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Chip-scale gas chromatography: From injection
through detection
Muhammad Akbar1, Michael Restaino1,2 and Masoud Agah1

Miniaturized gas chromatography (µGC) systems hold potential for the rapid analysis of volatile organic compounds (VOCs) in an
extremely compact and low-power enabled platform. Here, we utilize microfabrication technology to demonstrate the single chip
integration of the key components of a µGC system in a two-step planar fabrication process. The 1.5 � 3 cm microfluidic platform
includes a sample injection unit, a micromachined semi-packed separation column (µSC) and a micro-helium discharge
photoionization detector (µDPID). The sample injection unit consists of a T-shaped channel operated with an equally simple
setup involving a single three-way fluidic valve, a micropump for sample loading and a carrier gas supply for subsequent analysis
of the VOCs. The innovative sample injection technique described herein requires a loading time of only a few seconds and
produces sharp and repeatable sample pulses (full width at half maximum of approximately 200 ms) at a carrier gas flow rate that
is compatible with efficient chromatographic separation. Furthermore, our comprehensive characterization of the chip reveals that
a wide variety of VOCs with boiling points in the range of 110–216 °C can be analyzed in less than 1 min by optimizing the flow
and temperature programming conditions. Moreover, the analysis of four VOCs at the concentration level of one part per million in
an aqueous sample (which corresponds to a headspace concentration in the lower parts-per-billion regime) was performed with a
sampling time of only 6 s. The µDPID has demonstrated a linear dynamic range over three orders of magnitude. The system
presented here could potentially be used to monitor hazardous VOCs in real time in industrial workplaces and residential settings.
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INTRODUCTION
Over the past several decades, the progress in microfabrication
technology has revolutionized the fields of computing and signal
processing as well as the automobile industry. The miniaturization
of well-established analytical instruments is another paradigm in
which the use of this technology has produced significant
advancements. One such example is the gas chromatography
(GC) system, which is used in various scientific, medical, and
industrial settings to separate and analyze volatile organic com-
pounds (VOCs). The monitoring of VOCs is of interest in various
applications, including homeland security, space and fossil fuel
exploration, worker exposure assessment, and biomedical dia-
gnostics1–8. Miniaturized GCs (µGCs) are being intensely developed
to enable the rapid diagnosis of VOCs in remote locations with low
cost and low consumption. A typical µGC consists of three
important components: an injector/pre-concentrator for sample
introduction9,10, a micromachined column for VOC separation11,12

and a single detector or array of detectors13,14 located at the
column exit to identify the separated compounds.
The majority of standalone µGC systems reported to date

address the manual assembly of separately fabricated µGC
components using commercially available off-chip fluidic inter-
connects15–19. This approach is commonly known as the hybrid
integration method. The hybrid integration method has certain
benefits, such as the optimization of components and the
absence of thermal crosstalk between individual µGC compo-
nents. Nevertheless, the implementation of µGC systems in a
hybrid format is time consuming, cumbersome, expensive, and

prone to error. In addition, the hybrid format degrades the overall
performance of µGCs due to the presence of cold spots between
transfer lines. The condensation of compounds in these cold
spots can result in extensive peak broadening. In particular, high
boilers experience peak broadening in a more profound manner,
which can negatively impact their analysis. In contrast, a chip-
scale GC system, in which all three components are located on a
single chip, may suffer from thermal crosstalk between the
individual µGC components. Thermal crosstalk can occur during
two chromatographic events: (1) the desorption process of the
pre-concentrator and (2) the temperature programming of the
column. Thermal crosstalk could potentially change the retention
time of a compound and also produce undesirable drift or noise
in the detector signal. Fortunately, these issues can be avoided in
the chip-scale GC platform by developing an optimal back-end
detector technology.
Recently, there have been significant advancements in detector

technology, and a wide variety of chemical detectors have been
developed13,14,20–27. The micro-helium discharge photoionization
detector (µDPID) presented by our group has demonstrated a
minimum detection limit of approximately 10 pg, which is the
same as that of a flame ionization detector (FID), which is mainly
used in bench-top GC systems28. This high sensitivity of µDPIDs
reduces the system’s reliance on the front-end pre-concentration
step, which is typically performed to improve the detection limit
of the detector. In addition, we have previously demonstrated
that the µDPID can be easily integrated with the separation
column and demonstrated its operation under the temperature
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and flow rate programming conditions28. These two features of
µDPIDs make them a promising candidate for developing chip-
scale GC systems, thereby addressing the above-mentioned
issues and improving the overall cost and performance of this
technology.
The first µGC, which was developed in 1979 by Terry and co-

workers29, included a monolithic integrated sample injection
loop, a 1.5 m long separation column, and a separately fabricated
thermal conductivity detector (TCD). Their hybrid µGC system
required the TCD to be integrated after fabrication. In addition,
TCDs generally have poor sensitivity (e.g., detection limit of 10
parts per million in Terry’s work) and also produce an unstable
baseline when operated under flow and temperature program-
ming conditions (the TCD temperature must be controlled to
±0.1 °C or better for baseline stability)30. Sandia National Labora‐
tories launched µChemLabTM for homeland security applications
in 199831. Their research is unique in that it was focused on the
development of a truly monolithic integrated μGC system. Their
system included a preconcentrator, a separation column (86 cm
long, 100 μm wide, and 400 μm deep) and a magnetically

actuated pivot plate resonator (PPR) fabricated on a silicon-on-
insulator wafer. Although the fabrication and subsequent coating
mechanism for the integrated chip were demonstrated, no
chromatogram was published using an on-chip PPR detector32.
This paper is intended to demonstrate a truly compact chip-

scale GC platform that has dimensions of 1.5 cm � 3 cm. This lab-
on-a-chip GC has three essential elements—a sample injector,
separation column, and detector—all on the same platform. Our
results indicate that a loading time of a few seconds is required to
introduce a VOC mixture into the chip, with the subsequent
analysis performed in less than a minute for compounds with a
wide range of boiling points (110–216 °C). This development will
be particularly suitable for producing low-cost and efficient µGC
systems for the rapid analysis of compounds in real-time
situations.

System description
Figure 1a illustrates the configuration of fluidic connections
between the chip, valve, miniaturized pump, and helium carrier
gas supply. The valve position and pump are controlled by an
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Figure 1 Conceptual image describing the major components of the chip-scale GC platform: (a) setup showing the configuration of fluidic
interconnections between the chip, valve, micropump, and carrier gas; (b) description of the injection mechanism: the top image shows the
loading phase, whereas the bottom one shows the injection phase; (c) coating mechanism for the µSC; (d) electrical circuit for measuring the
current signal produced by the ionization of VOCs. This figure is not drawn to scale. The size of the helium cylinder can be customized
according to the requirements of the application.
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eight-bit microcontroller interfaced with a keypad to initiate the
command. The operation of the chip-scale GC platform is quite
straightforward. In normal operation, the valve is connected to
the carrier gas supply. The sample inlet port is manually inserted
into a sealed vial containing the unknown mixture of VOCs. To
avoid liquid phase injection, the sample inlet port is kept in the
headspace volume above the sample. To perform an injection, a
single command from the keyboard initiates a sequence of
events, which is completed within a few seconds. First, the valve
is switched to the pump position, and the pump is turned on. The
pump applies a negative pressure (flow rate of 1 mL min–1) to
load the sample into the fluidic channel (internal volume of
approximately 1.2 µL) connecting the valve and chip. Then, the
valve position is turned again to the carrier gas position, which
injects the sample into the µSC (Figure 1b). The sample moves
through the µSC with helium carrier gas and is separated into
individual compounds. The separation process is based on the
relative solubility of the compounds in the silane-treated alumina
stationary phase (Figure 1c) and their relative vapor pressures. As
the compounds separated in space and time elute from the µSC,
they are ionized with high-energy (>10 eV) photons. These
photons are generated through a microplasma produced in
helium by applying a direct current (DC) voltage of 550 V across
a pair of excitation electrodes. The gap between the excitation
electrodes is approximately 20 µm. The microplasma is sustained
by a constant supply of helium from the auxiliary channel. A 50 M
Ω ballast resistor is connected in series with the excitation
electrode to limit the current flow, which could potentially
damage the electrodes. In addition to the pair of excitation
electrodes, the detector has a bias and collector electrode. The
bias and collector electrodes are 1.5 mm apart, and the space
between them is called the collector volume. The circuit shown in
Figure 1d measures the signal in the form of an electrical current,
which is produced through the ionization of VOCs. Here, a pico-
ammeter and the bias voltage are connected in series to the
collector and bias electrode, respectively. The positive voltage
applied to the bias electrode assists in capturing the electron
inside the collector volume. The recombination of electrons with
the ionized species can reduce the measured current. The current
measured by the pico-ammeter is fed to the Keithley 2700
multimeter (Tektronix, Beaverton, OR, USA), which communicates
with the LABVIEW program to plot the output signal.

MATERIALS AND METHODS

Materials
All VOCs listed in Table 1 were purchased from Sigma-Aldrich
(St. Louis, MO, USA) with >99% purity. Silicon wafers (n-type, 4 in
diameter, 500 µm thickness, single side polished) and Borofloat
wafers (4 in diameter, 700 µm thickness, double side polished)
were purchased from University Wafers (Boston, MA, USA) and
Coresix Precision Glass (Williamsburg, VA, USA), respectively.
Ultra-high-purity helium was purchased from Airgas (Christians-
burg, VA, USA). Fused silica capillary tubes (100 µm Inner Diameter
and 200 µm Outer Diameter) were purchased from Polymicro
Technologies (Phoenix, AZ, USA). The miniaturized pump (P/N
SP 270 EC-LC-L) and three-way latching solenoid valve
(LHLA0521111H) were purchased from Schwarzer Precision (Essen,
Germany) and Lee Company (Westbrook, CT, USA), respectively.

Chip fabrication
The chip fabrication follows similar processing steps as reported
in our previous publication28. Each branch of the T-shaped
sample injection unit is 2 mm long and 250 µm wide. The
T-shaped injection unit, separation stage (1 m long, 190 µm wide,
and 240 µm deep with 20 µm embedded circular pillars), fluidic

ports and cavity for the detector were fabricated in silicon using
the bulk micromachining technique. Atomic layer deposition was
used to coat a thin layer of alumina (approximately 10 nm) at
250 °C, which serves as a stationary phase. The detector
electrodes were fabricated on the Borofloat wafer by evaporating
700 nm/40 nm of Ti/Au. The silicon and Borofloat wafers were
diced, and the individual devices were bonded together. Next,
the detector cavity was sealed with epoxy, electrical wires were
soldered to the bond pads and capillary tubes were inserted into
the four ports of the chip. A solution containing 10 mM
chlorodimethyloctadecylsilane in toluene was filled in the µSC
and left at room temperature for 24 h. Finally, the solution was
purged with nitrogen for 30 min. The µSC was conditioned inside
the conventional GC system for approximately 1 h (35 °C, ramped
at 2 °C min–1 to 140 °C) at a constant helium pressure of 10 psi.

RESULTS AND DISCUSSION
The top and cross-sectional images of the µSC using scanning
electron microscopy (SEM) are shown in Figure 2a and b,
respectively. The optical image of the packaged device is shown
in Figure 2c with the capillaries attached to all four ports of the
chip and the electrical connections in place. We first explain the
performance evaluation of the sample injection unit and µDPID.
Both components were diced from the integrated chip for that
purpose. Then, the chromatographic analysis performed using
the integrated chip will be demonstrated.
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Figure 2 SEM images of the semi-packed µSC column showing (a) a
top view of the channel with embedded 20 µm circular micropillars;
(b) a cross-sectional view showing high-aspect-ratio pillars; (c) an
optical image of the packaged chip.

Table 1. Physical properties of the VOCs used in this study

VOC pv BP Ionization potential

Toluene 22.0 110 8.82
Tetrachloroethylene 14.2 121 9.32
Chlorobenzene 11.7 131 9.07
Ethylbenzene 9.9 136 8.76
p-xylene 9.0 138 8.45
n-nonane 4.6 151 9.7
Bromobenzene 4.2 156 8.98
n-decane 1.4 174 9.6
1,2-dichlorobenzene 1.0 180 9.07
n-undecane 0.4 196 9.6
1,2,4·trichlorobenzene 0.3 214 9.04
n-dodecane 0.3 216 –

pv: vapor pressure (mm of Hg) at 2O °C. IP: ionization potential (eV).
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Evaluating sample injection unit
The performance of the sample injection unit was characterized
in terms of the peak parameters (full width at half maximum
(FWHM), peak height, and area). Five compounds—heptane,
toluene, chlorobenzene, ethylbenzene, and p-xylene—were used
in these tests. Each compound was separately injected at flow rates
set to five discrete values of 0.3, 0.45, 0.72, 1, and 1.4 mL min–1.
These flow rates correspond to inlet pressures of 10, 15, 20, 25, and
30 psi. The loading time of 500 ms was used for all VOCs. The outlet
of the injector was connected to the FID installed in the conven-
tional GC system (HP 7890). Triplicate runs were performed for each
value, and the average values of the FWHM and peak height were
plotted, as shown in Figure 3.
The results illustrate that for all VOCs, the FWHM depends on

the injector flow rate condition. All compounds experienced a
sharp decrease in FWHM between 0.3 and 0.72 mL min–1

followed by a more gradual decrease. A similar trend has been
observed previously14 and in our experiments when a 20 cm long
uncoated capillary tube was connected between a conventional
GC injector and the FID. The inverse proportionality of the FWHM
with the flow rate can be attributed to different factors. First,
increasing the carrier gas flow rate will increase the sample
injection rate from the sample loop to the detector, which
reduces the extra-column band broadening. Second, the solutes
are swept faster, and the longitudinal diffusion in the mobile
phase is decreased as a result. Molecules diffuse in the carrier gas
from the region of high concentration to that of lower concen-
tration over time33. Increasing the flow rate decreases the time
that molecules spend in the injector and connecting tubes, and
therefore, the diffusion of molecules in the carrier gas decreases,
which results in lower FWHM values. Furthermore, the on-chip
injector tested herein operates at room temperature, which can
contribute to the differences in the FWHM of high- and low-
volatility compounds. In summary, the overall decreases in the
FWHM for heptane, toluene, chlorobenzene, ethylbenzene, and
p-xylene over the entire flow rate range were 40%, 59%, 59%,
50%, and 64%, respectively.
Because the FID is sensitive to the mass flow rate, the decrease

in the FWHM was compensated for by a corresponding increase
in the peak height to maintain uniform peak area. Figure 3b shows
that the peak height increases linearly over the entire flow rate
range (0.3–1.4 mL min–1) for all VOCs. This increase in the peak

height is attributed to the increase in mass over time, as measured
by the FID. The peak area for all compounds remained approxi-
mately constant for all flow rate conditions. Peak areas were
calculated to be approximately 20 pA � s for these compounds
except for ethylbenzene, which had a peak area of 35 pA � s.
Furthermore, the repeatability of the sample injection unit was

investigated by monitoring the change in the peak parameters
(FWHM, peak height, and area) over multiple headspace injec-
tions. For this purpose, toluene was chosen as a test compound,
and multiple injections were performed in succession approxi-
mately every 30 s. The flow rate in this experiment was set to
1.4 mL min–1. The sample injection unit produced highly
repeatable results, with less than 5% variation in the standard
error values for peak parameters over six injections. The FWHMs
for these injections were approximately 200 ms.

Linearity of the µDPID
The previous characterization of the µDPID has provided encour-
aging results, indicating a minimum detection limit of approxi-
mately 10 pg, a response time of approximately 200 ms and
highly stable excitation electrodes over a long period of time28.
Next, we experimentally analyzed the linear detection range of
the detector.
To evaluate the linear range of the µDPID, the inlets of the

detector were connected to injectors A and B of the conventional
GC system. The pressures of injectors A and B were set to 15 and
10 psi, respectively. A direct current (DC) voltage of 550 V was
applied (using PS-310, Stanford Research Systems, Sunnyvale, CA,
USA) to create the discharge, and the bias voltage was set to 30
V. This value of the bias voltage was selected based on our
previous work, which showed the enhanced sensitivity of the
detector at 30 V28. Four test compounds—toluene, tetrachlor-
oethylene, chlorobenzene, and ethylbenzene—were used. The
different headspace volumes of the test compounds sealed in a
vial were sampled using an autosampler (7359A) module to
ensure repeatable injections. Assuming ideal gas law behavior,
the mass of the compound injected from a saturated vapor above
the pure liquid could be calculated from the injection volume and
split ratio used for the injection. The injected mass was in the
range of 10 pg to 10 ng. The response of the detector was
measured in terms of the peak area for each injection. The peak
area was selected as an indicator for the quantitative data
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analysis (instead of peak height) based on our previous results,
which indicated that the µDPID is a mass flow rate-sensitive
detector (MSD)28. For any MSD, variations in the flow rate could
give rise to changes in the peak height or width; however,
negligible changes are observed in the peak area. Therefore, the
quantification of a compound in terms of peak area is more
accurate. Each data point was repeated three times, and the
average peak area was plotted against the injected mass of each
test compound (Figure 4a). Because the injected mass extends
over several orders of magnitude, these curves have been plotted
on a log–log scale for clarity (Figure 4b).
These results illustrate that the response of the detector

remains linear to the injected mass of the test compounds over
three orders of magnitude. The R-squared values and their res‐
pective slopes obtained by linear regression analysis (forced zero
Y-intercept) have been indicated for each curve. Moreover, as
evident from Figure 4b, as the injected mass increased by three
orders of magnitude, the sensing signal also increased by 1,000-
fold, showing that the linear response of the µDPID spans over
three orders of magnitude. The response of µDPID is lower for
tetrachloroethylene due to its high ionization potential, which
makes it difficult to ionize. The ionization potentials of the
remaining VOCs are reasonably close. The ionization potentials
for all VOCs used in this report are provided in Table 1.
The sensitivity of the detector is defined as the signal output

per unit mass of the compound in the carrier gas. For MSDs, the
sensitivity S, is defined as:

S ¼ A
W

where A is the integrated peak area, and W is the mass of the
compound. Therefore, the slopes of the curves in Figure 4a indicate
the sensitivity of the µDPID for the particular compounds under
investigation. The slopes for tetrachloroethylene, toluene, chloro-
benzene, and ethylbenzene were 0.036, 0.0488, 0.0841, and 0.2171
(A.s g–1), respectively, showing the higher sensitivity of the µDPID
toward ethylbenzene compared to the other test compounds.

Chip-scale GC: Chromatographic analysis
The chip-scaleGCplatformwas tested following the characterization of
the sample injection unit and µDPID. Twelve VOCs—toluene, tetra-
chloroethylene, chlorobenzene, ethylbenzene, p-xylene, n-nonane,

bromobenzene, n-decane, 1,2-dichlorobenzene, n-undecane, 1,2,4-
trichlorobenzene, and n-dodecane—were selected to evaluate the
performance of the chip. The following experiments were performed
to demonstrate the sampling, separation and detection of com-
pounds with boiling points in the range of 110–216 °C as quickly as
possible through the optimization of the flow and temperature
programming conditions.
The chip was configured as discussed in the system description

section (Figure 1), with the carrier gas and auxiliary helium
supplied by the conventional GC system. The pressures on these
supplies were set to 22 and 10 psi, respectively, corresponding to
a flow rate of 0.77 mL min–1 at the chip outlet port. The chip
temperature was maintained at 40 °C. During sampling, the pump
was turned on to load the sample into the fluidic connection
between the chip and the valve. A sampling time of 3 s was
considered sufficient for testing the compounds. The chromato-
gram in Figure 5 shows the successful identification of nine
compounds in 2.5 min, providing good resolution and retention
of the compounds. The compounds were eluted in order of
decreasing vapor pressure (the pv values are provided in Table 1).
The compounds with high vapor pressure tend to remain in the
vapor state and thus have more affinity for the mobile phase
compared to the stationary phase, which results in their early
elution from the µSC. In Figure 5, n-nonane and bromobenzene
were not resolved because their vapor pressures were relatively
close. A similar observation was made for n-decane and 1,2-
dichlorobenzene.The air peak detected by the µDPID was
removed from the chromatogram for clarity. The peak width at
the base (wb = 4σ) and the retention time (tr) were calculated for
every compound from the chromatograms generated by the
µDPID. The wb values for p-xylene, C9/bromobenzene, and C10/
1,2-dichlorobenzene,all of which have high boiling points, were
7.2, 10, and 27 s, respectively. The resolution (Rs) is defined as

RS ¼ ðtrÞB−ðtrÞA
ðð4rÞA þ ð4rÞBÞ=2

¼ 2d
ð4rÞA þ ð4rÞB

where d is the distance between the peak maxima for the two
compounds, A and B. The resolution between p-xylene and C9/
bromobenzene was 2.16, and that between C9/bromobenzene
and C10 was 4.60.
To reduce the analysis time and increase the peak width of the

high-boiling-point compounds, a series of experiments was
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performed under flow programming conditions. One of the best
chromatographic results is shown in Figure 6a. Here, the pressure
was initially set to 22 psi (0.77 mL min–1) for 0.7 min and then
ramped up to 35 psi (1 mL min–1) at a rate of 35 psi min–1. The
holdup time was necessary to avoid poor resolution between the
first five eluting compounds. In Figure 6a, the first nine
compounds eluted in 1.6 min, which shows a reduction in the
analysis time of 36% compared to the previous run. In addition,
the C11 peak was observed at 2.8 min. The increased pressure also
had a profound impact on the wb value for high-boiling-point
compounds, including p-xylene, C9/bromobenzene, and C10/1,2-
dichlorobenzene. Reductions in wb of 33%, 40%, and 69% were
observed for these compounds, respectively. These reductions
occur because at increased pressure, less time is available for the
longitudinal diffusion of molecules inside the µSC, which results
in a narrower peak width. The Rs values between p-xylene and C9/
bromobenzene, between C9/bromobenzene and C10/1,2-dichlor-
obenzene,and between C10/1,2-dichlorobenzene and C11 were
reduced to 2, 4.08, and 8.16, respectively.
Temperature is one of the most important variables in GCs and

an effective way of optimizing the analysis time. The superposi-
tion of temperature (Tinitial = 40 °C, ramp = 30 °C min–1, Tfinal =
65 °C) and flow programming (Pinitial = 22 psi, ramp = 35 psi min–1,
Pfinal = 35 psi) has been demonstrated in the chromatogram
shown in Figure 6b. As a result, the analysis was completed in
1.8 min (56% reduction in the analysis time). As expected, further

decreases in wb of 41%, 58%, and 86% were observed for p-xylene,
C9/bromobenzene, and C10/1,2-dichlorobenzene, respectively.
A separate sample containing high-boiling-point compounds,

including n-nonane, bromobenzene, n-decane, 1,2-dichlorobenzene,
n-undecane, 1,2,4-trichlorobenzene, and n-dodecane, was also
analyzed. The carrier gas pressure was increased to 35 psi, whereas
the auxiliary helium pressure was maintained at 10 psi respect‐
ively, which corresponds to a flow rate of 0.9 mL min–1 at the chip
outlet port. The chip temperature was increased to 70 °C. The
loading time was increased to 6 s because of the low vapor
pressure of these compounds. The resulting chromatogram is
shown in Figure 6c. The analysis was completed in 0.8 min, with
significantly lower values ofwb.wb values of 900ms, 1.5 s, 2.4 s, and
5.4 s were obtained for C9/bromobenzene, C10/1,2-dichloroben-
zene, C11, and 1,2,4-trichlorobenzene/C12, respectively. The data for
retention time (tr) and peak width (wb) for these compounds in
Figures 5a and 6a–c, respectively, have been compiled in Table 2.
The resolutions (Rs) for the high-boiling-point compounds are
listed in Table 3.

Aqueous analysis
The chip performance was also evaluated for the analysis of VOCs
in aqueous media. Four VOCs—toluene, chlorobenzene, ethyl-
benzene, and p-xylene—were diluted to a concentration of 1
ppm (1 mg L–1) in deionized water. A small aliquot (500 µL) of the
prepared sample was transferred into a 1.8 mL vial. The vial was
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Figure 5 (a) Response of the μDPID to a 3 s headspace sampling of a nine-compound mixture under isothermal conditions at 40 °C and a
flow rate of 0.77 mL min–1 at the chip outlet. (b) Corresponding chromatogram generated by the FID.

Table 2. Summary of the retention time (tr) and peak width at the base (4σ) from the results presented in Figures 5a and 6a–c for the μDPID

Isothermal, 40 °C Flow programmed run
Flow and temperature

programmed run Isothermal, 40 °C

tr (s) 4σ (s) tr (s) 4σ (s) tr (s) 4σ (s) tr (s) 4σ (s)

Toluene 24.6 4.2 24.0 6.0 24.6 4.8 – –

Tetrachloroethylene 30.6 4.8 29.4 4.8 30 4.8 – –

Chlorobenzene 36.0 4.8 34.2 4.8 34.8 4.2 – –

Ethylbenzene 40.8 5.4 40.8 4.8 39.0 4.2 – –

p-xylene 46.2 7.2 44.4 4.8 43.8 4.2 – –

n-nonane & bromobenzene 64.8 10 55.2 6.0 52.8 4.2 3.60 0.9
n-decane & 1,2-dichlorobenzene 150 27 84.6 8.4 66 3.6 10.8 1.5
n-undecane – – 168 12 108 9.0 28.2 2.4
1,2,4-trichlorobenzene & n-dodecane – – – – – – 43.2 5.4

The data presented were used to calculate Rs.
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subsequently sealed to avoid compromising the sample integrity.
A sampling time of 6 s was considered sufficient for extracting
VOCs from the headspace of the sample. The concentration in the
headspace was calculated using Henry’s Law. The headspace
concentrations for toluene, chlorobenzene, ethylbenzene, and p-
xylene were 270, 152, 323, and 314 ppb, respectively. The

representative chromatogram is shown in Figure 6d, where the
separation and detection were completed within 0.6 min. The
United States Environmental Protection Agency (EPA) has speci-
fied maximum contamination levels for toluene, chlorobenzene,
ethylbenzene, and p-xylene of 1, 0.1, 0.7 and 10 ppm,
respectively.

Table 3. Peak resolution (Rs) calculated for high-boiling-point compounds, including p-xylene, C9/bromobenzene, C10/1,2-dichlorobenzene,
C11, and 1,2,4-trichlorobenzene, presented in Figures 5a and 6a–c

Testing conditions p-xylene-C9 Bromobenzene-C10 1,2-dichlorobenzene-C11 C11-1,2,4-trichlorobenzene

Isothermal, 40 °C 2.16 4.60 – –

Flow programmer run 2.0 4.08 8.16 –

Flow and temperature programmed run 2.14 3.38 6.66 –

Isothermal, 70 °C – 6.0 8.9 3.84
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Figure 6 (a) Response of the μDPID to a 3 s headspace sampling of a 10-compound mixture under the flow programming and isothermal
conditions at 40 °C. The initial and final flow rates through the column outlet were 0.77mL min−1 and 1 mL min−1, respectively. (b) Response
of the μDPID to a 3 s headspace sampling of a 10-compound mixture under the flow and temperature programming conditions. The initial
and final flow rates through the column were 0.77 and 0.9 mL min−1, respectively. (c) Response of the μDPID to a 6 s headspace sampling of
a seven-compound mixture containing high-boiling-point compounds under isothermal conditions of 70 °C and a flow rate of 0.9 mL min−1

at the chip outlet. (d) Response of the μDPID to a 6 s headspace sampling of a four-compound mixture diluted to a concentration of 1 ppm
in the aqueous phase. The corresponding concentrations in the headspace calculated using Henry’s Law are 270 (toluene), 152
(chlorobenzene), 323 (ethylbenzene), and 314 ppb (p-xylene). The flow rate at the chip outlet was set to 0.77 mL min−1.
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CONCLUSION
This study presents an integrated µGC analysis system that has all
of the important features of a lab-on-a-chip platform. It has a
sample injection unit, a microseparation column, and a detector,
all of which are integrated on a 1.5 cm � 3 cm platform. The
integration of the µGC components on a common substrate
reduces the footprint of this technology, enhances the overall
performance and allows for a lower fabrication cost. Furthermore,
each component can perform its role effectively and rapidly; for
example, the sample injection unit requires a loading time of a
few seconds to produce sharp injections (FWHM of approximately
200 ms). Similarly, the subsequent operation of the system
under the temperature and flow programming conditions allows
for a rapid analysis of complex VOC mixtures. In addition, the
excellent detection limit (approximately 10 pg), response time
(approximately 200 ms), and linearity of the µDPID (three orders
of magnitude) demonstrates its potential for use in µGC techno-
logy. Further improvements in these properties through modifi-
cations in the design of the µDPID are also being considered.
Although the miniaturization of the µGC system through the
integration of microelectromechanical system components has
been demonstrated in this work, we are also exploring its
integration with electronic components to further miniaturize
this technology.
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