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In comprehensive two-dimensional gas chromatography (GC�GC), a modulator is placed at the

juncture between two separation columns to focus and re-inject eluting mixture components, thereby

enhancing the resolution and the selectivity of analytes. As part of an effort to develop a mGC�mGC

prototype, in this report we present the design, fabrication, thermal operation, and initial testing of

a two-stage microscale thermal modulator (mTM). The mTM contains two sequential serpentine

Pyrex-on-Si microchannels (stages) that cryogenically trap analytes eluting from the first-dimension

column and thermally inject them into the second-dimension column in a rapid, programmable

manner. For each modulation cycle (typically 5 s for cooling with refrigeration work of 200 J and

100 ms for heating at 10 W), the mTM is kept approximately at �50 �C by a solid-state thermoelectric

cooling unit placed within a few tens of micrometres of the device, and heated to 250 �C at 2800 �C s�1

by integrated resistive microheaters and then cooled back to �50 �C at 250 �C s�1. Thermal crosstalk

between the two stages is less than 9%. A lumped heat transfer model is used to analyze the device

design with respect to the rates of heating and cooling, power dissipation, and inter-stage thermal

crosstalk as a function of Pyrex-membrane thickness, air-gap depth, and stage separation distance.

Experimental results are in agreement with trends predicted by the model. Preliminary tests using

a conventional capillary column interfaced to the mTM demonstrate the capability for enhanced

sensitivity and resolution as well as the modulation of a mixture of alkanes.
Introduction

Comprehensive two-dimensional gas chromatography

(GC�GC) is an analytical technique used to separate and detect

the components of complex mixtures of volatile organic

compounds.1–3 Unlike standard GC, which uses a single column

for vapor separation, GC�GC couples a first-dimension column

to a relatively short second-dimension column whose retention

properties are complementary to those of the first-dimension

column. Through a junction-point modulator between the two

columns (Fig. 1A), mixture components separated on the first-

dimension column are focused and reinjected as a series of

narrow pulses onto the second-dimension column. This results in
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an increase in peak capacity (i.e., the number of compounds that

can be separated in a given analysis) and in sensitivity as a 2-D

chromatogram is produced.1–3

A pneumatic4,5 or thermal6–14 modulator (TM) is used at the

interface between the two columns, with the latter generally

providing a greater degree of sensitivity enhancement. A TM

relies on low temperature to trap and focus the analytes as they

elute from the first-dimension column, and then reintroduces

them to the second-dimension column by rapid heating. By

repeating this operation in rapid succession, the vapor profile is

parsed into several segments, each of which is eluted through the

second-dimension column. TMs, which are used in conventional

bench-scale GC�GC systems, can be grouped into a thick

stationary-phase film modulator and a cryogenic modulator. In

the former, analytes are focused in a small section of capillary by

the polymeric phase at ambient temperature.6,7 The latter uses

a cryogenically cooled fluid such as CO2, N2, or air.8–14 The two

types of modulators commonly use conductive or convective

heating techniques to rapidly raise the temperature of the

modulator. However, those macro-scale TMs relying on cryo-

genically cooled fluids are resource intensive8–12 and/or demand

a large amount of refrigeration work (e.g., �10 kJ for a cooling

cycle of �5 s).13 Furthermore, power dissipation for typical

heating devices can be on the order of 1 kW.6,7,13,14

Numerous efforts have been made to develop GC prototypes

containing microfabricated components (mGC).15–27 These

miniaturized systems16–20 and their components21–27 can operate

at relatively low power; however, the lengths of the columns
Lab Chip, 2010, 10, 1647–1654 | 1647



Fig. 1 Miniaturized thermal modulator (mTM). (A) Schematic of

GC�GC system incorporating the mTM. Key components of the mTM

are two-stage silicon-microchannels, a Pyrex membrane, and intercon-

nection channels (ICs). A Si-spacer maintains the air-gap between the

mTM and the cooling unit. The cooling unit has a thermoelectric cooler

and a fan cooler. The thermoelectric cooler keeps the temperature of the

mTM approximately at �55 �C when there is no heating in the mTM

stages. We vary the size of the Pyrex membrane, the air gap, and the IC to

explore the optimal device performance. (B) Photographs of mTM. Each

stage has serpentine microchannels (250 mm-width and 140 mm-depth) on

its back side, on-chip microheaters and temperature sensors on its front

side. The microchannel lengths on the first and second stages are 4.2 cm

and 2.8 cm, respectively. A rim structure is used to reinforce the

mechanical strength of the mTM. (C) Control volumes for the lumped

thermal model. Each thermal mass includes the Si layer and the corre-

sponding Pyrex membrane area.
employed are inherently limited, with typical columns ranging in

length from 0.5 to 3 metres.20–26 Accordingly, this places an

inherent limit on the peak capacity. A mGC system incorporating

two-dimensional gas chromatography (i.e., mGC�mGC) is

a promising approach to overcome this limitation. Although

a preliminary report has recently been described on the use of

pneumatic modulation in a mGC�mGC system,28 there has yet to

be a report on a microfabricated TM (mTM) for mGC�mGC

applications. To be effective, the mTM must span a broad ran-

ge of temperature (e.g. �50 to 250 �C) at a very high rate

(>1000 �C s�1, ideally during both heating and cooling).

In this article, we report on the design, fabrication, modeling,

and preliminary testing of a mTM (Fig. 1B) that incorporates two

series-coupled serpentine Pyrex-on-Si microchannels (stages)
1648 | Lab Chip, 2010, 10, 1647–1654
that are sequentially cooled to trap and focus vapors and then

heated to desorb them. We adopt two-stage modulation where

analytes trapped in the first stage are thermally released into the

(cooled) second stage for additional focusing prior to injection

into the second-dimension column. In addition, the second stage

is not heated until the first stage has cooled to a temperature

sufficient for trapping. This alternating heating and cooling of

each stage helps to avoid ‘breakthrough’, whereby a sample is

lost due to incomplete trapping during thermal transitions, which

is a potential problem with single-stage modulator designs.13 An

emphasis is placed on three critical design parameters that

govern the heat capacity of the device structure and the rate at

which heat energy is transported between stages and from each

stage to the environment: (1) the thickness of the Pyrex

membrane that seals the silicon microchannels of the mTM; (2)

the air gap between the cooling unit and the mTM; and (3) the

interconnection channel (IC) that connects the two stages and

the rim. We explore the effects of varying these parameters on the

device performance using a lumped heat transfer model, where

the trade-off between the heating-cooling cycle speed and the

power requirement as well as the thermal crosstalk between the

two stages are carefully considered. Preliminary results demon-

strating the modulation of a single compound and a simple

mixture of compounds are presented.
Experimental

Microfabrication and assembly

The fabrication process is summarized in Fig. S1 of the electronic

supplementary information (ESI).† The first and second stages of

the mTM consist of meander-line boron-doped-Si microchannels

4.2 and 2.8 cm long, respectively, with cross-sectional dimensions

of 250 (w) � 140 (h) mm and a wall thickness of 30 mm. The IC

has the same cross section and wall thickness, and consists of

three segments: two that connect each stage to the rim and one

that connects the two stages. The three IC segments had the same

length, which was varied from 0.5 mm to 1.5 mm in different

device designs. Anodically bonded Pyrex glass, either 40 or

100 mm thick, was used to seal the microchannels. Microheaters

and temperature sensors made of Ti/Pt were patterned on the

Pyrex membrane. Microfabricated Si spacers, used to create an

air gap (22–63 mm) between the mTM and the top surface of the

thermoelectric cooler (SP2394, Marlow industries, www.mar

low.com), were precisely aligned with a microscope and bonded

with an epoxy adhesive onto the Pyrex membrane; the Si spacers

were separately fabricated by a two-step silicon deep reactive ion

etching process. Then the mTM was mounted on a printed circuit

board and wire bonded for electrical connection.

A thin layer of thermally conductive paste was used to ensure

good thermal contact between the Si spacers and the thermo-

electric cooler. With a height gauge (Series 192, Mitutoyo,

www.mitutoyo.com), the mTM with Si spacers was manually

aligned and bonded to the cooling unit. A small axial fan

(E1U-N7BCC-03, SundialMicro, www.sundialmicro.com) facil-

itated heat transfer from the backside of the thermoelectric

cooler. Finally, a custom-made chamber was used to seal

the mTM.
This journal is ª The Royal Society of Chemistry 2010



Fig. 2 Energy-change rates at the mTM first stage. The values are

calculated from the energy balance for each subcomponent. The input

voltage is a square pulse of 40 V with duration of 150 ms. The air gap, the

Pyrex thickness, and the IC length are 38 mm, 100 mm, and 1 mm,

respectively. The energy-storage rate of the first stage ( _E1_sys) balances

with the other energy-transfer/generation rates. When the heat is gener-

ated at the heater of the first stage ( _E1_gen), it is mainly dissipated through

the thermoelectric cooler ( _E1-TEC). The inset shows that the heat dissi-

pated through the other paths (conduction to the second stage and to the

rim ( _E1-2 and _E1-3); convection and radiation to the environment

( _E1_conv and _E1_rad), respectively) is insignificant.
Stationary-phase coating of the mTM

Deactivated fused-silica capillaries having 250 mm i.d. and 100 mm

i.d. were inserted in the inlet and outlet ports, respectively, of the

mTM and secured with high-temperature epoxy (Hysol 1C, Dexter

Corp., www.rshughes.com) to form a leak free seal. The internal

walls of the mTM microchannels were dynamically coated with

polydimethylsiloxane (PDMS, OV-1, Ohio Valley, www.ovsc.

com) from a solution (0.10 g mL�1 in 1 : 1 pentane–dichloro-

methane) that also contained a thermally activated cross-linking

agent, dicumyl peroxide (1 mg mL�1, Aldrich, www.sigmaal-

drich.com).24 Dynamic coating entails applying a positive pres-

sure of nitrogen gas to a reservoir containing the polymer solution

and directing it through the device. Nitrogen flow was maintained

for 2 h after the solution passed through the device to evaporate

the solvent. Cross-linking was achieved by temporarily sealing the

inlet and outlet ports of the mTM and heating to 180 �C with the

integrated heaters. Although the short capillary sections con-

nected to the device are also coated during this process, they do

not affect the device performance or the chromatographic sepa-

ration of the analytes significantly.

Temperature control

The temperature sensors were calibrated by placing the mTM in

a convection oven, which provided a temperature range of �60

to 120 �C (see ESI, Fig. S2†). Heating was achieved by applying

a square-wave voltage pulse to the microheater on each mTM

stage using separate DC power supplies (E3646A, Agilent).

A custom-made computer program (C#, Microsoft) controlled

the heating operation. Constant power of 40 W (8 A and 5 V) was

continuously applied to the thermoelectric cooler. Thus, one

stage was maintained at low temperature as the other stage was

heated. Dry air or nitrogen was used to prevent moisture

condensation on the mTM surface.

Peak modulation conditions

The mTM was placed in the oven of a bench-scale GC (7890A,

Agilent, Santa Clara, CA) equipped with a split/splitless injector

and a flame-ionization detector (FID). A 3-m-long section of

a commercial fused-silica capillary column (250 mm i.d.) having

a PDMS stationary phase (0.25 mm thickness) was connected to

the short section of capillary remaining at the device inlet by

means of a press-fit connector. In lieu of a second-dimension

column, the outlet of the mTM was connected to the FID with

a short length of uncoated, deactivated fused silica capillary

(100 mm i.d), also by means of a press-fit connector.

The linear velocity of the He carrier gas was set to 12 cm s�1 by

adjusting the head pressure on the GC inlet and measuring the

time required for a sample of methane gas (unretained) to pass

through the system. Headspace samples (1 mL) of reagent-grade

n-alkanes (Sigma-Aldrich) were injected with a nominal split

ratio of 100 : 1. Separations were performed with the GC oven

set at 30 �C. Modulation was achieved by applying 100-ms

voltage pulses to each stage in succession, with a 1-sec delay

between first and second stage heating, which raised the

temperature of each stage to 250 �C. The period of time between

modulations was either 5 s or 7 s. The sampling rate of the

detector was 500 Hz.
This journal is ª The Royal Society of Chemistry 2010
Results and discussion

Energy-change rates

We developed a heat transfer model to predict the thermal

responses and the extent of thermal crosstalk between the stages

of the mTM. The governing equations were obtained from

a balance among energy rates (unit: W), accounting for changes

in energy storage and heat transfer due to conduction, natural

convection, and radiation. Because of the high thermal conduc-

tivity of the silicon channels and the thin layer of the Pyrex

membrane, we used the lumped thermal model for each stage and

the rim (Fig. 1C).29 The equations are coupled as follows (see ESI

for detailed derivation†):

_E1_sys ¼ _E1-TEC + _E1-3 + _E1-2 + _E1_gen + _E1_conv + _E1_rad (1)

_E2_sys ¼ _E2-TEC + _E2-3 + _E2-1 + _E2_gen + _E2_conv + _E2_rad (2)

_E3_sys ¼ _E3-TEC + _E3-1 + _E3-2 + _E3_conv + _E3_rad (3)

where the numbers (1, 2, and 3) correspond to the first stage, the

second stage, and the rim, respectively, _Ei_sys (i ¼ 1, 2, 3)

represents the rate of energy storage in the ith thermal mass

(the first stage, the second stage, and the rim; see Fig. 1C), _Ei-TEC

is the rate of heat transfer from the ith thermal mass to

the thermoelectric-cooler surface due to conduction by air,
_Ei-j (i, j ¼ 1, 2, 3, but i s j) is the rate of heat transfer from the ith

thermal mass to the jth thermal mass due to conduction, _Ei_gen is

the rate of heat generation by the microheaters, _Ei_conv and _Ei_rad

are the rates of heat transfer from the ith thermal mass to the

ambient due to natural convection and radiation, respectively. In

addition, we apply a constant voltage pulse, Vi, to the micro-

heater on the ith stage using a power supply, while the electrical

resistance of the microheater on the ith stage, Ri, changes linearly
Lab Chip, 2010, 10, 1647–1654 | 1649



Fig. 3 Thermal response of the mTM first stage as a function of input

voltage-pulse for Pyrex membrane thicknesses, h, of (A) 100 mm and (B)

40 mm (points: experimental data, lines: theoretical predictions). The

input voltage was a square pulse with duration of 150 ms. The air gap and

the IC length are 38 mm and 1 mm, respectively. The thinner (40 mm)

Pyrex membrane results in faster cooling and a higher temperature at the

same applied voltage. (C) Average heating power and its corresponding
with temperature, T (ESI, Fig. S2†). Thus, the heat generation

term can be written as follows:

_Ei_gen ¼ Vi
2 / Ri(T) (i ¼ 1, 2) (4)

Fig. 2 shows the time evolution of each energy rate in the first

stage based on our model, when its microheater is turned on for

0.15 s at 40 V. The energy-storage-rate term ( _E1_sys) balances with

the heat-transfer terms and the sign of each energy-rate term has

the following meaning: the sign of the _E1_sys value reflects the sign

of the first-stage temperature-change with time, because _E1_sys is

proportional to the temperature-change rate ( _E1_sys f dT/dt); the

heat-transfer terms take positive values when thermal energy

moves into the first stage. The model assumes that the thermo-

electric cooler is left on to maintain its temperature at approxi-

mately�55 �C throughout the entire process. _E1_gen is initially at

its maximum and decreases during the heating process as the

electrical resistance of the microheater increases with time

(or alternatively with temperature) while the applied voltage

remains constant. So, we define the average heating power as the

time integration of _E1_gen over the heating time that the applied

DC voltage is on divided by the time. Notably, _E1-TEC is the

dominant heat-dissipation term among the heat-transfer terms.

As shown in the inset of Fig. 2, heat conduction through the

Pyrex membrane and the ICs ( _E1-3 and _E1-2) is more important

than convection and radiation ( _E1_conv and _E1_rad). The two

terms, _E1-3 and _E1-2, in conjunction with the heat transfer via the

air gap ( _Ei-TEC) affect the thermal crosstalk between the two

stages. Compared with the other heat-transfer terms that initially

have a value of zero, _E1_conv and _E1_rad have small positive values

at the outset because of the difference between the ambient

temperature (25 �C) and the initial temperature of the first stage

(�55 �C). Thus, in convection and radiation, thermal energies

initially move into the first stage.
maximum temperature. The average heating power is defined as the area

of the _E1_gen curve divided by the duration of the voltage pulse (150 ms).

The mTM with the thicker (100 mm) Pyrex membrane requires higher

power to achieve the same maximum temperature. The inset shows the

time constant30 of the mTMs as a function of h.
Effect of Pyrex thickness on thermal response

To efficiently trap the eluting vapors and introduce them to the

second-dimension column in a narrow band, fast cooling and

heating are necessary with low heating and cooling power. We

focused on minimizing thermal-response time and heating

power. For practical reasons related to microfabrication, we

focused on Pyrex-membrane thicknesses of 40 and 100 mm, and

compare the experimental data and the theoretical prediction.

Initially, the mTM was approximately at �55 �C by the cooling

unit. When a constant voltage was applied for a 150 ms duration,

the first stage heated up and reached its maximum temperature;

then it cooled down to�55 �C (Fig. 3A and 3B). As expected, the

device with the thinner Pyrex membrane was raised to a higher

temperature for a given applied voltage. It required only 62% of

the average power required for the thicker-membrane device

(i.e., 6.8 W vs. 11 W) to achieve a temperature of 200 �C

(Fig. 3C). For the experimental data, the time evolution of power

was directly measured from the applied current and the voltage

and, for the theoretical prediction, it was calculated from the

electrical resistance and the voltage at the microheater. Then, the

average heating powers were obtained from the area of heating

power curve (e.g. _E1_gen curve in Fig. 2) divided by the duration

of the voltage pulse (i.e., 150 ms). The thinner Pyrex membrane
1650 | Lab Chip, 2010, 10, 1647–1654
also permits a faster cooling response (Fig. 3A and 3B), with the

time constant (s) for cooling being about half of that for the

device with the thicker Pyrex membrane (i.e., s ¼ 0.24 vs. 0.46 s,

Fig. 3C inset).30

The inset of Fig. 3C shows a linear relationship between s and

the membrane thickness. The s is proportional to the thermal

mass (MT) and is inversely proportional to the thermal conduc-

tance (GT) by the heat-transfer terms (i.e. s ¼ MT / GT). The

Pyrex-membrane thickness generally affects both MT and GT.

Even though the values of _E1-3 and _E1-2 change with the Pyrex

thickness, GT shows little change because _E1-TEC, which is only

governed by the air-gap size, is the dominant term in the heat

transfer (Fig. 2). As a result, the change of s is mainly dependent

on MT. Thus, s is linearly proportional to the Pyrex thickness.
Effect of air gap on thermal response

We then explored how changing the air-gap thickness affects the

heating and cooling responses of the device. Fig. 4A shows the
This journal is ª The Royal Society of Chemistry 2010



Fig. 4 Thermal response of the first mTM stage influenced by the air gap (points: experimental data, lines: theoretical predictions). Here, the Pyrex

thickness, the IC length, and the duration of the input voltage-pulse are 40 mm, 1 mm, and 100 ms, respectively. (A) Results for different air-gap sizes.

The applied voltage peak is fixed at 35 V. The narrower air gap results in a lower maximum temperature but faster cooling. (B) Average heating power

and its corresponding maximum temperature. The narrower air gap requires higher power for the same maximum temperature. The inset shows

a nonlinear relation between the theoretical average heating-power (Pavg) and the air gap. (C) Influence of air gap and Pyrex thickness on the time

constant. As the air gap becomes narrow, the time constant becomes smaller, i.e., faster thermal response. (D) Theoretical contour lines of the time

constant with respect to the various combinations of the air-gap and the Pyrex-thickness values.
thermal response of the first stage for two representative air gaps

(22 mm and 63 mm) upon applying 35 V to the microheater for

100 ms. Notably, the temperature increase was smaller for the

device with the smaller air gap. Accordingly, the power required

to reach a maximum temperature of 210 �C was calculated to be

11.5 W with the smaller air gap and 7.2 W with the larger gap

(Fig. 4B). The inset of Fig. 4B shows that the theoretical average

heating-power required for reaching the same maximum

temperature of the first stage (Tmax1) increases sharply with the

decreasing air gap.

On the other hand, the narrower air gap resulted in faster

cooling (Fig. 4A). Fig. 4C clearly shows variations of s with the

air-gap size for devices with two different Pyrex membrane

thicknesses. The change in s with the air gap is more pronounced

for the device with the 100-mm membrane. However, the values

of s tended to converge as the air gap became small for both

membrane thicknesses. Fig. 4D summarizes the values of s pre-

dicted for various combinations of the Pyrex thickness and the

air gap. Here, we see that a narrow air gap enhances the cooling

speed at the expense of higher heating power. Initially setting the

air gap small (down to 22 mm) is a practically viable approach

because (1) once we set the system, it is difficult to change the air-

gap size while the power can be easily controlled and (2) the

power consumption is found to be still at an acceptable level even

for the narrow air gap of 22 mm.

Although s varies linearly with the Pyrex-membrane thickness

(inset of Fig. 3C), it varies nonlinearly with the air gap (Fig. 4C).

This nonlinear relation comes from the relation between the

thermal conductance, GT, and the air gap. The GT can be thought

of as a / Lair + b, where a and b are constants, because the rate of

the heat transfer via the air gap ( _E1-TEC) varies inversely
This journal is ª The Royal Society of Chemistry 2010
proportional to the air-gap thickness (Lair) while the other heat

transfer terms are invariant. Thus the result is s f 1 / GT ¼ 1/(a /

Lair + b). Fig. 4C also shows a steeper slope of the time-constant

curve for the larger Pyrex thickness. Because s is also propor-

tional to MT, the thicker Pyrex membrane makes the slope of the

time-constant curve steeper.
Effect of air gap and IC length on thermal crosstalk

Although the heating of one of the stages inherently influences

the temperature at the other stage (Fig. 5A), this thermal cross-

talk should be minimized to independently control the temper-

atures of the two stages. To achieve this goal, we varied the air

gap from 22 to 38 mm and the IC length from 0.5 to 1.5 mm based

on theoretical modeling and experimental data indicating that

these would provide a reasonable tradeoff between thermal-

response speed and heating-power consumption, and would also

provide acceptable vapor-modulation performance. Specifically,

an air gap >40 mm yielded a cooling time from 250 to �50 �C of

>1 s, while an air gap <20 mm required >13 W to heat from

�55 to 250 �C (inset of Fig. 4B). Also an IC longer than 1.5 mm

may result in broader vapor peaks because of the large temper-

ature gradient inside the IC.

As shown in Fig. 5B, the IC length affects the thermal cross-

talk more than the air-gap thickness in these ranges. For a first-

stage maximum temperature (Tmax1) of 200 �C, the maximum

temperature rise of the second stage (DTmax2) varied from 9 to

11 �C with the air gap varying from 22 to 38 mm for the IC length

fixed at 1.5 mm, whereas DTmax2 changed from 9 to 19 �C with

the IC length varying from 1.5 mm to 0.5 mm with the air gap

fixed at 22 mm. We see that the thermal crosstalk, which is defined
Lab Chip, 2010, 10, 1647–1654 | 1651



Fig. 5 Thermal crosstalk between the two mTM stages (points: experi-

mental data, lines: theoretical predictions). The duration of the input

voltage-pulse and the Pyrex thickness are 100 ms and 40 mm, respectively.

(A) Temperature rise of the second stage by the heating of the first stage.

Tmax1 is the maximum temperature of the first stage, and DTmax2 is the

maximum temperature rise of the second stage. The air-gap, the IC

length, and the applied voltage-pulse are 22 mm, 1 mm, and 35 V,

respectively. (B) Influence of air-gap and IC length on DTmax2. (C)

Energy-change rates at the second stage by the heating of the first stage.

The air gap (Lair), the IC length (LIC), and the square voltage-pulse

applied to the first stage are 38 mm, 1.5 mm, 40 V with 100 ms duration,

respectively. The inset shows the ratio of the energy dissipated through

the IC (E2-1) and through the air-gap (E2-TEC) over the time for the

temperature rise to reach DTmax2.

Fig. 6 Modulation of injected test samples using a mTM with a 22-mm

air gap, a 100-mm Pyrex membrane thickness, and a 1-mm IC length.

Square voltage-pulses of 40 V and 35 V were applied to the microheaters

on the first and second stage, respectively, for 100 ms each at 1 s delay.

(A) Comparison of unmodulated and modulated FID responses for two

separated injections of n-hexane. The modulation period was 5 s. There is

an enhancement in relative intensity and a reduction in peak width for the

modulated peaks. (B) Modulated peaks of an injected headspace sample

of a mixture of n-hexane, n-heptane, and n-octane vapors, using

a modulation period of 7 s. The relative magnitudes of the peaks and their

FWHH values reflect the relative volatility of the mixture components.
as DTmax2/DTmax1 � 100%, was maintained as small as 9.2%

(at Tmax1 ¼ 200 �C) even for the worst case where the IC length

and the air gap were 0.5 mm and 38 mm, respectively.

The dominant effect of the IC length on the thermal crosstalk

can be explained by comparing dissipated thermal energies. The

energy-storage rate of the second stage ( _E2_sys) balances with the

other heat-transfer parameters (Fig. 5C). However, _E2-1and
_E2-TEC, which originate from the conductive heat transfer

between the two stages via IC and between the second stage and

the thermoelectric cooler via the air gap, respectively, are the

major contributors to the temperature of the second stage. So we

consider only these two terms for our analysis. We estimated the

effects of the air gap and the IC length on the maximum
1652 | Lab Chip, 2010, 10, 1647–1654
temperature rise of the second stage (DTmax2) by considering

dissipated energies rather than energy-change rates, because

DTmax2 represents an energy state determined by the thermal

history. Thus, we compared the ratio of the two dissipated

energies (E2-1, E2-TEC) at DTmax2. The energies were calculated by

integrating the area of _E2-1 and _E2-TEC curves, respectively.

Regardless of the values used for the IC length and air gap, the

ratio of the two dissipated energies remain at a value of �3 (inset

of Fig. 5C), indicating that the IC length dominates the thermal

crosstalk.
Peak modulation

Initial tests of the mTM operation were successful. A device with

a 100-mm-thick Pyrex membrane, a 22-mm-thick air gap and

a 1-mm-long IC was used. The homologous series of alkanes,

n-hexane, n-heptane, and n-octane, was used to span a moderate

range of volatility (vapor pressures range from 14–140 mmHg at

25 �C) while retaining symmetric peak shapes with the upstream

separation column operated at 30 �C. n-Hexane was used for

single-vapor testing. The modulator was operated in the range of

�30 �C to 250 �C. Heating and cooling rates were 2800 �C s�1

and �250 �C s�1, respectively.
This journal is ª The Royal Society of Chemistry 2010



Unmodulated, the injected sample of n-hexane, gave a broad,

low-intensity peak with a full-width half-height (FWHH) value

of 4.1 s. With an identical second injection and modulation

period of 5 s, the mTM generated 5 n-hexane peaks with FWHH

values of 0.3 s that collectively elute in the same amount of time

as the unmodulated peak (Fig. 6A). Although a shorter modu-

lation period would lead to a greater number of modulated

peaks, it is generally considered sufficient to generate 3 slices of

each initial (unmodulated) peak passing through a modulator.31

The expected resolution enhancement is reflected in the decrease

in the FWHH value, which, in this case is �14-fold; narrower

peaks are more easily resolved by the second dimension column

in a GC�GC system. This, in turn, increases the overall peak

capacity. As expected, there is an increase in the maximum

peak height upon modulation as well. Here, a �5-fold peak

enhancement is achieved in the height of the largest modulated

peak relative to that of the unmodulated peak. This would result

in a commensurate decrease in the limit of detection. Of course,

the maximum signal and FWHH values will be affected by the

modulation period, heating and cooling rates, and velocity of the

carrier gas through the modulator. The results shown here serve

to illustrate that initial testing shows the mTM is operating as

expected.

Fig. 6B shows the chromatogram of the alkane mixture with

a 7 s modulation period. As in Fig. 6A, there was a 1 s delay

between heating the two mTM stages. The relative magnitudes of

the signals are qualitatively consistent with the theoretical

headspace concentration of each component, which is a function

of their vapor pressures, and the FWHH values of 0.26, 0.37, and

0.70 s, for n-hexane, n-heptane, and n-octane, respectively, also

reflect the relative volatility of the components. Although there is

some evidence of breakthrough for n-hexane, as indicated by the

apparent increase in the baseline at the base of the largest

modulated peak, it is clear that the mTM is effectively focusing

and desorbing all three mixture components. Breakthrough of

less volatile compounds can be reduced or eliminated by reducing

the modulation period, increasing the stage length, or reducing

the injected sample mass.13 These issues are a matter of opti-

mizing the device design and the operating conditions relevant to

a particular analysis. With the mTM employed for these tests,

cooling from 250 to �20 �C requires �0.9 s, which limits the

minimum modulation period and the delay between heating the

stages to no less than 1 s. Reducing this period any further would

increase the extent of breakthrough observed for the more

volatile compounds in a mixture. This limitation is due largely to

the relatively thick Pyrex-membrane used in this device. Designs

with thinner membranes should reduce this problem and allow

for more rapid temperature cycling.
Conclusions

We have developed and tested a MEMS-based mTM, designed

for use in comprehensive two-dimensional separations of

complex mixtures of volatile organic compounds. Two signifi-

cant advances over the existing TMs include (1) fast thermal

response at a low heating power (�10 W), where the power is two

orders of magnitude smaller than that of the conventional

benchtop TMs, and (2) no need for cryogenic consumables for

cooling. These unique features constitute a significant advantage
This journal is ª The Royal Society of Chemistry 2010
over current TM techniques. Also, the thermal crosstalk between

the two stages was negligible (<9%), thereby enabling indepen-

dent control of their temperatures. Furthermore, a lumped

thermal model provided predictions in remarkably good agree-

ment with the experimental results. The model predicted the

temperatures of each stage and included all heat transfer modes

of the mTM system. As a result, the model enabled quantitative

analysis on the thermal response and thermal crosstalk of each

stage as the Pyrex-membrane thickness, the air gap, and the IC

length were varied. Although we confined this thermal model for

the analysis of the mTM, the model could be applied to any

thermal systems when the thermal mass and heat transfer terms

are properly considered. Finally, using a set of n-alkane test

compounds, we demonstrated the capability for enhancing

analytical sensitivity and chromatographic resolution with

the mTM.

Ongoing work is focusing on more in-depth studies of the

separation of volatile organic compounds with the mTM inte-

grated in a conventional benchtop GC setup. In the near future,

we will integrate the mTM with mGC columns20–26 to develop

a mGC�mGC system. Such a microsystem would enable the on-

site detection of complex gas-mixtures at various locations such

as industrial plants, hospitals, airports, and agricultural fields.

In this paper, we have taken a significant step towards the real-

ization of comprehensive mGC�mGC by demonstrating the first

MEMS-based mTM.
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