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ABSTRACT: The present study investigated the use of a dedicated GC column (L= 70 cm, 75 pm deep and 6.195 mm wide) with
radially-elongated pillars (REPs) as the second column in comprehensive two-dimensional gas chromatography system (GCxuGC).
Three stationary phases (apolar polydimethylsiloxane (PDMS), medium polar room temperature ionic liquid (RTIL) based on mono-
cationic phosphonium and polar polyethylene glycol (PEG-1000)) have been coated using the static method at constant pressure or
using an original vacuum pressure program from 400 mbar to 4 mbar. The best efficiency reached up to N = 62,000 theoretical plates
for a film thickness of 47 nm at 100 °C for an iso-octane peak (k=0.16) at an optimal flow rate of 4.8 mL/min. The use of the vacuum
pressure program improved the efficiency by approximately 15%. Efficiencies up to 28,000 and 47,000 were obtained for PEG-1000
and RTIL, respectively. A temperature-programed separation of a mixture of 11 volatile compounds on a PDMS-coated chip was
obtained in less than 36 s. The PDMS-, PEG-1000- and RTIL-coated chips were tested as the second column using a microfluidic
reverse fill/flush flow modulator in a GCxpGC system. The REP columns were highly compatible with the operating conditions in
terms of flow rate and with more than 30,000 plates for the iso-octane peak. Moreover, a commercial solvent called white spirit
containing alkanes and aromatic compounds was injected on three sets of columns in normal and reverse modes, demonstrating the
great potential of the chip as a second dimension separation column.

The miniaturization of analytical systems has been the center of
interest over the past decades to resolve the needs of new tech-
nologies such as space exploration, drug analysis and field ap-
plications. ' The first microanalytical device made was a gas
chromatograph on a chip, which was introduced by Terry et al.
in 1979.2 Since then, a significant growth in GC chip research
has been supported® by the development of microelectrome-
chanical system (MEMS) technology. Several chip designs
have been studied, and the most common geometries are ser-
pentine, circular spiral and square spiral. * The channel cross-
section geometries can be rectangular, square, trapezoidal or
semicircular.’ In 2009, Ali et al.® and Nakai et al.” introduced a
new geometry, called pillar array columns (PACs), by incorpo-
rating pillar arrays in the channel; this provided an increase in
sample capacity and improved efficiency.' Recently, Jespers et
al.® developed PACs with radially elongated pillars (REPs). The
latter are stretched out in the direction perpendicular to the flow.
The chip is designed as a serpentine channel with a length of 70
cm divided into 10 segments connected by turns.® Each segment
has a width of 6.195 mm and is filled with a grid of pillars, with
an interpillar distance of 75 pum, creating 8 parallel flow paths.’
The REP design has advantages over circular pillars because of

the important decrease in the effective axial diffusion propor-
tionally to the square (very high) flow-through path tortuosity
that they induce.!” Moreover, the sidewall-induced dispersion
can be practically completely suppressed due to the reduced dif-
ference in the flow resistance between the flow-through chan-
nels near the sidewalls and the rest of the bed."

The main challenge that most of the previous studies were con-
fronted with was obtaining a uniform coating of the stationary
phase on chips. This is due to the multiple turns and the noncy-
lindrical geometry that makes it difficult to maintain the uni-
formity of the stationary phase in the channel.'” The stationary
phase coating methods mostly used were the same as those for
capillary columns, which were dynamic or static methods. The
dynamic method has been used in a number of reports'*'* be-
cause the procedure is simple and fast. However, a low film
quality was frequently obtained, and the impossibility of pre-
dicting the film thickness'® further reduced the interest in this
method. The static method remains the most used method be-
cause it is known to provide reproducible and good efficiencies,
and the film thickness can be easily controlled and predicted.!”
Unfortunately, the major problem with the static method in the
case of chip coating is the formation of gas bubbles during the
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filling process or when the chip is placed under vacuum.! The
latter could be attributed to cavitation due to microcavities on
the channel surface or the external chip interfaces where the gas
bubbles can be generated.'® The simplest solution to avoid this
problem is to pressurize the filled chip before applying vac-
uum'? to dissolve gas bubbles.

The use of various stationary phases for chip coatings has been
reported.’ For nonpolar stationary phases, polydimethylsilox-
ane has been the most frequently used, given its high thermal
stability, chemical inertness and broad range of operating tem-
peratures.”® To extend the range of applications, other stationary
phases have been used and were reported by Azzouz et al.*! The
use of room-temperature ionic liquid (RTIL) for chip coating
has been investigated by several authors.?>? Regmi et al.** suc-
ceeded in separating a mixture of 15 pollutants with symmet-
rical peaks. Furthermore, Colin et al.” used a chip coated with
trigonal tricationic RTIL as a second column of a comprehen-
sive two-dimensional gas chromatographic system with micro-
fabricated components (WGCxuGC).

Conventional comprehensive two-dimensional GC (GCxGC)
has been, until now, the most effective method for the separa-
tion of complex mixtures of volatile and semivolatile com-
pounds.?® The compounds are preseparated in a long first di-
mension column and then reinjected into a shorter second di-
mension column coated with a stationary phase of different po-
larity. The main advantage of GCxGC is that it provides higher
peak capacities”’, thus offering a higher resolution and detecta-
bility compared to a conventional GC system. The modulator
between the two columns could be either a thermal modulator®
or a flow modulator.”® The main advantages of the flow modu-
lators compared to thermal ones are the lower operational cost
and their simplicity of use.?® Two flow modulators are available
depending on the pathway flows, the forward flush/fill (FFF)
modulator and the reverse fill/flush (RFF) flow modulator. The
internal diameter of the second column is larger than the inter-
nal diameter of the first column to limit the effect of the
reinjected volume. The RFF modulator in principle allows en-
hanced resolution, thanks to a shorter injection pulse when the
sample loop is partially filled. Nevertheless, flow modulators
suffer from some drawbacks due to the high flow rate in the
second column, which limits the use of a mass spectrometer as
a detector. In addition, the linear velocity is far from the opti-
mum velocity; thus, the length should be sufficient to compen-
sate for the loss of efficiency. Moreover, the reinjected volume
in the second column needs to be limited compared to the vol-
ume of the second column and its capacity. The use of REP col-
umns could resolve these drawbacks thanks to their large vol-
ume and high capacity as well as their short length, allowing a
short retention time.

In the present study, REP columns were coated with several sta-
tionary phases, including apolar PDMS, medium polar RTIL
based on monocationic phosphonium derivative and polar PEG-
1000. The static method was used for all the coatings, and a sol-
gel process was used for the preparation of RTIL and PEG-
1000. The solvent evaporation step was performed using a fixed
vacuum pressure and vacuum pressure program to compare its
influence on the coating homogeneity. The column efficiencies
were evaluated and compared to the efficiency of the uncoated
chip for the injection of iso-octane at 100 °C. Van Deemter plots
were established, and the A, B and C terms and the optimal gas

linear velocity were determined. A mixture of volatile organic
compounds was injected on a PDMS-coated chip using a tem-
perature program to evaluate the chip performances.

For the first time, REP columns coated with PDMS, PEG-1000
and RTIL were used in a GCxpGC system as the second dimen-
sion column. Although the technology of the second column is
based on micro-technology, the system developed is not in-
tended to be miniaturized Both the normal and reverse modes
were explored. A microfluidic RFF modulator was used with a
capillary column of 100 um i.d. in the first dimension. The sep-
aration of a mixture of alkanes and aromatic compounds (com-
mercial white spirit) was performed and evaluated.

EXPERIMENTAL SECTION

Chemicals. 1,1,1,3,3,3-hexamethyldisilazane (HMDS), me-
thyltriethoxysilane (MTEOS), 2,2.4-trimethylpentane (iso-oc-
tane), 4-methyl-2-pentanone, isobutyl acetate and butyl acetate
were purchased from Acros Organics (Morris Plains, New Jer-
sey, USA). Pentane, dichloromethane and trichloroethylene
were obtained from VWR International (West Chester, USA).
Octane was purchased from Janssen Chemica (Geel, Belgium).
Polyethylene glycol (PEG-1000) and hexan-2-one were ob-
tained from Sigma—Aldrich (St. Louis, Missouri, USA). Chlo-
robenzene was purchased from Prolabo (Rhone-Poulenc,
France). Toluene was obtained from Honeywell (Morris-Plains,
New Jersey, USA). Propanol was purchased from Fisher Chem-
ical (Waltham, Massachusetts, USA). PDMS OV-1 was pur-
chased from MEGA (Legnano, Italy). Butanone was purchased
from Fluka (Steinheim, Germany). White Spirit (Mieuxa) was
purchased from Leroy Merlin (Isneauville, France).

Chip coating. The REP columns were designed as a serpentine
channel with a total length of 70 cm, consisting of 10 segments
0f 6.195 mm wide. Each channel was filled with a grid of pillars
with a width of 1.4 mm spaced 75 pm apart in the axial direc-
tion®. Connections were made using two fused silica capillaries
0f 250 um i.d. and a NanoPort assembly.

Pretreatment processes were employed before coating the REP
columns. For the PDMS coating, silanization of the chip surface
was performed prior to coating. The chip was then placed at 100
°C in a gas chromatograph oven, and a silanization reagent
(HMDS) was pushed through the chip at 0.1 mL/h using a sy-
ringe pump model NE-100 Multi-PhaserTM (WPI, Montlucon,
France) and set for 6 h. After this step, the chip was washed
with methanol and then diethyl ether for 30 min each using
Western Fluids Engineering SP-400 Nanobaume (Wildomar,
CA, USA). REP columns were dried under nitrogen flow for 2
h. A static method was used for chip coating. First, a solution
of 3 mg/mL of PDMS was prepared in a mixture of pen-
tane/DCM (50/50, v/v), subsequently filtered (polytetrafluoro-
ethylene 0.45 um) and sonicated for 30 min. Afterward, the chip
was filled with the PDMS solution using the Nanobaume. When
all gas bubbles were evacuated from the chip, the outlet was
sealed and pressurized for 3 h. The inlet of the chip was con-
nected to a vacuum pump model SC920 (KNF Lab, Aartselaar,
Belgium) at a controlled pressure until complete evaporation of
the solvent. For the final step, the chip was heated from 40 °C
to 100 °C at 1 °C/min for 6 h under helium. The same method
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was performed with a solution of 2 mg/mL of PDMS to produce
a thinner film.

Polar stationary phases were prepared using a sol-gel process.?

The sol-gel process involves two main reactions, first the hy-
drolysis of the silylated alkoxide and then the polycondensation
of the formed silanol groups. A mass of 100 mg of the polymer
(PEG-1000) was dissolved in 500 pL of a solvent (DCM). Sub-
sequently, 200 pL of a precursor (MTEOS) and 200 pL of a
catalyst (TFA) containing 5% of water were added. The mixture
was thoroughly mixed and stirred for 4 h. The solution was
evaporated under nitrogen at room temperature. The obtained
xerogel (sol-gel PEG-1000) was used to prepare the sol-gel sta-
tionary phase solution. A mass of 30 mg of sol-gel PEG-1000
was dissolved in 20 mL of pentane/DCM mixture (50/50, v/v).
The coating of the chip was performed as previously described
using the static method. Another sol-gel coating was performed
using RTIL, tributyl[3-(triethoxysilyl)propyl(phosphonium)]
chloride (Figure 1).

.-

Si{OEt),

Figure 1. Chemical structure of the RTIL used for the chip coating

To evaluate the coating film homogeneity, microscope images
were obtained with a Nikon Eclipse LV100 microscope (maxi-
mum magnification: 1000x) coupled to a CCD camera con-
nected to a computer. The data acquisition was performed via
NIS-Elements D software (version 3.1).

Efficiency measurements. For efficiency evaluation, the man-
ifold was equipped with deactivated fused silica capillaries of
approximately 30 cm lengths and 250 um i.d. for the inlet, 100
um i.d. for the outlet to ensure connections with the injector and
the detector, respectively.

A volume of 0.1 pL of iso-octane vapor was injected under iso-
thermal temperature at 100 °C using an Agilent 7890B gas chro-
matograph with a flame ionization detector (FID) and an Ag-
ilent G4513A autosampler. Agilent OpenLAB CDS ChemSta-
tion Edition (Rev.C.01.05.2013) software was used for data ac-
quisition and data processing. The internal diameter of the insert
was chosen at 1.2 mm (length 8 cm) to minimize its volume.
The temperatures of the injector and detector were set at 200 °C
and 180 °C, respectively. The nitrogen, hydrogen and air flows
of the detector were maintained at 10, 30 and 300 mL/min, re-
spectively. Hydrogen was chosen as the carrier gas due to its
low viscosity. The split flow was maintained at 100 mL/min,
and the pressure was set from 50 kPa to 500 kPa. To calculate
the column’s plate number, the average of three measurements
of the retention time and the width at half height was calculated.

GCxpGC analyses. Analyses were performed using three sets
of columns. In reverse mode, equity 1701 (13 m % 100 pm x 0.1
um) was used as the first column with a flow rate of 0.15
mL/min, and a chip coated with PDMS was used as the second
column with a flow rate of 4 mL/min. Another two sets of col-
umns for normal mode consisted of an equity™-1 (14 m x 100
pm % 0.1 um) with a flow rate of 0.20 mL/min as the first col-
umn and a PEG-1000-coated chip with a flow rate of 6.40
mL/min as the second column and an equity™-1 (12 m x 100
pm % 0.1 um) with a flow rate of 0.10 mL/min as the first col-
umn and an RTIL-coated chip with a flow rate of 6.80 mL/min
as the second column. The chosen internal diameter of the con-
nected capillaries was fixed at 250 pm i.d. to limit the pressure
drop for its use in GCxuGC. A microfluidic RFF modulator was
used. After optimization using a homemade Excel datasheet™,
the injection time and modulation period were set to 0.12 s and
5 s, respectively. A bleed capillary with an i.d. of 50 pm and a
length of 5 m was connected between the modulator and a ther-
mal conductivity detector. The following temperature program
was used: 50 °C (2 min) ramp up at 7 °C/min to 150 °C with a
hold time of 2 min. First, a volume of 0.1 pL of white spirit
(a mixture of alkanes and aromatic compounds) was injected.
After that a sample of commercial gasoline SP95 was analyzed
under the same conditions in the reverse mode.

RESULTS AND DISCUSSION

Coating evaluation. Considering that the solution concentra-
tion and the volumetric mass density of the stationary phases
are equal to 1000 g/L, the film thicknesses can be estimated at
47 nm and 71 nm for the PDMS coatings and at 71 nm and 47
nm for PEG-1000 and RTIL, respectively.

The evaporation process is the crucial step to obtain film homo-
geneity using a static coating method. Throughout the filling
and evaporation steps, it is important to avoid the formation of
gas bubbles. After sealing, the chip was maintained under pres-
sure for at least 2 h to dissolve gas microbubbles. However, the
chip must also be manipulated meticulously to prevent gas bub-
ble formation in the junction between the outlet and the capil-
lary. The visual evaluation of the solvent-evaporation process,
with a constant vacuum pressure (CVP), showed that the veloc-
ity of the evaporation in the first channel segment was very fast
(approximately 30 s) compared to the rest of the column seg-
ments (2 h for the complete evaporation of the solvent from the
chip), which led to an irregular coating. This was confirmed by
the microscope images (Fig. 2 a), where some defects were ob-
served, especially on the glass cover surface.
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Figure 2. Optical microscopy images (taken from the top) of the VPP and CVP PDMS coatings at different locations: (a) first segment of
the chip using CVP, (b) segment showing stationary phase pooling (red ellipse 1) in the right-angled corners using CVP, (c) first segment of

the chip using VPP

The evaporation appeared uniform for the rest of the segments;
however, the microscope images showed that the stationary
phase accumulated in the corners of the channel (Fig. 2 b (1)).
To overcome this problem, a vacuum pressure program (VPP)
from 400 mbar to 4 bar was used during the coating evaporation
step to homogenize the evaporation rate, and a significant im-
provement of the coating was observed (Fig. 2 ¢); nevertheless,
the slowdown of the evaporation rate led to the same stationary
phase pooling for the last segments of the chip.

Evaluation of efficiency. The column efficiency (theoretical
plate number N) was evaluated by injection of iso-octane in
triplicate. Figure 3 shows an overview of the different Van
Deemter curves obtained for different coated REP columns,
plotting the observed height equivalent to one theoretical plate
(HETP) as a function of the velocity of the gas. As can be noted,
a minimal plate height of 11 pm is obtained at approximately
12 cm/s for iso-octane (k= 0.16) with the 47 nm PDMS coating
corresponding to 62,000 theoretical plates (represented by e).
Compared to an uncoated chip (75,000 theoretical plates), a sig-
nificant loss of the number of plates is noticed, as already ob-
served by Jespers et al.® The efficiency measured here is similar
to that obtained by Jespers et al.’, with approximately 60,000
for the same compound at 100 °C.

For the PDMS-coated chip with a film thickness of 71 nm using
VPP (e), a minimal plate height of 16 pum was obtained, corre-
sponding to 44,000 theoretical plates. However, the coated chip
with the same film thickness using a CVP (®) showed a lower

number of theoretical plates corresponding to 38,000. These re-
sults confirm the improvement of film homogeneity using VPP
compared to the use of CVP. As expected, we notice that the
plate number increases when the film layer is thinner. Concern-
ing the polar coatings, the chip coated with the RTIL (repre-
sented by /) showed a better efficiency than the chip coated
with PEG-1000 ( A) with minimal plate heights of 15 pm at 100
°C and 25 um at 80 °C. The temperature was set at 80 °C for
PEG-1000 to have a higher retention with iso-octane.

The optimum pressure was approximately 300 kPa, whatever
the stationary phase. The corresponding optimum flow rate and
velocity are 4.8 mL/min and 12 cm/s, respectively. The velocity
appeared to be lower than the value obtained with a conven-
tional capillary column (40 cm/s). However, the high optimum
flow rate implies that the REP columns are very well suited for
use as a second column in GCxpGC and are compatible with
mass spectrometry detection.

The terms A, B and C of the Van Deemter equation have been
deduced from the experimental values and are shown in Table
1. In agreement with the theory, the A-terms (eddy diffusion)
were equal to zero for all the coated REP columns. The B-term
is completely dependent on the solute diffusivity in the gas. For
all coatings, the B-term values were approximately 1.40 x 10~
cm?/s except for the chip coated with PEG-1000, where the tem-
perature was set at 80 °C.
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the injection of iso-octane at 100 °C except for PEG-1000 at 80 °C,

u was calculated by the injection of methane at the same temperature
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Concerning C-terms, a lower value was observed for the PDMS
coating of 71 nm using the VPP (4 x107? s) than the value ob-
tained with the PDMS coating of 71 nm using CVP (5.9 102 s).
This could be attributed to the defects in the coating using a
CVP, leading to poor homogeneity of the film thickness in the
first segment of the chip. For the PDMS coating with a thinner
film thickness (47 nm), the C- term was much lower (2 x107? s).
The values obtained for the polar coatings were higher compared
to the PDMS coating, even twofold for the RTIL coating
(4.1x10” s) and more than 3-fold for the PEG-1000 coating (14
x107s).

Table 1. Van Deemter coefficients for the different coated
REP columns obtained by fitting the experimental values
with H=A+B/u+C.u

PDMS PDMS PDMS PEG- RTIL
47nm VPP CVP  1000% g7
71 nm 71 nm 71 nm
A (cm) 0.00 0.00 0.00 0.00 0.00
Bx102 1.40 1.43 1.43 1.00 1.45
(cm?/s)
Cx105(s) 2.00 4.00 5.90 14.0 4.10
*80 °C

D GC separation. A mixture of 11 volatile compounds with
various functional groups and different boiling points was pre-
pared and separated on a PDMS-coated chip. The pressure was
maintained at 250 kPa, and the temperature program was set
from 40 °C and ramped up to 80 °C at a rate of 10 °C/min.

Peaks were identified by injecting each compound individually
and were labeled with corresponding compound numbers (Table
2). The chromatogram in Fig. 4 shows that 9 out of 11 peaks
were well separated in less than 36 s, and most of them were
clearly symmetrical. Peak symmetry factors are superior to 1 and
below 1.3 for all separated peaks except for the most polar 1-
propanol. However, trichlorethylene and iso-octane, octane and
butyl acetate were not separated because the differences in boil-
ing points were less than 1 °C. Therefore, these compounds can-
not be well separated on a PDMS stationary phase.



Table 2. Peak number, retention times, asymmetries and
boiling points of compounds included in the mixture injected
on the PDMS-coated chip with a film thickness of 47 nm

Peak
Compounds R . symmetr bo.p
(min) Y Yo (°0)
(USP 10%)
1 1-propanol 0.249 1.82 97.5
2 2-butanone 0.269 1.29 80.1
3 Trichloroethylene 0.329 n.a 87.2
4  Iso-octane 0.331 n.a 99.3
5 4-methyl-2-pentanone ~ 0.372 1.16 117.5
6  Toluene 0.412 1.07 110.6
7  Isobutyl acetate 0.429 1.10 118
8  2-hexanone 0.450 1.17 127.6
9  Octane 0.506 n.a 125.5
10 Butyl acetate 0.513 n.a 126
11 Chlorobenzene 0.574 1.07 131

2D GC separation (GCxpGC). The columns used in the second
dimension of a microfluidic GCxGC system should have some
specific properties, which are very different from those used in
thermal GCxGC systems. Moreover, the flow in the second col-
umn is totally independent of the first column flow and needs to
be very high to completely and rapidly reinject the sample col-
lected in the loop. Efficiency should remain high using a high
flow, typically between 2-10 mL/min. However, these gas flows
are not fully compatible with mass spectrometry, which prevents
the spreading of the microfluidic GCxGC system. Some authors
have proposed solutions to overcome this problem by using a
Deans’ switch generating short pulses at the cost of decreased
sensitivity’!, a four-stage (low-flow modulation to reduce 2D
flow*? or a dynamic pressure gradient modulation technique. 3
REP column properties are promising due to their high volumet-
ric loadability equivalent to those of 210 um i.d. column and
their high plate numbers achieved in a very short time, as pre-
sented in the first part of this article. The geometry of REP col-
umns is particularly adapted in the second dimension because
the efficiency remains high despite the high flow rate and the
quantity of stationary phase limits the stationary phase overload-
ing (fronting peak) allowing the injection of concentrated sam-
ple. It can be notice that the use of REP micro-columns in the
first dimension of pGCxpGC system is not suitable because the
flow rate of the first column must be low to limit the width of
the reinjection band. To compare the performance of the REP
column with a conventional column, efficiencies on an unre-
tained compound were evaluated. The capillary column was cho-
sen to have the same pressure drop as the REP column, allowing
the use of the same bleed capillary and modulation conditions.
The modulation times of the microfluidic RFF modulator were
optimized using a homemade Excel datasheet™® to elute the com-
pounds at the optimal velocity in the chip. The filling time was
set at 5 s, and the flushing time was 0.12 s. Under these condi-
tions, the sample loop was filled at 9% and flushed at 10%, al-
lowing complete reinjection of the collected sample. The reten-
tion times in the first and second columns and the peak efficiency
measured for the injection of iso-octane are reported in Table 3.

Table 3. Retention time and efficiency measured for the in-
jection of iso-octane at 80 °C, first column Equity 1701 (13
mx100 pmx0.1 pm)

Itr(min) %tr(s) 2N
REP column (0.7 m) 4.588 9.1 30,050

Capillary  column (1.8 4.458 14 1,130
mx100 umx0.1 um)

Second column

ltg: retention time in the first dimension column
2tg: retention time in the second dimension column

2N: plate number in the second dimension column

These results show that the REP column efficiency remained
high, demonstrating that the reinjected volume did not overload
the chip volume and that the linear velocity was close to the op-
timum. In contrast, the efficiency observed on the conventional
capillary column (1,130) was far from the maximum theoretical
value (18,000) (see the 2-D chromatograms of iso-octane in sup-
porting information). The void time was estimated at 7.5 s on the
REP column. However, the retention time in the REP column
was higher than the modulation time, which led to the elution of
iso-octane in the wrap around.

To demonstrate the interest of the REP column as the second
column in the GCxuGC system, first a mixture of alkane and
aromatic compounds was injected on three sets of columns in
normal mode (apolar x polar) and reverse mode (polar x apolar).
The temperature was programmed from 50 °C up to 150 °C at 7
°C/min. The maximum operating temperature of the chip was
limited at 150 °C in isothermal conditions (170°C in temperature
program) to avoid degradation of the ferrule assemblies. The
chromatogram obtained for the reverse mode is presented in Fig.
6. It shows a good selectivity of the coated stationary phase, be-
cause all alkanes (the most retained compounds on the second
column) are well separated from the aromatic compounds. The
chromatograms in Figs. 7 and 8 represent the separation of the
same mixture with two different sets of columns in normal mode
(apolar x polar). The compounds are again well separated, and
we noticed a reversal of the elution order; the alkanes were less
retained in the second column. However, the void time is rela-
tively long in the second dimension, which means that wrap
around occurred to give broad modulated peaks. These results
can be explained by the design of the pillar array columns with
radially elongated pillars that are perpendicular to the flow. This
special design provides a very high tortuosity of the flow, which
makes the effective length of the channel 9 times larger than the
nominal length® and gives more length for the analytes to be sep-
arated. An improvement could be to reduce the REP column
length by 2 or 3 times, which can lead to more than 10,000 plates.
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Figure 6. Contour 2-D chromatogram showing the separation of
commercial white spirit with a capillary OV-1701 column in the 1
dimension and a PDMS-coated chip in the 2" dimension

tao/ S

0.000 ' 1667 ' 3.333 ' 5.000 ' 6.667 ' 8.333 '10.000 ' 11.667 13.333 15.000 ' 16.667
tzy/ min

Figure 7. Contour 2-D chromatogram showing separation of com-
mercial white spirit with capillary equity™-1 column in the 1% di-
mension and PEG-1000 coated chip in the 2" dimension
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Figure 8. Contour 2-D chromatogram showing separation of com-
mercial white spirit with capillary equity™-1 column in the 1* di-
mension and RTIL coated chip in the 2" dimension

A lead-free gasoline 95 ES which is a more complex sample was
injected in the reverse mode. The chromatograms in Fig.9 a and
Fig. 9 b showed the separation of the gasoline using a modula-
tion time of 4 s and 6 s respectively. A good separation was ob-
served with both conditions. Nevertheless, using a shorter mod-
ulation time peak efficiency in the first dimensionwas increased
avoiding peak under-sampling.

Figure 9. Contour 2-D chromatograms showing separation of com-
mercial gasoline with a capillary OV-1701 column in the 1st dimen-
sion and a PDMS-coated chip in the 2nd dimension using 4s (a) and
6 s (b) as modulation time

CONCLUSION

In this study, the coating of five different REP columns was suc-
cessfully realized. For the nonpolar stationary phase (PDMS), an
efficiency up to N= 62,000 theoretical plates was obtained for a
film thickness of 47 nm under isothermal conditions (100 °C) for
an unretained compound (iso-octane). The use of a VPP for chip
coating led to an improvement in the coating homogeneity (effi-
ciency was increased by approximately 15%) compared to the
coating using CVP.

The optimal flow rate was approximately 4.8 mL/min, reached
at a pressure of 300 kPa corresponding to a velocity of 12 cm/s,
which makes the REP columns compatible with mass spectrom-
etry detection, which will be tested in a future study.

The analysis of a mixture of 11 components on a PDMS-coated
chip was performed in less than 36 s with plate numbers between
39,366 and 20,118.

The performance of the REP column in the second dimension of
a comprehensive GCxpGC system with an RFF modulator was
evaluated by the injection of iso-octane. The efficiency remained
high in the second dimension, which was allowed by the design
of the REP column that was perfectly compatible with the gen-
erated flow of the RFF modulator. Moreover, the efficiency was
more than 20 times higher than that of a capillary column, gen-
erating the same pressure drop. The mixture of alkanes and aro-
matic compounds was analyzed on three sets of columns in nor-
mal and reverse mode. Aromatic compounds were well sepa-
rated from the alkanes on all three sets of columns. Nevertheless,
the peaks obtained were slightly too wide, and the retention time
was relatively long. Therefore, the system needs to be further
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optimized, and shorter-length REP columns will be tested to re-
duce the dead time in the column and avoid wrap-around.
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