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GAS CHROMATOGRAPHY

Investigating the performance characteristics of the barrier
discharge ionization detector and comparison to the flame
ionization detector for the gas chromatographic analysis of
volatile and semivolatile organic compounds

Maria Antoniadoua,b , George A. Zachariadisa , and Erwin Rosenbergb

aLaboratory of Analytical Chemistry, Department of Chemistry, Aristotle University, Thessaloniki, Greece;
bInstitute of Chemical Technology and Analytics, Vienna University of Technology, Vienna, Austria

ABSTRACT
The response behavior and performance characteristics of the recently
introduced barrier discharge ionization detector (BID) for gas chroma-
tography (GC-BID) were investigated by analyzing different classes of
organic compounds such as alcohols, alkanes, cycloaliphatic com-
pounds, polycyclic aromatic hydrocarbons (PAHs), and others. The
results obtained by GC-BID were compared with those of gas chroma-
tography with flame ionization detection (GC-FID), aiming to demon-
strate the particular merits of the new BID detector over the well-
established FID. The response of the BID not only was found to be
strongly dependent on the detector settings, but also shows a high
dependence on the analyte class and the individual analyte. The sensi-
tivity of the BID detector compared to the FID was higher by a factor of
ca. 4 on average when considering all compounds analyzed. The rela-
tive standard deviation (RSD) was better than 5% for the majority of the
cases. The BID detector showed better precision (lower RSD) in compari-
son with the FID for the investigated compounds. Linear calibrations
were obtained for the analytes over more than four orders of magni-
tude with coefficients of determination typically higher than 0.999 and
the limits of detection varied from 0.04 to 1.48 ng/s for the GC-BID.
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Introduction

More than 75 years after its invention (Martin and Synge 1941), gas chromatography still
maintains its role as the most important and most powerful analytical separation tech-
nique for volatile and semivolatile compounds. Its high separation efficiency, flexibility,
and sensitivity are among the most commonly named assets of this technique. Much of
the success of modern gas chromatography is due to the availability of a large number of
sensitive detectors which, depending on the particular use, may be highly selective (such
as the spectrometric detectors), or on the contrary universally applicable (such as the flame
ionization detector, FID, or the thermal conductivity detector, TCD) (Rosenberg 2006).
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One of the most recently introduced GC detectors is the so-called barrier-discharge
ionization detector (BID). Being related to the FID through its detection principle, it
also responds—in contrast to the former—to N2 and O2 and oxidized organic substan-
ces. The BID is based on a dielectric-barrier discharge (DBD) as the ionization source.
The DBD is a low-temperature helium plasma, operated in a state of thermal nonequili-
brium. It is produced by an electric discharge between two electrodes, at least one of
which has a dielectric material on its surface (Liu et al. 2011). The discharge is initiated
by a high voltage alternating current (AC) that is applied to the dielectric material. If
the applied voltage surpasses the breakdown voltage of the plasma gas (also called the
discharge gas, in this case He), a discharge is initiated between the two electrodes. The
produced metastable species and photons (DE up to 24.6 eV) are responsible for the
ionization of the analytes. Because the electrode/dielectric barrier/electrode arrangement
functions as a capacitor, each discharge is self-limiting and the formation of an electric
arc between the electrodes (often associated with the sputtering of electrode material) is
prevented (Gras et al. 2006; Jiang et al. 2014). The frequency and the voltage range
from a few Hz to MHz and from 1 to 100 kV, respectively (Li et al. 2011a).
Originally described by Siemens (1857), this type of plasma was initially only adopted

in production processes due to its low plasma temperature and power consumption, its
simple manufacture and long operational use (Kogelschatz 2003; Hu et al. 2011). Only
more recently, analytical and spectroscopic applications have become more abundant,
and the DBD has been used in a number of analytical and spectroscopic applications
(Guo et al. 2015; Sch€utz et al. 2015)
Typical applications of the DBD in spectroscopy are as an atomization (Straka et al.

2018; Kratzer et al. 2018), excitation (Brandt et al. 2016), and ionization source
(Hagenhoff and Hayen 2018; Huba, Mirabelli, and Zenobi 2018). The DBD has also
been incorporated as ionization source in some GC detectors, e.g., as GC photoioniza-
tion detector on a chip (Zhu et al. 2016) and as an atmospheric pressure ionization
detector providing detection in the low parts per billion range (Kirk, Last, and
Zimmermann 2017). The combination of the DBD with miniaturized photodiode array
detection has been reported particularly for element-specific detection in a number of
applications (Li et al. 2011; Han et al. 2014; Li, Jiang, and Hou 2015; Jiang et al. 2015).
Also, the dielectric-barrier ionization detector that has recently become commercially

available for GC-BID (Shinada et al. 2012) is based on the principle of dielectric barrier
discharge ionization with He as a plasma gas. The detector, consisting of a plasma gen-
erator and the charge collector, are operated at medium frequency and high voltage
(5–30 kHz, 5 to 10 kV) applied to a central ring electrode while two outer electrodes are
grounded. The quartz tube acts as a dielectric barrier across which a discharge is initi-
ated. Ions are produced as a result of the oscillating electrical field between the electro-
des and the ion current is subsequently detected. The particular design of the plasma
source (Figure 1) avoids excessive dilution of the sample.
An important feature of the BID is the low plasma temperature that does not lead to a

significant temperature change (more than 5 �C) in the quartz tube. This prevents sputter-
ing or material loss from the discharge tube and allows its stable operation for an extended
period of time. Furthermore, the low thermal load of the plasma decreases the noise at the
detector compared to other high energy plasma sources (Shinada et al. 2012).
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In the explanation of the working principles of the GC-barrier discharge ionization
detector, the dominant role of the vacuum ultraviolet radiation in the ionization of the
sample has to be emphasized. More specifically, it is suggested that the vacuum ultravio-
let radiation (De¼ 17.7 eV), created by the dielectric barrier discharge and by the
excited helium molecules according to the reaction (Figure 2):

He2 A1Ruþð Þ ! 2 He 11S0
� �

can photoionize the sample (Shinada et al. 2012). Assuming that the ionization of the
BID is a photoionization process rather than the combined atomization and ionization
that is prevalent in the FID, it is expected that the BID response is concentration-
dependent rather than mass flow dependent as with the FID detector.
While it is claimed that the GC-BID system can be applied to a wide range of analytes,

there are only few studies to verify its performance. In most cases, the BID has been used to

Figure 1. BID cross-sectional diagram and gas flow. Redrawn from Shinada et al. (2012).

Figure 2. Ionization of the analyte (orange bowl) in a dielectric barrier-discharge sustained in He as
plasma gas.
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determine a limited number of analytes within a given sample, mostly of low molecular
weight and partially oxidized which is the range of analytes for which the BID is said to sur-
pass the FID in its sensitivity and applicability (e.g., measurement of ethanol and water:
Weatherly, Woods, and Armstrong 2014; measurement of CO2 after photocatalytic conver-
sion: Iguchi et al. 2015; a 10 compound set of alkanes, benzenes, alcohols, and FAME after
comprehensive two-dimensional GC: Franchina et al. 2015; gaseous formic and acetic acid
after needle trap extraction: Ueta et al. 2017, 2018), and greenhouse gases CO2 and N2O:
Pascale et al. 2017; as well as permanent gases, O2 and N2: Jo and Kim 2017).
The scope of this study is to systematically evaluate the performance of the commer-

cial GC-BID system by determining a set of standards from various compound classes,
such as alcohols, anilines, halogenated hydrocarbons, esters, alkanes, aldehydes, polycyc-
lic aromatic hydrocarbons (PAHs), cyclic compounds, and comparing the results with
the well-established flame ionization detector for GC. The analytical figures of merit of
the BID are determined and provide a more consistent basis for the assessment of the
merits of the dielectric barrier discharge as a GC detector.

Materials and methods

Reagents

All reagents used had a purity of at least 95%. Benzene, butylbenzene, cyclododecane, dec-
ane, ethyl acetate, ethylbenzene, isovaleraldehyde, pentachlorophenol, pentylbenzene,
2-propanol, fluoranthene, propylbenzene, n-octane, 1-decanol, 1-heptanol, n-heptane,
cyclododecanone, chrysene, n-tetradecane, naphthalene, fluorene, phenanthrene, and pyr-
ene were purchased from Fluka (Seelze, Germany). 1,4-Butanediol, 2-butoxyethyl acetate,
4-chlorophenol, 2,4-dichlorophenol, N,N-diethylamine, N,N-dimethylamine, isopropyl
ether, phenol, chlorodecane, chlorododecane, cycloheptane, and cyclodecanone were
obtained from Aldrich (Steinheim, Germany). Butylacetate, cyclohexane, cyclodecane,
cyclopentane, dodecane, isopropyl acetate, hexane, toluene, 1-pentanol, and cyclopentane
were purchased from Sigma-Aldrich (Vienna, Austria). Diethyl ether was purchased from
Riedel-de Ha€en. Benzaldehyde, 1-bromodecane, 1-bromohexane, 1-bromo-3-chloropro-
pane, methanol, 2-methoxy-1-propyl acetate, 1-nonanol, and chloroheptane were obtained
from Merck (Vienna, Austria). 1-hexanol, cyclopentanone, and cyclohexanone were
obtained from Loba (Fischamend, Austria). Chlorooctane and acenaphthene were from
H€uls (Marl, Germany) and Acros Organics (Geel, Belgium), respectively.
All of the reagents were used for the standard solutions. Helium, used as the carrier and

discharge gas, had a purity of 99.999% and was purchased by Messer (Austria).

Instrumentation

Measurements were performed using a GC-2010 Plus with a BID detector (Tracera)
from Shimadzu and a GC-2010 Plus system with flame ionization detector and an
AOC-20i autosampler (both Shimadzu, Kyoto, Japan). An RTX-5MS (5% diphenyl/95%
dimethyl polysiloxane) GC column of 30m � 0.25mm � 0.25lm from Restek
(Bellefonte, PA) and a DB-5MS (5%-diphenyl/95% methylpolysiloxane) 30m � 0.25mm
� 0.25lm from Agilent J & W (Middleburg, Netherlands) were employed in this study.
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Standard solutions

Standards were prepared in different solvents in order to ensure adequate solubility.
Nine groups of standards were prepared at five concentration levels (100 pg/lL, 1 ng/lL,
10 ng/lL, 100 ng/lL, 1 lg/lL). The standards were grouped according to the chemical
nature of compounds, namely the anilines, alcohols, aldehydes, halogenated hydrocar-
bons, phenols, alkanes, cycloalkanes, aromatic compounds, and esters. Alkanes, cyclic
and aromatic compounds were dissolved in cyclopentane; the esters in diethyl ether,
and the remaining standards in methanol.
Additional standards were analyzed to further test the instrument response. These

were the cyclic ketones and cycloalkanes in cyclopentane, chlorinated benzenes, chlori-
nated alkanes and alcohols in methanol, benzenes, alkanes, and PAHs in dichlorome-
thane. These solutions were prepared at two concentration levels (1 and 100 ng/lL) and
an alkane standard (C10-C17) in heptane was prepared at 1 ng/lL.

Analytical procedure

Injections of 1lL of each standard were made into the GC-BID and GC-FID system in
split mode with split ratio of 20:1. In the optimized method, the BID was operated at a
temperature of 300 �C; the FID at a temperature of 250 �C; the injector temperature was
250 �C in both cases; a column flow of 1.08mL/min, resulting in a carrier gas linear vel-
ocity of 25.5 cm/s; purge flow of 3mL/min; total flow of 25.8mL/min; inlet pressure of
97.4 kPa; equilibration time of 1min; and a discharge gas flow of 50mL/min. The tem-
perature program for the oven was 3min at 50 �C and increased at 20 �C/min up to
250 �C with a hold time of 4min. The total analysis time was 17min.
The second set of standards was analyzed with a similar method but with an initial hold

time of only 1min instead of 3min which provided an analysis time of 15min, and with
the DB-5MS column. For the PAHs and the alkane standard (C10–C17), the linear ramp
of the oven program was extended to 280 �C and the FID temperature was 300 �C.

Results and discussion

Optimization of GC-BID operating conditions

Effect of the septum purge flow rate

The septum purge flow rate is a parameter whose importance is largely underestimated
in gas chromatographic analysis. Its optimization is important as a correctly set septum
purge flow prevents the contamination of the carrier gas inlet line and removes septum
bleed volatiles from the system. On the other hand, an excessive septum purge flow
may lead to unintentional dilution of the sample, and hence reduced sensitivity. For
this reason, different purge flow rates were examined during analysis. The flow rates
ranged from 0.5 to 10mL/min.
Figure 3 shows the response of a standard with four aromatic compounds. The opti-

mum purge flow rate was 3mL/min because the lower and higher rates were unable to
provide greater peak signals—on the low side apparently due to less efficient sample
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transfer and on the high side due to increased dilution. The current result is in good
agreement with the purge flow rate recommended by the manufacturer.

Effect of the discharge gas flow rate

In order to understand the impact of the system flow rates on the instrument response,
we examined the effect of the flow rate of the discharge gas. The instrument can func-
tion within a specific flow rate range from relatively low values at which plasma stability
may be affected up to ca. 100mL/min. According to the information provided by the
manufacturer, the column flow and discharge gas flow must be adjusted in mutual cor-
respondence: Depending on the particular discharge gas flow rate used, the column
flow should be adjusted accordingly. The reason for that apparently lies in the increased
pressure at the GC column end when a higher flow rate and thus higher pressure is
applied to the detector.
In this work, four flow rates (25, 50, 75, and 100mL/min) were used for the deter-

mination of several compounds at different concentrations and with similar column
flow. The evaluation of a set of selected standards at different detector flow rates in
Figure 4 shows a noteworthy influence of the detector flow rate on signal intensity.
Higher gas flow rate decreases the signal for the studied compounds. Although the dis-
charge gas flow rate of 25mL/min gave the best response, it was not preferred because
it is at the lower end of the acceptable operating range of the instrument, and according
to the manufacturer could affect both the reproducibility of measurement as well as
have an adverse effect on the instrument long-term stability. Hence, a flow rate of
50ml/min was chosen for all further measurements, representing a compromise between
the anticipated signal stability and observed signal loss. This flow rate is in agreement
with the manufacturer’s recommended flow rate.
The results from the purge and discharge gas flow rate investigation indicate the high

dependence of the instrument response and sensitivity on the flow rate conditions and
attest to the importance of optimizing these flow rates.

Figure 3. Effect of the purge flow for aromatic compounds at flow rates of 0, 1, 3, 5, and 10mL/min.
The error bars represent ± one standard deviation.
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Comparison with the FID detector

The measurements reported subsequently are performed under optimum conditions for
GC-BID and GC-FID regarding the temperatures and detector flow rates. The same
split ratio and temperature program was used for the measurements on both instru-
ments as described in the experimental section. All standards were measured in three
replicates on the same day for both detectors.
The chromatograms obtained for both detectors and the investigated sets of standards

were perfectly comparable (Figure 5). Notably, no excessive detector-related peak broaden-
ing or peak tailing was observed with small exceptions in the case of amine compounds,
easily explainable with their high tendency to interact with imperfectly inert surfaces. The
retention times for the compounds were consistent between the techniques.
As a means of assessing the performance of the detector under the given chromato-

graphic conditions, the resolution was calculated for the following compounds and their
respective neighbor peaks: 1-butanol and isoamyl alcohol; 1-bromo-3-chloropropane and
1-bromohexane; 2,4-dichlorophenol and 4-chlorophenol; butylbenzene and pentylben-
zene; butylacetate and 2-methoxy-1-propyl acetate. The resolution factors were in the
range from 1.4 to 10.6 for the BID and 2.1-14.1 for the FID and are listed in Table 1. It
should be noted that even in the case of the most critical separation, the resolution of the
2,4-dichlorophenol and 4-chlorophenol peaks was still satisfactory. The detector does not

Figure 4. Diagram demonstrating the effect of the discharge gas flow rate for anilines at concentrations
of 10 ng/lL, 100 ng/lL, and 1lg/lL) and gas flow rates of 25, 50, 75, and 100mL/min. The error bars
represent ± one standard deviation. For the higher concentration, the left axis applies, and for the two
lower concentrations, the right axis applies.
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suffer from the introduction of a high concentration of matrix as long as it is sufficiently
volatile to not cause further chromatographic problems (e.g., sample carry-over, increased
background, peak tailing, or retention time shifts).
Analytical figures of merit were evaluated for all analytes from the corresponding

calibration graphs using five concentration levels and are summarized in Table 2. The
calibration curves were constructed by plotting the peak area of the signal (y axis) as
function of the concentration in the x axis. However, in some cases, the standards could
not be detected at the lowest level of the calibration in which case the calibration and
calculations were performed with the remaining levels. The coefficients of determination
(R2) (Table 2) were typically more than 0.999 for both detectors. The R2 reached

Figure 5. Comparison of chromatograms for four groups with the BID and the FID at 100 ng/lL: esters,
upper left; alkanes, lower left; cyclic, upper right; and aromatic, lower right. Analytical conditions: injector
temperature 250 �C; column flow 1.08mL/min, 20:1 split; discharge gas flow 50mL/min; oven initially at
50 �C (3min) and increased at 20 �C/min to 250 �C (4min).

Table 1. Chromatographic resolution obtained for the BID and FID using identical separation conditions
for adjacent peak pairs.
Peak pairs Resolution BID Resolution FID

1-Butanol/isoamyl alcohol 7.9 8.8
1-Bromo-3-chloropropane/1-bromohexane 7.2 11.4
2,4-Dichlorophenol/4-chlorophenol 1.4 2.1
Butylbenzene/pentylbenzene 10.6 14.1
Butyl acetate/2-methoxy-1-propyl acetate 6.7 9.2

8 M. ANTONIADOU ET AL.



Table 2. Comparison of the limit of detection (LOD), limit of quantification (LOQ), and relative stand-
ard deviation (RSD) of the GC-BID and GC-FID.

3σ/S Method S/N Method

Analyte Detector
LOD
(pg/s)

LOQ
(pg/s)

LOD
(pg/s)

LOQ
(pg/s)

RSD (%)
range

Regression
equation

Coefficient of
determination R2

N,N-Dimethylaniline BID 315 1041 221 729 1.1−2.4 y = 5.01e + 06 x − 4499 0.9999
FID 108 356 564 1862 0.9−4.9 y = 1.23e + 06 x − 7343 0.9995

N,N-Diethylaniline BID 627 2071 167 553 0.6−4.1 y = 5.45e + 06 x − 1361 0.9999
FID 197 651 563 1857 0.9−7.3 y = 1.33e + 06 x − 6751 0.9996

Isovaleraldehyde BID 460 1518 140 462 0.6−11 y = 3.58e + 06 x + 15730 0.9997
FID 202 668 413 1362 0.4−38 y = 494098 x − 563 0.9999

Benzaldehyde BID 312 1029 420 1386 0.4−21 y = 3.80e + 06 x − 65487 0.997
FID 106 351 1184 3906 1.0−21 y = 148798 x − 19452 0.995

1-Bromo-3-
chloropropane

BID 629 2075 272 898 0.6−10 y = 2.97e + 06 x + 4984 0.9999

FID 359 1186 1584 5228 0.2−13 y = 395005 x − 2987 0.9993
1-Bromohexane BID 774 2553 299 987 0.6−35 y = 3.02e + 06 x + 2850 0.9999

FID 347 1144 1111 3665 0.2−14 y = 556778 x − 3891 0.9994
1-Bromodecane BID 1059 3493 301 992 0.4−5.8 y = 3.48e + 06 x + 11314 0.9999

FID 300 988 726 2396 0.9−7.4 y = 726446 x − 4816 0.9993
Phenol BID 186 614 281 926 0.1−1.8 y = 3.96e + 06 x − 14184 0.9999

FID 190 627 946 3121 0.4−31 y = 778259 x − 10443 0.9990
2.4-Dichlorophenol BID 427 1410 351 1159 0.3−5.9 y = 3.14e + 06 x − 1394 0.9999

FID 1927 6360 1474 4863 0.4−72 y = 621277 x − 7356 0.9993
4-Chlorophenol BID 334 1102 231 761 0.5−19 y = 3.17e + 06 x + 5630 0.9999

FID 182 600 1446 4771 0.7−42 y = 642988 x − 6759 0.9996
2-Propanol BID 226 745 130 428 1.4−4.7 y = 3.42e + 06 x − 82938 0.999

FID 5108 16856 621 2048 0.6−5.8 y = 355131 x − 8632 0.999
1-Butanol BID 429 1416 138 455 1.0−5.3 y = 2.98e + 06 x − 3202 0.9999

FID 218 720 694 2289 0.5−6.5 y = 476348 x − 3727 0.9994
Isoamyl alcohol BID 548 1807 223 738 0.8−11 y = 3.13e + 06 x − 2486 0.9999

FID 325 1073 644 2126 0.4−7.2 y = 395875 x + 588 0.9999
1,4-Butanediol BID 107 353 365 1203 0.9−1.4 y = 3.15e + 06 x + 1.504 0.9999

FID 198 654 659 2173 1.1−12 y = 404225 x − 3513 0.9995
1-Octanol BID 1476 4872 251 829 0.6−5.3 y = 3.49e + 06 x + 1504 0.9998

FID 2760 9106 344 1134 0.5−4.1 y = 676103 x − 2655 0.9998
Heptane BID 411 1358 82 272 0.4−2.0 y = 7.09e + 06 x − 45876 0.9995

FID 926 3055 215 709 0.3−6.0 y = 1.23e + 06 x − 9190 0.9994
Decane BID 754 2487 125 413 0.1−1.3 y = 7.55e + 06 x − 45639 0.9996

FID 200 660 260 859 0.4−7.6 y = 1.52e + 06 x − 12046 0.9993
Dodecane BID 562 1856 150 496 0.3−13 y = 7.61e + 06 x − 38652 0.9997

FID 78 258 261 860 0.3−17 y = 1.69e + 06 x − 12695 0.9994
Cyclohexane BID 637 2103 79 260 0.4−3.7 y = 3.99e + 06 x − 16656 0.9993

FID 150 496 228 753 0.9−2.3 y = 648950 x − 3228 0.9993
Cyclodecane BID 657 2168 129 426 0.3−2.3 y = 6.04e + 06 x − 10544 0.9999

FID 475 1567 419 1384 0.2−7.7 y = 971333 x − 7485 0.9993
Cyclododecane BID 130 429 105 346 0.2−34 y = 6.33e + 06 x − 2164 0.9999

FID 3634 11994 295 972 2.3−6.2 y = 1.45e + 06 x − 8385 0.9994
Benzene BID 633 2088 97 320 0.1−5.0 y = 4.06e + 06 x − 492 0.9999

FID 2503 8261 183 603 0.6−3.3 y = 1.26e + 06 x − 4874 0.9999
Toluene BID 477 1574 124 408 0.1−10 y = 4.40e + 06 x + 1766 0.9999

FID 119 392 291 959 0.8−3.2 y = 1.32e + 06 x − 5727 0.9999
Ethylbenzene BID 613 2025 140 462 0.4−2.3 y = 4.60e + 06 x + 2456 0.9999

FID 146 480 369 1216 0.9−1.6 y = 1.34e + 06 x − 5295 0.9999
Butylbenzene BID 857 2828 141 465 0.3−3.3 y = 5.86e + 06 x + 6786 0.9999

FID 219 723 345 1139 0.6−3.8 y = 1.69e + 06 x − 5845 0.9999
Pentylbenzene BID 749 2472 169 559 0.3−2.9 y = 5.72e + 06 x + 8451 0.9999

FID 248 820 348 1150 1.2−3.6 y = 1.67e + 06 x − 5377 0.9999
Ethyl acetate BID n.d. n.d. 44 145 0.8−3.6 y = 6.31e + 06 x + 145864 0.998

FID n.d. n.d. 427 1408 0.5−1.2 y = 740187 x − 2275 0.9999
Butyl acetate BID n.d. n.d. 102 338 0.6−6.5 y = 7.58e + 06 x + 37757 0.9991

FID n.d. n.d. 421 1390 0.5−11 y = 1.30e + 06 x − 7674 0.9999
2-Methoxy-1-propyl

acetate
BID n.d. n.d. 79 262 0.5−3.5 y = 6.61e + 06 x + 39141 0.9991

(continued)
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>0.9999 for anilines, halogenated compounds, phenols, alcohols, cyclic, and aromatic
compounds with the BID and for four compounds also with the FID.
The relative standard deviation (RSD) was determined and the results were found

acceptable for both detectors with the majority of the RSD values being lower than 5%,
except for the measurements at the lowest concentrations injected (1 ng/lL, 100 pg/lL),
where the relative precision increased to above 10% (Table 2). Particularly, the halogen-
ated compounds and aldehydes had large standard deviations for repeated measure-
ments at low concentrations. A large part of the encountered variability is due to the
low concentration levels chosen for these measurements, considering that already for
statistical reasons, the RSD approaches the value of 33% when the concentration is close
to the limit of quantification (LOQ), and may rise even to 50% at the lower limit of the
quantitative working range. The RSD values for most analytes were lower for the BID.
For the standards measured at two concentrations, the RSD was also investigated after
ten days and it changed less than 20% for the 1 ng/lL concentration.
Figure 6 compares the sensitivity of the BID to that of the FID for the standards at

five concentration levels. In general, the sensitivity of the BID is higher than the FID
sensitivity. The sensitivity was determined as the slope of the calibration curve, and the
results vary depending on the analyte. The BID provides for all analytes and analyte
classes a higher response than the FID, although the difference in sensitivity depends on
the particular class of compounds. Thus, the sensitivity of the BID detector was found
to be higher than the sensitivity of the FID by a factor of 3.1 for anilines, 4.1 for alde-
hydes, 3.7 for halogens, 3.8 for phenols, 6.4 for alcohols, 4.1 for alkanes, 4.1 for cyclic
compounds, 2.4 for aromatics, and 5.9 for esters. Generalizing this finding over all
classes of compounds, the sensitivity of the BID was higher on average by a factor of
4.2 compared to the FID.
In the next step, response factors (RFs, determined as peak area/mass) were calculated

for the individual compounds and investigated more closely to detect any systematic
trends. Figure 7 reports the RFs for four analytes from different chemical classes.
Although not completely homogeneous, no concentration dependence of the RFs can be
observed, and the variations observed are more likely an effect of the chromatographic
conditions, rather than the detection. The obtained RFs for the BID were generally
higher, reflecting the higher sensitivity of the BID versus the FID.
Using the results from the measurement of standards at a higher concentration level

(100 ng/lL), the difference in RFs for both detectors is depicted in Figure 8 in form of the

Table 2. Continued.
3σ/S Method S/N Method

Analyte Detector
LOD
(pg/s)

LOQ
(pg/s)

LOD
(pg/s)

LOQ
(pg/s)

RSD (%)
range

Regression
equation

Coefficient of
determination R2

FID n.d. n.d. 777 2565 0.5−1.1 y = 908912 x − 5950 0.9999
2-Butoxyethyl

acetate
BID n.d. n.d. 150 494 0.4−3.4 y = 6.60e + 06 x + 49378 0.999

FID n.d. n.d. 839 2767 0.1−8.7 y = 1.14e + 06 x − 6964 0.9999

LOD: Limit of detection
LOQ: Limit of quantification
RSD: Relative standard deviation
BID: Barrier discharge ionization detector
FID: Flame ionization detector
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Figure 6. Normalized sensitivity of the BID in comparison to the FID. Normalized sensitivity: (compound
sensitivity-lowest sensitivity from all 30 compounds)/lowest sensitivity from all 30 compounds. Compound
numbers: (1) N,N-dimethylaniline, (2) N,N-diethylaniline, (3) isovalevaldehyde, (4) benzaldehyde, (5) 1-
bromo-3-chloropropane, (6) 1-bromohexane, (7) 1-bromodecane, (8) phenol, (9) 2,4-dichlorophenol, (10) 4-
chlorophenol, (11) 2-propanol, (12) 1-butanol, (13) isoamyl alcohol, (14) 1,4-butanediol, (15) 1-octanol, (16)
heptane, (17) decane, (18) dodecane, (19) cyclohexane, (20) cyclodecane, (21) cyclododecane, (22) benzene,
(23) toluene, (24) ethylbenzene, (25) butylbenzene, (26) pentylbenzene, (27) ethyl acetate, (28) butyl acetate,
(29) 2-methoxy-1-propyl acetate, and (30) 2-butoxyethyl acetate.

Figure 7. Concentration dependence of the response factors (peak area/mass) for four compounds at
five concentrations. The error bars represent ± one standard deviation.
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response factor ratio RF(BID)/RF(FID). In Figure 8(c), the RFs of different classes of
chemical compounds are reported. It is evident that the BID RFs, although generally
higher than those of the FID, differ significantly. The compound class that has the highest
response ratio, and thus the highest relative sensitivity in the comparison of BID and FID,
is the one of the alcohols, followed by the halogenated compounds. Somewhat surpris-
ingly, the PAHs had the lowest and most constant RF ratio between BID and FID.
The above observations can be explained through the different ionization mechanisms in the

BID and the FID. Since the main route of ionization in the BID is through photoionization, it
can be expected that a constant number of charges (cations and electrons) are produced per
mole of analyte molecules. In contrast to this, the FID generates its signal by completely atomiz-
ing a molecule and simultaneously ionizing the carbon fragments produced. The FID response
is thus not concentration-dependent (mol/s), but mass-dependent (g/s).
Moreover, the FID response is also diminished compared to pure hydrocarbons for

analytes that contain heteroelements. According to our chemical understanding, a car-
bon atom bound to one or more heteroatoms such as O, S, Cl, or Br is considered
already as oxidized. It cannot be further oxidized, which reduces incrementally the
response of the FID. This concept is already known for long under the term “effective
carbon number” (ECN) concept (Scanlon and Willis 1985) and can be used to theoretic-
ally calculate the FID RF of an analyte as a function of the carbon number and the
functional groups attached to the carbon backbone.
The BID/FID RF ratios show remarkable trends within the individual compound

classes: For example, the RF ratio clearly increases for the chlorinated compounds inves-
tigated with the degree of substitution by chlorine while it decreases for some of the
other compound classes with chain length.
In order to understand which phenomenon is responsible for such behavior, Figure 8

presents the original RFs of the BID (Figure 8(a) and the FID (Figure 8(b)). For the
halogenated compounds—which in the current case are mono- to tetrasubstituted
benzenes—this is explained by a strongly decreasing RF of the FID with increase in the
chlorine substitution of the aromatic ring.
A contrary effect is seen for the aliphatic alcohols and the n-alkanes whose response

decreases with increasing chain length. Since this can be caused both by a decrease of the
response of the BID or by the increase of the RF of the FID, the RFs of the two instruments
were evaluated and plotted separately. The results show that the main influence on this
trend is the significant change in specific response for the BID. This change is due to the
fact that the RFs were normalized to mass of analyte, not to amount of substance. Given
that the BID leads to the formation of single-charged cations, the amount of ions generated

Figure 8. Diagram with the specific peak area (area per mass) values per compound for both
detectors. Analytes: (1) cyclohexane, (2) cycloheptane, (3) cyclododecane, (4) cyclopentanone, (5)
cyclohexanone, (6) cyclodecanone, (7) cyclododecanone, (8) chlorobenzene, (9) 1,2-dichlorobenzene,
(10) 1,2,3-trichlorobenzene, (11) 1,2,3,4-tetrachlorobenzene, (12) chloroheptane, (13) chlorooctane, (14)
chlorodecane, (15) chlorododecane, (16) 1-pentanol, (17) 1-hexanol, (18) 1-heptanol, (19) 1-octanol,
(20) 1-nonanol, (21) 1-decanol, (22) n-hexane, (23) n-heptane, (24) n-octane, (25) n-decane, (26)
n-dodecane, (27) n-tetradecane, (28) naphthalene, (29) acenaphthene, (30) fluorene, (31)
phenanthrene, (32) fluoranthene, (33) pyrene, (34) chrysene, (35) benzene, (36) toluene, (37) ethylbenzene,
(38) propylbenzene, (39) butylbenzene, and (40) pentylbenzene.
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is proportional to the amount of substance of this analyte, but inversely proportional to
the molecular mass of this compound. The longer the aliphatic chain of the analyte, the
lower its specific RF. This appears to be the main reason for the observed decrease in RF
ratios for the n-alcohols and n-alkanes with increasing molecular mass or chain length.
A further experiment was performed in order to verify that the BID responds to the

amount of substance arriving at the detector per time unit, rather than mass of analyte
per time unit. To this end, an alkane standard with the same mass concentration and
carbon numbers from ten to seventeen was analyzed by both detectors. Figure 9 exhibits
a decrease of the response with increasing carbon number in the BID in contrast to the
FID response where this decrease is not evident. The reason for this difference is that
the BID, in contrast to the FID, does not lead to the complete atomization of the analy-
tes because of its low thermal energy and excitation. Thus, only one cation is formed
per molecule in the BID with one electron being produced in the same process while a
Cn compound can produce n carbocations and n electrons in the BID. The ionization
yield is clearly lower than unity but can be expected to be similar for both excita-
tion sources.

Limits of detection and quantification

The limit of detection (LOD) was determined by two different approaches. The first
was based on the definition of the LOD as the concentration at which the signal-to-
noise ratio (S/N) is equal to 3. Both signal and noise are expressed in peak height units.
The second approach uses measurements of the standard deviation of the blank r
(n¼ 5) to calculate the LOD as 3r/S (where S is slope or sensitivity) from the regression
equation (Figure 10; Table 2). Also, in this case, the regression line was calculated for
the peak height.
Given that the calculation of the LOD was performed in two different ways, there are

evident differences between the results. According to the LOD values obtained with the
S/N ratio method, the BID always exhibited better detection limits than the FID, espe-
cially for the halogenated, oxygenated compounds, and for some alkanes where the BID
LOD was one order of magnitude lower than for the FID. The LOD values determined

Figure 9. Response of the barrier discharge ionization detector (BID) and flame ionization detector
(FID) for alkane standards C10-C17 at 1 ng/lL. The analytical conditions are the same as in Figure 5.
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from the blank covered two orders of magnitude, ranging from the medium pg/s to the
low ng/s range.
The LOD in the 3r/S results is influenced by the background in the blank samples.

The background in the BID blanks was high as a consequence of residual impurities in
the He carrier and plasma gas and hence the LOD values were higher. For the FID, the
background was low in comparison to the BID and the LODs were lower in comparison
to the values obtained with the other method. Generally, the FID values were lower
with exceptions for compounds such as heptane and cyclododecane. Because of the high
background in the blanks, the LOD values do not reflect the same increase in sensitivity
of the BID compared to the FID as when evaluating the slopes of the calibration lines
of the two detectors which is typically used to express the instrumental or method
sensitivity.

Figure 10. Comparison of the limits of detection (LODs) for the two detectors: (a) calculation when
the value of the signal-to-noise ratio (S/N) equals to 3. The compounds on the x axis are identified in
Figure 6. (b) Use of the height of the blank measurement (n¼ 5) to calculate the limit of detection
using the 3r/S relationship where S is the slope or sensitivity.
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Conclusions

The current study aimed to provide a better understanding and a more comprehensive
and quantitative characterization of the response behavior of the BID and to compare
its performance to that of the FID for gas chromatography.
The detection principle of the BID was identified as a photoionization process of the

analyte molecules, caused by metastable He species created in the dielectric barrier dis-
charge of the detector unit. As a result, the BID shows a concentration-dependent
rather than mass-dependent response behavior compared to the FID. In general, the
BID shows a sensitivity that is about four times higher than that of the FID, which is
particularly the case for the compounds to which the FID has a medium to low
response, notably oxygen- and halogen-containing compounds.
The BID response also requires optimization and is dependent on various factors,

such as the detector temperature and detector make-up gas flow rate. Depending on the
particular compound, detection limits for the BID in the two-digit picogram range
(absolute) were achieved. We expect that limits of detection in the low one-digit pg
(absolute) range can be reached. However, to this end, even higher requirements are
imposed to the carrier gas supply—the use of He with purity of better than 99.9999%
rather than better than 99.999% as is often recommended for GC-FID is—and to the
stability of the chromatographic columns (i.e., absence of bleed).
In general, the BID has similar robustness and ease of operation as the FID. Two

practical advantages of the BID compared to the FID are the absence of a burner head
which may clog with time, and that only He is required as detector gas which is also
the GC carrier gas. The investment for the commercial BID instrument is moderately
higher than that for a regular FID.
To summarize, the BID is a highly versatile and an interesting addition to the toolkit of

gas chromatographic detectors. Due to its functioning principles, it is best used for low-
molecular weight, heteroatom containing analytes where it easily outperforms the FID,
while this advantage is gradually lost with increasing molecular weight of the analyte.
Moreover, achieving highest performance with the BID imposes even more stringent
requirements and control of the operating conditions and system state than for GC-FID.
Where the above stated conditions are met—e.g., in the analysis of low molecular weight
ozone precursors—the BID will find highly useful niches of application.
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