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ABSTRACT: Microscale gas chromatography (μGC) is an emerging analytical technique for in situ analysis and on-site
monitoring of volatile organic compounds (VOCs) in moderately complex mixtures. One of the critical subcomponents in a
μGC system is a microfabricated preconcentrator (μ-preconcentrator), which enables detection of compounds existing in
indoor/ambient air at low (∼sub ppb) concentrations by enhancing their signals. The prevailing notion is that elution peak
broadening and tailing phenomena resulting from undesirable conditions of a microfabricated separation column (μ-column) are
the primary sources of poor chromatographic resolution. However, previous experimental results indicate that the resolution
degradation still remains observed for a μ-column integrated with other μGC subcomponents even after setting optimal
separation conditions. In this work, we obtain the evidence that the unoptimized μ-preconcentrator vapor release/injection
performance signiﬁcantly contributes to decrease the ﬁdelity of μGC analysis using our state-of-the-art passive preconcentrator
microdevice. The vapor release/injection performance is highly aﬀected by the kinetics of the thermal desorption of compounds
trapped in the microdevice. Decreasing the heating rate by 20% from the optimal rate of 90 °Cs−1 causes a 340% increase in peak
tailing as well as 70% peak broadening (30% peak height reduction) to the microscale vapor injection process.

V

microfabricated preconcentrator devices (μ-preconcentrators)10−12 play a critical role to enhance the detection
sensitivity and separation resolution of μGC systems; they
trap and concentrate VOCs initially at low concentrations with
integrated adsorbents and inject high-intensity sharp plugs of
the trapped VOCs via rapid thermal desorption to a
downstream GC column.
A particular challenge to a μGC system is to maintain high
chromatographic separation resolution with a microfabricated
column (μ-column). The relatively short (∼3 m) μ-column
length is highly susceptible to adverse eﬀects by irregular
elution peak shapes. Peak broadening and tailing are shape

olatile organic compounds (VOCs), emanating from
solids or liquids at ﬁnite vapor pressure, may cause
adverse health risks from breathing indoor/ambient air. A gas
chromatographic system (GC) is widely used to measure and
monitor VOCs. It is often challenging to obtain on-site data in
indoor or ambient air due to high costs, high power
requirements, and large sizes. Therefore, in situ analysis and
on-site monitoring of VOCs in moderately complex mixtures
require the use of a microscale gas chromatographic (μGC)
system that can serve as a highly portable microanalytical tool.
The valuable applications of a μGC system include point-ofcare medical diagnostics,1−3 homeland security, and worker
exposure assessment. A μGC system generally comprises the
following three essential components, all of which are ﬂuidically
interconnected and microfabricated: (1) a preconcentrator, (2)
a separation column, and (3) a detector.4−9 In particular,
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Figure 1. (a) Conceptual diagram of the μPPI showing the diﬀusional sampling and thermal desorption processes. (b) Schematic of the test setup
incorporating a Fabry-Pérot (FP) optical gas sensor that was used to characterize the μPPI performance for real-time desorption and injection of
toluene. (c) Optical image showing the top layer of the μPPI with diﬀusion channel grids and see-through image of Carbopack X beads packed
underneath. (d) Optical image of the microheater and RTD sensor on the backside of the bottom layer of the μPPI. (e) Optical image of the μPPI
mounted in the exposure chamber with its PCB packaging.

capable of achieving the high-speed thermal desorption with
a low power of ∼1 W because of its low thermal mass.23 Using
the μPPI, we explore the changes in injection peak tailing and
broadening by intentionally decreasing the device’s heating rate
during the thermal desorption process. In this study, toluene is
used as the test vapor. Toluene serves as a representative
example of VOCs that are highly relevant to indoor air quality
monitoring, environmental pollution, toxic human exposure,
and disease diagnosis.1−3,24 The volatility and diﬀusivity of
toluene are close to the median values over a broad range of
these VOCs.25 The knowledge obtained by our theoretical and
experimental investigations here provides an answer to the
aforementioned conundrum through validating our hypothesis
and guides us in developing a high-performance μGC
technology.

irregularities that seriously reduce the GC separation resolution.
Often, pre- and post-treatments of a polymeric stationary phase
material deposited inside a μ-column are performed to reduce
peak broadening and tailing of VOCs.13−17 For example,
previous studies4,18 demonstrated that the surface treatment of
a stationary phase in a stand-alone μ-column yielded a
symmetric elution peak shape leading to stable GC separation
performance, but surprisingly, signiﬁcant peak tailing phenomena together with peak broadening were found to recur after
the surface-treated μ-column was integrated with other μGC
components.4,19 This peak shape degradation has been a
persistent issue observed upon μGC system integration and still
remains unsolved. Now, we address the following question in
this study: what is the additional source of peak broadening and
tailing in a μGC system? Here, we hypothesize that the peak
broadening and tailing in a μGC system are also highly
attributed to a nonideal vapor injection process driven by a μpreconcentrator connected to the μ-column.
In this Technical Note, we investigate the eﬀect of the vapor
injection performance of a μ-preconcentrator on analyte peak
shape irregularities, speciﬁcally, in terms of peak tailing and
broadening. Our study aims to establish a good understanding
of the thermal desorption kinetics during the vapor injection
process and its inﬂuence on a μGC system. To this end, we ﬁrst
develop a theoretical model enabling us to quantitatively
predict the vapor release/injection proﬁles in a μ-preconcentrator device.12,20−22 To experimentally validate our model, we
use our state-of-the-art μ-preconcentrator, named the “microfabricated passive vapor preconcentrator/injector (μPPI)”,

■

MATERIALS AND METHODS
Device Design and Fabrication. The μPPI was originally
designed on the basis of the classical Fickian diﬀusion theory,
heat transfer, and ﬂuid dynamics. The device consists of two
layer structures (Figure 1a): the top layer incorporates vertical
square diﬀusion channel grids for passive VOC sampling from
air, and the bottom layer contains a membrane cavity structure
with tapered entrance/exit on its two sides, pillar structures to
retain the graphitized carbon beads inside, and a meander-line
Ti/Pt microheater and a resistance temperature detector
(RTD) on its backside. As the ﬁrst step of the device
operation, the graphitized carbon (Carbopack X) beads on the
cavity ﬂoor of the device adsorbed VOCs. These VOCs diﬀused
6337

dx.doi.org/10.1021/ac300755d | Anal. Chem. 2012, 84, 6336−6340

Analytical Chemistry

Technical Note

saturation vapor pressure of the adsorbate at the test
temperature. All parameters in the equation for toluene and
Carbopack X are obtained experimentally and derived from
published polarizability data.12,29,30 The parameter values are
given in Table S2, Supporting Information.
The partial pressure p (mmHg) and saturation vapor
pressure psat (mmHg) of toluene can be obtained as functions
of the adsorbent temperature T from the ideal gas law and
Antoine equation, respectively, and are given by:31

into the cavity through the diﬀusion channel grids with no
power requirements. Subsequently, the device was heated to
thermally release the captured VOCs and to inject them to a
downstream GC system with a carrier gas ﬂow driven by a
miniature pump. In our previous study,23 the μPPI was
fabricated using silicon micromachining and Au eutectic water
bonding. The device achieved a sampling rate of ∼9.1 mL/min
by means of the passive diﬀusion process at a carrier gas ﬂow
rate of 50 mL/min. The low thermal mass of the device allows
us to control the heating rate of the integrated microheater
during the thermal desorption of VOCs with high sensitivity.
Experimental Setup. To characterize the vapor desorption/injection performance of the μPPI, we modiﬁed a custommade exposure chamber setup developed in our previous
study23 and characterized the injection peak signals generated
by the device after sampling of 1 ppm toluene for 90 min.
(Figure 1b). The modiﬁed setup incorporated a Fabry-Perót
(FP) gas sensor26−28 built in a stationary phase-free inert
tubing of 50 cm in length and 0.23 cm in internal diameter. The
inert interconnect tubing was necessary to retain the original
injection proﬁle with minimum band dispersion at the
detection point. A relatively high N2 carrier gas ﬂow rate of
10 mL/min was used to minimize the height equivalent to a
theoretical plate in the tubing (see Figure S1 in Supporting
Information). Using the FP gas sensor, we were able to obtain
the real-time vapor signal at this ﬂow rate, which is not typically
allowed by the conventional GC/ﬂame ionization detector
(FID) system.
Transient Thermal Model. We developed a heat transfer
model to quantitatively predict the thermal response of the
μPPI. Heat transfer equations were obtained from applying
energy balance to each of the control volumes (CVs) assigned
to several subsegments of the device structure (see Figure S2a
in Supporting Information). The equations accounted for
changes in energy storage and heat transfer due to conduction
and convection associated with the CVs. The contribution of
radiation was estimated to be less than 1% of the total heat
transfer and was neglected in our model. Because of the high
thermal conductivity of the structural materials of the device
and the adsorbent materials, we assumed an isothermal
condition for each CV. This allowed us to apply the lumped
thermal capacitance method to predict the temperature of each
CV. The simultaneous thermal equations are given in Section
III of the Supporting Information. We obtained the transient
temperature proﬁle of each CV by solving simultaneous heat
transfer equations (see Section III in Supporting Information).
Vapor Desorption Kinetics. We theoretically obtained the
adsorption capacity of the μPPI from the adsorption isotherm,
a theoretical curve representing the equilibrium mass of vapor
adsorbed per adsorbent mass as a function of vapor
concentration at a given temperature T. Among existing
isotherm models, the Dubinin−Radushkevich−Kaganer
(DRK) model is appropriate for the nonporous Carbopack
X12,20−22 used for the device. The DRK model is given as:
2
⎡ ⎛
⎛ ⎞⎞ ⎤
⎢ ⎜⎛ RT ⎞ ⎜ p ⎟⎟ ⎥
Na = Nam − DRK exp⎢ −⎜⎜
⎟ln⎜ ⎟
⎝ βE0 ⎠ ⎝ psat ⎠⎟⎠ ⎥
⎣ ⎝
⎦

p=

nRT
V

(2)

psat = 10(

6.95464 −

1344.8
T + 219.482

)

(3)

where n is the number of moles of gas and V is the volume of
gas used during desorption, respectively.
Now, we substituted (a) the temperature proﬁle of the
adsorbent (i.e., Carbopack X) T2(t) as a function of time in eq
S2 (Supporting Information), (b) the partial pressure in eq 2,
and (c) the saturation vapor pressure of toluene at the
temperature of T2 in eq 3 into eq 1. We subsequently obtained
the total amount of the vapor released from the adsorbent at a
given time during the thermal desorption process by
subtracting the real-time adsorption capacity Na(T(t)) from
the initial capacity at room temperature Na(T(0)). Thus, the
real-time cumulative desorption proﬁle Ndes(t) is expressed as:
Ndes(t ) = Na(T (0)) − Nam − DRK
2
⎡ ⎛
⎛
⎞⎞ ⎤
⎢ ⎜⎛ RT2(t ) ⎞ ⎜
⎥
nRT2(t )
⎟
⎟
exp⎢ − ⎜
ln⎜
⎟
⎟
⎜
⎟⎥
1344.8
⎢⎣ ⎝⎝ βE0 ⎠ ⎝ V ·10(6.95464 − T2(t)+219.482 ) ⎠⎠ ⎥⎦
(4)

Vapor Peak Prediction. Once vapors are desorbed from
the adsorbent, these are immediately injected to a downstream
component by a continuous suction air stream. Golay and
Spangler developed kinetic models that predict the elution
proﬁle of VOCs leading to the band broadening in the moving
phase.32−34 The simpliﬁed Golay and Spangler equation (eq
S16 in the Supporting Information) describes band dispersion
in the inert interconnect tubing with a circular cross-section.34
Assuming that the elution proﬁle is the normal distribution and
the injection pulse is the delta function, the standard deviation
σ of the vapor peak proﬁle can be obtained as a function of the
vapor retention time to elute (tr), the height equivalent to a
theoretical plate (H), and the column length (L) (see eq S17 in
Supporting Information). Using eqs S16−S17 (Supporting
Information), we theoretically predicted the normalized
chromatographic peak band signal f(t) resulting from a deltafunction injection pulse. Substituting the values of the variables
given in Table S2 into eqs S16−S17 (Supporting Information)
yielded an expected standard deviation σ of 0.69 s. This number
was applied in the expression for f(t) (given by eq S15 in
Supporting Information) to theoretically obtain the elution
proﬁle of toluene with respect to a delta function injection
proﬁle.
The real-time injection proﬁle of the target vapor g(t) at the
exit of the μPPI was obtained by taking the time-derivative of
eq 4 (see Figure S3a in Supporting Information). Then, we
calculated the theoretical peak band signal by taking the
convolution of g(t) and its impulse response corresponding to

(1)

where Na is the molar amount adsorbed (mmol/g) and
Nam−DRK is the monolayer capacity (mmol/g) of the adsorbent,
β is the aﬃnity coeﬃcient of the adsorbent, E0 is the adsorption
energy, p is the partial pressure of the vapor, and psat is the
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the normalized elution proﬁle f(t) (see Figure S3b in
Supporting Information), which is given by

characterization of the transient toluene desorption behavior
successfully validated our model.
Eﬀect of Heating Rate on Peak Shape Irregularities.
Subsequently, we studied the eﬀect of the heating rate of the
μPPI on the injection peak band broadening. Figure 3a shows

∞

(f *g )(t ) =

∫−∞ f (τ)g(t − τ) dτ

(5)

The formulation in eq 5 allowed us to predict the band signal
characteristics of the vapor peak detected by the FP optical gas
sensor, including the tailings, height, and full width at halfmaximum (fwhm). All of these predicted band signal
characteristics were directly compared to experimental results.

■

RESULTS AND DISCUSSION
Thermal Desorption Behavior. Our theoretical model
coupled the thermal equations predicting the real-time
adsorbent surface temperature with the modiﬁed DRK
equation. Assuming no sample loss, this heat transferdesorption hybrid model enabled us to estimate the cumulative
total mass of the vapor released from the μPPI by the transient
thermal desorption process. Then, we performed tests to
explore the correlation between the heating duration and the
desorption kinetics (Figure 2). Toluene was ﬁrst loaded to the

Figure 2. Theoretical and experimental plots of the total cumulative
mass of toluene released from the μPPI by thermal desorption as a
function of heating duration. They are given for toluene originally
sampled for 15 min at 3 diﬀerent concentrations of 270 ppb (red), 350
ppb (green), and 1 ppm (blue). The red squares (□), green triangles
(△), blue circles (o) represent experimental data points obtained for
diﬀerent heating durations. The red, green, blue solid lines are the
theoretical predictions at 270 ppb, 350 ppb, and 1 ppm, respectively.
The inset shows the input voltage proﬁles applied to the microheater
for a varying duration (i.e., heating duration) ranging from 1 to 20 s.
All of the oﬀ-state periods between the adjacent heating cycles involve
sampling, desorption/injection, and cleaning processes.

Figure 3. (a) Theoretical and experimental plots of the injection peak
band proﬁle of toluene generated by the μPPI at diﬀerent heating rates
of 90 °C·s−1 (black), 80 °C·s−1 (red), and 70 °C·s−1 (blue). (b) Plots
of the theoretical and experimental injection peak band proﬁles of
toluene at the heating rate of 70 °C·s−1. These plots clearly show
injection peak tailings aﬀected by the heating rate. (c) fwhm values and
quantiﬁed injection peak tailing eﬀect at diﬀerent heating rates of 70
°C·s−1, 80 °C·s−1, and 90 °C·s−1.

the theoretically predicted injection peak band signals at 3
diﬀerent heating rate conditions of 90 °C·s−1, 80 °C·s−1, and 70
°C·s−1 and those experimentally detected signals for the
corresponding conditions. The higher heating rate is obviously
more desirable for the peak intensity enhancement. There
exists, however, the upper bound for the heating rate to prevent
the device from breaking down due to a thermal shock (see
Figure S6 in Supporting Information). To avoid the device
failure, we selected the heating rate of 90 °C·s−1 as the upper
bound. We intentionally decreased the heating rate from 90
°C·s−1 to 70 °C·s−1 to observe changes in the vapor peak signal.
The decrease in the heating rate by 20% from the upper bound
of 90 °Cs−1 to 70 °Cs−1 yielded an increase in the fwhm by
more than 70% by the model prediction and by 65% by the
experiment as shown in Figure 3a,c. Also, this decrease in the
heating rate reduced the peak height by 26% by the model
prediction and by 30% by the experiment (Figure 3a). From
the transient vapor signal proﬁles, we quantiﬁed the peak tailing

μPPI by passive sampling for 15 min at the concentration of 1
ppm. The total mass of the toluene released by the subsequent
thermal desorption process was measured for various heating
durations by the downstream GC/FID (see Section I in the
Supporting Information). We repeated tests for an additional 2
diﬀerent concentrations of 350 and 270 ppb in order to
thoroughly understand the desorption behavior of toluene
within the μPPI and validate our analytical model. During the
initial sampling process, the amounts of 496 ng, 175 ng, and
140 ng were sampled for 1 ppm, 350 ppb, and 270 ppb,
respectively. Figure 2 shows that the predictions from the
coupled thermal desorption kinetic model agree with the
experimental results with a ± 10% error. Both the theoretical
prediction and the experimental results indicate that the
desorption process completes the release of 90% of the total
mass of the sampled toluene within 3 s, which obviously results
from the rapid thermal response of the μPPI. The quantitative
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eﬀect by taking the ratio of the maximum peak height (A) to
the residual peak height (B) (Figure 3b) and compared the
experimental value to that of the theoretical curve. The use of
the stationary-phase free tubing between the μPPI and the FP
sensor removed the possibility of peak tailing caused by the
nonequilibrium interaction between the mobile and the
stationary phase in a conventional capillary column. We
chose t = 20 s in Figure 3a as the reference time point at
which the residual peak height was determined. This decrease
in the heating rate also caused a 340% increase in peak tailing
(380% by the theory) to the microscale vapor injection process
(Figure 3c). The result clearly validated our original working
hypothesis.

■

CONCLUSIONS
This note presents the ﬁrst study quantitatively correlating
thermal desorption at a microfabricated preconcentrator to
injection peak shape irregularities in microscale gas chromatography. Two primary contributions of this study include: (1)
developing the temperature-dependent desorption kinetic
model, which is capable of quantitatively predicting the analyte
injection vapor peak proﬁle by a μ-preconcentrator and (2)
theoretically and experimentally proving that a nonideal
thermal desorption condition is considerably responsible for
injection vapor peak broadening and tailing by a μpreconcentrator. Accounting for both transient heat transfer
and temperature-dependent vapor desorption kinetics, our
analytical model well predicts the variation in the real-time
vapor injection peak shape with the device heating proﬁle. Our
study quantitatively indicates that a rapid vapor desorption
process is critically important to achieve high separation
resolution in a μGC system. Thus, setting the heating proﬁle of
a μ-preconcentrator at a suﬃciently high temperature-rise rate
while carefully avoiding thermal shock to the device is crucial to
improve the peak capacity and sensitivity of the μGC analysis.
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