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Abstract

A new Thermal Analyser was developed for solving environmental problems with TA-MS. The sample volume of 170 ml
and the balance capacity of 500 g allow a real upscaling, i.e. representative amount of waste can be tested. The furnace is
designed for a homogeneous heating of this large sample volume and the gas flow system guarantees a direct interaction
between the purge gas (up to 1000 ml min~') and the sample. Simultaneous thermogravimetry and differential thermal
analysis are possible up to 1200°C. Because of the ecological importance of the evolved volatiles during waste incineration,
this Macro-STA 419, is equipped with an on line mass spectrometer coupling by a double orifice system, heatable up to 350°C
as well as a GC-MS system. All construction parts which come in contact with the sample and the decomposition products are
resistant to corrosion. The new developed system is introduced, some specific technical requirements are discussed together
with their solutions, and applications will be presented. © 1997 Elsevier Science B.V.
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1. Introduction

In the field of waste-, soil- and contaminated site
analysis as well as risk assessment of hazardous
compounds there are considerable research deficits,
especially regarding the thermal disposal or recon-
struction. In principle, these problems can be solved
by the methods of thermal analysis as differential
thermal analysis (DTA) and thermogravimetry (TG),
especially with direct coupling to high sensitive gas
analysis techniques, like mass spectrometry (MS) [1].
With these analytical capacities thermal processes can
be investigated or simulated under selectable atmo-
spheric conditions whereby all necessary informations
can be won [2-29].

In the past, the development of these thermoanaly-
tical methods by highly sensitive and precise analy-
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tical techniques, resulted in a miniaturisation of
the measuring cells which led to the minimisation
of the sample quantities. So, today only few milli-
grams of the sample material are necessary and
possible.

Nevertheless, the samples developed from the pro-
blems mentioned above, e.g. garbage or contaminated
soil, are normally heterogeneous materials with vary-
ing composition. So the results, taken from a few
milligram of the sample are neither representative
nor meaningful and the conclusions drawn from a
transfer relationship of about 1 : 10'° are no reliable
bases for the judgement and risk assessment. Further
problems arise from the available mass spectrometric
coupling systems. In most cases, the efficiency of the
MS is limited so that a detection of trace hazards is not
possible and due to the complex nature of the sample,
the on line measured mass spectra result from complex
gas mixtures. This complicates the interpretation or
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even makes it impossible. So, the goals of further
development were:

enlarging of the sample capacity,

simultaneous coupling of thermal analysis with
MS and GC-MS,

identification of trace hazards,

separation of complex gas mixtures.

2. Device

A more favourable transfer relationship can only be
realised by a larger dimensioned measuring cell. This
“scaling up” however could happen not only by a
linear enlargement of the assembly groups of an usual

High vacuum
(10° mbar)

Intermediate

vacuum
(1 mbar)

Ambient
pressure
(1000 mbar)

Lift

Reaction gas

thermoanalytical device. First of all, the measuring
cell (sample container) needs to be constructed for the
special requirements arising from the great sample
amount. Due to thermal diffusivity and the dimensions
of the sample, temperature gradients within the sample
as well as mass transport problems have to be taken
into account. For the avoidance of condensation and
diffusion processes, a special gas suppliance has to be
developed.

Further, the special requirements of the oven sys-
tem, temperature registration, gas flow and interfacing
analysis techniques like mass spectrometry and gas
chromatography have to be solved.

Based on this considerations, the ‘“Macro STA
419” -Apparatus, which is shown in Fig. 1 in principle
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Fig. 1. Scheme of the ‘“Macro STA 419” device
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Fig. 2. Measuring cell.

was developed as a joint project in cooperation with
the Netzsch— Gerdtebau company.

Within the oven system, which allows a maximum
temperature of 1200°C, the special measuring cell
build from alumina oxide is arranged. The measuring
cell, which has a volume of 170 cm?, is placed on an
evacuable analytical balance. Over the diameter of the

measuring cell, shown in Fig. 2, three DTA sensors
are arranged to allow an overview over the energetic
processes in the sample during the heating process.
The reference thermocouple is placed in a reference
body outside the sample. The DTA sensors are
protected by ceramic sheaths from corrosive
substances.
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Fig. 3. Interface system for the on line coupling with QMS and GC-MS systems.

To ensure, that all parts of the sample are equal
facing the chosen atmosphere and on the other hand,
all evaporation or degradation products are trans-
ported actively from the measuring cell to the sub-
sequent analytical units, the reaction gas will be
supplied directly into the sample via a special bell
floor. Thereby an intensive contact of the sample with
the reaction gas as well as a fast detection, not
hindered by diffusion phenomena is realised. The
conical cover of the measuring cell focus the gases
from the measuring cell on the interface system,
shown in Fig. 3. Through an additional heating of
the oven head a condensation of the released products
is avoided and the introduction of the gases to the
subsequent analytical systems results without change
of their composition.

2.1. Temperature-homogeneity

Due to the enlargement of the measuring cell and
the sample size, problems of heat transfer within the
sample will occur. For this reason, a temperature
gradient within the sample will be established and
can be measured by the difference of the three DTA
sensors (Fig. 4). It depends on the heating rate applied,
the atmosphere and the sample heat capacity. To avoid

or to minimise these temperature gradients, a special
ceramic insert from aluminium nitrite is introduced
into the measuring cell (Fig. 5).

The effects can be seen in Fig. 6. Within the TA-
curves of the degradation of calcium oxalatehydrate,
the degradation steps are much better separated from
each other and the individual mass losses are much
better in accordance to the theoretical values. The
mass spectrometric detection of the degradation pro-
ducts (H,O, CO and CO;) becomes more sensitive
since the same amount of calcium oxalate yields
higher intensities of the individual masses.

2.2. Gas flow and interface system

2.2.1. Mass spectrometric detection.

For the subsequent gas analytical devices, it is
necessary to have an active transport of the degrada-
tion or evaporation product out of the sample. For this
purpose, as mentioned above, we constructed a special
measuring cell with a bell shaped floor for gas supply
directly through the sample. In Fig. 7 the investigation
of 100 g inert material (Al;O3 powder), contaminated
with 100 ppm naphthalene and phenanthrene is
shown. The ion current intensities for each molecular
ion (m/e 128 naphthalene and m/e 178 phenanthrene)
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Fig. 4. Temperature differences between DTA sensors 1 and 3 at 300°C.

show significant peaks at the boiling point tempera-
tures of each substance with a very short tailing. This
indicates, that the mass spectrometric detection of
these materials follows the real course of the concen-
tration in the gas phase, and is not disturbed by
diffusion processes.

2.3. GC-MS analysis
The interface system for the direct GC-MS cou-

pling consists of a heatable valve at the top of the oven
(Fig. 3). The test of the interface system was done

again with a defined contaminated inert material. In
this case we used 100 g alumina contaminated with
10 ppm naphthalene and phenanthrene. As it can be
seen from the chromatogram in Fig. 8 both substances
can be detected. Even phenanthrene with a boiling
temperature of 338°C will not be lost by condensation
at cold spots.

3. Application measurement

The above described device was constructed for the
examination of heterogenous materials as waste-, soil-
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Fig. 5. Measuring cell with ceramic insert.
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Fig. 8. Total Ion Chromatogram from 10 ppm naphthalene and phenanthrene.

and contaminated site samples. For a test of the
total device we investigated a contaminated soil
sample from an industrial ground. The sample was
prepared, using 150 g quartz sand and 10 g of the
soil sample. The inert quartz material was used to fill
up the measuring cell for positioning the soil sample
around the DTA sensors and to cover the sample. The
sample was investigated in an argon atmosphere from
ambient temperature up to 1000°C using a 2 K min~!
heating rate. The TA- curves in Fig. 9 show a three

step weight loss in this temperature range. The
first step with its DTG- peak maximum indicates
the loss of moisture which is also indicated by the
on line mass spectrometric detection of H>O (m/e 18).
The evolution of CO and CO; can be detected during
the second and third degradation step (Fig. 10).
Also in the second step, an evolution of organic
material can be detected. As it can be seen from the
mass spectrometry in Fig. 11 a lot of peaks in the
range m/e > 50 occur. This evolution of organic
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Fig. 9. TA- curves of a contaminated soil sample.
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Fig. 10. Evolution of CO and CO; from a contaminated soil sample.
material is finished at about 600°C. The third degra- A further interpretation of the mass spectral data
dation step accompanied by the evolution of CO and taken on line during the evolution of organic materials
CO, is due to the degradation of the inorganic soil is not possible without additional knowledge about

compounds. individual compounds in this mixture. These informa-
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Fig. 12. Total Ton Chromatogram of the overall collected evolved substances of a contaminated soil sample.
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tion can be achieved from the over all GC-MS ana-
lysis. All gases, evolved during the heating process
were collected on XAD-4 resin and then investigated
by GC-MS. In Fig. 12 the total ion chromatogram
with some selected identified substances of this inves-
tigation is shown. As it can be seen, more then 100
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substances, even with very high boiling points can be
detected and quantified after calibration with standard
reference materials.

With this additional information, the temperature
resolved evolution of individual compounds can be
measured by the on line coupled quadrupole mass
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Fig. 14. Temperature resolved evolution of Fluoranthene/ Pyrene, Benzo[alpyrene, Fluorene and Chrysene.
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spectrometer. This can be done either in the so called
mid (multiple ion detection) - mode where up to 64
fragments can be monitored simultaneously over the
total temperature range or from the recalculation of
the ion intensities of the selected fragments from the
mass spectra series taken during the heating of the
sample. In Figs. 13 and 14, the temperature resolved
evolution of Naphthalene (m/z 128), Phenanthrene (m/
z 178) and Acenaphthylene (m/z 152) as well as
Fluoranthene / Pyrene (m/z 101), Benzo[a]pyrene
(m/z 126), Fluorene (m/z 165) and Chrysene (m/z
114) is shown.

4. Conclusions

The use of thermal methods for the investigation of
heterogeneous samples is restricted by the very small
amount of sample material. Nevertheless, samples
arising from the problems in the field of ecological
science, as waste, contaminated soil, etc. are very
heterogenic samples. From these substances, sample
amounts in the mg range could never be representative
and the achieved results are meaningless. The new
device, the Macro STA 419, was built to overcome
these initiations and is, as it could be shown, very
successful.

References

[1] W.F. Hemminger, HK. Cammenga, Methoden der Ther-
mischen Analyse, Springer, Berlin (1989).

[2] K.-H. Ohrbach, A. Kettrup, G. Matuschek, Pyrolysis of
polymeric materials for construction room decoration and
insulation, Proceedings in Indoor Air ’87, Berlin, 17-21
August 1987 (Hrsg. B. Seifert, et. al.). Berlin, Oraniendruck,
Vol. 3, 59-63 (1987).

[3] K.-H. Ohrbach, G. Matuschek and A. Kettrup, Simultaneous

Thermal Analysis MS detection of biological hazards,

Biomedical and Environmental Mass Spectrometry, 16

(1988) 447.

A. Kettrup, K.-H. Ohrbach, G. Matuschek and W. Klusmeier,

Thermal degradation of polymers and flame retardants., J.

Thermal Anal., 35 (1989) 291.

K.-H. Ohrbach, G. Matuschek, S. Liedtke and A. Kettrup,

New applications of the simultaneous working thermal

analysis mass spectrometry on chlorinated organic com-

pounds and industrial materials, Fresenius Z. Anal. Chemie,

334(7) (1989) 706.

A. Kettrup, K.-H. Ohrbach, G. Matuschek, in I.R. Harrison

(ed.), Thermal analysis-mass spectrometry off-line combus-

4

—_

(5

—

[6

—_

[7

—

[8

—

91

[10]

(11]

{12]

(13]

(141

(15]

[16]

(17

[18]

(19]

tion gas chromatography and DSC experiments on fire
retardants and fire protected polymers, Proceedings in 18th
North American Thermal Analysis Society Conference, San
Diego, CA, 24-27 September 1989, pp 69-73 .

A. Kettrup, K.-H. Ohrbach, G. Matuschek, Application of TA/
MS coupling in the field of flame retardants, additives, coal
and lubricants. Proceedings of the TA-MS Workshop, 21-26
October 1989, Selb, Germany.

A. Kettrup, K.-H. Ohrbach, G. Matuschek and A. Joachim,
Thermal analysis-mass spectrometry and thermogravimetric
adsorption on fire retardants, Thermochim. Acta, 166 (1990)
41-52.

W. Klusmeier, K.-H. Ohrbach, G. Matuschek, A. Kettrup,
Characterization of the Thermal Behaviour of Commercial
Pesticide Compounds by means of Simultaneous Thermal
Analysis—-Mass Spectrometry and Identification of the
decomposition Products, Proceedings in 19th NATAS Con-
ference (1990).

W. Klusmeier, K.-H. Ohrbach, G. Matuschek, A.: Kettrup,
Investigation of the Thermal Decomposition of Selected
Plastic Materials by means of a Thermal Analysis Adsorption
Technique, Gas Chromatography and Gas Chromatography—
Mass Spectrometry, Proceedings in 19th NATAS Conference
(1990).

G. Matuschek, K.-H. Ohrbach and A. Kettrup, Thermal
analysis of commercial herbicides, Thermochim. Acta, 190
(1991) 111-123.

A. Kettrup, K.-H. Ohrbach and G. Matuschek, Risk assess-
ment of volatiles release from polymers and flame retardants
using off line and on line TA methods., J. Thermal. Anal., 37
(1991) 1793~1794.

G. Matuschek, J. Cyrys, A. Kettrup, Thermische Analyse—
Massenspektrometrische Untersuchungen an polymeren
Werkstoffen. VDI-Bericht Schadstoffbelastung in Innenrau-
men, 244-247 (1992).

J., Cyrys, D. Lenoir, G. Matuschek, A. Kettrup, Fly Ash of
MWI as Reagent and Catalyst for the Formation of
Micropollutants. Proceedings in Dio in ’92, Tampere,
Finland, 24-28 August 1992, Finnish Institute of Occupa-
tional Health, Helsinki (1992).

K.-H. Ohrbach, K. Stoite, G. Matuschek, A. Kettrup,
Application of Simultaneous Thermal Analysis—Mass Spec-
trometry in the Analysis of Environmental Samples. Proceed-
ings in 21st North American Thermal Analysis Society
Conference, Atlanta, GA, 12-16 September 1992.

G. Matuschek, H. Stoffers, K.-H. Ohrbach and A. Kettrup,
Study on the thermal degradation of selected varnishing
systems in the automobile industry, Journal of Polymer
Degradation and Stability, 39 (1993) 381.

G. Matuschek, K.-H. Ohrbach and A. Kettrup, Thermal
analysis on commercial phosphoroganic pesticides
compounds, Jounal of Thermal Analysis, 39 (1993) 1141.
G. Matuschek, A. Kettrup, J. Cyrys and K.-H. Ohrbach,
Pyrolysis of Flame Retardants and Fire Protected Polymers
Makromol. Chem., Makromol. Symp., 74 (1993) 219.

G. Matuschek, H. Stoffers, K.-H. Ohrbach and A. Kettrup,
Study on the Thermal Degradation of Vamishing Systems for



(20]

(21]

[22]

(23]

(24]

A. Kettrup et al./ Thermochimica Acta 295 (1997) 119-131 131

Metallic Paints Applied in the Automobile Industry.,
Thermochim. Acta., 234 (1994) 127-137.

H. Utschick, M. Ritz, H.-J. Mallon, M. Amold, W. Ludwig,
A. Kettrup, G. Matuschek and J. Cyrys, Untersuchungen zum
thermischen Abbau on nachcloriertem Polinylchlorid, Ther-
mochim. Acta, 234 (1994) 139.

J. Cyrys, D. Lenoir, G. Matuschek and A. Kettrup,
Simultaneous thermal analysis—mass spectrometry and off-
line combustion-gas chromatography experiments of new
duroplastic materials without halogen as flame retardants,
Journal of Analytical and Applied Pyrolysis, 34 (1995) 157-
172.

G. Matuschek, A. Finke, W. Thumm and A. Kettrup, Thermal
Investigations of Active Compounds in Thin- Layer Photo-
voltaic Modules, Thermochim. Acta, 263 (1995) 23-28.

P. Wunsch, G. Matuschek and A. Kettrup, The Influence of
Combustion Bed Temperature during Waste Incineration on
Slag Quality, Thermochim. Acta, 263 (1995) 95-100.

J. Cyrys, G. Matuschek, D. Lenoir and A. Kettrup, Thermal
Degradation of Different Fire Retardant Polyurethane Foams,
Thermochim. Acta, 263 (1995) 59-71.

[25]

{26]

[27]

(28]

(29]

G. Lorinci, G. Matuschek, J. Fekete, 1. Gebefugi and A.
Kettrup, Investigation of thermal degradation of some
adhesive used in automobile industry by TA-MS and GC-
MS, Thermochim. Acta, 263 (1995) 73-86.

A.A. Kettrup, G. Matuschek, Thermal Analysis-Mass
Spectrometry as a Tool for Studying Environmental Pollution
by Coal Gasification. First Word Mining Environment
Congress, New Delhi, India, 11-14 December 1995. Proceed-
ings in Mining Environment (B. B. Dhar, D.N. Thakur
(Eds.)), Oxford and 1BH Publishing Co., New Delhi, (1995)
1031-1038 .

A.A. Kettrup and G. Matuschek, The Role of Thermal
Analysis in Environmental Protection, Joumnal of Thermal
Analysis, 47 (1996) 317-330.

G. Schmaus, B. Beck, G. Matuschek and A. Kettrup,
Thermolyse neuartiger Kunststoffe und okoto;ikolo-
gische Bewertung., Jounal of Thermal Analysis, 47 (1996)
485-491.

G. Matuschek, H. Utschick, Ch. Namendorf, G Brauer and A.
Kettrup, Simultane Thermische Analyse an groBen Proben.,
Joumal of Thermal Analysis, 47 (1996) 623-632.



