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Chapter 1 
General introduction 
 
 
Summary 

In this chapter the role of gas chromatography (GC) as a powerful tool for the 
identification and quantification of target compounds in complex samples is briefly 
introduced. In the first part of the chapter the importance of the other steps that 
form an integral part of the analytical process, namely the sample preparation and 
the detection, is addressed. The trigger that leads to the development of 
comprehensive two-dimensional gas chromatography (GC×GC) is also discussed. 
The main trends followed in the past and today in the development of novel sample 
preparation methods as well as in the GC×GC area are presented. The aim of this 
thesis is to provide significant technical advancements to tackle some of the 
fundamental limitations encountered in compositional analysis by GC. The second 
part of the chapter presents some insight in the strategies presented in the 
subsequent chapters. A detailed account is given in chapters 2-6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 



Chapter 1 

1.1. Chromatography: a powerful analytical tool 

 

The identification and quantification of target analytes in highly complex samples 

are two of the most common goals encountered daily by analytical chemists. In 
many cases reaching these goals with the right level of detail and accuracy at 
acceptable costs and delivery times is not trivial. On the contrary, it can be 

extremely challenging! A number of diverse analytical techniques has been 
developed over the years and is currently available for compositional analysis. In 

order to be successful, a method must satisfy the selectivity and sensitivity 
requirements, i.e. it needs to be able to (i) identify specifically the compounds of 

interest in the sample matrix and (ii) detect them at appropriate concentration 
levels, respectively.  

Chromatography is one of the most powerful analytical tools available and 
likely the most widely applied method when a high selectivity is required. Since its 

inception chromatography has been subject of in-depth investigations and 
extensive developments. The variety of different approaches that have been 

introduced is very wide. Gaseous, liquid and supercritical eluents have been used. 
The column types range from wide to narrow, from columns packed with particles 

of various size or with a continuous bed to open columns coated with a thin layer 
of stationary phase. Nowadays a number of different, well-established 
chromatographic techniques are available; each characterized by a wide choice of 

different separation mechanisms based on chemical affinity, size and/or physical 
properties. With the instrument becoming increasingly more complex a more 

elevated flexibility in terms of operational parameters also became available. As a 
result, these days a remarkable selectivity can be achieved for a very wide range of 

applications, provided that the most suitable chromatographic method is chosen 
and the conditions applied are carefully optimized. Despite the high selectivity of 

the modern chromatographic systems it is very rare that all compounds present in 
a complex sample can be separated from each other and from all other species 

present. All too often the degree of complexity of the sample by far exceeds the 
resolving power at hand. 
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Although many researchers and users see the chromatographic separation 

as an independent process, a broader and more complete view shows that it is 
actually only one part of an integrated chain of interconnected steps that together 

form the analytical process. Detection and sample preparation are probably as 
important as the chromatographic separation for the final results in terms of 

selectivity and sensitivity [1]. Detection is a highly crucial step which requires a 
dedicated, careful choice and, in many cases, thorough optimization. Moreover, 

most samples require extensive sample preparation before they can even be 
injected onto the analytical column. Therefore the analysis, i.e. the procedure 

starting with the sampling and resulting in the qualitative and/or quantitative 
results, can be divided in three parts: the sample preparation, the chromatographic 

separation and the detection. These are distinct, yet complementary and strongly 
interdependent components of the analytical process and the ultimate analytical 

performance depends strongly on all three contributions and on their interactions. 
Clean-up steps, for instance, can be employed to remove many unwanted analytes, 
reducing the complexity of the sample and, hence, enhancing considerably the 

chance of separating the target compounds from the remaining interfering species 
[2]. A very selective detector can also be an extremely powerful tool [3]. In some 

cases it is in fact possible to monitor the target class of analytes without actually 
having to separate them from the rest of the matrix. Similarly, each step can 

contribute significantly to maximizing the sensitivity. These days this is a crucial 
aspect in analytical chemistry, as it is often required to quantify analytes at very 

low concentrations down to true trace levels. Many sample preparation methods 
that provide enrichment factors up to several hundreds have been developed for 

this purpose and are now widely applied [4]. Whenever narrow peaks and 
enrichment are not sufficient, simply choosing the right, i.e. the most sensitive, 

detector can solve the problem. The chromatographic separation can also be 
optimized to enhance the selectivity. For example chromatographic techniques and 

methods that generate narrower peaks give a higher signal-to-noise ratio and thus 
better detection limits. 

In conclusion the analysis will be successful if the selectivity and sensitivity 

requirements are fulfilled. Often this will be accomplished only by combining and 
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Chapter 1 

balancing the contributions of sample preparation, separation and detection. 
Sometimes a single step can provide the necessary performance. For example the 

separation resolves successfully the target analytes, and the other steps do not 
require extensive optimization. In many cases, however, the analytical scientist will 

have to exploit the strengths of each of the three steps and the proper combination 
to perform the analysis.  

 

1.2. Gas chromatography (GC) and comprehensive two-dimensional gas 

chromatography (GC×GC) 

 

Gas chromatography (GC) was suggested for the first time by Martin and Synge 

over 70 years ago [5], while the first GC chromatogram was presented more than 
one decade later [6]. Since these first steps GC has been the subject of thorough 
theoretical investigation and remarkable technical developments. Nowadays, GC is 

a well-established method and its use is widely accepted in numerous application 
fields. The main reasons for this widespread success are the high efficiency and the 

excellent sensitivity GC offers. The very high resolving power typical of GC can in 
fact hardly be matched by any other one-dimensional separation method. 

Additional (yet not secondary) advantages are its high reliability, the relatively low 
operational and maintenance costs, the ease of use and automation and the 

excellent characteristics for coupling to mass-spectrometric identification 
techniques. With the GC applications range becoming progressively broader and 

expanding towards a huge variety of extremely complex samples of various 
natures, the need for an even better efficiency and a higher resolving power 

became of increasingly critical importance. When the samples of interest contain 
thousands of peaks it is clear that GC, like any one-dimensional chromatographic 

technique, cannot provide the necessary peak capacity. Sample preparation can 
help, but will probably fail if the target analytes and the interfering species are 
physico-chemically similar.  

The need to alleviate the resolving power limitation mentioned above 
triggered the development of heart-cutting multidimensional gas chromatography 

(MDGC) [7]. MDCG introduced the principle of having two different separations 
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performed in series in the same chromatographic run. One, or a few, narrow time-

slices from a first column are directed into a secondary column where a second, 
independent separation takes place. In this way better resolution can be achieved 

for specific, complex fractions of interest selected from the initial GC 
chromatogram. Comprehensive two-dimensional gas chromatography (GC×GC) [8] 

was introduced several decades later as the natural development of MDCG. In 
GC×GC the principle of operation of MDCG is extended to the whole 

chromatogram. Instead of selecting only one or a few critical parts of the 
chromatogram for additional separation on a second column, in GC×GC a 

modulation device continuously cuts and re-injects the peaks eluting from the first 
column into the second one, where a very fast separation is performed. In this way 

a complete two-dimensional picture of the sample is generated, increasing 
dramatically the resolving power at hand. Thanks to the much higher peak capacity 

and the improved ease of use, GC×GC has surpassed MDGC. Compared to standard 
1D-GC, GC×GC can provide a superior sensitivity and a 10-fold enhancement in 
peak capacity [9-11]. This became possible also thanks to the increasing variety of 

columns commercially available. With many stationary phases becoming accessible, 
each one characterized by a rather different separation mechanism, it is now 

possible to achieve high degrees of orthogonality and thus to exploit the incredible 
potential of GC×GC, achieving unprecedented peak capacities in the order of 

several thousands. Compared to the other comprehensive techniques so far 
developed, GC×GC saw a faster and more successful advancement. In two-

dimensional liquid  chromatography, for example,  properly interfacing the two 
dimensions and performing an efficient modulation are still rather difficult tasks. As 

a consequence heart-cut liquid chromatography (LC-LC) and comprehensive two-
dimensional liquid chromatography (LC×LC), although subjects of thorough 

investigation, are still far from being accepted for routine use. On the other hand, 
since its introduction GC×GC achieved very good efficiencies and instrumental 

robustness and is nowadays well-established and widely applied [12]. In fields such 
as petrochemical analysis, where samples are composed of several thousands of 
analytes, GC×GC has become one of the methods of choice.  
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1.3. Trends in sample preparation 

 

In recent years analysis time, cost of analysis and the environmental impact of 

operating an analytical laboratory became of growing importance. Nowadays these 
are key factors that must be carefully considered when developing analytical 
methods. A lot of effort is in fact invested not only in developing novel applications, 

but also in performing those already existing in a better way, i.e. faster, cheaper, 
easier or with a reduced production of waste. The requirements set with regard to 

these aspects are already very demanding and yet they are becoming ever stricter. 
Sample preparation is often a very time-consuming, laborious and 

expensive step. In fact its impact in terms of time, complexity and manual labor is 
often much more significant than that of the GC run itself. Moreover, if not 

carefully selected and performed it can have detrimental effects on the success of 
the analysis. Therefore it is not surprising that a lot of work has been performed to 

improve the sample preparation techniques available and to design new ones [1]. 
The need to improve or replace old-fashioned, manual techniques such as liquid-

liquid extraction (LLE) has been recognized for decades, and still is, the main goal in 
the sample preparation field. Most of the attention has been paid to (i) reducing 

the time required, (ii) decreasing/eliminating the need for manual labor, (iii) 
minimizing the use of expensive and toxic organic solvents and (iv) maintaining the 
integrity of the sample, i.e. avoiding changes due to losses in extraction steps or 

transfer lines [13]. Thus, the most significant developments in sample preparation 
have been focused on automation, miniaturization and the development of on-line 

systems directly coupled to the GC. 
The trends described above have led to the introduction of several 

miniaturized solvent-free extraction techniques, such as solid-phase 
microextraction (SPME) [14] and stir bar sorptive extraction (SBSE) [15]. These 

methods, and in particular SPME,  encountered a fast acceptance and widespread 
success thanks to their high enrichment factors and the possibility to automate. A 

completely different approach to solve the problems typically encountered with 
the classic sample preparation methods is represented by continuous, automated 

liquid–liquid extraction systems coupled on-line to GC [16]. In this case the main 
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goal is not eliminating completely the use of solvents, but minimizing manual labor 

and maximizing sample throughput, while simultaneously reducing the exposure of 
laboratory personnel to toxic solvents. These set-ups received a lot of attention in 

the ’80s and ‘90s [17-19], but in spite of their merits they were not really 
successful. This was mostly due to their limited control and ruggedness and poor 

reproducibility, as they typically made use of a tubing manually interlaced to induce 
turbulent mixing. About a decade later a promising way to overcome these 

limitations became available with the introduction of microfluidic devices. The use 
of chips as extraction units has been investigated [20], the main merits of using 

microfluidic devices being the extreme degree of miniaturization, i.e. the low 
solvent consumption, and the precise process control. Different LLE systems based 

on chips have been proposed. In almost all cases the extraction is based on laminar 
flows and very small volumes down to a few nL can be handled. However, in spite 

of its great potential, the use of chip-based LLE set-ups is currently still restricted to 
research and very specific applications, for example when extremely small volumes 
need to be handled. The main reasons for this are their instrumental complexity 

and fragility, which make their on-line coupling to the GC and their use for routine 
purposes basically impossible. Yet, it is clear that miniaturization is a trend that will 

continue.  
  

1.4. Past and current developments in GC×GC 

 

If a GC×GC system is compared to a typical GC instrument, it is evident that no 
other modification than the addition of a (thermal) modulator is necessary. All 

other components remain essentially the same. This aspect has certainly had a 
great, positive influence in the rapid development of GC×GC. As a result, in the 
early years a great deal of attention has been dedicated to improving the 

modulation principles and/or design [21, 22]. The cryogenic modulators based on 
(i) the dual-jet and (ii) the dual-stage, quad-jet designs rapidly became the most 

successful options. These systems offer a very good efficiency, an excellent 
robustness and high reliability and are thus widely accepted. 
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Of course, interesting work is still done to develop new modulators, for 
example to eliminate the huge consumption of cryogens [23]. However, given the 

good performance achieved with the current systems the attention paid to 
technical developments gradually decreased. In fact the great majority of the 

recent publications in the GC×GC field focus on applications or method 
development. Countless articles are being presented to support the good results 

obtained with GC×GC in various new fields and with the most diverse classes of 
complex samples. On the other hand, the fraction of papers discussing the 

development of new hardware or suggesting new set-ups is minimal. This is a 
strong indication that these days the technique is mature and instrument 

development is  of limited interest to the majority of the GC×GC users. On the 
other hand, the validity of this tendency is questionable. In spite of the excellent 
performance offered, GC×GC is in fact not free from fundamental drawbacks and 

limitations. 
In the last years some authors finally put emphasis on an aspect that had 

not yet been addressed with the rightful attention: the limitations arising from the 
typical GC×GC column set. The standard column set consists of a long normal-bore 

first dimension (30 m×0.25-0.32 mm i.d.) followed by a short, narrow-bore second 
dimension (1-2 m×0.05-0.18 mm i.d.). Such a set-up definitely has its merits but it 

also has some fundamental limitations. The use of a narrow second column creates 
a very high speed in that dimension, allowing to finish the separation before the 

following modulation cut is injected, and at the same time generates a very high 
plate count per unit of time. However, this column combination does not allow the 

full exploitation of both dimensions at the same time as a result of the very 
different linear velocities [24]. Some interesting solutions have been presented in 

the last years to solve this flow mismatch. Stop-flow GC×GC introduced the 
possibility to decouple completely the two separations [25], whereas split-flow 
GC×GC adjusts the gas linear velocities in the columns [26]. Both these methods 

showed the benefits arising from fully exploiting both columns. However, neither 
of them encountered wide-spread acceptance nor managed to replace the 

standard 0.25-0.10 mm i.d. column combination. On the one hand, this may be due 
to the limitations of the approaches proposed. On the other hand, the fact that 

GC×GC users are used to consider the typical column sets as a given also plays an 
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important role. Whatever the reason may be, the result is that the actual GC×GC 

set-up is so well-established that the chance to change it has become rather 
remote. However, a few articles which aim at solving this fundamental matter are 

still occasionally presented. This indicates that the interest is still present as well as 
the room for more significant steps forward. 

 

1.5. Scope of this thesis 

 

The main goal of this work was the development of technical advancements, which 

could improve GC and GC×GC analysis in terms of automation, reliability and 
efficiency. We strongly believe that sample preparation and chromatographic 
analysis are deeply connected and cannot be considered separately. Their progress 

should proceed in parallel to their mutual benefit. Therefore our attention was 
dedicated to both aspects and the content of this thesis will focus partly on new 

sample preparation methods and partly on novel column formats and set-ups for a 
better exploitation of the GC×GC column set.   

 Chapter two of this thesis describes the development of a semi-automated 
chip-based set-up exploiting segmented flow and turbulent mixing for continuous 

LLE prior to GC and GC×GC analysis. A microfluidic device originally designed as 
microreactor for parallel reactions is used here as an extraction unit. The main 

objectives of the system developed are maximizing the extraction yield by 
exploiting the efficient mass-transfer characteristics while minimizing the manual 

labor required. Strong emphasis is also put on the instrumental robustness and the 
sample throughput. The influence of several operational parameters on the 

performance of the LLE is investigated and discussed. The set-up assembled is 
applied to different real-life samples. 

Chapter three of this thesis investigates the use of hydrophobic polymer 

monoliths with very different affinities towards aqueous or organic phases to act as 
“selective solvent gates”. Macroporous monoliths with different chemistries and 

flow properties are prepared, characterized and evaluated through model 
experiments to assess their properties. The best-performing material is selected 
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and used to construct a prototype of a phase separator. This prototype is 
implemented in the LLE system described in chapter two to perform continuous on-

line phase separation. 
  In Chapter four the development of divinylbenzene-based (DVB) monolithic 

columns and their use in fast GC or as second dimension columns in GC×GC are 
discussed. The preparation and characterization of the diverse monoliths are 

described in detail. The effects of the composition of the polymerization mixture 
and process parameters on the efficiency of the DVB columns in GC are also 

investigated. A GC×GC system with a monolithic column installed as second 
dimension and the two-dimensional separations obtained with it are illustrated. 

The potential to solve the GC×GC flow mismatch using this column format is also 
discussed.  

Chapter five demonstrates the possibility to use multiple narrow-bore 

capillary columns in parallel in the second dimension to achieve simultaneous 
optimal operation of the two dimensions in GC×GC. GC×multi-GC systems with two 

or three columns in parallel as second dimension are developed and tested in 
terms of peak shape, peak width and efficiency. The van Deemter curves obtained 

for both dimensions are compared with those obtained using a single second 
dimension column to verify the beneficial effects achieved. Two-dimensional 

separations of various samples are shown to demonstrate the feasibility of the new 
column set-up.  

In Chapter six another possible approach to adjust the carrier gas linear 
velocity in the second dimension of the GC×GC set-up is presented. A restrictor is 

added at the detector end of the column combination to increase the outlet 
pressure of the system. The chromatograms obtained for a number of complex 

petrol-derived samples with an elevated outlet pressure and under standard 
conditions are shown and compared. The effect of this modification on the 
efficiency and the speed of GC×GC is discussed. 

 
Chapters 2 to 6 in this thesis are articles published in international scientific 

journals or have been prepared for publication. Therefore they can be read 
independently. Some overlap can occur. 
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Chapter 2 
Advancing liquid-liquid extraction 

through a novel microfluidic device 
 

 

Summary 

A new chip-based liquid-liquid extraction technique for the preparation of aqueous 
samples prior to GC analysis was developed. Extraction is performed in a segmented 
flow system with additional mixing provided by an etched channel structure. The 
dimensions of the device are optimized to benefit from the advantages of chip 
technology without suffering from the limitations of  excessive miniaturization. 
Phase separation is performed with a novel phase separator developed in house. 
The instrumental set-up is simple and robust. The results obtained for selected test 
analytes show that the extraction is quantitative (recoveries=92-110%, RSD<6%) for 
a wide range of hydrophobicities (Log Ko/w=0.86-4.79). The performance at different 
flow rates (0.5-6.0 mL/min) and flow ratios (β=1-10) was evaluated, confirming the 
flexibility and the enrichment potential of the system. The results obtained for a few 
selected applications demonstrate the suitability of the method to perform quick, 
simple and reliable sample preparation for analytes of interest in real-life samples. 
 
 
 
 
 
 
 
 
This chapter is based on the following article: 
D. Peroni, W. van Egmond, W. Th. Kok, H.-G. Janssen, J. Chromatogr. A 1226 (2012) 
77–86 
 
 



Chapter 2 
 
 
2.1. Introduction 

 

Liquid-liquid extraction (LLE) is one of the most widely used sample preparation 

techniques for aqueous samples in gas chromatography (GC). In practical use it 
suffers from a number of important disadvantages. It requires large volumes of 

aqueous samples and expensive, toxic organic solvents. Moreover, it is laborious, 
difficult to automate and time-consuming. The development of automated 

methods for sample preparation of aqueous samples with low solvent and sample 
consumption is therefore highly desirable.  

 In the past decades, several miniaturized solvent-free extraction 
techniques based on sorptive extraction have been successfully developed. An 

important example is solid-phase microextraction (SPME), a technique nowadays 
widely used because it is cheap, simple, easy to couple to a GC and portable for on-
site sampling [1-3]. The same principle is used in other designs, such as stir-bar 

sorptive extraction (SBSE) [4-6]. Due to the high donor-acceptor phase ratios these 
techniques can achieve very high enrichment factors. However, the extremely 

small sorbent amounts lead to a low capacity which can significantly limit the 
sensitivity [7,8]. 

 Continuous liquid-liquid extraction has also been investigated to minimize 
manual labor and achieve a better economy with respect to time and solvent 

consumption. The first example of this approach, based on flow injection analysis 
(FIA) with segmented flow, was introduced by Karlberg in 1978 [9]. Since then, this 

technique has shown to be a powerful tool in automated analysis [10-12]. 
Roeraade et al. [13]  were the first to couple a continuous liquid-liquid extraction 

system on-line to a GC instrument. Since then different examples of automated 
liquid-liquid extraction coupled on-line to GC have been presented [14-17]. Mixing 

in these systems is usually achieved by using a knitted reactor, a length of PTFE 
tubing manually interlaced to induce turbulent mixing. Phase separation is 
generally performed using separators based on membranes or gravity [11,18]. 

Despite the significant progress made, automated LLE-GC so far has not been 
widely used. One of its weakest points is that the extraction units suffer from 

limited control and a poor reproducibility. 
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 More recently a great deal of attention has been paid to the use of 
microfluidic devices to perform (continuous) liquid-liquid extraction on a 

miniaturized scale [19-22]. In such microdevices extraction is based on molecular 
diffusion between two laminar flows formed in narrow channels. Excellent 

reproducibility is obtained due to the very high consistency between chips. The use 
of microchip-based LLE as a sample preparation method for GC was first presented 

by Xiao et al. [23]. The authors obtained a good linearity and repeatability, but a 
high stability and extraction efficiency were achieved only at very low flow rates. 

Similar observations were reported by other authors [24,25]. The poor stability of 
the laminar flow and the complexity and fragility of the instrumental set-up are due 

to the extreme miniaturization of these microchip methods. The use of the 
equipment in the field or its application for high-throughput routine analysis is very 
complicated at best [26]. We believe that the use of larger glass wafers based on 

segmented flow with obstacle-induced mixing is a very interesting alternative to 
overcome the limitations of such laminar-flow based, extremely miniaturized chip 

devices. Several studies on the use of microfluidic devices in engineering 
applications report that segmented-flow systems combine high efficiency with 

good robustness, allowing use in applications requiring a high sample throughput 
[26,27]. When not  excessively miniaturized, the excellent repeatability and the 

precise process control of the chip-based extractors can be combined with the flow 
rate flexibility and good stability typical for segmented flow devices.  

 In this work we report on the use of a novel, miniaturized liquid-liquid 
extractor based on segmented flow for sample preparation in GC. The dimensions 

are optimized to benefit from the advantages of chip technology without suffering 
from the disadvantages of over-miniaturization. The performance of the method in 

terms of speed, reliability and efficiency will be studied. Theoretical guidelines are 
derived to predict extraction yields as a function of the analyte’s hydrophobicity 
(Ko/w) and the donor- and acceptor flow rates. The results obtained for a few 

selected applications will be discussed to demonstrate the suitability of the method 
for real life samples. 
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2.2. Theory 

 

One of the most critical aspects of an analytical method is the limit of detection for 

the target analytes. This is defined as the minimum amount of analyte detectable 

by the detector used, 𝑚𝐺𝐶
𝑚𝑖𝑛. Therefore, the minimum amount that needs to be 

introduced into the injector is: 
 

𝑚𝑖𝑛𝑗
𝑚𝑖𝑛 = 𝑚𝐺𝐶

𝑚𝑖𝑛 ∙ 𝑆𝑅                                                            (1) 

 
where SR is the split ratio of the injection here expressed as the total injector flow 

over the column flow.  
When using continuous LLE as a sample preparation method, the minimum 

concentration in the extraction solvent that is necessary to detect the analyte can 
therefore be expressed as: 

 

𝐶𝑜𝑟𝑔𝑚𝑖𝑛 = 𝑚𝐺𝐶
𝑚𝑖𝑛 ∙ 𝑆𝑅
𝑉𝑖𝑛𝑗

                                                                                  (2) 

 
where Vinj is the injection volume. During the extraction the analytes initially 

present in the water sample will distribute between the aqueous and the organic 
phase. Mass balance considerations require: 

 

𝐹𝑎𝑞  ∙  𝐶𝑎𝑞0 =  𝐹𝑎𝑞  ∙  𝐶𝑎𝑞 + 𝐹𝑜𝑟𝑔  ∙  𝐶𝑜𝑟𝑔                                               (3) 

 

where Faq and Forg are the aqueous and the organic flow, 𝐶𝑎𝑞0  is the initial 

concentration in the aqueous sample and Caq and Corg are the final concentrations 

in the water and the organic phase, respectively. Eq. (3) can be rearranged to: 
 
𝐶𝑎𝑞0

𝐶𝑜𝑟𝑔
= 𝐶𝑎𝑞

𝐶𝑜𝑟𝑔
+ 𝐹𝑜𝑟𝑔

𝐹𝑎𝑞
                                     (4) 

 

In the equilibrium state Eq. (4) can be expressed as: 
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𝐶𝑜𝑟𝑔
𝑒𝑞 = 𝐶𝑎𝑞0  ∙  𝐾

1+ 𝐾𝛽
                            (5) 

 

where 𝐶𝑜𝑟𝑔
𝑒𝑞  is the concentration in the organic phase in the equilibrium state, K is 

the partition coefficient  between the water donor phase and organic acceptor and 

β is the phase ratio, which here equals the flow ratio (Faq/Forg). By combining Eq. 
(5) with Eq. (2) and rearranging, the minimum detectable concentration in the 

sample can be expressed as: 
 

𝐶𝑎𝑞𝑚𝑖𝑛 = 𝑚𝐺𝐶
𝑚𝑖𝑛 ∙ 𝑆𝑅
𝑉𝑖𝑛𝑗

∙  �1
𝐾

+ 1
𝛽
�                                     (6) 

  

The same equation can be used to describe other common equilibrium extraction 
techniques, such as SPME and SBSE. When applied to these techniques β is the 

ratio of phase volumes as opposed to the ratio of flow rates in continuous LLE. Vinj 
in the case of SPME or SBSE equals the sorbent volume, Vsorbent. As expected, 

increasing K values lead to improved detection limits. Also the phase ratio of the 
system is a crucial parameter. Eq. (6) shows that in general high β values are to be 

preferred as they lead to low 𝐶𝑎𝑞𝑚𝑖𝑛, as a result of favorable enrichment. This is 

especially true for compounds with large K. However, very small K values will lead 
to poor detection limits even at high phase ratios. 

 To compare continuous LLE with SPME and SBSE, theoretical 𝐶𝑎𝑞𝑚𝑖𝑛 values 

were calculated using Eq. (6). Ko/w values are used for K due to their good similarity 
to the partition coefficients between water and PDMS [2,4,5]. Figure 1 shows the 

results obtained. Continuous LLE with splitless injection is always less sensitive than 
SBSE and SPME for apolar analytes, whereas at high flow ratios β it can achieve 
better sensitivity than SPME for polar analytes. When applying large volume 

injection continuous LLE can achieve better detection limits than SPME for polar 
analytes already at β=1, but it remains always less sensitive for low-polarity 

compounds. In this case a sensitivity comparable to that of SBSE can be achieved 
with enrichment. 
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Figure 1 – Theoretical minimum detectable concentrations of analytes in the aqueous 
sample necessary to assure detection for a minimum detectable amount at the detector of 
0.1 ng. LLE in splitless injection (top) and large volume injection (bottom) is compared to 
SPME and SBSE, respectively. For LLE phase ratios (defined as the ratio between the sample 
flow and the organic extractant flow) are assumed: 1 (A), 5 (B) and 10 (C). For both SPME 
and SBSE a sample amount of 10 mL is assumed. For SPME the PDMS volume is 0.5 µL 
(β=20,000) whereas for SBSE it is 25 µL (β= 400).  
 

In the calculations presented above it is assumed that equilibrium is achieved. 
However, for SPME and SBSE non-equilibrium conditions are often employed. This 

means that the sensitivity for these two techniques shown in Fig. 1 can be 
overestimated. In the case of continuous LLE, equilibrium is generally easier to 

achieve due to the large contact area between the organic and aqueous droplets.  
 

2.3. Experimental 

 

2.3.1 Chemicals and samples 

 

P.A. grade ethyl acetate, methyl acetate, methyl butyrate, methyl hexanoate, 
methyl octanoate, methyl decanoate, methyl undecanoate, ethylbenzene and p-
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xylene were purchased from Aldrich (Zwijndrecht, The Netherlands). Methanol, n-
pentane, n-hexane and n-heptane were purchased from Biosolve (Valkenswaard, 

The Netherlands). Sodium hydroxide, 50% aqueous sodium hydroxide and toluene 
were purchased from Merck (Darmstadt, Germany). Demineralized water (18.2 

MΩ*cm) was produced by an Arium 611UV Ultrapure Water System (Sartorius 
Stedim Biotech, Aubagne Cedex, France). The amphetamine sulphate used to 

prepare standard solutions and spiked urine samples was provided by DSM Resolve 
(Geleen, The Netherlands). Drug-free urine samples were obtained from healthy 

volunteers. The amphetamine-fortified urine samples were prepared by spiking the 
drug-free urine with appropriate amounts of a standard solution of amphetamine 

at 100 µg/mL in 0.1 N sodium hydroxide. The BTEX samples were prepared by 
adding proper amounts of standard solutions of toluene, ethylbenzene and p-
xylene (500 µg/mL in methanol) to demineralized water. The chlorinated pesticides 

samples were prepared by spiking demineralized water with a standard solution 
containing the pesticides (25-240 µg/L in methanol) and adjusting the methanol 

amount to 2.5% to minimize adsorption. 
 

2.3.2 Gas Chromatography 

 
All GC experiments were performed on two Hewlett Packard (Avondale, PA, USA) 

6890 Series GC Systems both equipped with a split/splitless injector. One 
instrument was coupled to an HP 5973 Mass Selective Detector and the second 

instrument was equipped with an electron capture detector (ECD) and a flame 
ionization detector (FID). The hydrogen flow for the FID was produced by a 

hydrogen generator PG-H2 Series 3 (Schmidlin-DBS AG, Neuheim, Switzerland). All 
experiments were performed on an Rxi-5ms capillary column (length 30 m, i.d. 

0.320 mm, film thickness 0.25 µm) from Restek (Bellefonte, PA, USA).  
 In all experiments an injector temperature of 250°C and an injection 

volume of 1 µL were chosen and helium was used as the carrier gas. Test mixtures 
1 and 2 (see section 2.3.6) were injected using a carrier gas flow of 1.5 mL/min in 
the split mode (split ratio 1:50) and the splitless mode (splitless time 0.75 min), 

respectively. The oven temperature program started at 40°C (2 min) and featured a 
heating rate of 20°C/min to the final temperature of 200°C. The GC-FID analysis of 
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the amphetamine at high concentrations was carried out in the split mode (split 

ratio 1:50) using a carrier gas flow of 1.3 mL/min. The lower concentrations were 
detected by GC-MS analysis using a split ratio of 1:10, with data being acquired in 

SIM mode at m/z 44. The oven temperature program was the following: 100˚C (0.1 
min) to 300˚C at 30˚C/min. The method used for the BTEX analysis applied splitless 
injection (splitless time 0.5 min) with FID detection at a column flow of 2 mL/min. 

The temperature program started at 30˚C (2 min) and used a heating rate of 
10˚C/min to the final temperature of 120˚C. The analysis of the chlorinated 

pesticides was performed by injecting 2 µL aliquots in splitless mode (splitless time 
0.75 min) with ECD detection at a carrier gas flow of 1 mL/min. The oven 

temperature program started at 100°C (0.2 min) and used a heating rate of 
4°C/min to the final temperature of 250°C. 

 

2.3.3 Microreactor 

 
The device used to perform the liquid-liquid extractions was provided by Micronit 

(Enschede, The Netherlands). It was a system originally designed as a microreactor 
for parallel chemical reactions. A photograph and schematic of the device is shown 

in Figure 2. The device consists of a glass-wafer (14.6 cm×7.3 cm×0.4 cm, total 
volume 3.4 mL) into which channels (0.7-1.5 mm) are etched placed into a 

Hastelloy connection block with aluminium frame (Micronit). This grants 
robustness to the chip and allows to connect the device to peripheral equipment, 

such as solvent and sample delivery units. The chip has three inlets and one outlet. 
When used as a microreactor two of the inlets are used to introduce the reagents 

while the third inlet, situated close to the outlet, can be used to introduce a 
quenching reagent. In our use as microextractor this third inlet was not used. The 

split-and-recombine mixing structure of the chip ensures that, when immiscible 
liquids are introduced, a well-controlled segmented flow is generated at the T-
intersection where the two streams encounter. This flow goes through the mixing 

path where the channel structure provides efficient contact between the aqueous 
and organic segments and enhances internal circulation in the flow segments. In 

engineering literature the discrete liquid segments in segmented flow systems are 
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normally referred to as “slugs” [26-28]. In this work we will also address them with 
this term. 

 

 
Figure 2 – Schematic representation of the microextractor (A) and photographic detail of 
the mixing path while delivering water colored by a food dye and an immiscible organic 
solvent (B).  
 

2.3.4 Instrumental set-ups 

 

Two different instrumental modes were used in this work, i.e. continuous 

introduction LLE and plug-injection LLE. Schematic drawings of the two operational 
modes and systems are shown in Fig. 3. 

 When the volume of sample available was large, continuous introduction 
LLE could be performed (Fig. 3A). The aqueous sample and the organic solvents 

were loaded into interchangeable Fortuna Optima glass syringes with clear-glass-
barrels (Poulten and Graf, Wertheim, Germany). Samples and extractant flows 

were delivered into the microextractor by two KDS210 syringe pumps (KD 
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Scientific, Holliston, MA, USA). The connections of the syringes with the extractor 

were made with 1/4 in. o.d. PEEK tubes and flat-bottom connections.  
 

 
Figure 3 – Schematic representation of the set-ups for continuous introduction LLE (A) and 
plug-injection LLE (B), respectively. 
 

The microextractor was first rapidly flushed with demineralized water and the 
organic solvent at the desired flow-rate ratio in order to eliminate any air present 

in the channels. Once the extractor was bubble-free, the syringe with the water 
was replaced with a syringe containing the sample. The system was operated until 
a steady plateau concentration was reached in the accepting organic solvent flow. 

At that point it was possible to sample from the organic flow for GC analysis. As this 
set-up was not implemented with a phase separator, this was performed manually. 

This set-up was employed to perform the fundamental studies on the performance 
of the micro-extractor. 

When only a limited sample volume was available an alternative mode, here 
referred to as plug-injection LLE (Fig. 3B), was used. In this mode a constant water 

flow is delivered by a pump and the sample is introduced as a discrete plug. This 
second set-up was built using two HP-1050 Series Quaternary HPLC pumps 
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(Hewlett Packard, Avondale, PA, USA) and a Rheodyne six-port valve (IDEX, 
Wertheim-Mondfeld, Germany) installed in the water line. The loop was manually 

loaded with the sample using a syringe. A discrete plug of sample was introduced 
via the six-port valve into the continuously flowing stream of clean water. The 

sample loop volumes employed were 0.5, 1.25 and 2.4 mL, respectively. Two HPLC 
columns (25 cm, 4.6 mm, 5 µm) were used to provide the back-pressure necessary 

to ensure good performance of the pumps. This set-up was employed for all real 
samples studied (Section 2.4.6). 

 In both set-ups the connections between the different parts of the device 
were assembled using a minimal length of the tubing. This was done to minimize 

the risk of adsorption of analytes and to avoid the addition of extra dead volume to 
the system. Furthermore, limiting the total volume of the system reduced the 
required amounts of expensive/toxic solvents. 
 
2.3.5 Phase separator 

  

Phase separation was performed using a novel separator designed and developed 
in house. A schematic representation and a picture of the prototype assembled are 

shown in Figure 4.  
 

 
Figure 4 – Photograph (A) and schematic representation (B) of the phase separator 
developed.  
 
 
A fused silica capillary coated with 5% diphenyl/95% dimethyl-polysiloxane (length 
9 cm, i.d. 0.10 mm, film thickness 0.40 µm) was inserted perpendicularly into a 
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glass tube (length 5 cm, o.d. 5 mm, i.d. 3 mm) through a small hole, the opening 

being positioned in the center of the tube. For improved mechanical strength the 
capillary was supported by a second glass tube glued to the first one. This support 

tube had a very small internal diameter, matching the external diameter of the 
capillary. The system was connected with the outlet of the extractor using 1/4" OD 
PEEK tubes and finger-tight connections. An adjustable flow restrictor was used to 

create the backpressure necessary to generate flow through the capillary. Due to 
the low polarity of the coating in the sample-collection tube non-polar organic 

solvents could to go through the capillary to be collected into a vial, whereas the 
aqueous phase was repelled and delivered to waste. 

 

2.3.6 Test solutes 

 

The analytes chosen for the fundamental studies are an ethyl ester and several 

methyl esters of fatty acids (FAMEs) with increasing Ko/w. Two aqueous test 
mixtures were prepared by direct weighing and dilution. Methanol was added to 

the water phase as organic modifier at 5% (v/v) to reduce the risk of adsorption. 
The analytes and the details about their concentrations are listed in Table 1. The 
Log Ko/w values were calculated using Estimation Program Interface (EPI) suite v 4.0 

for Microsoft® Windows, an open source software (United States Environmental 
Protection Agency, Washington, DC, USA). n-Pentane and n-heptane were used as 

organic extractant for test mixture 1 and 2, respectively. 

 

Table 1 – Composition of the standard mixtures.  
 Component Log Ko/w Conc. (µg/mL) 

Test mixture 1 Methyl acetate 0.37 101 
 Methyl butyrate 0.86 90 
 Ethyl acetate 1.36 70 

 
Test mixture 2 Methyl hexanoate 2.34 2.30 
 Methyl octanoate 3.32 0.90 
 Methyl decanoate 4.30 1.60 
 Methyl undecanoate 4.79 0.70 
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2.4. Results and discussion 

 

2.4.1 System evaluation 

 

The extraction efficiency of the device was evaluated using the methyl/ethyl ester 
mixtures described in section 2.3.6. The continuous LLE mode was used because of 

its simplicity and the large availability of sample. Phase separation was performed 
manually immediately after the liquid left the extractor chip.  

 

Extraction yield vs. hydrophobicity  

 

The relationship between hydrophobicity and extraction yield was studied in a first 

series of experiments. The extraction yield was calculated as the percentage of 

analyte transferred to the organic phase. A low recovery is an obvious consequence 

of unfavorable partition coefficients. However, it can also be caused by the 

equilibrium not being reached as a result of poor performance of the extractor. In 

these first experiments a total flow rate of 1 mL/min with a flow ratio of 1 was 

selected. The results obtained are shown in Figure 5. As can be seen from this 

figure good recoveries (92-110%) were obtained for compounds with Log Ko/w 

values above approximately 1.4, while for more hydrophilic analytes the recoveries 

were lower. The good recoveries obtained for apolar compounds indicate that 

equilibrium is reached. Therefore the low recoveries for the more polar analytes do 

not reflect poor performance of the extractor, but are due to their unfavorable 

partition coefficients and are an intrinsic property of the acceptor/donor system. 

Due to the favorable acceptor volume our microextractor-based method is 

quantitative (>80%) for compounds with Log Ko/w>1, showing an improvement in 

the extraction yields of polar analytes when compared to SPME and SBSE. 
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Figure 5 – Recoveries obtained for test mixture 2 with the new microextractor-based LLE at 
a total flow rate of 1.0 mL/min and a flow ratio of 1. RSD% are calculated with n=3. 
Analytes: methyl acetate (□ Log Ko/w=0.37), methyl butyrate ( Log Ko/w=0.86), ethyl 
acetate (○ Log Ko/w=1.36), methyl hexanoate ( Log Ko/w=2.34), methyl octanoate ( Log 
Ko/w=3.32), methyl decanoate ( Log Ko/w =4.30) and methyl undecanoate ( Log Ko/w 
=4.79). 
 
Influence of flow rates 

 
The actual distribution of the analytes between the aqueous sample and organic 

acceptor flows is determined by two factors: the thermodynamic equilibrium 
distribution and the extent to which equilibrium is reached. Exhaustive mass 
transfer or equilibrium are not always necessary. Well-controlled non-equilibrium 

conditions can be applied when using proper calibration. 
 Increasing the flow rates means shorter residence times in the chip and, 

therefore, can lead to poor extraction yields if equilibrium is not reached. On the 
other hand, in segmented flow systems high flow rates result in shorter aqueous 

and organic slugs with increased internal circulation, enhancing the driving force 
for mass transfer [26-28]. The influence of the flow rates on the extraction yield is 

therefore difficult to predict. Here it was investigated experimentally using 
different flow rates at a constant flow ratio of 1. The results are shown in Figure 6. 

It can be observed that, for all test compounds studied, very good recoveries (89-
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107%) are obtained at all flow rates tested. No significant influence of the polarity 
of the analyte with Log Ko/w>2.34 was observable. The residence times in the chip 

ranged from around 7 minutes to less than 30 seconds. Effective mixing apparently 
takes place leading to complete extraction even at short residence times, indicating 

that fast extractions can be performed. Fig. 6 also shows that at high flow rates 
recovery is slightly higher for all four analytes, confirming that mixing improves at 

higher flow rates. 
 

 
Figure 6 – Effect of flow velocity on the recovery using the microextractor at a flow ratio of 
1. Analytes: methyl hexanoate ( Log Ko/w=2.34), methyl octanoate ( Log Ko/w=3.32), 
methyl decanoate ( Log Ko/w =4.30) and methyl undecanoate ( Log Ko/w =4.79). 
 

 The residence time in the chip is affected also by the length of the mixing 

path. This is fixed and could not be tuned. However, a preliminary assessment of its 
influence on the extraction yields was carried out by delivering the organic solvent 

via the inlet situated close to the end of the mixing path, normally kept closed 
(Section 2.3.3). This way the mixing path was reduced to about 7% of its total 
length. The recovery obtained this way was 70% compared to the use of the full 

mixing path. This shows that the size of the extractor can be reduced further than 
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the 3.4 mL in use here to decrease even more the sample- and organic solvent 

consumption without compromising the extraction efficiency.  
 

Enrichment 

 

The detection limit of the method is a critical aspect for many applications. One of 
the biggest advantages of the miniaturized or solvent-free techniques developed in 

recent years is that they can often combine the extraction with an enrichment 
step. The possibility to achieve pre-concentration with our chip-based LLE was 

investigated. 
The enrichment factor obtained for a given analyte at certain flow setting follows 

from Eq. (5). When K is very large, this equation can be simplified to: 
 
𝐶𝑜𝑟𝑔
𝑒𝑞

𝐶𝑎𝑞0
≅ 𝛽                                 (7) 

  

Therefore, for high K values the concentration in the organic phase in equilibrium 
will increase linearly with the flow ratio between sample and extraction solvent. In 

practice, unfortunately, the range of flow rate ratios that can be applied will be 
limited. At very high or very low ratios the required segmented flow pattern might 

not be established. 
 The possibility to perform extraction combined with preconcentration was 

investigated in a separate set of experiments. We varied the flow ratio by 
increasing the sample flow rate at constant organic flow. The results obtained are 

shown in Figure 7. Quantitative recoveries are obtained for β values up to 4. At 
higher ratios the recovery is gradually reduced. This can be explained by the fact 

that the large slugs of sample obtained at high aqueous-over-organic flow ratios 
are characterized by a low internal circulation, negatively affecting mass transfer 

between the two phases and preventing equilibrium from being reached. This 
phenomenon has been described by Okubo et al. [26]. However, as previously 
stated it is not always necessary to be at equilibrium. In fact Figure 7 shows that 

the detection limits obtained for high β, where the deviation from the equilibrium 
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situation was the largest, were still significantly better than at low β, where 
equilibrium was achieved. A way to reach equilibrium is to increase the residence 

time by employing lower flow rates. Lower flow rates may, however, lead to a 
poorer extraction efficiency due to a decrease of the slugs’ internal circulation. In 

order to evaluate whether the first or the latter contribution was more significant, 
different flow rates were tested at a constant flow ratio of 10, for which a strong 

deviation from linearity was previously obtained. At lower total flow rates the 
recoveries increased significantly for all compounds and became quantitative again 

for the flow combination 0.5:0.05 mL/min (see Table 2). 
 

 
Figure 7 – Enrichment. Recovery obtained at different flow ratios β. Test mixture: methyl 
hexanoate ( Log Ko/w=2.34), methyl octanoate ( Log Ko/w=3.32), methyl decanoate ( 
Log Ko/w=4.30) and methyl undecanoate ( Log Ko/w =4.79). The organic flow is 0.5 mL/min 
while the sample flow is increased from 0.5 to 5 mL/min. The solid line represents the 
theoretical behavior (Eq. 7).  
 

This result confirms that the loss of efficiency at higher flow ratios was due to the 
limited residence time in the chip, which did not allow equilibrium to be reached 

for the large water slugs. When increasing the extraction time by using lower flow 
rates full equilibrium was again obtained with an enrichment factor up to 10. 
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Table 2 – Influence of the flow rates on the recovery obtained for test mixture 2 and a 
constant flow ratio of 10. 

Component Log Ko/w 
Faq: Forg (mL/min) 

5.0:0.5 2.5:0.25 1.0:0.1 0.5:0.05 

Methyl hexanoate 2.34 72 77 82 100 

Methyl octanoate 3.32 66 75 79 98 

Methyl decanoate 4.30 68 80 83 101 

Methyl undecanoate 4.79 61 87 91 102 

 

These results are in contrast with what was previously observed for a flow ratio of 
1, where high flow velocities proved to enhance the efficiency slightly. Apparently, 

when the slugs are of comparable size mass transfer occurs faster, whereas longer 
extraction times are required if small organic slugs are used to extract large sample 

slugs. This confirms that the relative dimensions of the slugs play a very important 
role regarding the kinetics of the extraction and, thus, have a substantial effect on 

the time required to obtain complete mass transfer [26].From the above results it 
is clear that very high enrichment factors comparable to those of solvent-free 

methods like SPME and SBSE are not possible. However, this is true for all on-line 
liquid-liquid extraction techniques so far developed, which generally involve limited 
or no enrichment. Additionally, obtaining efficient phase separation and recovering 

the organic phase can be a practical issue at flow ratios exceeding 5 or 10 [11,16]. 
Fortunately, as already discussed in Section 2.2, by applying large volume injection 

methods excellent detection limits can also be obtained in liquid extraction even 
when using relatively high organic-over-water ratios [29]. 

 

Elution profile in the plug-injection mode 

 

In the continuous extraction mode as applied above, the sample is continuously fed 
into the extractor and the analyte concentration in the organic acceptor stream will 

reach a stable plateau. It is then possible to collect the sample at any interval. In 
the plug-injection mode the sample is introduced as a discrete plug into a 
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continuous water stream. The combination of the loop size and the aqueous and 
organic flows determines the width and shape of the plug profile in the organic 

stream at the outlet of the microextractor. When using this extraction mode a 
representative fraction for analysis can be taken at the maximum of the extraction 

band. The location of this maximum is difficult to predict exactly from theory, but 
can be easily determined experimentally.  

 In this work we investigated the elution profiles with different loop sizes 
(0.5, 1.25 and 2.4 mL) and total flow rates (1.0, 1.5 and 2.0 mL/min) at a constant 

flow ratio of 1. A solution of methyl hexanoate in water with 5% methanol at 0.58 
mg/mL was used as a sample. Extraction was performed using n-heptane. The 

resulting outlet flow was collected in narrow fractions. The test compound was 
then quantified in each of the fractions by GC-FID. The elution profiles were 
reconstructed by plotting the concentrations found versus time or eluted volume. 

The sample volume seemed to be the most critical parameter effecting shape and 
dilution, whereas the flow rate showed little influence. Figure 8 summarizes the 

results obtained for the three loops at a total flow rate of 1 mL/min.  

 

 
Figure 8 – Extraction elution profiles for a methyl hexanoate solution (0.58 mg/mL, 5% v/v 
methanol) with plug-injection LLE using a total flow rate of 1.0 mL/min and a flow ratio of 1. 
Three different sample volumes are shown: 0.5 mL (white blocks), 1.25 mL (black blocks) 
and 2.4 mL (grey blocks), respectively. 
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As can be seen the elution profiles are broadened blocks and they show a tendency 

to tail, in particular for the smallest loop volume. It is evident that dilution is largest 
for the smallest loop. For the 2.4 mL loop the final sample band reaches a plateau 

with no dilution between 6 and 8 minutes. The proper sampling window can easily 
be determined. In this case in order to maximize the sensitivity of the method it 
seems convenient to use the 2.4 mL loop and collect the sample in the interval 6-8 

minutes from sample introduction. It is noteworthy that when sampling a discrete 
slice there is no actual need to wait for the entire sample plug to be eluted before 

injecting the following sample. In this way the sample throughput can be 
significantly increased. 

 

2.4.2 Applications 

 

The extraction method described was applied to a set of applications to assess its 

feasibility. In applying the method a number of choices have to be made. The 
selection of the plug-injection mode versus continuous extraction is based on 

practical aspects. For example, when the available sample volume is limited, plug-
injection is preferred. The selection of the total flow rate and flow ratios is also 

important and must be made to fulfill the sensitivity and throughput requirements 
of the particular application. 

 In this work we chose to use the plug-injection mode because of its easier 
automation. Based on the results obtained during the evaluation of the sample 

elution profiles, we decided to use a 2.4 mL loop and a flow of 0.5 mL/min per inlet 
to achieve a dilution-free situation and maximize the sensitivity. Water-free 

extracts were collected in a vial from the phase separator in the time window 6-8 
minutes after the injection. 

 

 Amphetamine in urine samples 

 

The control of illicit substances of abuse has become very important because of 
their widespread use and the correlated risks for health and social behavior. Urine 
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is the matrix of choice for screening and identification of many of these drugs, 
because the concentration levels of the compounds are relatively high and sample 

pretreatment is straightforward. Amphetamine is one of the most common 
recreational drugs. In this work we assessed the applicability of our automated LLE 

method to detect amphetamine in urine samples. Since this compound is largely 
excreted in the native form [30], only the amphetamine itself was measured. 

 A first assessment of the extraction efficiency for the target compound was 
performed on standard solutions of amphetamine in 0.1 N sodium hydroxide at 

100 µg/mL. The very basic pH was necessary in order to deprotonate the 
amphetamine and facilitate transfer into the organic acceptor phase. Toluene was 

selected as the organic extraction solvent, because it was known to provide a good 
extraction yield for this analyte [31]. Quantitative recovery and good precision 
(101% ± 3, n=3) were achieved. This result is consistent with the model experiment 

on the fatty acid esters. The polarity of the amphetamine (Log Ko/w=1.79) is within 
the hydrophobicity range for which complete extraction was obtained. 

Amphetamine-containing urine samples at abuse-alert level (0.5 µg/mL) 
were prepared by spiking fresh drug-free urine. 10 mL of the urine was then 

brought to pH=12 by adding two droplets of 50% aqueous sodium hydroxide. The 
samples were diluted 1:1 with demineralized water and filtered through a 0.45 µm 

syringe filter prior to extraction to eliminate any risk of clogging the extractor 
channel. After an extraction the system was flushed for 5 minutes at 1 mL/min per 

inlet before introducing the next sample. Blanks acquired between samples 
confirmed the absence of memory effects. Although a slight emulsion formation 

occurred in the urine/toluene segmented flow, efficient phase separation was 
achieved. No trace of water was detected in the organic vial after separation. The 

recovery obtained was 73% (± 3, n=5). The experiment was repeated on a standard 
solution of amphetamine in water with a concentration equal to that in the urine 
samples after dilution. The recovery obtained now was 99%, indicating matrix 

effects to be the cause of the non-quantitative recovery. The linearity of the 
extraction from urine was also assessed using spiked samples in the concentration 

range 0.5-10 µg/mL. The results obtained show a very good linearity (R2=0.9992) 
and confirm the suitability of this approach for quantitative analysis in this 
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application. The limit of detection of the method, defined as S/N = 3, was 

estimated to be 0.01 µg/mL. 
Conventional LLE was performed to provide reference data. Here 0.8 mL of fortified 

urine and 0.8 mL of toluene were Vortex-extracted for 5 minutes. One significant 
drawback observed with Vortex extraction was the pronounced formation of 
emulsions. The samples had to be centrifuged for 5 minutes at 3500 rpm to obtain 

a clear phase separation. Moreover, for some of the Vortex samples this process 
was not sufficient and even repeated centrifugation for 15 minutes did not give 

clear phase separation, resulting in the loss of several samples. During the 
experiments performed with our chip-based method, this problem was absent.  

 As a consequence of the moderate miniaturization, the sample amount 
required and the solvent consumption, in the order of few milliliters, are still larger 

than in small scale LLE such as in-vial Vortex LLE. However, the device used is a 
prototype and additional design optimization to further decrease the chip volume 

without losing efficiency is not only desirable, but also possible, as discussed above. 
Besides, significant advantages over Vortex extraction are the possibility to achieve 

semi- or complete automation and to add on-line phase separation. In this way 
high sample throughput can be achieved and problems such as the formation of 

emulsions, which would require an additional centrifugation step, were eliminated, 
reducing the analysis time and minimizing manual intervention. 

 

Volatile aromatic compounds in water 

 

BTEX are emitted into the environment from an extensive variety of sources 
related to human activity, such as various industrial processes. They are well-

known for their harmful influence on human health. The maximum allowable levels 
for these compounds in drinking water according to the EPA are 5 µg/L for 

benzene, 700 µg/L for ethylbenzene and 1000 µg/L for toluene and xylene. The 
efficiency of our method for the detection of toluene, ethylbenzene and p-xylene 

was evaluated. 
 The sample extracted was a aqueous solution containing 5% methanol, 

toluene, ethylbenzene and p-xylene each at a concentration of 450 µg/L. n-Hexane 
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was used as the extraction solvent. Conventional LLE was performed as the 
reference method. Here 0.8 mL of fortified water and 0.8 mL of hexane were 

Vortex extracted for 5 minutes. The linearity of our method was also tested. The 
results obtained are shown in Table 3. As can be seen, good recoveries and linearity 

were obtained for all three analytes with our method. The extraction yields 
obtained using the microextractor were consistent with the reference method for 

toluene, while for ethylbenzene and p-xylene an efficiency loss of about 10% was 
observed when compared with conventional LLE. 

 
Table 3 – Extraction of toluene, ethylbenzene and p-xylene from aqueous samples with 
Vortex-based LLE and our microextractor-based LLE. The recoveries shown are obtained for 
an aqueous solution containing 450 µg/L of each analyte and 5% methanol (v/v). n=3. The 
linearity data for the microextractor  are recorded in the concentration range 0.45-4.5 
µg/mL.  

 

Organochlorinated pesticides in water 

 

Nowadays a great deal of attention is paid to the detection and quantification of 
chlorinated pesticides in drinking and surface water. In this work we assessed the 

efficiency of our extraction method to detect several chlorinated pesticides in 
water. 
 The sample used was an aqueous solution containing 13 different 

chlorinated pesticides at different concentration levels (10-100 µg/L). Different 
amounts of methanol (2-5%, v/v) were tried in order to minimize adsorption. The 

best results were obtained for the sample with 2.5% of modifier. n-Hexane was 
used as the extraction solvent and Vortex extraction was performed as the 

reference method. Here 0.8 mL of fortified water and 0.8 mL of hexane were 
Vortex extracted for 5 minutes. The chromatograms obtained with the two 

Component Log Ko/w 
Vortex  Microextractor 

Recovery 
(%)  Recovery 

(%) Slope Intercept R2 

Toluene 2.54 75 (± 2)  74 (± 2) 7.5518 - 0.4785 0.9995 

Ethylbenzene 3.03 83 (± 3)  75 (± 1) 6.9622 - 0.1313 0.9978 

p-Xylene 3.09 69 (± 2)  60 (± 1) 6.2695 0.3473 0.9976 
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methods are shown in Figure 9. As can be observed, for the first three peaks (α-

BHC, β-BHC and Lindane) the results obtained with our method are consistent with 
those obtained with the reference method (100-109%). This was expected since 

these compounds have a Log Ko/w of 4.26, which is within in the hydrophobicity 
range for which complete extraction was previously obtained. On the other hand, 
for the remaining pesticides (Log Ko/w=5.45-6.79) the recovery is clearly lower for 

our method (41-59% when compared to Vortex). A possible explanation is that for 
the more unpolar and highly chlorinated analytes adsorption can occur either on 

the glass surface of the microextractor or/and on the tubing. Nevertheless, the 
sensitivity of the method is still good enough to allow detection of all compounds 

at the concentration levels investigated. 
 

 
Figure 9 – Comparison between the chromatograms obtained extracting an aqueous 
solution containing 13 chlorinated pesticides (10-100 µg/L, 5% v/v methanol) with our 
microextractor (A) and Vortex (B). Peaks: 1) α-BHC; 2) β-BHC;  3) Lindane; 4) Heptachlor; 5) 
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Aldrin; 6) Heptachlor exo-epoxide; 7) Dieldrin; 8) 4,4’-DDE; 9) 2,4′-DDD and 4,4’-DDD; 10) 
Endrin; 11-12) 2,4′-DDT and 4,4’-DDT; 13) Endrin ketone (Endrin decomposition product). 

 

2.5. Conclusions 

 

A new chip-based liquid-liquid extraction system with segmented flow for the 

extraction of aqueous samples in GC was successfully developed. The use of a chip 
grants excellent repeatability and process control. Moreover, the manual labor and 

the solvent consumption are reduced compared to classic LLE. Miniaturization is 
moderate in order to avoid suffering from the limitations typical of microfluidic 
devices. The instrumental set-up is simple and mechanically strong. This simplicity 

and robustness, combined with the stability typical of segmented flow, allows the 
use for automated operation and/or use in the field. The prototype of a new phase 

separator was also evaluated and used in series with the microextraction system, 
giving good results in terms of reliability, efficiency and flexibility. 

The results obtained show that the microextractor has a wide application 
range in terms of hydrophobicity of the target analytes, performing (semi-

)quantitative extraction for Log Ko/w values from 1 to 5 and higher. The device 
allows using a wide range of flow rates from 0.5 to 6.0 mL/min. With these flow 

rates the extraction time can be minimized to achieve a high sample throughput 
with no decrease in efficiency. Enrichment factors up to 10 can be obtained simply 

by tuning the acceptor and donor flow rates. Good results were obtained using the 
method for drug detection in urine and for the analysis of toxic compounds in 

water samples. This convincingly demonstrates the applicability of the 
microextractor in different fields.  
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Chapter 3 
Hydrophobic polymer monoliths as 

“selective solvent gates” for novel phase 

separators  
 

Summary 

Hydrophobic macroporous polymer monoliths are shown to be interesting materials 
for the construction of “selective solvent gates”. With the appropriate surface 
chemistry and porous properties the monoliths can be made permeable only for 
apolar organic solvents and not for water. Different poly(butyl methacrylate-co-
ethylene dimethacrylate) (BMA-EDMA) and poly(styrene-co-divinylbenzene) (PS-
DVB) monoliths prepared with tailored chemistries and porosities were evaluated 
for this purpose. After extensive characterization, the PS-DVB monoliths were 
selected due to their higher hydrophobicity and their more suitable flow 
characteristics. BMA-EDMA monoliths are preferred for mid-polarity solvents such 
as ethyl acetate, for which they provide efficient separation from water. 
Breakthrough experiments confirmed that the pressures necessary to generate flow 
of organic solvents through PS-DVB monoliths were substantially lower than for 
water. A phase separator was constructed using the monoliths as the flow selector. 
This device was successfully coupled on-line with a chip-based, continuous liquid-
liquid-extraction (LLE) system with segmented flow. Efficient separation of different 
solvents was obtained across a wide range of flow rates (0.5-4.0 mL/min) and for 
aqueous-to-organic flow ratios (β=1-10). Good robustness and long life-time were 
also confirmed. The suitability of the device to perform simple, cheap, and reliable 
phase separation in a continuous LLE system prior to gas-chromatographic analysis 
was proven for some selected real-life applications. 
 

This chapter is based on the following article: 
D. Peroni, D. Vanhoutte, F. Vilaplana, P. Schoenmakers, S. de Koning, H.-G. Janssen, 
Anal. Chim. Acta 720 (2012) 63–70 
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3.1. Introduction 

 

Polymer monoliths were introduced in chromatography about two decades ago as 

stationary phases for high-pressure liquid chromatography (HPLC) [1-3]. The 
possibility of in situ polymerization, the straightforward preparation, and the 
convenient control of chemical and (micro-) structural properties resulted in a 

rapid acceptance of monolithic stationary phases. Currently, the analytical use of 
monoliths is no longer restricted to HPLC [4]. Polymer monoliths have also been 

applied as stationary phases in capillary electrochromatography [5] and gas 
chromatography (GC) [6] and as sorbents in planar chromatography [7-9]. More 

recently their use was extended to sample preparation as sorbent materials for 
solid-phase extraction (SPE) [10]. 

 The very broad range of applications of polymer monoliths can be 
explained by the fact that their permeability and surface chemistry can be tuned 

[8-10]. The desired permeability and porosity can easily be achieved by altering the 
polymerization conditions, i.e. the ratio of porogen solvents, the polymerization 

time and temperature, and the amount of crosslinker. Average pore sizes ranging 
from a few nm to the µm range and porosities of up to 80% have been reported 

[2,11]. The surface chemistries can be altered by selecting monomers with the 
appropriate functionality or by post-polymerization modification, e.g. by attaching 
nanoparticles or by photografting functional groups onto a pre-formed monolithic 

structure or by functionalizing a reactive monolith [2]. An example of the 
remarkable flexibility of monoliths was presented by Woodward et al. [9]. These 

authors photografted 2-acrylamido-2-methyl-1-propane-sulfonic acid and 2-
hydroxyethyl methacrylate onto a poly(butyl methacrylate-co-ethylene 

dimethacrylate) monolith achieving a complete modification of the hydrophobicity 
of the material, resulting in a change of the contact angle for water from 155° to 

nearly 0°. 
We believe that, due to this high flexibility in terms of porous properties 

and hydrophobicities, polymer-based monoliths have a great potential to act as 
“selective solvent gates”, for example in phase separation of a fluid flow of water 

and a non-miscible organic solvent. By selecting the appropriate surface chemistry, 
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the monolith can be made permeable exclusively to either water or apolar organic 
solvents. Their use as phase separator would add another important application 

area to the already broad application field of monoliths in analytical chemistry. 
The difficulty to achieve efficient and robust on-line phase separation has 

been one of the main factors limiting the use of automated liquid-liquid extraction 
(LLE). Continuous LLE coupled on-line to GC (LLE-GC) may be a labour- and time-

efficient alternative to conventional LLE. Different systems for automated LLE-GC 
have been proposed [12-19]. A key step in such systems is the phase separation 

after the extraction. Phase separation is generally achieved using permeable 
membranes or gravity forces, in the latter case often combined with manipulation 

of the wettability and wall adherence. Membrane-based separators provide good 
performance and recovery, but their life-time is usually short. Double-membrane 
set-ups have been developed to extend the durability [20,21]. Nevertheless, 

membrane-based systems remain vulnerable to high back-pressures [18] and they 
present a high risk of analyte losses and memory effects [14]. Gravity- and 

wettability-based devices are much more robust [22-24]. Unfortunately, however, 
these systems are not very flexible and they suffer from operational limitations, i.e. 

limited flow rate or phase ratio ranges [14]. More recently, phase separators based 
on capillary forces have been investigated [25-27]. In these, often chip-based, 

devices separation can be obtained through an array of micro side-channels, which 
allow the entrance of only one of the two phases due to their different interfacial 

properties. Practical operation of such systems is not easy, as they require a very 
precise pressure drop control through the whole system, complicating their use 

with continuous systems. 
 In this chapter the use of macroporous polymer monoliths as novel 

“selective solvent gates” materials to achieve continuous phase separation is 
presented. The phase separator developed is applied to miniaturized extraction 
devices using a segmented flow of non-miscible solvents. Two commonly used 

polymer monoliths, poly(butyl methacrylate-co-ethylene dimethacrylate) (BMA-
EDMA) and poly(styrene-co-divinylbenzene) (PS-DVB) were prepared in fused silica 

capillaries by thermal polymerization. Their porous and surface properties were 
tuned by altering the polymerization conditions (i.e. mixture composition, process 

time and temperature) in order to achieve different pore dimensions and 
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wettabilities. The monoliths were studied through model experiments, assessing 
the physicochemical features, as well as in practical use as selective material for 

phase separators. The on-line coupling of the phase separator with the 
microextractor described in chapter two and a study of the performance of a 

continuous LLE-monolith phase separator-GC (LLE-MPS-GC) system is also 
presented.  

 

3.2. Experimental 

 

3.2.1. Chemicals and materials 

 

Butyl methacrylate (BMA, 99%), ethylene glycol dimethacrylate (EDMA, 98%), 1,4-
butanediol (99%), 1-propanol (99.8%), styrene (PS, 99%), divinylbenzene (DVB, 
80%), toluene (99.9%), dodecanol (98%), 3-(trimethoxysilyl)propyl methacrylate (γ-

MPS, 98%), 2,2’-azobisisobutyro-nitrile (AIBN, 98%), basic alumina, and p.a. grade 
standards of the carboxylic-acid and fatty-acid esters (ethyl acetate, methyl 

acetate, methyl butyrate, methyl hexanoate, methyl octanoate, methyl decanoate 
and methyl undecanoate) and polyaromatic hydrocarbons (naphthalene, fluorene, 

phenantrene, anthracene, fluoranthene and pyrene) were purchased from Aldrich 
(Zwijndrecht, The Netherlands). Styrene, divinylbenzene, BMA and EDMA were 

purified by passing the liquids over activated basic alumina. n-Hexane, n-heptane, 
ethyl acetate and methanol were purchased from Biosolve (Valkenswaard, The 

Netherlands). Sodium hydroxide was purchased from Merck (Darmstadt, 
Germany). Acetic acid (glacial, p.a.) and hydrochloric acid (37%) were obtained 

from Acros (Geel, Belgium). Ethanol (99.8%) was purchased from Brüggemann 
Alcohol (Tiel, The Netherlands). The tea used for the extraction experiments was a 

commercial product purchased in a local supermarket. Milli-Q water (18.2 MΩcm) 
was produced by an Arium 611UV Ultrapure Water System (Sartorius Stedim 
Biotech, Aubagne, France). Empty fused silica capillaries (0.53, 0.32 and 0.10 mm 

i.d.) were used to prepare the monoliths. They were obtained from Polymicro 
Technologies (Phoenix, AZ, USA). 
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3.2.2. Monolith preparation and characterization 

 

Preparation of PS-DVB monoliths in fused silica capillaries 

 

Three polymerization mixtures with different porogen/solvent systems were 

prepared to tailor the pore sizes of the monoliths. A fixed amount of styrene (20% 
wt.) and divinylbenzene (20% wt.) were added to each polymerization mixture, 

together with AIBN (1% wt. with respect to the monomers) as an initiator. Different 
contents of toluene (2%, 5%, or 10% wt.) and dodecanol (58%, 55%, or 50% wt.) 

were added to the three polymerization mixtures. The mixtures were sonicated for 
30 min and purged with helium to remove possible air bubbles prior to 

polymerization. PS-DVB monoliths are known to show strong swelling or shrinking 
when solvated or dry, respectively. Therefore, chemical attachment to the capillary 
wall is not required. If the monoliths are to be used in an appropriate organic 

solvent they are physically compressed to the wall. The lack of chemical 
attachment allows the PS-DVB monolith to shrink freely when dry. If the monoliths 

were permanently attached to the capillary, they would lack this flexibility and the 
shrinking could result in the formation of cracks. Thermal polymerization was 

carried out at 80°C for 24 h in a temperature-controlled hot-water bath (NESLAB® 
RTE-140, Eindhoven, The Netherlands). Glass vials were also filled with the three 

mixtures and thermal polymerization was performed to measure the bulk surface 
and porous properties. After polymerization, the capillaries and the bulk monoliths 

were cooled down to room temperature and flushed with, or immersed in, 
methanol prior to subsequent testing. 

 

Preparation of BMA-EDMA monoliths in fused silica capillaries  

 

Contrary to the PS-DVB monoliths, the acrylic polymer monoliths need to be 
covalently attached to the walls of the capillary. A surface modification of the fused 

silica capillaries was, therefore, performed prior to the polymerization reaction. 
First, the capillary was cleaned with acetone and water. Next, it was flushed with a 

53 
 



Chapter 3 
 
 

1M NaOH solution for 30 min, washed with water, flushed with a 0.2 M HCl 
solution for 30 min, and again washed with water. Then, the tube was flushed for 1 

h with a solution of γ-MPS (20% wt.) in 95% ethanol adjusted to pH=5 with acetic 
acid. Finally, it was flushed with ethanol and dried overnight using pressurized air. 

All flushing steps were performed at a flow rate of 10 μL/min using a KdScientific 
210 syringe pump (Antec Leyden, Zoeterwoude, The Netherlands). Two 

polymerization mixtures with different porogen ratios were prepared. Both 
mixtures consisted of BMA (24% wt.) and EDMA (16% wt.) as monomers, and AIBN 

as initiator (1% wt. with respect to the monomers). One mixture consisted of 30% 
wt. 1-propanol and 30% wt. 1,4-butanediol, the other of 34% wt. 1-propanol and 

26% wt. 1,4-butanediol. Prior to filling the capillaries, the polymerization mixture 
was deaerated by purging with helium for 10 min. Polymerization was carried out 
by thermal initiation at 80°C for 24 h in a hot waterbath. As for the PS-DVB 

monoliths, bulk samples were prepared in vials for both surface and porous-
property measurements. After the polymerization process, the capillaries and bulk 

samples were flushed with, or immersed in, methanol overnight to remove the 
porogens and any unreacted species.  

 

Morphological characterization of the polymer monoliths  

 

The physicochemical properties of the prepared styrenic and acrylic monoliths 

including their porosity, permeability, and surface chemistry were characterized 
prior to their use as phase separators. The total porosity εT and the permeability kp,F 

for n-hexane and water were measured for all the filled capillaries using a micro-LC 
system (Agilent Technologies 1100 Series, Waldbronn, Germany), equipped with a 
variable wavelength detector (UVIS 200, Linear Instruments, Reno, NV, USA). The 

total porosity was calculated from the elution volume of toluene as unretained 
marker using THF as the mobile phase. The permeabilities of each column for n-

hexane and water were calculated from pressure drop measurements using the 
Darcy equation [1]: 

 

∆𝑃 = 𝜂 ∙ 𝑢𝐹  ∙𝐿
𝑘𝑝,𝐹

                       (1) 
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where η is the viscosity of the mobile phase, uF is the superficial velocity, L is the 

column length, and kp,F is the superficial-velocity-based column permeability. 
Contact angle measurements for n-hexane and water were performed on the 

surface of all prepared monolithic compositions. Photographs of the droplets were 
taken using a Pixelink (Ottawa, ON, Canada) CCD PL-B954 camera with a 1.4 

Megapixel-CCD-Sensor Imaging device coupled with a microscope head which a 

magnification of 2.5× and a connection with 0.63× magnification. A snapshot was 

then selected and the contact angle θ was determined using ImageJ, an open 
source image-processing and analysis software, in combination with the drop 

analysis plug-in (Biomedical Imaging Group, EPFL, Lausanne, Switzerland). The 
average pore sizes for the different monoliths were obtained by low- and high-
pressure mercury-intrusion porosimetry (MIP) measurements (PASCAL 140® and 

PASCAL 440®, Milan, Italy). Prior to contact angle and MIP measurements, the bulk 
samples were dried in a vacuum oven to yield completely dry polymer monoliths.  

 

3.2.3. Phase separator 

 

After the physicochemical characterization, the performance of the monolith 

capillaries as phase separators was evaluated. A schematic representation of the 
phase separator assembly is shown in Figure 1A. Short lengths, typically 3 mm, of 

the 0.53 mm i.d. fused silica capillaries filled with PS-DVB-2 monolithic material 
(See Table 1) were inserted perpendicularly into a glass tube (length 50 mm, o.d. 5 
mm, i.d. 3 mm) through a hole and fixed with Araldite 2001 glue (Viba, Zoetermeer, 

The Netherlands), a two-component epoxy glue. Before applying the glue all parts 
were thoroughly cleaned with ethanol. The fixing procedure involved letting the 

glue dry at room temperature for 15 h. Initially a UV adhesive Vitralit 6128 glass 
glue was used (Stokvis Tapes, Alblasserdam, The Netherlands). In that case the 

fixing process consisted of exposing the device to a UV-lamp at 250 Watt for 1 min. 
This procedure provided leak-tight connections, but the monolith was flushed from 

the capillary after only a few hours of use. Apparently, the intense UV irradiation 
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damaged the monolithic structure. Such problems were not encountered when 
using the epoxy glue. 

 

 
Figure 1 - Schematic representation of the phase separator prototype (A) and of the liquid-
liquid extraction system with the phase separator coupled on-line to a microfluidic 
extractor (B). 
 

The system was connected with the outlet of the extractor (See Section 3.2.4) using 
1/4 in. o.d. PEEK tubes and finger-tight connections. An adjustable flow restrictor 

was used to create the back-pressure necessary to generate flow through the 
capillary. Due to the high hydrophobicity of the monolith, nonpolar organic 
solvents were able to penetrate into the bed and flow through the capillary 

allowing their collection in a vial, whereas the aqueous phase was repelled and 
directed to a waste reservoir. 

 

3.2.4. Automated liquid-liquid extraction  

 

The phase separator was coupled in series to a miniaturized extractor described in 
chapter two and used to achieve automated continuous LLE [28]. The extractor is a 
device originally designed as a microreactor for parallel chemical reactions, 

provided by Micronit (Enschede, The Netherlands). It consists of a glass-wafer (14.6 
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cm×7.3 cm×0.4 cm) into which channels are etched. The split-and-recombine 
mixing structure of the chip ensures that a well-controlled segmented flow is 

generated at the T-intersection where the two streams merge when immiscible 
liquids are introduced. The complete instrumental set-up used is described in 

Figure 1B. 
 

3.2.5. Chromatographic instruments and conditions 

 

All one-dimensional (1D-GC) and comprehensive two-dimensional GC (GC×GC) 
experiments were performed on an Agilent Technologies (Santa Clara, CA, USA) 

6890 Series GC System equipped with a split/splitless injector, a LECO 
(Mönchengladbach, Germany) cryogenic modulator with secondary oven and a 

flame ionization detector (FID). The hydrogen flow for the FID was produced by a 
hydrogen generator PG-H2 Series 3 (Schmidlin-DBS AG, Neuheim, Switzerland). An 

Rxi-5ms capillary column (length 30 m, i.d. 0.32 mm, film thickness 0.25 µm) from 
Restek (Bellefonte, PA, USA) was used for all 1D-GC experiments and as first 

dimension column when performing GC×GC separations. As GC×GC second 
dimension we used a Restek RTX-17Sil column (length 1.2 m, i.d. 0.1 mm, film 

thickness 0.2 µm).  
 An injector temperature of 250°C and an injection volume of 1 µL were 
chosen and helium was used as the carrier gas. Fatty acid methyl esters (FAMEs) 

and polyaromatic hydrocarbons (PAHs) were injected using a carrier gas flow of 1.5 
mL/min in the splitless mode with a splitless time of 0.75 and 1.0 min, respectively. 

The oven temperature program used for the analysis of the FAMEs started at 40°C 
(2 min) and used a heating rate of 20°C /min to the final temperature of 200°C. The 

PAHs were analyzed by programming the oven temperature from 50˚C to 300˚C at 
15˚C /min. Injection for the GC×GC-FID analysis of the tea extracts was performed 

in the splitless mode (splitless time 1 min) with a constant carrier gas flow of 1.5 
mL/min. The oven temperature program started at 40˚C (0.2 min) and used a 

heating rate of 4˚C /min to the final temperature of 300˚C (0.2 min). The secondary 
oven and the modulator were programmed at 5˚C and 20˚C above the main oven, 

respectively. A modulation time of 5 seconds was chosen.  
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3.3. Results and discussion 

 

3.3.1. Porosity, permeability and surface chemistry of monoliths 

 

The physicochemical properties of the prepared styrenic and acrylic monoliths 

were thoroughly characterized to better understand their behaviour and 
applicability as phase separators. The surface chemistry, porosity and permeability 

were investigated by contact angle measurements, mercury-intrusion porosimetry, 
and µ-LC analysis of an unretained tracer, respectively. The results of the 

measurements are summarized in Table 1. In terms of surface chemistry and 
hydrophobicity, PS-DVB monoliths show a large contact angle for water droplets 

(161°), whereas n-hexane is readily able to permeate through the monoliths’ 
surface. The water contact angle of the acrylic monoliths (137°) is slightly smaller 
than for their styrenic counterparts. The large angles underline the hydrophobicity 

of the two types of monoliths and their potential applicability as selective “solvent 
gates” in phase separators for continuous liquid-liquid extraction systems. Because 

of their higher hydrophobicity, the PS-DVB cross-linked porous structures are 
expected to yield the highest selectivity in terms of their wettability and 

permeability for aqueous versus apolar phases. The flow characteristics of the 
monoliths were studied by registering the inlet pressure of the monolith-filled 

capillaries at different flow rates. The average pore size of the styrenic and acrylic 
monoliths increased with decreasing content of the non-porogenic solvent (toluene 

and 1-propanol, respectively), as expected from bulk thermal polymerization 
mechanisms [29,30]. The pore sizes could be tailored between 0.5 and 4 µm for the 

BMA-EDMA monoliths and between 1 and 15 µm for the PS-DVB monoliths, 
respectively, which was appropriate to obtain the desired flow resistances. The 

total porosity εT of the different monoliths varied between 0.5 and 0.65, which 
corresponded approximately to the porogenic-solvent content in the initial 
polymerization mixture. Shrinkage and/or swelling of the crosslinked monoliths 

with the porogenic-solvent systems could have occurred during or after 
polymerization to create this diversity of porosities in the corresponding monoliths.  
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The homogeneity of the monoliths prepared was confirmed by scanning electron 
microscopy (SEM). A SEM micrograph obtained for a representative PS-DVB 

monolith is shown in Figure 2. 
 

 
Figure 2 – SEM micrograph of a PS-DVB-2 monolith prepared in a fused silica capillary (A) 
and detail of the monolith structure (B), respectively. 
 

As expected from fluid mechanics, the permeability parameter kp,F of the capillary 

monoliths both in n-hexane and in water increases with increasing pore size of the 
monoliths. The relationship between pore size and permeability is described by the 

modified Kozeny-Carman equation for monoliths [1]: 
 

𝑘𝑝,𝐹 = 𝑙2  ∙  𝜀𝑒3

(1−𝜀𝑒)2                    (2) 

 
where εe is the external porosity of the column (i.e. the fraction of the column 

volume that contains flow-through channels) and l is a scale parameter related to 
the average size of the monolith pores. The permeability for water is slightly higher 

than for n-hexane for all the monolithic systems, which may be attributed to the 
surface tension and the swelling behaviour of the monoliths. Increased swelling in 

n-hexane may be induced by favourable solvent interactions with the monolithic 
polymeric network. This would result in a decrease in the actual pore size and, 

consequently, in a lower permeability compared to water (cf. to Eq. 2). 
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The potential use of polymeric monoliths as phase separators results from a 
combination of suitable surface chemistry (hydrophobicity) and a high 

permeability. The hydrophobicity implies that only the organic solvents are 
“allowed entrance” and that water is completely excluded. The high permeability 

ensures a sufficiently high organic-solvent flow in continuous operation. From the 
structural point of view, monolith-filled capillaries resemble the etched channels in 

chip-based phase separators based on capillary forces. A porous monolithic 
material can in fact be considered as an array of multiple micro-channels combined 

in one macrostructure. Significant advantages of using monoliths rather than 
channels etched in microfluidic devices are the ease of preparation, the flexibility of 

the chemistry and the low cost typical of polymer monoliths. Furthermore, the 
number of channels obtained in a monolithic bed far exceeds the number that can 
be etched on a chip. This provides a much greater robustness, significantly reducing 

the risk of performance losses due to clogged channels. From the results of the 
contact-angle and permeability measurements, PS-DVB monoliths are expected to 

show a somewhat better performance in phase separation than BMA-EDMA 
monoliths. The higher hydrophobicity is expected to provide greater selectivity for 

non-polar solvents, while the greater permeability will reduce the back-pressure 
and yield a better recovery of the organic phase. For these reasons the BMA-EDMA 

materials were excluded from further studies and the PS-DVB monoliths were 
selected for practical phase-separation experiments. Their performance will be 

evaluated in the following sections.  

 

3.3.2. Evaluation of the PS-DVB monolith for phase separation 

 

Flow vs. pressure characteristics of PS-DVB monoliths for water and n-

hexane  

 
A first series of experiments was performed to evaluate the pressure necessary to 

generate a flow of water or of an organic solvent (n-hexane) through the monolith. 
Short (5 mm) pieces of fused silica capillaries filled with PS-DVB monoliths with 

different pore sizes were inserted through the septum of a closed vial containing 
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the liquid of interest. Overpressure was generated by delivering helium via a 
second capillary inserted through the septum. The pressure was progressively 

increased and the flow generated through the monolith was measured. The results 
obtained are shown in Figure 3.  

 

 
Figure 3 - Flow generated at different overpressure values from a closed system containing 
water () and n-hexane () through a capillary (length 5 mm, 0.53 mm i.d.) filled with PS-
DVB monoliths. The three graphs show the results obtained for monoliths with different 
pore sizes: 0.9 µm (A), 13.5 µm (B) and 14.7 µm (C).  
 

The interesting feature of the graph is that in all cases a certain threshold pressure 

is required before flow through the monolith starts. We speculate that this onset 
pressure is related to the wettability and contact angle of the solvent on the 

monolith, whereas the slope of the increasing part is related to the flow resistance 
of the monolith bed in combination with the viscosity of the solvent. As expected 

the organic solvent shows a lower threshold pressure than water, indicating that it 
should be possible to use the monolithic device to selectively isolate the organic 

phase. The phase separator prototype developed based on this principle is shown 
in Figure 1A. The monolith with the largest average pore size (PS-DVB-2) was 
selected and used in all following experiments, because it yielded the highest flows 

of organic solvent. 
 

Performance of the phase separators 

 
The efficiency of the phase separators in the set-up of Figure 1B was evaluated 

using a segmented flow of Milli-Q water and n-hexane delivered at a flow ratio of 1 
and a total flow rate of 1 mL/min. No traces of water were observed at the outlet 
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of the monolith phase separator. Due to the relatively high flow resistance of the 
capillary, only a small fraction of the organic phase was collected. Most of the 

extractant was lost to waste. However, the amount of organic phase collected was 
always large enough to allow repeated GC analysis. It was observed that the 

organic flow increased during the first few hours of use. This could be explained by 
the fact that the capillary was initially in a dry state and the organic phase 

experienced a relatively high flow resistance. During use the monolith may have 
been progressively wetted by the solvent. As a consequence, the resistance would 

have decreased, leading to higher flow rates. Once stable, the typical flow rate was 
approximately 200 µL/min. The flow was monitored for several hours showing 

satisfactory short-term stability (RSD<10%). These results indicate that flushing the 
phase separator with the organic solvent employed prior to real use is desirable to 
maximize the recovery and achieve a stable organic flow. 

The absolute flow through the monolith can be increased (i) by changing 
the monolith bed, e.g. by increasing the pore size, (ii) by optimizing the dimensions 

of the capillary, or (iii) by using multiple capillaries in parallel. The first option 
involves a risk that the threshold pressure for entrance of water is reduced. Hence, 

this option should be discouraged. An appropriate choice of the capillary 
dimensions to minimize the back-pressure was considered more advantageous. 

Different fused silica capillaries with internal diameters (0.10, 0.32 and 0.53 mm) 
and lengths were initially evaluated before implementing them in the instrumental 

set-up described in Section 3.2.3. Although the risk of water entering the monolith 
bed is mostly determined by the characteristics, i.e. hydrophobicity and porosity, of 

the monolith, it is also dependent on the capillary dimensions. Narrow and/or long 
capillaries will require a higher back-pressure to obtain a sufficiently high flow of 

organic solvent through the monolith bed. Although the monolith surface 
chemistry should provide efficient discrimination, higher pressures aggravate the 
risk of exceeding the breakthrough pressure for water. The wide-bore capillary 

yielded the highest organic flow at relatively low pressures and was therefore 
selected. For the same reason, the length was reduced to the minimum practical 

value of 3 mm. The third approach to increase the flow rate, i.e. the use of parallel 
capillaries, was investigated by using up to 5 capillaries in parallel. Complete 

collection of the n-hexane phase was not achieved even with this set-up. However, 
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a significant improvement was obtained. Since the volume collected was sufficient 
even for repeated large volume injections, no attempts were made to increase 

further the organic phase recovery. Also with regard to quantification, the fact that 
only part of the extractant volume is collected is not an issue since every part of 

flow is representative of the whole extraction phase. From this perspective our LLE 
method is identical to classical LLE, in which also only a small part of the extraction 

solvent is analysed.   
The life-time of the device at the flow conditions mentioned above was 

evaluated for a total time of one week. During this period no changes were 
detected and no traces of water were observed through the monolith, indicating a 

good chemical and mechanical stability. Moreover, the overall system proved to be 
robust and stable. A constant organic flow was obtained throughout, without the 
need to adjust the back pressure provided by the restrictor (Figure 1B).  

In order to evaluate the flexibility of the separator in practice, its 
performance for different water/n-hexane flow ratios and flow rates was tested. 

The influence of the total flow rate was assessed for flow rates in the range from 
0.5 to 4 mL/min at a constant flow ratio of 1. For all the flows used, no water was 

observed to elute with the organic extractant. In another set of experiments, the 
aqueous flow was increased keeping the organic flow constant at 0.5 mL/min in 

order to evaluate the influence of the flow ratio on the separation. The flow ratio 
range investigated was from 1 to 10. Again, an efficient separation was maintained 

across the entire range. 
The performance for other organic solvents commonly employed in LLE, 

such as n-heptane, toluene and ethyl acetate, was also investigated. Results similar 
to those obtained with n-hexane were obtained when using n-heptane and 

toluene. For n-heptane no adjustment of the back-pressure was required, 
indicating that the system could be used directly as optimized for n-hexane. The 
flow obtained was also very similar, with an average value of 200 µL/min. When 

using toluene it was necessary to adjust the restrictor to increase the back-
pressure. However, the optimization of the back-pressure was found to be 

straightforward and efficient separation was obtained. In this case the organic flow 
through the monolith was approximately 50 µL/min. This lower value may be 

explained by the higher viscosity of toluene and perhaps by a different interaction 
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with the monolithic surface which would lead to diverse swelling/shrinking effects. 
When using ethyl acetate, water was observed to flow through the monolith after 

only a few minutes. This could be explained by a poor selectivity of the surface or 
by a change in the structure of the monolithic bed when using relatively polar 

solvents. The latter possibility was considered more likely and it was confirmed by 
microscope investigation. A void space between the capillary wall and the monolith 

was clearly observed. It was therefore concluded that the PS-DVB monolith was 
subject to severe shrinking when wetted with ethyl acetate and that, consequently, 

its attachment to the wall was lost. As a result, both the organic and aqueous 
phases could flow through the interstitial space between the fused silica capillary 

and the monolithic bed, leading to a complete loss of separation. 
As discussed previously, the acrylic monoliths are less subject to swelling 

and thus their preparation requires chemical attachment to the wall of the 

capillary. For this reason we considered that they might be a more convenient 
choice in the case of ethyl acetate. This was confirmed in a series of experiments in 

which efficient separation of ethyl acetate from water was achieved using a phase 
separator based on the same design described in Section 3.2.3, but now using 

BMA-EDMA-30 as separating material. The ethyl acetate flow recovered using an 
ethyl acetate/water system with a total flow rate of 1 mL/min at a flow ratio of 1 

was about 20 µL/min. This low flow is a consequence of the unfavourable flow 
characteristics of the monolith (see Section 3.1). Clearly, such a poor recovery may 

be a significant limitation in an actual continuous system. Further improvement is, 
therefore, required to optimize the separation of semi-polar organic solvents, such 

as ethyl acetate, from water. Nonetheless, these promising preliminary results 
obtained also with the acrylic material show that efficient monolith-based phase 

separation of segmented flows of water moderately polar organic solvents can be 
achieved, confirming the great potential of polymer monoliths in phase separation.  
 

Bleeding 

 
The presence of additional peaks arising from the monolith, for example due to 

reaction side products or to unreacted reagents not successfully removed by the 
washing procedure, could affect the quality of the chromatograms obtained in LLE-
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MPS-GC. To study the presence of extractable organics in the monolithic material, 
10 mm of a capillary filled with freshly prepared PS-DVB-2 was flushed with n-

heptane at 0.5 mL/min. Fractions of 1 mL were collected and analysed by GC. Only 
one extra peak was observed in the first fraction (Figure 4).  

 

 
Figure 4 – Bleeding evaluation of a fused silica capillary (10 mm, 0.53 mm i.d.) packed with 
PS-DVB-2. The monolith was flushed with n-heptane at 0.5 mL/min. The chromatograms 
shown were obtained after 1 (top) and 2 mL (bottom), respectively.  

 

The concentration level in the solvent was estimated to be in the low µg/mL range 
by comparison with the FAMEs peaks. This would indicate that the total extracted 
amount for this compound was in the low µg range. Already in the second fraction 

the peak was no longer present and no further bleeding from the monolith was 
observed. The cleaning procedure after the monolith preparation, i.e. flushing with 

methanol, was apparently very efficient but it did not eliminate all contaminants 
Additional cleaning with an apolar solvent is required to provide appropriate blanks 

and should always be performed. Therefore all monoliths were briefly flushed with 
one millilitre of the chosen extraction solvent, e.g. n-heptane, prior to installation 

in the phase separator. This resulted in excellent blanks for all solvents tested. For 
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more aggressive solvents more resistant monoliths such as silica-based monoliths 
could possibly be used. This however was not necessary for our applications.   

 

Inertness 

 

The analytes extracted using the LLE system are in a very good solvent when they 
migrate through the phase separator. Retention on the monolith is therefore not 

very likely. Besides, the monolithic bed used is expected to have a low surface area 
as a consequence of the relatively large pore size and, therefore, the risk of 

adsorption will be minimized. This was confirmed by measuring the specific surface 
through nitrogen adsorption measurements using a Thermo Fisher Surface 

Analyzer (CE Instruments, Wigan, UK). The surface area was found to be only 2.4 
m2/g.  

To verify that indeed no undesired interactions of the analytes with the monolith 
bed occurred, the activity of the monolith towards different classes of compounds 
was evaluated. Standard solutions containing selected test analytes at different 

concentration levels in the selected organic solvent were flushed through 10 mm of 
a PS-DVB-2 filled capillary by means of a syringe pump. The flow rate used was 50 

µL/min. The solutions were analysed and quantified by GC before and after this 
operation to quantify possible analyte loss. 0.5 mL of solvent were flushed between 

each experiment to clean the monolith and avoid occupation of the adsorption 
sites by the previous sample. The combination of the solid material (i.e. the 

monolith), the solvent used and the class of analytes will determine whether the 
latter will be retained and therefore if adsorption will occur. As PS-DVB monoliths 

are very hydrophobic, just like the solvents that flow through them, adsorption of 
apolar analytes from such solvents is very unlikely. On the other hand, one possible 

cause for adsorption would be the presence of polar interactions. FAMEs with 
increasing chain length and therefore increasing hydrophobicity (Ko/w) were chosen 

as test analytes to evaluate this phenomenon. The Log Ko/w values were calculated 
using Estimation Program Interface (EPI) suite v 4.0 for Microsoft® Windows, an 
open source software (United States Environmental Protection Agency, 

Washington, DC, USA).  
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Due to their chemical structure, polarity was assumed to be the only possible cause 
for adsorption. Quantitative recoveries and excellent linearity were obtained (Table 

2). This indicates that no adsorption occurred in the polarity range investigated 
(Log Ko/w=2.34-4.79). Retention due to specific interactions is another possible 

cause of analyte loss. As the monolithic material prepared contains numerous 
styrene units, analytes with aromatic rings such as PAHs are expected to be 

particularly at risk of adsorption due to π-π interactions. Different PAHs (1 to 4 
phenyl rings, Log Ko/w from 3.17 to 4.93) were therefore studied as the second 

group of test analytes. The experiments were performed using n-heptane and 
toluene as solvents. With toluene, adsorption was expected to be less critical as the 

solvent itself would occupy the adsorption sites. As can be seen in Table 2 the 
recoveries were quantitative at all concentrations for both solvents confirming that 
no adsorption took place, not even when using a non-aromatic solvent.  

 

3.3.3. Applications for continuous microchip-based LLE-MPS-GC of 

aqueous samples 

 

The instrumental set-up described in Figure 1B was applied in a series of real-life 

applications to assess its feasibility. The experiments were performed in the plug-
injection mode described in chapter two. In short, plugs of sample were injected 

into a water flow that was jointly fed into the extractor with the organic solvent. 
The width and shape of the sample plug profile in the organic stream at the outlet 

of the miniaturized extractor with different sample volumes and flow rates were 
experimentally investigated in order to determine the optimum sampling window. 

When using a 2.4 mL loop and a total flow rate of 1 mL/min at a flow ratio of 1 the 
sample band reached a plateau of maximum concentration between 6 and 8 

minutes. Fractions were collected in this interval to maximize the sensitivity. An 
aliquot of the segmented flow going to waste was collected in the same time 
window. The organic phase of this waste stream was separated manually from the 

water phase to be used as reference. 
 The first analytes investigated were the PAHs. Tap water and surface water 

were spiked with six different PAHs at 1 µg/mL. The surface water used to prepare 
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the samples was collected from the river IJ in Amsterdam. n-Heptane was used as 
the extraction solvent. The chromatograms obtained with phase separation for the 

two samples are shown in Figure 5.  

 

 
Figure 5 – Chromatograms obtained for tap water (A) and surface water (B) samples spiked 
with six PAHs at 1 µg/mL extracted using the chip-based extraction system with on-line 
phase separation. Peaks: 1) Naphthalene; 2) Fluorene; 3) Phenantrene; 4) Anthracene; 5) 
Fuoranthene; 6) Pyrene. 
 

In both cases they are consistent with their respective references obtained with 
manual phase separation. The recovered concentrations were quantitative, ranging 

from 103 to 114% and from 93 to 102%, respectively. A second application 
investigated was the extraction of a tea sample as an example of a frequently 

performed analysis of food. n-Hexane was used as the extraction solvent. The 
GC×GC chromatogram obtained after using a monolith phase separator is shown in 

Figure 6. Again, no differences with the reference chromatogram (obtained after 
manual extraction) were observed, confirming the suitability of the phase 
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separator for all the compounds extracted and for this kind of application in 
general.  

 

 
Figure 6 – GCxGC-FID chromatogram obtained for a tea sample extracted using the chip-
based extraction system with on-line phase separation. 
 

3.4. Conclusions 

 

BMA-EDMA and PS-DVB hydrophobic polymer monoliths can be used to realize 

efficient separation of aqueous and organic phases. Different physicochemical 
properties, such as wettability and porosity, can be easily tuned by changing the 

polymerization conditions. In this way, the characteristics can be optimized for use 
as “selective solvent gates”. Only apolar organic solvents can enter and pass 

through the monolith bed, while water is repelled. The separation is based on 
different affinities and permeabilities of the polymer monoliths for the aqueous 
and organic phases. The PS-DVB materials showed the best performance due to 

their greater hydrophobicity and their higher permeability.  
The prototype of a monolith-based phase separator developed in this study 

is cheap, simple and mechanically strong. The device can be used coupled to a chip-
based extraction system based on segmented flow. The set-up provided good 

results in terms of efficiency and flexibility. Separation could be achieved for 
different organic solvents across a wide range of flow rates (from 0.5 to 4.0 
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mL/min) and for (water-to-organic) flow ratios up to 10. The novel monolith-based 
phase separators offer good robustness and long-term stability. Results obtained 

with real samples further support the suitability of the device for practical 
applications.  
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Chapter 4 
Macroporous polymer monoliths as second 

dimension columns in comprehensive two-

dimensional gas chromatography 

      
Summary 

When the typical column combinations are used, comprehensive two-dimensional 
gas chromatography (GC×GC) suffers from the impossibility to operate both 
dimensions at their optimum carrier gas velocities at the same time. This as a result 
of the flow mismatch caused by the different dimensions of the columns used. The 
objective of the present study was the development of monolithic second dimension 
columns which would allow simultaneous optimum-velocity operation. With 
monolithic GC columns the optimum performance can be obtained at any given 
flow rate by varying the bed structure and the column diameter. Different 
divinylbenzene-based monolithic columns were prepared and evaluated in terms of 
permeability and performance in GC. Plate heights of less than 0.18 mm and plate 
generation rates up to 600 plates/s were achieved. 1D-GC experiments performed 
on short monolithic columns showed a good resolving power thanks to the elevated 
retention and the good selectivity. A peak capacity up to 12 peaks per 4-5 seconds 
was obtained for low-boiling alkanes, confirming the potential for fast separations. 
Excellent repeatability in terms of retention times (RSD<0.5%) and peak widths 
(RSD<1.5%) was observed. The columns prepared were successfully used in the 
second dimension of a GC×GC set-up with a standard non-polar first dimension. 
Model experiments proved the possibility to operate both dimensions at their 
optimum linear velocity simultaneously. The suitability of the novel second 
dimension column format to perform multidimensional separations was shown for 
selected applications. 
 

This chapter is based on the following article: 
D. Peroni, Rudy J. Vonk, W. van Egmond, H.-G. Janssen, J. Chromatogr. A 1268 
(2012) 139–149 
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4.1. Introduction 

 

Comprehensive two-dimensional gas chromatography (GC×GC) is an analytical 

technique characterized by a remarkable resolving power, unmatched peak 
capacity and well-structured separations [1, 2]. Since its introduction the technique 
has been extensively investigated and its use has become widely accepted. 

 In spite of its extensive exploitation, in most cases GC×GC is currently not 
used at its full potential. This is due to the column sets normally employed, 

consisting of a long normal-bore first dimension (1D) column and a short narrow-
bore second dimension (2D) column. With such column combinations it is not 

possible to operate both dimensions at their respective optimum linear velocity at 
the same time [3, 4]. When low inlet pressures are used optimum velocity is 

obtained in the 2D, but the velocity in the first column is below optimum. In order 
to overcome this, higher inlet pressures are often used to obtain optimum 

performance in the 1D. By doing so, however, the second dimension efficiency is 
sacrificed as the linear velocity in the 2D will now be far above optimum.  

 Stop-flow GC×GC represents an elegant solution to independently regulate 
the carrier gas flows in the two columns [5, 6, 7]. In this mode of operation the first 

dimension flow is periodically stopped for a short time and an additional pressure 
inlet is used to provide carrier gas to the second column. This way the modulation 
time and the second dimension separation time are successfully decoupled and 

normal-bore 2D columns, i.e. 0.15-0.25 mm i.d., can be used. The main limitation of 
this methodology is the rather complex instrumental set-up required. Another 

approach to solve the velocity mismatch was presented by Tranchida et al. [8, 9]. 
These authors used a splitter installed between the two dimensions to adjust the 

carrier gas velocity in the second column. Although very interesting, this approach 
leads to poorer detection limits as only part of the analytes reaches the detector 

and has for that reason not been widely adopted by GC×GC users. Other 2D column 
formats giving a good performance at elevated flow rates would clearly be 

desirable. Key features of such 2D columns would be a high speed, a good 
loadability and the possibility to obtain optimum performance over a wide range of 

flow rates.   
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 Columns packed with small particles have been studied in the past for their 
ability to give fast GC separations at high loadabilities [10-12]. Actually, the fastest 

GC separation ever published was performed on a packed column [13]. An 
attractive feature of packed columns for GC×GC is that for such columns column 

diameter and optimum linear velocity are decoupled, i.e. at any given flow rate a 
diameter can be found that gives the optimum linear velocity. However, the small 

particle sizes required to obtain a high speed of analysis results in very high 
pressure drops and hence requires the use of high inlet pressures. Not only is this 

unattractive from the practical perspective, in GC×GC it will also result in a high 
(average) pressure in the 1D column slowing down the separation there as a result 

of the reduced mobile phase diffusivity. Monolithic stationary phases could 
eliminate this drawback. Since their introduction about 20 years ago, polymer 
monoliths obtained rapid acceptance as stationary phases in high-performance 

liquid chromatography (HPLC) [14-17] and were also employed in capillary 
electrochromatography [18] and planar chromatography [19-21]. With the 

appropriate combination of macropores, mesopores and micropores a reasonably 
low flow resistance can be obtained at a high surface area granting sufficient 

interaction sites and a good efficiency [16]. Despite the great deal of attention paid 
to polymer monoliths, their investigation in GC remains very limited as it is very 

difficult to even only approach the excellent performance of open capillary 
columns. Still, some very interesting work has been done [22]. Sykora et al. [23] 

were the first to use a GC column consisting of a macroporous divinylbenzene 
(DVB) monolith in a fused silica capillary. The authors proved the possibility to 

polymerize a DVB bed in situ with a good mechanical and thermal stability. 
However, the columns prepared show limited efficiency and would not be suitable 

for fast separations. More recently the use of shorter polymerization times was 
shown to beneficially affect efficiency and separation speed [24, 25]. The lower 
degree of conversion results in less-dense beds with reduced flow resistance and a 

higher efficiency. 
 We believe that monolithic columns offer a number of interesting features 

for use as 2D in GC×GC. Like with packed columns, plate height and column 
diameter are independent [26]. The monolithic structure determines retention and 

efficiency, whereas the bed diameter determines the performance as a function of 
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the (volumetric) gas flow rate. This way, monoliths would provide an interesting 
column format to allow simultaneous optimum-velocity operation of the 1D and 

the 2D. Additionally, due to the large amount of stationary phase present, 
monoliths are expected to be less readily overloaded when compared to narrow-

bore open capillary columns [26, 27], solving a second issue of standard GC×GC 
column sets [28, 29]. 

In this chapter we will report the use of DVB-based polymer monoliths as 
stationary phases for fast separations and describe their use as second dimension 

in GC×GC. Different monoliths were prepared in fused silica capillaries by thermal 
polymerization and characterized in terms of their thermal stability as well as flow 

and morphology characteristics. All columns were studied through model 
experiments, assessing their physicochemical features and analytical performance 
in terms of plate numbers, plate number generation rate, as well as in real-life use 

in selected fast GC and GC×GC applications. 

 

4.2. Experimental 

 

4.2.1. Chemicals and materials 

 

Divinylbenzene (DVB, 80%), 3-(trimethoxysilyl)propyl methacrylate (γ-MPS, 98%), 
2,2’-azobisisobutyro-nitrile (AIBN, 98%), 1-dodecanol (98%), toluene (99.9%), p-

xylene (≥99.5%), ethyl benzene (≥99.5%), ethyl benzoate (≥99%), 1-octanol 
(≥99.7%), methyl caproate (≥99.8%), methyl hexanoate (≥99.8%) and basic alumina 

were purchased from Aldrich (Zwijndrecht, The Netherlands). The divinylbenzene 
was purified to remove the polymerization inhibitor by passing it through a bed of 

activated basic alumina. Methanol, 1-propanol, ethyl acetate, acetone, n-pentane, 
n- hexane and n-heptane were purchased from Biosolve (Valkenswaard, The 

Netherlands). Sodium hydroxide was purchased from Merck (Darmstadt, 
Germany). Hydrochloric acid (37%) was obtained from Acros (Geel, Belgium). Milli-

Q water (18.2 MΩcm) was produced by an Arium 611UV Ultrapure Water System 
(Sartorius Stedim Biotech, Aubagne, France). The empty fused silica capillaries 

(0.530, 0.320, 0.200 and 0.100 mm i.d.) used to prepare the columns were 
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purchased from Polymicro Technologies (Phoenix, AZ, USA). The test mixture used 
to evaluate the retention characteristics of the monolithic columns and the alkanes 

mixture analysed in the fast GC experiments were prepared by direct mixing of 20 
µL of each pure compound. Natural gas was obtained from a laboratory line. A 

white spirit sample analysed to assess the performance of the new system was 
obtained from a local supermarket. 

 

4.2.2. Monolithic columns: preparation, performance evaluation and 

characterization 

 

Preparation of DVB monoliths in fused silica capillaries 

 

The monoliths were covalently attached to the walls of the fused silica capillary. 

Therefore, a surface modification of the fused silica capillaries was performed prior 
to polymerization. 5 m of capillary were first cleaned with water. The capillary was 

then flushed with a 1M NaOH solution for 30 min, briefly washed with water and 
then flushed with a 0.2M HCl solution for 30 min. The acid was removed by 

washing with water and acetone for 5 minutes each. The capillary was dried for 2 h 
under a stream of nitrogen. Next, it was flushed for 1 h with a solution of γ-MPS 

(10% wt.) in toluene, washed with acetone and finally dried again for 2 h with 
nitrogen. All flushing steps were performed at a flow rate of 20 μL/min using a 
KdScientific 210 syringe pump (Antec Leyden, Zoeterwoude, The Netherlands). 

Several polymerization mixtures containing different DVB amounts (40-45% 
wt.) and 1-dodecanol/toluene ratios (92/8 to 97/3, w/w) were prepared to tailor 

the pore size and its distribution. AIBN was used as initiator (1% wt. with respect to 
the monomer). The AIBN and the solvents were combined, the mixture was briefly 

homogenized via Vortex-mixing and sonicated for 10 min to remove the air as 
oxygen is a quenching reagent for the polymerization process. Next, the monomer 

was added and the solution was sonicated for 10 min and purged with helium for 5 
min to remove the air. A 50-cm-long capillary was filled and sealed with GC septa, 

then thermal polymerization was carried out in a GC oven. Several polymerization 
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temperatures (70-87ºC) and times (15 min-20 h) were investigated. For the 
selected mixtures/polymerization conditions, bulk samples were prepared in glass 

vials for determination of surface area and porosity. After polymerization, all 
columns and bulk materials were flushed overnight with, or immersed in, 

methanol. Prior to characterization the bulk samples were washed overnight using 
Soxhlet extraction and dried in a vacuum oven at 60°C for 2 h.  

 

Evaluation of the monolithic columns in GC 

 

Prior to the use in GC, the columns were first dried at room temperature for 30 
minutes with helium (50 psi). Next, they were coupled to 24 cm of empty fused 

silica capillary of 0.200 mm i.d. using a Meltfit One coupling device (NLISIS, 
Veldhoven, The Netherlands). The column thus obtained was installed in the GC by 

connecting the monolith column to the inlet and the empty capillary to the 
detector. The resulting set-up was used for all performance evaluations and 1D-GC 

experiments. Before starting the GC experiments, the columns were flushed with 
helium (100 psi), dried exhaustively at 100°C for 1 h and conditioned at 200°C for 2 

h.  

 
Figure 1 – Schematic representation of the GC×GC set-up with monolithic 2D. 
EC = empty capillary; C = zero-dead volume Meltfit connection. 
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For the GC×GC experiments, the monolithic column was installed in the secondary 
oven. Pieces of empty fused silica capillaries with the same i.d. were connected to 

both ends of the monolithic column with zero-dead volume Meltfit couplings to 
allow connecting the 2D to the 1D through the modulator and to the FID. A 

schematic representation of the set-up is shown in Figure 1. 
 

Monolith characterization 

 

The most important physicochemical properties of the monoliths used as 
stationary phase were measured. These include thermal stability, pore-size 

distribution, porosity, permeability, and specific surface area. The thermal stability 
was assessed via thermal desorption/pyrolysis-GC-MS (TD/Py–GC–MS) 

measurements performed on a Shimadzu (Kyoto, Japan) GCMS-QP2010plus 
instrument equipped with an Optic-3PTV (programmed-temperature vaporization) 

injector (ATAS GL, Veldhoven, The Netherlands). A small amount of the bulk 
material was placed in a 30 µL insert (ATAS GL) which was then introduced into the 

PTV injector. Degradation profiles at different inlet temperatures were acquired 
(the chromatographic conditions are described in Section 4.2.3). The average pore 

size was obtained by low- and high-pressure mercury-intrusion porosimetry (MIP) 
measurements (PASCAL 140® and PASCAL 440®, Milano, Italy). The total porosity εT 
and the permeability kp,F were measured with a micro-LC system (Agilent 

Technologies 1100 Series, Waldbronn, Germany) equipped with a variable 
wavelength UV detector (UVIS 200, Linear Instruments, Reno, NV, USA). The total 

porosity, expressed as the void volume over the total column volume, was 
calculated from the elution volume of an unretained marker (thiourea) using 

water:acetonitrile (60:40, v/v) as the mobile phase as follows: 
 

𝜀𝑇 = 4 ∙ 𝑡0 ∙𝐹
𝜋 ∙ 𝑑𝑐2 ∙𝐿                     (1)

 

 

where t0 is the dead-time, F is the eluent flow, dc is the column internal diameter 
and L is the column length. The permeability for the same eluent was calculated 

from pressure drop measurements using the Darcy equation [14]: 
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𝑘𝑝,𝐹 = 𝜂 ∙ 𝑢𝐹 ∙𝐿
∆𝑃

                                (2) 

 

where kp,F is the superficial-velocity-based column permeability, η is the viscosity of 
the mobile phase and uF is the superficial velocity. The surface area was assessed 

by nitrogen adsorption measurements using a Thermo Fisher Surface Analyzer (CE 
Instruments, Wigan, UK).  

 

4.2.3. Chromatographic instruments, set-ups and conditions 

 

The TD/Py–GC–MS system used to assess the thermal stability of the monolithic 

material was equipped with a InertCap 5MS/Sil capillary column (length 30 m, i.d. 
0.25 mm, film thickness 0.25 µm) from ATAS GL. The PTV program started at 40°C 

(2 min) and used a heating rate of 30°C/s to the final temperatures of 250°C, 280°C, 
320°C and 380°C (150 s), respectively. The helium flow used was 1.5 mL/min and 

the split ratio 1:50. The oven program used was the following: 40°C (1 min) to 
320°C (1 min) at 40°C/min. The MS data were acquired in Total Ion Current (TIC) 

mode scanning the mass range m/z 40-400.  
 All GC and GC×GC experiments were performed on an Agilent Technologies 

(Santa Clara, CA, USA) 6890 Series GC System equipped  with a split/splitless 
injector, a LECO (Mönchengladbach, Germany) dual-stage, quad-jet thermal 
modulator with secondary oven and a flame ionization detector (FID). The 

hydrogen flow for the FID was produced by a hydrogen generator PG-H2 Series 3 
(Schmidlin-DBS AG, Neuheim, Switzerland). A Rxi-5ms capillary column (length 30 

m, i.d. 0.32 mm, film thickness 0.25 µm) from Restek (Bellefonte, PA, USA) or a 
SPB-1 capillary column (15 m, i.d. 0.25 mm, film thickness 1 µm) from Supelco 

(Sigma Aldrich, Zwijndrecht, The Netherlands) were used as first dimension for the 
GC×GC separations. Different monolithic columns prepared in house were used as 

second dimension columns. 
 In all GC and GC×GC experiments an inlet temperature of 250°C was chosen 

and helium was used as the carrier gas. For the evaluation of the retention 
behaviour and the  GC×GC analysis of the white spirit sample 0.05 µL of the mixture 

82 
 



Macroporous polymer monoliths as second dimension columns in GC×GC 

 

of the test compounds were injected. In all other cases injections of 1 µL of the 
headspace of the test compound or mixtures were performed. For the construction 

of the Van Deemter curves a split ratio of 1:200 was used and isothermal analysis 
was performed (temperatures specified in the text) at different inlet pressures (10-

150 psi). All 1D chromatograms were recorded at a constant inlet pressure of 150 
psi and split ratio of 1:100. Column flows were measured at the FID outlet (after 

switching off all flame gases) using a Restek ProFLOW 6000 Electronic Flow-meter 
(Restek, Bellefonte, PA, USA). The oven temperature program used was the 

following: 130°C to 270°C at 70°C/min. The fast separations of the natural gas and 
the alkanes mixture were performed isothermally at 60°C or with a ramped oven 

program from 210°C to 270°C at 70°C/min, respectively. The efficiency for the 1D in 
the GC×GC set-up was assessed by injecting the test compounds (split ratio 1:100) 
isothermally at 70°C and 130°C at different inlet pressures without activating the 

modulator while keeping the secondary oven constant at 320°C. The efficiency of 
the monolithic 2D was calculated similarly by using a modulation time of 10 s and a 

secondary oven offset of 160°C and 200°C, respectively. The GC×GC analyses were 
performed using different inlet pressures, oven temperatures and secondary oven 

offsets. The detailed conditions applied are described below.  
 

4.3. Results and discussion 

 

4.3.1. Monolithic columns: optimization, evaluation of the analytical 

performance and characterization 

 

Column optimization and evaluation 

 
In a first set of experiments, the thermal stability of the DVB monoliths was 

evaluated to ensure their applicability in GC. As the thermal resistance is expected 
to be largely independent of the morphology, one monolith was chosen as 

representative. TD/Py-GC-MS experiments were performed at different TD/Py 
temperatures. The results obtained, shown in Figure 2A, demonstrate that the DVB 

monolith is very stable up to temperatures of about 320°C. At 380°C, the first signs 
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of decomposition become visible. These were also very moderate, as can be 
observed by comparing Fig. 2A with the complete degradation was observed only 

at temperatures as high as 550°C (Fig. 2B). Further confirmation of the excellent 
thermal and mechanical stability was obtained during the use of the columns in the 

GC experiments. All GC columns showed a stable analytical performance over 
prolonged periods of repeated analyses with final temperatures up to 350°C and 

fast temperature ramps up to 70°C/min. 
 

 
Figure 2 – Py-GC-MS chromatograms of the DVB-based polymer monolith. The degradation 
profiles were obtained at (A) 250°C (black), 280°C (red), 320°C (blue) and 380°C (dashed 
black) and (B) at 550°C, respectively. Peaks (A): 1) 1-phenyl-1-butene; 2) 1,2-ethyl-vinyl-
benzene; 3,4) DVB isomers. 
 
The main requirements for a 2D column in GC×GC are a good efficiency and a high 

speed of analysis. The first is generally expressed as the plate number, N, while the 
second is measured in terms of plate generation rate rN: 
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𝑁 𝑟 = 𝑁
𝑡0

                      (3) 

 

Typical open tubular 2D columns deliver between 5,000 and 10,000 plates with a 
plate generation rate ranging from a few thousand up to 10,000 plates/s, 
depending heavily on the selected column set and operating parameters [3]. 

A low flow resistance is also necessary to achieve fast elution and keep the 
pressure in the 1D as low as possible. High pressures in the 1D would reduce the 

speed in that dimension. Ideally the pressure drop across the monolith would be 
around 70 psi or less, a typical inlet pressure in GC×GC, and pressure above 150 psi 

would be unacceptable as these are not available with regular GC inlets.  
  The preparation of monolithic columns matching the above requirements is 

not trivial and needs careful optimization. Therefore, numerous columns were 
prepared by tuning both mixture composition and polymerization conditions. The 

resulting columns were evaluated and compared by means of their Van Deemter 
curves. To ensure isothermal conditions throughout the monolithic bed during 

these experiments, the columns were installed in the GC oven and an empty fused 
silica capillary was used for the coupling to the FID (see Section 4.2.4). This way 

only a minimal part of the monolith, less than 5 mm, was at a different 
temperature in the heated injector. This set-up has the additional advantage of 
allowing the use of very short columns. However, a possible influence of the empty 

capillary on the retention time and peak width needs to be considered. To calculate 
these contributions the assumption was made that the flow resistance of the 

empty short capillary was negligible when compared to the monolith and that the 
entire pressure drop was through the monolithic column. This way, the empty 

capillary can be considered to be at atmospheric pressure and the linear velocity 
can be calculated from: 

 

𝑢𝑒𝑚𝑝𝑡𝑦 = 4
𝜋

 ∙  𝐹𝑑𝑒𝑡
𝑑𝑐2

 ∙  𝑇𝑜𝑣𝑒𝑛
𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡

                    (4) 

 

where uempty is the carrier gas linear velocity in the capillary, Fdet is the flow rate 
measured at ambient conditions at the detector outlet, Toven and Tambient are the 

temperature in the GC oven and the room temperature at which the flow is 
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measured, respectively. As the length Lempty is known, the residence time in the 
empty fused silica tr,empty can be calculated and its contribution to the total 

retention time evaluated. 
Extra-column band broadening in the empty capillary can be calculated from the 

plate height of the capillary, Hempty, given by the Golay-Giddings equation [30] 
simplified for the case without stationary phase, i.e. with no retention: 

 

𝐻𝑒𝑚𝑝𝑡𝑦 = 2𝐷𝑚
𝑢𝑒𝑚𝑝𝑡𝑦

+ 𝑑𝑐2 ∙ 𝑢𝑒𝑚𝑝𝑡𝑦

96𝐷𝑚
 

                  (5) 

 
where Dm is the diffusion coefficient of the analyte in the mobile phase, here 

estimated as described by Fuller et al. [31]. The broadening in the capillary is 
obtained from: 
 

𝜎𝑒𝑚𝑝𝑡𝑦
2 =

𝐻𝑒𝑚𝑝𝑡𝑦 ∙ 𝑡𝑟,𝑒𝑚𝑝𝑡𝑦
2

𝐿𝑒𝑚𝑝𝑡𝑦
                        (6)

 
 

The peak width generated in the monolith, σmonolith, can be determined by applying 
the rule of additivity of variances as follows: 

 

𝜎𝑚𝑜𝑛𝑜𝑙𝑖𝑡ℎ = �𝜎𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
2 − 𝜎𝑒𝑚𝑝𝑡𝑦

2                        (7)
 

   

where σmeasured is the peak width measured.
 

  
Initially, different column diameters were used: 0.100, 0.200, 0.320 and 

0.530 mm. The same monolith was prepared in each of these capillaries and the 
columns obtained were compared in terms of efficiency and permeability. The 

narrowest column showed a very high flow resistance and was therefore discarded. 
From the remaining columns, the 0.200 mm i.d. column showed the best 

combination of efficiency and back-pressure in the inlet pressure range used 
(results not shown). All the following results were obtained with monolithic 

columns with an i.d. of 0.200 mm. 
  Two different approaches for the preparation of the monolithic columns 

were investigated: (i) long polymerization times with complete monomer 
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conversion, or (ii) fast processes with partial polymerization only. The columns 
obtained following the first strategy showed strong retention (Figure 3).  

 

 
Figure 3 – Retention properties of a monolith prepared with long polymerization. 
Polymerization procedure: 40% wt. DVB, 52% wt. 1-dodecanol, 8% wt. toluene; 20 h at 
70°C. Column length: 9 cm. Inlet pressure: 40 psi. Compounds: A) Dichloromethane (■), n-
N-hexane (▲), Toluene (●); B) Toluene (■), Ethylbenzene (○), p-Xylene (▲). 
 

All analytes gave broad peaks and very high retention factors even at elevated 

temperatures (Fig. 3B) as a result of the very dense structure obtained with the 
long polymerization. As reported in literature, these features cause slow mass-

transfer of the analyte to the stationary phase [32]. Therefore, these monoliths are 
not suitable to perform fast separations. When short polymerization times are used 

the structures obtained are much more open. This results in a better permeability 
with faster elution and narrower peaks. In order to compensate for the lower 

surface area, the polymerization temperature was increased and the porogen-
solvents ratio was adjusted to obtain smaller micropores. 
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Figure 4 shows the Van Deemter plots obtained for columns prepared following the 
two different approaches. The highest linear velocities studied were obtained at 

the maximum inlet pressure, i.e. 150 psi.  
 

 
Figure 4 – Van Deemter plots relating height equivalent to a theoretical plate (HETP) and 
flow velocity of the carrier gas for acetone in columns prepared with long and short 
polymerization times, respectively. Polymerization procedures: (▲) 40% wt. DVB, 52% wt. 
1-dodecanol, 8% wt. toluene, 20 h at 70°C; circle) 40% wt. DVB, 55% wt. 1-dodecanol, 5% 
wt. toluene, 1 h at 75°C (●) and 78°C (○).  
 

The columns prepared with the shorter polymerization time provide significantly 

better efficiency. This, to some extent, improves even further with increasing 

polymerization temperature. Moreover, the optimum for these columns occurs at 

higher flow rates which is beneficial with regard to the speed of analysis. Clearly, 

the efficiency of our monolithic columns was still very far from the performance of 

open tubular 2D columns summarized previously. Increasing DVB contents lead to 

more dense structures due to the higher degree of cross-linking, giving better 

efficiency as an effect of the larger surface area [32]. 
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Figure 5 – Optimization of the monolithic columns. Van Deemter plots relating height 
equivalent to theoretical plate (HETP) and flow velocity of the carrier gas for pentane at 
100°C on different columns. Polymerization procedures: (■) 40% wt. DVB, 55% wt. 1-
dodecanol, 5% wt. toluene, 1 h at 78°C; (●) 43% wt. DVB, 52% wt. 1-dodecanol, 5% wt. 
toluene, 30 min at 70°C; (▲) 42.2% wt. DVB, 52.3% wt. 1-dodecanol, 5.3% wt. toluene, 30 
min at 73°C. 
 
However, this gain in plate number is obtained at the cost of permeability. To 
overcome this, low polymerization temperatures and short times can be employed. 

Here we investigated increasing DVB amounts up to 45% with polymerization times 
between 15 minutes and 1 h at 70°C. Polymerization times of 20 minutes or shorter 

were found to have a poor reproducibility, RSD>30% for the permeability, while the 
1 h process showed excessive back-pressure. The best compromise, with a good 

permeability at batch-to-batch RSD<30%, was obtained at a polymerization time of 
30 minutes. This was considered adequate as it is known that the  preparation of 
monoliths is not always very reproducible, especially when very short 

polymerization times are used. The maximum DVB content giving good flow 
characteristics and a higher efficiency was found to be 42-43%. Larger amounts 

showed low permeability. Figure 5 summarizes the results obtained. For a column 
of 45 cm, the efficiency is increased up to 2,900 plates/m, i.e. a plate height of 0.35 

mm, and a plate generation rate of 160 plates/s with a near-to-optimum velocity at 
150 psi. The influence of the empty connection capillary was not significant, as 
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expected given the large retention factor on the column and the relatively long 
columns used. 

 In a final set of experiments the macroporous structure was further 
optimized aiming at decreasing the flow resistance and increasing the efficiency 

and the plate generation rate by tuning the porogenic-solvents ratio and the 
temperature. The detailed procedures are summarized in Table 1. As can be seen 

from Fig. 5, where the results obtained for the best monolith (column b, Table 1) 
are shown, another significant step in the direction of a more efficient and fast 

performance was achieved. The calculated σempty were negligible for all monoliths 
and column lengths investigated. tr,empty was estimated to have minimal influence 

(≤2.5%, which generated errors ≤3.5% for N) for retention times above 
approximately 10 s. 
Under faster elution conditions, i.e. high temperatures on very short columns, the 

contribution becomes more significant with errors in the dead-time up to 5% and 
an overestimation of N up to 10%. In these cases correction was required. Table 2 

shows the effect of the empty connection capillary for this worst case situation. All 
data presented in tables and figures are corrected using the theory presented here. 

Table 3 summarizes in detail the analytical performances obtained. Column d gave 
very poor efficiency and therefore is not further discussed. Columns a, b and c 

achieved similar efficiency, but had very different flow characteristics. Column a 
showed a very high pressure drop. Column c showed a higher permeability and a 

lower dead-time due to the larger macropores. For both columns high linear 
velocities could be obtained, yet the minimum of the Van Deemter curve could only 

be reached for very short columns and high temperatures, while longer beds 
allowed only near-to-optimum conditions as a result of the low permeability and 

consequently low velocity at the maximum inlet pressure. The high retention 
factors, k, obtained confirm that the monoliths have a much stronger retention 
than standard open tubular columns. Moreover, the k values increase rapidly with 

decreasing temperatures. This is a known feature of stationary phases based on 
adsorption.  
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Table 2 – Extra-column contributions of the instrumental set-up used for the performance 
evaluation. Column length: 15 cm. Inlet pressure: 150 psi. Oven temperature: 180°C. 

Column 
Measured  Extra column contribution 

tr (s) σ2 (s2)  uempty  (cm/s) tr,empty (s) Hempty (mm) σ2
empty (s2) 

a 4.41 0.044  104 0.24 0.12 2.77·10-05 

c 4.11 0.034  141 0.18 0.09 1.19·10-05 
uempty is estimated using Eq. (4) 
Hempty is estimated using Eq. (5) 
σ2

empty is estimated using Eq. (6) 
 
Table 3 – Analytical performance of pentane on the monolithic columns prepared (Table 1) 
at the maximum inlet pressure, i.e. 150 psi. Dead-times and plate generation rates are 
corrected for the additional dead-volume of the instrumental set-up. 

Column  
L=30 cm  L=15 cm  

Flow 
(mL/min) t0 (s) H (mm) rN (s-1) k  Flow 

(mL/min) t0 (s) H (mm) rN (s-1) k  

a 0.751 6.71 0.281,* 1601,* 2.61  1.653 1.83 0.193 4383 26.43  

b 1.352 3.52 0.182 4762 6.72  - - - - -  

c 1.051 5.51 0.271,* 2021,* 2.41  2.73 1.43 0.183 5953 18.53  
1 At an isothermal oven temperature of 180°C. 
2 At an isothermal oven temperature of 140°C. 
3 At an isothermal oven temperature of 100°C. 
* Near-to-optimum condition. 

 

Column b showed a much higher permeability as a result of the lower 
polymerization temperature. Rapid elution, good efficiency and faster plate 

generation could be achieved also on longer columns and at lower temperatures. 
The best performance obtained for pentane at 140°C was 1,700 plates on a 30 cm-

long column, i.e. 5,600 plates/m, generated at approximately 480 plates/s. 
If the performance of the monoliths prepared in this study is compared to 

that typical of fast narrow-bore open tubular columns, it is clear that the latter are 
superior by far both in terms of plate numbers and plates generation rate. On the 

other hand, it is known from packed columns that a good resolving power can be 
obtained in spite of the low plate number on columns with a high retention and a 

good selectivity. This situation is favourable for performing high speed separations 
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[13, 33]. Hence, it is interesting to perform a more detailed practical evaluation of 
our monoliths in fast GC and in GC×GC. 

 

Morphological characterization 

 

The physicochemical properties of the final four monoliths were thoroughly 

characterized in the attempt to better understand the correlation between their 
morphology and the chromatographic performance in GC. The surface area, 
porosity and permeability were investigated by specific surface area 

measurements, MIP, and µ-LC analysis of an unretained tracer, respectively. The 
results of the measurements are summarized in Table 1. 

The MIP measurements show that the macropores are quite large as a result 
of the very short polymerization times employed. As expected, the mixture with 

the lower toluene content leads to larger pores. Temperature also has an influence: 
polymerization at 75°C gives smaller pores as a result of the higher monomer 

conversion. The surface area is very high for all monoliths, i.e. several hundreds of 
square meters per gram, and it is larger with increasing 1-dodecanol/toluene ratios 

and polymerization temperatures. The nitrogen adsorption measurements also 
showed the absence of mesopores and indicated that the micropores, in the range 

0.5-2 nm, are comparable for all monoliths. Therefore, the differences in surface 
area are not due to a different pore-size distribution but exclusively to the 

polymerization degree, i.e. the amount of material generated. Large surface areas 
are normally related to good efficiencies [16]. Column d, which showed very poor 
performance, was in fact characterized by the lowest surface area. However, 

similar plate heights were obtained for columns a, b and c (Table 3) despite the fact 
that column a has a higher surface area. These results suggest that, although large 

surface areas are indeed necessary, above a certain value there is no significant 
additional gain. The higher monomer conversion and smaller pores of column a are 

in fact counterproductive because of the high flow resistance and the slow plate 
generation rate. 

All columns have very high porosities as a result of the short polymerization times. 
This feature is essential to obtain an acceptable pressure drop and sharp peaks. 
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The permeability results obtained with the LC characterization are consistent with 
the helium flows measured in GC (Table 3). Column a and column c are less 

permeable, whereas column b shows more promising flow characteristics. The 
results obtained with the MIP indicated that, as expected by the porogens ratios 

used, column b has a smaller average pore-size than column c. 
 In conclusion a balanced combination of micropores and macropores, as 

well as an open structure, are necessary to maintain an elevated surface area, i.e. 
good analytical performance, and good flow characteristics through the monolithic 

bed with fast mass-transfer.  
 

Fast 1D-GC 

 

The applicability of the monolithic stationary phases for use in fast GC was 
investigated. On the bases of the results previously presented, the monolith 

prepared according to procedure b was selected for this more detailed study. All 
separations henceforth shown were obtained on that column. Figure 6 shows the 

separation of a mixture of test compounds on a column of 30 cm. Complete 
separation of the 10 selected analytes is achieved in less than 90 seconds. It can be 

observed that most peaks have symmetrical shapes while especially the longer 
alcohols exhibit some tailing. This was most likely caused by adsorption of the 
analytes on the uncoated fused silica used to couple the column to the FID. When a 

longer monolithic column was connected directly to the detector all compounds 
showed good peak shape. As expected given the nature of the stationary phase, 

good selectivity is obtained for compounds  having similar vapor pressures but 
different polarity (Fig. 6, see peak 1 and 5 for methanol and n-hexane). This can be 

explained by the stronger affinity of the hydrophobic analytes towards the 
monolithic bed. It can be concluded that the DVB-based columns exhibit a hybrid 

separation mechanism in which both the boiling point and polarity-based 
interactions play a significant role.  
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Figure 6 – Separation of a test mixture on a 30-cm-long monolithic column. Compounds: 1) 
Methanol; 2) Acetone; 3) 1-Propanol; 4) Ethyl acetate; 5) n-N-hexane; 6) Toluene; 7) 
Ethylbenzene; 8) Methyl caproate; 9) 1-Octanol; 10) Ethyl benzoate.  
 

Figure 7 shows the chromatograms obtained for different low-boiling alkanes. 
Because of the strong retention, a high flow rate and very fast heating rates are 

required to achieve rapid elution. On the other hand, efficient fast separations can 
be performed on a very short column. In fact, natural gas and a mix containing five 

alkanes could be separated in less than 4 and 20 seconds, respectively. The 
evaluation of the repeatability gave very satisfactory results in terms of retention 
times (RSD<0.5%, n=3) and peak widths (RSD<1.5%, n = 3). The peak capacity 

obtained, in the order of 10-12 peaks per 4-5 seconds, meets the separation speed 
criteria for a second dimension column in GC×GC. These results suggest that, 

although the desired performance requirements in terms of plate number and 
plate generation rate are not reached, from the practical point of view monoliths 

provide a suitable peak capacity thanks to their elevated retention and orthogonal 
selectivity and have the potential to be employed as 2D columns. 
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Figure 7 – Fast separations of (A) an alkanes mixture and (B) natural gas on a 17.5-cm-long 
monolithic column. Compounds (A): 1) n-Pentane; 2) n-N-hexane 3) n-Heptane; 4) n-
Octane; 5) n-Nonane. 
 

4.3.2. GC×GC with monolithic 2D 

 

Selection of the optimum column set and parameter optimisation in GC×GC is a 

complex and tedious process [35]. This remains the case in our comprehensive 
system with monolithic 2D. The key considerations are the efficiency and speed of 
the 2D column: it should be capable of giving a reasonable peak capacity within the 

allowed time of one modulation. Clearly, the 2D column should do so without 
adversely affecting the performance of the 1D. The selection of the length of the 2D 

is based on practical as well as theoretical aspects. Long monolithic columns will 
give more plates but will require high inlet pressures making fast operation in- or 

above the optimum difficult due to pressure restrictions of the GC inlet. Moreover, 
a high inlet pressure of the 2D column means a high (average) pressure in the 1D 

which in turn would negatively affected the speed of analysis there. On the other 
hand, short columns will allow fast operation in both the 1D and 2D, but only at the 

cost of the total plate number. The diameters of the 1D open tubular column and 2D 
monolith column are also crucial. These should be matched to allow both 

dimensions to operate at, or near to, their respective optimum at one given inlet 
pressure. In this section we investigated the influence of these parameters and 

96 
 



Macroporous polymer monoliths as second dimension columns in GC×GC 

 

attempted to optimize the system to fully exploit the potential of the novel column 
format developed.  

 

Evaluation of the monolithic 2D 

 

A 30-m-long column of 0.320 mm i.d. and a monolithic column of 14 cm and 0.200 
mm i.d. (column b from Table 1) were used as 1D and 2D, respectively. In a first 

series of experiments the modulated peaks obtained for n-hexane with different 
inlet and secondary-oven conditions were investigated in terms of retention time, 

peak shape and peak width (Table 4).  
 
Table 4 – Modulated peak for n-hexane on the monolithic 2D column at different inlet 
pressure conditions. Main oven temperature program: 40°C to 120°C at 7°C/min. 
Secondary-oven temperature offset: 120, 160 and 200°C. The peak width and the 
asymmetry are calculated at 50% and at 10% of the peak height, respectively.  

Inlet pressure 
(psi) 

2tr (s)  Width (ms)  2H (mm)  Asymmetry (-) 

120°C 160°C 200°C  120°C 160°C 200°C  120°C 160°C 200°C  120°C 160°C 200°C 

40 11.1 8.2 7.6 

 

1126 835 750 

 

0.33 0.26 0.25 

 

1.27 1.15 1.22 

50 9.1 6.3 5.7 971 588 491 0.29 0.22 0.19 1.23 1.16 1.14 

60 7.5 5.1 4.4 771 452 367 0.27 0.20 0.18 1.29 1.19 1.13 

70 6.5 4.5 3.7 672 368 289 0.26 0.17 0.17 1.23 1.17 1.10 

80 6.1 3.9 3.1 590 316 244 0.24 0.17 0.16 1.31 1.19 1.12 

90 5.5 3.5 2.7 535 285 215 0.24 0.17 0.15 1.29 1.14 1.11 

100 5.0 3.1 2.6 486 258 194 0.24 0.17 0.14 1.30 1.11 1.06 

 

With a secondary-oven offset of 120°C the retention times are long, also at very 

high inlet pressures, and the peaks are broad and asymmetrical. With a 200°C 
offset the peaks were much narrower and the efficiency achieved was significantly 

improved. Table 4 and Figure 8 show that high inlet pressures are also necessary to 
achieve good 2D peak shapes and fast elution. The repeatability was satisfactory, 

with RSDs below 0.5% for the retention time and below 6% for the peak width 
(n=3). The efficiency obtained, with 7,100 plates/m, is higher than that reported in 
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Table 3. This can be explained by the higher oven temperature giving faster mobile 
phase diffusion and better exploitation of the monolithic stationary phase. 

 

 
Figure 8 – Two-dimensional peaks obtained for n-hexane with the GC×GC set-up with 
monolithic 2D. First dimension: 40°C (0.2 min) to 120°C at 7°C/min. Secondary-oven 
temperature offset: 200°C. Inlet pressure: (A) 100, (B) 60 and  (C)  40 psi.   
 

 
Figure 9 – Separations on the monolithic 2D of 4 alcohols co-eluting on the 1D. Peaks (as 
eluted on the 2D): methanol, ethanol, 2-propanol and 1-propanol. 1D: Rxi-5ms (length 30 m, 
i.d. 0.32 mm, film thickness 0.25 µm). 2D: monolith b in Table 1 (length 14 cm, i.d. 0.200 
mm). Oven: 50°C (0.2 min) to 120°C at 5°C/min. Modulation time: 9 s. A) He: 140 psi, 2D 
offset: 150°C; B) He: 0.3 mL/min, 2D offset: 150°C; C) He: 0.3 mL/min, 2D offset: 200°C; D) 
He: 0.5 mL/min, 2D offset: 150°C. 
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An example of a separation achieved is shown in Figure 10.  

 

 
Figure 10 – Two-dimensional separations. 1D: Supelco SPB-1 (15 m, i.d. 0.25 mm, 1 µm). 2D: 
monolith b in Table 1 (length 14 cm, i.d. 0.200 mm). He: 0.4 mL/min. Oven: 40°C (2.5 min) 
to 120°C at 7°C/min. 2D offset: 200°C. Modulation time: 10 s. Peaks: 1) Methanol, 2) 
Ethanol, 3) 2-Propanol, 4) 1-Propanol, 5) n-N-hexane, 6) Ethyl acetate, 7) n-Heptane, 8) 
Methyl hexanoate, 9) Toluene, 10) n-Octane, 11) Ethylbenzene, 12) p-Xylene, 13) n-Nonane, 
14) Methyl caproate. 
 
 

 
Figure 11 – Two-dimensional chromatograms (A) and detail (B) obtained for a white spirit 
sample. 1D: Rxi-5ms (length 30 m, i.d. 0.32 mm, film thickness 0.25 µm). 2D: monolith c in 
Table 1 (length 8 cm, i.d. 0.200 mm). He: 150 psi. Oven: 40°C (2 min) to 300°C at 5°C/min. 
2D: 300°C. Modulation time: 10 s.  
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The chromatogram shows that also in this case the monolith provides additional 
separation, resolving peaks co-eluting in the first column. Whereas the non-polar 
1D column more or less performs a boiling point separation, the monolithic 
separation is more strongly based on differences in interaction with the stationary 

phase for compounds with different polarities. Therefore, the two-dimensional 
separation performed on a column set with an apolar 1D and the DVB-based 2D and 

can show a high degree of orthogonality. This is confirmed by the complete 
separation of the peaks 1 and 2, 5 and 6 as well as the peaks 7 and 8 (Fig. 10). A 

second example is shown in Figure 11. This figure shows the separation of a white 
spirit sample. As can be seen, despite the rather broad peaks obtained due to the 

strong retention, additional separation is obtained in the second dimension (Fig. 
11B).  

 Clearly, the performance currently achieved with our set-up is not yet 

comparable to that of standard GC×GC systems. Only 1,000 plates are delivered by 
the monolithic 2D. Further optimization is required. Nevertheless, these preliminary 

results indicate that monolithic columns are an interesting 2D option for the multi-
dimensional separation of volatiles. The peak capacity achieved was shown to be 

suitable for the separation of low-boiling analytes. Thanks to the rather unique 
selectivity of the DVB material, a good orthogonality with a non-polar first 

dimension can be achieved. A further improved specificity tailored for specific 
applications would also be obtainable by adjusting the surface chemistry of the 

monolith throughout post-polymerization modification, e.g. by attaching 
nanoparticles, carbon nanotubes or by photografting functional groups [16]. 
 
Optimum linear velocity in the two dimensions 

 

The respective efficiencies of the two dimensions in our column set-up were 
investigated in function of the inlet pressure to verify whether indeed simultaneous 
optimum-velocity operation could be achieved. For the evaluation of the primary 

column isothermal analyses were performed with the modulator off and the 
secondary oven at the maximum temperature, i.e. 320°C, to provide fast elution of 

the 1D peaks through the second dimension. The second dimension assessment 
was carried out by activating the modulation, at two different secondary oven 
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offsets of 160°C and 200°C. The results obtained in terms of efficiency for the two 
dimensions are shown in Figure 12.  

 

 
Figure 12 – Plots relating plate numbers and inlet pressure in the GC×GC set-up with a Rxi-
5ms capillary column (length 30 m, i.d. 0.32 mm, film thickness 0.25 µm) as 1D and the 
monolithic 2D (length 14 cm, i.d. 0.200 mm, monolith b in Table 1). The circles and the 
triangles refer to the 1D and the 1D column, respectively. Compounds: A) n- hexane B) n-
Heptane; C) n-Octane; D) n-Nonane. A, B and C): first dimension at 70°C, second dimension 
offset of 160°C; D) first dimension at 130°C, second dimension offset of 200°C. 
 

It can be noticed that the plate number of the 1D is lower than expected for the 
column in use. This is most likely due to extra peak broadening occurring in the 

highly retentive 2D column. This was confirmed by injecting the same analytes only 
on the monolith at the same temperature. The peak widths indicated the presence 

of some retention and band broadening despite the high temperature used. Hence 
the 1D plate numbers shown in Fig. 12 underestimate the actual performance of 

this column. Since the 2D broadening is unlikely to affect the location of the 
optimum linear velocity no further attempts were made to perform a more 

accurate measurement.  Figure 12 shows the efficiency/inlet pressure plots 
for four different analytes. N-hexane and n-octane (Fig. 10A and 10C) show a slight 
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difference in the optimum linear velocities for the two dimension with the 
parameters used. On the other hand, for the other two test compounds the 

maximum efficiency is obtained exactly at the same inlet pressure in both 
dimensions (Fig. 12B and 12D).  

  These very promising results confirm the good performance of the 
monoliths at high linear-velocities. More importantly, they show their applicability 

as a secondary dimension to solve the 1D - 2D flow mismatch issue in GC×GC and 
obtain concurrent optimum operation of the two dimensions, which was the main 

objective of this study. 
 

4.4. Conclusions 

 

DVB-based macroporous polymer monoliths are interesting stationary phases for 
GC. Columns with a good thermal and mechanical stability can be prepared in fused 

silica capillaries by in situ thermal polymerization. By optimizing the polymerization 
mixture and process conditions it is possible to tailor the flow characteristics and 

analytical performance. Monoliths prepared with long polymerization times show 
high retention and selectivity, but a lower efficiency. Short polymerizations at 

higher DVB contents provide open structures with higher plate numbers and faster 
plate generation rates. 
 The monolithic columns prepared here show good potential for fast GC 

separations. A peak capacity of up to 12 peaks in 4-5 seconds is obtained. These 
results confirm the potential of these columns as 2D in GC×GC. The GC×GC set-up 

with monolithic 2D described in this study gave satisfactory results in terms of 
second dimension peak width and retention time repeatability. The efficiency 

achieved in terms of 2D plate number is not yet comparable with that of standard 
GC×GC set-ups. Yet, multidimensional separation of test analytes could be 

achieved, confirming the potential of monolithic 2D for real-life applications. 
Thanks to the rather different selectivity of the DVB monoliths, a good 

orthogonality with the first dimension was obtained. The main advantage of the 
monoliths as 2D is that the structure and diameter can be tuned to provide high 

efficiency at any given flow rate. It is hence possible to simultaneously operate 
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both dimensions at their optimum linear velocities, solving the flow mismatch 
typical for standard GC×GC column sets with short, narrow-bore second dimension 

capillary columns.  
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Chapter 5 
Comprehensive two-dimensional gas 

chromatography with a multi-capillary 

second dimension 
 

Summary 

Comprehensive two-dimensional gas chromatography (GC×GC) suffers from the 
impossibility to operate both dimensions at their optimum carrier gas velocity at the 
same time due to the different inner diameters of the columns typically employed. 
The use of multiple parallel capillary columns in the second dimension (GC×multi-
GC) is studied as a means to achieve simultaneous optimum-velocity operation. A 
programme written in Microsoft Excel® was developed to calculate the efficiency of 
the two dimensions in GC×multi-GC for different numbers of columns in the second 
dimension. With the aid of this programme the appropriate number of columns was 
selected. Columns with maximum repeatability were specifically manufactured to 
grant suitable performance, i.e. to avoid band broadening effect caused by inter-
column variations. 1D-GC experiments were carried out on the columns separately 
and combined in parallel. The performance of the parallel column set was 
consistent with that of the individual columns, with over 9,100 plates generated 
(approximately 10,000 plates/m). A GC×multi-GC set-up was successfully installed. 
Model experiments proved the possibility to operate both dimensions at their 
optimum linear velocity simultaneously. The suitability of the novel second 
dimension column format to perform multidimensional separations was also shown 
for a number of selected applications. 
 

This chapter is based on the following article:D. Peroni, Andjoe A.S. Sampat, W. van 
Egmond, S. de Koning, J. Cochran, R. Lutamo, H.-G. Janssen, J. Chromatogr. A, 
Accepted manuscript, doi: 10.1016/j.chroma.2013.07.097 
 
 
 

http://dx.doi.org/10.1016/j.chroma.2013.07.097
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5.1. Introduction 

 

Since its introduction back in 1991 [1], comprehensive two-dimensional gas 
chromatography (GC×GC) has become widely accepted for the analysis of very 

complex samples. The method offers a remarkable resolving power and unmatched 
peak capacity. Moreover, the structure of GC×GC chromatograms is a useful tool 

for class identification and determination of unknowns [2-5]. 
The column sets generally employed in GC×GC consist of a long normal-bore 

first dimension (1D) column and a short narrow-bore second dimension (2D) 
column. Thanks to the use of the short narrow-bore columns in the 2D, very fast 

second dimension separations can be obtained while providing very high efficiency, 
e.g. 10,000 plates. However, due to this combination of columns GC×GC is not used 

at its full potential. Due to the large difference in column diameters a flow 
mismatch occurs between the two columns making it impossible to operate both 

columns at their respective optimum linear velocity at the same time [6]. When 
high inlet pressures are used to obtain optimum performance in the 1D, the linear 
velocity in the 2D is far above optimum and its efficiency is sacrificed. At lower inlet 

pressures the separation capacity of the 2D is fully exploited, but the carrier gas 
velocity in the 1D is now below optimum. Therefore, a conscious choice needs to be 

made as one separation dimension can only be optimized at the expense of the 
other. A second limitation resulting from the use of narrow-bore 2D columns is that 

these columns have very low sample capacities. Hence, they are easily overloaded 
resulting in poor peak shapes and a loss of resolution [7, 8]. 

Stop-flow GC×GC [9-11] was introduced as an elegant solution to regulate 
the carrier gas flows in the two columns independently. In this methodology the 

first dimension flow is periodically stopped for a short time. During these pauses, 
the second separation is performed by delivering the carrier gas directly into the 2D 

via an auxiliary inlet. This way, the separation time of the second column is fully 
independent from the modulation time. 2D columns with 0.15-0.25 mm i.d. can be 

used and both separations can be performed at their optimum. The main 
limitations of this approach are the need for additional hardware and the 
complexity of the instrumental set-up. Tranchida et al. [12-14] presented another 
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interesting method to balance the carrier gas linear velocities in the two 
dimensions. These authors installed a splitter at the end of the primary column to 

adjust the flow rate entering the 2D. This way, high inlet pressures can be used to 
operate the 1D at its optimum while maintaining an appropriate velocity in the 2D. 

This approach is effective for solving the velocity mismatch, but poorer detection 
limits are obtained as only part of the analytes reaches the detector, typically only 

20-50% of the flow goes to the FID [12, 14]. A column format which allowed 
achieving the same result with no loss in sensitivity would be preferable. Fitz et al. 

[15] [15] introduced a single i.d. column set, i.e. 0.10 mm, with the long 1D and the 
short 2D having a thick and a thin film, respectively. By using two narrow-bore 

columns no flow mismatch occurred and it possible to achieve an extremely high 
peak capacity per unit of time. On the other hand, special hardware is required and 
the chromatographic space, although perfectly exploited, is limited because of the 

very low modulation times used (250-500 ms). In chapter four of this thesis we 
described the use of monolithic columns as 2D in GC×GC [16]. The benefit of using 

monoliths is that efficiency and column diameter are decoupled and the column 
diameter can be adjusted independently to provide high plate numbers at any flow 

rate. This way, simultaneous operation of the two dimensions at their optimum 
was successfully achieved. However, the preparation of suitable monoliths is rather 

challenging and the efficiency obtained is not yet comparable to that of standard 
GC×GC set-ups. 

Multi-capillary columns (MCC) have been investigated for their potential to 
perform fast GC separations with increased loadability almost two decades ago [17-

20]. These columns were made by combining over 900 capillaries of 40 µm internal 
diameter in parallel. When compared to standard (i.e. single) short narrow-bore 

columns, the MCC showed greatly enhanced sample capacity and generated a 
much higher volumetric flow. However, due to the difficulty to prepare exactly 
identical capillaries, the performance of the MCC was rather poor [19]. Slight 

variations in the length, diameter or film thickness of the individual columns have a 
detrimental effect on the efficiency of the MCC. To obtain the maximum 

performance possible, very strict requirements need to be fulfilled for the 
uniformity of the columns, especially in terms of i.d. and stationary phase film 

thickness [21]. With hundreds of capillaries this turned out to be impossible, which 
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explains why the MCC column was removed from the market only a few years after 
its introduction. 

MCCs could provide an interesting solution to the flow mismatch 
encountered in GC×GC. A multi-capillary 2D column (multi-2D) would allow both 

dimensions to be operated at their optimum velocity: the rather high flow of 
carrier gas exiting the 1D column  is in fact split over multiple 2D capillaries. By 

carefully selecting the inner diameters of the two dimensions and the number of 2D 
columns, 1D and 2D optimum linear velocity can be obtained simultaneously. An 
additional advantage is that the reduced pressure at the 1D/2D junction will have a 

positive effect on the speed of the 1D. If the number of columns used to construct 
the multi-capillary 2D is limited, the favorable effects on the linear velocities will be 

exploited whereas the uniformity problems encountered when using too many 
capillaries are greatly reduced. 

 In this work we will report the theoretical evaluation and practical use of a 
GC×GC column set-up with a multi-2D “column” (GC×multi-GC) consisting of two or 

three narrow-bore 2D capillaries. A calculation model is developed and applied to 
predict the optimum number of 2D columns. These capillaries were initially 

evaluated in terms of efficiency individually and then combined to assess their 
uniformity. The multi-2D columns were connected to the 1D via chip-based or press-

fit type splitters. The GC×multi-GC set-up was evaluated through model 
experiments aimed at operating the two dimensions at their optimum 

simultaneously. The analysis of real-life samples will also be shown to confirm the 
feasibility of this methodology for practical use. 

 

5.2. Theory 

 

Beens et al. [6] described a programme written in Microsoft Excel® to calculate the 
efficiency for the two dimensions in GC×GC. This software provides a very useful 
means to optimize the column set and the GC×GC conditions. Here this programme 

was modified to allow the use of multiple parallel second dimension columns. The 
programme provides estimates for the linear velocities and efficiencies in the two 

dimensions of the GC×multi-GC set-up operated under isothermal conditions. In 
order to do so, the assumption is made that all capillaries in the 2D are exactly the 
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same. The effects of possible variations will be discussed later. The programme by 
Beens starts with calculating the volumetric flows through the 1D and the multi-2D, 
1F and 2F. 1F is given by: 
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Similarly, 2F can be expressed as: 
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Here η is the dynamic viscosity of the carrier gas. 1pin and 2pout are the inlet pressure 
and the outlet pressure at the detector, and 1pout or 2pin is the midpoint pressure 

between the two dimensions. 1L and 1dc are the length and the internal diameter of 
the 1D. 2L and 2dc are their equivalents for the 2D. 1T, 2T and Tmod are the 

temperature in the 1D, the 2D and the modulator, respectively. The additional term 
m represents the number of parallel capillaries in the multi-2D. If all temperatures 

are the same and realizing that, in case of non-splitting between the dimensions, 1F 
is equal to 2F (if at least expressed at the same temperature and pressure), Eq. (1) 

and Eq. (2) can be combined and rearranged to give:  
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The average linear velocities in the columns can now be calculated as can the 
respective plate heights according to the procedures described in [6]. A detailed 

explanation of the equations used and of the algorithm developed is given in the 
Appendix. Moreover, in the article this chapter is based on information is provided 

on how free access to this software can be obtained. 
 

Assuming that the separation achieved in the 1D is not lost during the 
modulation and that the two mechanisms are orthogonal, the peak capacity of a 

two-dimensional system, nc,2D, is given by [22]: 
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𝑛𝑐,2𝐷 = 𝑛𝑐 × 𝑛𝑐 
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where 1nc and 2nc are the peak capacities for the 1D and the 2D columns, 
respectively. As the theoretical model used in our software is valid only for 

isothermal conditions, the peak capacities were calculated using the well-known 
formula [23]: 
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where N is the plate number, Rs is the desired resolution, and kα and kω are the 
retention factors of the first- and last-eluting peaks, respectively. Assuming 

isothermal conditions is correct for the 2D, due to its fast elution and the very slow 
temperature programming ramps employed. On the other hand, using Eq. (5) 1nc 

will be somewhat lower than in practice, where the 1D temperature is normally 
programmed. Nevertheless, this will give us an accurate representation of the 

systems at different flow conditions and thus of the potential benefit arising from 
simultaneous at-optimum operation.  

A second programme was written in Microsoft Excel® to predict the shape 
of the peaks eluting from two or three columns in parallel. This programme allows 
introducing L, dc and df, independently for up to three columns. This way, the effect 

of a poor column reproducibility on the peak shape of the columns’ ensemble could 
be calculated.  

 

5.3. Experimental 

 

5.3.1. Chromatographic instrument, materials and methods 

 
All 1D-GC experiments and the initial GC×multi-GC experiments were performed on 

a Agilent Technologies (Santa Clara, CA, USA) 7890 Series GC System equipped with 
a split/splitless injector, a Zoex (Houston, TX, USA) loop modulation system and a 

flame ionization detector (FID) all provided by JSB (Eindhoven, the Netherlands). 
The hydrogen flow for the FID was produced by a hydrogen generator PG-H2 Series 
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3 (Schmidlin-DBS AG, Neuheim, Switzerland). All subsequent GC×multi-GC 
experiments were performed on an Agilent Technologies6890 Series GC System 

equipped with a CombiPal Autosampler (ATAS GL, Veldhoven, The Netherlands), a 
split/splitless injector, a LECO (Mönchengladbach, Germany) dual-stage, quad-jet 

thermal modulator and a FID.  
 The columns assembled to form the multi-2D were obtained by cutting 

exactly 1.1 m-long pieces from a Rxi-5ms column (length 10 m, i.d. 0.075 mm, film 
thickness 0.075 µm) specifically manufactured by Restek (Bellefonte, PA, USA) to 

grant very high uniformity in terms of inner diameter and film thickness. The 1D-GC 
evaluation of the MCC was performed by installing three columns in parallel in the 

GC. Connection to the injector and the detector was achieved by fitting the three 
columns together through a single hole graphite ferrule for wide-bore columns. In 
the GC×multi-GC set-ups, 0.9 m-long pieces of these columns were coupled to the 
1D via 1-in-2-out or 1-in-3-out splitters. These were miniaturized chip-based devices 
(Fig. 1A) provided by NLISIS (Veldhoven, The Netherlands), or customized press-fit 

connectors (Fig. 1B) manufactured by Techrom (Purmerend, The Netherlands) with 
a silicon-based glue (Bison International B.V., Goes, the Netherlands) resistant to 

temperatures up to 300°C applied on the 2D side to provide additional sealing. The 
modulator was slightly modified by enlarging its holes to allow installing all 2D 

columns together. Modulation was performed on the multi-2D, resulting in an 
actual 2D length of 0.75 m. A Restek Stabilwax column (length 30 m, i.d. 0.25 mm, 

stationary phase 0.25 µm) was used as first dimension. A schematic representation 
of the GC×multi-GC instrumental set-up is shown in Figure 1C. For the GC×GC 

system used as reference, one single 2D column was connected directly to the 1D 
via a Meltfit connection (NLISIS). 

 In all experiments an injector temperature of 250°C was chosen and helium 
was used as the carrier gas. All GC×GC and GC×multi-GC chromatograms were 
recorded with a modulation time of 3 s. For the construction of the Van Deemter 

curves injections of 1 µL of the headspace of single test compounds or of a test 
mixture were performed and isothermal analysis was carried out at different inlet 

pressures. For the 1D-GC evaluation of the three narrow-bore capillaries and the 
MCC, a split ratio of 1:900 and an oven temperature of 70°C were used. For the 

evaluation of the two-dimensional set-ups the split ratio was 1:200 and the oven 
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temperature selected was 40°C or 80°C. The efficiency of the 1D and 2D was 
assessed by performing the analysis with the modulator off and on, respectively. 

The two-dimensional applications performed to assess the GC×multi-GC set-ups 
were performed by injecting 0.1 µL of the sample with a split ratio of 1:200. The 

detailed oven temperature conditions employed in each case will be described 
below.  

 

 
Figure 1 – Photos of the chip-based (A) and the press-fit type (B) splitters with 3 outlets and 
schematic representation of the GC×multi-GC set-up with m=3 (C). M: Meltfit connection. S: 
flow splitter. 
 

5.3.2. Chemicals 

 

P.A. grade n-octane, n-nonane, n-decane and ethylbenzene were purchased from 
Aldrich (Zwijndrecht, The Netherlands). n-Hexane and n-heptane were purchased 

from Biosolve (Valkenswaard, The Netherlands). The test mixture of n-alkanes used 
to evaluate the narrow-bore columns used as multi-2D was prepared by mixing 20 

µL of each compound. The petrol-derived household cleaning product and the 
perfume were obtained from a local supermarket. The diesel oil sample was 

obtained from a local petrol station. 
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5.4. Results and discussion 

 

5.4.1. Theoretical evaluation 

 

The software developed (Section 5.2) was used to evaluate the effect of multiple 2D 

columns on the efficiency of the two dimensions. Figure 2 shows an example of Van 
Deemter curves calculated for standard GC×GC and GC×multi-GC (m=2 and m=3), 

respectively. As expected, when one short narrow-bore column is used as 2D, very 
different inlet pressures are necessary to obtain the minimum plate heights for the 

two dimensions (Fig. 2A). The 2D has its optimum at an inlet pressure of 160 kPa at 
106 cm/s, but at that pressure the 1D is far below optimum. This dimension reaches 

its optimum only at 333 kPa, i.e. 13 cm/s, but at this pressure the 2D velocity 
exceeds its optimum by far. Fig. 2B shows that with m=2 the 1D and the multi-2D 
optima are much closer: at 182 and 240 kPa. The much lower pressure now 

required to operate the primary column at its optimum velocity is the result of the 
lower flow resistance of the 2D, which leads to lower 1pout. When three capillaries 

are used, the 1D optimum is reached at an inlet pressure of only 205 kPa and at this 
pressure also the multi-2D gives its best performance. Clearly, in GC×multi-GC the 

optima of the two dimensions are much closer than in GC×GC. Optima in terms of 
inlet pressure can even be identical, making simultaneous optimum operation 

possible. According to this theoretical model, with a 2D column i.d. of 75 µm two 
columns provide a significant enhancement and three columns are already 

sufficient to achieve the desired flow conditions. Therefore, the use of even more 
columns in parallel, which would obviously even be more challenging from the 

practical prospective, is not necessary. On the basis of these results, the choice was 
made to investigate multi-2D columns made of two and three individual capillaries. 

As expected, the maximum peak capacity achievable with the 
multidimensional system improves when the two dimensions are operated at their 
respective optimum (Fig. 2). With a single 2D column the maximum nc,2D, i.e. 8,300 

peaks, is obtained when the 1D is at the optimum. At these conditions 2nc is 30. 
With m=3, the 2D is now also at its optimum at this inlet pressure with 2nc=38, and 

the total peak capacity is now over 9,500 peaks. Hence, as expected, the GC×multi-
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GC set-up provides improved resolving power, with beneficial effects for the 
separation of very complex samples. However, the extent of this improvement is 

rather small. This is due to the fact that, as can be seen in Eq. (5), N is under a 
square root making its influence on nc limited. 

 

 
Figure 2 – Calculated Van Deemter plots and peak capacity for the GC×GC (A) and the 
GC×multi-GC systems with m=2 (B) and m=3 (C), respectively. 1D: 30 m×0.25 mm i.d., 0.25 
µm df. 

2D: m×(1 m×0.075 mm i.d., 0.075 µm df). The thin solid and dotted lines indicate the 
plate height (H) for the 1D and the 2D calculated with programme developed. 1k=5, 2k=2. 
T=70°C. The bold solid line represents nc,2D calculated using Eq. (5) and Eq. (4). 1kα=0.5, 
1kω=60, 2kα=0.1, 2kω=5. 
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So far we assumed that all capillaries in the multi-2D were identical. 
However, given the difficulty of making equal columns, slight differences are hard 

to avoid in practice. Figure 3 shows the results obtained when simulating the peak 
shapes resulting from differences in the individual columns in a multi-2D with m=3.  

As can be seen, variations in length of only ±0.5% already cause severe 
band broadening while an error of 1% in length even leads to clear peak splitting 

(Fig. 3B). Similar (relative) variations in i.d. are even more detrimental and can lead 
to complete separation into distinct peaks (Fig. 3C). Inhomogeneities in film 

thickness, shown in Fig. 3D, also lead to severe band broadening. If these results 
are compared with those described in [21], it is clear that with low numbers of 

columns the impact of possible variations is even more significant. Therefore, very 
strict manufacturing requirements need to be fulfilled to assure good performance. 
On the other hand, preparing only three identical columns rather than several 

hundred is a much more realistic goal. 

 

 
Figure 3 – Effect of column variations on the peak shape on a multi-2D with m=3. The figure 
shows the peak profiles calculated for identical (1 m×0.075 mm i.d., 0.075 µm df) capillaries 
(A) and for capillaries with differences in length (B), i.d. (C) and stationary phase film 
thickness (D). The dotted lines describe the case in which one column has the nominal 
dimension whereas the others have an error of +0.5% and -0.5%, respectively. The 
continuous lines illustrate a variance of  ±1%. 2pin=172 kPa. T=70°C. 2k =2. 
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5.4.2. Multi-capillary column 

 

To obtain the high repeatability required, the columns used for the multi-2D were 
prepared by cutting adjacent pieces with equal length from the same capillary 

column specifically prepared to provide a high consistency in terms of i.d. and film 
thickness. As in practice coating is more challenging for polar stationary phases, the 

choice was made to use a non-polar 2D column, i.e. to work with a reversed-
polarity column set. 

In a first series of experiments three columns were evaluated 
independently. In order to simulate the highly critical situation encountered in the 
2D, i.e. fast elution and very narrow peaks, low-boiling alkanes ranging from n-
hexane to n-decane were selected as test compounds. A very high split ratio, i.e. 

1:900, was used to minimize injection-related band broadening. The Van Deemter 
curves obtained for the three columns are the same, indicating a good uniformity. 

The results obtained for n-nonane are shown in Figure 4 as an example. It can be 
seen that the efficiency is close to that expected, i.e. 9,500 plates for a length of 1.1 
m. The peaks obtained on the three columns were consistent both in terms of 

retention time (RSD≤0.8%) and peak width (RSD≤3.0%).  
In a second series of experiments the columns were combined in parallel 

and evaluated as MCC. Good peak shapes were obtained with no signs of band 
broadening or split peaks. The Van Deemter curves were comparable with those 

obtained for the columns individually (Fig. 4). Table 1 shows some examples of the 
plate heights obtained. As can be seen the efficiency of the MCC, with over 9,100 

generated plates, is very close to that of the individual columns. The repeatability 
in terms of retention times (RSD≤0.6%, n=3) and ω0.5 (RSD≤2.7%, n=3) was 

satisfactory. 
These promising results suggest that the strict column-uniformity 

requirements were fulfilled and the MCC was suitable for practical use. Therefore, 
it was decided to proceed to further evaluation of the column assembled as multi-
2D. 
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Figure 4 – Comparison of the Van Deemter curves obtained for n-nonane at 70°C for the 
three Rxi-5ms (1.1 m×0.075 mm i.d., 0.075 µm df) columns individually (white, grey and 
black symbols) and combined as MCC (+). Every point is the average of 3 repeated 
injections. 

Table 1 – Plate height at different carrier gas inlet pressure measured for n-nonane on the 
three Rxi-5ms (1.1 m×0.075 mm i.d., 0.075 µm df) columns individually and combined in 
parallel. T= 70°C.  

Inlet pressure 
(kPa) 

H (mm) 

Column A Column B Column C MCCa RSD% (n=3) 

35 0.268 0.283 0.248 0.254 5.9 
48 0.166 0.179 0.171 0.182 3.0 
62 0.136 0.138 0.143 0.143 2.1 
69 0.126 0.128 0.129 0.131 1.3 
76 0.125 0.126 0.130 0.122 2.8 
83 0.119 0.124 0.117 0.120 3.2 
90 0.117 0.117 0.121 0.119 1.7 
97 0.115 0.116 0.116 0.117 0.5 

103 0.115 0.116 0.115 0.118 1.5 
121 0.120 0.119 0.121 0.119 0.8 
138 0.124 0.129 0.132 0.127 2.1 
155 0.132 0.133 0.132 0.130 1.1 
172 0.140 0.147 0.144 0.137 3.6 
190 0.152 0.156 0.151 0.144 3.7 
207 0.159 0.156 0.162 0.148 4.5 

a Multi-capillary: column A + column B + column C (in parallel) 
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5.4.3. GC×multi-GC 

 

Optimization of the instrumental set-up 

 

The splitter used to distribute the carrier gas flow exiting from the 1D column over 

the multiple 2D columns is crucial for obtaining a good performance in the 
GC×multi-GC experiments. Initially, the choice was made to use the chip-based 

splitters. Due to their very small internal volume and surface area they were 
expected to provide better performance in terms of band broadening and 
inertness. In the first experiments modulation was performed at the end of the 

primary column in order to facilitate installation and keep the instrumental set-up 
as simple as possible. The 2D peaks so obtained were broader than expected, with 

significant loss in efficiency. This was clearly caused by band broadening in the 
splitter device and could easily be solved by modulating on the multi-2D, i.e. after 

the splitter. This way the peaks were refocused and all possible dead-volume 
effects were eliminated. 

Initially the loop modulator was preferred as it allowed to install the multi-2D 
without need for modifications. The parallel columns were simply coiled in the loop 

holder as normally done when using a single 2D column. Right away after a careful 
installation narrow, symmetrical 2D peaks were obtained, as shown in Fig. 5A.This 

results shows that modulating on three columns at once, even if coiled to give 
actually six columns, is fundamentally feasible. However, after a few injections 

clear peak splitting became visible (Fig. 5B). This was due to the fact the parallel 
columns were no longer aligned properly, causing  differences between the actual 

modulator-detector for the individual columns. This was most likely caused by the 
intense blows of nitrogen periodically delivered by the hot jet, which was observed 
to induce movements in the loop. An additional reason for the limited stability 

could be the tension generated by having six columns, i.e. three columns  coiled 
twice, in the loop.  
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Figure 5 – Example of 2D peaks obtained with the GC×multi-GC set-up (m=3) with the loop 
modulator and the modulation performed on the multi-2D.The peaks were obtained 
straight away after installation (A) and after a few injections (B), respectively.   

 

The linear dual-stag quad-jet modulator was thus evaluated. The position of the 
multi-2D in front of the cold jets of the modulator was found to be critical. Poor 

installation caused break-through and peak splitting as the result of 
inhomogeneous cooling of the three columns and different lengths between 

modulator and detector for the individual columns. On the other hand, after 
careful adjustment it was possible to ensure effective trapping and identical 2D 
conditions. Although optimization was somewhat tedious and time-consuming, the 

set-up showed excellent robustness. Once appropriate performance was achieved, 
no further corrections were required during several weeks of operation. Figure 6 

shows some examples of 2D peaks obtained by modulating on three parallel 
columns.  
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Figure 6 – Example of 2D peaks obtained with the GC×multi-GC set-up (m=3) with the linear 
dual-stage, quadi-jet modulator. The modulation performed on the multi-2D. Test 
compounds: n-hexane (A), n-heptane (B), n-nonane (C) and ethylbenzene (D). Inlet 
pressure=241 kPa. T=40°C (A-C) and 80°C (D).  
 

As can be seen the peaks are symmetrical and narrow, further suggesting that the 

strict requirements for the column repeatability in the MCC were fulfilled and that 
the chip-based column connectors indeed provide artifact-free, i.e. equal, flow 

splitting. Based on these results the dual-stage modulator was selected and used in 
all the following experiments. 

 

Efficiencies vs. inlet pressure 

 
The efficiency of a standard GC×GC column-set with one 2D column as a function of 
the inlet pressure was assessed as a reference. The efficiencies of the 1D and of the 
2D were measured by performing isothermal analyses with the modulator off and 

on, respectively. As expected, the optimum velocities for the two dimensions were 
obtained at very different inlet pressures (Figure 7). For instance, for ethylbenzene 

the best performance is obtained at 172 kPa for the 1D and at 414 kPa for the 2D, 
respectively. 
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The efficiency of the two dimensions of our GC×multi-GC column set-up 
with two and three 2D columns in parallel was also investigated. The results 

obtained are also shown in Fig. 7. As can be seen the plate heights of the 1D are 
somewhat higher than expected for the column in use. This is probably caused by 

extra-column broadening occurring in the connections between the columns. 
However, it is not expected to have a significant influence on the position of the 

optimum and was therefore neglected for now. The performance of the multi-2D, 
on the other hand, is very good. In fact, the efficiency achieved here is even better 

than obtained during the 1D evaluation of the MCC (Section 4.2.1). An explanation 
for this is that even with the very high split ratio used the injection contribution to 

band broadening in the 1D experiments was not completely negligible for the very 
short retention times and narrow peaks generated, whereas in the multi-2D 
experiments this artifact is not present due to the efficient refocusing in the 

modulator. It can be observed that the minimum plate heights obtained for both 
m=2 and m=3 are slightly higher than with a single 2D column. This is most likely 

caused by very small variations in the multiple columns, i.e. to the presence of a 
“multipath” effect. In order to quantify this contribution, the experimental results 

obtained were compared to those calculated with our model for similar retention 
factors under the same operational conditions. With m=3 the experimental peak 

width at the 2D optimum for n-nonane is 160 ms at a retention time of 5.9 s, 
against the predicted 131 ms at 5.7 s. Clearly in this case some band broadening 

occurs in the multi-2D. On the other hand for ethylbenzene the results obtained, 
i.e. 138 ms at 5.8 s of retention, are consistent with the theoretical 147 ms at 6.15 

s. This suggests that minor inhomogeneities in the ensemble are indeed present 
which results in a slight loss of performance only for the narrowest peaks. 
Nevertheless, in all cases the plate heights obtained, i.e. about 80-100 µm, are still 
more than suitable to fulfill the efficiency requirements asked of a 2D.  
The most interesting aspect of Fig. 7 is that the experimental results obtained are in 

excellent agreement with the prediction generated by our computer programme 
(Section 5.2), confirming the correctness of our model. As expected, the 1D optima 

are shifted towards much lower inlet pressures. With m=2 the optima are 
significantly closer, the gap is in fact reduced from 250 to 80 kPa. With m=3 the 

maximum efficiency of both dimensions is obtained at exactly the same inlet 
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pressure, i.e. 200 kPa. As a result, in spite of the slightly lower plate numbers 
obtained in the two dimensions individually, the two-dimensional efficiency is 

improved. For example, the maximum nc,2D calculated as described in Section 6.2 
with the experimental N measured for ethylbenzene with m=3 (Fig.6) is increased 

from less than 6,500 peaks to 7,200 peaks, for an increment of 11%. 
 

 

Figure 7 – Van Deemter curves of n-nonane and ethylbenzene obtained with standard 
GC×GC (A) and GC×multi-GC with m=2 (B) and m=3 (C), respectively. Circles: 1D; triangles: 
2D. Every point is the average of 3 repeated injections.  
 

The results described above confirm that the use of the multi-2D is indeed a 
relatively simple yet effective approach to solve the 1D - 2D linear velocity mismatch 
issue. It is no longer required to choose which separation to exploit at the expense 
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of the other, it is now possible to exploit the maximum efficiency of the two 
dimensions simultaneously.  

 

Applications 

 

Selected samples were analyzed to assess the suitability of the GC×multi-GC 
column set-up and the two splitter devices for real-life applications. Figure 8 (chip-

based connector) and 9 (press-fit type connector) show the chromatograms 
obtained with a multi-2D made of three columns for a petrol-derived household 

cleaning product, i.e. white spirit, and a diesel oil sample, respectively. The 
chromatograms demonstrate that very narrow and symmetrical peaks are obtained 

on the multi-2D with three columns in parallel. Efficient two-dimensional 
separations can be performed. Moreover, both connectors were observed to 

provide good inertness for this kind of samples. Figure 9 shows that the highly 
retained compounds give  very wide 2D peaks as a result of the slow speed obtained 
in the multi-2D. This could be improved easily by using a set-up provided with a 

secondary oven. The second half of the chromatogram shows a very nice 
separation of the different groups, confirming the good exploitation of the 2D. This 

results, as expected, in a very good resolving power. On the other hand, the 
resolution along the primary column is rather poor for the early eluting species. 

This is due to an insufficient number of modulations. Because the linear velocity in 
the 1D is now higher as a result of the low flow resistance in the multi-2D, the 

compounds with low retention on the primary column are eluted as very narrow 
bands. Therefore, achieving a suitable number of modulations across a peak  is 

more difficult. In order to verify this hypothesis, decreasing modulation times were 
tested (Fig. 10). This way a significant improvement in resolution was achieved: 

passing from a modulation time of 4 seconds to 2 seconds several overlapping 
peaks were fully resolved. This suggests that to maintain a good resolution in the 

first minutes of the GC×multi-GC analysis a careful choice of the modulation time 
and slow temperature programs are necessary, especially when this area of the 
chromatogram is complex. 
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Figure 8 – GC×multi-GC (m=3) chromatograms of a petrol-derived household cleaning 
product. Conditions: inlet pressure=207 kPa, oven: 40°C (2 min) to 80°C at 2.5°C/min; The 
dimensions were coupled with the chip-based flow connector. 
 

 
Figure 9 – GC×multi-GC chromatogram (m=3) obtained for a diesel oil sample. The 
dimensions were coupled with press-fit connector. Conditions: inlet pressure=207 kPa, 
oven: 40°C (2 min) to 80°C at 2°C/min. Modulation time: 4 s. 
 

 
Figure 10 – Effect of the modulation time on the resolution of the early eluting compounds 
for the diesel sample shown in Fig. 9. Modulation time: 4 s (A), 3 s (B)  and 2 s (C). The 
dimensions were coupled with press-fit connector. Conditions: inlet pressure=207 kPa, 
oven: 40°C (2 min) to 80°C at 2°C/min. 
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Figure 11 – GC×multi-GC chromatograms of a perfume sample with m=3 (A) and m=2 (B), 
respectively. Conditions: A) press-fit connector, inlet pressure=275 kPa, oven: 60°C (0.2 
min) to 250°C at 3°C/min; B) chip-based connector, inlet pressure=275 kPa, oven: 100°C (0.2 
min) to 250°C at 5°C/min.  

 

Figure 10 shows the two-dimensional chromatograms recorded for the same 
perfume sample by using 3 and 2 columns in parallel, respectively. The three-

column experiment was performed using the press-fit connector while the chip 
connector was used for the two-column set. Some 1D peaks in Fig. 11A exhibit 

slight broadening/tailing, suggesting the presence of dead-volume and/or residual 
activity in the press-fit type connector. This artifact was not noticeable for the chip-

based connectors, indicating a better inertness. Due to the lower speed obtained 
with decreasing m, a higher initial oven temperature and a faster temperature 

ramp were chosen for the set-up with m=2 than with m=3. As a result the 
separation obtained with m=2 is somewhat faster. This way, a comparable use of 
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the two-dimensional space was achieved. As can be seen, the results obtained in 
the two cases are quite consistent. 

 

5.5. Conclusions 

 

MCCs are an interesting 2D column format to solve the flow mismatch typically 
encountered in GC×GC. A computer programme written in Microsoft Excel® was 

developed to calculate the column efficiency for both dimensions in GC×GC with a 
single or multiple 2D columns in parallel. With the aid of this programme it was 

possible to assess that with multiple 2D columns simultaneous optimum operation 
in the two dimensions is fundamentally possible. The appropriate number of 

columns was selected based on this theoretical model. A second programme based 
on Microsoft Excel® was developed and used to predict the influence of the inter-

column variability on the performance of the multi-2D.  
The capillaries used to form the MCC were obtained from a column manufactured 

to provide high consistency in terms of i.d. and film thickness of the stationary 
phase. 1D-GC experiments performed on three columns individually and combined 

as MCC gave very good results, both in terms of absolute efficiency and column 
repeatability. The plate height obtained for n-nonane with the MCC was 0.13 mm, 

very close to the value of 0.12 mm obtained with the individual columns. Multi-2D 
columns made of two or three parallel capillary columns were successfully installed 
in GC×multi-GC set-ups. The multi-2D gave good results in terms of peak shape and 

efficiency. Symmetrical narrow peaks with peak widths at half-height down to 37 
ms and plate heights as low as 80 µm were obtained. Model experiments showed 

that in GC×multi-GC it is possible to operate both dimensions at their optimum at 
the same time. The large inlet pressure gap between the optima of the two 

dimensions with a single 2D column, i.e. over 150 kPa, was completely eliminated 
when using three parallel 2D. A compromise is no longer required, both dimensions 

can be fully exploited. The two-dimensional chromatograms obtained for a few 
selected samples proved the suitability of the novel column combination for use 

with real-life samples. Future work should be focused on the hardware with the 
aim to reduce the instrumental complexity. However, this multi-2D approach clearly 
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is  of great value and interest in application fields where a maximum resolving 
power is required. 
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Chapter 6 
Comprehensive two-dimensional gas 

chromatography under high outlet 

pressure conditions  
 

Summary 

The column sets typically employed in comprehensive two-dimensional gas 
chromatography (GC×GC) suffer from the impossibility to fully exploit the efficiency 
of both dimensions simultaneously. At the high inlet pressures required to reach the 
optimum of the first dimension (1D) the linear velocity in the second dimension (2D) 
is far above optimum. Adding a restrictor at the end of the 2D is a possible approach 
to adjust the linear velocity profile. Under these high outlet pressure conditions the 
2D becomes much slower while the effect on the 1D is limited. The gap in terms of 
optimum inlet pressures is thus reduced. A programme written in Microsoft Excel® 
was used to calculate the efficiencies of the two dimensions in GC×GC at different 
outlet pressures. A GC×GC set-up with a restrictor at the end of the 2D was 
successfully installed. Experiments proved that it is possible to enhance the 
performance of the columns. For example the experimental plate height of the 2D at 
the 1D optimum for n-decane improves from 0.33 mm to 0.11 mm by installing the 
restrictor. The chromatograms obtained for a number of applications also 
confirmed that the separations achieved at elevated outlet pressure with the same 
column set with this new method are more efficient than under atmospheric outlet 
conditions. On the other hand,  the considerably longer analysis times are a 
significant drawback. Alternative procedures which can achieve the same objective 
at a shorter analysis time are clearly more advantageous. 
 

 

This chapter is based on the following article:D. Peroni, H.-G. Janssen, J. 
Chromatogr. A, Submitted manuscript. 
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6.1. Introduction 

 

Comprehensive two-dimensional gas chromatography (GC×GC) nowadays is the 
method of choice for the analysis of very complex samples of volatile analytes. The 

main advantages of the technique are its remarkable resolving power, the 
unmatched peak capacity and the good sensitivity [1-5]. 

The standard GC×GC column sets consist of a long, normal-bore first 
dimension (1D) column and a short, narrow-bore second dimension (2D) column. 

Thanks to the use of the short narrow-bore column in the 2D very fast second 
dimension separations can be obtained while providing very high efficiency. This 

way, the 2D separation of each re-injected time-slice is completed before the 
injection of the following. However, due to the large difference in column diameter 

a flow mismatch occurs between the two columns making it impossible to operate 
both columns at their respective optimum linear velocity at the same time [6]. At 

low inlet pressures the separation in the 2D is fully exploited, but the carrier gas 
velocity in the 1D is below optimum. When higher inlet pressures are selected to 
obtain optimum performance in the 1D, the linear velocity in the 2D is far above 

optimum. Therefore the potential of the GC×GC column set is not fully exploited.  
Stop-flow GC×GC [7-9] was presented as a solution to regulate the carrier gas 

flows in the two columns independently. In this approach the first dimension flow 
is periodically stopped for a short time. During these pauses the second dimension 

separation is performed by delivering the carrier gas into the 2D via an auxiliary 
inlet. This way, the modulation time and the duration of the separation in the 2D 

are decoupled and both separations can be performed at their respective 
optimum. The main limitations of this method are the need for additional hardware 

and the complexity of the instrumental set-up. Another interesting approach was 
described by Tranchida et al. [10, 11]. These authors installed a splitter between 

the two dimensions to reduce the flow of carrier gas entering the 2D. This allows 
using high gas flow rates to operate the 1D at its optimum while maintaining the 

velocity in the 2D at a suitable value. On the other hand, splitting the flow 
unfortunately results in poorer detection limits. The use of wider second dimension 
columns is also an obvious solution [12, 13]. By increasing the i.d. of the 2D the flow 
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mismatch is reduced or completely solved. However, with such a column set it is 
not possible to respect the modulation criterion. In chapter four and five the use of 

monolithic columns and multiple parallel columns as 2D in GC×GC to resolve the 
flow mismatch [14, 15]. The advantage of using monoliths is that efficiency and 

column diameter (and hence flow rate) can be optimized independently. 
Simultaneously operation of the two dimensions at their optimum was achieved. 

However, the preparation of appropriate monoliths is rather challenging and the 
efficiency obtained is not yet comparable to that of standard GC×GC set-ups. The 

use of a multi-capillary 2D was also found to be an effective solution. By splitting 
the carrier gas flow between multiple columns, the velocities are positively affected 

and it is possible to fully exploit both dimensions. The GC×multi-GC set-ups 
developed gave good results in terms of efficiency and applicability. On the other 
hand, coupling the 1D to the multi-2D is very complex in practice. Significant 

improvements in terms of instrumental design would be necessary to simplify the 
set-up and make it available for routine use.  

The common factor used to achieve a better match of the 1D and 2D Van 
Deemter curves in the split method presented by Tranchida and our multi-capillary 

option is that both routes basically reduce the linear velocity in the 2D. An 
alternative approach for this purpose is the use of a restrictor at the end of the 2D. 

By increasing the outlet pressure the total flow of carrier gas through the system is 
reduced. Due to the different pressure drops across the two dimensions, the effect 

is more significant in the 2D than in the 1D. 
In this work we will report the theoretical evaluation and practical use of a 

GC×GC set-up operated under high outlet pressure conditions. The set-up is 
created by incorporating a restrictor at the end of the 2D. A calculation model is 

developed and applied to predict the effect of the higher outlet pressure on the 
efficiency and speed of the system. The GC×GC set-up developed was evaluated 
through model experiments to verify the possibility to operate the two dimensions 

at their optimum simultaneously. The analysis of real-life samples is shown to 
confirm the feasibility for practical use and to compare the performance of our 

system to that of a standard GC×GC set-up. 
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6.2. Theory 

 

The influence of pressure and pressure drop on the efficiency of capillary GC 
columns has been well documented [16]. Two pressure correction factors were 

introduced to convert the plate height equation for columns with negligible 
pressure drop to the case with a non-negligible pressure drop [17]. The most 

important correction factor is the f1 factor given by 
 

𝑓1 = 9∙�𝑃0
4−1�∙�𝑃𝑜2−1�

8∙�𝑃𝑜3−1�
2                       (1) 

 

The key parameter in this equation is Po: 
 

𝑃𝑜 = 𝑝𝑖𝑛
𝑝𝑜𝑢𝑡

                       (2) 

 

Here pin and pout are the pressure at the inlet and the outlet of the 1D or 2D column, 
respectively. f1 represents the loss in column efficiency due to the carrier gas 

expansion across the column. The values of f1 range from 1 for zero pressure drop 
to 1.125 (9/8) for the case with very high pressure drop.  

In  GC×GC the first column has a very low pressure drop, and here no or hardly any 
loss of plate height due to carrier gas expansion occurs (f1≈1.000). The 2D column 

has a high pressure drop and hence the maximum loss in efficiency (f1=1.125). A 
way to minimize this loss is to reduce the ratio inlet to outlet pressure of this 

dimension. This will not affect the plate height in the 1D because, due to the 
already high average pressure in this dimension, the pressure drop will remain 

negligible. Since the full set of mathematical equations to describe the effect of 
pressure drop  is too complex, we applied a numerical approach to evaluate it.   

  Beens et al. [6] described a programme written in Microsoft Excel® to 
calculate the efficiency for the two dimensions in GC×GC under isothermal 

conditions. This software provides a very useful means to optimize the column set 
and the analysis conditions. In their calculations these authors used atmospheric 
outlet pressure, the situation encountered when using detectors such as the flame 

ionization detector (FID). Here this programme was modified and used to estimate 

136 
 



GC×GC under high outlet pressure conditions 

 

the linear velocities and efficiencies in the two dimensions of a GC×GC set-up 
operated at elevated outlet pressures. The respective plate heights are calculated 

according to the procedures described in [6]. A detailed explanation of the 
equations used and of the algorithm developed is given in the Appendix. Moreover, 

in article this chapter is based on information is provided on how free access to this 
software can be obtained. 

If it is assumed that the separation mechanisms in the two columns of the 
GC×GC set-up are orthogonal and that the separation achieved in the 1D is not lost 

during the modulation, the peak capacity of a two-dimensional system, nc,2D, is 
given by [18]: 

 
𝑛𝑐,2𝐷 = 𝑛𝑐 × 𝑛𝑐 

2
 
1                         (3)

    

Here 1nc and 2nc are the peak capacities for the 1D and the 2D, respectively. As the 

theoretical model used in our software is valid only for isothermal conditions, the 
peak capacities were calculated using the well-known equation [19]: 

 

𝑛𝑐,𝑖𝑠𝑜 = √𝑁
4∙𝑅𝑠

∙ 𝑙𝑛 �1+𝑘𝜔
1+𝑘𝛼

� + 1                     (4) 

 

where N is the plate number, Rs is the desired resolution, and kα and kω are the 
retention factors of the first- and last-eluting peaks, respectively. Assuming 
isothermal conditions is more or less correct for the 2D due to the fast elution and 

hence the very limited temperature change in this dimension. On the other hand, 
1nc will be somewhat underestimated as in practice the 1D temperature is 

programmed. Nevertheless, Eq. (4) will provide an accurate representation of the 
system’s efficiency under different inlet pressure conditions and thus of the 

potential benefits arising from simultaneous at-optimum operation. 
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6.3. Experimental 

 

6.3.1. Chromatographic instrument, materials and methods 

 

All GC×GC experiments were performed on an Agilent Technologies (Santa Clara, 

CA, USA) 6890 Series GC System equipped with a Focus-CombiPal Autosampler 
(ATAS GL, Veldhoven, The Netherlands), a split/splitless injector, a LECO 

(Mönchengladbach, Germany) dual-stage, quad-jet thermal modulator, a 
secondary oven and an FID. The hydrogen flow for the FID was produced by a 
hydrogen generator PG-H2 Series 3 (Schmidlin-DBS AG, Neuheim, Switzerland). 

 A Rxi-5ms capillary column (length 30 m, i.d. 0.32 mm, film thickness 0.25 
µm) from Restek (Bellefonte, PA, USA) was used as the first dimension column. The 

second dimension column was a DB-17 capillary column (i.d. 0.100 mm, film 
thickness 0.20 µm) from Agilent Technologies. The length of the 2D was 2 m for the 

performance evaluation of the standard GC×GC system and 1.5 m for the set-ups 
with the flow restrictors and in all applications. The restrictors (Figure 1) were 

prepared by melting the end of the column with a high-temperature hydrogen 
flame (1800°C) till complete closure and then re-opening it partially to obtain the 

desired flow by grinding it with sand paper [20]. 

 

 
Figure 1 – Photographs of a restrictor made at the outlet the 2D capillary column.   
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 In all experiments an injector temperature of 250°C and a split ratio of 
1:200 were applied and helium was used as the carrier gas. For the construction of 

the Van Deemter curves injections of 1 µL of the test mixture were performed and 
isothermal analysis was carried out at different inlet pressures. The primary and 

secondary oven temperature selected were 120°C and 130°C, respectively. The 
efficiency of the 1D and 2D was assessed by performing the analysis with the 

modulator off and on, respectively. The two-dimensional applications performed to 
assess the GC×GC set-ups were performed by direct injection of 0.2 µL of the pure 

sample. The detailed inlet pressure and oven temperature conditions employed in 
the different series of experiments are provided below.  

 

6.3.2. Chemicals 

 

P.A. grade n-decane, n-dodecane and n-tetradecane were purchased from Aldrich 

(Zwijndrecht, The Netherlands). n-Heptane was purchased from Biosolve 
(Valkenswaard, The Netherlands). The test mixture used to evaluate the GC×GC 

set-ups was prepared my direct dilution of each compound in n-heptane (1:500). 
The petrol-derived household cleaning products (white spirit, turpentine and 

kerosene) were purchased in a local supermarket. The diesel oil was obtained from 
a local petrol station. 

 

6.4. Results and discussion 

 

6.4.1. Theoretical evaluation 

 

The presence of two distinct optima in GC×GC is caused by the difference in i.d. 
between the two dimensions. An approach that can be used to solve this issue 

consists of employing wider 2D columns [6]. However, with such a column set 
sufficient modulations across a 1D peak are difficult to obtain. The important 

parameter is the modulation criterion: 
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𝑡𝑟 
2

𝜎 1
≤ 1.5                         (5) 

 
where 2tr is the retention time in the 2D and 1σ is the standard deviation of the peak 

eluting from the 1D. This modulation criterion needs to be fulfilled in order not to 
compromise the resolution achieved in the 1D during the modulation process. 

When using narrow 2D columns Eq. (5) is normally respected because 2tr is very 
short and the low velocity in the 1D leads to wide 1σ. With a wider 2D the slow 

elution in this dimension leads to long 2tr and due to the higher speed in the 
primary column 1σ becomes narrow. Thus the modulation criterion can only be 
fulfilled if there is a large length difference between the columns length, e.g. the 

normal-bore 2D has to be very short. However, in this way not enough plates would 
be delivered, making this solution unsuitable in practice. 

The software described in Section 6.2 was used to calculate the Van Deemter 
curves obtained with different column sets and evaluate the effects described 

above (Fig. 2). The length of the 2D column is increased along with its i.d. to 
maintain the plate number of the 2D constant. As expected, when using a narrow-

bore 2D column in combination with a normal-bore 1D column the optima of the 
two dimensions are rather distant (Figure 1A). The 100 µm 2D reaches its optimum 

(2Hopt≈0.08 mm) at an inlet pressure of 128 kPa, i.e. 81 cm/s, but at this pressure 
the 1D is far below its optimum with a plate height 1H of approximately 0.51 mm, 

i.e. twice the minimum of the column. The 1D optimum 1Hopt≈0.30 mm is reached at 
an inlet pressure of 275 kPa, i.e. 11 cm/s. However, at this inlet pressure the 2D 

exceeds its optimum by far: 2H≈0.14 mm.  With wider 2D columns the optimum of 
the 1D shifts towards lower inlet pressures and simultaneous at-optimum operation 
becomes possible. A quantitative evaluation of the improvement can be obtained 

by comparing the peak capacities of the different set-ups. The two-dimensional 
peak capacity nc,2D for the case illustrated in Fig. 1A was calculated using Eq. (4) for 

both dimensions and then Eq. (3). The plate numbers were calculated with our 
computer programme. A resolution of 1.5 was selected. Typical retention factor 

values encountered in practice were selected, i.e. 1kα=0.5, 1kω=60, 2kα=0.1 and 
2kω=5. As shown in Table 1 the calculated total peak capacity increases from less 

than 7,000 to nearly 9,000 (Table 1). 
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Figure 2 – Comparison of the calculated GC×GC performance obtained by using  wider, 
longer 2D columns (A) or by installing a restrictor at the 2D outlet (B). Reference set-up 
(black): (30 m×0.320 mm i.d., 0.25 µm df)×(2 m×0.100 mm i.d., 0.20 µm df), pout=100 kPa. 
The grey lines refer to a 5 m×0.250 mm i.d. 2D column (A) and pout=500 kPa (B), respectively. 
The continuous and the dashed lines represent the 1D and the 2D, respectively. 1k=5, 2k=2. 
T=70°C. 
 
Table 1 – Calculated GC×GC performance obtained by using  wider, longer 2D columns. All 
parameters are calculated at 2D-optimum operating conditions. 1D: 30 m×0.32 mm i.d., 0.25 
µm df. 

2D: 0.1 µm df while length and i.d. are changed as described.  1k=5, 2k=2. T=70°C. 

2D 
(m×mm) 

2D 

 

1D  

nc,2D 2tr/1σ 

t0 (s) N 
rN 

(s-1) nc 
 

t0 
(min) N 

rN 
(s-1) nc 

2×0.100 2.5 23017 9288 44  8.5 58483 114 150 6600 0.6 

3×0.150 4.3 23869 5530 45  4.3 80894 314 177 7893 2.4 

4×0.200 6.6 24262 3688 45  2.8 94061 565 190 8576 6.1 

5×0.250 9.4 24437 2610 45  2.1 98260 793 195 8795 11.8 

𝑁 𝑟  = 𝑁
𝑡0

; nc is calculated using Eq. (4); nc,2D is calculated using Eq. (3). 
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However, as a result of the effect described above, the modulation criterion is no 
longer satisfied already for a 2D column of 150 µm i.d. A modified version of Eq. (3) 

should now be used that takes into account the loss of peak capacity due to 1D 
undersampling [21]. This means that under the given conditions the overall peak 

capacity obtained with this approach will be much lower than the 9,000 peaks 
calculated, especially for the wider columns, reducing the actual  efficacy of this 

approach significantly. 
Calculations similar to those described above were also made to evaluate our 
increased-outlet-pressure approach. The addition of a restrictor at the end of the 
2D was simulated by increasing pout. Fig. 1B shows the Van Deemter curves so 
calculated. By increasing pout from 100 to 500 kPa both optima shift to higher inlet 

pressures, as expected given the higher outlet pressure. However, this shift is more 
significant for the 2D than for the 1D: the shifts are 319 kPa and 247 kPa, 

respectively. As a result the two optima are now closer. This can be explained by 
considering the pressure drop Δp across a standard GC×GC column set. The 

narrow-bore 2D in such a system acts a restrictor on the 1D leading to a high mid-
point pressure between the dimensions pmid, i.e. a high outlet pressure for the 

primary column. As a result, the average pressure in the 1D increases and its 
optimum moves towards higher pin than in 1D-GC. If a restrictor is added at the 

detector outlet, this now provides the largest contribution to the Δp of the system. 
An effect similar to the one described above for the 1D now occurs in the 2D, i.e. the 

average pressure in the 2D increases. As a result 2Hopt is reached at more elevated pin 
values. Obviously the restrictor has a similar effect on the 1D, but as the average 
pressure in this column is already high, the extent of this contribution is less 

important (Table 2). 
 
Table 2 – Calculated pressure drops obtained in a GC×GC system operated under different 
outlet pressure conditions. All parameters are calculated at 2D-optimum operating 
conditions, expressed as the actual inlet pressure (inlet gauge overpressure + 100 kPa). 1D: 
30 m×0.32 mm i.d., 0.25 µm df. 

2D: 2 m×0.1 mm i.d., 0.1 µm df. 
 1k=5, 2k=2. T=70°C.  

pout (kPa)  pin (kPa) pmid (kPa) 1Δp (kPa) 2Δp (kPa) 

100  230 218 12 118 
300  369 361 8 61 
500  549 543 6 43 
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This can be confirmed by comparing the changes of the calculated 1Δp and 2Δp. 1Δp 
decreases from 12 kPa to 6 kPa whereas 2Δp is reduced from 118 to 43 kPa. When 
2pout=500 kPa the 2D optimum is reached at an inlet pressure of 450 kPa and at this 
pressure 1H is 0.44 mm (Fig. 2). The gain in terms of 1D plate numbers is 1,300 and 

the resulting increase in peak capacity is about 12% (Table 3). The price to pay is 
the longer analysis time. The main advantage is that the modulation criterion 

remains always fulfilled. Due to the low 𝑢� 1  the bands eluting from the 1D stay 
relatively broad, allowing to achieve the several modulations per peak required. As 

a result the theoretical gain in terms of peak capacity will be achieved in practice.   
 
Table 3 – Calculated GC×GC performance obtained by installing a restriction at the 2D outlet 
All parameters are calculated at 2D-optimum operating conditions. 1D: 30 m×0.32 mm i.d., 
0.25 µm df. 

2D: 2 m×0.1 mm i.d., 0.1µm df. 
 1k=5, 2k=2. T=70°C. 

pout 

(kPa) 

2D  1D 
nc,2D 2tr/1σ 

t0 (s) N rN(s-1) nc  t0 

(min) N rN(s-1) nc 

100 2.48 23017 9288 44  8.5 58483 114 150 6600 0.6 

300 4.52 24363 5374 45  12.7 63152 83 162 7041 0.7 

500 6.35 24623 3838 45  17.0 68870 63 163 7360 0.8 

𝑁 𝑟  = 𝑁
𝑡0

; nc is calculated using Eq. (4); nc,2D is calculated using Eq. (3) 

 
From the calculations presented here it can be concluded that increasing 

the outlet pressure moves the optima of the two dimensions closer together, 
allowing a somewhat better exploitation of the efficiency of a given column set. 

Unfortunately time will increase as well and other options for increasing the 
efficiency of separation might be preferred.  
 

6.4.2. GC×GC under high outlet pressure conditions 

 

Efficiencies vs. inlet pressure 

 

In a first series of experiments the efficiency of a standard column set as a function 

of inlet pressure was assessed to provide a frame of reference. The efficiencies of 
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the 1D and the 2D were measured by performing isothermal analyses with the 
modulator off and on, respectively. As expected, the optimum velocities for the 

two dimensions were obtained at very different inlet pressures (Figure 3A). For 
example the optimum plate height of the 2D column for n-decane (0.10 mm) is 

obtained at 100 kPa inlet pressure, but at this pressure the efficiency of the primary 
column is very poor with 1H≈0.69 mm. The primary-column optimum 1Hopt of 0.25 

mm is obtained at 310 kPa, but under this flow condition the experimental 2H is 
above 0.33 mm. Similar results were obtained for the other test compounds. 
  Next, the performance of our elevated outlet-pressure set-up was 

investigated. Initially we explored the use of a T-piece and an auxiliary gas inlet at 
the end of the column set. This way pout could be controlled and tuned as desired. 

The auxiliary pressure line was connected to a three ports SilFlow Stainless Steel GC 
splitter (SGE, Ringwood, Victoria, Australia) installed at the end of the 2D. The third 

port was used to deliver the combined flow to the FID by means of a piece of 
narrow fused-silica capillary (20 cm×0.050 mm). Using this set-up elevated pout 

values and an accurate control of the flow conditions could be obtained. However, 
the 2D peaks were significant broadened with a detrimental effect on the efficiency 

(data not shown). This was most likely caused by the extra-column volume added 
by the splitter, which was not negligible for the very narrow, modulated peaks. 

Thus the decision was made to prepare the restrictors directly on the 2D column 
(Fig. 1). This way, the possibility to modulate the operational conditions was 

sacrificed. On the other hand, the instrumental complexity was greatly reduced and 
sharp, symmetrical peaks were obtained, preserving the efficiency of the 2D. Note 
that with these restrictors it is no longer possible to control the outlet velocity. 

Elevated outlet pressures will be obtained, but the actual outlet pressure will 
depend on the inlet pressure applied. 

Two restrictors with different flow characteristics were prepared and tested. These 
reduced the average linear velocity by 50% (“wide restrictor”) and 80% (“narrow 

restrictor”), respectively. Based on the assumption that thanks to the better 
exploitation a shorter length 2D column can be used while obtaining the same plate 

numbers, the 2D was reduced from the 2 m used for the reference experiments to 
1.5 m. Figures 3B and 3C show the results obtained with a carrier gas linear velocity 

reduced with the wide and the narrow restrictor, respectively. As the theoretical 
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calculations already predicted, the optima of both dimensions are shifted towards 
higher inlet pressure values. As can be seen for the 1D this effect is stronger than 

calculated (Fig. 2).  
 

 
Figure 3 – Experimental Van Deemter curves obtained for the 1D (●) and the 2D () of a 
GC×GC system operated under different outlet pressure conditions. A) Open outlet (pout 
=100 kPa); B) Restrictor #1 (′t0=1.8·t0); C) Restrictor #2 (″t0=5.3·t0). Every point is the 
average of 3 repeated injections. 
 
This deviation from theory is most likely caused by the fact that our model 

considers pout as a constant while with the set-up in use it is a function of pin. 
Nevertheless, the two optima indeed become closer (Fig. 3) as the Van Deemter 

curves of the 2D are much more flat above the optimum. This is not surprising as it 
is known that at low Δp the dependence between H and u is less pronounced [22]. 
Therefore at the high pin required to achieve the 1D optimum also the 2D is close to 

its best efficiency. For n-decane the two optima nearly overlap: at the 1D optimum 
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2H is 0.11 mm while at the 2D optimum the efficiency of the primary column is 
more than doubled with 2H≈0.31 mm (Fig. 3C). As a result the maximum calculated 

nc,2C increases from less than 5,500 to 7,000 and then 7,500, for an enhancement of 
40%. This in spite of the fact that the 2D column is use is even shorter than in the 

reference set-up. This result clearly shows the potential arising from using this 
method. For a more retained test analyte (n-dodecane) the effect is similar but 

somewhat less pronounced (Fig. 3). At the 1D optimum 2H is somewhat improved, 
going from 0.22 mm to 0.15 mm with the second restrictor. If the 2D optimal 
conditions are considered the gain is more significant: 1H goes from over 0.6 mm to 

0.4 mm. The resulting gain in terms of nc,2C was 10%, in good agreement with the 
theoretical results obtained in Section 6.2. It is sensible to assume that for more 

retained compounds higher pout values are required to achieve simultaneous 
optimal operation. However, this would lead to even longer analysis times and was 

therefore not further investigated.  
The experimental observations discussed above were in reasonable agreement 

with the predicted trends and values. There was, however, one observation that 
was not predicted. For the most retained compound we observed a significant loss 

of efficiency for the 1D: with both restrictors about 85,000 plates were delivered 
instead of the predicted 100,000. Here we speculate that this artifact could be due 

to the presence of non-uniformities in the stationary phase. Under elevated 
column pressures molecular diffusion in the gas phase is slower. Variations of film 

thickness along the column under these conditions could cause band broadening as 
a result of the uneven diffusion distances encountered in radial direction. This 
effect would be expected to be more critical for the more retained compounds, as 

it was indeed observed experimentally. Another possible explanation could be a 
slow re-injection of the trapped analytes by the hot jet of the modulator as a result 

of the high pressure in the 2D, in particular for the less volatile compounds. Due to 
this loss of efficiency in the 1D for the heavier, more retained compounds there is 

no gain in terms of nc,2C. However, for the fundamental understanding it is 
noteworthy to stress that a better employment of the two columns in terms of 

relative position of their optima is still achieved. Only thanks to this effect a 
consistent peak capacity is obtained in spite of a shorter 2D column and a 15% loss 

in plate number of the 1D. 
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The results described above confirm that the use of a restrictor at the 2D 
outlet is a simple yet effective approach to alleviate the GC×GC linear velocity 

mismatch. Under higher pressure outlet conditions it is possible to achieve a 
better, simultaneous exploitation of the efficiency of the two dimensions albeit 

only at the expense of time. The main practical disadvantages of the set-up 
developed are the limited control and flexibility. A substantial improvement would 

arise from the possibility to tune pout to optimize the performance according to the 
specific application and/or sample. However, achieving this without adding even 

the smallest extra-column volume contribution to the system is challenging. 
Despite these limitations we decided to verify whether the set-up developed 

indeed provides the desired enhancement of resolving power in a number of 
selected typical GC×GC applications. Given the better efficiency shown (Fig. 3), the 
narrow restrictor was selected and used in all applications. 

 

Applications 

 

A number of petrol-derived samples were analyzed to (i) assess the suitability of 
our set-up for real-life applications and (ii) compare its performance with that 

obtainable using the same column-set under standard atmospheric outlet 
conditions. For the latter objective the same samples were re-analyzed after 

removing the restrictor by cutting 3 cm from the end of the 2D. 
Figure 4A shows the isothermal analysis of a white spirit sample performed with 

the restrictor installed. The 2tr are rather long thus a modulation time of 10 s was 
chosen, causing some loss in terms of 1D resolution for the first eluting compounds 

as a result of the low number of modulations across the very narrow 1D peaks. On 
the other hand, an efficient two-dimensional separation is obtained. Fig. 4B shows 

the chromatogram obtained without restrictor using the same isothermal program 
and a very low inlet pressure selected to achieve a consistent analysis time. Under 

these conditions the separation obtained on the 2D is comparable but the 
resolution in the 1D is poorer. With a higher inlet pressure the resolution achieved 
in the 1D improves and becomes as good as with the restrictor with the advantage 

of a shorter analysis time (Fig. 4C). However, some peaks that were fully separated 
in the 2D in the set-up with restrictor are no longer resolved because of the poorer 
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2nc. These results show how the presence of different optima for the two 
dimensions does not permit to obtain the best separation possible on both 

dimensions simultaneously. With the restrictor, at the price of time, it was indeed 
possible to achieve that. 

 

 
Figure 4 – GC×GC chromatograms of a white spirit sample with the restrictor (A) and at 
ambient outlet pressure under different flow conditions (B-C). Oven: 50°C (isothermal); 
offset secondary oven: 5°C; pin=690 kPa (A), 35 kPa (B) and 105 kPa (C). The arrows indicate 
the points of interest in terms of peak resolution under the different conditions employed.  
 
Figures 5A, 6A and 7A show the temperature-programmed chromatograms 

obtained with the restrictor for turpentine, kerosene and diesel oil samples, 
respectively. Very good two-dimensional separations were obtained for all 

samples. Elevated secondary-oven offsets, i.e. 30°C or 40°C, and a long modulation 
time of 10 s were used to avoid wrap-around. All the 2D peaks obtained are narrow 

and symmetrical.  
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Figure 5 – GC×GC chromatograms of a kerosene sample with the restrictor (A) and at 
ambient outlet pressure under different flow conditions (B-D). Conditions: A) 40°C (2 min) 
to 150°C at 1°C/min; offset secondary oven: 40°C; pin=620 kPa. B) 40°C (2 min) to 150°C at 
1°C/min; offset secondary oven: 40°C; pin= 45 kPa. C) 40°C (2 min) to 150°C at 3°C/min; 
offset secondary oven: 10°C; pin=135 kPa. D) 40°C (2 min) to 150°C at 3°C/min; offset 
secondary oven: 10°C; pin= 405 kPa.  
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Figure 6 – GC×GC chromatograms of a turpentine sample with the restrictor (A) and at 
ambient outlet pressure under different flow conditions (B-D). Conditions: A) 40°C (2 min) 
to 150°C at 1°C/min; offset secondary oven: 30°C; pin=620 kPa. B) 40°C (2 min) to 150°C at 
1°C/min; offset secondary oven: 30°C; pin= 35 kPa. C) 40°C (2 min) to 150°C at 3°C/min; 
offset secondary oven: 10°C; pin=105 kPa; D) 40°C (2 min) to 150°C at 3°C/min; offset 
secondary oven: 10°C; pin= 315 kPa.  
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Figure 7 – GC×GC chromatograms of a diesel oil sample with the restrictor (A) and at 
ambient outlet pressure under different flow conditions (B-D). Conditions: A) 40°C (2 min) 
to 150°C at 1°C/min; offset secondary oven: 40°C; pin=620 kPa. B) 40°C (2 min) to 150°C at 
1°C/min; offset secondary oven: 40°C; pin= 45 kPa. C) 40°C (2 min) to 150°C at 3°C/min; 
offset secondary oven: 10°C; pin=135 kPa; D) 40°C (2 min) to 150°C at 3°C/min; offset 
secondary oven: 10°C; pin= 405 kPa. 
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The use of a long modulation time is not an issue as with the broad 1D bands 
generated at this low speed undersampling does not occur. As a result excellent 

resolution is achieved in both dimensions. 
Figures 5B, 6B and 7B show the separations obtained without restrictor using the 

same temperature programs and a flow which would provide comparable retention 
times. As expected, at the slow carrier gas velocities so obtained both dimensions 

perform poorly as they are far below optimum. We then used progressively higher 
inlet pressures to better exploit the efficiency of the 2D and 1D columns. Other 
parameters were also modified according to the methods commonly employed in 

GC×GC: the secondary-oven offset was reduced to 10°C and the oven-temperature 
ramp was slightly increased to 3°C/min. The results obtained and all experimental 

details are shown in Figs. 4-7. As can be seen, when the 2D is optimized the 
separations in this dimension are consistent with those achieved previously with 

the restrictor. Moreover, the analysis time is shortened. However, the 1D 
separation then is sacrificed. At higher inlet pressure the resolution in the 1D is 

improved and the analysis time is even faster, i.e. approximately a factor of 4-5, but 
the resolution in the 2D is lost. For all samples analyzed the GC×GC separations 

achieved with the restrictor are much slower but show a better resolution than 
their counterparts obtained with an open outlet. 

The results obtained in the practical applications show that the flow 
mismatch is not merely a theoretical aspect but it has a concrete, negative 

influence of the GC×GC performance. The presence of two distinct optima leads to 
a reduction of the resolving power potentially achievable with the column-set 
selected. In real-life applications this can result in the impossibility of separating 

the compounds of interest, especially in the case of highly complex samples. By 
adding the restrictor it is possible to optimize one dimension while preserving, fully 

or at least to some extent, the performance of the other. As shown, this can indeed 
lead to better two-dimensional separations. Hence, if a maximum resolution is 

desired for a given column set and time is less relevant the use of an outlet 
restrictor can be advantageous. 
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6.5. Conclusions 

 

Adding a restrictor at the end of the column set is a simple yet efficient approach to 

reduce the linear velocity in the 2D and reduce the GC×GC flow mismatch issue. A 
computer programme written in Microsoft Excel® to calculate the column efficiency 
for both GC×GC dimensions was modified to investigate the effect of elevated 2D 

outlet pressures. With the aid of this software it was possible to confirm that under 
such conditions the optima of the two columns are closer and their performance 

can be better exploited. The calculations also indicate that the modulation criterion 
remains satisfied. 

 Restrictors were manufactured by melting until complete closure and then 
partially re-opening the end of the narrow-bore 2D columns. The instrumental set-

ups developed gave good results in terms of peak shape and efficiency. Model 
experiments showed that the Van Deemter curves so obtained for the 2D are more 

flat at high velocities than those in standard GC×GC. For n-decane at the 1D 
optimum 2H is reduced from over 0.33 mm to 0.11 mm. The two-dimensional 

chromatograms obtained for a number of petrol-derived samples proved the 
suitability of the method for real-life applications. When compared to those 

obtained with the same column set under open outlet conditions, the separations 
achieved with the restrictors are slightly more efficient yet unfortunately much 
slower. Therefore this approach, although interesting from the theoretical 

perspective and indeed effective, is probably not convenient in practice. 
Alternative procedures which can achieve the same objective at a higher speed are 

clearly more advantageous. 
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Appendix 
 

 
The Excel® programme written to calculate the H/pin 

curves (adapted from [1]) 
 

List of Symbols 
 

tr  retention time 
σ  band width 

H  plate height  
L  column length 

CE  coating efficiency 
Dm,o  analyte diffusion coefficient in the mobile phase under outlet 

pressure conditions 
Ds  analyte diffusion coefficient in the stationary phase 

uo  outlet linear velocity 
𝑢�   average linear velocity 

dc  column diameter 
df  stationary phase film thickness 
k  analyte retention factor 
f(k), g(k) functions of the retention factor 
f1 , f2  pressure correction factors   
pin  column inlet pressure 
pout  column outlet pressure 

F  volumetric flow 
m  number of parallel columns in the 2D 

η  dynamic viscosity of the carrier gas 
T  column temperature 

Tmod  modulator temperature 
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List of Equations 
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Summary 
 

Gas chromatography (GC) is one of the separation techniques that encountered the 
most widespread success thanks to its very high efficiency and good reliability. 

Nowadays GC a is well-established, mature methodology that is routinely applied 
to a huge variety of samples in many different fields. With the application range 

becoming broader, the samples of interest have become increasingly more diverse 
and complex. As a consequence the importance of the sample preparation has 

grown remarkably. Nowadays this step of the analytical protocol is not secondary 
to the chromatographic separation, but it is equally important. Often a careful 

choice and optimization of the sample preparation is not just desirable but 
absolutely necessary to achieve an adequate performance. Several clean-up and 

enrichment methods have been developed to  help meet the stricter selectivity and 
sensitivity requirements of the analytical procedure. Comprehensive two-

dimensional gas chromatography (GC×GC) was introduced about two decades ago 
to further enhance the already high resolving power of GC. 

GC×GC is an extremely powerful separation method, its main merits being 

the unmatched peak capacity arising from employing two independent separation 
mechanisms at once and the significantly enhanced sensitivity. After a very rapid 

initial development, limited efforts have been devoted to truly maximizing the 
performance of the GC×GC set-ups and column combinations. The standard column 

sets offer an excellent performance, but a further gain is possible by slight 
modifications of the formats of the columns used in the two dimensions.  

Chapter one describes the interactions between sample preparation, 
separation and detection. It discusses how improvements in one of the steps of the 

analytical protocol reduce the requirements on the other two. Maximum 
separation power and sensitivity require a balanced optimization of the three 

steps, i.e. optimization of each of the three steps in the protocol bearing in mind 
the requirements, possibilities and limitations of the other steps. The chapter also 

describes the role of GC and GC×GC when a high selectivity is required. The rather 
limited attention recently paid to technical refinement in the GC×GC area is 
discussed. Emphasis also put on the importance of sample preparation. Ideally this 
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step of the protocol should be used to remove as many of the “uninteresting” 
compounds as possible. This can be done by exploiting differences in 

physicochemical properties of the compounds of interest and interfering species. 
The merits and limitations of the most common trends followed to improve 
classical liquid-liquid extraction (LLE) are described. Miniaturized devices are 

particularly attractive in terms of cost, solvent use and ease of on-line interfacing to 
the separation system. 

In Chapter two the development of a continuous LLE system with a chip-
based extraction unit and segmented flow for the extraction of aqueous samples 

prior to GC analysis is presented. The use of a micro-machined chip allows to 
reduce the manual labor and the solvent consumption, while simultaneously 

providing an excellent repeatability and precise process control. By limiting the 
miniaturization of the extractor the limitations typical of heavily miniaturized chips 

are avoided and a simple and robust set-up is obtained. Quantitative extraction 
yields are obtained for a wide range of hydrophobicities. A wide range of flow rates 

and flow ratios can be used with good results. The feasibility of the methodology 
was proven for the detection of amphetamine in urine and for the analysis of 

chlorinated pesticides and volatile aromatic compounds in water samples.  
Chapter three shows the use of hydrophobic polymer monoliths (BMA-

EDMA and PS-DVB) as “selective solvent gates” for use in phase separators to 

achieve continuous separation in segmented flow. The wettability and the pore 
properties are tuned by changing the polymerization conditions to create a system 

in which apolar organic solvents can enter the monolith bed, while water is 
repelled. The prototype of the phase separator is simple and mechanically strong 

and it yields good results in terms of bleeding and inertness. The device has been 
coupled to the microextractor described in Chapter two. Efficient separation was 

performed for different organic solvents at a wide range of flow rates/ratios.  
In Chapter four DVB-based macroporous polymer monoliths are shown to 

be an interesting second dimension (2D) column format in GC×GC to solve the flow 
mismatch typical for standard GC×GC column sets. The polymerization mixture, 

time and temperature are tuned to optimize the columns. Monoliths prepared with 
long polymerization times show high selectivity, but a low efficiency and a high 

flow resistance. Short polymerization times and higher DVB contents provide more 
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open structures with higher plate numbers and faster plate generation rates. Short 
monolithic columns do not fulfill the 2D plate number requirements, but they show 

great potential for fast GC thanks to their high retention and selectivity. Peak 
capacities of up to 12 peaks in 4 seconds are obtained. Multidimensional 
separations are achieved with the GC×GC set-up with monolithic 2D. Since the 

structure and the diameter of the monolithic 2D column can be tuned 
independently, it is possible to tune the flow characteristics which allows 

simultaneous optimum operation of both dimensions.  
Chapter five shows that multi-capillary columns ( MCCs) are an efficient 2D 

column format to solve the flow mismatch encountered in GC×GC. By splitting the 
flow between several 2D columns the linear velocities in the two dimensions are 

better balanced and simultaneous optimum operation is possible. Even the 
smallest inter-column variability has a detrimental effect on the performance of the 

MCC. Capillaries manufactured to provide high consistency must be used. 
GC×multi-GC set-ups with multiple 2D columns made of two or three parallel 

capillary columns are successfully installed. Modulation is performed on the multi-
2D to avoid any artifacts caused by the flow splitters. Experimental results confirm 

that it is possible to fully exploit both dimensions. The two-dimensional 
chromatograms obtained for a petrol-derived samples and a perfume sample show 
the suitability of the method in real-life. The hardware is still rather complex, but 

this approach is of value when a maximum resolving power is required. 
Chapter six presents the use of a restrictor at the end of the column set to 

reduce the linear velocity in the 2D and diminish the GC×GC flow mismatch. At 
elevated 2D outlet pressures the optima of the two columns are closer together and 

they can be better exploited while the modulation criterion remains satisfied. 
Model experiments show that the van Deemter curves so obtained for the 2D are 

more flat at high velocities than those in standard GC×GC, resulting in a slower loss 
in efficiency at increasing inlet pressures. The practical gain in terms of resolving 

power is illustrated by chromatograms obtained for petrol-derived samples. The 
GC×GC separations achieved are more efficient than those obtained under open 

outlet conditions. However, the very long analysis times generated make this 
approach inconvenient in practice.  
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Samenvatting 
 

Gaschromatografie (GC) is één van de meest succesvolle scheidingstechnieken in 
de hedendaagse chemische analyse. De techniek dankt haar succes aan de zeer 

hoge efficiëntie, de uitstekende gevoeligheid en de goede betrouwbaarheid. 
Tegenwoordig is GC een gevestigde, volwassen analysemethode die routinematig 

wordt toegepast op een grote verscheidenheid aan monsters uit een al even breed 
bereik aan toepassingsgebieden. Met het steeds groeiende toepassingsbereik zijn 

ook de monsters steeds meer divers en complex geworden. Als gevolg hiervan is 
het belang van een goede monstervoorbewerking aanzienlijk toegenomen. 

Tegenwoordig is deze stap uit het analytisch protocol niet langer ondergeschikt aan 
de chromatografische scheiding, maar is duidelijk van even groot belang. Vaak is 

een zorgvuldige keuze en optimalisering van de monstervoorbewerking niet alleen 
wenselijk maar voor het verkrijgen van een goede performance en een afdoende 

lange-termijn stabiliteit van de methode zelfs essentieel. Diverse clean-up- en 
aanrijkingsmethoden zijn ontwikkeld om te helpen de strikte criteria voor wat 
betreft selectiviteit en gevoeligheid van de analytische procedure te behalen. 

Ongeveer twee decennia geleden werd een nieuwe techniek, de 
zogenaamde ‘comprehensive’ twee-dimensionale gaschromatografie (afgekort als 

GC×GC) geïntroduceerd, waarmee het toch al hoge oplossend vermogen van GC 
nog verder kon worden verbeterd. GC×GC is een zeer krachtige scheidingsmethode. 

Door het gebruik van twee onafhankelijke scheidingsstappen, die na elkaar 
uitgevoerd worden, levert de methode een ongeëvenaarde piekcapaciteit en een 

sterk verbeterde gevoeligheid. Na een zeer snelle initiële ontwikkeling zijn echter 
helaas nog slechts beperkte inspanningen gedaan om de mogelijkheden van de 

GC×GC instrumenten en kolomcombinaties maximaal te benutten. De standaard 
kolomcombinaties leveren weliswaar een uitstekend scheidend vermogen, maar 

een verdere winst is mogelijk door verdere optimalisering van de afmetingen en 
uitvoeringsvormen van de kolommen in de twee dimensies. 

Hoofdstuk een van dit proefschrift beschrijft de interacties tussen 
monstervoorbereiding, scheiding en detectie in het analytisch protocol. In plaats 
van los van elkaar staande stappen is dit veel meer een integrale keten van 
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handelingen. Dit hoofdstuk bespreekt hoe verbeteringen in één van de stappen van 
het analytisch protocol de eisen gesteld aan de overige twee stappen kunnen 

beïnvloeden. Het verkrijgen van een maximaal scheidend vermogen en een 
optimale gevoeligheid vereist een evenwichtige optimalisering van de drie stappen: 
optimaliseren van elk van de drie stappen in het protocol rekening houdend met de 

eisen, mogelijkheden en beperkingen van de andere twee. Het hoofdstuk beschrijft 
in het bijzonder ook de rol van GC en GC×GC voor applicaties waarin een hoge 

selectiviteit vereist is. De beperkte aandacht in recent onderzoek voor de 
technische vervolmaking van GC×GC wordt besproken. Daarnaast wordt het belang 

van een goede monstervoorbewerking benadrukt. Idealiter wordt deze stap van 
het analytisch protocol gebruikt om de "oninteressante" verbindingen zo vroeg 

mogelijk en zo compleet mogelijk te verwijderen. Dit kan gedaan worden door de 
verschillen in de fysisch-chemische eigenschappen van de te bepalen verbindingen 

enerzijds, en de storende componenten anderzijds te benutten. De voordelen en 
beperkingen van de meest toegepast strategieën ter verbetering van klassieke 

vloeistof/vloeistof extractie (LLE) worden beschreven. Geminiaturiseerde 
uitvoeringsvormen zijn aantrekkelijk vanuit het oogpunt van gebruikskosten, het 

gebruik van oplosmiddelen en het gemak van on-line koppeling met de GC. 
In hoofdstuk twee wordt de ontwikkeling van een geminiaturiseerd, 

continu LLE systeem beschreven. Het systeem is chip-gebaseerd en maakt gebruik 

van een gesegmenteerde stroming van een organische extractie fase en een te 
extraheren water fase. Het geheel wordt gebruikt voor de extractie van waterige 

monsters zoals drinkwater en oppervlaktewater maar ook urine. Voor de analyse 
van de verkregen extracten wordt GC gebruikt. Het gebruik van de 

geminiaturiseerde chip extractor elimineert de noodzaak voor handmatige 
extractie, reduceert het oplosmiddelverbruik en levert een uitstekende 

herhaalbaarheid binnen een experiment, alsook tussen diverse extractoren. Omdat 
de miniaturisering niet te ver is doorgevoerd worden de nadelen van te sterk 

geminiaturiseerde chips vermeden en wordt een eenvoudige en robuuste 
opstelling verkregen. Kwantitatieve extracties worden verkregen voor een breed 

scala van componenten met sterk uiteenlopende hydrophobiciteiten. Een breed 
bereik aan vloeistofdebieten en extractant/donor verhoudingen kan worden 

gebruikt met goede resultaten. De haalbaarheid van de methode werd aangetoond 
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middels de detectie van amfetamine in urine en de analyse van gechloreerde 
pesticiden en vluchtige aromatische verbindingen in watermonsters. 

In hoofdstuk drie wordt het gebruik beschreven van hydrofobe polymere 
monolieten gebaseerd op poly(buthylmethacrylate-co-ethylene dimethacrylate) 
(BMA-EDMA) en poly(styrene-divinylbenzene) (PS-DVB) als "selectieve 

oplosmiddel-doorlaat' in fasenscheiders voor het continue scheiden van een 
gesegmenteerde water/organisch oplosmiddel stroom. De bevochtigbaarheid en 

de porie-eigenschappen van de monoliet kunnen afgestemd worden op de te 
scheiden vloeistoffen door het aanpassen van de polymerisatie-omstandigheden. 

Bij juist gekozen condities wordt een monoliet bed verkregen met een hoge 
affiniteit en doorlaatbaarheid voor apolaire organische oplosmiddelen, terwijl de 

water-fase wordt afgestoten. De zo verkregen fasenscheider is eenvoudig en 
mechanisch sterk en geeft goede resultaten voor wat betreft de extraheerbaarheid 

en inertheid. De fasenscheider werd ook gekoppeld aan de microextractor 
ontwikkeld in hoofdstuk twee. Efficiënte fasenscheidingen werden verkregen voor 

verschillende organische oplosmiddelen bij een breed scala aan debieten en 
verhoudingen water-tot-organische fase. 

In hoofdstuk vier wordt aangetoond dat DVB-gebaseerde, macroporeuze 
polymere monolieten interessante kolom-typen kunnen zijn voor gebruik als 
tweede dimensie (2D) kolom in GC×GC. Een belangrijk voordeel van dit type 

kolommen is dat ze de problemen met de verschillende optimale kolomflows in de 
twee dimensies van de standaard GC×GC-kolom sets kunnen omzeilen. De 

samenstelling van het polymerisatiemengsel, de reactietijd en temperatuur zijn 
gevarieerd om de eigenschappen van de verkregen kolommen te optimaliseren. 

Monolieten bereid met langere polymerisatietijden vertoonden een hoge 
selectiviteit, maar helaas ook een laag schotelgetal en een verhoogde 

stromingsweerstand. Korte polymerisatietijden en hogere DVB gehalten 
resulteerden in meer open structuren met hogere schotelgetallen en leverden 

meer schotels per tijdseenheid. Helaas leverden deze korte monolithische 
kolommen onvoldoende schotels voor gebruik als 2D kolom in een GC×GC systeem, 

maar ze hebben wel een groot potentieel voor toepassing in snelle GC dankzij hun 
sterke retentie en goede selectiviteit. Piek capaciteiten tot 12 pieken in 4 seconden 

kunnen worden verkregen. Enkele voorbeelden van meer-dimensionale 
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scheidingen gerealiseerd met een GC×GC opstelling met monolithische 2D 
kolommen zijn getoond. Omdat de chromatografische eigenschappen 

onafhankelijk zijn van de diameter van de monolithische kolom is het mogelijk om 
een kolomflow te kiezen waarbij een gelijktijdige optimale werking van de beide 
dimensies in GC×GC kan worden verkregen. 

Hoofdstuk vijf laat zien dat het gebruik van meerdere parallelle 2D 
kolommen (MPK) een goede optie is om de onbalans in optimale gas flows tussen 

de beide dimensies in GC×GC op te lossen. Door het verdelen van de gasstroom 
over meerdere 2D kolommen zijn de lineaire gassnelheden in de twee dimensies 

beter in balans en wordt gelijktijdige optimale werking van beide dimensies 
mogelijk. Theoretische berekeningen en praktische evaluaties geven echter aan dat 

zelfs de kleinste tussen-kolom variabiliteit een nadelig effect heeft op de prestaties 
van de MPK. Bij de bereiding van de individuele capillaire kolommen moeten zeer 

hoge eisen gesteld worden aan de uniformiteit. Diverse GC×GC opstellingen 
gebruikmakend van twee of drie parallelle capillaire kolommen zijn succesvol 

geïnstalleerd en geëvalueerd. Modulatie werd uitgevoerd op de multi-2D kolom om 
zo eventuele verstoringen veroorzaakt door de koppelstukjes te voorkomen. De 

experimentele resultaten bevestigen dat de MPK systemen het mogelijk maken 
beide dimensies simultaan in het optimum te gebruiken. De twee-dimensionale 
scheidingen verkregen voor een aantal aardolieprodukten en een parfummonster 

tonen de geschiktheid van de methode in echte toepassingen aan. De vereiste 
instrumentatie is weliswaar complex, maar deze benadering is zeer wel bruikbaar 

als een maximaal oplossend vermogen nodig is. 
Hoofdstuk zes tenslotte gaat in op een alternatieve manier om beide 

dimensies van een GC×GC systeem tegelijkertijd in het optimum te kunnen 
bedrijven. Door installatie van een stromingsweerstand aan het einde van de 2D 

kolom kan de lineaire gassnelheid snelheid in de 2D gereduceerd worden waardoor 
de eerder genoemde onbalans in de optimale flows voor de twee dimensies 

gereduceerd wordt. Bij verhoogde 2D uitlaatdrukken liggen de optima van de beide 
kolommen dichter bij elkaar en worden de scheidingsefficienties van de kolommen 

beter benut, terwijl aan het modulatie criterium voldaan blijft worden. Model 
experimenten geven aan dat de zo verkregen van Deemter curven voor de 2D bij 

hoge snelheden relatief vlak worden, hetgeen resulteert in een gereduceerd verlies 
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aan efficiëntie bij verhoogde inlaatdruk. Dat deze modificatie ook in de praktijk een 
winst in oplossend vermogen kan leveren wordt geïllustreerd middels de analyse 

van een aantal aardolie-afgeleide monsters. De GC×GC scheidingen verkregen na 
installatie van de extra stromingsweerstand zijn beter dan die opgenomen onder 
standaard (open) uitlaatcondities. Helaas maakt de aanzienlijk langere analysetijd 

de toepassing van deze methode in de praktijk waarschijnlijk echter in veel gevallen 
onaantrekkelijk. 
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