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Trace vapor sample at sub-ppb

concentrations at a sub-parts per billion to parts per trillion level remains a o ppt concentration

challenge for many applications such as indoor air-quality analysis and
detection of explosives and narcotics. Micro-gas chromatography (#GC) Self-contained portable Detection of sub-pg
together with a micro-photoionization detector (uPID) is a prominent gas chromatograph = analyte mass
method for portable analysis of complex vapor mixtures, but current yPID L
technology demonstrates poor detection performance compared to benchtop Sample collector and E

ABSTRACT: Rapid in situ detection and analysis of trace vapor @@

el T ; injector (optional Miniaturized

flame ionization detectors (FIDs). This work demonstrates the development ! (optio . fniaturize
P ] q . o T preconcentration) Chromatography Pphotoionization

of a significantly improved #PID with a sub-picogram detection limit (as low column detector

as ~0.2 pg) comparable to or exceeding that of a benchtop FID, with a large
linear dynamic range (>4 orders of magnitude) and robustness (high stability
over 200 h of plasma activation). Based on this 4#PID, a complete yGC—PID system was built and tested on standard sample
chromatograms in a laboratory setting to show the system’s analytical capabilities and the detection limit down to sub-parts per
trillion concentrations (as low as 0.14 ppt). Practical in-field chromatograms on breath and car exhaust were also generated to
demonstrate applicability for in situ experimentation. This work shows that #GC—PID systems can be competitive with traditional
GC—FID methods and thus opens a door to rapid trace vapor analysis in the field.

KEYWORDS: photoionization detector, volatile organic compounds, portable gas chromatography, trace vapor analysis,
low detection limit, high sensitivity

B INTRODUCTION billion.'~"* This poor performance presents a problem for the
aforementioned trace vapor analysis applications, which
require near picogram detection limits, corresponding to
parts per trillion to sub-parts per billion concentration levels
(~ng/L or sub ng/L). Table S1 provides an example list of
target detection or screening levels set by the EPA for the
investigation of regional screening of carcinogens.

Another miniaturized vapor detector suitable for yGC is the
micro-photoionization detector (4PID),'°™*® which uses noble
or permanent gases (e.g., xenon, krypton, argon, and helium)
to excite plasma and generate photons ranging from 9.6 to 17.5
eV. uPIDs have been shown to possess reasonable detection
limits (down to tens of picograms) and dynamic ranges (up to
6 decades), and miniaturization efforts have allowed for lower
manufacturin% costs, faster response times, and smaller
footprints,' 202928 7394244746 Ty particular, Zhu et al.
reported a microfabricated uPID device demonstrating

Micro-gas chromatography (#GC) devices have recently been
of increasing importance for rapid in situ analysis of volatile
organic compounds (VOCs) and target a broad range of
applications such as environmental monitoring, gas leak
detection, and healthcare. A particular point of interest is
sensing of trace VOCs for applications such as indoor air
screening or detection of explosives and narcotics, which
critically require highly sensitive vapor detectors which
ultimately determine the sensitivity of yGC systems. Over
the past few decades, a variety of miniaturized vapor detectors
have been developed that can be used in puGC, including
miniaturized thermal conductivity detectors, surface acoustic
wave detectors, chemiresistors, chemicapacitors, and electron
capture detectors. "> In general, although these micro-
detectors can achieve extremely small footprint and low
operating costs (power and gas consumption), their sensitivity
is typically poor compared to the flame ionization detectors
(FIDs) widely used in benchtop GC systems, which uGC Received: March $, 2021
systems aim to supplement or replace. While FIDs may possess Accepted: May 10, 2021
detection limits on the order of sub-picogram or sub-parts per Published: May 24, 2021
trillion concentrations (e.g., considering a mass of ~1 pgin 1 L

volume), most miniaturized detectors have detection limits

around a few parts per million or at best tens of parts per
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single-digit picogram detection limits, tens of milliseconds
response time, and low operating voltage (6 VDC).”® Despite
these advances, the detection limit of these #PID devices is still
comparatively higher than that of benchtop FIDs, presenting
some limitations for low-concentration chemical analysis.
Further improvement of performance, especially the detection
limit, is required for yPIDs and yGC—PID systems to be
competitive with the current conventional benchtop GC—FID
method.

This paper details the development of a highly sensitive
chip-based pPID with a sub-picogram detection limit and a
wide linear dynamic range. In particular, side-by-side
comparison shows that the detection limit of the yPID is 2—
4 times better than a commercial Agilent FID over a broad
range of VOCs. Based on this yPID, a complete, automated,
highly robust yGC—PID system was constructed using in-
house fabricated microcomponents, including a miniaturized
preconcentrator, microcolumn (gcolumn), and pPID, as well
as in-house-developed PID circuits. The whole system is self-
contained within a box of dimensions 27 X 24 X 10 cm and
can be independently operated without the use of any
benchtop equipment (besides a laptop for readout). Due to
the highly sensitive y#PID, this system is capable of detecting
sub-parts per trillion concentrations of VOCs with a 200 mL
sample volume, which was enabled by the miniaturized
preconcentrator. This paper details the wPID fabrication
procedure and characterization along with system-level
assembly, with emphasis on yPID and yGC—PID performance
for detection of trace VOCs. Both standard sample chromato-
grams and practical chromatograms are also provided,
exhibiting the capability of the yGC—PID to match or even
surpass the benchtop GC—FID detection limit. This would
enable use of this yGC—PID system to supplement or replace
the need for conventional benchtop GC analysis for on-site
low concentration VOC analysis.

B EXPERIMENTAL SECTION

Materials. Analytical standard-grade hexane, heptane, octane,
nonane, decane, undecane, benzene, toluene, ethylbenzene, o-xylene,
chlorobenzene, ethyl acetate, butyl acetate, acetone, methyl isobutyl
ketone, 2-pentanone, 2-hexanone, 2-heptanone, tetrahydrofuran, 2-
butanol, isopropanol, hexamethyldisilazane (HMDS), and EPA 502/
524.4 VOC mix were purchased from Sigma-Aldrich (St. Louis, MO).
N-type silicon wafers (P/N 1095, 100 mm diameter, S00 pm
thickness) and Borofloat 33 glass (P/N 517) were purchased from
University Wafer. Carbopack B (P/N 20273) and X (P/N 10437-U)
were purchased from Sigma-Aldrich. Additional accessory materials
are provided in Table S2. All materials were used as purchased
without further purification or modification. 99.5% purity helium (P/
N 49615He) was used as the carrier gas and was purchased from
Leland Gas Technologies (South Plainfield, NJ).

Component Fabrication. The pPID chip was fabricated
according to the fabrication process and pattern shown in Figure
S1, which were adapted from our previous work.”> The pattern was
modified to form a circular spiral with a wider channel width of 400
um. This allowed for a larger illumination area of ~14 mm? from 3.5
mm? in the previous design in ref 25 and increased flow rates through
the channel. After dicing, the chip was immersed in acetone and
baked out at 80 °C for 1 h. A photograph of the uPID chip is also
provided in Figure S1. Subsequently, a VUV krypton lamp was then
mounted atop the microchannel and sealed with Norland optical
adhesive, with fluidic connections simultaneously formed by inserting
guard columns into the inlet and outlet and sealing with the same
optical adhesive. Prior to electrode formation, the silicon contact
resistance was reduced to 10 k€, critically improving uPID’s
sensitivity. Readout electrodes were then formed by depositing MG

2349

Chemicals silver conductive epoxy and attaching wires. An in-house-
developed circuit shown in Figure S2 was used for yPID plasma
generation and readout. The bias voltage was notably increased to 24
V to from 6 V (in ref 25) to accommodate the wider channel width.

S and 10 m pcolumns were fabricated according to the fabrication
process in Figure S3. The columns were deactivated by eight repeated
injections of HMDS at 120 °C over 2 h. The columns were both
dynamically coated with a 3% (w/w) solution of OV-1 in
dichloromethane by injecting 1 mL of solution and pushing out at
a rate of S cm/min. The columns were subsequently treated with
HMDS again (eight injections at 120 °C over 2 h) and then baked out
at 220 °C for 2 h prior to use. The resistance of the integrated heater
was measured to be 22 Q for the S m column and 28 Q for the 10 m
column and wire bonded to a PCB board to allow for pulse-width-
modulated heating using a peak voltage of 24 V. The maximum
temperature ramping rate was estimated to be around 10 °C/s (up to
150 °C), although typical temperature ramping rates used ranged
from around 30 to 60 °C/min.

The stainless-steel preconcentrator was made by first cutting a 21.5
gauge stainless-steel tube to 4.5 cm in length. One end was first
plugged with glass wool. Subsequently, the tube was filled with 0.75
mg of Carbopack B, followed by 0.75 mg of Carbopack X, and the
other end was then plugged with glass wool again. Two universal
press-tight connectors were attached to both ends of the stainless-
steel tube after loading and fixed using Hysol epoxy. A very thin layer
of epoxy (~0.2 mm) was also applied to the outer surface of the
stainless-steel tube body. The entire preconcentrator was placed into
an oven at 120 °C and left to dry for 12 h. Finally, 32 gauge nickel
chromium wire (resistance ~7 ) was wrapped around the stainless
steel tube body for heating.

System Setup and Experimental Conditions. The xGC—PID
system was assembled by forming fluidic connections using universal
press-tight connectors and deactivated fused silica capillaries between
the injector, picolumn, and xPID. Both the plasma excitation voltage
and baseline voltage trimming were carefully tuned to improve the
signal-to-noise-ratio (SNR) of the system. Furthermore, relevant
electronic components (especially the yPID) were shielded with
copper mesh to further reduce the noise. A fluidic diagram is provided
in Figure 1, and a picture of the system is provided in Figure 2. The

Sample air

«—2-port valve 3-port valve

[ Preconcentrator or

. Carrier gas
sampling loop

=i
@ uPID
D —} Vent line
Analyzing path

Figure 1. yGC—PID system fluidic diagram. The system is entirely
self-contained, excluding the computer at signal output. Either a
sampling loop or preconcentrator can be used for sample injection.
The pcolumn was coated with a 3% (w/w) solution of OV-1. A
picture of the uPID system is provided in Figure 2.

whole system is self-contained within a box of dimensions 27 X 24 X
10 cm (excluding a laptop for readout). The system was evaluated
using either a 12 cm (1.875 uL) sampling loop or preconcentrator
injector. The analytes were sampled into the sampling loop or
preconcentrator and injected into the pcolumn, with separation
conducted under isothermal conditions for single analytes or with
corresponding temperature ramping rates for chromatograms (i.e.,
analyte mixtures). The S m pcolumn was used for all in laboratory
experiments (i.e., detection limit, linearity, and standard samples),
while the 10 m picolumn was used for practical chromatograms (i.e.,
breath and car exhaust). Heating was controlled by the integrated
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Figure 2. Photograph of the yGC—PID system with components
labeled. The system has dimensions 27 X 24 X 10 cm and is entirely
self-contained, excluding the computer at signal output.

heater on the column surface. All heating, pumping, and valve
switching was controlled via in-house developed LabVIEW software.
The only required user input was setting relevant temperature
programming parameters and initiating the program; once started, the
#GC—PID system could sample and run autonomously. 99.5% purity
helium was used as the carrier gas. Finally, considering a carrier gas
flow rate of 2 mL/min, the 95 mL (2.4 g of helium) cartridges used
were capable of lasting >100 h of operation, more than enough for a
day trip in the field.

B RESULTS AND DISCUSSION

Detection Limit Characterization. For trace vapor
analysis, low limits of detection are required for accurate
analysis. The yPID’s detection limit was thus characterized on
14 compounds (Tables 1 and S2) and compared to a
conventional benchtop FID (Agilent 6890N). Injections on
the FID were made using a gas-tight syringe in split mode.
Sample separations of hexane and octane with comparison to
FID signals are shown in Figure S4. Detection limits were
obtained by first calculating the SNR of peaks obtained from
injection masses ranging from 100 to 200 pg (except for o-

Table 1. uPID Detection Limits of Various VOCs Taken at
30, with 6 = 0.0162 mV*”

compound uPID DL (pg) FID DL (pg) IA (pg) IP (eV)
hexane 0.93 0.73 125.5 10.18
heptane 0.18 0.75 135.4 10.08
octane 0.21 0.84 125.8 9.82
benzene 0.23 0.49 129.0 9.25
toluene 0.19 0.77 173.4 8.82
ethylbenzene 0.26 0.58 116.9 8.77
o-xylene 0.22 0.67 432.2 8.56
ethyl acetate 0.61 0.82 113.4 10.11
butyl acetate 0.24 0.60 127.9 10.01
2-pentanone 0.22 0.39 100.8 9.40
tetrahydrofuran 0.26 0.76 128.7 9.40
isopropanol 0.65 0.64 104.9 10.12
2-butanol 0.24 0.66 117.6 10.10
acetone 021 0.40 143.9 9.69

“FID detection limits are provided for comparison (opp = 0.0059
pA). Detection limits were calculated as averages based on three
measurements. lonization potentials (IPs) and injection amounts
(1As) are also reported for convenience. The uPID had lower
detection limits than the FID on all compounds except for hexane and
isopropanol. Detection limits using the lowest injection amounts
made are also provided in Table S3.
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xylene, the injection mass was 4322 pg). The noise was
calculated based on averaging the standard deviation noise
(10) of ten 3 s-segments of the baseline signal, yielding ¢ =
0.0162 mV. The detection limits were calculated by dividing
injection masses by corresponding SNRs (30 noise level).
Notably, these detection limits were obtained without any
preconcentration (i.e,, only a 12 cm long 1.875 uL sampling
loop was used) in order to examine the yPID’s intrinsic
performance.

Table 1 shows that the yPID detection limit for many
compounds with ionization potentials below ~10.1 eV is
around 0.2—0.3 pg, outperforming the commercial FID that
has detection limits around 0.7 pg. The uPID detection limit is
increased for compounds with ionization potentials closer to
10.6 eV, such as ethyl acetate, isopropanol, and hexane. As
compared to the previously reported uPID (ref 25), the
current uPID exhibited a ~20-fold improvement in the
detection limit, which was facilitated by the following factors.
First, the VUV illumination area was increased to ~14 mm?
from 3.5 mm?, which is nearly the same as the total area of the
VUV lamp window. This allows almost all of the photons
emitted from the lamp to be utilized for analyte ionization,
especially considering the short illumination path of 400 ym.
Additionally, although the distance between the electrodes is
increased to 400 pm from 150 um, the bias voltage was
quadrupled to 24 V (corresponding to an electric field of 600
V/cm), allowing for efficient capture of ions in the collection
channel; in other words, the ion transit time was maintained to
be very short, resulting in high ion collection efficiency.
Combined with the low contact resistance, optimized circuit,
and component shielding, these parameters resulted in both
increased signal strength and decreased noise level, resulting in
a sub-picogram detection limit.

Linearity. In Figure 3, yPID linearity was examined for
seven compounds with injection masses ranging from as low as
10 pg to 10 ng for each compound. Highly linear responses
were observed over the entire range, with a linear dynamic
range of at least 5 orders of magnitude observed for all
compounds. Notably, the yPID was linear even for low
injection amounts around 10 pg, showing that even extremely
low injection amounts could be detected by the system.
Additional analysis is provided in Table S4, which lists yPID
sensitivity and sensitivity normalized by molecular weight.

System Robustness. For a portable system, robustness
and stability over device lifetime are important in order to
avoid unnecessary maintenance and calibration due to drift.
The entire yGC—PID system was run for 3 months without
replacement or maintenance of any parts and exhibited no
difference in performance at the end of the 3-month period
compared to at the start of the period. Analysis on stability was
performed by assessing the baseline and noise levels of the
UPID readout signal over a 12-week period, as well as
examining the system’s detection limit on heptane over the
uPID run lifetime (Figure 4). The baseline and noise levels
demonstrated low variability over the 12-week period, with the
baseline level varying from 0.1370 to 0.1372 V, and the noise
varying from 0.0138 to 0.0189 mV (average 0.0165 mV),
suggesting that system drift over time was minimal. The system
was also analyzed over 200 h of uPID operation, in which the
plasma was active in order to assess degradation due to plasma
etching of the krypton lamp as well as photon bombardment of
the microfluidic chip. The system detection limit on heptane
showed no significant differences over these 200 h of yPID
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Figure 3. yPID linearity on seven compounds with injection masses ranging from ~10 pg to ~10 ng. (A) Signal heights versus injected masses
plotted in a linear—linear scale. (B) Signal heights versus injected masses plotted in a log—log scale. Error bars are obtained from three
measurements. The R* values for the seven linear fits are 0.9999, 0.9981, 0.9998, 0.9996, 1.0000, 0.9994, and 0.9997 from hexane to ethyl acetate,

respectively.

0.14 T T T T T T

(A)

0.139 | B

0.05

0.04

0.138

o
3
Noise (mV)

T
1

n —n n
n —a— g —
~a—a

V—v.
v .

0.137 |

1
o
o
2

SN N

Baseline level (V)

0.136

T
1

0.01

01350 1 1 1 1 1 1 0

Week
0.24 T T T T T

02 i

Detection limit (pg)

01 1 1 1 1 1
0 50 100 150 200

Hours of operation

Figure 4. System repeatability. (A) Baseline and noise levels were
examined over a 12-week period with low variation over the entire
period. Each data point is an average of ten 3 s time samples. (B)
HUPID detection limit on heptane over 200 h of operation. No
significant differences in the detection limit were observed. Data
points were calculated from three repeated injections. Error bars
represent one standard deviation.

operation, ranging from only 0.168—0.181 pg. This further
demonstrates the yGC—PID system’s overall stability and
capability to run without maintenance or calibration.
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GC Standard Chromatograms. The yGC—PID capa-
bility for GC separation was examined by analysis of three
different standard samples, as shown in Figure S. Three
different samples of alkanes, aromatics, and ketones and
acetates were performed at low sample concentrations of
around ~3 ng/L (low parts per billion-level concentrations)
and sampled using an in-house developed stainless steel
preconcentrator. These low concentrations are similar to
required levels for trace vapor analysis, such as for indoor air
screening. The temperature ramping was controlled by pulse
width modulation of the integrated heater, with approximate
temperatures given in blue. The carrier gas flow rate was set to
2.1 mL/min. The sampling rate was set to 20 mL/min and the
sampling time was 10 min, allowing for clear signals, as shown
in Figure S. Considering the sampling volume of 200 mL,
concentration of 3 ng/L, and the SNRs observed in Figure 5,
the uGC—PID detection limit can reach as low as 0.14 ppt (by
volume) on o-xylene or below ~1 ppt for aromatic
compounds, ketones and acetates, and alkanes larger than
hexane (Table SS). This single digit to sub-parts per trillion
detection limit (in only 200 mL sample volume) is significant
improvement over previous sub-parts per billion detection
limit systems”>*"*" and is mainly facilitated by the high
sensitivity of the uPID.

An additional separation of EPA 502/524.4 VOC mix was
performed in Figure 6. The mixture was diluted to
approximately ~10 ng/L, sampled at 20 mL/min for 10 min,
and injected into the system. For this chromatogram, the flow
rate was reduced to 1.2 mL/min, but the temperature ramping
was increased to allow for complete separation within only 2
min. Figure 6 demonstrates the yGC—PID system’s applic-
ability to environmental analysis, especially trace vapor
analysis, due to the PID’s high sensitivity. For alternative or
more exotic separations such as polar or chiral compounds,
other columns such as high-polarity columns or ionic liquid-
based*” columns can be used to replace the OV-1 column used
in this system.

Practical Chromatograms. In order to assess the uGC—
PID system’s capability for in situ analysis, practical chromato-
grams were obtained on breath and car exhaust. For these
chromatograms, the S m OV-1 pcolumn used in the prior
sections was replaced with a 10 m OV-1 gcolumn of the same
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Figure 5. Chromatograms of various sample mixtures (each
compound ~3 ng/L) with approximate temperature profiles. The
flow rate was 2.1 mL/min. The sampling rate was ~20 mL/min, and
the sampling time was 10 min. (A) Alkanes (1) hexane; (2) heptane;
(3) octane; (4) nonane; (5) decane; (6) undecane. (B) Aromatics (1)
benzene; (2) toluene; (3) ethylbenzene; (4) chlorobenzene; (S) o-
xylene. (C) Ketones and acetates (1) acetone; (2) ethyl acetate; (3)
methyl isobutyl ketone; (4) butyl acetate; (5) 2-hexanone; (6) 2-
heptanone.

stationary phase thickness. Figure 7 shows a chromatogram of
human breath sampled from a Tedlar bag at a rate of 20 mL/
min for 1 min. The flow rate was set to 2.1 mL/min. C4 to C;
alkane marker retention times are also labeled on the
chromatogram for reference. The chromatogram presented in
Figure 7 matches closely with previously reported chromato-
grams in ref 48, demonstrating the capability for rapid
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Figure 6. Separation of EPA 502/524 VOC mix (each component
~10 ng/L). The flow rate was 1.2 mL/min. The sampling rate was
~20 mL/min, and the sampling time was 10 min. The entire
separation time was less than 2 min.
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Figure 7. Separation of human breath. The flow rate was 2.1 mL/min.
The sampling rate was ~20 mL/min, and the sampling time was 1
min. Retention times of C¢—C,;; alkane markers are provided for
reference.

separation and detection of a complex practical sample with
minimal sampling time.

An additional separation of car exhaust was performed by
sampling pure car exhaust from a Hyundai Accent 2019 at a
rate of 20 mL/min for 1 min. The carrier gas flow rate was
again set to 2.1 mL/min, resulting in the chromatogram shown
in Figure 8. Benzene, toluene, ethylbenzene, and xylene
(BTEX) marker retention times are labeled on the chromato-
gram for reference. The peak height in Figure 8 tends to
increase near the BTEX markers, which are commonly and
expectedly found in most car exhausts. This suggests that this
UGC—PID system could be used for toxic vapor analysis in
areas with large quantities of motor vehicle emissions, such as
near highways or in large cities. Overall, these chromatograms
demonstrate the capability of this system for practical analysis
of vapor samples outside of the lab.

B CONCLUSIONS

The development of a highly sensitive #PID with sub-picogram
detection limit and large dynamic range for a wide range of
VOCs has been detailed herein, demonstrating comparable or
better detection limit compared to benchtop FID. This device
was used to construct a completely automated uGC—PID
system (including miniaturized preconcentrator and micro-
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Figure 8. Separation of car exhaust. The flow rate was 2.1 mL/min.
The sampling rate was ~20 mL/min, and the sampling time was 1
min. Retention times of aromatic markers are provided for reference.
B: benzene; T: toluene; E: ethylbenzene; X: xylene.

fabricated column along with yPID) capable of detecting sub-
parts per trillion concentrations of VOCs in a 200 mL sample
volume, enabling rapid in situ trace VOC analysis. Future work
may target further lowering the pPID detection limit by an
additional 10-fold to tens of fg, which may involve increasing
the VUV light intensity and illumination area, as well as
increasing the bias electric field. This would allow for
development of an ultra-sensitive uGC—PID with the
detection limit rivaling that of benchtop mass spectrometry
equipped with an electron multiplier tube.
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