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A photoionization detector (PID) is widely used as a gas chromatography (GC) detector. By virtue of its

non-destructive nature, multiple PIDs can be used in multi-dimensional GC. However, different PIDs have

different responsivities towards the same chemical compound with the same concentration or mass due

to different aging conditions of the PID lamps and windows. Here, we carried out a systematic study

regarding the response of 5 Krypton μPIDs in a 1 × 4-channel 2-dimensional μGC system to 7 different

volatile organic compounds (VOCs) with the ionization potential ranging from 8.45 eV to 10.08 eV and

the concentration ranging from ∼1 ng to ∼2000 ng. We used one of the PIDs as the reference detector

and calculated the calibration factor for each of the remaining 4 PIDs against the first PID, which we

found is quite uniform regardless of the analyte, its concentration, or chromatographic peak width. Based

on the above observation, we were able to quantitatively reconstruct the coeluted peaks in the first

dimension using the signal obtained with a PID array in the second dimension. Our work will enable rapid

and in situ calibration of PIDs in a GC system using a single analyte at a single concentration. It will also

lead to the development of multi-channel multi-dimensional GC where multiple PIDs are employed.

Introduction

A photoionization detector (PID) is one of the most widely
used gas detectors that is applicable to a variety of organic and
inorganic compounds.1 The concept of photoionization was
first introduced by Lossing and Tanaka in 1956.2 Thereafter,
the first practical PID was constructed by Lovelock in 1960,3

and further developed by Roesler, Locke, Meloan, Price,
Yamane, Freeman, and other researchers.4–10 In 1973 the PID
was commercialized by HNU Systems11 and later applied to
gas chromatography (GC) by Driscoll and Clarici in 1976.12

In comparison with many other types of vapor detectors
such as flame ionization detectors (FIDs),13 thermal conduc-
tivity detectors (TCDs),14 electron capture detectors (ECDs),15

surface acoustic waves (SAWs),16–18 optical vapor sensors,19–26

chemicapacitors,27,28 chemiresistors,29 and nanoelectronic

sensors,30,31 PIDs have advantages owing to their high sensi-
tivity, large dynamic range, compact size, low cost, and the
ability to detect a wide range of vapors with no need for exter-
nal gases (e.g., helium used in TCDs and hydrogen/oxygen
used in FIDs).1,6,10,32–38 In particular, the non-destructive
nature of PIDs allows the use of multiple PIDs for in situ vapor
detection in multi-dimensional GC. More specifically, two-
dimensional GC may use a non-destructive flow-through setting
of the PID at the junction between the end of the 1st dimen-
sional column and the entrance of the subunit consisting of the
2nd dimensional columns. Recently, μPIDs have been developed
with on-chip designs, miniaturized dimensions, and small
ionization chambers.36,38–41 They have a fast response time
(∼0.1 s) and significantly improved sensitivity (some of which
can go to the picogram or ppt level), and can readily be inte-
grated with micro-GC (μGC) for field applications.

PIDs exhibit different responsivities toward different chemi-
cal compounds due to their different ionization potentials.
Such a responsivity difference for a given PID is calibrated
with isobutylene and reported as the response factor (or correc-
tion factor),42–44 which is the ratio between the sensitivity of
isobutylene to that of target compounds. Meanwhile, different
PIDs may have different responsivities towards the same
chemical compound with the same concentration or mass.45

Such a difference may result from factors like different aging
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conditions of the PID lamps (due to their finite lifetime and
Krypton gas leakage) and the PID windows (caused by con-
tamination of gas analytes, water etching, crystal solarization
and the yellowing effect due to UV damage42,46–48). It can also
be caused by the imperfect alignment between the lamp
window and the microfluidic channel in the PID during
assembly. The variations in the PIDs’ responsivity may be det-
rimental to the employment of multiple PIDs in a GC system,
especially in a multi-dimensional GC system.

To calibrate the difference in responsivity of different PIDs,
one can always measure each PID’s response to all target ana-
lytes at all anticipated concentrations (or masses). However,
this method is tedious and sometimes impossible to accom-
plish. The easiest and most practical approach is to compare
and calibrate the responses of all PIDs in a GC system with a
single analyte at a given concentration. The question is
whether or not the calibration factor obtained with this
analyte at a given concentration can be generally applicable to
other analytes of a different concentration. In this work, we
carried out a systematic study regarding the response of
5 Krypton μPIDs (UV photon energy: 10.6 eV) in a 1 ×
4-channel 2-dimensional μGC system to 7 different volatile
organic compounds (VOCs) with the ionization potential
ranging from 8.45 eV to 10.08 eV and the concentration
ranging from ∼1 ng to ∼2000 ng. Using one of the PIDs as the
reference detector, the calibration factor for each of the
remaining 4 PIDs was obtained against the first PID, which we
found is quite uniform regardless of the analyte, its concen-
tration, or chromatographic peak width. Based on the above
observation, we were able to quantify the coeluted peaks in the
1st dimension using the signal obtained with a PID array in
the 2nd dimension. Our work will enable rapid and in situ cali-
bration of PIDs in a multi-dimensional μGC system using a
single analyte at a single concentration. In turn, it will also
lead to the development of multi-channel multi-dimensional
GC where multiple PIDs are installed.

Experimental
Materials

Benzene (>99.9%), toluene (99.5%), ethylbenzene (99.8%),
heptane (99%), styrene (99.9%), chlorobenzene (99.8%),
p-xylene (99%), and 2-heptanone (99%) were purchased from
Sigma-Aldrich (St Louis, MO) and used as received. Carbo-
pack™ B (60–80 mesh) was purchased from Supelco (Belle-
fonte, PA). Compressed helium gas (99.999%) was purchased
from Purityplus (Detroit, MI). GC guard columns (250 µm i.d.
and 380 µm o.d.) RTX®-5 ms (10 m × 250 µm i.d., 0.25 µm
coating thickness), RTX®-200 (10 m × 250 µm i.d., 0.25 µm
coating thickness), universal press-tight glass capillary column
connectors and angled Y connectors were purchased from
Restek (Bellefonte, PA). Two-port and three-port solenoid
valves were purchased from Lee Company (Westbrook, CT). A
diaphragm pump was purchased from Gast Manufacturing
(Benton Harbor, MI). Nickel wire (0.32 mm diameter, 1.24

Ohms per m) was purchased from Lightning Vapes (Braden-
ton, FL). A type K thermocouple was purchased from Omega
Engineering (Stamford, CT). A silicon wafer was purchased
from University Wafer (Boston, MA). The PIDs were purchased
from Baseline-Mocon (Lyons, CO). A 36 V AC/DC converter was
purchased from TDK-Lambda Americas Inc. (National City,
CA). A 24 V and a 12 V AC/DC converter and axial fans were
purchased from Delta Electronics (Taipei, Taiwan). Data acqui-
sition cards, USB-6212 (16 bits) and USB-TC01 (for thermo-
couple measurement), were purchased from National
Instruments (Austin, TX).

μPID module construction

The μPID module used in this work was assembled with the
Krypton UV lamp, the built-in lamp drive circuit and the
amplifier in a commercial PID from Baseline-Mocon (Lyons,
CO, P/N #043-234) as well as a home-made flow-through
ionization chamber. Rather than using a serpentine microflui-
dic channel, which we reported previously,39 the current sim-
plified version of μPID shown in Fig. 1 employed a 2 cm long
straight microfluidic channel created by a 380 μm gap between
two p-type <100> conductive silicon wafers with a resistivity of
0.001–0.005 Ω cm and a thickness of 380 μm. The bottom and
top of the microfluidic channel were covered with a Krypton
UV lamp and a glass slide, respectively, which were then glued
to the conductive silicon wafers with an optical epoxy. The
effective UV illumination length in the channel was about
3.5 mm (i.e., the diameter of the Krypton lamp window). Since
the side of the microfluidic channel was made of a conductive
silicon wafer, it served as a signal collection electrode in this
configuration. Two copper wires were bonded to the wafers
and connected to the amplifier on the commercial PID.
Finally, two guard columns (250 µm i.d. and 380 µm o.d.) were
inserted into the inlet and outlet of the microfluidic channel
and sealed with an optical epoxy. The detailed dimensions
and electrical connections of the home-made μPID are shown

Fig. 1 Schematic of a home-made μPID with a built-in lamp drive
circuit and amplifier from a commercial PID. A 380 μm wide, 380 μm tall
and 2 cm long flow-through microfluidic channel was created using two
conductive silicon wafers. The detailed dimensions and electrical con-
nections are shown in Fig. S1.†

Analyst Paper

This journal is © The Royal Society of Chemistry 2016 Analyst, 2016, 141, 4100–4107 | 4101



in Fig. S1.† The major difference between the current straight
channel and the serpentine channel39 is the length of the
microfluidic channel under VUV illumination (3.5 mm
(straight) vs. 2.3 cm (serpentine)), which leads to different sen-
sitivity and hence detection limit. Nevertheless, the overall
operation and flow-through principle hold for both designs. A
distinct advantage of the straight channel based μPID is fabri-
cation simplicity. It does not involve any lengthy microfabrica-
tion processes in a clean room and can be produced easily and
cost-effectively.

Experimental setup

The experimental setup for PID characterization is illustrated
in Fig. 2. It was arranged in a format resembling 1 × 4-channel
2-D GC so that the response of PIDs 2A–D can be calibrated
against that of PID 1A. The 1st dimensional module included a
microfabricated preconcentrator (µPrecon), one 10 m long
RTX®-5 ms column, and PID 1A. Each of the 2nd dimensional
modules included a microfabricated thermal injector (µTI),
one 3 m long RTX®-200 column, and a PID to be calibrated.
The flow routing system between the two separation modules
consisted of three microfabricated Deans (μDeans) switches
and two three-port solenoid valves to route the analytes from
PID 1A to the subsequent one of PIDs in the 2nd dimension.

The µPrecon and µTI consisted of a deep-reactive-ion-
etched (DRIE) silicon cavity with tapered inlet/outlet ports, an
integrated platinum heater, a temperature sensor, and micro
fluidic channels. Carbopack™ B granules were loaded into the
cavity through a third port using a diaphragm pump, which
was sealed with a silicon adhesive after loading. A small
segment of the guard column was inserted into the inlet and
outlet fluidic ports, and secured with an epoxy adhesive. For

electrical connection, the heater and resistive temperature
detector (RTD) were wire-bonded to a printed circuit board.
The µPrecon and µTI were preconditioned at 300 °C for
12 hours under helium flow before use.

10 m long RTX®-5 ms and 3 m long RTX®-200 columns
and a nickel wire were placed in parallel and wrapped with
Teflon tape, and then coiled into a helix of 10 cm and 5 cm in
diameter and 1 cm in height. A type K thermocouple was
inserted into the gap between the coiled columns to monitor
the column temperature in real time via USB-TC01. To achieve
a programmed temperature ramping profile, a pulse-width-
modulated signal (4.0 Hz square wave) was applied to the
heater power relay via USB-6212. The duty cycle of the square
wave was calculated by using a proportional–integral–derivative
controller in the LabView™ program and updated every 0.4 s
based on the set-point temperature and measured temperature
at that moment.

All components, µPrecon, µTI, the heater wrapped columns
and the PIDs, were mounted on a custom printed circuit
board. The guard column affixed to each component was con-
nected by using universal press-tight glass capillary column
connectors or angled Y connectors. A home-made LabView™
program was developed for automated control and operation
of the system, as well as the PID signal readout.

Measurement

The operation procedure was divided into two steps, i.e., the
first detection by PID 1A and the subsequent second detection
by PIDs 2A–D.

In the first detection, the gas analyte from a Tedlar bag was
drawn by using a diaphragm pump through a two port valve
and adsorbed into Carbopack B inside the µPrecon. After

Fig. 2 Schematic of the 1 × 4-channel experimental setup to characterize and calibrate the response of 5 PIDs (1A and 2A–D). Analytes are first
injected to the 1st dimensional column and detected by PID 1A. After the analytes pass through PID 1A, they are routed to one of the 2nd dimensional
columns via micro-Deans switches and a micro-thermal injector (μTI), and finally detected by the corresponding PID.
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sampling, the two valves were closed and the helium gas was
flowed through a three-port valve. The µPrecon was heated up
to 270 °C in 0.6 s and then kept at 250 °C for 10 s for complete
thermal desorption. The analyte underwent the first separation
through a RTX®-5 ms column, and was then detected by PID
1A. During the experiment, the column was heated and kept at
50 °C for 1 min and then ramped at a rate of 5 °C min−1,
whereas PID 1A was kept at room temperature (25 °C).

In the subsequent second detection, each of the analytes
(either partial or entire amount) passing through PID 1A was
routed by using the μDeans switches and trapped by using the
µTI in one of the 2nd dimensional modules. Then, the µTI was
heated to 270 °C in 0.6 s and then kept at 250 °C for 5 s. The
analyte from the 1st dimensional module underwent the
second separation through a RTX®-200 column and then was
detected by one of the PIDs in this dimension (i.e., PIDs 2A–D).
During the experiment, all columns in the 2nd dimension
were kept at 40 °C, whereas the PIDs 2A–D were kept at room
temperature (25 °C).

Results and discussion
Analyte dependency

To test and calibrate the PIDs’ response, individual analyte of
certain mass was first placed in a Tedlar bag and then col-
lected by the µPrecon and injected into the 1st dimensional
column. After detection by PID 1A, the analyte was injected
into one of the 2nd dimensional columns and detected by the
corresponding PIDs (PIDs 2A–D). The same procedure was
repeated until all four PIDs in the 2nd dimension were tested.
Fig. 3 shows the response of all five PIDs used in the experi-
ment (PID 1A and PIDs 2A–D) to two representative analytes
(ethylbenzene and toluene). Due to the non-destructive nature
of the PIDs,49 the same amount of the analyte flowed through

both PID 1A and one of the PIDs in the 2nd dimension, which
allows us to compare the PID’s responsivity in the 2nd dimen-
sion with that of PID 1A. For simplicity, throughout this paper
we used PID 1A as the reference and calibrated the responsivity
of PIDs 2A–D against that of PID 1A. From Fig. 3 we can see
that the PIDs exhibit quite different responses to the same
analyte of the same quantity. Such variations may result from
the different aging conditions of the UV lamps and UV
window, and possible misalignment of the window with
respect to the microfluidic channel during μPID assembly. The
calibration factor, E, for a given PID in the 2nd dimension is
defined by the ratio of the peak areas, i.e.,

Ei ¼ Ai
A1A

; i ¼ 2A; 2B; 2C and 2Dð Þ ð1Þ

where Ai is the peak area obtained from PIDs 2A–D and A1A is
the peak area obtained from PID 1A.

Using the same method described above, we calibrated the
response of PIDs 2A–D to seven different analytes with the
ionization potential ranging widely from 8.45 eV (p-xylene) to
10.08 (heptane) (see Table 1).33 The results in Fig. 4 and
Table 1 show that the calibration factor for each PID is quite
uniform, although the seven analytes have quite different
physical and chemical properties (such as ionization potential,
vapor pressure, polarity, chromatographic peak width, etc.).
The above result suggests that the PID calibration factor can be
obtained by using a single analyte.

Concentration dependency

In addition to the analyte dependent studies, we also investi-
gated the concentration dependency for the PID’s calibration
factor. Fig. 5(a) presents the peak area of toluene obtained
with PID 1A, 2A, and 2B with the injection mass ranging from
1.5 ng to 1800 ng. The peak area shows the excellent linear
response to the injection mass with an R2 of 0.9990–0.9995 in
the linear regression analysis (forced zero Y-intercept at zero
injection mass). Fig. 5(b) shows a plot of the calibration
factors of PIDs 2A and 2B for each injection mass that is
extracted from Fig. 5(a), showing a consistent calibration factor
across an injection mass spanned over 3 orders of magnitude.
The above results suggest that the calibration factor for each
PID can be obtained with a single concentration (or mass) of a
single analyte.

Quantitative reconstruction of the coeluted peaks

To further validate the calibration factors for the PIDs in the
2nd dimension and to demonstrate an important application
of using multiple PIDs, we quantitatively reconstructed the
coeluted peaks in the 1st dimensional separation using the
results obtained from the PIDs in the 2nd dimension. Recon-
struction of the 1st dimensional elution peaks is particularly
important in comprehensive 2-D GC.50 Since our instrument
in Fig. 1 had four columns and four PIDs in the 2nd dimen-
sion, we were able to route a portion of the eluent from the 1st

dimension to the 2nd dimensional columns alternately.

Fig. 3 The response of 5 PIDs to (a) 85 ng of ethylbenzene and (b)
92 ng of toluene. For comparison purposes, the peaks of PID 2A–D are
normalized to that of PID 1A for each analyte. Additionally, all the peaks
are horizontally shifted for clarity. Therefore, the x-axis does not rep-
resent the retention time.
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In our experiment, we chose styrene and 2-heptanone as a
model system. The black curve in Fig. 6(a) obtained by using
PID 1A shows that these two analytes were coeluted from the

1st dimension in around 145 seconds. Fig. S2 in the ESI† illus-
trates how the eluent was cut and sent into the four 2nd dimen-
sional columns by the flow routing system and subsequently
detected by PIDs 2A–D. In order to reconstruct the separation
peaks originally overlapped in the 1st dimension, the area
under each peak in the 2nd dimension separation was com-
puted and converted to the response of PID 1A using the cali-
bration factor. Fig. 6(a) and (b) present the reconstructed bars
for styrene and 2-heptanone, respectively. The four bars were
generated from the signal obtained by using PIDs 2A–D. Each
bar corresponds to a 5 s slice whose height, h, is computed as
follows:

hi ¼ Ai
Ei � 5ðsÞ ; ð2Þ

where Ai is the peak area obtained by using one of the 2nd

dimensional PIDs and Ei is the calibration factor for that PID
(see Table 1). The total area under those bars is 2.575 Vs and
3.03 Vs for styrene and 2-heptanone, respectively. The sum-
mation of the two sets of bars is plotted in Fig. 6(c) with
summed area of 5.605 Vs, which is nearly the same as 5.85 Vs
obtained directly by using PID 1A (see the black curve in
Fig. 6). In order to verify the reconstruction of the 1st dimen-
sion peak, Fig. 6(a) and (b) also show plots of the elution peak
of styrene and 2-heptanone detected by using PID 1A when
they were injected separately (see the red and blue curve in

Table 1 Comparison of the calibration factor (standard deviation) of PIDs 2A–D to seven different analytes. The averaged calibration factor (stan-
dard deviation) is given by Ei

Toluene Ethyl-benzene Styrene Heptane Chloro-benzene Benzene p-Xylene Ei

IPa 8.82 8.76 8.47 10.08 9.07 9.25 8.49
2A 0.343 (0.009) 0.342 (0.003) 0.336 (0.009) 0.343 (0.011) 0.343 (0.002) 0.342 (0.003) 0.349 (0.003) 0.343 (0.005)
2B 0.404 (0.007) 0.405 (0.015) 0.401 (0.013) 0.406 (0.011) 0.403 (0.013) 0.408 (0.032) 0.403 (0.013) 0.404 (0.014)
2C 0.328 (0.005) 0.332 (0.001) 0.325 (0.008) 0.318 (0.001) 0.325 (0.005) 0.323 (0.002) 0.327 (0.012) 0.325 (0.004)
2D 0.190 (0.005) 0.186 (0.008) 0.185 (0.013) 0.188 (0.004) 0.193 (0.008) 0.190 (0.002) 0.188 (0.008) 0.189 (0.006)

a Ionization potential (eV).

Fig. 4 Normalized peak areas obtained with PIDs 2A–D for toluene (92
ng), ethylbenzene (85 ng), styrene (90 ng), heptane (83 ng), chloroben-
zene (75 ng), benzene (80 ng) and p-xylene (80 ng). The peak areas are
normalized to that of PID 1A for each analyte. Error bars were obtained
with 3 measurements. The related parameters for the analytes and PID
calibration factors are given in Table 1.

Fig. 5 (a) Peak area obtained with PIDs 1A, 2A, and 2B as a function of injection mass of toluene on the linear-linear scale. Error bars were obtained
with 3 measurements. (b) The peak area of PID 2A and PID 2B normalized to that of PID 1A extracted from (a). The calibration factor for each PID
averaged among different concentrations and the associated standard deviation are labeled in the figure.
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Fig. 6). The peak area of 2.46 Vs for styrene and 3.006 Vs for
2-heptanone matches well with the respective area obtained
from the reconstructed peaks. The details of the peak areas are
also given in Table 2.

Conclusions

We have investigated the responsivity of different PIDs to seven
VOCs with different ionization potentials and concentrations
in a 1 × 4-channel 2-D GC. The calibration factor obtained by
the ratio of the peak areas for each PID was uniform regardless
of the analyte and its concentration, suggesting that different
PIDs can be calibrated with a single analyte with a single con-
centration. In addition, we demonstrated quantitative recon-
struction of the coeluted peak in the 1st dimension with a PID
array in the 2nd dimension. Our work will not only enable the
rapid and in situ calibration of PIDs but also lead to the devel-
opment of multi-channel multi-dimensional GC where mul-
tiple PIDs are employed.
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