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Abstract. In the context of field thermal conductivity detector (TCD)-based gas chromatography (GC), we
investigate a method to improve the system’s specificity. The ratio of signals of two TCDs biased at two different
voltages is calculated, allowing us to be independent of the analyte concentration and to exploit the fact that the
thermal conductivity of any gaseous species varies uniquely with temperature. However, theoretical predictions
as well as experiments indicate that this method helps peak identification only if the local analyte concentrations
are far (2 to 3 orders of magnitude) beyond the typical concentrations encountered by portable trace analyzers.

1 Introduction

Gas chromatography (GC) is a popular separation technique
that can really benefit from miniaturization: reduced foot-
print, shorter analysis time, smaller volume of a carrier gas,
and lower power consumption (Wardencki and Witkiewicz,
2021; Zampolli et al., 2020). Portable instruments have a
wide variety of on-field applications like air quality mon-
itoring (Garg et al., 2015; Leidinger et al., 2016), chemi-
cal warfare agent analysis (Manginell et al., 2011; Qualley
et al., 2020), exhaled breath measurement (Lee et al., 2016;
Zhou et al., 2019), space exploration (Szopa et al., 2017). As
stated in the comprehensive reviews of Crucello et al. (2022),
Regmi and Agah (2018), or Haghighi et al. (2015), the term
“portable GC” encompasses a large range of commercially
available or laboratory-made instruments, with very differ-
ent sizes. Alternatively, µ-GC systems can be defined as a
particular branch of portable instruments that comprises at
least one micro–electro–mechanical system (MEMS)-based
component. The µ-component can address the injection step
(µ-pre-concentrator, Yeom, 2015; Chappuis et al., 2018), the
separation step (micro-column, Wang et al., 2014; Hsieh and
Kim, 2016) or the detection step (metal oxide semiconduc-
tor sensors (MOS) (Baur et al., 2018); photoionization de-
tectors (PIDs) (Narayanan et al., 2014); thermal conductivity

detectors (TCDs) (Cruz et al., 2007; Rastrello et al., 2012;
Bourlon et al., 2017); Mach–Zender interferometers (MZIs)
(Hirschauer et al., 2025, etc.).

Typical separation columns for µ-GC systems are 1 to 10 m
long (Crucello et al., 2022), which increases the risk of co-
elution or makes it difficult to unambiguously identify a peak
in a time window where two possible compounds can elute.
In this paper, we consider the case of a µ-GC–TCD system,
and we investigate whether there is a possible strategy for
increasing the system’s specificity and improving peak iden-
tification by exploiting the variation of thermal conductivity
with temperature, as has been successfully demonstrated for
carbon dioxide (CO2) quantification in air (Bourlon et al.,
2018).

2 Thermal conductivity detector: working principle

A TCD is a universal detector whose operation is based upon
Fourier’s law and implies a change in the heat loss of a heated
element in the presence of a gas (Gardner et al., 2023; Ras-
trello et al., 2012). In our case, the sensing elements are
suspended heaters manufactured using MEMS technology
(Bourlon et al., 2018) in a traditional straight structure (Wang
et al., 2022).
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Figure 1. (a) Photograph of our MEMS µ-TCD chip containing four membranes, wire-bonded to a printed circuit board (PCB). (b) Wheat-
stone bridge mounting of the four membranes. Zoomed pictures of a single TCD filament: (c) scanning electron microscopy (SEM) picture of
a 340 µm× 140 µm (shorter) filament. (d) Computer-assisted design (CAD) pictures of a 540 µm× 140 µm (intermediate) or 640 µm× 90 µm
(longer) filament.

Even with a carrier gas flow (forced convection), the pre-
dominant phenomenon is diffusion through the surround-
ing gas due to the dimensions of this µ-component, while
conduction via the substrate is minimized by design (sus-
pended platinum (Pt) filaments on silicon nitride (SixNy)
membranes). The working principle relies on the emergence
of a thermal imbalance between filaments located in a refer-
ence channel (where the pure carrier gas is circulating, he-
lium (He) in our case) and filaments located in the analyti-
cal channel (where the column effluent is circulating). The
DC electrically heated Pt filaments (with a typical bias of
3 to 15 V) reach an equilibrium temperature in steady-state
analysis. When an analyte elutes, the thermal conductivity is
reduced, causing the filament to heat up, which in turn in-
creases its resistance (typical resistances are 400 to 600�,
according to the design; Pt temperature coefficient of resis-
tance TCR∼ 0.0019 K−1).

The resistance increase is sensed by a Wheatstone bridge
circuit, which produces a measurable voltage change (see
Fig. 1).

The thermal conductivity (λ) of a gas usually increases
with temperature, as illustrated in Fig. 2 for common gases.

Figure 2 highlights that He and hydrogen (H2) have a
very high thermal conductivity compared to any other gases;
therefore, they are a preferred choice as a carrier gas in GC–
TCD, bringing contrast. The graph also shows that every gas
has a unique λ(T ) law, a property that we suggest exploiting
to possibly add some specificity by interrogating the TCD
sensor at two different temperatures. This approach is inves-
tigated both theoretically and experimentally in the following
sections.

Figure 2. Thermal conductivity of various gaseous species (helium,
hydrogen, toluene, ethylbenzene, o-xylene, decane, undecane, and
cumene) as a function of temperature (adapted from Le Neindre,
1998).

3 Predictive approach

When a compound elutes from a chromatography column,
we can assume that the peak is a binary mixture of a major-
ity carrier gas (He) and a small concentration n of analyte A
(relative molar concentration). If the analyte concentration is
very small in He, then the thermal conductivity of the mix-
ture can be approximated by the linear combination of the
individual thermal conductivities λA and λHe (Poling et al.,
2001). Consecutively, the Wheatstone bridge signal S will be
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proportional to the analyte relative molar concentration n and
the thermal conductivity difference between the analyte and
carrier gas, as expressed in Eq. (1):

if n� 1,λA+He = nλA+ (1− n)λHe

and S ≈ n (λHe− λA) . (1)

Since the analyte concentration is unknown when the peak
elutes, we suggest eliminating this term by taking the ra-
tio of two TCD signals S2 and S1, as expressed in Eq. (2).
This is achievable either by using two TCDs connected in
series and biased at two different voltages (voltage V1, with
filaments reaching an equilibrium temperature T1, and volt-
age V2, reaching a temperature T2) or by using a single
TCD successively examined at the two different voltages V1
and V2:

S2

S1
≈

(λHe− λA)T2

(λHe− λA)T1

. (2)

The theoretical calculations were performed for a typ-
ical TCD membrane (540 µm× 140 µm geometry; see
Fig. 1d) biased at 6 and 15 V and for the following com-
pounds: toluene (T), ethylbenzene (E), o-xylene (X), pen-
tane (C5H12, denoted C5), decane (C10H22, denoted C10),
cumene (C9H12), and undecane (C11H24, denoted C11). The
S2/S1 ratios of these TCD membranes appear to be very
close, with at most only a ∼ 1 % difference between all of
the compounds (see Table 1).

To determine whether such small differences can be de-
tected by our µ-GC–TCD system, we need to introduce the
experimental noise, which we extract from the experiment as
±5 µV (typical noise (3σ ) for our portable µ-GC–TCD com-
ponents, measured in a ∼ 30 s flat area without any peaks;
see Fig. 5 in the experimental part).

When the analyte concentration is important around TCD
filaments, the TCD signals are high and the experimental
noise appears negligible. Therefore, the S2/S1 ratio will be
measured precisely and will be close to the theoretical value.
However, when the analyte’s relative local concentration is
lower, the experimental noise will introduce uncertainty into
the S2/S1 ratio, with values possibly lying anywhere between
the dotted lines (see Fig. 3).

Clusters of curves will only stop overlapping when the an-
alyte local relative concentration exceeds a certain threshold
(red vertical bars). Consequently, the compounds will be un-
ambiguously discriminated with this S2/S1 ratio method: this
happens around 2 % vol. relative local concentration around
the TCD membranes in the case of C10–C11 distinction,
around 4 %,vol. in the case of T–X distinction, or around
0.1 % vol. for T–E or X–E distinctions. Unfortunately, these
local concentration values (0.1 % vol.–5 % vol.) are at least
2 orders of magnitude too high to be interesting for a trace
analysis portable GC system: indeed, we aim to work close
to the limit of detection of the TCD sensor (a few tens parts
per million (ppm) volume, i.e.,∼ 0.001 % vol., in the vicinity

Table 1. Theoretical calculations of S2/S1 ratios for a
540 µm× 140 µm TCD membrane biased at V1 = 6 V and V2 =
15 V for a number of compounds of interest (T, E, X, C5, C10,
C11, and cumene).

Analyte S2
S1

ratio
Typical TCD membranes biased

at V1 = 6 V and V2 = 15 V

C10 2.9062
C11 2.9082
Cumene 2.9093
E 2.9100
C5 2.9314
o−X 2.9406
T 2.9415

of TCD membranes), corresponding to an air sample concen-
tration of a few tens parts per billion (ppb) volume before the
pre-concentrator enrichment (of a typical factor ∼ 1000).

4 Experimental approach

We prepared an experimental validation of the predicted
calculations using an exploded setup of a µ-GC–TCD
system with a µ-pre-concentrator, a short-separation cap-
illary column, and two µ-TCDs in series, as shown in
Fig. 4. The MEMS components were micro-fabricated in
our 200 mm clean-room facilities. The µ-pre-concentrator is
a 7.7 mm× 21 mm silicon chip with a 400 µm deep central
cavity etched by DRIE (deep reactive ion etching), sealed to a
Pyrex glass by anodic bonding, and including on its back side
a Ti–Pt thin-film heater as well as thermo-resistive probes de-
posited by sputtering. The µ-TCD is a 5.9 mm× 9.5 mm sili-
con chip with four Pt filaments suspended on 300 nm thick
silicon nitride membranes located in 200 µm deep micro-
channels etched by DRIE.

In this table-top arrangement, the column is not heated.
Therefore, only light molecules are tested. A TEX mix-
ture (10 ppm vol. or 500 ppb vol. in N2) prepared in a 1 L
Tedlar® bag (Supelco, 24633) was sampled 15 or 60 s
for 10 ppm vol. and 40 s for 500 ppb vol. on our µ-pre-
concentrator (13 µL cavity filled with TENAX TA 60–
80 mesh powder, Supelco 11982) at a flow rate of ∼
200 mL min−1 by a diaphragm pump (SP 100 EC-DU,
Schwarzer). The trapped gas was then thermally desorbed
in backflush mode at 230 °C for 30 s at a flow rate of ∼
1 mL min−1 with He as the carrier gas (BIP He, Air Prod-
ucts). The backflush mode was enabled by manually switch-
ing a four-port valve (Idex Health and Science, V-101L). The
collected gas traveled through the reference channels of two
TCD chips in series (with 640 µm× 90 µm design; see Fig. 1)
biased at 3 and 9 V, respectively. The mixture was separated
into a 5 m long DB-5MS capillary column (250 µm inner
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Figure 3. Theoretical calculations for the S2/S1 ratio versus analyte concentrations (concentration relative to He, locally around TCD
filaments), with a ±5 µV measurement noise: the case of C10 (black) and C11 (blue) compounds (a) and the case of T (black), E (green), and
X (blue) compounds (b).

Figure 4. Synoptic (top) and table-top (bottom) pictures of the experimental setup.

diameter, 0.25 µm thick phase; Supelco 28471-U), and the
peaks eluting from the column traveled through the analyt-
ical channels of the TCDs for the detection. We chose this
configuration to minimize the flow variations between the
reference channel and the analysis channel of each TCD, be-
cause TCD baselines can be affected by any gas flow rate
or pressure fluctuation. All fluidic connections were made
with zero dead-volume 1/32′′ (0.79 mm) external unions

(VICI EU.5). In-house electronics were used to control the
pre-concentrator’s thermo-desorption, to bias the TCDs and
amplify and digitize their signals, and to control the pump.

Typical chromatograms are shown in Fig. 5. We observe
peak fronting, which is a signature of overload of the column.
This will not alter the conclusions to be drawn later.

We repeated the experiments a minimum of five times to
get representative statistics for three different mixture con-
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Figure 5. Typical chromatograms registered by the two TCDs,
one of them biased at 3 V (blue) and the other one biased at 9 V
(black). The TEX mixture is 500 ppb vol. sampled for 40 s (a) and
10 ppm vol. sampled for 15 s (b) or 60 s (c).

centrations, and for each peak (T, E, and X), we plotted the
S2/S1 ratio as a function of the calculated local concentra-
tion of the analyte around the TCD filaments. To achieve
this, we assumed that 100 % of the analyte sampled in the
µ-pre-concentrator was efficiently desorbed, separated, and
detected by TCD chips. While the initial mixture contained
equal concentrations of T, E, and X, the local concentration
around TCD membranes differs for each compound, as the
column retained the molecules differently, resulting in peaks
of varying durations.

The experiments show a converging distribution of the
data points when concentrations increase (see Fig. 6), as pre-
dicted by the calculations. We also confirm experimentally
that the S2/S1 method does not allow us to distinguish be-
tween T, E, or X, because the results are too noisy and too
similar between the compounds (see also Fig. 7, where all
data are merged). As a reminder, the experiments were con-
ducted at the highest concentrations enabled by the separa-
tion column’s capacity (indeed, column saturation can al-

Figure 6. Experimental S2/S1 ratios versus calculated relative mo-
lar concentrations for T, E, and X compounds.

Figure 7. Illustration of the S2/S1 ratio method with T, E, and
X compounds (all data merged).

ready be observed), and yet they are still not high enough
to overcome the measurement noise effect. The conclusions
will therefore be the same for lower concentrations, which
are more representative of the intended use case.

5 Conclusion

In a µ-GC–TCD system, when confusion exists between
two compounds eluting at close retention times, we demon-
strate that a double-measurement approach (measurement of
the S2/S1 ratio of two TCDs biased at two different volt-
ages, i.e., at two different equilibrium temperatures, in or-
der to be independent of the unknown analyte concentra-
tion) is not relevant in helping identification. Theoretical
calculations as well as experimental data indicate that this
method could only work with high local analyte concentra-
tions (∼ 0.1 % vol.–5 % vol. around TCD membranes, i.e.,∼
0.0001 % vol.–0.005 % vol. (1–50 ppm vol.) at the system en-
trance, using a typical∼ 1000 enrichment factor with the pre-
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concentration step). Such concentrations are way beyond the
scope of a trace analysis system, which would rather aim at
1–10 ppb vol. concentrations at the system entrance. Reduc-
ing the measurement noise, working with a higher TCR for
the TCD filament, or being able to use more distant biases
(mainly higher V2) are improvement paths for enhancing this
S2/S1 method but might not be enough to gain a few orders
of magnitude.

Therefore, improving a µ-GC–TCD system’s specificity
for low-concentration measurement might only be achieved
by more traditional approaches, e.g., by using a second par-
allel separation column with a distinct well-selected station-
ary phase or by working with a 2D approach (comprehensive
GC×GC; Chen et al., 2013; Huang et al., 2022).
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