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These studies demonstrate the influence of an intermediate layer of aluminum oxide on the separation
performance of a room temperature ionic liquid (RTIL)-coated gas chromatography silicon microcol-
umn. A 1 m long semipacked column having 190 um wide and 240 wm deep rectangular cross-sectional
channels with embedded arrays of micro pillars was microfabricated. A thin layer of alumina was then
deposited on the surface of the channels via atomic layer deposition. Following the alumina deposition,
the channels were coated with an RTIL. The separation performance of the RTIL-coated columns with
and without the alumina layer was evaluated by measuring the separation efficiency and peak capacity.
A substantial increase in separation efficiency was observed in the presence of the alumina layer. The
alumina-pretreated columns, at optimum flow rate, exhibited as high as 8000 plates per meter, which is
a 2.1-fold increase as compared to the column with no alumina layer. It is inferred that alumina coating
promotes the formation of a more uniform RTIL film, thereby enhancing the separation efficiency. The
peak production rates of alumina-RTIL columns for temperature-programmed separation were found to
be 0.80-1.1 peaks per second, which is an improvement compared to silicon-RTIL columns. The sepa-
ration performance of these columns were further evaluated by separating a standard 21-component
mixture of hazardous organic compounds, a sample of kerosene, diesel, and B20 biodiesel. These stud-
ies open up new possibilities of enhancing the separation efficiency of microcolumns by coating silicon
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surface with a suitable material prior to depositing an ionic liquid.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Increasing demands for on-site analysis of chemicals, including
pollutants, drugs, explosives, chemical warfare agents, petroleum
products, and plant emissions, have driven the development of
many portable or handheld analytical instruments. Among these
portable devices, a micro gas chromatography system is one of the
fastest growing technologies for trace-level analysis of complex
chemical mixtures. The conventional gas chromatograph (GC) is
bulky, fragile, energy intensive (power requirement of 2000-3000
volt-amperes) [1], and often requires long analysis time. Hence,
these instruments are appropriate in conventional centralized lab-
oratory settings. With an aim to reduce the size of the conventional
GC, Terry et al. [2] introduced the concept of miniaturized GC
in 1979. The authors fabricated major components in silicon by
employing photolithography and chemical etching to dramatically
reduce the size the GC system. Considerable research has been
conducted to develop individual microfarbicated components and
integrate these components by different investigators specifically
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in the past 25 years [3-44]. Currently, a number of commer-
cial companies are producing portable GC systems, which include
FROG-5000 of Defiant Technologies, Inc. [45], Micro GC Fusion of
INFICON, Inc. [46], portable zNose of Electronic Sensor Technology
Inc. [47], ChromPix of APIX Analytics, SA [48], and NovaTest P100
of Nanova Environmental, Inc. [49].

A separation column is a vital component that plays a
central role in successful analytical separations. Two types of
columns—capillary columns of circular cross sections [6,48,49] and
chip-based columns of rectangular cross sections [2-5]—have been
pursued by both research and commercial labs. Polyimide-clad
fused silica capillary tubing has been widely employed, because it
provides higher resolution due to the formation of a more uniform
film of the stationary phase. Chip-based silicon columns, known
as microcolumns, are an excellent alternative to these conven-
tional capillary columns. Microcolumns are prepared by fabricating
microchannels into silicon chips followed by anodic bonding of sil-
icon with glass. The microchannels in silicon are often rectangular
in cross section because of certain limitations associated with the
fabrication processes. Chip-based separation columns offer a num-
ber of unique advantages: (i) they offer reduced heating and cooling
times due to better thermal properties, (ii) they have significantly
reducedsize, and they can be heated using relatively low power, (iii)
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they can be batch produced thereby lowering the manufacturing
cost; (iv) dead volumes and cold spots can be minimized by mono-
lithic integration of microcolumn with other components; and (v)
provide an opportunity to fabricate regularly arranged structures
inside the channels to enhance separation performance [7-12].
In addition, it has been theoretically predicted that high-aspect-
ratio rectangular columns potentially offer high resolution and can
deliver higher flows [50].

The separation efficiency of microcolumn is low due to short and
non-cylindrical channels [13]. Considerable efforts have therefore
been made to increase separation efficiency, sample capacity, and
peak capacity by exploring new column designs or coating tech-
niques [11-24].Inan effort to increase the separation efficiency and
sample capacity, our group introduced the concept of semipacked
columns (SPCs), which comprise an array of micropillars embed-
ded within the rectangular channels [12]. Along the same line,
Jespers et al. [14] recently developed a chip-based multicapillary
column with interconnected channels to increase the separation
efficiency and sample capacity. A wide range of materials, includ-
ing polymers [14-16], carbon nanotubes [17], sputtered silica and
graphite [18], silica nanoparticles [19], alumina [20,21], and self-
assembled monolayers on gold [22], have been investigated as
stationary phases in GC columns fabricated by microelectrome-
chanical systems (MEMS) technology. Despite these developments,
the search for more flexible stationary phase materials for micro-
columns is an ongoing interest. One of the versatile classes of
stationary phase materials are room temperature ionic liquids
(RTILs)—organic salts that remain in the liquid state at room tem-
perature. RTILs possess high viscosity, high thermal stability, and
low vapor pressure making them attractive stationary phases in
gas chromatography. RTILs show multitude of solvation interac-
tions which can be easily tuned, and hence these materials can
be easily tailored to the separation of desired mixtures [51]. An
interesting feature of RTILs is that they can separate both polar
and non-polar analytes [52,53].RTIL-coated conventional capillary
columns are currently being commercialized, and these columns
have been increasingly used in the separation of a wide range of
chemical mixtures, including enantiomeric mixtures, flavor and
fragrance compounds, petrochemicals, and fatty acid methyl esters
[51,54-58]. A comprehensive summary on the use of RTILs in wall-
coated open-tubular columns has been provided by Poole and
Lenca [59]. More recently, Collin et al. [28] deposited an RTIL in
a microcolumn and demonstrated the feasibility of the column as
a second-dimension column in 2D micro GCs. We coated the chan-
nels of semipacked columns (SPC) with two commercial RTILs and
used these columns for the separation of a range of polar and non-
polar compounds [60]. These columns exhibited symmetrical peaks
(tailing factor: 0.92-1.76) with reasonable separation efficiencies
(2100-2300 plates per meter).

In the present study, we explored the influence of surface mod-
ification of the SPC channels prior to coating with an RTIL. The
particular focus of these studies has been to enhance the separa-
tion efficiency using batch-fabricated columns provided by MEMS
technology. The surface of the silicon channels, including the pil-
lars, were modified by depositing a 10 nm thick layer of aluminum
oxide via atomic layer deposition. A thin layer of an RTIL was subse-
quently deposited on the surface of the oxide film by using dynamic
coating method; and the separation performance of these columns
was evaluated by measuring the separation efficiency as a function
of flow rate of the mobile phase. Peak capacities of these columns for
temperature-programmed separation have been evaluated. These
columns were further characterized by separating a number of
complex chemical mixtures, including a 21-component mixture of
hazardous organic compounds, a sample of kerosene, diesel, and
20% soy biodiesel.

2. Experimental section
2.1. Materials

Two RTILs, namely, 1-butylpyridinum
bis(trifluoromethylsulfonyl)imide ([BPyr][NTf,]) and trihexyl-
tetradecylphosphonium bis(trifluoromethylsulfonyl)imide
([Pge614][NTf, ]) were obtained from lonic Liquids Technologies, Inc.
(Tuscaloosa, AL, US). Silicon wafers (n-type, 4 in diameter, 500 pm
thickness, single side polished) and Borofloat wafers (4in diam-
eter, 500 wm thickness) were purchased from University Wafer,
Inc. (Boston, MA, US). Fused silica capillary tubes with 100 wm
internal diameter and 200 .m outer diameter were obtained from
Polymicro Technologies, LLC. (Lisle, IL, US). A J-B Weld two-part
epoxy system was obtained from a local store. Acetone was
obtained from Spectrum Chemical Mfg. Corp. (New Brunswick, NJ,
US) Benzene, n-hexane, n-heptane, n-octane, n-nonane, toluene,
ethylbenzene, p-xylene, m-xylene, o-xylene, isobutylbenzene,
n-butylbenzene, styrene, benzyl chloride, 2-chlorotoluene, 2,5-
dichlorotuluene, 1,2-dichlorobenzene, 1,24-trichlorobenzene,
naphthalene, 2-nitrotoluene, 3-nitrotoluene, 4-nitrotoluene, and
a standard mixture of C7-C30 saturated alkanes (in hexane) were
obtained from Sigma Aldrich (St Louis, MO, US). Fatty acid methyl
esters (FAME#1) and biodiesel blend were obtained from Restek
Corporation (Bellefonte, PA, US). Samples of Crown 1-K Kerosene
and diesel were obtained from local stores. Air, methane, and
ultrapure helium were purchased from Airgas, Inc. (Christians-
burg, VA, US). Ultrapure hydrogen for flame ionization detector
(FID) was produced by using Parker Domnick Hunter (Gateshead,
UK) hydrogen generator. All of the above chemicals were used
without any further purification.

2.2. Column fabrication and coating

The detail protocol for the fabrication of the columns is given
in the Supplementary Data. Geometrical features of the fabricated
columns were analyzed using LEO (Zeiss) 1550 Scanning Electron
Microscope (SEM). Following wafer dicing and attaching the capil-
lary tubes to the columns, we coated them with selected stationary
phases. We used two RTILs, i.e., [BPyr|[NTf;] and [Pggs14][NTf;]
because they exhibit high thermal stability, are commercially avail-
able, and possess different polarity. The RTILs were deposited inside
the channels of the separation columns using a dynamic coating
procedure at room temperature by employing a freshly prepared
solution of an RTIL in acetone. The concentration of RTIL used was
0.8% (w/v). The entire column was first filled with the solution
of RTIL, and the solution was removed by using nitrogen gas at
a pressure of 10 psi. After removing the bulk of the solution, the
column was placed under vacuum to evaporate the residual sol-
vent in quiescent conditions. After coating, approximately half a
foot of capillary tubing was removed from each side to make 15 cm
of fused capillary capillaries on each side of the chip. The internal
diameter of the capillaries was 100 um, and these were connected
to the chip using J-B Weld two-part epoxy system.

2.3. Data acquisition

The separation experiments were performed on an Agilent
7890A GC (Agilent Technologies, Inc. Santa Clara, CA, US) system
equipped with an automatic sampler (7693A), two split/splitless
inlets, and two flame ionization detectors (FIDs). Helium gas was
used as a mobile phase. Before running the separation experiments,
each column was conditioned by heating, under the inlet pressure
of 10 psi, from 30 to 200 °C at a ramp rate of 2 °C per min and hold-
ing at 200°C for additional 15 min. The temperature of the inlet
was held at 280°C and the detector at 300 °C during column con-
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Fig. 1. SEM image of a section of semipacked column.

ditioning and subsequent chromatographic separations. The data
acquisition rate of the FID was 50 Hz. The data were collected and
analyzed using the Agilent ChemStation Edition C.01.04.

3. Results and discussions
3.1. Characterization of the separation columns

The microcolumn designed was 1 m long, 240 pm deep, 190 pm
wide comprising 20 wm cylindrical pillars with an interpillar dis-
tance of 42 pm. The layout of the channels was serpentine. Fig. 1
shows the SEM image of a section of microcolumn used in these

studies. The SEM image shows that the pillars are essentially non-
tapered; however, the diameter is approximately 15 um, resulting
in anincrease in interpillar distance. The RTIL films were not clearly
observed, and we were unable to estimate the film thickness.

3.2. Evaluation of column separation efficiency

The column efficiency was evaluated by measuring the number
oftheoretical plates (N) and height equivalent to a theoretical plates
(HETP) under different linear velocities of mobile phase. The hold-
up time was measured by using methane as an unretained marker.
The values of N and HETP were determined using naphthalene as
a probe at a constant temperature of 100 °C. We selected naphtha-
lene as a probe because majority of the previous studies have used
this compound to evaluate the column efficiency of RTIL-coated
columns [59]. The different parameters were calculated from the
experimental chromatograms using the following equations:

L
u= ™ (1)
ke R—Mn )
tm
2
N = 5.545 (t—R> (3)
Wh
L
HETP = N (4)

where, 1 is average carrier-gas linear velocity, L is the length of a
column, ty; is hold-up time, tg is the retention time of naphthalene,
N is the number of theoretical plates (or plate numbers), wy, is the
peak width at half height of the naphthalene peak.
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Fig. 2. Variation HETP as a function of average linear velocity of mobile phase (helium) for different columns prepared by immobilizing RTILs on silicon and alumina surfaces.
Legend shows the type of interface. The error bars indicate the standard deviations for three different independently coated columns using 0.8% (w/v) solution of [BPyr|[NTf, ]
(shown for silicon surface only). Inset shows magnified view of a region. The HETP values were determined using naphthalene as a probe under isothermal conditions.
Chromatographic conditions for each column: injection volume 0.1 wL (0.5% w/v of naphthalene in hexane), split ratio 200:1, inlet temperature 280 °C, detector temperature
300°C, and oven temperature 100 °C. The average velocity was calculated my using methane as an unretained solute.
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Table 1
Comparison of the Retention Time (tg), Resolution (Rs), and Tailing Factor (T¢) for Columns Coated with [BPyr][NTf;] on Silicon and Alumina Surfaces.

Peak Compounds [BPyr][NTf; ] coated on silicon surface [BPyr][NTf; ] coated on alumina surface
Number - "

tr(min) Rs T¢ tr(min) Rs T¢
1 Heptane 0.068 na 0.070 na
2 Octane 0.076 1.24 na 0.079 1.38 na
3 Nonane 0.093 1.89 1.29 0.097 2.28 1.13
4 Benzene 0.143 4.36 1.34 0.145 535 1.29
5 Toluene 0.261 6.54 1.30 0.262 9.66 1.16
6 Ethylbenzene 0.434 5.74 1.22 0.435 8.80 1.02
7 p-Xylene 0.530 na na 0.516 na na
8 m-Xylene 0.530 na na 0.532 na na
9 o-Xylene 0.681 na 1.18 0.680 na 1.08
10 2-Chlorotoluene 0.764 2.17 na 0.768 3.63 na
11 I[sobutylbenzene 0.808 1.09 na 0.812 1.75 na
12 Styrene 0.851 1.09 na 0.851 1.66 na
13 Butylbenzene 1.028 4.80 1.05 1.027 7.70 0.82
14 1,2-Dichlorobenzene 1.163 3.62 1.03 1.165 5.88 0.91
15 2,5-Dichlorotoluene 1.290 3.35 1.02 1.289 5.25 0.88
16 1,2,4-Trichlorobenzene 1.445 4.02 0.92 1.446 6.31 0.78
17 Benzyl chloride 1.545 2.68 1.28 1.533 3.56 1.26
18 Naphthalene 2.338 21.1 1.07 2.318 32.2 1.00
19 2-Nitrotoluene 2.426 2.24 1.00 2.420 3.93 1.02
20 3-Nitrotoluene 2.528 2.59 0.96 2.529 4.08 1.01
21 4-Nitrotoluene 2.640 2.84 1.00 2.644 4.32 1.22

While static coating is typically preferred, we used the dynamic
coating method because our preliminary experiments on static
coating showed bubble formation during vacuum evaporation. We
first investigated the repeatability in the production of the separa-
tion columns by independently coating three silicon columns using
0.8% (w/v) of [BPyr][NTf;], and the number of theoretical plates
were determined using naphthalene at 100 °C under different aver-
age linear velocity of the mobile phase. Fig. 2 shows the variation of
HETP as a function of average linear velocity of the carrier gas, i.e.
Golay Plots, where the error bars indicate the standard deviation in
HETP of three independent measurements. The relative standard
deviations were found to be between 1.3 to 6.7% indicating very
high repeatability in the preparation of separation columns. The
optimum velocity (uopt) of the carrier (helium) gas was found to
be 31 cm.s~! (k for naphthalene 8.9 at inlet pressure 25 psig), with
the maximum number of theoretical plates (Nmax) of 38224195
per meter. We then modified the silicon surface of the columns
with aluminum oxide via atomic layer deposition. The RTIL was
immobilized on these modified surfaces, and the Golay plot was
generated (Fig. 2). Here, Nmax was found to be 8000 per meter at
Uopt 0f 39 cm.s! (k for naphthalene 8.2 at inlet pressure of 35 psig)
indicating changes in both Nmax and ugpt. The columns were also
coated with another RTIL, [Pggg14][NTf> ], and Golay plots were gen-
erated (Fig. 2). The silicon-[Pggg14][NTf2] column showed Npax of
3917 plates per meter at uop; of 27 cm.s™! (k for naphthalene 7.2
at inlet pressure of 25 psig) and the alumina-[Pggg14][NTf, ] column
exhibited Nmax of 7158 plates per meter and uop; of 39 cm.s™! (k for
naphthalene 10.5 at inlet pressure of 35 psig). These observations
indicate that highly efficient separation columns can be designed
by suitably modifying the silicon surface prior to RTIL deposition. It
is obvious from Fig. 2 that the Golay curves for silicon-RTILs show
steeper slopes compared to the curves for alumina-RTILs at higher
flow rates. In this region, the mass transfer (C term the van Deemter
equation) dominates, and this term varies with the square of the
film thickness. These observations indicate that thinner RTIL films
are formed on alumina surfaces as compared with silicon surfaces.
The higher value of ugpt for alumina-RTIL columns is also a con-
sequence of thinner films. We also dynamically coated a capillary
fused silica capillary of internal dimeter of 100 wm using 0.8% of
[BPyr][NTf;]. The separation efficiency was determined at 50 and
100°C using naphthalene as a probe. The number of theoretical

plates at optimum flow rate was found to be 850 plates per meter.
While Npax for this capillary column is similar to that reported by
Collin et al. [28], an improvement is expected on pretreating the
capillary tubing prior to coating with an RTIL [59]. However, this is
not the focus of these studies.

It is important to mention here that for high-aspect-ratio
columns, the separation efficiency depends on the narrower dimen-
sion of the column; smaller the dimension greater is the efficiency
[50]. Another factor that influences the separation efficiency and
is relevant to the present studies is the film thickness; thinner
the film greater is the efficiency. A careful analysis of the liter-
ature reveals that it is more challenging to obtain more uniform
film of a polar stationary phase [28,61]. For example, in the stud-
ies recently reported by Collin et al. [28], a microcolumn having a
cross-sectional area of 250 wm x 140 p.m on static coating with OV-
1 (a nonpolar stationary phase) exhibited 3800 plates per meter;
in contrast, a microcolumn of 46 um x 150 wm in cross section on
coating with an RTIL (a polar stationary phase) exhibited only 1300
plates per meter [28]. The studies by Collin et al. involved pretreat-
ment of column with sodium chloride prior to coating with the
RTIL. During our preliminary experiments, we could not improve
the separation efficiency on pretreating the columns with sodium
chloride; hence, we chose to coat with alumina. Considering the
polar nature of RTILs, the number of theoretical plates obtained in
the present studies represents a substantial improvement. As com-
pared to our previous studies [60], we observed some improvement
in separation efficiency for the untreated silicon columns likely due
to the formation of more vertical pillars. By coating the surface of
silicon with alumina prior to depositing a film of RTIL, the separa-
tion efficiency is shown to increase by approximately 1.8-2.1 fold.
The separation efficiency offered by alumina-RTIL is approximately
90 percent higher than that offered by alumina layer functionalized
with silane [20]. The retention times of 21 different compounds
for [BPyr][NTf,] coated on silicon surface and alumina surface are
showninTable 1. The retention times for these compounds are very
similar for these two columns indicating similar amount of coating
materials was deposited. An attempt to characterize the films using
scanning electron microscopy was not successful. Since the amount
of coating material is similar, better surface coverage will lead to
thinner films leading to better separation efficiency.
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3.3. Evaluation of peak capacity

A basic metric to compare the performance of temperature-
programmed separation is peak capacity (np). The peak capacity
for the retention range n—Cy to n—C, is calculated by using the
following equations [62]:

np = Z: (TZ+1) (5)

t —t
TZ = R(n+1) R(n) 1 (6)
Whn) + Wh(n+1)

where TZ is Trenzahl number; tg(;) and tgg,.1) are the retention
times of two adjacent normal alkanes; and W,y and Wy, ;1) are full
width at half height of the corresponding peaks. The temperature-
programmed chromatograms for the separation of normal alkanes
using alumina-RTIL columns are shown in Fig. 3a-b. There was
baseline separation for all compounds (the first pair showed base-
line separation if there was no overloading of the first peak). The
alumina-[P66614][NTf2] column was able to separate n-C7-n-C15
in 122s (Fig. 3a) at the optimum flow and ramp rate of 50°C
per minute. The peak capacity was found to be 98 with a peak
production rate of 0.80 peaks per second. Similarly, the alumina-
[BPyr][NTf2] column was able to separate n-C8-n-C15 in 53s
(Fig. 3b) with a peak capacity of 58 and with a peak production
rate of 1.1 peaks per second. Under similar conditions, the peak
production rate with alumina non-pretreated columns was found
to be 0.51 peaks per second (Figs. S2 and S3, Supplementary Data),
indicating 1.6-2.2-fold improvement in peak production rate due

to alumina pretreatment prior to the deposition of RTILs. Previously
reported values of peak capacities for PDMS-coated microfabri-
cated columns were 167 peaks in 216s (0.77 peaks per second)
[14] and 100 peaks in 5005 (0.2 peaks per second) [62].

3.4. Separation of complex mixtures

Following the evaluation of the separation efficiency and the
peak capacity, the different columns were utilized for the sep-
aration of complex mixtures. The first test mixture separated
comprised a 21-component standard mixture composed of sat-
urated alkanes, aromatic hydrocarbons, aromatic halides, and
nitroaromatic compounds. The boiling point of the compounds
range from 80°C (heptane) to 238 °C (4-nitrotoluene). These haz-
ardous chemical compounds are widely distributed in different
environmental compartments, including air, water, and soil. A mix-
ture of these compounds were prepared by mixing similar amounts,
and 0.1 L of the neat mixture was injected with a split ratio of
400:1.The peaks in the chromatograms were identified by injecting
a 5% solution of the component in hexane. Fig. 4a-b shows chro-
matograms for the separation of the 21-component mixture using
the columns coated with [BPyr][NTf,] on alumina and silicon sur-
faces. The retention time, tailing factor (at 5% peak height), and
the resolution between different peaks are shown in Table 1. The
resolution values given the table refer to the resolution between
the peak of interest and the preceding peak. The alumina non-
pretreated column gave the resolution values of 1.09 to 21.1, while
the alumina pretreated column exhibited the resolution values of
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correspond to the compounds shown in Table 1.

1.38 to 32.2. The peaks were found to be symmetrical for both the
columns, with tailing factors ranging from 0.78 to 1.34, and the
alumina pretreatment did not compromise the peak symmetry.
The tailing displayed in our micro GC columns is slightly inferior
to that observed in fused silica capillary columns coated with ILs
[63]. The primary cause of peak tailing in microcolumns is sur-
face adsorption, which is due to the presence of active sites (such
as hydroxyl groups on silica, silicon, and alumina) on the walls

of the columns [61,64]. Other causes of peak tailing are unswept
(dead) volumes, improper column installation, improperly cut cap-
illary, and non-linear retention [64]. Our RTIL-coated SPCs show
significant improvement in peak symmetry when compared to
previous studies in which considerable tailing even for n-alkanes
has been reported [15,18,65]. It should be noted that peak tailing
significantly compromise the resolution [66]. An improvement in
resolution was observed due to alumina pretreatment; we were
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surface and (b) silicon surface. Chromatographic conditions: same as those of Fig. 4 except that the column was heated up to 140°C. The peak numbers correspond to the
compounds shown in Table 1. Note the order of elution is altered as compared to that of Fig. 4.

able to partially separate p- and m-xylenes, which was not possi-
ble with columns containing the silicon surface. The nature of the
surface (silicon or alumina) did not change the order of the elution
for these 21 compounds, and the retention times were found to be
very similar. We also attempted to separate these 21 compounds

using uncoated columns or columns coated with a very thin film
(approximately 8-fold lower) of this RTIL. We saw retention but
not a good separation (Figs. S4-S7, Supplementary Data), indicat-
ing that an RTIL is required for useful separations. We replaced the
RTIL [BPyr][NTf;] with another RTIL, i.e., [Pggg14][NTf2] and used
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Fig. 6. Chromatograms showing the separation of a diesel sample (a) using a column coated with [Pggg14][NTf2] on alumina surface, (b) using a column coated with the same
RTIL on silicon surface, and (c) an overlay of the chromatograms from a and b in a selected region. Chromatographic conditions: injection volume 0.1 pL, split ratio 400: 1,
inlet pressure 25 psi for 0.5 min and then ramped to 35 psi at the rate of 60 psi/min, oven temperature 30 °C for 0.5 min and then ramped at the rate of 40°C/min to 190°C
and held at 190 °C for 1.5 min. The insets show the magnified views of the selected regions. The major peaks were identified by comparing the retention time of the peaks to

a standard mixture of (C;-Csg) n-alkanes.

the column to separate these 21 compounds. The elution order of
some of the compounds have been found to be changed (Fig. 5a-b)
on changing the RTIL; however, the elution order did not change
on altering the surface, indicating that the selectivity is dependent
essentially on the RTIL and the surface effects could be very low
in determining the selectivity. The retention time, tailing factor,
and the resolution between different peaks have been summarized
in Table S2 (Supplementary Data). Some differences in retention
time could be seen possibly due to slightly different amount of RTIL
deposited inside the column. The silicon-[Pggg14][NTf;] column
exhibited symmetrical peaks, while some peaks including styrene,
benzyl chloride and nitrotoluenes were unsymmetrical with tailing
factor 2.6 to 3.2 in alumina pretreated column. These observa-
tions support that the surface activity is the primary cause of peak
tailing. Again, alumina pretreated column exhibited increased res-
olution between the peaks. The changes in the retention order on
altering the RTILs can be understood by considering the solute
descriptors and the strengths of interactions of the stationary phase
[67,68]. ILs show abilities to undergo multiple solvent interactions
with the solute molecules. These interactions include interaction
through nonbonding and m-electrons, dipole-type interactions,
hydrogen bond (basicity and acidity), and cohesion and dispersion
interaction. The interaction parameters of an RTIL depends on its
cation-anion combination, and the types and relative strengths of
interactions between an RTIL and analyte determines the retention
time.

Finally, our columns were tested for the separation of biodiesel
and petroleum products. GC has been widely used as a key ana-

lytical tool for the analysis of biodiesel and petroleum products
[51,58,69-72]. GC has been also used in the analysis of biodiesel
and petroleum-based accelerants in case where arson is suspected
[73-75]. Development of portable devices to analyze biodiesel and
petrochemicals will offer possibilities of rapid and on-site analysis
of these products. It has been shown that ionic liquid-coated capil-
lary columns are useful in the determination of hydrocarbon group
types of diesel fuels [58], separation of aliphatic hydrocarbons from
kerosene [51], and separation of fatty acid methyl esters in biodiesel
[72]. Due to the presence of long chain alkyl groups, the ionic liquid
[Pgss14][NTf, ] is able to exhibit nonspecific dispersive interactions,
and hence shows potential to separate aliphatic hydrocarbons [51].
Therefore, the alumina-[Pggg14][NTf; ] column was used for the sep-
aration of hydrocarbons of diesel and kerosene. The major peaks in
these products were located by comparing the retention time with
a standard mixture of n-alkanes (Sigma-Aldrich, 49451-U Supelco,
C7-C30 Saturated Alkanes). Fig. 6a-b shows the chromatograms
for the separation of a sample of diesel using the columns coated
with the RTIL on alumina and silicon surfaces, and Fig. 6¢ is an
overlay of the two chromatograms from a selected region. Fig. 6¢
shows that the alumina-pretreated column produces sharper peaks
and there is an increase in the number of peaks compared to the
alumina non-pretreated column. Similar observations were seen
for the separation of a sample of kerosene (Figs. S8-5S10, Supple-
mentary Data). The IL [BPyr|[NTf;], which is more polar than the
other IL, was used to separate FAMEs in 20% (1 part biodiesel in
4 parts diesel, i.e., B20) soy biodiesel. The major FAMEs reported
in soy biodiesel are methyl palmitate (C16:00), methyl stearate
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Fig. 7. Overlay of the chromatograms of the separation of diesel and B20 soy
biodiesel using (a) the alumina-[BPyr][NTf,] and (b) silicon-[BPyr][NTf,] columns.
The legend shows the identity of the test sample. Diosel:Biodisel (80:20) blend at a
concentration of 5 mg per ml in dichloromethane was obtained from Restek Corpo-
ration. A 5 mg per ml solution of diesel in dichloromethane was prepared in the lab.
Chromatographic conditions: injection volume 1 L, split ratio 20: 1, inlet pressure
35 psig, oven temperature ramped from 100 °C at the rate of 40 °C/min to 200 °C and
held for 1 min. The fatty acid methyl esters peaks were identified by comparing the
retention time of the peaks to a standard mixture of fatty acid methyl esters (FAME
#1 from Restek Corporation). The peak numbers correspond to: (1) methyl palmi-
tate (C16:00), (2) methyl stearate (C18:00), (3) methyl oleate (18:01), (4) methyl
linoleate (C18:02), and (5) methyl linolenate (18:03). For alumina-pretreated col-
umn, the resolution value between peaks 2 and 3 is 1.48, 3 and 4 is 3.34, and 4 and
5 is 3.77, while for non-pretreated column the values are 1.28, 2.73, and 2.86.

(C18:00), methyl oleate (18:01), methyl linoleate (C18:02), and
methyl linolenate (18:03) [76]. Fig. 7a-b shows an overlay of chro-
matograms of B20 biodiesel and diesel, and it is evident that all of
these FAMES are separated in less than 2 min with little interference
from other hydrocarbons present in the biodiesel. An increased res-
olution can be seen with alumina-pretreated column as compared
to the non-pretreated column.

4. Conclusions

These studies investigated the merits of using an intermediate
layer of alumina on the separation performance of RTIL-coated sil-

icon microcolumns. The alumina film was created via atomic layer
deposition, and then an RTIL was coated on the alumina surface. The
results of these studies demonstrate that such an intermediate layer
enhances the separation performance of RTIL-coated semipacked
columns. The separation efficiency, as measured by the number of
theoretical plates, was found to be as high as 8000 plates per meter
under optimal flow rate. For temperature-programmed separa-
tions, peak production rate was found to be between 0.80-1.1 peaks
per second for alumina-pretreated column and 0.51 peaks per sec-
ond for non-pretreated columns. A rapid separation of different
complex mixtures were achieved. The alumina pretreatment indi-
cated the formation of more homogeneous films of an RTIL resulting
in an increase in separation efficiency. These results highlight the
importance of silicon channel coating prior to the deposition of
stationary for increasing the separation performance. These find-
ings will be very beneficial for the development of miniaturized
gas chromatography columns and hence portable gas chromatog-
raphy systems. Due to the presence of alumina, these columns are
not suitable for separation of active compounds like alcohols and
ketones. The continuing work is directed at replacing the alumina
layer by inert materials as well as deactivating the channel surfaces
for the separation of more polar compounds.
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Appendix A

The chip fabrication protocol; critical dimensions of the column
channels; the Bosch process etch parameters; temperature-
programmed separation of normal alkanes using silicon-RTIL
columns; separations using uncoated columns or columns coated
with a very thin film of RTILs; separation of a kerosene sample; and
comparison of retention times, retention factors, and tailing factors
for 21-component mixture using [Pegs14][NTf,]-coated columns
are given in the supplementary data.

Appendix B. Supplementary data

Supplementary material related to this article can be found, in
the online version, at doi:https://doi.org/10.1016/j.chroma.2018.
06.058.
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