valve-based modulators collect the 1D eluate in a short collection loop which is then 581 

flushed with an independent carrier gas flow onto the 2D column. The six-port valve operates on a 582 

simple principle. In the “collect” mode the eluate from 1D flows through the sample loop and out 583 

the waste port. Then, in the “re-inject” mode the valve actuates with the flow in the loop reversed 584 

based upon how the capillary connections have been configured, with the collected eluate injected 585 

onto the 2D column.  586 

Recent improvements have resulted in a higher temperature limit for commercially 587 

available diaphragm valves. The original temperature limit of 175 °C was overcome by replacing 588 

the temperature sensitive O-ring with a perfluoroelastomer-based O-ring, allowing reliable 589 

function up to 325 °C [29]. Freye et. al investigated the updated modulator, and found that the 590 

valve produced narrow, reproducible 2D peak widths and reproducible 2tR’s. This “high 591 

temperature” diaphragm valve modulates compounds across a wide range of boiling points (e.g. 592 

C1 to C40+), requires minimal consumables, and has a relatively simple design. Under the 593 

demonstrated conditions, about 30% of the modulated analyte made it to the FID detector, and yet, 594 

the detection sensitivity was about 8-fold higher than 1D-GC due to zone compression. In a follow 595 

up study, flow rates of 1.0 ml/min on the 1D column and 3 ml/min on the 2D column performed 596 

well with TOFMS detection [82]. Under these flow conditions it was demonstrated that a diesel 597 

fuel with a boiling point range of 98-450 °C could be separated.  A high 2D peak capacity of nc,2D 598 

~ 14,000 was achieved in a 1D run time of 120 min. These high temperature diaphragm valves 599 

have also been recently implemented in comprehensive GC3 with TOFMS detection (GC×GC×GC 600 

– TOFMS) [83].  601 



17 

 

 HISTORICAL BACKGROUND AND RECENT DEVELOPMENTS OF FLOW 602 

MODULATION  603 

  604 

Flow switching is a time tested technology that originated with heart-cutting (GC-GC) 605 

originally performed with pneumatic valves.  The key breakthrough for flow switching came with 606 

the development of the Deans’ switch in 1968 [20]. In the past 11 years, flow modulation has 607 

gained in popularity as a valued modulation approach for GC×GC. Similar to valve-based 608 

modulation, flow modulation uses gas pressures to control the transfer of eluate from the 1D 609 

column to 2D column. Unlike diaphragm valve-based modulation, the two columns flows are 610 

inextricably connected, so the column flows significantly communicate with each other, adding 611 

complexity to method development and application. Comprehensive GC×GC flow modulation 612 

was pioneered in 2006, by Seeley who introduced a simple design based upon a Deans’ switch in 613 

which 100% of the 1D eluate was transferred to the 2D column [31,84].  This method has been 614 

adapted and modified by many groups at the commercial level and academic research level, in 615 

efforts to improve upon the initial concept and demonstration. Indeed, several breakthroughs have 616 

been reported for flow modulator designs over the last five years. A comprehensive review was 617 

published in 2011 which provides a detailed summary of flow modulation [19].  618 

Currently there are six commercially available flow modulators: Agilent CFT, SepSolve 619 

INSIGHT, SGE SilFlow, Perkin Elmer Swafer, Gerstel Multi-Column Switching System, and the 620 

Shimadzu Advanced Flow Technology Series. Only the CFT and INSIGHT systems are marketed 621 

as capable of being used for both GC×GC and GC-GC separations while the others are only for 622 

GC-GC. For a detailed discussion of these systems and the Deans’ switch we refer readers to 623 

reviews by Marriot and Seeley [15,31,85].   624 
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A key issue with flow modulators that has hampered application is the high flow rates on 625 

2D separations, often ~ 20 ml/min, posing compatibility issues for mass spectrometry detection 626 

due to the connection to a vacuum system. A typical approach to address this issue is to split the 627 

flow exiting the modulator prior to MS detection: either split part of the flow into a bleed column, 628 

or split to an additional detector, typically an FID. Performing the latter allows for various 629 

combinations of detectors to be used simultaneously with MS that can be tailored to meet specific 630 

analytical goals. Armstrong and co-workers have shown that simultaneous detection using FID 631 

and quadrupole mass spectrometry (qMS) is very advantageous because the FID readily provides 632 

a reliable quantitative analysis, while the qMS spectral scan speed is sufficient to enable more 633 

confident analyte identification [86]. 634 

In 2007, shortly after Seeley’s ground breaking work, Agilent Technologies’ introduced 635 

their flow modulator, Capillary Flow Technology (CFT), which resulted in the wider adoption of 636 

flow modulation. The CFT is an in-oven modulator based upon a Deans’ switch, compatible with 637 

most forms of MDGC. This simple low-thermal mass modulator has proven to be very reliable 638 

with excellent reproducibility of 2tR and 2Wb, which is particularly appealing for industrial 639 

applications [87].  SepSolve Analytical recently introduced their own version of a flow modulator 640 

based upon a Deans’ switch called the INSIGHT that is implemented as a RFF modulator. The 641 

INSIGHT has been recently utilized in two studies, one in the study of the volatile organic 642 

compounds of human blood [88], and the other study examining the benefits of tandem ionization 643 

for analyte identification [89]. In the Dubois study [88], a mixture of 108 compounds was analyzed 644 

with a PM of 2.5 s. The results were favorable with an average 2D width-at-half-height of 340 ms 645 

and a tailing factor of 1.16. Minimal breakthrough was observed down to C4. In the Freye study 646 

[89], a PM of 2 s with a flush time of 80 ms was applied. The study did not focus on the performance 647 
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of the modulator but rather focused on a novel chemometric technique applied to the data 648 

generated. For more data on the performance of the INSIGHT, SepSolve Analytical provides white 649 

papers on their web site. The use of either the CFT or INSIGHT modulators rely upon application 650 

of a split flow to reduce the flow rate on the 2D column in order to facilitate MS detector use, 651 

which also affords the ability to use dual detectors. In the case of the CFT up to three detectors can 652 

be used simultaneously. 653 

Very recently, Seeley has demonstrated two novel developments with a Deans’ switch flow 654 

modulator. Using a high speed Deans’ switch, constructed from commercially available parts, a 655 

low duty cycle modulator was demonstrated using a flow rate of 2 ml/min for the 2D separation 656 

[90]. Sub 50 ms pulse widths were generated at the low flow rate of 2 ml/min, resulting in narrow 657 

2D peak widths and reproducible 2tR’s, with a ~ 10% duty cycle of the 1D eluate transfer. In another 658 

intriguing study, Seeley applied the same high speed Deans’ switch in a new approach to GC×GC 659 

modulation. A pattern of primary 1D eluate, referred to as “pattern modulation,” is transferred to 660 

the 2D column instead of a single pulse per each modulation [91]. The unorthodox appearing raw 661 

data is readily transformed into a traditional GC×GC chromatogram using Lucy-Richardson 662 

deconvolution. The resulting 2D peaks were 16-36 times more intense, and the 2D peak widths 663 

were 40-70% narrower, than 2D peaks obtained by traditional flow modulation. In 2017, Seeley 664 

introduced a multi-mode modulator (MMM) that is capable of performing heart cutting (GC–GC), 665 

low duty cycle GC×GC, and total transfer GC×GC [33]. In the heart-cutting and low duty cycle 666 

mode, the 2D flow rates were sub 1.0 ml/min. However, in the total transfer mode, the flow was 667 

10 ml/min, which may be a challenge to be used on conjunction with MS detection. This work is 668 

a noteworthy step toward producing a universal flow interface for all forms of MDGC.  669 



20 

 

Over the past several years, the Mondello group has made several advancements in flow 670 

modulation. In 2011, they developed a flow modulator using a seven port valve with a flexible 671 

loop between ports to collect sample, in conjunction with qMS detection [92]. A needle bleed 672 

valve connected to a waste line at the head of the 2D column was required to reduce the flow rate 673 

to ~2.5 ml/min, resulting in a low duty cycle estimated at ~ 5%. Using the same 7-port modulator 674 

coupled with HR-TOFMS detection, a proof-of-principle study was performed [93]. In this study, 675 

separation conditions were modified resulting in an initial flow rate of 3.4 ml/min and a duty cycle 676 

of ~ 40% at the beginning of the separation. At the end of the separation (310 °C) the flow rate 677 

was 2.1 ml/min with slightly lower duty cycle.   678 

In a recent study, the Mondello group purposely used mismatched lengths of deactivated 679 

fused silica, to achieve lower carrier gas flow rates (6-8 ml/min) on the 2D column compared to 680 

the typically high gas flows (~ 20 ml/min) while still providing efficient re-injection of the 1D 681 

eluate. However, a longer flush time (i.e. re-injection time) was required to totally clear the loop 682 

[69]. The design and flow conditions were found to be compatible with qMS and TOFMS, with 683 

an additional benefit of no loss of analyte or the need to divert flow to another detector [69,93]. 684 

Further advancements were demonstrated using the Deans’ switch design at a flow rate of 4 ml/min 685 

on the 2D separations in conjunction with qMS detection, while providing increased detection 686 

sensitivity relative to 1D-GC [94]. A long injection period (700 ms) enabled an efficient 687 

accumulation-loop flushing at gas flow rates of 4 ml/min. At this flow rate this modulator is 688 

compatible with any MS detector concurrent with optimal duty cycle.  689 

A unique modulation approach was recently introduced that utilizes partial modulation via 690 

introduction of pulses of pure carrier gas, i.e., a form of vacancy chromatography. This approach 691 

most closely resembles flow modulation, but unlike other flow modulators, no form of flow 692 



21 

 

diversion into adjoining capillaries occurs. This interesting, yet unconventional, modulation 693 

approach, was first introduced by Cai and Stearns in 2004 [95]. In this study, small pulses of carrier 694 

gas were repetitively injected at the interface between the 1D and 2D columns, creating either local 695 

high (positive) or low (negative) analyte concentration pulses in the eluate departing the 1D 696 

column, which are then separated on the 2D column. In the negative concentration pulse mode, the 697 

approach is functionally performing vacancy chromatography. A PM of 1 s was applied and 2D 698 

peak widths ~ 60 ms were achieved. This method required additional data processing to produce 699 

a conventional appearing 2D chromatogram contour plot.  700 

Very recently and focus of this work, this technique of modulation is revisited using a 701 

commercially available pulse flow valve (i.e., pulse flow valve modulation) [34]. This form of 702 

modulation and the exploration of this new technique is the basis of this dissertation. Modulation 703 

periods as short as 50 ms were reported, which is a 4-fold decrease in modulation period of the  704 

fastest thermal modulation study reported [96] and a 20-fold decrease for the typical “fast” flow 705 

modulation application [90]. Pulse flow valve modulation is achieved by rapid introduction of a 706 

pulse of carrier gas at the union of the 1D and 2D columns. This modulation approach produces a 707 

rapid decrease in analyte concentration that produces signals that are (currently) most readily 708 

treated as the combination of two methods: vacancy chromatography and frontal analysis (Figure 709 

1.3). A simple three-step process was developed to convert the raw data, into a format analogous 710 

to a 2D contour plot chromatogram. The resulting 2D peaks are not traditional and are referred to 711 

as ‘apparent’ 2D peaks, with peak widths-at-base ranging from 12 to 45 ms. A closer look at the 712 

three-step process (1: data differentiation, 2: inversion, 3: baseline correction) of data conversion 713 

from raw data to ‘apparent’ 2D peaks is shown in Figure 1.4. In this example it can be seen that 714 

the critical data is contained in the sharp negative error function, with the remaining data being of 715 
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716 

lesser importance. A closer look at the key step of  717 

Figure 1.3. Illustration of Partial Modulation for GC×GC  

Partial modulation via the pulsed flow valve modulator is graphically shown, demonstrating the 

process of modulation by injection of carrier gas, that is a combination of vacancy chromatography 

and frontal analysis. For this demonstration co-eluting analytes on the first dimension are shown. 

(A) Peak profile in red is shown of co-eluting analytes as they enter the T-union connection between 
1
D and 

2
D columns. The dashed lines are used to demonstrate the modulation period (P

M
) of 1 

second for this demonstration. (B) The blue chromatogram represents the shape of the modulated 

peak at the modulator. For this example, one could assume modulation occurs every 998 ms by a 2 

ms injection of carrier gas. This process is very unique and does not have the added effect of 

increasing the concentration of analyte injected on the 
2
D column, however it does have a duty cycle 

of essentially 1.0, like that of the thermal modulator. The red Gaussian peak overlaid from (A) is 

meant to illustrate this concept. (C) Injection on the 2D separation column results in separation of 

the co-eluting analytes manifest in two separate ‘fronts’ and not the traditional peaklets generated 

by all other forms of modulation. (D) Through signal differentiation the negative slope of the fronts 

are converted into ‘apparent’ peaks. Peak intensity and width-at-base are related to the retention of 

the analyte on the 
2
D column. The more retained the analyte, the wider the width-at-base of the peak 

which is related to the slope of the front generated by the analyte. (E) Appling the commonly used 

practice of folding the data (D) by the modulation period (1 s) a 2D chromatogram is generated for 

the two respective analytes with the respective 
1
D and 

2
D retention times shown. 
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differentiation is shown in Figure 1.5. As is highlighted in Figure 1.5B, the inflection point of the  718 

negative error function becomes the peak apex, shown as the negative peak in Figure 1.5C. The 719 

gradual return of the signal to its original intensity following the error function in Figure 1.5B is 720 

manifest as a baseline artifact in the data seen in Figure 1.5C and Figure 1.4D. The baseline artifact 721 

is removed by an in-house low frequency noise filter with the result shown in Figure 1.4E. This 722 

instrumental schematic used for the previous work is shown in Figure 1.6. The pulse valve flow 723 

modulator is held external to the GC oven and is connected to the internal 3-way union in which 724 

the 1D and 2D columns are connected. 725 

Figure 1.4. Three Step Process to Convert Partial Modulation into Final 2D Peaks. 

 Represented is the process of partial modulation performed by the pulse valve flow modulator 

shown in figure 1.4B. Step one differentiation of the signal in figure 1.4B is shown in figure 1.4C, 

step two inversion generates figure 1.4D. The baseline sag seen in figure 1.4D is removed in step 

three via an in-house written low frequency filter with the resultant data shown in figure 1.4E. The 

generation of the GC×GC chromatogram seen in figure 1.4F is produced by cutting the data in 

figure 1.4E by the modulation period then folding the data which generates the 2D chromatogram. 
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  726 

Figure 1.6. Close up View of Frontal Analysis Differentiation 

 A single modulation from non-overlapped peak is shown to demonstrate the conversion of the 

negative error function into a 2D ‘apparent’ peak. The inversion point of the negative error function 

is highlighted in figure 1.5B. This inflection point of the negative error function becomes the apex 

of the negative Gaussian peak shown in figure 1.5C after the differentiation step. The initial return 

of the analyte signal to its original intensity following the partial modulation does become manifest 

in this example as an artifact of the differentiation shown in figure 1.5C. This form of artifacts is 

removed via an in-house written low frequency filter in step three of data conversion shown in 

figure 1.4E.   

 

Figure 1.5. GC×GC-FID Pulse Flow Valve Instrumental Schematic. 

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

partial modulation via the pulse flow valve. 
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Modulation via carrier gas takes place at the 3-way union at a user defined modulation period. 727 

This technique of partial modulation and data conversion presented is based on two older 728 

techniques, vacancy chromatography and frontal analysis. Vacancy chromatography is an older 729 

chromatographic technique first demonstrated by Reilley and co-worker in 1962 [97]. Then termed 730 

inverse chromatography, it was demonstrated that in a separation with a steady state concentration 731 

of analytes, the removal of an analyte would give the equal but inverted response as an injection 732 

of the analyte. In the traditional application of vacancy gas chromatography, the mobile phase 733 

contains a small fraction of analyte contained in the carrier gas. An injection of pure carrier gas 734 

into the region that contains the analyte cause a region of negative concentration of analyte. This 735 

negative concentration of carrier gas will have the same retention time as positive injection of the 736 

analyte. This behavior lends vacancy gas chromatography applicable to process monitoring. 737 

However, it is not a commonly used technique as most analytical chemist opt to take periodic 738 

samples to be separated. Currently most literature on vacancy chromatography is related to liquid 739 

chromatography, specifically vacancy ion-exclusion chromatography [98–101]. In process 740 

monitoring a mobile phase would contain a solute at a concentration that is continually passed 741 

through a column until equilibrium is achieved at both the inlet and outlet.  If a pulse of pure carrier 742 

gas were to be injected a negative peak profile would be created and pass through the column the 743 

same way a positive peak would be expected to pass through. In a similar manner the pulse flow 744 

valve modulator injects carrier gas at a user defined time period (modulation period) creating 745 

vacancies in the signal. The key difference between traditional vacancy chromatography and the 746 

pulse flow valve is that the pulse flow valve is not performed on analytes at equilibrium along the 747 

length of the column, but rather on chromatographic peaks resulting from the injection of analytes 748 

on the 1D column. The results of partial modulation by carrier gas created by the pulse flow valve 749 
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are displayed as error functions. In this technique the error functions contain the critical 750 

chromatographic information that is analyzed using a modified frontal analysis technique.   Frontal 751 

analysis traditionally is a form of chromatography where a continuous flow of analytes passes 752 

through a column, each component elutes at a different time depending on its affinity for the 753 

stationary phase of the column [102–104].  This type of analysis traditionally is used for liquid 754 

chromatography and the resulting appearance of analytes would only happen once for a separation 755 

as the solution elutes from the column.  In the current application, the combination of the principles 756 

of vacancy chromatography and frontal analysis (Figure 1.7) occurs with each pulse of the valve, 757 

with the production of error functions encoded with the critical chromatographic information. 758 

Figure 1.7. Example of Vacancy and Frontal Analysis Chromatography. 

(A) An example detector signal of four analytes placed on a column in a continuous injection that has 

reach equilibrium concentration in the carrier gas. (B) Vacancy chromatography signal of four analytes 

that were at equilibrium (A), with a segment of their concentration replaced by injection of pure carrier 

gas. The negative peaks of the analytes matches the retention times exactly as if the analytes had been 

injected in a one-time discreet injection from an auto-injection system. (C) Frontal response of a 

continuous injection of an analyte sample mixture onto a capillary column. The region of combined 

signal of the four analytes shown is exactly the same as (A) when the analytes are at equilibrium. (D) 

Differentiated signal generated by taking the differential of the error function front produced in (C). 
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759 

Application of this technique of modulation and data processing is seen in Figure 1.8 in which a 760 

115-component mix is separated using a PM of 250 ms. Detail is shown for a single non-overlapped 761 

peak, the baseline artifact and removal is shown. Figure 1.9 is a demonstration of two overlapped 762 

analytes on the 1D separation. The error functions previously shown are different in this example, 763 

as two smaller error functions are seen within the larger error function in Figure 1.9A. These two 764 

Figure 1.8. GC×GC-FID 115-Component Test Mixture Data 

(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. Reproduced from C.E. 

Freye, H.D. Bahaghighat, R.E. Synovec, Talanta. 177 (2018) 142-149. 
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765 

smaller error functions represent two separate analytes as is seen in the processed data of Figure 766 

1.9B and 1.9C. A 2D chromatogram example of the 115-component mixture with the PM of 250 767 

ms (Figure 1.8A) is demonstrated in Figure 1.10. During this work it was determined that 2D peak 768 

widths are based on error function slope, which is directly related to the retention of the analyte on 769 

the 2D dimension. Data compiled from three different modulation periods is shown in Figure 1.11, 770 

demonstrating the relationship between peak widths on the second dimension and their respective 771 

retention times. The ultra-fast modulation capabilities of the pulse 772 

Figure 1.9. Close-up View of Overlapped Analytes from GC×GC-FID Data  

An example of an overlapped peak on the 1D dimension 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. Two smaller error functions are shown within the larger error function. (B) After data 

processing, the two analytes are transformed into apparent peaks which are resolved on the 2D 

dimension. (C) View of the fully processed data in a GC×GC separation. Reproduced from C.E. 

Freye, H.D. Bahaghighat, R.E. Synovec, Talanta. 177 (2018) 142-149. 
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773 

774 

valve flow modulator is displayed in Figure 1.12, in which a modulation period of 50 ms is 775 

demonstrated. As a result of this rapid modulation the sampling density is extremely high at 17.4. 776 

These results are impressive, but the sampling density gives away total peak capacity thus reducing 777 

Figure 1.10. 2D GC×GC-FID Chromatogram of 115-Component Test Mixture 

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

period PM of 250 ms. 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. Reproduced from C.E. 

Freye, H.D. Bahaghighat, R.E. Synovec, Talanta. 177 (2018) 142-149. 

 

Figure 1.11. Plot of 2Wb versus 2tR  for three different modulation periods 

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

periods PM of 500, 250 and 100 ms. Reproduced from C.E. Freye, H.D. Bahaghighat, R.E. 

Synovec, Talanta. 177 (2018) 142-149. 
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778 

this result to purely a display of potential. To determine the quantification capability of overlapped 779 

peaks, a controlled study of two overlapped analytes cyclohexane and benzene  780 

selected that co-elute on the 1D separation column but were separated on the 2D dimension, as seen 781 

in Figure 1.13. The body of the work contained in this dissertation focuses on future developments 782 

that utilize pulse flow valve modulation for high speed MDGC separations including application 783 

with a time of784 

Figure 1.12. PM 50 ms GC×GC-FID 2D Chromatogram 

(A) GC×GC – FID chromatogram, 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. Reproduced from C.E. Freye, 

H.D. Bahaghighat, R.E. Synovec, Talanta. 177 (2018) 142-149. 
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785 

flight mass spectrometer, ultrafast GC3 and using multivariate curve resolution alternating least 786 

squares (MCR-ALS) to quickly deconvolute and quantify resultant data. 787 

Figure 1.13. Quantitative Overlap Study using Pulse Flow Modulator. 

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. Reproduced from C.E. Freye, H.D. Bahaghighat, 

R.E. Synovec, Talanta. 177 (2018) 142-149. 
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 DATA ANALYSIS AND CHEMOMETRICS 788 

 Introduction to Chemometrics 789 

With a properly conducted gas chromatography separation method, the resulting data set 790 

could be on the order of several megabytes to gigabytes depending on the collection parameters 791 

and scope of the study. The ability to analyze the GC data and isolate pertinent chemical 792 

information is required if the separation is to be informative. By comparison, MDGC separations 793 

produce data several orders of magnitude larger than that of a 1D separation, especially when 794 

coupled with multichannel detectors such as a time-of-flight mass spectrometer (TOFMS). 795 

Compounding the demand for data extraction is realized when multiple samples or replicates are 796 

analyzed and in many cases compared to one another looking for minute differences in samples 797 

composed of 1000’s of compounds. Adding to the challenge of working with large and complex 798 

data sets, misalignment between multiple runs, low resolution, poor S/N, complex and time-799 

consuming computations can lead to issues with confident discovery of chromatographic 800 

differences between samples, and isolation of meaningful information. The field of chemometrics 801 

itself is the application of mathematically methods to glean meaningful data from in this case gas 802 

chromatography separations[27,113–118]. To go from raw data to a dataset that can be evaluated 803 

using various applicable chemometric techniques often have specific requirements such as 804 

bilinearity or trilinearity within the dataset. Not all methods were meant to be applied to a particular 805 

set of data, and thus it becomes incumbent on the researcher to understand the numerous 806 

chemometric techniques and apply them accordingly. The common classes of chemometrics 807 

include property prediction, pattern recognition, deconvolution, and retention time/index modeling 808 

[114,117,118]. For the research covered in this text, deconvolution proved to be most important, a 809 

brief overview of deconvolution chemometrics is provided. 810 
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 Deconvolution 811 

Overlapped analytes even in GC×GC separations, are ever-present and require the 812 

application of chromatographic peak deconvolution methods, that are often key to confident 813 

analyte identification, quantification, and peak purity assessment. By the application of 814 

deconvolution methods, such as parallel factor analysis (PARAFAC), and multivariate curve 815 

resolution-alternating least squares (MCR-ALS), peaks that are overlapped can be computationally 816 

separated in three dimensions; 1D time, 2D time, and spectral. Peak data that has successfully 817 

deconvoluted can be identified using the deconvoluted spectra and quantified based on the peak 818 

profiles (loadings) obtained, thus allowing for a method to calibrate quantity of a particular analyte 819 

present[119,120]. Application is either targeted or non-targeted, depending on whether the 820 

analytes are known or unknown prior to the separation.  821 

 MCR-ALS, is a tensor rank decomposition method that can be applied to GC×GC-TOFMS 822 

data for deconvolution, identification, and quantification. Based on alternating least-squares 823 

decomposition, MCR-ALS is best suited for bilinear data. It works well with data that experiences 824 

minor shifts in retention time on the 2D dimension. MCR-ALS has been successfully applied to 825 

GC×GC-TOFMS separations of petroleum, metabolomics, and environmental samples, providing 826 

identification, calibration data[121,122].  827 

  828 

 CHALLENGES AND MOTIVATIONS  829 

The goal of MDGC, is to provide the greatest amount of information within the shortest 830 

period of time. For this dissertation this requirement will be addressed in two different approaches, 831 

instrumentation via the pioneering development of MDGC using pulse flow valve modulation, and 832 

the use of chemometrics to glean the most accurate and relevant information from the data. The 833 
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first approach is to use a state-of-the-art pulse flow valve modulation system that renders in high 834 

peak capacity production and high chemical selectivity in conjunction with a selective detector 835 

such as a TOFMS. The second approach is to use chemometrics in order to extract useful and 836 

meaning chemical information from the rich datasets.  837 

There are many attributes that one envisages to provide the perfect modulator for MDGC: 838 

robust, universal, ultra-fast, high duty cycle, reproducible, narrow injection pulse, mass 839 

spectrometry compatible, small footprint, etc. Great strides have been made since 1991 to address 840 

many of these characteristics, and yet the “perfect” solution has not been developed. Each 841 

modulator category aims to fulfill or meet certain goals. Thermal modulation remains the dominate 842 

form of modulation for numerous reasons: the original focus of development (most mature), high 843 

duty cycle (1.0), narrow injection pulse, fast modulation period (PM ≥ 200 ms) [96] although a PM 844 

≥ 1 s is typical, high detection sensitivity, mass spectrometry compatibility, and wide applicability 845 

(C4-C40+), although not fully universal (≤ C3). Thermal modulators commonly have two potential 846 

issues to be aware of in operation, breakthrough and incomplete desorption. Breakthrough, occurs 847 

when an analyte is not completely trapped and is able to pass through to the head of the 2D column. 848 

Incomplete desorption results when the trapped analyte is not quickly and/or is only partially 849 

desorbed resulting in wider or tailing peaks on the 2D column. Perhaps the most glaring 850 

shortcoming, that is also a primary motivator for improvements to thermal modulation, is 851 

elimination of expensive and cumbersome cryogens. Not only is cost a concern, but floor space to 852 

support the instrumentation and availability in many locations around the world may serve to hold 853 

back wider application of cryogen-based thermal modulation. The primary approach to address 854 

this issue is to eliminate the need for cryogens while maintaining all of the benefits associated with 855 

thermal modulation, i.e., the development of “cryogen-free” thermal modulators.  856 
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 Flow-based and valve-based modulators have been a mainstay in the GC field for many 857 

years. First used over 50 years ago for GC-GC [20], it was not until the late 1990’s that gas flow 858 

switching (microfluidics) [27] was developed for use as a GC×GC modulator. Since the late 1990’s 859 

flow switching (flow and diaphragm valve-based) modulators have made great strides toward 860 

becoming a routine, accepted methods of GC×GC modulation. The ideal flow switching modulator 861 

design should have many of the same desired traits of a thermal modulator along with addressing 862 

a few specific concerns: (a) a high working temperature range, (b) the capability to operate at mass 863 

spectrometry compatible gas flows, (c) chemical inertness, (d) low thermal mass, (e) the ability to 864 

change flows without disturbing the flow on either separation dimension, and (f) a high duty cycle 865 

(>0.5). Flow switching modulators have an advantage in that they can modulate (C1-C40+) 866 

without concern of breakthrough or incomplete desorption like that of thermal modulators, and 867 

they also do not require cryogens. Flow switching however has its concerns, primarily the high 868 

flow rates on the 2D column, and the typically low duty cycle (<0.5) which may limit applicability 869 

due to a resulting loss in detection sensitivity. Similar to thermal modulators, much effort has been 870 

devoted to development of flow and valve-based modulators that addresses these fundamental 871 

issues while preserving all of the benefits.  872 

Within this context, the research reported herein demonstrates my efforts to improve the 873 

science of modulation via the use of the pulse flow valve modulator first introduced by C.E. Freye 874 

and myself [34]. Chapter 2, uses information building directly from past work [34,83,123] and 875 

information learned to substantially improve peak capacity production for a three-dimensional 876 

(3D) gas chromatography (GC3) instrumental platform by application of a PM of 50 ms with the 877 

pulse valve flow modulator to peaks generated from a diaphragm valve modulator. With 878 

sufficiently narrow peak generation from the diaphragm valve modulator, the pulse flow valve 879 
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modulator is demonstrated herein to be properly used at its fastest modulation period while 880 

maintaining a sampling density of 2-4. This research will not only demonstrate the value of the 881 

pulse flow valve modulator, but also advance the field of three-dimensional separations.  Chapter 882 

3, demonstrates the modulators ability to function with a detector at vacuum (GC×GC-TOFMS) 883 

with MCR-ALS chemometrics applied to deconvolute the data. This work is critical to address 884 

two concerns, the ability to use the data without the need apply the three step method of converting 885 

the data, and to understand if this method of modulation can it be applied to a system at vacuum 886 

without excess flow rates that can overwhelm the detectors vacuum system. Finally, Chapter 4, 887 

takes the concept of frontal analysis and applies it to continuous monitoring of headspace to 888 

demonstrate the potential of the pulse flow valve to be used in a continuous sampling system.  889 

 890 

 HYPOTHESES  891 

The following chapters describe the investigative research performed over the past three years, 892 

which focus on new modulators for two-dimensional and three-dimensional gas chromatography 893 

and MCR-ALS chemometric method for deconvolution and analysis of complex datasets. A brief 894 

summary of each chapter is provided below. 895 

 Chapter 2: Investigation of Ultrafast Separations via a Pulse Flow Valve for MDGC 896 

(GC×GC, GC3) 897 

Ultrafast modulation with a modulation period PM ≥ 50 ms via a pulse flow valve is demonstrated 898 

for comprehensive two-dimensional gas chromatography (GC×GC) and comprehensive three-899 

dimensional (3D) gas chromatography (GC3). Significant increases in peak capacity and peak 900 

capacity production are achieved relative to previous studies using pulse flow valve modulation. 901 
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Due to the nature of the “partial” modulation process, the separation dimension following pulse 902 

flow valve modulation is not a traditional chromatogram, rather requires data processing to convert 903 

the data to expose the encoded chromatographic information, producing “apparent” 904 

chromatographic peaks. In the GC×GC mode, a 115-component test mixture was evaluated using 905 

a PM of 500 ms, creating an apparent 2D peak width-at-base 2W with an average of 25 ms, 906 

producing a 2nc of 20. Based on the average 1W of 1.0 s for the 6 min first dimension 1D separation, 907 

an ideal peak capacity nc,2D of 7,200 is achieved (1,200/min peak production). For a high-speed 908 

GC×GC separation (30 s run), a PM of 75 ms produced apparent 2W of 8 ms, ideal for the third 909 

dimension of a GC3 instrument. Using the knowledge gained from this high-speed GC×GC 910 

experiment, the pulse flow valve was implemented as the second modulator in GC3. Three samples 911 

were evaluated in the GC3 mode: a simple mixture containing 18 compounds (to illustrate basic 912 

concepts), the 115-component test mixture (to determine peak capacity figures-of-merit), and a 913 

diesel spiked with 8 polar compounds (to illustrate chemical selectivity benefits of GC3).  For the 914 

115-component test mixture with a 1PM of 1.2 s and a 2PM of 60 ms, average 1W of 3.2 s, 2W of 130 915 

ms, and apparent 3W 13 ms were produced, resulting in a 1nc of 220, 2nc of 9.5, and 3nc of 5, 916 

respectively. Hence, an ideal peak capacity, nc,3D of 12,000 was achieved for the 12 min separation 917 

of the 115-component test mixture (1,000 peaks/min). 918 

 Chapter 3: A Study of Ultra-Fast Modulation for Comprehensive (GC×GC) gas 919 

chromatography with Multivariate Curve Resolution-Alternating Least Squares 920 

A new form of ultrafast flow modulation (PM ≥ 50 ms) for GC×GC-TOFMS is demonstrated, 921 

producing narrow peak widths, 2Wb, combined with shortest known modulation periods, PM, 922 

yielding the potential for ultrafast separation with high two-dimensional GC×GC peak capacity.  923 

The modulator is a pulse flow valve that injects a narrow (2 ms) pulses of carrier gas at a user 924 
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defined PM, at the union between the primary, 1D, column and the secondary 2D column.  This 925 

pulse is detected in the data as a sudden decrease in signal intensity combining the properties of 926 

vacancy chromatography and frontal analysis, which then rapidly returns to the primary signal 927 

concentration. The resultant distinctive data was deconvoluted using unconstrained MCR-ALS to 928 

identify and quantify analytes. In a straightforward three-step process, the MCR-ALS loadings 929 

were converted via differentiation into traditional GC×GC data through a process commonly used 930 

during frontal analysis. An 18-component test mixture at seven different concentrations is 931 

demonstrated using a modulation period of PM = 50 ms. The resultant 2D peaks generated using a 932 

PM of 50, are symmetrical with and average 2Wb of 16 ms and an average RSD of 3.75 %. At an 933 

injected concentration of 14 ng per analyte, an average match value of 822 was achieved using in-934 

house spectra for comparison, with an average RSD of 7.12 %. Quantification of analytes was 935 

achieved by use of the MCR-ALS loading areas of the analytes, with R2 values of 0.999 achieved 936 

for three of the overlapped analytes demonstrated. The advancement in modulation demonstrated 937 

represents a four-fold decrease in modulation period of the fastest documented modulator, while 938 

maintaining the benefits of a duty cycle of 1.0, with no need for large cumbersome equipment, and 939 

no limits to the modulation range (C1-C40+) of analytes associated with thermal modulators while 940 

being compatible with the vacuum requirements of the TOF detector. 941 

 Chapter 4: Continuous Monitoring with One-Dimensional Gas Chromatography (1D-942 

GC) via Injection by Pulse Flow Valve. 943 

The following document is a brief review of limited research into using the pulse valve flow 944 

modulator as the instrumental platform to conduct continuous monitoring via one dimensional 945 

gas chromatography (1D-GC) of a chemical system. This idea was born from observing the 946 

behavior and performance of the pulse flow valve over the course of nearly a year of research. 947 
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This work discussed in this chapter required development of a simple test vessel that that affords 948 

the ability to slowly release volatile analytes in a continuous manner. A brief introduction will be 949 

presented discussing the concept, along with a detailed instrument setup and experimental 950 

conditions. The discussion will be limited to lessons learned and the qualitative data that resulted 951 

from various experimental conditions applied. The experimental setup did not allow for a 952 

quantitative evaluation of the system. It is of note that this design utilizes only one separation 953 

column (1D-GC) unlike previous 2D-GC and GC3 research discussed within this text. 954 

  955 
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 Investigation of Ultrafast Separations via a Pulse Flow Valve 1339 

for MDGC (GC×GC, GC3) 1340 

This chapter was reproduced from H.D. Bahaghighat†, C.E. Freye†, R.E. Synovec, “Investigation 1341 

of Ultrafast Separations via a Pulse Flow Valve for MDGC (GC×GC, GC3)” prepared for 1342 

submission in Journal of Chromatography A 1343 

† These authors contributed equally to this work 1344 

 1345 

 INTRODUCTION 1346 

Comprehensive two-dimensional gas chromatography (GC×GC) was first conceptually 1347 

introduced by Giddings [1] and established by Liu and Phillips in 1991 [2]. The transition from 1348 

the initial instrumentation design to the modern GC×GC platform has yielded a highly efficient 1349 

and effective instrument for the separation of complex samples [3–9]. In tandem with the 1350 

development of GC×GC instrumentation, a large amount of effort has been dedicated into 1351 

developing tools to analyze these information dense datasets [10–15]. There are many reviews 1352 

written that cover GC×GC instrumental development [16–19] as well as improvements to data 1353 

analysis techniques [16,17,20,21]. The goal of GC×GC as with any analytical technique is to 1354 

provide the greatest amount of information within the shortest period of time. For any separation 1355 

technique, this is normally quantified as the peak capacity or peak capacity production (e.g. peak 1356 

capacity per unit time). When compared to one-dimensional (1D) GC, GC×GC has roughly a 1357 

factor of 10 improvements in peak capacity due to addition of the second (2D) dimension [22]. 1358 

Furthermore, the addition of 2D dimension results in increased chemical selectivity. Analytes that 1359 

are overlapped on the first (1D) dimension have the opportunity to be resolved on the 2D dimension.  1360 
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Despite the numerous benefits of GC×GC compared to 1D-GC (increased peak capacity 1361 

and chemical selectivity), it is still possible to have unresolved analytes. This may be overcome 1362 

by increasing the overall peak capacity of the instrument, but this may negatively impact the duty 1363 

cycle (i.e. run time and cool down time) which may be of special concern when multiple samples 1364 

are analyzed. In order to further enhance the chemical selectivity, it is intriguing to consider higher 1365 

order instruments especially comprehensive separations. There have been a limited number of 1366 

comprehensive three-dimensional gas chromatography (GC×GC×GC), herein referred to as GC3, 1367 

publications [23–26], but the work serves as an anchor for further refinements to the technique. In 1368 

the second report [24], the addition of a third dimension (3D) composed of an ionic liquid stationary 1369 

phase was leveraged in order to fully resolve several phosphonated compounds (i.e. chemical 1370 

warfare simulants). More recently, GC3 was coupled to a TOFMS which allowed for another 1371 

dimension of selectivity and peak identification [25,26]. 1372 

 While GC3 is an attractive instrumental platform due to the increased selectivity provided 1373 

by the three different dimensions, past work has traded peak capacity (or peak capacity production) 1374 

for an increase in selectivity. In the first report, a peak capacity of 3,500 or peak capacity 1375 

production of ~45 peaks/min was demonstrated [23]. This was improved by 4-fold in the second 1376 

report, with approximately the same peak capacity obtained in a 20-minute time period resulting 1377 

in a peak capacity production of ~180 peaks/min [24]. The third iteration resulted in a similar peak 1378 

capacity production of ~140 peaks/min and a total peak capacity of 7,000 [25] which is very similar 1379 

to state-of-the art GC×GC [5,22,27–30]. However, one would expect the peak capacity (and peak 1380 

capacity production) of GC3 to exceed that of GC×GC by a significant amount similar to how 1381 

GC×GC has ~10 times more peak capacity compared to 1D-GC. In order to understand where GC3 1382 

fails to produce the expected increase in peak capacity (and peak capacity production), the factors 1383 
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that govern 3D peak capacity, nc,3D, must be examined. For GC3, the ideal peak capacity is given 1384 

by 1385 

                                               𝑛𝑐,3𝐷 = 𝑛𝑐 ∗1 𝑛𝑐 ∗2 𝑛𝑐
3                                                      1386 

(2.1) 1387 

 1388 

where 1nc, 
2nc, and 3nc are the 1D, 2D, and 3D peak capacities, respectively. At unit resolution, Rs = 1389 

1, equation 1 can be expressed as 1390 

                                            𝑛𝑐,3𝐷 =
𝑡1

𝑊𝑏
1 ∗

𝑡2

𝑊𝑏
2 ∗

𝑡3

𝑊𝑏
3                                                     (2.2) 1391 

where 1t is the total run time, 2t is equivalent to the modulation period, 1PM, for the coupling of the 1392 

1D to the 2D separations, and 3t is equivalent to the modulation period, 2PM, for the coupling of the 1393 

2D to the 3D separations. The nominal peak width at base (4σ) for each dimension is given by 1W, 1394 

2W, and 3W, respectively. In terms of modulation periods, instead of separation run times equation 1395 

2 can be expressed as 1396 

                                                 𝑛𝑐,3𝐷 =
𝑡1

𝑊𝑏
1 ∗

𝑃𝑀
1

𝑊𝑏
2 ∗

𝑃𝑀
2

𝑊𝑏
3                                                    (2.3) 1397 

At the time of the publication of the previous GC3 work, the fastest modulator published was a 1398 

diaphragm valve with a PM of 200 ms which produced peaks ~ 30 ms wide at base [24,31].  In 1399 

order for GC×GC and GC3 to be considered comprehensive, the sampling density, ρs, defined as 1400 

the width at base divided by the modulation period, must be greater than 2 [32–34]. Thus peaks 1401 

sampled by the diaphragm valve must be at a minimum of 400 ms wide. If a peak is 400 ms wide, 1402 

2W, an appropriate modulation period, 1PM, might be 3 seconds and thus the peak being sampled 1403 

must be 6 seconds wide at a minimum. Substituting these numbers in to equation 3, assuming a 30 1404 

minute (1800 s) run time 1405 
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                            𝑛𝑐,3𝐷 =
1800 𝑠

6
∗

3 𝑠
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∗
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𝑚𝑖𝑛
             (2.4) 1406 

results in a theoretical maximum peak capacity of 15,000 or 500 peaks/min. However, this 1407 

equation assumes that peaks on the 2D and 3D separations have constant widths which is not a 1408 

correct assumption since these separations are considered to be pseudo-isothermal. Thus more 1409 

appropriate numbers to use would be the average widths for those dimension which might be 600 1410 

ms and 40 ms for 2W and 3W, respectively resulting in a peak capacity of 7,500 and peak capacity 1411 

production of 250 peaks/min. The limiting factor for GC3 is the 2PM which requires wider than 1412 

optimum peaks on 2D. Recently, work has been published using a pulse flow valve that can actuate 1413 

as fast as 50 ms and create peaks as narrow as 15 ms [35]. It is intriguing to use this as a modulator 1414 

linking the 2D to 3D allowing for optimal separations conditions to be used.   1415 

Herein we explore the feasibility of the pulse flow valve to serve as a modulator for GC3 1416 

and continue to evaluate the pulse flow valve for GC×GC. For the GC×GC instrumentation, we 1417 

continue to optimize the separations based on the previous work with the pulse flow valve with 1418 

the overall goal to maximize peak capacity on 2D without reducing the peak capacity of the 1D 1419 

separation. Additionally, we continue to assess the pulse flow valve as an ultra-fast modulator. The 1420 

optimized conditions gained from GC×GC study were then applied to GC3 instrumentation. We 1421 

evaluate the GC3 instrument using a two test mixtures and a “real world” sample of diesel fuel 1422 

spiked with 8 compounds. 1423 

 EXPERIMENTAL 1424 

 Instrumental Summary 1425 

The GC×GC and GC3
 instruments were both evaluated using a flame ionization detector 1426 

(FID). The instrumental platforms consisted of an Agilent 6890 GC (Agilent Technologies, Palo 1427 
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Alto, CA, USA). The stock electrometer for the Agilent FID was replaced with a high-speed 1428 

electrometer built in-house allowing the data to be collected at 100 kHz, with the data boxcar 1429 

averaged to 10 kHz. The electrometer was interfaced to a National Instruments data acquisition 1430 

board, and the resulting data was collected using an in-house written LabVIEW program (National 1431 

Instruments, Austin, TX, USA). Post-run data processing was performed in MATLAB R2015b 1432 

(The Mathworks, Inc., Natick, MA, USA). Data was imported into MATLAB and further binned 1433 

to 1 kHz. Samples were introduced to the instrument via a 7683B auto-injector (Agilent 1434 

Technologies). Prior to each sample injection, HPLC grade hexane and acetone obtained from 1435 

Fisher Scientific were used as solvent rinses. Ultra-high purity hydrogen (Grade 5, 99.999%) was 1436 

used as the carrier gas (Praxair, Seattle, WA, USA). For all instrumental setups an inlet and FID 1437 

temperature of 250 °C was implemented. All columns were contained within the same oven thus 1438 

all had the same temperature. Four distinct instrumental setups were implemented (two GC×GC 1439 

and two GC3) with each instrumental setup described below.  1440 

 GC×GC 1441 

For the two GC×GC evaluations, the GC was fitted with a high-speed pulse valve model 1442 

009–1643-900 (Parker Hannifin, Hollis, NH, USA) mounted outside of the oven. The pulsed flow 1443 

valve was controlled using the same program that was used to collect the FID data. A schematic 1444 

of the GC×GC instrument is shown in Figure 2.1A. The 1D and 2D columns were linked using a 1445 

3-way T-union model MT.5CXS6 (Valco Instruments Company Inc., Houston, TX, USA). An in-1446 

house fitting was fabricated to mate the pulse flow valve to 7.24 cm × 1.65 mm copper tubing 1447 

(Restek, Bellefonte, PA, USA) reduced to 3.81 cm × 0.635 mm steel tubing interfaced with a 2 μl 1448 

sample loop model CSL2 (Valco Instruments Company Inc.) which was connected to the 3-way 1449 

T-union.  1450 
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For the first investigation, the 1D column was a SPB-5 (5% diphenyl/95% dimethyl 1451 

siloxane) stationary phase: 8 m length × 100 µm inner diameter (I.D.) × 0.1 µm film thickness 1452 

(d.f.), and the 2D column was a DB-WAX (polyethylene glycol) stationary phase: 1 m × 100 µm 1453 

I.D. × 0.1 µm d.f. A test mixture containing a diverse set of 115-compounds was used to evaluate 1454 

the instrumental platform. The test mixture contained a wide range of boiling points (36–372 °C) 1455 

with nine chemical compound classes: alkanes, esters, halogenated alkanes, aromatics, alkenes, 1456 

alkynes, ketones, alcohols, cycloalkanes [25,35]. A 0.5 µl volume of the 115-component test 1457 

mixture was injected at a split of 100:1. A constant flow rate of 0.8 ml/min was applied. The oven 1458 

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 1459 

modulation period, PM, of 500 ms was applied with an injection pulse width of 2 ms (i.e. how long 1460 

the pulse valve injects carrier gas). The head pressure on the pulse valve was held at 30.5 psig for 1461 

1 min and ramped at 1.08 psig/min to 36.2 psig and held for 1 min. 1462 

For the second investigation, the 1D column was a SPB-5 stationary phase: 3 m length × 1463 

100 µm I.D. × 0.1 µm d.f., and the 2D column was a DB-WAX stationary phase: 1 m × 100 µm 1464 

I.D. × 0.1 µm d.f. A 0.5 µl volume of a test mixture containing 15 compounds (see Table A.1, 1465 

Supporting Information) was injected at a split of 100:1. A constant flow rate of 5.3 ml/min was 1466 

applied. The oven was held at 50 °C for 3 min. The PM was 75 ms with a 2 ms injection pulse 1467 

width, and the head pressure on the pulse valve was held at 91 psig.  1468 
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 GC3  1469 

For the two GC3 instrumental setups, the GC was fitted with a high-speed, six-port, high 1470 

temperature diaphragm valve VICI model DV-12-1116 T (Valco Instruments Company Inc.) fitted 1471 

with a 5 µl sample loop  mounted inside the oven which was used to link 1D and 2D columns 1472 

[25,27,36,37]. The pulse valve was used to link columns 2D and 3D in an identical manner as 1473 

described in section 2.2.2. The diaphragm valve, pulse flow valve, and the FID data were all 1474 

controlled/collected using a LabVIEW program. A schematic of the GC3 instrument is shown in 1475 

Figure 2.1B.  1476 

For the third investigation, the 1D column was a RTX-17 Sil MS (50% phenyl/50% 1477 

methylpolysiloxane) stationary phase: 20 m length × 180 µm I.D. × 0.18 µm d.f., the 2D column 1478 

Figure 2.1. GC×GC and GC3 Instrumental Schematics. 

(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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was a SPB-5 stationary phase: 6 m length × 100 µm I.D. × 0.1 µm d.f, and the 3D column was a 1479 

DB-WAX stationary phase: 1 m length × 100 µm I.D. × 0.1 µm d.f. A 0.5 µl volume of an 18 1480 

component test mixture (see Table A.2, Supporting Information) was injected at a split of 100:1. 1481 

A constant flow rate of 0.8 ml/min was applied to 1D. The 2D and 3D columns were controlled via 1482 

the auxiliary pressure controller with a pressure of 100 psig which corresponds to a flow rate of 1483 

~6.3 ml/min. The oven was held at 50 °C for 3 min. A 1PM of 1 sec with an injection pulse width 1484 

of 20 ms applied to the diaphragm valve and a 2PM of 50 ms with an injection pulse width of 2 ms 1485 

was applied to the pulse valve. The head pressure on the pulse valve was held at 83 psig.  1486 

For the fourth investigation, the 1D column was a RTX-17 Sil MS stationary phase: 20 m 1487 

length × 180 µm I.D. × 0.18 µm d.f., the 2D column was a SPB-5 stationary phase: 2 m length × 1488 

100 µm I.D. × 0.1 µm d.f, and the 3D column was a DB-WAX stationary phase: 0.75 m length × 1489 

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 1490 

constant flow rate of 0.7 ml/min was applied to 1D. The 2D and 3D columns were controlled via 1491 

the auxiliary pressure controller under a ramped pressure program held at 39.2 psig for 1.5 min, 1492 

ramped at 2.55 psig/min to 65.9 psig, and held at the final pressure for 1 minute. This pressure 1493 

ramp corresponds to a flow rate of ~3 ml/min. The oven was held at 40 °C for 1.5 min, ramped at 1494 

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 1495 

applied to the diaphragm valve and a 2PM of 60 ms with an injection pulse width of 2 ms was 1496 

applied to the pulse valve. The head pressure on the pulse valve was held at 36.9 psig for 1.5 min, 1497 

ramped at 2.55 psig/min to 63.7 psig and held for 1 min. Diesel fuel spiked with 8 compounds (see 1498 

Table A.3, Supporting Information) was also evaluated using the same conditions as noted above 1499 

except the split was reduced to 20:1.  1500 
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 RESULTS AND DISCUSSION 1501 

 GC×GC 1502 

The GC×GC - FID chromatogram for the 115-component test mixture using a modulation 1503 

period, PM, of 500 ms in the raw vector form is shown in Fig 2.2A.  Three representative analytes 1504 

(Methyl Decanoate, Pentadecane, Dodecanol) are shown in Fig. 2.2B which range from relatively 1505 

unretained on 2D to moderately retained. In the raw vector format, the sharp decreases in signal is 1506 

representative of the 2D analyte response of interest, nominally in the form of an “error” function, 1507 

followed by a slow decay of the analyte response back to the original 1D concentration profile. 1508 

This 2D analyte response is created by rapid actuation of the pulse flow valve in combination with 1509 

the three-way union and coupled with the tubing assembly (see Fig 2.1A). Reducing the tubing 1510 

assembly from a large inner diameter to a smaller inner diameter results in a pressure wave in the 1511 

form of an exponentially modified Gaussian with a very sharp leading edge. Using the same 1512 

method as previously reported [35], a 3-step method involving differentiation, inversion, and 1513 

baseline correction was implemented to convert the data from the raw form into the final processed 1514 

form which appears analogous to a “traditional” vector GC×GC chromatogram. Figure A.1 1515 

(Supporting Information) demonstrates the data processing method. Figure 2.2C shows the 1516 

processed vector chromatogram of the data shown in Figure 2.2B.  1517 
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 1518 

The 2Wb is annotated for the three analytes.  Since a polar column (DB-WAX) was implemented 1519 

as the 2D dimension, the most retained analyte should be methyl decanoate, an ester, which has an 1520 

apparent 2Wb of 41 ms. The next most retained analyte is dodecanol with an apparent 2Wb of 25 ms, 1521 

Figure 2.2. PM 500 ms 115-Component Data 

(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 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 
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and the least retained analyte is pentadecane which has an apparent 2Wb of 19 ms. The 2Wb of each 1522 

analyte is dependent on the slope of the “error” function, and the 2D retention time, 2tR, is defined 1523 

by the inflection point of the “error” function. The insert in Figure 2.2C shows the GC×GC 1524 

chromatogram of these three analytes which has been registered by 200 ms on the 2D to remove 1525 

the dead time. Figure 2.2D shows the GC×GC chromatogram of the data processed in Figure 2.2A. 1526 

The data was registered on 2D by 200 ms to remove the dead time. 1527 

In order to accurately measure the 2D peak capacity (2nc), 12 representative analytes that 1528 

spanned the entire 2D separation were selected (see Figure A.2, Supporting Information). The 2tR 1529 

and the 2Wb for each analyte was measured and an equation was fitted to those values [34–36]. 1530 

Compared to the previous report [35], the slope of the equation is ~40% less which is due to the 1531 

use of micro-bore columns and optimization of the pulse flow valve. Using the following recursive 1532 

equation, the 2nc was calculated. 1533 

    𝑅𝑠 =
𝑡𝑅.𝑛−𝑡𝑅,𝑛−1

0.5(𝑊𝑏,𝑛−𝑊𝑏,𝑛−1)
= 1                                               (2.5) 1534 

The equation obtained from Figure A.2 (Supporting Information) was substituted into equation 5.5 1535 

for both Wb,n and Wb,n-1 and rearranging allows the calculation of the retention times of successive 1536 

peaks (and Rs = 1) based on the measured dead time, tR,(n = 0) on 2D [35,38,39]. These retention 1537 

times were used to calculate apparent 2Wb from the experimentally observed linear relationship 1538 

between 2tR and apparent 2Wb. Individual Gaussian peaks of equivalent area were modeled based 1539 

on these peak widths and retention times, then concatenated to give a continuous chromatogram 1540 

(see Figure A.2, Supporting Information).  1541 
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 1542 

Figure 2.3. PM 75 ms 18-Component Data  

(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 1543 

calculated to be ~1 s resulting in a 1D peak capacity (1nc) of 360 (tsep = 6 min). Thus the 2D peak 1544 

capacity, nc,2D, is ~7200 or a peak capacity production of ~1200 peaks/min for this separation.  1545 

While pulse flow valve using a PM of 500 ms results in extremely high peak capacity 1546 

production, investigation of its potential as a high speed modulator is warranted. Using a PM of 75 1547 

ms, a 15 component mixture (see Table A.1, Supporting Information) was evaluated. Figure 2.3A 1548 

shows the raw vector chromatogram of the separation with a tsep of ~13 s. Figure 2.3B shows an 1549 

enhanced view of Figure 2.3A where 4 analytes are present. One analyte (10: 1-chlorobutane) is 1550 

totally resolved on 1D while three analytes (11: carbon tetrachloride, 12: benzene, and 13: 1551 

cyclohexane) are severely overlapped. The processed vector chromatogram is shown in Figure 1552 

2.3C with the 2Wb annotated. Figure 2.4D shows the 2D chromatogram obtained from processing 1553 

the data in Figure 2.4A. The narrowest peaks measured (analytes 4, 5, 7, and 9) had 2Wb of 8 ms. 1554 

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 1555 

s) resulting in a nc,2D of ~110 or a peak capacity production of ~510 peaks/min. However, the 1D 1556 

peaks were significantly oversampled with a sampling density, ρs, of ~12. In order to reduce the ρs 1557 

to an appropriate number (~2-4), one could use a modified injection source [38,40–43] or perhaps 1558 

more interesting would be to sample analytes with pulse flow valve as the second modulator in a 1559 

GC3 instrument. 1560 

 GC3  1561 

Building from past research of high temperature diaphragm valve-based GC×GC [27,36] 1562 

and GC3 [25,26] it was considered ideal to combine the known attributes of the high temperature 1563 

diaphragm valve modulator with pulse flow valve modulator. Figure 2.1B shows the instrumental 1564 

schematic for the GC3 separations.  1565 
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 1566 

Figure 2.4A shows the raw vector chromatogram of an 18 component mixture (see Table A.2, 1567 

Supporting Information) that was collected using a 1PM of 1.0 seconds and a 2PM of 50 ms. The 1568 

elution order was determined by a series of individual injections of the analytes under the same 1569 

separation conditions of the 18 analyte mixture. A processed vector chromatogram of the 18 1570 

individual analytes that are overlaid onto one chromatogram is shown in Figure A.3 (Supporting 1571 

Figure 2.4. GC3 18-Component Data 

(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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Information). Figure 2.4B shows the processed vector chromatogram of two analytes (8: 1572 

methylcyclopentane and 9: 1-hexyne) that exhibit a slight overlap on the 1D dimension. In order 1573 

to demonstrate the selectivity provided by the addition of two dimensions (2D and 3D), Figure 2.4C 1574 

shows an isosurface plot of the same region shown in Figure 2.4B. The data was registered by 10 1575 

ms on the 3D to remove the dead time.  1576 

To further explore the selectivity provided by the three separation dimensions, the data 1577 

shown in Figure 5.4A has been plotted in Figure 2.5A and 2.5B which show the 1D vs 2D where 1578 

the data has been summed along the 3D and 1D vs 3D where the data has been summed along the 1579 

2D, respectively. The chemical selectivity provided by the 3 dimensions can easily be seen when 1580 

elution pattern of Figure 2.5A is compared to Figure 2.5B. Analytes that are not resolved or only 1581 

partially resolved on 1D are either separated on the 2D or 3D dimensions. To further explore the 1582 

selectivity of the GC3 system, the 2D vs 3D chromatogram has been prepared in Figure 2.5C where 1583 

the data was summed along the 1D. Figure 2.5D is a 3-D isosurface plot of the entire separation. 1584 

In order to calculate the peak capacity of the GC3 instrument, three representative analytes were 1585 

selected (n-hexane, 1-hexyne, methylcyclopentane). These 3 analytes span a wide range of 1586 

retention times on all three dimensions and thus deemed appropriate in calculate the peak capacity. 1587 

The figures of merit for the 3 analytes are shown in Table 2.1. For the three representative analytes, 1588 

the total peak capacity (1-minute total time), nc,3D, ranged from 772 to 914 with an average of ~825 1589 

or a peak capacity production of 825 peaks/min, which is a 4.5 times improvement over previously 1590 

published GC3 values [24,25]. These results were based on a simple mixture separated isothermally 1591 

which in itself is impressive; however, further work on a more complex mixture that required 1592 

temperature ramping is needed. 1593 
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  1594 

Figure 2.5. 2D and 3D Chromatograms of 18-Component Data  

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 (C).  
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 1595 

To further evaluate the merits of the GC3 system, the same 115 component mixture was 1596 

assessed using optimized experimental conditions (see Section 2.3). Figure 2.6A shows the 1597 

processed vector chromatogram that was collected using a 1PM of 1.2 seconds and a 2PM of 60 ms. 1598 

In order to see the selectivity provided by three dimensions, Figure 2.6B and 2.6C show the 1D vs 1599 

3D chromatogram where the data has been summed along the 2D and 1D vs 2D where the data has 1600 

been summed along the 3D, respectively. The chemical selectivity provided by the 3 dimensions 1601 

can be especially seen at ~ 4 to 6 minute range on 1D. Analytes that are not resolved or only 1602 

partially resolved on 1D are either separated on the 2D or 3D dimensions. To further explore the 1603 

selectivity of the GC3 system, the 2D vs 3D chromatogram has been prepared (see Fig A.5A, 1604 

Supporting Information). When all the data along the 1D dimension is summed, the chemical 1605 

Table 2.1. Figures of Merit for GC3 for 18-Component Separation. 

Chromatographic peak measurements and figures of merit for three representative compounds in 

the 18 component mix. 
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selectivity that is provided by this view disappears. This is because the analyst is “looking down 1606 

the tube” and thus it is difficult to extract useful information. Thus 3 2D vs 3D chromatograms have 1607 

also been prepared (see Fig A.5B-D, Supporting Information) that span a range of 60 seconds 1608 

(same as GC3 separation of the 18 component mixture). Figure 2.6D shows the isosurface plot of 1609 

the 115 component mixture. Four analytes listed in Table 2.2 (see Fig A.6, Supporting 1610 

Information) have been selected to demonstrate the figures of merit for the GC3 system. While this 1611 

is a small portion of the 115 component mixture, these 4 analytes span a wide range of times on 1612 

all three dimensions and thus deemed appropriate to quote the figures of merit. The method for 1613 

determining these values was the same as those used in the evaluation of the 18 component 1614 

mixture. For the 4 representative analytes, the total peak capacity, nc,3D, ranged from 5600 to 1615 

Table 2.2 Figures of Merit for GC3 for 115-Component Separation  

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. 

  



67 

 

19,000 with an average of ~10,700. Perhaps more importantly is the peak capacity production 1616 

which ranges from 520 to 1,800 with an average of ~1000 peaks/min which is a significant 1617 

improvement over previously published GC3 values of 140 and 180 peaks/min [24,25].  1618 

 To further show the selectivity provided by the GC3 system, diesel fuel was spiked with 8 1619 

non-native analytes. Figure 2.7A shows the processed vector chromatogram of the diesel fuel. In 1620 

this view, it is possible to see the characteristic “petroleum hump” which can be totally resolved 1621 

using GC3. For this analysis, the conditions were optimized to provide the most separation for the 1622 

Figure 2.6. GC3 115-Component Vector, 2D, 3D Chromatograms. 

(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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8 spike analytes instead of attempting to totally resolve the matrix (diesel) background. An 1623 

isosurface plot shown in Figure 2.7B, has been prepared to shows the selectivity for the 8 spiked 1624 

analytes. In order to visual the data, analytes that have a 3D retention times from 0 to 25 ms are 1625 

colored blue, analytes that have a 3D retention times from 25 to 40 ms are colored green, and 1626 

analytes that have a 3D retention times from 40 to 60 ms are colored red. The blue color roughly 1627 

corresponds to the location of the alkanes and cycloalkanes and the green color roughly 1628 

corresponds to the location of the aromatics present in diesel fuel. The 8 spiked analytes were 1629 

highly retained on 3D and have 3D retention times >40 ms and thus are colored red. In order to 1630 

visualize the diesel fuel in a planar fashion analogous to a GC×GC chromatogram, Figure A.7 1631 

(Supporting Information) has been prepared. 1632 
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 CONCLUSION 1633 

Past applications of GC3 instrumentation demonstrated great promise based on the 1634 

increased selectivity provided for separations that was superior to GC×GC, but this increase in 1635 

selectivity came at the cost of peak capacity and peak capacity production. It has been 1636 

demonstrated that the use of a high temperature diaphragm valve in conjunction with a recently 1637 

introduced pulse flow valve, it is now possible to take advantage of the increased selectivity of a 1638 

GC3 instrument, while achieving a peak capacity production of ~1000 peaks/min. Future studies 1639 

Figure 2.7. Diesel Vector and 3D Chromatogram with Spiked Analytes. 

(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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will be focused on applying these instrumental improvements with spectral data, to create an ultra-1640 

fast 4D data structure to address complex separation mixtures. 1641 
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 INTRODUCTION 1798 

Twenty-seven years ago, the advent of comprehensive two-dimensional (2D) gas 1799 

chromatography (GC×GC) was established by Liu and Phillips in 1991.1 This form of gas 1800 

chromatography is a powerful technique tailored for the analysis of complex samples composed 1801 

of analytes that are amenable to gas chromatography. The addition of a second separation 1802 

dimension, 2D, provides typically a 10-fold increase in total peak capacity when compared to one-1803 

dimensional (1D) separation (1D-GC).2,3 Liu and Phillips’s work is acknowledged as the first to 1804 

successfully trap analytes eluting from 1D column and then reinjecting them onto 2D column for 1805 

the entire duration of a separation, thus opening the door to comprehensive 2D-GC.  The critical 1806 

component for GC×GC to perform properly is the modulator, the term used for the device or 1807 

process used to transfer analytes from the 1D column to the 2D column.   1808 

The modulator has been called the ‘heart’ of GC×GC separations because it is the 1809 

component of the instrument responsible for transferring analytes from 1D column to the 2D 1810 

column with a user defined period, termed the modulation period (PM). Current comprehensive 1811 

GC×GC modulators are subdivided into three classes, thermal,1,4–8 diaphragm valve,9–12 and flow 1812 
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modulators.13–17 Each class of modulators functions on the basis that the modulator has the ability 1813 

to trap or isolate a portion of the 1D eluate, and reinject that portion on the 2D column for the 1814 

duration of the separation.  1815 

Thermal modulators use temperature control to trap and focus analytes as the elute from 1816 

the 1D column and then introduce them in a narrow pulse on the head of the 2D column via rapid 1817 

heating. The Liu and Phillips design was a thermal modulator that used a separation column with 1818 

a thick stationary phase that was then gold plated that was routed external to the GC oven to allow 1819 

trapping of the analytes at ambient room temperatures. Desorption was then accomplished with an 1820 

application of DC voltage to the gold plated region, that region of column was rapidly heated to 1821 

release the trapped analytes.1 Thermal modulators are now divided into three types: resistively 1822 

heated trap, heated sweeper, and cryogenic focus. The most widely used in literature is the 1823 

cryogenic focus, that uses jets of cold cryogen gas (LN2 or CO2) to trap and heated jets of gas to 1824 

release and inject onto the 2D separation column. A significant research investment has been 1825 

devoted recently to development of thermal modulators with the performance of cryogen jet traps 1826 

without the need for large quantities of costly liquid cryogens.18–21   1827 

Valve-based modulators make use of a diaphragm valve to control and divert aliquots of 1828 

collected 1D eluate to accomplish the transfer of eluate from the 1D and 2D column.10,12 Initial work 1829 

with the diaphragm was plagued with two key issues, a temperature limit of 175 °C and only ~10% 1830 

of the eluate from the 1D column was transferred to the 2D column.9 Improvements via the 1831 

employment of a sample loop to collect a fraction of the eluate by Seeley increased detection 1832 

sensitivity and improved overall transfer to nearly 100% 10, which addressed the first concern of 1833 

poor a duty cycle. The solution to the temperature limitations first came by face mounting the 1834 

valve which allowed for a separation maximum temperature of 265 °C.12 A new diaphragm valve 1835 
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was recently introduced that replaced the temperature sensitive O-rings with Karez O-rings made 1836 

from a perfluoroelastormer, which allows for operational temperature of 325 °C 11. A key attribute 1837 

to the operation of the diaphragm valve is the independent flow rates of the separation columns 1838 

because the diaphragm valve decouples the two flows.  1839 

Flow modulation originated with Deans switching13 originally used for another gas 1840 

chromatography technique that predates 2D-GC, termed heart-cutting GC-GC, which only select 1841 

portion/s of the eluate from the 1D column is transferred onto a 2D column. Numerous 14,22–25 1842 

research groups have devoted time exploring multiple approaches as the technique has gained 1843 

popularity due to simplicity, low operational cost, lack of cryogens, and capability to modulate a 1844 

wide volatility range (C1-C40+). One underlying issue associated with many methods of flow 1845 

modulations relates to elevated flow rates on the 2D dimension. These elevated flow rates preclude 1846 

many to be used with mass spectral detectors due to exceeding the vacuum capacities of the 1847 

detector, which has led to research into how to overcome this issue.23,26,27 Seeley, in particular with 1848 

two of his groups recent advances has advanced this field, first was his technique of using a pattern 1849 

to transfer eluate to the 2D column, instead of the normal single pulses.17 The generated signal 1850 

requires extra processing to deconvolute and transform into a GC×GC chromatogram, the resultant 1851 

data had the advantage of increased signal-to-noise (S/N) and narrower width-at-base (Wb) peaks 1852 

when compared to traditional flow modulation. The second advance was the introduction of the 1853 

multi-mode modulator22, that allow the user to select three different transfer duty cycles, either 1854 

low duty cycle (<0.5), high duty cycle(>0.5), or full duty cycle with minimal instrumental 1855 

adjustments.  1856 

Each modulator category has distinct advantages and disadvantages, but have a common 1857 

function of isolating and transferring eluate from the 1D column to the 2D column as quickly and 1858 
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efficiently as possible. Modulators have four parameters by which their performance may be 1859 

evaluated; 1) duty cycle: the quantity of injected analyte on the 1D column transferred to the 2D 1860 

separation column, 2) modulation period (PM): speed which eluate from 1D column can be 1861 

modulated and placed onto the 2D column, 3) injection pulse width: width of injected analyte onto 1862 

the head of the 2D column, and 4) resulting peak capacity (nc,2D): total peak capacity of both 1D 1863 

and 2D separation column driven in large part by the width-at-base (Wb) of peaks on both 1864 

dimension. 1865 

Critical to any modulator discussed is its ability to repeatedly and precisely trap or collect 1866 

eluent before reinjecting it onto the 2D column while still preserving the 1D separation. There are 1867 

many articles written specifically discussing the evolution of modulators for the GC×GC field.15,28–1868 

31  Normally, modulators are discussed in context of the method used for trapping/collecting the 1869 

analyte and transfer to the head of the 2D column. The pulse plow valve modulator, modulates the 1870 

eluate in a different manner than any other currently known modulator.  The form of modulation 1871 

which has been termed ‘partial modulation’32 is only known to have been employed in a similar 1872 

manner twice once prior in literature.32,33  In the first, Cai and Stearns, in  2004,32 performed a 1873 

method similar to the one presented here, in which a discrete amount of carrier gas was periodically 1874 

injected into the flow of the separation column. The method was referred to as ‘partial modulation’ 1875 

that employed a custom built flow modulator to inject small pulses of carrier gas repetitively at the 1876 

connection of the 1D and 2D columns.  1877 

Building off this method, Freye et. al., recently introduced a similar method of ‘partial 1878 

modulation’ capable of producing peaks less than 10 ms wide with a minimum modulation period 1879 

of 50 ms.33 Using a flame ionization detector, the partial modulation method was applied to a 115-1880 

componenet test mixture with a boiling point range of (36-372 °C) using modulation periods of 1881 
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50, 100, 250, and 500 ms. The modulator was developed using a Parker Hannifan Corp©; Miniature 1882 

High Speed High Vacuum Dispense Valve Series 9 mounted outside the GC oven that was 1883 

connected to a T-union with the 1D and 2D separation columns located inside the GC oven. This 1884 

partial modulation technique of injecting pure carrier gas at the 1D and 2D union created data in 1885 

which negative peaks appear in the Gaussian peaks of the 1D peak profile. This method is very 1886 

similar to performing vacancy chromatography on 1D eluate. The technique required a three step 1887 

process to convert the data into traditional 2D GC×GC chromatograms with resultant ‘apparent’ 1888 

2D peaks created by differentiation of the negative front created by the pulse of carrier gas.33 This 1889 

method of modulation is best suited as being considered part of the flow modulation family of 1890 

techniques. The method has the advantage ultra-fast modulation, narrow injection pulse, no need 1891 

for cryogens, sampling loops, trapping or desorption which has the advantage of lending the 1892 

method toward generation of narrow 2D peaks. 1893 

Utilizing the new ultra-fast pulse flow modulator first introduced by Freye et.al., the Parker 1894 

Hannifan Corp©; Miniature High Speed High Vacuum Dispense Valve, Series 9 will be 1895 

demonstrated for GC×GC-TOFMS application. Applying the pulse valve flow modulator to a 1896 

GC×GC-TOFMS system was deemed important for evolution of the technique for two reasons; 1897 

captability with a system at vacuum (1 × 10-7 Torr), and modulation performance with helium as 1898 

the carrier gas. 1899 

During testing and development of the pulse valve flow modulator, it had been determined 1900 

that a PM of 50 ms was the shortest duty cycle the Parker Hannifin Series 9 valve would support. 1901 

For the TOFMS study it was decided to use 50 ms to demonstrate the valve’s maximum 1902 

performance and their effects on the vacuum system. The extremely short modulation period, PM 1903 

of 50 ms will be examined, which is fourfold faster than the shortest previously reported PM of 1904 
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200 ms.34 Another important performance parameter using the pulse flow valve modulator is the 1905 

injection pulse of a mere 2 ms, which contributes to extremely narrow 2Wb peaks previously 1906 

reported. This type of modulation is similar to vacancy chromatography, discussed later, which is 1907 

an old method that has been used with some success in liquid chromatography.35–38 For this study, 1908 

a separation of a 18-component test mixture of low boilers at seven different concentrations will 1909 

be examined using PM of 50 ms.  1910 
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Figure 3.1. Instrumental Schematic GC×GC-TOFMS, 18-Component Data. 

(A) Schematic of the major components of the GC×GC-TOFMS instrument. A pulse flow valve and 

three-way union was implemented to serially link the 
1
D and 

2
D columns. Modulation occurs via 

the pulse flow valve at the three-way union linking the 
1
D and 

2
D columns. (B) Raw (preprocessed) 

chromatogram (mass channels 35-225) of the 18 component mixture collected using a modulation 

period, P
M

 of 50 ms. The highlighted region contains analytes (9: ethyl acetate, 10: 1-hexyne, 11: 

methylcyclopentane) is shown in the inset to better represent the modulation of the pulse flow valve. 

These three analytes will be studied in detail as part of the demonstration of pulse valve modulation 

along with data deconvolution. Injected concentration shown is 14 ng per analyte. 
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 Pulse Flow Valve Modulation Theory 1913 

The pulsed flow valve modulator (Figure 3.1A), modulates the analytes as they exit the 1D column 1914 

by injecting a narrow pulse of carrier gas perpendicular to the flow separation gas at the T-union 1915 

that joins the 1D and 2D separation columns. This injection of carrier gas has two effects on the 1916 

signal, it first creates a vacancy in the signal of the analyte, and secondly that vacancy is manifest 1917 

as an error function that mimics frontal analysis of signal.  1918 

Vacancy chromatography is not a commonly used technique despite it having 1919 

characteristics that lend it applicable to process monitoring. In process monitoring a mobile phase 1920 

would contain a solute at a concentration that is continually passed through a column till 1921 

equilibrium is achieved at both the inlet and outlet. If a pulse of pure carrier gas were to be injected 1922 

a negative peak profile would be created and pass through the column the same way a positive 1923 

peak would be expected to pass through. In a similar manner the pulse flow valve modulator injects 1924 

carrier gas at a user defined time period creating vacancies in the signal. The key difference from 1925 

traditional vacancy chromatograph and the pulse flow valve is it is not performed on analytes at 1926 

equilibrium along the length of the column, but rather on Gaussian 1D peaks resulting from the 1927 

elution of analytes from the 1D separation column.  1928 

The results of partial modulation by carrier gas created by the pulse flow valve are 1929 

displayed as error functions as seen in Figure 3.1B. In this technique the error functions contain 1930 

the critical chromatographic information that are analyzed using a modified frontal analysis 1931 

technique.   Frontal analysis is a form of chromatography where a continuous flow of analytes 1932 

passes through a column, each component elutes at a different time depending on its affinity for 1933 

the stationary phase of the column.39–41  This type of analysis traditionally is used for liquid 1934 

chromatography and the resulting appearance of analytes would only happen once for a separation 1935 
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as the solution elutes from the column. In the current application, the combination of the principles 1936 

of vacancy chromatography and frontal analysis occurs with each pulse of the valve, with the 1937 

production of an error functions encoded with the critical chromatographic information. The 1938 

concept is shown in Figure 1.4 showing the modulation of a single analyte using pulse flow valve 1939 

with the conversion of raw data into a typical 2D GC×GC chromatogram. The process for 1940 

conversion of the data will be discussed in more detail in the results and discussion section.    1941 

 Data Analysis/Chemometrics 1942 

 Data generated by the pulse flow valve modulator, Figure 3.1B, is processed in a 1943 

similar process33 first developed by Freye et. al. for processing the univariate data generated by 1944 

the flame ionization detector. The process was adapted to incorporate MCR-ALS loadings used to 1945 

deconvolute the data generated using the TOFMS which replaces the univariate data generated in 1946 

the previous work. Peak deconvolution methods are important to addressing the challenges of 1947 

analyte identification, quantification, and peak purity. Two deconvolution techniques are 1948 

commonly used to separate and help identify analytes are parallel factor analysis (PARAFAC) and 1949 

multivariate curve resolution alternating least squares (MCR-ALS).  Both PARAFAC and MCR-1950 

ALS are based on alternating least squares decomposition requiring at least three-way trilinear 1951 

data. MCR-ALS is an iterative method that initially estimates the pure chromatographic profiles 1952 

and pure spectra and repetitively alternates and tests these values for convergence.42,43  MCR-ALS 1953 

operates essentially the same as PARAFAC, but is more forgiving to data that is not as well aligned 1954 

as PARAFAC requires. For that reason, MCR-ALS was chosen to deconvolute the data generated 1955 

by the GC×GC –TOFMS and identify the analytes. The results of MCR-ALS will be discussed in 1956 

detail in the discussion section of the paper. 1957 
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Applying the previously developed technique, the MCR-ALS loadings will be processed 1958 

to generate Gaussian peaks (Figure 3.3B) in the second dimension as the result of differentiation 1959 

of the error function now found in the MCR-ALS loading Figure 2B.  These peaks widths will 1960 

hence forth be referred to as ‘apparent’ width-of-base due to the fact that the peaks are not the 1961 

result of traditional Gaussian peaks, but rather the mathematical results of the differentiation of the 1962 

negative slope of the MCR-ALS loadings error function.   Once these steps are complete the final 1963 

1-D chromatogram (Figure 3.3B) is complete.  A standard cut and fold technique, whereby the 1964 

data is divided and stacked by the PM to produced 2D chromatograms (Figure 3.3C,D). 1965 

 EXPERIMENTAL 1966 

A Pegasus 4D GC × GC/TOFMS (LECO Corporation, St. Joseph, MI) with an integrated 1967 

Agilent 6890N gas chromatograph (Agilent Technologies, Santa Clara, CA, U.S.A.) was modified 1968 

to evaluate the pulse flow valve modulator as shown in Figure 3.1A. A high-speed pulse valve, 1969 

series 9, model 009–1643-900 (Parker Hannifin, Hollis, NH, USA), was mounted outside the oven. 1970 

An in-house connection was used to connect the valve to a 3-way T-union inside the GC oven. The 1971 

pulse flow valve was controlled using LabVIEW 8.2 (National Instruments, Austin, TX, USA) 1972 

interfaced to a National Instruments data acquisition board. The high-speed pulse valve was 1973 

utilized as the modulator at the T-union connection of the 1D and 2D separation columns. The stock 1974 

thermal modulator and secondary oven were not used for this experiment. Detection was 1975 

accomplished with a LECO Pegasus 4D TOFMS.  Effluent was passed through a 0.33 m, 280 °C 1976 

transfer line into the TOFMS where is was analyzed at a scan rate 500 Hz, between 35 and 225 1977 

Da.  Samples were introduced to the GC×GC via a 7683B auto-injector (Agilent Technologies, 1978 

Palo Alto, CA, USA). The inlet was set to 250 °C.  The 1D column was a SPB-5 (5% diphenyl / 1979 

95% dimethyl siloxane) stationary phase: 3 m length, 100 μm inner diameter (i.d.), and 0.1 μm 1980 
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film thickness. The 2D column was a DB-Wax (polyethylene glycol) stationary phase: 1.0 m 1981 

length, 100 μm i.d., and 0.100 μm film thickness.  Prior to each sample injection, HPLC grade 1982 

dichloromethane obtained from EMB Chemicals was used as a solvent rinse.  Ultra-high purity 1983 

helium (Grade 5, 99.999%) was used as the carrier gas (Praxair, Seattle, WA, USA) at a constant 1984 

flow of 90.0 psig (4.2 ml/min) and the pulse valve flow modulator pressure was held at 90.0 psig. 1985 

A test mixture of 18 analytes (v/v) was used to evaluate analytical performance. The 1986 

samples were diluted by a factor of two from neat to 64:1. The test mixture (Table 3.1) contained 1987 

a narrow range of boiling points that was intentionally developed to produce several areas of 1988 

overlap on the 1D (Resolution (Rs) < 0.5).   1989 

 1990 

Table 3.1. 18-Component Test Mixture. 

The 18 compounds were combined by volume at approximately equal proportions with a neat 

mixture concentration of 56 ng per analyte injected (56 parts per thousand). A serial dilution in 

Toluene (neat – 64:1) (56 ng – 0.087 ng per analyte injected) was used for performance 

evaluation of the system. Selection mass channels are listed, the first is the dominant, bold is the 

selective ion.  
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A 0.1 µl volume of the test mixture was injected at a split of 80:1. Based on injection 1991 

conditions, the on-column quantity of each analyte ranged (56 ng, neat - 0.88 ng, 64:1).  The oven 1992 

was held isothermal at 50 ̊ C for the duration of the separation with no secondary oven temperature 1993 

offset.  Various modulation periods were studied: PM of 50, 75, 250, 500 all using an injection 1994 

pulse width of 2 ms, PM 50 ms will be shown and discussed in the results section. 1995 

All data were collected using ChromaTOF 3.32 and transferred to MATLAB 2016b (The 1996 

Mathworks, Natick, MA, U.S.A.) using in-house software (peg2mat3p8).37 All chromatograms 1997 

were baseline-corrected in a 1D fashion prior to any other processing. Compounds were identified 1998 

in two manners, first through a library search utilizing MS Search 2.0 (NIST, Gaithersburg, MD, 1999 

U.S.A.) using ChromaTOF 3.32. Second, the compounds were identified and matched to an in-2000 

house created library of compound spectra using MATLAB 2016b software (wdotmatch4_new). 2001 

All chemometrics and multidimensional visualization was achieved using functions and utilities 2002 

included with MATLAB 2016b. The peak widths (Wb) and retention times (tR) of the 18 2003 

representative compounds were measured by Gaussian curve fitting utilizing the Curve Fitting 2004 

toolbox available as an add-on application for MATLAB 2016b. 2005 

 RESULTS AND DISCUSSION 2006 

Data collected from the 18-component test mixture (Table 3.1) using the GC×GC-TOFMS 2007 

with partial modulation from the pulse valve flow modulator is presented in Figure 3.1B. Prior to 2008 

data processing with MCR-ALS the spectral data was only baseline corrected.  No further 2009 

processing prior to MCR-ALS was performed nor was needed. In this example all mass channels 2010 

(34-225) are shown with a PM of 50 ms. Six regions of overlap (Rs < 1.0) are observed (analytes 2011 

1-3, 4-5, 6-8, 9-11, 12, 14-16), the overlapped region containing analytes 9: ethyl acetate, 10: 1-2012 

hexyne, 11: methylcyclopentane are highlighted in the insert. This chromatogram is a result of  2013 
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 2014 

Ethyl Acetate 
1-Hexyne 

Methylcyclopentane 

B 

Ethyl Acetate 

MV=819 
+/- 80 

C 1-Hexyne 

MV=911 
+/- 31 

D 

10: 1-Hexyne 

9: Ethyl Acetate A 

11: Methylcyclopentane 

MV=828 
+/- 79 

Methylcyclopentane E 

Figure 3.2.  MCR-ALS Loadings and Match Values for Three Select Analytes. 

(A) Raw data of analytes (9-11) is from a separation at an approximate concentration of 14 ng 

injected, (14 parts per thousand) is shown. (B) Unconstrained MCR-ALS loadings of analytes, 9-

11. The pulse valve modulation is retained in the loadings. (C-E) The mass spectral data from each 

MCR-ALS loading is compared to pure in-house spectra of the respective analytes. Analyte 

structure, match value and standard deviation across four separations list shown for each analyte. 
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analysis of a 4:1 dilution injection, each analyte is at an approximate concentration of 14 ng 2015 

injected. This region will be studied in detail for performance of the modulator and application of 2016 

MCR-ALS for data deconvolution. For detailed information concerning the chromatographic 2017 

performance of all analytes, resolution and match values, please see supplemental Tables 3.1 and 2018 

3.2 respectively. Seen in the insert of Figure 3.1B, is the pattern of modulations produced by the 2019 

partial modulation of pulse valve flow modulator. Each modulation in this example are 50 ms apart 2020 

and are caused by the 2 ms pulse of carrier gas at the union of the 1D and 2D columns.  2021 

Deconvolution and analyte identification were accomplished using MCR-ALS with a 2022 

combination of in-house written script and toolbox add-on. The method of MCR-ALS application 2023 

was a non-targeted, unconstrained application that used no form of filters or thresholds to 2024 

deconvolute and identify the analytes. Detailed results of MCR-ALS analysis including MCR-2025 

ALS loadings (Figure 3.2B) and spectral match values (Figures 3.2C-E) on analytes 9-11 can be 2026 

seen in Figure 3.2. Figure 3.2A, shown are the mass channels in the region containing analytes 9: 2027 

ethyl acetate, 10: 1-hexyne, 11: methylcyclopentane. The resulting MCR-ALS loadings of the 2028 

three analytes are shown in Figure 3.2B, with the position of each analyte easily noted. Each of 2029 

the loadings are comprised of their respective mass channels assigned to each analyte. The mass 2030 

channels associated with each loading are shown in Figs 3.2C-D, with relative intensity, with 2031 

reported average match values and standard deviation for all four separations of the analytes at the 2032 

4:1 dilution. Reported match values were generated by comparison of the loading spectra (Fig 2033 

3.2C-E) to pure spectra of the analytes generated on the LECO Pegasus 4D TOFMS, at the same 2034 

time of the study without modulation. The resolution (RS) between 9: ethyl acetate and 10: 1-2035 

hexyne was determined to be 0.53, and between 10: 1-hexyne and 11-methylcyclopentane of 0.91. 2036 
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Resolution, match value, and relative standard deviation for all 18 analytes at the 4:1 dilution 2037 

concentration are summarized in Table B.1.  2038 

For one to fully appreciate the unique form of partial modulation, it is needed to develop a 2039 

simple and straightforward method to convert the resultant data (Figure 3.2A) into a vector 2040 

chromatogram that is composed of ‘apparent’ 2D peaks. Following previous work using the pulse 2041 

valve modulator,33 the loadings (Figure 3.3A) generated by MCR-ALS are converted from 2042 

loadings to the ‘apparent’ 2D peaks in a three-step process. First the loadings are differentiated, 2043 

converting the sharp leading edge of the vacancy pulse, which creates the resulting 2D peak. In the 2044 

second step the differentiated data is inverted to finish the process of inversion. The return portion 2045 

(decay) of the signal results in mild baseline sag that is easily removed in the third step by which 2046 

an in-house low frequency filter is applied to remove baseline sag. For a detailed figure of merit 2047 

addressing this process please refer to figure 1 of the 2018 partial modulation paper.33  The 2048 

resultant final vector chromatogram composed of 2D peaks is shown in Figure 3.3B. The 2049 

differentiated peaks shown do exhibit a high sampling density due to an average 1Wb 0.95 for the 2050 

three analytes shown. Ethyl acetate exhibited a 2Wb of 29 ms with a standard deviation of 0.8 ms, 2051 

1-hexyne exhibited a 2Wb 27 ms with a standard deviation of 1.1 ms and methylcyclopentane 2052 

exhibited a 2Wb of 22 ms with a standard deviation of 0.8 ms. The data is now folded at the 2053 

modulations, in this case 50 ms which with the collection frequency of 500 Hz is 25 data points, 2054 
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to create the traditional 2D contour chromatogram of data as shown in Figure 3.3C, the data was 2055 

registered 10 ms to remove wrap around in the image. A more traditional 2D chromatogram is 2056 

shown in Figure of 3.3D. The 2D chromatogram in Figure 3.3D highlights the oversampling 2057 

caused by the PM of 50 ms.  2058 

To quantify the performance of the GC×GC-TOFMS utilizing the pulse flow modulator, 2059 

the MCR-ALS loading areas were utilized. Shown in Figure 3.4A are the average MCR-ALS 2060 

Ethyl Acetate 
1-Hexyne 

Methylcyclopentane 

A B 

C D 

Figure 3.3. MCR-ALS Loadings and Final 1D and 2D Chromatograms. 

(A) Loadings of analytes 9-11, as seen in figure 2B. (B) Processed differentiated loadings in the 1D 

vector form. The colors of analytes corresponded to names in Figure 3A. (C) 2D contour 

chromatogram generated from the processed data in Figure 3B. (D) 2D chromatogram shown in the 

more traditional form. Processing data in this manner is useful to visualize retention times on 
2
D 

dimension. Data was adjusted 10 ms for visualization purposes for both Figure 3C and 3D. 
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loading areas with error bars of four separations at each of the seven concentrations injected of 2061 

analytes 9, 10, and 11. Of note, one of the separation runs for the 16:1 dilution (3.5 ng mass 2062 

injected) was compromised and resultant data was not used for this study. To remove injector 2063 

variance, all data was normalized using compound 17: heptane as the internal standard. All three 2064 

analytes exhibited R2 values of 0.999. Inset in Figure 3.4A shows details at the lower 2065 

concentrations. This data which is taken from analytes (9-11) all of which have resolutions higher 2066 

than 0.3 to determine the quantitative performance of the GC×GC-TOFMS separation combined 2067 

with MCR-ALS used for deconvolution. Positive performance such as these is expected for 2068 

analytes with resolution values above 0.3, as noted by recent research into probability of achieving 2069 

a successful quantitative analysis for GC-MS data.44 2070 

Match values along with an average standard deviation across the span of concentrations 2071 

is show in Figure 3.4B. Match values has a notable decrease in performance as the injected 2072 

concentration decreases. This trend correlates with the decrease in signal-to-noise and again is 2073 

supported by past research.44 Despite the decreased match values at lower concentrations, analytes 2074 

were readily identified by MCR-ALS with an overall separation (at concentration of 14 ng/analyte) 2075 

average match value of all analytes at 822, with an average RSD of 7%. All match values were 2076 

determined by comparison of results with spectra generated by injection of lone analytes.   2077 

During the study of performance of MCR-ALS for the 18-componenet data set it was 2078 

shown to deteriorate at reduced resolutions (below 0.3) in regards to loading area error, and in 2079 

decreased match values as the signal-to-noise decreased below ~10. The general trend of 2080 

deconvolution performance for MCR-ALS loading area, and reduced match values agrees with 2081 

previous work44 that showed that as analytes S/N decreased, match values decreased rapidly.  2082 
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 2083 

Ethyl Acetate 
Methylcyclopentane 

1-Hexyne 

+/- Average  
Standard  
Deviation 

B 

Ethyl Acetate 
Methylcyclopentane 
1-Hexyne 

A 

Figure 3.4. Loadings and Match Values vs. Mass Injected. 

(A) MCR-ALS Loading area results based on mass injected for analytes 9-11 are shown. Inset 

shown for detail of lower inject concentrations. R2 values of 0.999 were achieved for the 

three analytes in question. (B) Match values for all concentrations are shown with average 

error bar shown for the three analytes. The decrease in match values is evident at lower 

concentrations at the signal-to-noise ration decreases below 10. 
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That study also showed a similar trend-as resolution fell below 0.3, the percent error of loading 2084 

area increased rapidly. The current data gathered supports the estimated performance of MCR-2085 

ALS and shows trends in both poor performances in loading area error at low resolution and 2086 

decreased match values at lower signal-to-noise. Figures of merit are shown for analytes 4: t-butyl 2087 

methyl ether and 5: cyclopentane with a resolution of 0.06 that demonstrates MCR-ALS struggles 2088 

to properly assign the correct loading to the respective analyte as shown in Figure B.3. These 2089 

results, especially the calibration curve data, is a further example of the limits of MCR-ALS to 2090 

properly deconvolute analytes with a resolution less than 0.3.   2091 

Following the same approach of data processing as shown in Figure 3.3, the raw data was 2092 

converted to MCR-ALS loadings for the entire 18 analyte separation (Figure 3.5A) then 2093 

differentiated, and finally cut and folded to generate the 2D chromatogram shown in Figure 3.5B. 2094 

Analyte 13: 1,2-dichloroethane that elutes at 1tR of 32 seconds exhibits an unusual behavior of 2095 

minimal partial modulation, this behavior results in the analyte generating extremely low intensity 2096 

of ‘apparent’ 2D peaks during the differentiation phase of data processing. For that reason, the 2097 

analyte that is seen in Figure 3.5A at 1tR 32 second fails to show up in the 2D chromatogram in 2098 

Figure 3.5B. This behavior is attributed to the analyte being highly retained on the 2D wax 2099 

stationary phase, which causes the vacancy and resulting front form generated by the pulse valve 2100 

flow modulator to be dramatically reduced. However, despite such an unfortunate behavior, the 2101 

analyte was still easily separated and identified with a match value of 855 and an RSD of 2.18%. 2102 

Chromatographic performance of the separation measured using the 4:1 dilution (14 2103 

ng/analyte injected) was deemed to be a good representative concentration to examine 2104 

performance. Data collection rate of 500 Hz for the TOFMS limits the 2105 
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 2106 

A 

B 

Figure 3.5. MCR-ALS Loadings and 2D Chromatogram, 18-Component Mixture 

(A) MCR-ALS loadings for all 18 analytes is shown at an injected 14 ng (14 parts per thousand) 

concentration. Various colors were used to help the reader distinguish the overlapped regions. Analyte 

(13: 1,2-dichloroethane) was highly retained on the 
2
D DB-Wax column resulting in loss of the pulse 

valve flow modulator’s pattern of partial modulation. (B) 2D Chromatogram generated from the 

differentiated loadings as demonstrated in Figure 3B and 3D. Analyte 1,2-dichloroethane is not 

shown in the 2D chromatogram due to lack of pulse valve modulations which results in data that is 

not readily differentiated to produce apparent 
2
D peaks 
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measuring performance of the pulse flow valve modulator, as each data point takes 2 ms, thus only 2107 

25 data points can be acquired for the entire modulation period. Higher collection rate at 10,000 2108 

Hz has been used before, which affords a significant improvement in precision when measuring 2109 

2D performance. All data are shown in Table B.2 in the supplemental figures. For the 2D 2110 

performance, the average standard deviation for 2tR was 0.54 ms, the average relative standard 2111 

deviation percentage was 3.50%. For the 2Wb performance the average standard deviation was 0.92 2112 

ms, and the average relative standard deviation was 3.75%. 2113 

 CONCLUSIONS 2114 

A novel pulse flow valve modulator for GC×GC-TOFMS has been demonstrated, which is 2115 

capable ultra-fast modulations while being compatible with a time-of-flight mass spectrometry. 2116 

Also, an innovative method of unrestricted deconvolution and data processing was developed that 2117 

allows for analyte identification and creation of traditional 2D chromatograms.  Herein, we 2118 

presented data which supports this assertion. The addition of this type of flow modulator to a mass 2119 

spectral detector is a further step in exploration of the benefits of an ultra-fast, low cost, high duty 2120 

cycle modulator. If one were able to create sufficiently narrow peaks on the 1D to support the pulse 2121 

valve flow modulators minimum modulation time of 50 ms, one could imagine that 2D peak 2122 

capacity production of 1000 peaks per minute is a reasonable expectation. Further studies targeted 2123 

towards creating high peak capacities along with novel data interpretation will help leverage the 2124 

potential of the pulse valve modulator. The pulse flow valve modulator has shown to be a very 2125 

interesting new modulator, not suffering from common modulator issues like breakthrough, 2126 

desorption, or loss of analyte signal concerns. 2127 
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 Continuous Monitoring with One-Dimensional Gas 2246 

Chromatography (1D-GC) via Injection by Pulse Flow Valve. 2247 

 INTRODUCTION 2248 

The analytical chemist employs a diverse range of techniques to investigate the reaction 2249 

mechanisms of a system. Most techniques focus on the analysis of either the precursors or the 2250 

analysis of the final products. In many fields of work, from industrial to environmental, monitoring 2251 

efforts are devoted to observing a system for changes in the concentration of reactants, 2252 

intermediates and products as a reaction or process progresses. Recently, in the field of gas 2253 

chromatography, a new form of flow modulation for comprehensive two-dimensional gas 2254 

chromatography (GC×GC) was introduced [1] that makes use of rapid pulses of carrier gas as the 2255 

source of modulation - dubbed ‘partial’ modulation due to the resultant data shown later. This form 2256 

of modulation is a hybrid of two chromatographic techniques; vacancy chromatography and frontal 2257 

analysis. It will be shown that this modulator has the ability to be used for continuous sampling of 2258 

volatile analytes present in a chemical system by the same process used for GC×GC based on the 2259 

principles of vacancy chromatography and frontal analysis discussed in chapter 1 of this text.  2260 

In previous work, [1] it was shown that the pulse flow valve modulator modulates the analytes as 2261 

they exit the 1D column by injecting a narrow pulse of carrier gas perpendicular to the flow of the 2262 

column at the union with the 2D column.  This injection of carrier gas has two effects on the signal, 2263 

it first creates a vacancy in the signal of the analyte, and secondly that vacancy is manifest as an 2264 

error function encoded with the critical separation data that mimics frontal analysis separation. 2265 

This same phenomenon will be shown to work as a continuous sampling/injection system for 2266 

analytes flowing off the headspace of a system. Thus, the researcher can easily and inexpensively 2267 

monitor a system with gas chromatography and a detector of choice. 2268 
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Vacancy chromatography is an older chromatographic technique first demonstrated by Reilley and 2269 

co-worker in 1962 [2]. Termed at the time as ‘inverse chromatography’, it was demonstrated that 2270 

in a separation with a steady state concentration of analytes, the removal of an analyte would give 2271 

the equal but inverted response as an injection of the analyte. In the traditional application of 2272 

vacancy gas chromatography, the mobile phase contains a small fraction of analyte contained in 2273 

the carrier gas. An injection of pure carrier gas into the region that contains the analyte causes a 2274 

region of negative concentration of analyte. This negative concentration of carrier gas will have 2275 

the same retention time as positive injection of the analyte. This behavior lends vacancy gas 2276 

chromatography applicable to process monitoring, however is not a commonly used technique as 2277 

most analytical chemist opt to take periodic samples to be tested. Currently, most literature written 2278 

on vacancy chromatography is related to liquid chromatography, specifically vacancy ion-2279 

exclusion chromatography [3–6]. In process monitoring, a mobile phase would contain analytes 2280 

that are continually passed through a separation column.  If a pulse of pure carrier gas were to be 2281 

injected, a negative peak profile would be created and pass through the column the same way a 2282 

positive peak would be expected to pass through. In a similar manner, the pulse flow valve 2283 

modulator injects carrier gas at a user defined time period creating vacancies in the signal (Fig 1.7, 2284 

Ch 1). The key difference from traditional vacancy chromatograph and the pulse flow valve 2285 

modulator applied to (GC×GC) separation is it is not performed on analytes at equilibrium along 2286 

the length of the column, but rather on Gaussian peaks resulting from the injection of analytes.  2287 

The results of partial modulation by carrier gas created by the pulse flow valve are displayed as 2288 

error functions. In this technique, the error functions contain the critical chromatographic 2289 

information that is analyzed using a modified frontal analysis technique.   Frontal analysis is a 2290 

form of chromatography where a continuous flow of analytes passes through a column, each 2291 
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analyte elutes at a different time depending on its affinity for the stationary phase of the column 2292 

[7–9]. This type of analysis traditionally is used for liquid chromatography and the resulting 2293 

appearance of analytes would only happen once for a separation as the solution elutes from the 2294 

column.  In the current application, the combination of the principles of vacancy chromatography 2295 

and frontal analysis occurs with each pulse of the valve, with the production of an error function 2296 

encoded with the critical chromatographic information. The concept of vacancy chromatography 2297 

and frontal analysis was previously shown in Fig 1.7 of chapter 1.    2298 

 EXPERIMENTAL  2299 

 Instrumental Summary 2300 

 The 1D-GC continuous monitoring of headspace instrument was evaluated using a flame 2301 

ionization detector (FID). The instrumental platforms consisted of an Agilent 6890 GC (Agilent 2302 

Technologies, Palo Alto, CA, USA). The stock electrometer for the Agilent FID was replaced with 2303 

a high-speed electrometer built in-house allowing the data to be collected at 2 kHz. The 2304 

electrometer was interfaced to a National Instruments data acquisition board, and the resulting data 2305 

was collected using an in-house written LabVIEW program (National Instruments, Austin, TX, 2306 

USA). Post-run data processing was performed in MATLAB R2015b (The Mathworks, Inc., 2307 

Natick, MA, USA). Samples were manually placed into an in-house made sample vial contained 2308 

within the GC oven. Ultra-high purity hydrogen (Grade 5, 99.999%) was used as the carrier gas 2309 

(Praxair, Seattle, WA, USA). For all instrumental setups an inlet and FID temperature of 175 °C 2310 

was implemented. All columns were contained within the same oven thus all had the same 2311 

temperature.   2312 
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 1D-GC 2313 

 For the 1D-GC evaluation, the GC was fitted with a high-speed pulse valve model 009–2314 

1643-900 (Parker Hannifin, Hollis, NH, USA) mounted outside of the oven. The pulsed flow valve 2315 

was controlled using the same program that was used to collect the FID data. A schematic of the 2316 

1D-GC instrument is shown in Fig. 4.1A. The guard column and separation column were linked 2317 

using a 3-way T-union model MT.5CXS6 (Valco Instruments Company Inc., Houston, TX, USA). 2318 

An in-house fitting was fabricated to mate the pulse flow valve to 7.24 cm × 1.65 mm copper 2319 

tubing (Restek, Bellefonte, PA, USA) reduced to 3.81 cm × 0.635 mm steel tubing interfaced with 2320 

a 2 μl sample loop model CSL2 (Valco Instruments Company Inc.) which was connected to the 3-2321 

way T-union.  2322 

 2323 

Figure 4.1. 1D-GC Instrumental Schematic. 2324 
(A) Instrumental schematic perform gas chromatography of headspace sampling through an 2325 

injection of carrier gas via the pulse flow valve. Guard column is used to direct carrier gas from 2326 

the inlet, through the sample vial and to the 3-way union. Continuous sample injection occurs at 2327 

the 3-way union via pulses of pure carrier gas from the pulse flow valve. (B) Close up view of 2328 

sample vial to show detail of carrier gas flow through the vial headspace.  2329 
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 2330 

 The guard column was a Restek IP Deactivated: 3 m length × 100 µm inner diameter (I.D.) 2331 

× 0.1 µm film thickness (d.f.). This column was cut to allow approximately 2.75 m of the column 2332 

to connect the GC inlet to the sample vial, the remain 0.25 m connected the sample vial to the T-2333 

union. The separation column was a DB-Wax (polyethylene glycol) stationary phase :1 m × 100 2334 

µm (I.D.) × 0.1 µm (d.f.), this column connected the T-union to the detector. These dimensions of 2335 

columns were chosen due to past work where the flow performance of a system made from these 2336 

dimensions was well known. A test mixture containing four low boiling analytes (Table C.1) was 2337 

used to evaluate the instrumental platform. A 40 µL volume of the four-component test mixture 2338 

was manually placed into the sample vial prior to each separation. A constant flow rate of 2.0 2339 

mL/min was applied to the system for all separations. Three experimental separations with the 2340 

four-component mixture were conducted isothermal at 50 °C in which continuous sampling was 2341 

conducted at three different rates, 75, 100, 150 ms with an injection of carrier gas pulse width of 2342 

2 ms (i.e. how long the pulse valve injects carrier gas). The head pressure on the pulse valve began 2343 

at 25 psi for each separation and was increased incrementally by 0.5 psi approximately every 20 2344 

seconds until a maximum pressure for the conditions was reached on the pulse valve that caused 2345 

the flow from the sample vial to be stopped, which was typically 36-38 psi. These three 2346 

experiments were conducted to monitor performance changes due to two variables, sampling rate, 2347 

and pulse flow valve sampling pressure.  Two experiments applied oven ramping:  1) 50-100 °C 2348 

at 3 °C/min, 2) 30-100 °C at 1 °C/min. The 50-100 °C oven ramp was applied to a separation of 2349 

the four-component mixture with the modulation pressure (32 psi) and flow (2 mL/min) held 2350 

constant in order to observe the change in separation due to temperature changes. The 30-100 °C 2351 

oven ramp was used to separate a 0.2 µL volume of unleaded gasoline with the pulse flow valve 2352 

pressure (32 psi) and flow rate (2.0 mL/min) held constant during the sampling. Prior to all 2353 
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experiments, the system (i.e. the sample vial) was allowed to come to equilibrium, this was 2354 

confirmed by ensuring a steady analyte signal was observed, this typically took 1-2 minutes.  2355 

 2356 

 RESULTS AND DISCUSSION 2357 

 Sample vessel. 2358 

The first challenge presented was the development of the sample vessel that would provide a 2359 

continuous sample to test the hypothesis that the pulse flow valve modulator could be converted 2360 

into a continuous sampling 1D-GC system (Fig. 4.1A). After some trial and error, it was found 2361 

that the simplest design that facilitated the test requirements was a 2 mL standard sample vial (Fig. 2362 

4.1B). Insertion of the guard column shown in Fig. 4.1B required the lid to be installed on the vial 2363 

before attempting to puncture the septum using the guard column. After both sections of the 2364 

column were inserted, it was found to be best practice to insert the column from the inlet deeper 2365 

than the column leading to the T-union. This allowed the inlet column to be close to the sample 2366 

located at the bottom of the vial, and the T-union column to be closer to the top, with the intent to 2367 

help with smooth flow through the vessel and attempt to reduce the turbulent flow within the 2368 

vessel. Elmer’s Rubber Cement to the outside of the vial covering the two insertion holes. With 2369 

this addition the sample vial was able to be heated to 100 °C repeatedly without suffering from 2370 

leaks.  2371 

 1D-GC Isothermal. 2372 

 Three sampling rates (75, 100, 150 ms) were employed during the isothermal sampling of 2373 

the four-component mixture. With the signal of the four analytes at equilibrium the pulse flow 2374 

valve would be turned on, beginning at 25 psi. Each pressure increase (0.5 psi) was held for 2375 
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approximately 20 seconds to allow the signal to once again come to a steady state. The resultant 2376 

raw data from the 75 ms sampling rate can be seen in Fig. 4.2A. With each resultant increase in 2377 

pulse  2378 

 2379 

Figure 4.2. 75 ms Sampling Rate Raw Data 2380 

(A) Raw data from continuous sampling at 75 ms of four test analytes (1: hexane, 2: cyclohexane, 2381 

3: methylcyclohexane, 4: 1-hexyne). The pulse flow valve was turned on at 1 minute at an initial 2382 

pressure of 25 psi, approximately every 20 seconds the pressure on the pulse flow valve was 2383 

increased by 0.5 psi. The increase in pressure results in an initial decrease in signal as the flow of 2384 

the carrier gas containing the test analytes momentarily decreases. This process was continued till 2385 

the flow of carrier gas from the sample vial was complete stopped by the flow of gas from the 2386 

pulse flow valve. (B-D) Shown are close up views of five injections at various pressures from the 2387 

pulse flow valve. 2388 
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 2389 

flow valve pressures a slight decrease in signal is noted, this is assumed to be caused by the sudden 2390 

added interruption in the flow from the sample vial resulting in a temporary reduction in analyte 2391 

signal. At higher pressures, in the case of the 75 ms sampling rate, at 37 psi the flow from the vial 2392 

is assumed to have gone to zero as the signal decreased to zero and failed to return, which was 2393 

intentionally not displayed in Fig. 4.2A. Figure 4.2B-D shows a close up view of the raw data at 2394 

three different pulse flow valve pressures (28, 32, and 35 psi). It is interesting to note that under 2395 

these conditions the meaningful data that is normally only observed in the front created during the 2396 

partial modulation is now found in the return portion of the signal. Figures 4.2B and 4.2C have a 2397 

very similar analyte elution pattern, while the pattern in Fig. 4.2D at 35 psi takes on a different 2398 

analyte pattern similar to that of traditional Gaussian peaks. The final processed data for the 75 ms 2399 

data sampling rate is shown in Fig. 4.3A-D. As can be seen as the pulse valve pressure increased, 2400 

the partial modulation increased, and the resultant processed data improved in regard to signal-to-2401 

noise (S/N). The order of elution of the analytes shown in Fig. 4.3D was determined by individual 2402 

runs of single analytes, which is not shown. The order of elution was also confirmed by accessing 2403 

Kovats retention indices online. The order of elution for the analytes did not change during any of 2404 

the testing as would be expected. The resultant 2D chromatogram of the processed data in Fig. 2405 

4.3A is shown in Fig. 4.4. As can be seen hexane is detectable even at the lowest pulse valve 2406 

pressure, which is assumed to be attributed to higher vapor pressure resulting in more analyte in 2407 

the gas phase. The remaining three analytes, all with lower vapor pressures, do not become 2408 

detectable till pressure on the pulse valve approaches ~28psi.  2409 

 Data for the 100 and 150 ms sampling rates are extremely similar in performance and will 2410 

be discussed together. The key difference with the 75 ms sampling rate data when compared to the 2411 
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100 and 150 ms sampling rate data is the location of the chromatographic information. As shown 2412 

with the 75 ms data, the chromatographic data was found in following the partial modulation in  2413 

 2414 

Figure 4.3. 75 ms Sampling Rate Final Processed Data 2415 

(A) Processed data of four test analytes (1: hexane, 2: cyclohexane, 3: methylcyclohexane, 4: 1-2416 

hexyne) from Fig 4.2A after the three step data conversion process that converts raw data into 2417 

apparent Gaussian peaks. The increase in intensity with the increase in pulse flow valve pressure 2418 

is direct related to the increase in peak intensity in the final data.  Each increase in pulse flow valve 2419 

pressure is apparent by the spike in signal. (B-D) Shown are close up views of five injections at 2420 

various pressures from the pulse flow valve. A clear increase in S/N occurs at the higher pulse flow 2421 

valve pressures. 2422 

 2423 
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the return portion of the signal. For 100 and 150 ms the important chromatographic information is 2424 

found in the frontal portion of the vacancy front. This location of chromatographic information 2425 

encoded in the data front is consistent with past GC×GC[10] and GC3 data. It is observed for both  2426 

 2427 

Figure 4.4. 2D Chromatogram of 75 ms Sampling Rate Data. 2428 

A 2D chromatogram of continuous sampling rate of 75 ms is shown where the retention time of 2429 

the analyte on the DB-Wax column is shown compared to the pressure of the gas injected from the 2430 

pulse flow valve. The shift in retention time is related to the change in overall flow of carrier gas 2431 

with the increase in carrier gas injected by the pulse flow valve. The total number of injections 2432 

during this separation is shown on the horizontal axis. 2433 

 2434 
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the 100 and 150 ms sampling rate the separation profile changed very little as the pulse valve 2435 

pressure increased. The key change in the 100 ms data from Fig. 4.5B to Fig. 4.5D with the 2436 

increased pressure is the increase in the partial modulation which would be expected, which results 2437 

in increased S/N in the processed data for both 100 ms and 150 ms seen in Figs. 4.6 and 4.8 2438 

respectively. One can see that when the data is viewed in a traditional 2D chromatogram plot, 2439 

 2440 

Figure 4.5. 100 ms Sampling Rate Raw Data 2441 

(A) Raw data from continuous sampling at 100 ms of four test analytes (1: hexane, 2: 2442 

cyclohexane, 3: methylcyclohexane, 4: 1-hexyne). The pulse flow valve was turned on at 1 minute 2443 

at an initial pressure of 25 psi, approximately every 20 seconds the pressure on the pulse flow 2444 

valve was increased by 0.5 psi. The increase in pressure results in an initial decrease in signal as 2445 

the flow of the carrier gas containing the test analytes momentarily decreases. This process was 2446 

continued till the flow of carrier gas from the sample vial was complete stopped by the flow of gas 2447 

from the pulse flow valve. (B-D) Shown are close up views of five injections at various pressures 2448 

from the pulse flow valve 2449 
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that as the sampling rate increases from 75 ms (Fig. 4.4) to 100 ms (Fig. 4.7) and 150 ms (Fig. 2450 

4.10), the separation time of the four analytes remained consistent at approximately 65-70 ms.  2451 

 2452 

Figure 4.6. 100 ms Sampling Rate Final Processed Data 2453 

(A) Processed data of four test analytes (1: hexane, 2: cyclohexane, 3: methylcyclohexane, 4: 1-2454 

hexyne) from Fig 4.5A after the three step data conversion process that converts raw data into 2455 

apparent Gaussian peaks. The increase in intensity with the increase in pulse flow valve pressure 2456 

is direct related to the increase in peak intensity in the final data.  Each increase in pulse flow valve 2457 

pressure is apparent by the spike in signal. (B-D) Shown are close up views of five injections at 2458 

various pressures from the pulse flow valve. A clear increase in S/N occurs at the higher pulse flow 2459 

valve pressures. 2460 



110 

 

 2461 

Figure 4.7. 2D Chromatogram of 100 ms Sampling Rate Data.  2462 

A 2D chromatogram of continuous sampling rate of 100 ms is shown where the retention time of 2463 

the analyte on the DB-Wax column is shown compared to the pressure of the gas injected from 2464 

the pulse flow valve. The shift in retention time is related to the change in overall flow of carrier 2465 

gas with the increase in carrier gas injected by the pulse flow valve. The total number of 2466 

injections during this separation is shown on the horizontal axis. 2467 

 2468 

 2469 

 2470 

 2471 

 2472 
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 2473 

Figure 4.8. 150 ms Sampling Rate Raw Data 2474 

(A) Raw data from continuous sampling at 150 ms of four test analytes (1: hexane, 2: cyclohexane, 2475 

3: methylcyclohexane, 4: 1-hexyne). The pulse flow valve was turned on at 1 minute at an initial 2476 

pressure of 25 psi, approximately every 20 seconds the pressure on the pulse flow valve was 2477 

increased by 0.5 psi. The increase in pressure results in an initial decrease in signal as the flow of 2478 

the carrier gas containing the test analytes momentarily decreases. This process was continued till 2479 

the flow of carrier gas from the sample vial was complete stopped by the flow of gas from the 2480 

pulse flow valve. (B-D) Shown are close up views of five injections at various pressures from the 2481 

pulse flow valve. 2482 
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 2483 

Figure 4.9. 150 ms Sampling Rate Final Processed Data 2484 

(A) Processed data of four test analytes (1: hexane, 2: cyclohexane, 3: methylcyclohexane, 4: 1-2485 

hexyne) from Fig 4.8A after the three step data conversion process that converts raw data into 2486 

apparent Gaussian peaks. The increase in intensity with the increase in pulse flow valve pressure 2487 

is direct related to the increase in peak intensity in the final data.  Each increase in pulse flow valve 2488 

pressure is apparent by the spike in signal. (B-D) Shown are close up views of five injections at 2489 

various pressures from the pulse flow valve. A clear increase in S/N occurs at the higher pulse flow 2490 

valve pressures. 2491 

 2492 

 2493 
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 2494 

Figure 4.10. 2D Chromatogram of 150 ms Sampling Rate Data.  2495 

A 2D chromatogram of continuous sampling rate of 150 ms is shown where the retention time of 2496 

the analyte on the DB-Wax column is shown compared to the pressure of the gas injected from the 2497 

pulse flow valve. The shift in retention time is related to the change in overall flow of carrier gas 2498 

with the increase in carrier gas injected by the pulse flow valve. The total number of injections 2499 

during this separation is shown on the horizontal axis. 2500 

 2501 

Based on that observation it can be assumed that peak capacity on the separation column is directly 2502 

influenced by the rate of sampling, i.e. slower the sampling rate, the higher the peak capacity. 2503 

There should be a limit to this observation, however a large enough span of sampling rate was not 2504 

tested.  2505 
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 1D-GC Temperature Ramped Separation of Four Analytes. 2506 

 Flow rate (2.0 mL/min) and pulse valve flow (32 psi) conditions were selected for the 2507 

temperature ramped separations that are based upon the data generated during the isothermal work. 2508 

One key issue that was not properly addressed during the separation is the adjustment of the flow 2509 

and pulse valve pressure to account for increased pressure of the separation column as the 2510 

temperature increases. Based on a commercially available pressure flow calculator, at 50 °C and a 2511 

constant flow of 2.0 mL/min the separation column inlet pressure would be ~36 psi, with an 2512 

average velocity of 188 cm/s. At 100 °C and with the same constant flow of 2.0 mL/min, the 2513 

separation column inlet pressure would increase to ~42 psi, with an average velocity of 197 cm/s. 2514 

These changes in flow, and more importantly in pressure, should have been matched with a similar 2515 

increase in pulse valve pressure throughout the experiment. This oversight undoubtedly had some 2516 

influence over the data shown in Fig. 4.11 of the separation of the four-component mixture. Figures 2517 

4.11B-F, show that the data took some unusual forms in the raw format as the temperature began 2518 

to rise. It can be seen in the raw data (Figs. 4.11B-E) covering 50-80 °C that all four analytes were 2519 

resolved with a resolution of at least Rs = (1) which was shown by the observation of four 2520 

individual fronts corresponding to each analyte. That pattern is changed to three fronts at 90-100 2521 

°C (Figs. 4.11F-G) when 1-hexyne and methylcyclohexane become overlapped at higher 2522 

temperatures. Seen in the processed data (Fig. 4.12) is the results of the raw data from Fig. 4.11, 2523 

where one can observe the Gaussian peaks of the four analytes until the temperature approaches 2524 

80 °C (Fig. 4.12E) as the two analytes begin to overlap. This behavior is most evident in the 2D 2525 

chromatogram in Fig. 4.13 that shows that the resolution of all analytes decreased as the 2526 

temperature rose, with 1-hexyne and methycyclohexane becoming overlapped. A 2D 2527 

chromatogram of a  2528 
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 2529 

 2530 

Figure 4.11. Temperature Ramp Separation of 4 Analytes Raw Data. 2531 

(A) Raw data from continuous sampling at 100 ms of four test analytes (1: hexane, 2: cyclohexane, 2532 

3: methylcyclohexane, 4: 1-hexyne). The pulse flow valve was turned on at 1 minute at a pressure 2533 

of 32 psi. The flow (2.0 mL/min) and pulse valve flow were held constant while the oven was 2534 
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ramped from 50 ˚C to 100 ˚C at 3 ˚C/min. The oven was held constant for the initial two minutes. 2535 

(B-G) Shown are close up views of five injections at five different temperatures.  2536 

 2537 

Figure 4.12. Temperature Ramp Separation of 4 Analytes Final Processed Data.  2538 

(A) Processed data of four test analytes (1: hexane, 2: cyclohexane, 3: methylcyclohexane, 4: 1-2539 

hexyne) from Fig 4.11A after the three step data conversion process that converts raw data into 2540 
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apparent Gaussian peaks. (B-G) Shown are close up views of five injections at five different 2541 

temperatures.  2542 

 2543 

Figure 4.13. 2D Chromatogram of 100 ms Temperature Ramp Data 2544 

A 2D chromatogram of continuous sampling rate of 100 ms at 32 psi from the pulse flow valve is 2545 

shown where the retention time of the analyte on the DB-Wax column is shown during oven ramp 2546 

(50-100 ˚C) at 3 ˚C/min. The shift in retention time is related to the increase in temperature which 2547 

reduces the k’ of the retained peaks. Note hexane experiences very little shift as it was an 2548 

unretained peak on the DB-Wax column. The slight increase in retention time as the temperature 2549 

increases is due to instrument set to constant flow (2.0 mL/min) which resulted in a decrease in 2550 

linear flow velocity of the carrier gas as increased temperatures. 2551 
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 2552 

 2553 

ramped temperature gasoline separation using similar conditions is shown in Fig. C1. This work 2554 

clearly shows separation of alkanes, saturated hydrocarbons, and cyclic hydrocarbons. 2555 

 CONCLUSIONS 2556 

 It has been shown that the pulse flow valve used for multidimensional gas chromatography 2557 

can be potentially used in a 1D-GC fashion as a sample injection platform for continuous 2558 

monitoring of a chemical system comprised of volatile analytes. Herein, data was presented that 2559 

support this assertion. The pulse flow valve combined with 1D-GC demonstrates the ability to 2560 

rapidly (≥ 50 ms) sample the volatile chemicals associated with any form of a chemical system. 2561 

Further work is warranted to develop a sample vessel that allows for monitoring of a chemical 2562 

reaction in-situ. Other potential exists to use the pulse flow valve combined with mass 2563 

spectrometry to allow for on-line sampling of atmospheric environment conditions that provide 2564 

near real time detection of compounds. 2565 

  2566 

  2567 
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 Conclusion 2599 

 SUMMARY OF WORK 2600 

The separation, identification, and quantification of analytes contained within complex 2601 

mixtures are often addressed with chromatographic methods. The goal of analytical separations, 2602 

such as gas chromatography (GC), is to provide the desired chemical information to meet the goals 2603 

of the analysis, often with analysis speed being an important factor. This type of situation 2604 

commonly occurs in the analysis of complex mixtures frequently experienced in the following 2605 

areas: food, flavors, fragrance, environmental, petroleum sciences, forensic, biological, 2606 

metabolomics, and volatile organic compounds. While the GC field is dominated by traditional 2607 

one-dimensional gas chromatography (1D-GC), two-dimensional gas chromatography (2D-GC) 2608 

has rapidly emerged from a niche technique into a widely used method in industrial, national 2609 

laboratories and academic research sectors. The progression from traditional one-dimensional gas 2610 

chromatography (GC) to comprehensive multi-dimensional gas chromatography (MDGC), 2611 

namely two-dimensional gas chromatography (GC×GC), has been one of the more significant 2612 

advancements in the field of gas chromatography. Numerous advancements in instrumentation, 2613 

optimization, data processing and analysis have been of utmost importance. A multitude of 2614 

researchers have applied numerous approaches to improve the various components of GC×GC 2615 

separation and data analysis techniques, resulting in significant improvements in the past 27 years. 2616 

Central to development of GC×GC separation science is evolution of modulators and modulation 2617 

techniques, which the presented work has focused on, and that further expand the chemical 2618 

information that can be gathered in minimal time.   2619 

Chapter 1 focused on the principles that govern the science of gas chromatography 2620 

separations. Within this chapter fundamentals and thermodynamic properties are reviewed that 2621 
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governs key separation performance parameters such as resolution, peak capacity, sampling 2622 

density, and modulation period. Discussed in detail is the evolution of three classes of modulators, 2623 

various modulations techniques and their respective advantages and limits.  2624 

Chapters 2 and 3 focus on application of two new modulators for MDGC that are reliable, 2625 

cost-effective, able to modulate a wide range of compounds (C1-C40+) and while producing high 2626 

peak capacity, with ultra-fast modulation period of 50 ms, a four-fold reduction in modulation 2627 

period over previous work. Chapter 2 applies a pulse flow valve modulator, that through an 2628 

unconventional form of modulation designated ‘partial modulation’ was studied in combination 2629 

with a time-of-flight mass spectrometer. Operating with PM of 50 ms, the modulator enables use 2630 

for high-speed separations. The data produced was deconvoluted and quantified by use of MCR-2631 

ALS chemometric technique. The critical parameter of this study was the ability of this form of 2632 

modulation to be compatible with a detector at vacuum, and that the results show the form of 2633 

modulation does not interfere with quantification of detection limits.  Chapter 3 explored the use 2634 

of the pulse valve flow modulator as both an ultra-fast modulator for GC×GC-FID, and a 2635 

modulator in a GC3 instrumental platform was designed allowing for both increased selectivity 2636 

provided by the three dimensions. In the GC×GC-FID study a high peak capacity production of 2637 

1,200 peaks/min was achieved with a peak capacity on the 2D dimensional (2nc = 20), in the GC3 2638 

segment of the study high peak capacity production of 1,000 peaks/min, a 4-fold improvement 2639 

from previous GC3 platforms.  2640 

 Chapter 4 presented a concept of continuous sampling 1D chromatography utilizing the 2641 

pulse flow valve modulator dubbed a “GC sensor.” During this study select low boiling analytes 2642 

were separated by use of the pulse flow valve that produced separation fronts onto a separation 2643 

column. Various temperatures and modulation pulse flow pressures were studied to determine the 2644 
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response of the system. While this study was very preliminary, further research with this pulse 2645 

flow valve is warranted for its merits as a continuous monitor of a dynamic chemical system.  2646 

 FUTURE DIRECTION 2647 

 Instrumentation 2648 

Rarely does instrument with so much potential as that of the pulse flow valve modulator 2649 

come along that has such a large untapped reservoir. This feeling must have been what others 2650 

within the field of comprehensive gas chromatography felt when they first realized the potential 2651 

of their discovery. Two proposals have already been made for research into application of the pulse 2652 

flow valve, first is extended research into the concept of continuous monitoring of a chemical 2653 

reaction process, and second is use of the GC3 instrumental platform presented with a TOF 2654 

detector. In the first proposal the pulse valve would be used to continuously monitor a reaction in 2655 

real time. A continuous stream of gas from the headspace of a reaction vessel would be routed into 2656 

a GC oven containing a separation column and the pulse valve. The pulse valve could be actuated 2657 

at a user defined rate (≥50 ms) to create the miniature ‘injection fronts’ on the separation column. 2658 

The resulting data from the separation would be “cut” at each modulation resulting in a series of 2659 

1D separations that are representative of the reaction headspace changes. A form of chemometrics 2660 

such as PCA could be used in the analysis of the data, with the resulting scores plots serving as a 2661 

function of the time at which the sampling took place. From this data, one would gain insight into 2662 

the reaction mechanisms, reaction rates, and possible reaction intermediate products.  2663 

In the second proposal the GC3 instrumental platform would be applied to spectral data 2664 

collected with a TOF mass spectrometer. The resulting data combined with multivariate curve 2665 

resolution alternating least squares (MCR-ALS) could be used to deconvolute GC×GC×GC – 2666 

TOFMS in order to extract the chemical information without processing the data. Along with these 2667 
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two proposals there are literally countless other research opportunities associated with use of the 2668 

pulse valve modulator, that take advantage of the simple design, robust behavior and lack of 2669 

associated costs and other concerns with using cryogens accompanying many thermal modulators 2670 

or high flow rate concerns related most other flow modulators. 2671 

 Data Analysis 2672 

Multivariate curve resolution alternating least squares (MCR-ALS) analysis has been 2673 

shown to be an effective tool in relating chemical information obtained from GC×GC – TOFMS. 2674 

The effectiveness however has shown to be limited to approximately a resolution of (≥0.3) which 2675 

for high speed separation of complex mixtures has shown to be a problem in chapter 2 of the text. 2676 

Currently within the Synovec group research continues attempting to develop a feature selection 2677 

system that would be used with MCR-ALS in a constrained manner for regions of overlap with a 2678 

resolution less than 0.3. This breakthrough when achieved for MCR-ALS will further expand the 2679 

usefulness of MDGC with all forms of modulation.  2680 

  2681 
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APPENDIX 2682 

Appendix A 2683 

Table A.1. 15-Component Mixture 2684 

Table of the 15-component mixture ordered by elution time on 1D. The supplier and purity are 2685 

included. The 15 compounds were combined equally by volume by adding 25 µl each for a total 2686 

volume of 375 µl. 2687 

 2688 

 2689 

 2690 

 2691 

 2692 

 2693 

 2694 

 2695 

 2696 

 2697 

 2698 

 2699 

 2700 
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Table A.2. 18-Component Mixture 2701 

Table of the 18-component mixture ordered by elution time on 1D. The supplier and purity are 2702 

included. The 18 compounds were combined equally by volume by adding 25 µl each for a total 2703 

volume of 450 µl.  2704 

 2705 

Table A.3. Diesel Spiked Compounds. 2706 

List of 8 compounds that were spiked into diesel fuel in order of elution time on 1D. 100 µl of each 2707 

compound was mixed to create a 800 µl stock solution. Then 10 µl of the stock solution was added 2708 

to 190 µl of diesel fuel to create a 200 µl solution.   2709 

 2710 

 2711 
 2712 

 2713 

 2714 

 2715 

 2716 
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Figure A.1. Three Step Data Conversion from Frontal to 2D Gaussian Peaks. 2717 

Modulation of 1D signal with pulse flow valve and processing steps (3 steps) to convert signal to 2718 

2D format with the appearance of a GC × GC chromatogram. (A) The unmodulated peak of a non-2719 

overlapped single analyte. (B) The same analyte after partial modulation with the pulse flow valve. 2720 

(C) Differentiation of the partially modulated peak in (B). The minima represents the inflection 2721 

point of the error function produced by the pulse valve flow modulator. (D) Inversion of the 2722 

differentiated data. This is performed by multiplying the differentiated by -1. (E) The baseline sag 2723 

produced by the differentiation step is removed by an in-house low frequency noise filter. (F) A 2724 

2D chromatogram produced by cutting and folding the data by the modulation period (PM) time. 2725 

 2726 

 2727 
 2728 

 2729 

 2730 

 2731 

 2732 

 2733 

 2734 

 2735 

 2736 

 2737 

 2738 

 2739 

 2740 

 2741 
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Figure A.2. PM 500 GC×GC-FID Data with 2nc Determination. 2742 

(A) Shown is a 2D Chromatogram of the 115 mixture separation shown in Figure 2.2.  Twelve 2743 

analytes were used to evaluate the peak capacity on the second dimension (2nc). (B)  The twelve 2744 

analytes were cut out of the 2D chromatogram, concatenated, and are plotted in a single 2745 

chromatogram to measure their respective 2D retention time and peak width (2Wb).  Retention times 2746 

verses peak width is shown in the subset along with the fitted equation.  (C)  A model based on 2747 

the equation from (B) is used to calculate the 2nc. A resulting second dimension peak capacity of 2748 

20 was calculated at a resolution of 1, for a total peak capacity nc,2D of ~7200 or a peak capacity 2749 

production of ~1200 peaks/min for this separation. 2750 

 2751 

 2752 

 2753 

 2754 



128 

 

Figure A.3. Overlapped GC3 – FID 18-Component Vector Data. 2755 

(A) The combined processed vector chromatogram of a GC3 - FID separation of the 18 component 2756 

mixture. Each analyte was injected individually to identify the analyte based on retention times. 2757 

The 1PM was 1 sec and the 2PM was 50 ms. (B) An enhanced view of the processed vector 2758 

chromatogram of is shown for n-Hexane. The width of based data is listed for all three separation 2759 

dimensions. (C) An enhanced view of the processed vector chromatogram of is shown for 2760 

Methylcyclopentane (red), and 1-Hexyne (yellow). The width of based data is listed for all three 2761 

separation dimensions.  2762 

 2763 
 2764 

 2765 

 2766 

 2767 



129 

 

Figure A.4. 2D Chromatograms of 3 Analytes used for Figures of Merit. 2768 

(A) 1D vs 2D chromatogram of the 18 component test mixture collected using a 1PM
 
of 1.0 seconds 2769 

and a 2PM of 50 ms that has been summed on the 3D. The analytes from Table 2.1 have been circled. 2770 

(B) 1D vs 3D chromatogram of the 18 component test mixture collected using a 1PM
 
of 1.0 seconds 2771 

and a 2PM of 50 ms that has been summed on the 2D. The analytes from Table 2.1 have been circled. 2772 

 2773 

 2774 
 2775 

 2776 

 2777 

 2778 

 2779 

 2780 

 2781 

 2782 

 2783 

 2784 

 2785 

 2786 

 2787 

 2788 

 2789 

 2790 

 2791 

 2792 

 2793 

 2794 

 2795 

 2796 

 2797 

 2798 

 2799 
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Figure A.5. 2D Chromatograms of 115-Component Test Mixture 2800 

(A) 2D vs 3D chromatogram of the 115 component test mixture collected using a 1PM of 1.2 seconds 2801 

and a 2PM of 60 ms that has been summed on the 1D. Because this is the summation of all the 1D 2802 

modulations, it is difficult to extract meaningful information. Thus (B), (C), and (D) have been 2803 

prepared to show the benefit of visualizing the data in this manner. (B) Plot of 2D vs 3D 2804 

chromatogram of the 115 component test mixture summed on 1D between 3 to 4 minutes. (C) Plot 2805 

of 2D vs 3D chromatogram of the 115 component test mixture summed on 1D between 5 to 6 2806 

minutes. (D) Plot of 2D vs 3D chromatogram of the 115 component test mixture summed on 1D 2807 

between 7 to 8 minutes. 2808 

 2809 

 2810 
 2811 

 2812 

 2813 

 2814 

 2815 

 2816 

 2817 

 2818 

 2819 
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Figure A.6. 2D Chromatograms of 115-Component Test Mixture 2820 

(A) 1D vs 2D chromatogram of the 115 component test mixture collected using a 1PM of 1.2 seconds 2821 

and a 2PM of 60 ms that has been summed on the 3D. The analytes from Table 2.2 have been circled. 2822 

(B) 1D vs 3D chromatogram of the 115 component test mixture collected using a 1PM of 1.2 seconds 2823 

and a 2PM of 60 ms that has been summed on the 2D. The analytes from Table 2.2 have been circled. 2824 

 2825 

 2826 
 2827 

 2828 

 2829 

 2830 

 2831 

 2832 

 2833 

 2834 

 2835 

 2836 

 2837 

 2838 

 2839 

 2840 

 2841 

 2842 

 2843 

 2844 

 2845 

 2846 

 2847 

 2848 

 2849 

 2850 

 2851 
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Figure A.7. 2D Chromatograms of Diesel with Spiked Analytes. 2852 

 (A) 1D vs 2D chromatogram of diesel fuel spiked with 8 compounds collected using a 1PM of 1.2 2853 

seconds and a 2PM of 60 ms that has been summed on the 3D. (B) 1D vs 3D chromatogram of diesel 2854 

fuel spiked with 8 compounds collected using a 1PM of 1.2 seconds and a 2PM of 60 ms that has 2855 

been summed on the 2D. (C) 2D vs 3D chromatogram of diesel fuel spiked with 8 compounds 2856 

collected using a 1PM of 1.2 seconds and a 2PM of 60 ms that has been summed on the 1D. Diesel 2857 

fuel is even more complicated than the 115 and 18 component mixtures and because there are 2858 

thousands of compounds, viewing the data in this manner does not yield much information. Thus 2859 

(D), (E), and (F) have been prepared where only portions of the 1D chromatogram are shown. In 2860 

order to improve the visualization, only 3 modulations (3.6 seconds) are shown. (D) 2D vs 3D 2861 

chromatogram of diesel fuel spiked with 8 compounds collected using a 1PM of 1.2 seconds and a 2862 

2PM of 60 ms that has been summed on the 1D from 6.4 to 6.44 minutes. The analyte at a 2D 2863 

retention time of ~0.45 s and 3D retention time of ~45 ms is butylamine 1 of the 8 spiked analytes. 2864 

(E) 2D vs 3D chromatogram of diesel fuel spiked with 8 compounds collected using a 1PM of 1.2 2865 

seconds and a 2PM of 60 ms that has been summed on the 1D from 7.82 to 7.86 minutes. The analyte 2866 

at a 2D retention time of ~0.90 s and 3D retention time of ~55 ms is 1,2-dichloroethane 1 of the 8 2867 

spiked analytes. (F) 2D vs 3D chromatogram of diesel fuel spiked with 8 compounds collected 2868 

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 2869 

minutes. The analyte at a 2D retention time of ~0.90 s and 3D retention time of ~50 ms is N,N-2870 

dimethylaniline 1 of the 8 spiked analytes.  2871 

 2872 

 2873 
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Appendix B 2877 

 2878 

Table B.1. 5.4. 18-Component Mixture with Resolution and Match Values. 2879 

All data taken from four separations of the 4:1 concentration (14 ng per Analyte) injected.  2880 

Resolution is reported to the nearest neighbor, some analytes have to resolutions listed as they have 2881 

two neighbors  2882 

 2883 

 2884 

 2885 

 2886 

 2887 

 2888 

 2889 

 2890 

 2891 

 2892 

 2893 
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Table B.2. 5.5. Chromatographic Figures of Merit 18-Component Mixture. 2894 

All data 
1
D data reported herein is the mean with standard deviation and relative standard deviation 2895 

percentage given for four (4) separations at the 4:1 concentration (14 ng per analyte injected). 
2
D 2896 

data reported is taken from one (1) separation of the 4:1 concentration. 2897 

 2898 

 2899 

 2900 

 2901 
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Figure B.1. 5.8. Total Ion and Selection Ion Chromatograms. 2902 

A total ion count 1D chromatogram of all injected concentrations shown. (B) Select ions 1D 2903 

chromatogram at an injected concentration of 14 ng (4:1 dilution).   2904 

 2905 

 2906 
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Figure B.2. 5.9. Raw Data, MCR-ALS Loadings, 2D Chromatograms for Overlapped 2907 

Regions. 2908 
The following series of figures show a close up of all analytes. The raw data (i.), MCR-ALS 2909 

loadings (ii.) and 2D contour chromatogram (iii.) are shown. (A) Analytes 1: acetone, 2: isopropyl 2910 

alcohol, 3: 2-methyl-2-propanol. (B) Analytes 4: T-butyl methyl ether, 5: cyclopentane. (C) 2911 

Analytes 6: 1-hexene, 7: hexane, 8: 2-butanone. (D) Analytes 12: 1-chlorobutane, 13: 1,2-2912 

dichloroethane. Note that 1,2-dichloroethane is missing from 2D contour chromatogram due to 2913 

excessive retention on the 
2
D polar column. (E) Analytes 14: cyclohexane, 15: benzene, 16: carbon 2914 

tetrachloride. (F) Analytes 17: 1-heptene, 18: heptene. 2915 

 2916 

  2917 
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Figure B.3. 5.10. MCR-ALS Loading vs Mass Injected. 2929 

(A) MCR-ALS Loading area results based on mass injected for analytes 4: T-butyl methyl ether 5: 2930 

cyclopentane are shown. Inset shown for detail of lower inject concentrations. (B) Match values 2931 

for all concentrations. The resolution (R
S
) of the two analytes was calculated at (0.06). 2932 

 2933 
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Figure B.4. 5.11. Figures of Merit 1D and 2D Peaks. 2934 

(A) MCR-ALS loading of the internal standard, 1-Heptene. (B) Differentiated MCR-ALS loading 2935 

in Figure S2A. (C) 1D chromatogram of 1-Hexane generated from the 2D peak maximum shown 2936 

in Figure S2B, 
1
w

b
 of 1.09 s was determined. (D) Close up view of three 

2
D peaks from Figure 2937 

S2B, 
2
w

b 
of 22 ms was determined. 2938 

 2939 

 2940 

  2941 
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Appendix C  2942 

Table C.1. 5.6. 4-Component Mixture. 2943 

Table of the 4-component mixture ordered by elution order. The supplier and purity are included. 2944 

The 4 compounds were combined equally by volume by adding 10 µL each for a total volume of 2945 

40 µL contained in the sample vial prior to each separation.  2946 

 2947 

 2948 
 2949 

 2950 

 2951 

 2952 

 2953 

 2954 

 2955 

 2956 

 2957 

 2958 

 2959 

 2960 

 2961 

 2962 

 2963 

 2964 

 2965 

 2966 

 2967 

 2968 

 2969 

 2970 

 2971 

 2972 

 2973 
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 2975 

 2976 

 2977 
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Figure C.1. 5.12.2D Chromatogram of Gasoline Separated via 1D-GC Sampling. 2978 

A 2D chromatogram of gasoline is shown with a continuous sampling rate of 75 ms at 32 psi 2979 

from the pulse flow valve where the retention time of the compounds on the DB-Wax column is 2980 

shown compared to the oven temperature ramped (30-100 ˚C) at 1 ˚C/min. The slight increase in 2981 

retention time as the temperature increases is due to instrument set to constant flow (2.0 mL/min) 2982 

which resulted in a decrease in linear flow velocity of the carrier gas as increased temperatures. 2983 

Data was registered 5 ms to align the alkane band close to 0 ms. 2984 

 2985 
 2986 

 2987 
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 2989 
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