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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 
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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 
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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. 

98 
 



Macroporous polymer monoliths as second dimension columns in GC×GC 

 

 
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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