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ABSTRACT: The design of the so-called “Peltier modulator” is presented. It is a new dual-stage consumable-free thermal modula-
tor for TA-GC-MS. It requires only electrical power for operation as it facilitates thermo-electric coolers instead of cryogenics for 
trapping and resistive on-column heating for re-injection. Trapping and desorption temperatures, as well as modulation cycles are 
freely adjustable. The stationary phase for the trapping region can be selected to suit the specific application, since common fused 
silica capillary is used. The Peltier modulator’s performance is demonstrated with a broad range of different standard substances 
and with heavy crude oil as a complex real life sample. Successful modulation from n-pentane to pyrene (boiling points = 
36/394 °C) is presented. The produced peaks show the narrowest bandwidths ever reported for a consumable-free thermal modula-
tor, i.e. 12.8±1.2 ms for n-pentadecane. The Peltier modulator is rugged, cost effective, requires low maintenance and decreases 
security issues significantly, compared to commercial available solutions using liquid N2/CO2.  

Thermal Analysis (TA) gives information about heat-
dependent physical properties of a sample. During the heating 
process, the sample undergoes evaporation and/or decomposi-
tion which lead to evolving gases. These gases can be charac-
terized by mass spectrometry (MS)1 to gain insight into their 
chemical composition. 

The combination of TA and MS was introduced in the 
1970s and improved continuously. In most cases, electron 
ionization (EI) at 70 eV is applied. A “softer”, that means 
lower energetic alternative for EI, is the application of single 
photon ionization (SPI) with photon energies around 10 eV. 
Geissler et al. used the reduced fragmentation with SPI to 
distinguish between different crude oils with TA-SPI-MS.2 
Recently, Photonion GmbH (Schwerin, Germany) presented 
the first commercial available TA-SPI-MS system together 
with Netzsch-Geraetebau GmbH (Selb, Germany). 

One step further is the combination of TA-MS with an addi-
tional gas chromatographic (GC) step to form TA-GC-MS. 
These systems are applied to analyze complex gas mixtures, 
for example during lignite pyrolysis3 or to quantify functional 
groups4. In these two cases, only a split of the effluent, which 
is of special interest, is transferred from the TA and then un-
dergoes a complete GC-MS run (heart-cutting). 

Another approach is the quasi-continuous transfer of the TA 
effluent by trapping and re-injection into the GC (comprehen-
sive) through a modulator. The gas chromatographic step is a 

fast one with a short separation column (≤ 3 m). The character 
of this approach is, to a certain extent, similar to comprehen-
sive two-dimensional GC-MS (GC×GC-MS), but with TA as 
first dimension. A similar system that facilitates a cryogenic 
liquid CO2 modulator was used by the authors for example to 
follow the decomposition of plastics or to characterize petro-
chemical samples such as diesel or even crude oil.5,6 

Although the overall performance of the applied liquid CO2 
modulator was sufficient, some drawbacks, such as high cryo-
gen consumption or the influence of the GC on the trapping 
temperature, lead to the plan to design a modulator especially 
for TA-GC-MS. The key requirements were as follows: the 
modulator should be consumable-free (run only on electrical 
power), rugged, flexible in regards to temperature and time 
settings and should compete with the performance of a CO2 
modulator. There are three main groups of modulators on the 
market today: 

1. Valve-based modulators: A sample loop is filled with ef-
fluent from the first dimension. After a certain time a valve, 
usually a high-temperature valve inside the GC oven, switches 
and the sample is transported into the second dimension 
through an auxiliary gas flow.7,8 It is well suited and often 
applied for heart-cutting TA-GC-MS.9 But the applicability of 
the valves is usually limited to a specific working temperature 
range and sample volume and the analytes are not accumulat-
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ed/re-focused. The latter is an important factor, especially in 
trace analysis. 

2. Differential flow modulation also facilitates a sample 
loop and primary and auxiliary flows. Seeley et al. were the 
first to report on this kind of modulator in 2000.10 Since then it 
emerged to one of the most abundant modulator techniques in 
GC×GC. Because flow modulation requires high flow rates in 
the second dimension (about 20 times higher than in the 1. 
dim.) it is mainly used in combination with flame ionization 
detectors (FID).11 Flow-splitting prior to detection12 is one 
ambition to enhance the suitability in combination with MS. 
Unfortunately, the lack of active flow from the TA (the high 
vacuum in the MS is the only driving force for analyte 
transport) limits the applicability of flow modulation in TA-
GC-MS. 

3. Thermal modulators were the first ones reported in the 
beginning of GC×GC.13 They can be divided into those using 
cryogenics (i.e. CO2/N2) and those without consumables (con-
sumable-free). 

Modulators working with liquid CO2/N2 represent the ma-
jority in GC×GC-MS nowadays.14 They reach very low tem-
peratures in short time. Desorption of the trapped analytes is 
either done via with free thermal convection, a counter hot jet 
or on-column resistive heating. These systems deliver proba-
bly the best performance on the market. One major disad-
vantage is their high demand for cryogenics, which is a safety 
and also a reasonable cost issue. 

Therefore, thermal modulators without cryogenics have 
been developed in the last years. Zoex for example, offers an 
alternative for their liquid N2-cooled system: a closed cryo-
cooler circuit cools a jet down to -90 °C (ZX2, Zoex Corp., 
Houston, USA), but gaseous nitrogen is still needed for the 
cold/hot jet. 

Another approach, also using some kind of cold jet, was 
presented by Panic et al. in 2011.15 They used compressed air 
and a vertex cooler to cool a metal capillary outside a common 
GC oven to a minimum of -20 °C. They were able to trap 
substances down to a level of n-hexane. Resistive heating was 
done through direct capacitor discharge on the capillary. The 
system is very user-friendly, robust and performs well, but our 
aim was to achieve lower trapping temperatures. 

A solution without a cold jet was presented by Libardoni et 
al.: they realized a modulator with on-column resistive heating 
of a metal capillary, which was placed inside a closed cryo-
cooled refrigerant circuit at about -33 °C.16 Even trapping of 
pentane was possible with this setup but the modulators per-
formance was dependent on the GC temperature as it is placed 
inside. 

Kim et al. chose another way of cooling. They employed a 
thermo-electric cooler, a Peltier element, for cooling and resis-
tive heating for desorption purposes in their miniaturized 
GC×GC system.17 Muscalu et al. also used thermo-electric 
coolers to operate a single-stage consumable-free modulator 
for GC×GC-µECD.18 

Extracting the advantages of the aforementioned concepts 
and keeping the special requirements of TA-GC-MS in mind, 
we developed a modulator that uses multi-stage Peltier ele-
ments for trapping and resistive heating of common stainless 
steel capillary for desorption, the so-called Peltier modulator. 
It is a consumable-free thermal modulator that is rugged, high-
ly flexible regarding desorption temperature and modulation 

cycle. It provides high thermal performance and uses only 
electrical power. 

In this study, the performance of the Peltier modulator is 
evaluated concerning its thermal behavior (trapping capabili-
ties, injection band widths) and compared to other modulator 
concepts. Its applicability for TA-GC-MS is demonstrated 
with standard substances as well as with measurements of 
heavy crude oil as a complex real life sample. 

EXPERIMENTAL 

System and mounting 

In this study, the modulator was integrated into a hyphenat-
ed thermal analysis-mass spectrometry (TA-MS) system con-
sisting of a thermobalance (Jupiter F3, Netzsch, Selb, Germa-
ny) and a time-of-flight MS (HTOF, Tofwerk, Thun, Switzer-
land). Electron ionization at 70 eV was used for the injection 
bandwidth characterization and single photon ionization (SPI) 
with a custom made light source (PKS 106 PID lamp, Heraeus 
Noblelight, Hanau, Germany) at 10.6 eV was applied for the 
crude oil measurements. 

A heated transfer line (250/300 °C) leads the evolving gases 
from the TA to a temperature adjustable home-built interstage 
oven. The oven sits on top of the mass spectrometer’s ionizer 
inlet and houses the connections to and from the modulator. 
The Peltier modulator is then connected to a 3 m RTX50 col-
umn (0.25 mm ID, 0.25 µm, Restek, Bellefonte, USA) to give 
a TA-GC-MS system. A scheme of this setup is shown in 
Figure 1a. For a more detailed view, see Figure S-1 within 
the Supporting Information. 

The Peltier modulator is mounted outside, thus its perfor-
mance is not affected by the temperature inside the oven and 
vice versa, the GC oven temperature is not affected by the 
modulator. The Peltier modulator’s trapping and desorption 
temperature remains the same. To compare this fact, we con-
ducted measurements with a liquid CO2 modulator inside a 
commercial GC×GC system (Thermo Trace GC×GC, Ther-
moFisher Scientific, Waltham, USA). Within a 25−250 °C GC 
ramp the trapping temperature rose from -67 °C to 95 °C 
(∆T = 167 °C) . While this might be no problem in GC×GC, 
since the volatility of the analytes is usually decreased with 
proceeding GC ramp, it might cause problems in TA-GC-MS. 
Especially in pyrolysis of complex organic samples, small and 
highly volatile as well as larger and lower volatile molecules 
evolve simultaneously. A decreased performance of the modu-
lator could lead to analyte breakthrough. 

Apparatus 

A schematic of the developed Peltier modulator is depicted 
in Figure 1b. It consists of two main parts: two opposing 
three-stage Peltier elements (1) and two so-called inlays in 
sandwich configuration between them. 

The Peltier elements are common thermoelectric coolers 
(TEC3-127-71-31-06, Conrad Electronics, Hirschau, Germa-
ny) with a maximum temperature difference (∆T; given by 
manufacturer) between the hot/cold side (A)/(B) of 97 °C. 
They are constantly operated at 8 A/14 V DC. 

The inlays consist of common stainless steel capillary (2) 
with an inner diameter (ID) of 0.53 mm (IP Deactivated MXT, 
Restek, Bellefonte, USA) with electrical connections (3) made 
from 3 mm welding wire. Through the metal capillary, normal 
fused silica column is fed (4). The only limiting parameter for 
the choice of analytical column is the ID of the metal capil-
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lary. In this study, about 0.5 m mid-polar RTX50 column 
(0.25 mm ID, 0.25 µm, Restek, Bellefonte, USA) was used. 
The contact area between inlays and cold sides was increased 
by some layers of Kapton® film (5) to ensure sufficient heat 
flow and increase cooling performance. 

To reach minimal temperatures at the Peltier’s cold side, the 
hot side has to be cooled. We found active water cooling with 
a chipset cooler (twinplex, AquaComputer, Gleichen, Germa-
ny) in a closed circuit to a low-temperature thermostat em-
ploying water at about 2 °C as coolant to fit best. Minimum 
temperatures of about -60 °C were achieved inside the inlays 
during operation. 

The modulator is controlled through different units. A de-
tailed description, including a scheme of these units and the 
mode of operation, can be found in the Supporting Information 
(Controlling units and operation). 

 

 

Figure 1. a) The Peltier modulator was integrated into a TA-MS 
system. Together with a short GC separation, this results in a TA-
GC-MS system. b) Major setup of the Peltier modulator: (1) two 
opposing three-stage Peltier elements with a hot/cold side A/B; 
(2) two inlays made from stainless steel capillary with welding 
wire as electrical connections (3); (4) fused silica column; (5) 
some layers of Kapton® film to increase the heat flow. 

RESULTS AND DISCUSSION 

Modulator cooling and heating 

Minimum inlay temperatures of -60 °C were reached during 
operation. Substances ≥ C5 (n-pentane) were trappable at these 
conditions on a mid-polar Restek RTX50 with a 0.25 µm 
phase. Please note that the lower limit, to where substances are 
trappable, depends highly on the trapping capillary’s station-
ary phase. In case of a thicker and lower polarity phase, even 
butane or propane might be trappable at -60 °C. For example, 
Panic et al. were able to trap pentane (as a component in gaso-
line) with a 1 µm polydimethylsiloxane phase at -20 °C.15 

During the heating pulses, cooling is overcompensated and 
the inlay reaches the desired, freely adjustable desorption 
temperature. In this study it was set to about 310 °C. 

Detailed information on the heating and cooling behavior is 
given in the Supporting Information (Modulator heating and 
cooling). 

Modulation cycles 

A typical complete modulation cycle for the applied TA-
GC-MS system takes 30 s with 3 s-heating pulses. Neverthe-
less, cycle times can be chosen freely. An upper limit is not 
defined. Successful measurements with a minimum modula-
tion cycle of 4 s with n-hexane were conducted (see Figure S-
4). For modulation cycles shorter than 30 s the default desorp-
tion time of 3 s was shortened accordingly. 

Modulator performance - injection bandwidths 

One major performance benchmark for modulators is the 
injection bandwidth. It should be as narrow as possible to 
ensure high peak capacity. The reported peak widths with 
resistively heated modulators were relatively poor in compari-
son to cryogenic modulators until the publications of Libardo-
ni and Panic.15,16 They presented peaks widths (FWHM) as 
low as 20 and 60 ms, respectively. The Peltier modulator in 
turn also delivers high-end performance and, to the best of the 
author’s knowledge, produces the narrowest peaks ever re-
ported with a consumable-free modulator. 

To demonstrate this, a selection of n-alkanes and aromat-
ics/polyaromatic hydrocarbons with a broad boiling point (bp) 
range were consecutively introduced as head space samples in 
nitrogen carrier gas from the thermobalance to the modulator 
and measured by EI-TOF-MS in modulation cycles of 30 s. In 
this case about 1 m of uncoated transfer line was used to con-
nect the Peltier modulator and the MS, which gives an average 
velocity and outlet flow of 1.4 m/s and 1.57 ml/min, respec-
tively (calculated with Agilent’s “Pressure Flow Calculator”). 
The acquisition rate was set to 200 Hz. The overall settings, 
despite the TA temperature, remained constant for all tested 
substances. Peak widths were calculated by interpolating be-
tween data points of the total ion count (TIC). The results are 
shown in Figure 2 as mean values with standard deviation 
(N=5; C5−C20: black rectangles; B benzene, X p-xylene, N 
naphthalene, F fluorene, A anthracene, P pyrene: red dots). 
The detailed values can also be found in Table S-1. 

The calculated injection bandwidths were as narrow as 
12.8±1.2 ms (C15, pentadecane). Widths below 25 ms were 
accessible for a wide range of substances (C6−C20, 
bp = 69−343 °C). Below and above these boiling points, peak 
widths increased moderately, i.e. to 44.4±7.6 ms for pentane 
(C5, bp = 36 °C) and 43.9±2.9 ms for pyrene (P, bp = 394 °C). 
These values are still in the same range or even lower than 
those produced with cryogenic modulation.19 

An explanation for the observed peak broadening with high-
ly volatile analytes cannot be given at the moment. The same 
effect was reported by Libardoni et al.16 Overall, peak widths 
of volatile substances are highly dependent on the analyte 
concentration. Overloading of the modulator can result in 
broad peaks (up to 500 ms) and or odd peak shapes (e.g. peak 
splitting).  
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Figure 2. Peak widths at half maximum versus boiling point of a 
selection of n-alkanes (C5−C20: black rectangles) and aromat-
ics/polyaromatic hydrocarbons (B benzene, X p-xylene, N naph-
thalene, F fluorene, A anthracene, P pyrene: red triangles). Results 
were obtained by TA-Modulator-MS with electron ionization at 
200 Hz acquisition rate. The TIC was taken for calculation. 

 

Applications 

Additionally to the measurements conducted with standard 
substances, crude oil as a real world, complex organic sample 
was analyzed by TA-Modulator-MS and TA-GC-MS, respec-
tively. A very heavy Turkish crude oil, which was already 
characterized in previous studies and is known to have a dis-
tinct distillation and pyrolysis phase, was used.2,6

 

  

First, the same setup as for the injection bandwidth meas-
urements was used (direct connection of the modulator to the 
MS, modulation cycle = 30 s), but with SPI instead of EI and 
the interstage oven at 300 instead of 250 °C. The sample was 
heated with 10 K/min from 50−550 °C. 

 The TIC (black) and the mass loss signal (blue) in depend-
ence to the TA temperature are shown in Figure 3a. The TIC 
displays unobstructed analyte pulses that are released from the 
modulator, even at higher temperatures. For verification, three 
mass traces (m/z 96, 176 and 260; red) are extracted from the 
TIC and displayed separately in 3b. For a better view, signals 
of m/z 176 from two modulation cycles are zoomed in 3c. No 
peak broadening is visible, even with substances that evolve 
during the pyrolysis of this heavy crude oil at temperatures of 
about 450 °C. 

Second, the same sample was analyzed with an additional 
short GC column to gain separation of the analytes (Figure 4). 
To increase the separation space, the interstage oven tempera-
ture was ramped from 110−300 °C with 8 K/min (blue line, 
4a). The mass loss signal is identical to the one without GC 
and therefore not shown. The extracted SIC of m/z 176 looks 
familiar to the one in 3b, at first sight. A detailed visualization 
is shown in Figure 4c with a two dimensional contour plot. 
Here, the retention time of m/z 176 is shown in dependence to 
the TA temperature. Two distinct traces are visible in the 
region of 150−310 °C (evaporation phase) and from 
375−520 °C (pyrolysis phase). 

In former publications, the benefit or a higher resolving 
power (R = M/∆M) of the applied MS was mentioned in order 
to differentiate between isobaric compounds.6 In this study, 
the MS is capable of that (Rmax = 4000). The two signals reveal 
two different exact masses (4d): (1) m/z 176.15 and (2) m/z 

176.07. A specific identification is not possible at this resolu-
tion and mass accuracy of 20 ppm, but with the knowledge of 
common substance classes present in heavy crude oils, it is 
likely that (1) represents isomers of monoaromatics with the 
sum formula C13H20 and (2) might be a signal of heterocyclic 
benzothiophene isomers with the sum formula C11H12S.20 

Even if the resolving power is not comparable to a high-
resolution TOF-MS (Rmax = 10000−50000; e.g. Leco HRTOF), 
the exact mass signals enable the differentiation between iso-
baric substances directly and not only according to the reten-
tion time behavior, as before.5,6 

 

Figure 3. a) Total ion count (TIC, black lines) from TA-GC-MS 
with SPI and the respective mass signal (blue line) of a Turkish 
crude oil in dependence to TA temperature. The TIC displays 
unobstructed analyte pulses. b) Mass traces of m/z 96, 176 and 
260 (red lines. c) Two modulation cycles of m/z 176 are zoomed. 
No peak broadening is visible. 

CONCLUSIONS 

The design and first evaluation of a newly developed con-
sumable-free dual-stage thermal modulator has been de-
scribed. Its performance was compared to data reported for 
cryogenic and consumable-free modulators. Successful modu-
lation of a wide range of substances up to pyrene 
(bp = 394 °C) without any setting changes has been presented. 
To the best of the author’s knowledge, the produced peaks 
show the narrowest bandwidths (FWHM) ever reported for a 
consumable-free thermal modulator so far. 
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The Peltier modulator proved to be rugged and stable since 
no performance loss or breakage occurred in several thousands 
of modulation cycles. It is highly flexible concerning modula-
tion cycle and desorption time. Trapping and desorption tem-
peratures are adjustable and the stationary phase for the trap-
ping region can be chosen to suit the specific application. 

 

Figure 4. a) TIC (black lines) and GC (interstage oven) tempera-
ture (blue line) in dependence to TA temperature of a TA-GC-MS 
measurement of the same Turkish crude oil as in Fig 3. b) Mass 
trace of m/z 176. c) Contour plot of m/z 176: retention time 
against TA temperature. d) The exact masses of the signals are 
different: 176.15 (1) and 176.07 (2) and can be assigned to the 
substances with the sum formula C13H20 and C11H12S, respective-
ly. 

 

The Peltier modulator is cost effective, requires low mainte-
nance, e.g. no change of gas cylinders, and lowers security 
issues significantly compared to commercial available solu-
tions using liquid N2/CO2. 

The overall design is well suited for implementation into ex-
isting system offering an online gas source. In this study, a 
hyphenation of thermal analysis, gas chromatography and 
mass spectrometry was used. The combination with a new 
fast-GC, reported recently by Fischer et al.21, will be subject of 
an upcoming study. 
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