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Highlights 26 

 27 

 28 

 Advanced GC methods based on more than 2 separation columns are detailed 29 

 In most cases, GCGC is incorporated as part of the sequential column design 30 

 Switching valves or modulation devices are located between the sequential columns 31 

 Different analytical capabilities may be ascribed to each different design  32 

 Selected examples are used to highlight the utility of each arrangement  33 

 34 
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Abstract 35 

Comprehensive two-dimensional gas chromatography (GCGC) and multidimensional GC 36 

(MDGC) offers high performance separation capability towards multi-component samples, and 37 

improved sample characterisation. Recent advances, particularly with new GCGC 38 

methodologies, which apply additional columns to the basic GCGC method, along with 39 

hyphenation with mass spectrometry, potentially have a tremendous impact on the analysis of 40 

various applications such as food, petrochemicals, fragrances, drugs and environmental 41 

samples. The present review highlights the new experimental designs in GCGC coupled with 42 

MDGC to offer significant changes in operational performance, and applications of these 43 

technologies which have been developed within the last several years. 44 
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1. Introduction 50 

Comprehensive two-dimensional gas chromatography (GCGC) is a high resolution technique 51 

which has been well recognised for its outstanding capability for separation of complex multi-52 

component samples. Conventionally, this technique applies two columns providing different 53 

(ideally “orthogonal”) selectivity toward sample components. The columns are sequentially 54 

connected via a device serving to effectively heart-cut (H/C) or modulate solute from a first 55 

dimension column (1D) to the second dimension (2D) process. GCGC may be considered a 56 

sub-set of multidimensional gas chromatography (MDGC). GCGC uses a short column and a 57 

device to rapidly collect and pulse solute from the 1D to 2D columns, usually at a rate faster 58 

than the peak width on the 1D column. This is defined by the modulation ratio, MR which ratios 59 

the 1D peak width at baseline to the scale of modulation period PM. ‘Comprehensive’ refers to 60 

the complete analysis of all sample components. By contrast, classical MDGC uses a long 2D 61 

column, and samples only one or a few ‘heart-cuts’ (H/C). Hence improved separation only 62 

arises for the selected H/C. The H/C window will ideally be sufficiently narrow to target only 63 

the required region for improved separation, to avoid sampling too many compounds into the 64 

2D column. Compared to one-dimensional (1D) GC, MDGC offers enhanced separation, 65 

column peak capacity and potentially improved detection limits (through removal of 66 

underlying interfering peaks, or as a result of cryogenic refocusing effect).  67 

 68 

With the aim of reducing analysis time in MDGC whilst employing multiple sampling but 69 

maintaining high-resolution 2D separation, multiple H/C with a short sampling window and 70 

rapid cycle time was performed, e.g., by using both Deans switch (DS) and modulator operation 71 

[1]. This generates an approach which may be considered somewhat intermediate between H/C 72 

MDGC and GCGC, allowing comprehensive analysis (the total sample is measured) but 73 

permits longer 2D columns than for GCGC, since the sampling time is extended. Apart from 74 

the improved efficiency and peak capacity, selectivity options can include either novel 75 

stationary phases, or selectivity tuning approaches employing multiple column combinations.  76 

 77 

When analyte is transferred to a 2D column, ideally it will be delivered to the column as a very 78 

narrow band, akin to an instantaneous injection. GCGC modulators are designed to 79 

accomplish this; minimise peak bandwidths, and maximise peak capacity on the short 2D 80 

column. Microfluidic switches located between two columns direct 1D column flow to 2D 81 

channels, and this is the usual way to achieve heart-cuts as in MDGC analysis. Without some 82 
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intervention, broadened 1D analyte peaks will possess the same peak dispersion on the 83 

receiving 2D column. The easiest way to reduce the input 2D peak dispersion is to use a 84 

cryogenic device: collect the analyte as a sharp band, then release it immediately by rapid 85 

heating of the cold column zone. By appropriate timing, as soon as the H/C transfer to 2D is 86 

completed with cryogenically focused solute, the column zone is heated. In this manner, 87 

successive H/Cs of e.g., 1.0 or 1.5 min can be transferred to 2D, and high peak capacity of each 88 

H/C is achieved. Marriott et al. [2] and Yang et al. [3] investigated these methods.  89 

 90 

In the sections that follow, aspects of GCGC (usually with cryogenic modulation), MDGC, 91 

microfluidic switching and rapid remobilisation of cryogenically focussed analyte will be 92 

considered to generate a range of 3 or more column separation methods.  93 

 94 

2.1 Optimising GC×GC separation by pressure tuning: A three-column experiment 95 

Pressure tuning (PT) is the process of adjusting the relative column contribution in serially 96 

coupled column ensembles by introduction of a supplementary pressure between the two 97 

columns, introduced by Deans et al. [4] and Sandra et al. [5], in the 1970s and 80s. An extensive 98 

study and widely published series of works were conducted by Sacks et al. [6-11], largely in 99 

the 1990s, and incorporated a range of novel operations such as stop-flow on the first column 100 

of the ensemble. Early studies on PT clearly demonstrated the tuning possibility of an ensemble, 101 

comprising two contrasting column phases and a mid-point pressure controller between them; 102 

this adjusts the relative contribution of the two phases to the overall retention of compounds, 103 

such that peaks can swap position or alter relative retentions. It is a unique technique for 104 

altering separation selectivity,  can improve selection of a phase (combination) capable of 105 

resolving compounds, as well as aid optimisation. The method was extended to on-the-fly 106 

pressure adjustment between the columns [8], introduced the use of pressure pulses for critical 107 

pair resolution [12], employed vacuum outlet and TOFMS based identification [9, 13], and 108 

applied for optimisation of separation by window diagrams or the band-trajectory model [10, 109 

14]. Although a number of researchers have contributed to the development of PT method in 110 

recent years, PT as a general concept for resolving a few target analytes in specific mixtures 111 

lost its allure since about 2000. This might have been a result of the growth of interest in H/C 112 

MDGC and GC×GC separations. Nevertheless, the present research group have chosen to re-113 

introduce and investigate PT in combination with GC×GC [15].   114 

 115 
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Although not a pressure tuning study, in a method variation, the present group investigated the 116 

effects of different lengths of polar + non-polar columns as a composite first dimension in a 117 

GCGC experiment, with either a polar or non-polar 2D column [16]. The resultant 118 

presentation of tested solutes in 2D space confirmed the best spread was for dimensions that 119 

were the most disparate.   120 

 121 

Either the 1D column or the 2D column may be pressure tuned, which means an ensemble 122 

column pair will replace the 1D, or the 2D column respectively – i.e., 𝑛𝑐 =
1

𝑀1
𝑅

 
1

𝑀2
𝑅

𝑡1

𝑤3  (1D1 123 

+ 1D2) or (2D1 + 2D2). By looking at the instrumental detail, PT-GC×GC requires a connection 124 

between two 1D columns (1D1 and 1D2). New capillary flow technology devices [17], press-125 

tight fittings and other similar connections provide almost zero dead volume and precise 126 

pressure balancing to configure PT for GC×GC, with a regular modulator device and short 2D 127 

column (Fig. 1A). General consequences of the chromatographic parameters arising from 128 

modification of column junction pressure are laid out in Fig. 1B, which illustrates the steps 129 

involved in the tuning of 1tR and 2tR. The changes in overall 1D retentivity caused by PT 130 

effectively adjusts the relative column contribution (φ) of the two phases; thus the contribution 131 

of  1D1 increases simply by increasing the junction pressure. This makes sense since increasing 132 

the junction pressure makes elution on 1D1 column slower, and that on column 1D2 faster, so 133 

1D1 has more of an influence on relative retention. For example, polar analytes that are highly 134 

retentive on a 1D1 polyethylene glycol (PEG) stationary phase (here, unsaturated fatty acid 135 

methyl esters, FAME) have become further retained compared with the respective unsaturated 136 

FAME as PT junction pressure shifts from 26 to 30 psi as shown in Fig. 1C(i)–C(ii). 137 

Unsaturated FAME retain almost 5 minutes more when the φwax10 value increased by 0.13, and 138 

the boxed FAME group elutes over a range of 1.7 min, at pj = 26, compared with 2.7 min, at pj 139 

= 30 psi – so unsaturated FAME elute relatively later. Moreover, the resultant apparent 140 

adjustment of ensemble property may lead to peaks swapping their positions on 1D, according 141 

to the analytes and stationary phase-specific interactions, which could be classified by the 142 

LSER method [18]. Modification of peak positions in 2D space by PT, depends on two 143 

interrelated propositions; one is the direct effect on void time (2tm) and another is the variation 144 

of elution temperature (Te) to the 2D column, since as solute retention is delayed on 1D, Te will 145 

increase and 2tR will decrease.  146 

 147 

INSERT FIGURE 1 HERE 148 
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 149 

Fig. 1. (A) A schematic diagram of PT-GC×GC with a coupled column set consisted of 1D 150 

polar (P) SUPELCOWAX10 (30 m × 0.25 mm I.D. × 0.25 µm df) and non-polar (NP) SLB-151 

5ms phase (30 m × 0.25 mm I.D. × 0.25 µm df) and 2D polar (P) SLB-IL60 phase (0.7 m × 0.10 152 

mm I.D. × 0.08 µm df) column; (B) a flowchart of changes in chromatographic parameters by 153 

an increase of junction pressure (Pj) of the ensemble; (C) change in FAME peak positions due 154 

to a contribution (φ) change of 1D column by adjusting Pj, i) Pj = 26 psi, and (ii) Pj = 30 psi 155 

(the unit of insets axes are the same as of their main figures); (D) (i) tracking of C8 – C15 alkanes 156 

with multiple injections, illustrating the effect of Te on the 2D peak position (ii) changes in 2tR 157 

on selected analytes due to the increase of Pj from 30 to 60 psi. Adapted from [15]. Copyright 158 

(2016) American Chemical Society 159 

 160 

In order to track the void time shift by PT in 2D, the simplified explanation is that a higher Pj 161 

will result in shorter 2tm, due to higher carrier gas flow rate in the 2D column. Having a shorter 162 

2tm but with some compounds eluting later, is due to the change of φ (hence elute at higher T). 163 

It is also likely to exhibit shorter 2tR in a T programmed analysis. For instance, Fig. 1C shows 164 

that at Pj = 30 psi (ii), FAME will elute later on the 1D column, whilst having lower 2tR than 165 

equivalent solutes  at Pj = 26 psi (i). This adjustment in 2D space follows the analyte 166 
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isovolatility curve in most cases, which illustrates the analyte position in 2D space at different 167 

temperature. An example is shown by injecting linear C8 – C15 alkanes at 10 different 168 

temperatures during a single T programmed GC×GC analysis (Fig. 1D(i)). In Fig. 1D(ii) a few 169 

analytes show changes in 2tR and switch peak position in 2D space corresponding to junction 170 

pressure alteration at a fixed inlet pressure of 65 psi. It was pointed out in the previous study 171 

[15] that there is an interesting scope for orthogonality variation by reason of the PT process, 172 

although this area should benefit from further study before drawing further conclusions on the 173 

magnitude of variation possible in 2D space coverage. 174 

 175 

Considering the above points, it is apparent the PT process offers several benefits for GC×GC 176 

separation and optimisation. Selectivity changes in the 1D separation, objective modification 177 

of 2D peak positions, alteration of separation orthogonality and the online process of altering 178 

the 1D separation range by using only a few stationary phase sets are potential advantages of 179 

the PT-GC×GC method. Recently, PT has been explored for the 2D of GC×GC, by combining 180 

two smaller contrasting column sets with a normal dimension 1D column. The result indicated 181 

a tuning possibility even though general wraparound and peak broadening proved to lead to 182 

less satisfactory results for the so-called “GC×PT-GC” process [19].  183 

 184 

Several potential studies could be foreseen for PT based on the current result, for instance, flow 185 

optimisation of each dimension by targeted tuning of mid-point pressure, stop-flow operation 186 

of GC×GC, separation at certain pressure settings, critical pair resolution by objective 187 

tuning/pressure pulsing, and expanding the orthogonality by selective optimisation of the PT 188 

process. The thermodynamics of the PT process is yet to be understood clearly. Theoretical 189 

prediction might be another interesting direction for future study. The application of PT 190 

requires several others factors to be considered, such as the alignment of PT data for retention 191 

index calculation, orthogonality calculation of more than two columns sets, and cryotrapping 192 

to improve peak sharpening after PT. The concept of PT for GC×GC is still a new technique, 193 

and therefore requires further investigation to appreciate its usefulness in the analysis of 194 

practical samples. However, it should be noted that the analogue concept can also be achieved 195 

by variation of column lengths or introduction of secondary oven which has been reported for 196 

selectivity tuning in either 1D or 2D separation [20, 21]. 197 

 198 

2.2  Dual Parallel 2D Columns 199 
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A number of researchers have experimented with methods to generate two complete GCGC 200 

results using the single experimental arrangement, which are most appropriately achieved by 201 

the use of 2 2D columns located after a single 1D column. The reason for such an arrangement 202 

is to provide two complementary separation results based on different 2D column selectivities. 203 

Although the GCGC method provides peak positions which incorporate retention of the two 204 

phases, in some cases a combination of two phases does not provide the most appropriate 205 

separation result. For instance, a non-polar-polar column set will usually give a completely 206 

different result to a polar – non-polar set, as noted for crude oil analysis [22]. Having two 207 

independent column sets in the one experiment allows direct comparison of the two different 208 

arrangements and results. 209 

 210 

This approach was introduced by Bueno and Seeley using a flow modulation device [23]. The 211 

primary column flow was passed through the flow modulation device, before it was divided 212 

between the two 2D columns by a tee union. The result produced two GC×GC separations in 213 

the single analysis. 214 

 215 

Bieri and Marriott [24] investigated methods to calculate retention indices in both dimensions 216 

of a GCGC experiment (1I and 2I), using a variety of different approaches to determine alkane 217 

retentions on the 2D column, including a novel dual injection system to introduce alkane 218 

reference compounds. The retention index is a useful value characteristic of a compound on 219 

the stationary phase, though does exhibit some temperature dependency.  It is common to use 220 

I data on two different phase columns to provide greater certainty of possible compound 221 

identity. GCGC gives two sets of I data. A dual 2D column experiment gives three sets of I 222 

data, and this was illustrated for a sample of suspected allergens in essential oils with a 1D wax 223 

phase, and 2D columns of 5% phenyl 95% methyl, and 14% cyanopropyl [25].  224 

 225 

A multiplexed GC arrangement that proposes the innovative use of two 2D columns passing in 226 

opposite directions through the modulation device allows time resolved modulation events, 227 

such that injections into the 2D columns occur at different stages in the modulation process; 228 

they may be separated by a given fraction of the modulation period. Provided the elution of 229 

compounds from one of the 2D columns is completed before compounds of the other 2D column 230 

arrive, then a single detector can be used to monitor compounds from both columns. This was 231 

termed a multiplexed process [26]. Subsequently, a dual 1D column arrangement was 232 
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developed [27], and further, two independent GCGC sets were located in the contra-flow 233 

multiplexed system [28].  234 

 235 

Although not a dual 2D column approach, as above Peroni et al. used a multi-capillary 2D 236 

column constructed using a very well controlled manufacturing process with uniform 0.075 237 

mm I.D. and 1.1 m length; 3 such columns were operated in parallel, into a single detector [29]. 238 

The observation of very high peak efficiency on the 2D multi-capillary column was noted. This 239 

arrangement supports 2D flow optimisation by reduced flow in each of the columns. 240 

 241 

Nicolotti et al. [30] also considered 2D flow optimisation as a goal, by using two exactly 242 

matched 2D column (dimensions; phase) but with mass spectrometry and flame ionisation 243 

detection. Retention times for 2tR on the two columns were compared, and with outlet pressure 244 

correction was deemed to be very good.  245 

 246 

 247 

3. Advanced GCGC with MDGC designs  248 

The need of higher chromatographic resolving capability has led to the advent of advanced 249 

multidimensional gas chromatography designs − with more than two-dimension of 250 

separation/chemical selectivity, which has greatly enabled analysts to separate and detect 251 

literally hundreds of peaks. 252 

 253 

Apart from the well-known ways of increasing the separation efficiency of a single column 254 

chromatographic separation (longer column, narrower I.D., thinner stationary phase coating), 255 

the introduction of two, three or even four columns may achieve improved separation goals of 256 

complex mixtures. Compiling such multiple column systems brings complexity to the analysis, 257 

but it offers some precedent separation capabilities never seen before, such system 258 

configurations are shown in Fig. 2. These designs must be operated as separate dimensions, 259 

since simply connecting columns in series does not constitute a multidimensional analysis; 260 

modulators and flow switching accomplish this. The well-known H/C MDGC technique brings 261 

improved/enhanced separation of a limited number of sampled regions, due to the long second 262 

dimensional column (2D) which will comprise a different separation mechanism. On the other 263 

hand, GC×GC offers improved separation to the whole effluent (i.e., comprehensive analysis) 264 

delivered from the 1D column, but whilst the improvement is substantial, peak capacity is still 265 
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limited due to the short and fast 2D column. Clearly, harnessing the advantages of both 266 

techniques by combining their attributes into a combined multicolumn system configurations 267 

will represent an innovative arrangement, to offer different separation solutions.  268 

 269 

Here, we focus on the multiple column separation concepts involving three or more columns, 270 

which will incorporate aspects of both MDGC and GC×GC. Selected recent advanced MDGC 271 

systems will be discussed. 272 

 273 

INSERT FIGURE 2 HERE 274 

 275 

Fig. 2. Instrumental schematic designs of various types of hybrid MDGC/GC×GC 276 

configuration incorporating various column dimensions, modulation devices, Deans switches, 277 

and cryotrapping (CT) options. 278 

 279 

3.1 Switchable GC×GC-MDGC  280 

Maikhunthod et al. [31] designed a switchable three-column MDGC/GC×GC system, where 281 

each of these operated in parallel. Effluent from a long 1D column can be diverted (by Deans 282 

switch) either to a short 2D column for GC×GC separation, or to a second long 2D column for 283 

targeted MDGC. This configuration allows for multiple targeted MDGC separations during the 284 
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chromatographic analysis, and otherwise produced a GC×GC sample profile when not 285 

switched to MDGC mode. A cryogenic trap (CT) installed at the input to the long 2D column 286 

allows re-focusing of the targeted regions for improved separation by reducing 1D dispersion. 287 

System feasibility was proven using lavender oil analysis, where five regions were selected for 288 

target MDGC separation; the remainder of the 1D chromatogram underwent GC×GC profiling. 289 

Mitrevski et al. [1] designed a similar system for separation of an oxidatively stressed algae-290 

derived jet fuel, which comprises a complex hydrocarbon matrix, with a multitude of trace 291 

oxygenated species (acids, alcohols, aldehydes, ketones and furans) which to that time could 292 

not be reliably measured. In this case it was demonstrated by targeting H/C of 0.2 min wide, at 293 

2-min evenly spaced intervals during each injection of sample. For the subsequent injections, 294 

by shifting the H/C strategy by 0.2 min, again with 2-min intervals, for 10 consecutive analyses, 295 

a ‘comprehensive MDGC’ separation can be obtained for such a complex mixture as the 296 

oxidised jet fuel. This analysis was completed ‘on-the-fly’, so H/C transfer, cryogenic trapping, 297 

then elution all were conducted at the prevailing oven T. With a non-polar 2D column phase, 298 

oxygenated species will elute prior to the very abundant hydrocarbon matrix. In the absence of 299 

cryotrapping, broad, squat peaks were observed. A further improvement in separation quality 300 

involved the same cryotrapping step, but then cooling the oven, and re-commencing a full T-301 

programmed analyses. In this case, extremely high separation capacity was obtained, but 302 

extended to a complete analysis will be extraordinarily time consuming. The authors 303 

commented that this might be useful for discovery of oxidation products. Using a 1D GC–MS 304 

analysis, mass spectra of oxygenated species were severely compromised by interfering matrix. 305 

High MS similarity to the NIST08 MS library (>900) was obtained for about 30 oxygenates 306 

present in trace amount in the analysed fuel, due to the improved separation on the relatively 307 

long 2D column (20 m × 0.18 mm I.D.) in MDGC mode. A similar column configuration [32] 308 

was used for detailed analysis of high sulfur oil shale extracts, where GC×GC profiling showed 309 

the general complexity of the extracts together with the chemical class distribution, and 310 

MDGC–MS provided identification of many individual sulfur compounds otherwise buried 311 

under the high hydrocarbon matrix in a 1D separation. The improved chromatographic 312 

separation obtained in MDGC mode, combined with the MS detection, allowed some classes 313 

of compounds at trace level to be detected for the first time in this type of samples, with high 314 

MS match. A variant of the same system was used by Zeng et al. [33] to improve the separation 315 

of FAME clusters in fish oil and milk fat samples. Acceptable separation of some complex 316 

clusters has been obtained with reduced runtime when compared to GC methods involving 200 317 

m long IL columns [34].  318 
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An advanced version of a switchable column configuration approach is the work of Chin et al. 319 

[35]. In this work three separation columns were employed  with a Deans switch, a modulator, 320 

a cryogenic trap, two effluent splitters, two detectors (FID and MS), and an olfactory port (‘O’, 321 

for odour analysis) in an integrated system capable of operation in many modes: GC, GC×GC, 322 

MDGC, with FID, MS, or olfactory detection. A flow diagram of the strategy for odour-impact 323 

analysis in complex matrices was reported, and generally comprised 1D GC with dual FID/‘O’ 324 

to identify odour active regions, GCGC-FID to profile the total sample, and finally MDGC-325 

MS/‘O’ to cut the odour active region to a much longer column to permit odour detection with 326 

simultaneous MS and database matching [35]. The system was applied to wine volatiles, coffee, 327 

banana liquor, and orange juice.   328 

 329 

 3.2 Hybrid GC×GC–MDGC  330 

While classical MDGC (i.e., H/C 1DGC zones to 2D ) has been in use for decades, the first 331 

attempt to H/C solute peaks during GC×GC operation was reported only recently [36]. 332 

Mitrevski and Marriott designed a multi-column system where, unlike previous operations, a 333 

DS device was placed after the 2D column in GC×GC mode, as illustrated in Fig. 3A. In general, 334 

a relatively large PM setting was used (e.g., 12 s) to facilitate the DS switching operation, with 335 

a switching time of about 1 s. The DS allows effluent to either pass to a FID, or to a 3D column 336 

(Fig. 3A). This configuration allowed the authors to cut any single component or components, 337 

any region or band from the GC×GC profile, to a third long column (3D) for additional analysis. 338 

A number of options were apparent, for instance to isolate a poorly resolved band located in 339 

the GCGC profile, and pass to a 3D column for much better resolution. This was shown for 340 

the oxygenated compounds in the algal-biofuel above. This allows the complete band of 341 

oxygenated compounds to be isolated from hydrocarbon matrix, then transferred to the 342 

downstream (3D) column, and so if carefully set-up, the full 2D separation space can be used 343 

for resolution of the target compounds. So in this manner the method addressed the limited 344 

separation capability of the short 2D column in GC×GC. Since the hydrocarbon matrix is 345 

effectively removed in this process, the target peaks can be expanded in the 3rd dimension.  346 

Even though the detection of trace oxygenates in the jet fuel sample was based on the non-347 

selective FID response, the good separation allowed the authors to identify and quantify 14 348 

compounds at a level down to 10–5 %. None of the analysed oxygenates could be uniquely 349 

identified by using 1DGC–MS due to the high matrix (hydrocarbon) interference. The example 350 

above demonstrates that non-selective detectors (usually cheaper) can serve the purpose of 351 
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detection in complex samples, but only if good separation of the targets from matrix is achieved. 352 

In order to demonstrate the robustness of the method the authors were able to selectively cut 353 

several single peaks from a GC×GC profile of coffee aroma (Fig. 3B), leaving the remainder 354 

of the sample unaffected. Metaphorically, the authors named this precise cutting procedure 355 

from the GC×GC profile as chromatography “surgery” (Fig. 3C).  356 

 357 

INSERT FIGURE 3 HERE 358 

 359 

 360 

Fig. 3. (A) Hybrid GCGC-MDGC arrangement which permits individual components or 361 

bands of compounds to be removed from the sample by switching the flow at the end of a 2D 362 

column to a long 3DL (long) column by flow into the other channel of the EPC. The 2DM 363 

(medium length) column provides GCGC analysis of the remainder of the samples to be 364 

recorded at FID1 using the EPC flow as shown; flow switching of the EPC effects the transfer 365 

of components. (B) A sample of coffee headspace shows a number of compounds that are 366 

targeted for transfer to the long column. (C) This 2D plot shows that the three compounds have 367 

been removed from the sample, conducted by rapidly switching the flow to the long column 368 

for the short period that the compound elute from the 1D column. Adapted from [36]. Copyright 369 

(2016) American Chemical Society 370 
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 371 

Wong et al. [37] later extended work on the hybrid GC×GC–MDGC template by incorporating 372 

a chiral column as 1D, a reactor column after the GC×GC stage,  following by another 4th 373 

separation column, and will be further discussed in Section 3.3. 374 

 375 

Delmonte et al. introduced an innovative approach to identification of FAME based on a 1D-376 

chemical reactor-2D experiment [38, 39]. A modulation device is incorporated before the 2D 377 

column, so this is a GCGC approach, but with a reaction step. In this case, the chemical reactor 378 

column hydrogenates double bonds, which reduces all FAME to their saturated counterparts. 379 

It is not uncommon to use a hydrogenation step in the injector, again to produce saturated 380 

analogues; in this case, a sample can be contrasted between two analyses to identify unsaturated 381 

compounds. But as part of a GCGC method, a powerful interpretation based on visual 382 

presentation of the 2D plot is realised.  383 

 384 

A highly selective 1D phase (e.g., ionic liquid SLB-IL111) effectively retains unsaturated 385 

analytes compared with their saturated counterparts. On entering the reactor column, all FAME 386 

become saturated. Importantly, FAME retain their 1D retention according to their degrees of 387 

unsaturation, and structures (i.e., cis/trans, etc.). They enter the 2D column, which may be held 388 

at isothermal conditions, where their retention times (2tR) correlate with that of the saturated 389 

products, so all straight-chain unsaturated FAME have the same 2tR, but retain their individual 390 

1tR. Clearly, branched chain FAME will elute at their characteristic 2tR positions. The method 391 

was tested for a reference FAME mix, a menhaden fish oil sample and an expanded 14:0 to 392 

18:3 region, and a sample of human colon adenocarcinoma cells HT-29 incubated with 393 

conjugated fatty acids. 394 

 395 

3.3 Higher dimensional chromatographic techniques 396 

In a proof of concept study, Ledford used an early model modulation system to effect thermal 397 

modulation between three relatively short sequential columns,[40] demonstrating through these 398 

preliminary results that high speed operation of columns and detector were a requirement in 399 

order to achieve GC3. Synovec et al. [41] recently reported the development of a 400 

comprehensive three-dimensional GC (GC×GC×GC) with time-of-flight mass spectrometric 401 

(TOFMS) detection method (Fig. 4) for the analysis of a 115-component test mixture and a 402 

diesel fuel sample (Fig. 4B). The 1D ((5% phenyl)-methyl polysiloxane) and 2D (PEG) columns 403 
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were interfaced through a high-temperature diaphragm valve, followed by a thermal modulator 404 

to interface the 2D column to the 3D (trifluoropropyl methyl polysiloxane) column for 405 

modulation operation that produces GC×GC×GC analysis (Fig. 4A). They also proposed the 406 

use of an unified equation (𝑛𝑐 =
1

𝑀1
𝑅

 
1

𝑀2
𝑅

𝑡1

𝑤3  ; where 1MR and 2MR are the modulation ratios 407 

for 1D and 2D, 1t is the first dimension run time, and 3w is the 3D nominal peak width at base) 408 

to theoretically estimate the peak capacity for GC×GC×GC. Interestingly, this higher order 409 

system experimentally achieved a total peak capacity of ≥5000, with separate peak capacities 410 

averaging of 406 (1D), 3.6 (2D), and 4.9 (3D). In a next study, they further applied four-way 411 

parallel factor analysis to analyse the acquired GC×GC×GC−TOFMS data, which enables 412 

targeted analyte discovery and deconvolution analysis [42]. However, further improvements in 413 

GC×GC×GC methodology will be a challenge, particularly to achieve an improved peak 414 

capacity of 2D (i.e., reduction of 2D peak width). The availability of stationary phases with 415 

significant selectivity differences will be another limiting factor that needs to be considered, to 416 

allow sufficient chemical selectivity or “orthogonality” across the three dimensions of 417 

separation. 418 

 419 

INSERT FIGURE 4 HERE 420 

 421 
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Fig. 4. (A) Instrument schematic for GC×GC×GC−accTOFMS system. (B) Isosurface plot 422 

presentation for diesel spiked with a mixture of non-native compounds. The 3D plot is 423 

generated based on the overlaid TOFMS outputs from m/z 41 (red; monounsaturated 424 

hydrocarbons), m/z 43 (green; saturated hydrocarbons), m/z 53 (yellow; diunsaturated 425 

hydrocarbons), and m/z 91 (blue; aromatic hydrocarbons). Adapted with permission from [41]. 426 

Copyright (2017) American Chemical Society. 427 

 428 

In the field of dynamic chromatography, Wong et al. [37] recently described an 429 

enantioselective four-dimensional (4D) dynamic GC–TOFMS system (Fig. 5A–5B), 430 

employing a four column strategy for the investigation of on-column reversible interconversion 431 

reactions of 2-phenylpropanaldehyde oxime. This higher order instrument is akin to integrating 432 

a “preparative GC×GC” step as the first stage of separation, in order to extract a stereo-, and 433 

enantio-pure oxime from the 2D separation space for subsequent kinetics study. Since the 434 

described thermal isomerisation process A ⇌ B occurs throughout the elution of the 435 

compounds, it is not possible to guarantee the purity of either A or B (which will be otherwise 436 

contaminated by the other stereoisomer in the 1D enantioselective column; Fig. 5A(i)–A(ii)), 437 

A third reactor column promotes isomerisation under controlled oven temperature and flow 438 

conditions (Fig. 5A(iii)). The resulting total distribution of all compounds from 3D can then be 439 

cryotrapped via a liquid CO2 cryogenic trapping device, followed by E/Z separation in a fourth 440 

analytical column (Fig. 5A(iv)) to allow precise quantification of each E and Z isomer of the 441 

selected enantiomer. Kinetics parameters (forward and backward rate constants) of the 442 

isomerisation reactions were able to be determined based on the isomeric ratios and 443 

isomerisation time. This innovative system design incorporates a number of contemporary GC 444 

methods (enantioselective GC, H/C MDGC, GC×GC, in-oven CT and on-column reaction GC) 445 

into a single integrated GC−accTOFMS system, illustrating a multi-column flow balanced 446 

switching design for this integrated system. The application of this 4DGC methodology for 447 

real-time online chromatographic extraction and analysis of other configurationally labile 448 

molecules from multicomponent samples (e.g., floral emissions and plant derived extracts), 449 

which exhibit interconversion processes, will be some potential areas to investigate in the 450 

future [43, 44]. 451 

 452 

INSERT FIGURE 5 HERE 453 
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 454 

Fig. 5. (A) Schematic for enantioselective 4DGC−accTOFMS system. DS: Deans switch; DFS, 455 

deactivated fused-silica; CT, cryotrap; C1 and C2, press-fit union; C3, capillary union; LMCS, 456 

longitudinal modulation cryogenic system; EPC, electronic pressure control; SV, switching 457 

valve. (B) Simplified description of the chromatographic process over the four columns 458 

arrangement. Analysis of 2-phenylpropanaldehyde oxime: A(i) 1D enantioselective GC−FID 459 

response; A(ii) eGC×GC–FID analysis generating a 3D plot; A(iii) TIC of the selected H/C 460 

stereo-, and enantio-pure oxime component arising from interconversion on the 3D column; 461 

A(iv) TIC of the selected H/C component eluting from 4D column with cryogenic trapping that 462 

integrates the individual E and Z isomers to allow calculation of E/Z isomerisation. Adapted 463 

with permission from [37] Copyright (2017) American Chemical Society. 464 

 465 

3.4 Multicolumn continuum in gas phase bioassay application 466 

Exploitation of bioactive natural products requires access to comprehensive bioassays for 467 

which isolation of the biologically active constituents of an organism or processed product is 468 

one of the key issues. When present in samples that exhibit extensive co-elution, MS annotation 469 

of the peak of interest becomes ambiguous even via spectrum deconvolution algorithms. To 470 

obtain target bioactive volatile compounds such as an odorant from a specimen sample presents 471 

complex interferences, and various sample preparation and fractionation steps are often applied, 472 

which might cause analyte losses or artefact formation [45]. From untargeted MS analysis to 473 

understanding of bio-chemical processes in the environment, natural products and individual 474 

organisms, applications of GC–MS integrated with various chemical speciation detectors have 475 

been reported, but data correlation inaccuracies across various systems may potentially arise 476 
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[46]. This further confounds interpretation on a chemical compound of interest assigning to 477 

specific bioactivity.  478 

 479 

An online hyphenated separation system integrating both GC×GC and H/C MDGC coupled to 480 

simultaneous olfactometry/FID and MS detection has been proposed (Fig. 6A) [35, 47, 48]. 481 

Such approach is adapted to perform MS and olfactometry analysis for both untargeted GC×GC 482 

analysis and targeted GC–GC in a single chromatographic system, thus minimising issues from 483 

sample fractionation and cross-platform data validation. Other advantages such as solute 484 

accumulation from multiple headspace sampling, to significantly enhanced sensitivity and 485 

minimising discrimination that can result from selective solid-phase microextraction sorbent 486 

type by use of multiple SPME phases were reported in the designated system. Consequently, 487 

an effective identification strategy was demonstrated for high-resolution characterisation of 488 

odorants by combining olfactory detection with simultaneous mass spectrometry and retention 489 

index estimation from dual chromatographic dimensions (Fig. 6B–D). 490 

 491 

INSERT FIGURE 6 HERE 492 

 493 

 494 
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Fig. 6. (A) Schematic diagram of the integrated GC×GC–O/FID / MDGC–O/MS instrument; 495 

(B) GC×GC–FID contour plot of the volatile fraction extracted from orange juice headspace 496 

using SPME, dotted boxes correspond to representative odour-active region; (C) Aromagram 497 

of orange juice obtained using GC–O detection frequency analysis; (D) 2D gas chromatogram 498 

of the representative odour-active region analysed using heart-cut MDGC–O/MS, Asterisked 499 

peaks are responsible for the odour perception. Adapted with permission from [48]. Copyright 500 

(2017) Elsevier B.V. 501 

 502 

The employment of GC×GC or GC–GC technique has been demonstrated in exhaled breath 503 

assays for identification of M. tuberculosis lung infection [49] and gender-specific VOCs [50], 504 

as well as monitoring of metabolic flux in plant due to environment changes [51, 52]. An 505 

optimised GC×GC–MS approach was recently established to suit various types of biological 506 

specimens including cell lines, tissue, serum and urine [53]. Different metabolite classes were 507 

segregated distinctly in the 2D plot but additional separation dimensions with extended peak 508 

capacity would be beneficial in curating the Global Natural Products Social molecular 509 

networking [54] of individual components ranging from small polar metabolites to isomeric 510 

glycolysis lipids and even nucleosides/nucleotides. Fig. 7 illustrates a continuum multicolumn 511 

arrangement which involves high loading capacity 1D separation combined with a 2D chiral 512 

column, and then another 3D stationary phase that exhibits some acceptable degree of 513 

orthogonality, for explicit exploration of isomeric volatile compounds. Owing to advanced 514 

microfluidic flow-switching [55] and 3D lithography technologies [56], different regions or 515 

desired components of the mixture can be isolated and recombined based on retention time in 516 

a reconstitution step directly in an inline micro-engineered well plate or by biological 517 

assessment for subsequent sensory or other bioassays. Re-combination e.g., of odour-active 518 

compounds would distinctly extend understanding of the synergism or antagonism of bio-519 

functionality of volatile compounds extracted from an unresolved compound mixture. For 520 

instance, this would facilitate new in vitro approaches to better model the complexity between 521 

the in vivo microenvironment interactions, with volatile components derived from other living 522 

microorganisms. 523 

 524 

INSERT FIGURE 7 HERE 525 
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 526 

Fig. 7. Proposed schematic diagram of bio-assay orientated MDGC integrated system. 527 

Hyphenated bio-assay detection/s would integrate with human olfactory assessors, bacteria-528 

plant response, epithelial cell and animal model organism mediation. 529 

 530 

4. Conclusion and future trends 531 

The above discussion on multicolumn systems has one overarching aims - to achieve higher 532 

resolving power for a particular application over the standard GC×GC system. An integrated 533 

system capable of delivering a range of these approaches in the one design might only be a 534 

matter of time to be realised in a practical application, and perhaps this might be accelerated 535 

with the advent of 3D printing and miniaturisation of the GC footprint. For instance, such a 536 

hyphenated system could be envisioned with operational modes of GC, GC–GC, GC×GC, 537 

MDGC, hybrid GC×GC–MDGC and PT-GC×GC. A schematic of such a system is presented 538 

in Fig. 8, integrating several multicolumn methods in a single design. The implementation 539 

merely incorporates columns, switching systems, and modulation devices. The flow path of 540 

this system is given by alphanumeric symbols. Following from injector through path A1–B1–541 

E, corresponds to conduct of GC×GC where a modulator is located between 1D and 2D columns. 542 

Path A1–B1–E defines a GC–GC system (i.e., MDGC), with a flow switch between 1D and 2D 543 

columns. The path from A1–B1–C–E with modulator between 1D and 2D, and a DS before 3D 544 

column allows conduct of the hybrid GC×GC-MDGC operation. As a final example, the path 545 

A2–B1–E describes the PT-GC×GC system discussed in a previous section above, which could 546 

also integrate the path A2–B2–E as a dual dimension PT-GC×PT-GC system.  547 

 548 

INSERT FIGURE 8 HERE 549 

 550 



Nolvachai et al. Multiple column MDGC Page 22 

 551 

Fig. 8: A general schematic diagram representing an innovative integrated multi-column design, 552 

that permits a multitude of advanced GC systems. The shaded rectangle can be a flow switch, 553 

or a modulator, or cryotrap.  Note that this can also summarise a specific system design, 554 

following a given sequential column arrangement. See text for details. 555 

 556 

Hybrid MDGC and multiple column approaches are attractive and versatile, allowing the 557 

ultimate goal of tunable efficiency and selectivity in separation, which is especially useful to 558 

resolve target compounds in a variety of sample matrices. Guided by a suitable experimental 559 

design approach, these technologies are expected to be more widely applied, with a goal of a 560 

broadened range of applications in the future. 561 
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 744 

Fig. 1. (A) A schematic diagram of PT-GC×GC with a coupled column set consisted of 1D 745 

polar (P) SUPELCOWAX10 (30 m × 0.25 mm I.D. × 0.25 µm df) and non-polar (NP) SLB-746 

5ms phase (30 m × 0.25 mm I.D. × 0.25 µm df) and 2D polar (P) SLB-IL60 phase (0.7 m × 0.10 747 

mm I.D. × 0.08 µm df) column; (B) a flowchart of changes in chromatographic parameters by 748 

an increase of junction pressure (Pj) of the ensemble; (C) change in FAME peak positions due 749 

to a contribution (φ) change of 1D column by adjusting Pj, i) Pj = 26 psi, and (ii) Pj = 30 psi 750 

(the unit of insets axes are the same as of their main figures); (D) (i) tracking of C8 – C15 alkanes 751 

with multiple injections, illustrating the effect of Te on the 2D peak position (ii) changes in 2tR 752 

on selected analytes due to the increase of Pj from 30 to 60 psi. Adapted from [15]. Copyright 753 

(2016) American Chemical Society 754 

 755 

Fig. 2. Instrumental schematic designs of various types of hybrid MDGC/GC×GC 756 

configuration incorporating various column dimensions, modulation devices, Deans switches, 757 

and cryotrapping (CT) options. 758 

 759 

Fig. 3. (A) Hybrid GCGC-MDGC arrangement which permits individual components or 760 

bands of compounds to be removed from the sample by switching the flow at the end of a 2D 761 

column to a long 3DL (long) column by flow into the other channel of the EPC. The 2DM 762 

(medium length) column provides GCGC analysis of the remainder of the samples to be 763 

recorded at FID1 using the EPC flow as shown; flow switching of the EPC effects the transfer 764 

of components. (B) A sample of coffee headspace shows a number of compounds that are 765 

targeted for transfer to the long column. (C) This 2D plot shows that the three compounds have 766 

been removed from the sample, conducted by rapidly switching the flow to the long column 767 

for the short period that the compound elute from the 1D column. Adapted from [36]. Copyright 768 

(2016) American Chemical Society 769 

 770 

Fig. 4. (A) Instrument schematic for GC×GC×GC−accTOFMS system. (B) Isosurface plot 771 

presentation for diesel spiked with a mixture of non-native compounds. The 3D plot is 772 

generated based on the overlaid TOFMS outputs from m/z 41 (red; monounsaturated 773 

hydrocarbons), m/z 43 (green; saturated hydrocarbons), m/z 53 (yellow; diunsaturated 774 
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hydrocarbons), and m/z 91 (blue; aromatic hydrocarbons). Adapted with permission from [41]. 775 

Copyright (2017) American Chemical Society. 776 

 777 

Fig. 5. (A) Schematic for enantioselective 4DGC−accTOFMS system. DS: Deans switch; DFS, 778 

deactivated fused-silica; CT, cryotrap; C1 and C2, press-fit union; C3, capillary union; LMCS, 779 

longitudinal modulation cryogenic system; EPC, electronic pressure control; SV, switching 780 

valve. (B) Simplified description of the chromatographic process over the four columns 781 

arrangement. Analysis of 2-phenylpropanaldehyde oxime: (Ai) 1D enantioselective GC−FID 782 

response; (Aii) eGC×GC–FID analysis generating a 3D plot; (Aiii) TIC of the selected H/C 783 

stereo-, and enantio-pure oxime component arising from interconversion on the 3D column; 784 

(Aiv) TIC of the selected H/C component eluting from 4D column with cryogenic trapping that 785 

integrates the individual E and Z isomers to allow calculation of E/Z isomerisation. Adapted 786 

with permission from [37] Copyright (2017) American Chemical Society. 787 

 788 

Fig. 6. (A) Schematic diagram of the integrated GC×GC-O/FID / MDGC-O/MS instrument; 789 

(B) GC×GC-FID contour plot of the volatile fraction extracted from orange juice headspace 790 

using SPME, dotted boxes correspond to representative odour-active region; (C) Aromagram 791 

of orange juice obtained using GC-O detection frequency analysis; (D) 2D gas chromatogram 792 

of the representative odour-active region analysed using heart-cut MDGC-O/MS, Asterisked 793 

peaks are responsible for the odour perception. Adapted with permission from [48]. Copyright 794 

(2017) Elsevier B.V. 795 

 796 

Fig. 7. Proposed schematic diagram of bio-assay orientated MDGC integrated system. 797 

Hyphenated bio-assay detection/s would integrate with human olfactory assessors, bacteria-798 

plant response, epithelial cell and animal model organism mediation. 799 

 800 

Fig. 8: A general schematic diagram representing an innovative integrated multi-column design, 801 

that permits a multitude of advanced GC systems. The shaded rectangle can be a flow switch, 802 

or a modulator, or cryotrap.  Note that this can also summarise a specific system design, 803 

following a given sequential column arrangement. See text for details. 804 

 805 


