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a b s t r a c t

We report the development of a microfabricated gas chromatography system suitable for the separa-
tion of volatile organic compounds (VOCs) and compatible with use as a portable measurement device.
Hydrofluoric acid etching of 95 × 95 mm Schott B270 wafers has been used to give symmetrical hemi-
spherical channels within a glass substrate. Two matching glass plates were subsequently cold bonded
with the channels aligned; the flatness of the glass surfaces resulted in strong bonding through van der
Waals forces. The device comprised gas fluidic interconnections, injection zone and 7.5 and 1.4 m long,
320 �m internal diameter capillaries. Optical microscopy confirmed the capillaries to have fully circular
channel profiles. Direct column heating and cooling could be achieved using a combination of resistive
heaters and Peltier devices. The low thermal conductivity of glass allowed for multiple uniform temper-

◦
olatile organic compounds
hotoionization
ield instrumentation

ature zones to be achieved within a single glass chip. Temperature control over the range 10–200 C was
achieved with peak power demand of approximately 25 W. The 7.5 m capillary column was static coated
with a 2 �m film of non-polar dimethylpolysiloxane stationary phase. A standard FID and a modified
lightweight 100 mW photoionization detector (PID) were coupled to the column and performance tested
with gas mixtures of monoaromatic and monoterpene species at the parts per million concentration level.
The low power GC-PID device showed good performance for a small set of VOCs and sub ng detection

tics.
sensitivity to monoaroma

. Introduction

During the last 50 years gas chromatography has developed into
ne of the most widely used of the chemical analysis techniques.
t is a simple, rapid and highly sensitive tool that provides efficient
eparation of components in mixtures and has an almost complete
pectrum of applications. In combination with a flame ionization
etector (FID) or a mass spectrometer (MS), it forms one of the most
owerful tools for environmental gas analysis, and has been used in
any studies to measure volatile organic compounds (VOCs) [1–4].
espite a high degree of current commercial instrument sophistica-

ion, modern GC systems remain bulky and fragile, as well as being

ower intensive – typically up to 3 kW peak. The heating of GC
olumns has evolved relatively little over the past 40 years, based
enerally on the turbulent fan oven, which remains the most effi-
ient means of evenly heating the intricate structure of a wound

∗ Corresponding author.
E-mail address: acl5@york.ac.uk (A.C. Lewis).

021-9673/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2009.12.009
© 2009 Elsevier B.V. All rights reserved.

capillary on a spindle or bobbin. The nature of GC and the size of
such an oven make it a difficult technique to use in remote or hostile
locations for environmental research.

There is great potential in this area therefore for microfabri-
cated GC systems that are compact, robust and with low power
demands, and a short review of relevant literature follows this
section. There is particular intrinsic attraction in monolithic GC
structures, where all components of the device (injector, column,
detector) are formed in a single fabrication step with benefits for
robustness, lack of interconnections, and a structural geometry that
is very much easier to heat using planar devices. This paper reports
the development of a microfabricated and miniaturized glass gas
chromatographic system as a potential means to overcome some of
the portability limitations associated with drawn capillary columns
and turbulent fan GC ovens.
Miniaturized and microfabricated GC systems are not a new
proposition; the first gas chromatograph fabricated in silicon using
photolithography and chemical etching techniques was reported in
1975 by Terry et al. at Stanford University [5]. The micro-GC con-
sisted of an injection valve and a 1.5 m long column with a depth of

http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:acl5@york.ac.uk
dx.doi.org/10.1016/j.chroma.2009.12.009
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Fig. 1. Basic layout of the GC device including main GC column of 7.5 m l

0 �m and a width of 200 �m fabricated on a silicon wafer, with an
nternally mounted thermal conductivity detector (TCD). The spiral
olumn had a rectangular cross-section, and the silicon wafer was
ermetically sealed to a Pyrex glass cover plate [5]. The resolving
ower of the column was poor in comparison to standard columns
f the day. A number of factors contributed to this, not least the dif-
cultly in evenly coating rectangular channels and that the majority
f the other GC components were not miniaturized. Since that time
here has been a great deal of research undertaken to develop
ilicon fabricated on-chip electrophoresis and liquid chromatog-
aphy systems, but with chip-based gas chromatography receiving
omewhat less attention. Recent examples of microfabricated GC
ystems for VOC measurement include those reported by Sandia
aboratories [6,7] incorporating a preconcentrator consisting of a
hin silicon nitride membrane supporting a patterned metal film-
eating element, a 1 m long 100 × 400 �m high aspect ratio GC
olumn on a silicon wafer, and an array of surface acoustic wave
SAW) sensors.

Silicon has been very much the favoured substrate to date
or microfabricated GC columns generally using the Dry Reac-
ive Ion Etching (DRIE) method, followed by a Pyrex cover sheet
eing anodically bonded to the wafer yielding a sealed GC column.
any silicon examples can be found in the literature [8–15] with

on-polar dimethylpolysiloxane and moderately polar trifluoro-
ropylmethyl polysiloxane phases giving columns with between

500 and 8200 plates [16–18].

Although silicon dominates the literature as a substrate,
olumns have been made in other materials including porous sili-
on [19], carbon nanotubes [20], parylene [21], metal [22,24] and
eramic [23]. In addition, a variety of fabrication techniques have
, injection zone and 1.4 m length second column (not used in this study).

been utilised including DRIE, DRIE polymer vapour deposition,
stereolithography, silicon bulk micromachining, and Lithographie,
Galvanoformung, Abformung (LiGA).

Of the miniaturized devices previously reported, a common
feature has been the use of square sided channels to form the
separating column. The greatest difficulty associated with col-
umn coating is therefore in achieving a uniformly thin layer of
the desired thickness right across the cross-section of the column
including the corners. A limitation of rectangular designs is “pool-
ing” of the stationary phase at the column corners producing an
uneven thickness of stationary phase. Peak broadening and general
degradation of the separation performance may result from ana-
lytes spending a longer time in these areas of thicker coating [25].
Limited numbers of circular channelled microfabricated devices
have been reported, notably by Potkay et al. who reported columns
of 1 m length and 90 �m diameter with a semi-circular cross-
section [8] and Pai et al. reporting the use of circular cross-sectional
silicon serpentine columns with a 250 �m internal diameter [26].

Various detectors have been reported in conjunction with
micro-GC systems. TCD is one of the few miniaturized detectors
commercially available and has been reported in the literature a
number of times [5,27–29]. Other detectors, such as surface acous-
tic wave (SAW) devices [6,7,30], differential mobility spectrometers
[11], FID [23], metal oxide gas sensors [12,13] and nanoparticle-
coated chemiresistors [18] and carbon nanotubes based ionization

detectors [31], offer promise of miniaturization and integration
with columns. Micro-FID has shown results comparable to con-
ventional flame photometric and flame ionization detectors, thus
making it also a potentially useful detector when used in combina-
tion with a micro-GC system [32–34].
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ig. 2. (a) Shows a cross-section of the glass device taken using a Alicona G4 Infinite
easurements of three bores in (a) give internal column diameters of 242, 250 and

air of glass thicknesses places the GC channels within a few hundred microns of o

We report here the development of a planar microfabricated
C system that uses acid etched borosilicate glass as the working
ubstrate. This approach results in capillary channels that are cir-
ular in cross-section and similar in dimensions to drawn capillary
olumns. The cost and ease of glass fabrication in this manner is
ttractive when compared to silicon, allowing a column of 7.5 m
ength and 320 �m i.d. to be fabricated in a 40 × 85 mm section
f glass, part of a larger 95 × 95 mm monolith containing also a
njection unit and additional columns for multidimensional GC. For
on-polar species glass offers a useful material of column manufac-
ure and with performance potentially equivalent to that of fused
ilica. Glass is a less appropriate material for polar organic analysis
owever, and hence we see the major application of this technology

ying in the areas of hydrocarbon and VOC analysis.
The use of a miniaturized photoionization detector in conjunc-

ion with the glass column is also reported. The overall system had
n attractive peak capacity and detection limit for VOCs, low power
emand and an operating temperature range of 10–200 ◦C without
ryogens. This we believe offers an alternative material route to
nable microfabricated GC systems.

. Experimental

.1. Glass fabrication
The glass device was fabricated by a specialised manufacturer
f micro-scaled glass devices (Dolomite Centre, UK). The design
sed two glass (Schott B270) wafers (one 0.5 mm thick, the sec-
nd 2.5 mm thick) with etched channels bonded together to form

Fig. 3. Left: close up image of column turns; right close up image of injector (1 mm wi
s microscope, (b) the same glass section using a Wild Heerbrugg M400 microscope.
m with a manufacture target of 250 �m. (b) Shows how the use of an asymmetric

face of the device for direct heating.

a single “chip”. The general layout of the columns and dimensions
is shown in Fig. 1. The etching was carried out chemically. The sur-
face of each half of the glass chip was covered with a chrome layer
then a photoresist layer. These layers were sequentially etched
leaving a patterned layer on the surface of the chip that defines
the glass channels during the etching of the chip. The first step
was to expose the photoresist layer to UV light through a mask
outlining the channels. The photoresist exposed to the UV light
becomes soluble to the photoresist developer whereas the unex-
posed photoresist remains insoluble. The developer removes the
exposed photoresist leaving an engraved pattern of the channels.
These channels are then used to etch the chrome layer. Finally the
glass is wet etched with hydrofluoric acid solution along these pre-
formed channels. The HF etching process is controlled to ensure
symmetrical, hemi-spherical channels. After the photoresist and
chrome layers are fully removed the halves of the chip are then cold
bonded; the two halves are brought into contact, with the channels
aligned, and the flatness of the glass surfaces results in strong bond-
ing through van der Waals forces. No heating is required for bonding
and chips fabricated using this process can withstand pressures up
to 50 bar.

Fig. 2a and b shows a cross-section of a portion of a glass chip
obtained using a Alicona G4 Infinite Focus microscope and Wild
Heerbrugg M400 microscope. Both figures clearly show the unifor-

mity of the column, the accurate alignment of the two halves of
glass and that the profile is very close to circular. Measurements
of three bores from Fig. 2a (only two visible in figure) give internal
column diameters of 242, 250 and 248 �m in a chip with a target
internal diameter of 250 �m. [Note these photographs were taken

de, 0.3 mm deep) region coupled to 7.5 m column via a 50 �m restrictor region.
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ig. 4. (a) Side view showing the layout of components in the temperature controlle
ontrolled stacks. Stack 1 is under the primary 7.5 m long column. Stacks 2 and 3 ar
espectively.

f a chip with different internal diameter to that used to gener-
te the chromatograms in later figures]. Fig. 2b shows how the use
f an asymmetric pair of glass thicknesses places the GC channels
ithin a few hundred microns of one surface of the device for direct
eating.

Fig. 3 shows a close up of the column spiral and also a close of
he end section of an etched injection unit (1 mm wide and 0.32 mm
eep) which is coupled to the column via a restricting pinch at the

njector outlet.

.2. Thermal profile and thermal control

Uniform heating of a GC column is central to its perfor-
ance requiring accurate and reproducible column temperatures

nd with minimal spatial temperature gradients. For the device
eported here, a combination of direct heating approaches have
een investigated. These have included the direct heating of the
lass wafer with metal heating elements placed above and below
he device, and a more complex arrangement involving a stack of
hin film resistive elements and Peltier devices. An example of the
atter arrangement is shown in Fig. 4a in side view. Since glass is a
elatively poor heat conductor, the separation of the zones of the
evice allows, in principle, the differential heating of the injector
rom the columns and other regions. We test this using three differ-

nt control thermal stacks and temperature zones shown in Fig. 4b.
he heater consisted of a polyimide encapsulated heater manufac-
ured by Minco, Minneapolis, US. The Peltier devices were silicone
ealed TEC 12715HTS units manufactured by Merit Technology,
henzhen, China. The Peltier elements were bonded directly to

ig. 5. (a) Measured temperature profile with stack 1 (under the 7.5 m column) heated
tack 1 was cooled to 10 ◦C whilst holding the temperature of stack 2 (the 1.4 m column) a
tack 3 remained at ambient temperature.
k used for heating and cooling the glass GC. (b) Plan view layout of the temperature
tioned under the secondary 1.4 m column (not used here) and the injection region,

a finned aluminium heatsink using thermally conductive epoxy
adhesive. The heatsink was equipped with a centrifugal blower for
rapid cooling of the metal fins. The total mass of stack 1 beneath
the primary column, including the blower was 250 g and an overall
height of 6 cm.

Temperature monitoring of the stack was achieved using a
PT100 polyimide encapsulated sensor placed between the heater
and the glass chip. A configurable CompactRIO module supplied by
National Instruments running Labview Realtime operating system
was used to control the temperature of the stack. The CompactRIO
embedded system regulated the power delivered to the heater and
Peltier units by modulating the on-off duty cycle of a 10 kHz signal.
In this way the power to the heaters and Peltier devices could be
continuously varied between 0 and 100%. A proportional integral
derivative algorithm was used to minimize temperature offset and
oscillation during temperature programming. A polarity reversal
switch in the Peltier power supply enabled the devices to operate
in two modes: (1) heat extraction mode transferring heat from the
GC chip to the heatsink and; (2) temperature enhancement mode
transferring heat from the heatsink to the GC chip. In addition the
heatsink blower would be switched on during heat extraction mode
to improve dissipation of heat to the surrounding air.

In many situations thermal imaging devices can be used to
determine the distribution of temperatures across the surface of

an object. However, to do so in this case would require the removal
of the top layer of ceramic fibre insulation used to prevent heat loss
to the surroundings. Rather, we determine the temperature profile
across the chip using a matrix of sixteen temperature sensors. Thick
film platinum resistance temperature sensors (Labfacility DM503

to 100 ◦C, all other stacks left at ambient. (b) Measured temperature profile when
t 100 ◦C. The temperature remained uniform (±2 ◦C) over stack 1 and the unheated
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ig. 6. Separation using a 7.5 m long, 320 �m internal diameter planar glass colum
Varian 3800). Blue trace is an injection of the BTEX standard mixture and red trace
For interpretation of the references to colour in this figure legend, the reader is ref

ith resistance tolerance to Class A DIN IEC 751) were attached
cross the chip surface in an X pattern using thermally conduc-
ive epoxy adhesive. The sensors were connected to the interface
y means of three core screened cable which was routed between
he top side of the glass chip and the ceramic fibre insulation. The
xcitation current for each sensor was maintained at 1 ± 0.03 mA
sing a STMicroelectronics LM334Z constant current source. The
esulting voltage developed across each resistance sensor was dig-
tized using a National Instruments USB 6210 analog to digital
onvertor. The data collected was converted to temperature using
he Callendar Van-Dusen equation with polynomial coefficients
f A = 3.9083 × 10−3 and B = −5.775 × 10−7. The temperature data
ere displayed in the form of a colour map overlaid on a two dimen-

ional image of the glass chip using Labview software from National
nstruments.

Fig. 5a shows the temperature profile across the surface of the
hip when stack 1 (7.5 m column) is heated to 100 ◦C. Stack 2 and
tack 3 beneath the 1.4 m column and preconcentrator were not
eated. It is interesting to note that there is very little heat trans-

er between the heated side of the chip and the unheated side,
hich remained at an ambient temperature of 22 ◦C. This is due
artly to the low thermal conductivity of glass and the 1 cm air gap
etween stack 1 and stacks 2 and 3. Temperature uniformity across
he area of the chip over stack 1, i.e. the 7.5 m column, was within
2 ◦C of the setpoint. Fig. 5b shows the temperature profile across

he chip surface when stack 1 is cooled to 10 ◦C using the Peltier
evices and with stack 2 heated to 100 ◦C. The 2D images reveal
hat the divided thermal stack arrangement is capable of indepen-
ently controlling the temperature of at least three discrete regions
f the glass GC device. The temperature gradient across the glass
hip during temperature ramping was determined by comparing
ata from two temperature sensors located on the heated and non-
eated side of the chip. During temperature ramps of 5◦, 10◦ and
0◦ per minute the temperature difference between the bottom and

ower surfaces was 3◦, 8◦ and 15◦, respectively. Since the column is
ontained within a 0.320 mm depth of the chip the calculated tem-
erature gradient across the column is 0.3◦, 0.7◦ and 1.3◦ at ramp
ates of 5◦, 10◦ and 20◦ per minute. Using this arrangement a min-
mum column temperature of 3 ◦C was achieved at an ambient air
emperature of 22 ◦C and a maximum of 200 ◦C with linear ramp
ates of between 5 and 20 ◦C/min. Typical power consumption was
5 W mean or 30 kJ per analysis.
.3. Column coating

A “static” procedure was used to deposit a film of a non-polar
imethylpolysiloxane stationary phase (OV-101, Restek) on the
h 2 �m OV101 stationary phase, placed in a GC fan oven and with commercial FID
ture of 2 ppm nonane, alpha-pinene and 3-carene (red) with a 0.5 mL sample loop.
to the web version of the article.)

inside of the column. The column was filled with a solution con-
taining the stationary phase prior to controlled evaporation of the
solvent. This method is used widely to deposit a highly uniform
film, which can be difficult to produce by a dynamic method based
on pumping solution through the column. Pentane was used to
dissolve the stationary phase into a solution at 3.8% (by volume).
The column was placed inside a vacuum oven (Thermo Scientific)
at room temperature and left for several days, with the pressure
maintained between 10 and 40 kPa below atmospheric.

The column was weighed periodically with a laboratory balance
with an uncertainty of ±0.2 mg (95% confidence) to monitor the
evaporation of the solvent. Open vials of pentane were placed inside
the vacuum oven. The saturated vapour of the pentane restricted
the vacuum at the start of the process, and thus acted as a pressure
buffer. The vacuum was maintained at a level that was too low to
initiate boiling of the solvent within the column as indicated by the
absence of boiling in the pentane vials. After 2 days of slow evap-
oration at ambient temperature the temperature was increased to
50 ◦C and the pressure decreased to 100 kPa below atmospheric.
After 4 days all of the pentane was removed and the chip was
re-weighed to confirm the mass of stationary phase deposited. Cal-
culation shows that the mass of 11 mg of stationary phase deposited
was equivalent to a uniform layer 2 �m thick.

Capillary transfer and split lines were bonded into the column
ports using Shellac, a resin suitable for bonding the capillary onto
glass. The resin is easily moulded upon heating and forms a gas tight
seal when it cools, after which it remains intact at temperatures in
excess of 200 ◦C.

2.4. Separation performance in a laboratory GC with FID

The coated chip was tested using the fan oven, temperature
control, injection and flow control systems of a laboratory gas chro-
matograph (Varian 3800). This enabled the separation capabilities
of the coated glass column to be characterised with an established
FID. High purity helium (BIP Air Products, Keumiee, Belgium) was
used as the carrier. The chip was connected to the GC system via a
capillary, which was held in place using a resin (shellac). The cap-
illary was connected to the detector of the GC as it would usually
be, using the GC’s internal connectors.

A standard BTEX mixture including 10 �mol/mol (molar ppm)
of benzene, toluene, m-xylene, p-xylene and o-xylene was injected

via a 0.5 cm3 gas sample loop. A second ppm gas mixture of nonane,
�-pinene and 3-carene was injected separately. The BTEX/terpene
mixtures were flowed at ∼20 cm3 min−1; the electronic flow con-
trol for the column was set at 12 cm3 min−1. Automated valve
changes, as part of the Varian 3800 GC system, were used. The oven
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ig. 7. Separation of the 10 ppm BTEX standard gas mixture. 0.5 mL sample loop in
ombination with the planar glass 7.5 m GC column programmed from 10 to 100 ◦C
t 20 ◦C/min heated using Peltier and resistive elements. Detection is by low power
hotoionization detector.

as programmed to run at 30 ◦C for 0.2 min, then ramp at 20 ◦C/min
o 100 ◦C. The switching valve was heated to 170 ◦C.

The results are shown in Fig. 6, which shows good separation
etween all of the injected components with symmetrical peak
hape and with elution in 4 min. Peak skew is less than 1.8 for all
eaks (the majority less than 1.3) which we considered accept-
ble. The chromatogram indicates around 2000 theoretical plates
s measured for toluene.

.5. Performance with direct resistive heating and PID

Following characterisation of performance in a standard lab GC
he glass column was tested with direct heating (similar to that
escribed in early sections) using manual loop injections. A low
ost and low power photoionization detector (PID) operating with
lamp with an ionization potential of 10.6 eV was attached to

he column outlet (Alphasense, Great Notley, manufacturers part
ode PID-AH, 100 mW nominal power consumption at 3.0 V and
g mass).

A two-stage regulator was used to provide constant head pres-
ure of helium carrier and was connected to a 6-port valve (VICI,
X, USA) and operated manually. A 0.2 cm3 sample loop made from
reated stainless steel was fitted to the valve in a configuration
o allow sample filling in one position and sample injection in
he other. During sample filling the standard gas mixture flowed
hrough the valve and the sample loop for a minimum of 5 min.
uring injection, the carrier gas flowed through the sample loop

or a short time to direct the sample onto the chromatographic
olumn. The duration of the injection was selected to ensure all
as in the loop was flushed onto the column but was limited to
revent peak tailing from compound desorption from the metal
urfaces. The 6-port valve was connected to the inlet of the chip by
1/16′′ Silcosteel tube (length 10 cm) and a 0.32 mm inner diam-

ter fused silica capillary (20 cm length) connected by a reducing
nion (Thames Restek, Saunderton, UK).

The eluent from the 7.5 m long column was connected to the
ID by 0.32 mm inner diameter uncoated fused silica capillary. The
etector was integrated into the unit and to a data acquisition sys-
em. The carrier gas head pressure was set to 300 Pa providing a
olumn flow of 12 cm3 min−1. The value deviates from theoreti-
al calculations due to the presence of 50 �m pinch point regions

efore and after the etched injector (see Fig. 3). We introduced a
:5 split at the column outlet in order to prevent detector satura-
ion, and hence the flow rate arriving at the PID was measured to
e 1.8 cm3 min−1.
A 1217 (2010) 768–774 773

The BTEX standard gas mixture was injected onto the column
at starting temperature of 10 ◦C using the manual gas sampling
valve. A temperature ramp of 20 ◦C/min up to 100 ◦C was applied. As
seen in Fig. 7, chromatographic separation was sufficient to resolve
o-xylene in around 225 s. The high PID response of aromatic com-
pounds ensured a good signal to noise ratio. The chromatogram
generated shows good peak shapes and height from the injection
of approximately 1.5 ng of each compound. Detection limit with the
PID was estimated to be of the order 100 pg for benzene.

3. Conclusions

A fully circular profile gas chromatography column has been
microfabricated from glass using acid etching techniques. The use
of glass has allowed for relatively long column lengths and stan-
dard internal diameters to be achieved in addition to the inclusion
of other components on to a glass wafer. Direct resistive heating
and cooling of the glass chip produced a uniform heating profile
across the 7.5 m column when held at both above and below ambi-
ent temperatures. The low thermal conductivity of glass allowed
for multiple temperature zones within the same chip. The power
required to achieve column temperatures within the envelope
10–200 ◦C was of the order 25 W peak, two orders of magnitude
less than conventional turbulent fans ovens. The performance of
the device has been proven using a standard GC oven for injection,
heating and FID detection. A low cost, low power photoionization
detector has also been coupled to the glass column and the glass
device heated directly via planar resistive elements. This low power
GC-PID combination showed reasonable separation of a simple
BTEX mixture in 230 s and with sub ng sensitivity.

The combination of a planar glass GC device with such a detector
offers substantial potential as a field portable GC and is a use-
ful alternative to typically square channelled silicon devices of
restricted physical size and higher material cost. The larger glass
wafer areas that may be micro-manufactured at reasonable costs
(when compared to silicon) offers the potential for planar devices
with column dimensions analogous to those used in laboratory GCs.
In common with other planar GC approaches, the ability to directly
cool this device using the Peltier effect may offer substantial advan-
tages for the analysis of very volatile species over typical cryogenic
cooling of drawn capillaries in standard GC ovens.
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