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Abstract

A new combination system of TG-GC/MS using high resolution TG technique is reported. The
present high resolution TG technique is a dynamic rate control (DRC) method that belongs to the
controlled rate thermal analysis (CRTA). In this technique, the heating rate of the sample is dy-
namically and continuously varied in response to changes in the sample’s decomposition rate. In
the present study, the performance and applicability of this system is illustrated by using the ther-
mal decomposition of polyimide/polytetrafluoroethylene/graphite (PI/PTFE/GR) resin. The pre-
sented data demonstrate that this novel feature improves resolution and enhances the accuracy of
identification and quantification. It is concluded that the present method gives more detailed in-
formation than that obtained from the conventional method, even for materials decomposing
through consecutive and close-lying reactions.

Keywords: TG-GC/MS; High resolution TG

1. Introduction

Thermogravimetry (TG) is a well established tool which gives information about the
relation between the weight change and the temperature of materials heated under vari-
ous atmospheric conditions. Most thermoanalytical studies were performed with a well
designed combination of instruments, composing a versatile thermoanalytical tool. Since
the major thermal analysis techniques provide physical information, ancillary data are
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required for chemical interpretation of the observed thermal events. Evolved gas analysis
(EGA) is particularly valuable and it provides direct chemical information about the
processes caused by the physical techniques of TG, DTA and others. The simultaneous
technique of coupling between TG and mass spectrometry (MS) or Fourier-transform
infrared absorption spectroscopy (FTIR) offers the possibility of identification of the
volatile products formed during the thermal events. Recently, studies of the thermal de-
composition of materials by these hyphenated techniques have been noticed, and EGA is
most effectively performed by TG-MS [1,2]. The successful design of a coupled TG-MS
apparatus has been realized in a multitude of ways.

In the present paper the application of the TG-MS method to the analysis of materials
of interest in quality assurance is described together with available instrumentation. The
advantages of this method in the analysis of samples such as polymers, lubricants and
their additives is demonstrated.

High-resolution TG using controlled rate thermal analysis (CRTA) has been actively
studied and gives a significant improvement to TG results. Historically, the better known
techniques are quasi-isothermal and the quasi-isobaric analysis by J. and F. Pauliks [3],
stepwise isothermal analysis (SIA) by Sorensen [4], and constant rate thermal analysis by
Rouquerol [5]. The CRTA is a thermoanalytical method in which the controlled parame-
ter is not the temperature but any parameter linked to the thermally activated transforma-
tion. This technique is especially useful in studies of thermal decomposition and it is be-
lieved that the dehydration temperatures for hydrate compounds will be measured under
conditions at which the influence of released water molecules is negligible, i.e. where the
water molecules are removed from the sample as soon as they are released from solid.
We devised a dynamic rate control (DRC) method that belongs to the CRTA, and re-
ported that it was an especially effective technique in the detection of intermediate prod-
ucts for the dehydration of inorganic salts [6].

The resolution of successive TG weight loss is important for obtaining accurate and
reproducible weight change, as well as accurate component identification of the compo-
nent in the evolved decomposition gases by MS.

In this study, the applicability of a new combination system of TG-GC/MS using the
high resolution TG technique for the analysis of the thermal decomposition process of
polymer resin is discussed.

2. Principle of the high resolution TG technique

The basis for the algorithm for dynamic rate control is described below. The heating
rate in the present DRC method is controlled in such a way that the absolute value of a
sample’s temperature decrease rate is expressed as a monotonous function of the sam-
ple’s weight decrease. In this manner, the rate of a sample’s temperature increase is so
slow that the rate of the sample’s weight decrease becomes high. (The heating rate is
controlled to be decreased as the weight loss occurs promptly.)

Consequently, the weight decrease rate (first derivative of TG signal) and the deriva-
tive of the weight decrease rate (second derivative of TG signal) are successively com-
puted, and the heating control is carried out according to the following equation:
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Fig. 1. (a) The influence of S, value on heating rate at y = 1 in Eq. (1) Sy} < Sp2 < Si3- (b) The influence of
y on the heating rate under identical V; and Sy, in Eq. (1).

V= Vul(Sn—S)/S,P (H

Here, V is the heating rate d7/ds, V,, is the maximum heating rate, S is the weight change
rate dw/dr. Also S, is the set value of the weight decrease rate which decides the relative
derivation with S.

The graphic representations of Eq. (1) are shown in Fig. 1a,b. The influence of the S,
on the heating rate at exponent y = 1, is shown in Fig. 1a. The value of V becomes small
with increasing amount of S when the S, is set at a small value under an identical V.
Therefore, the S, acts as a sensitivity coefficient of V against the value of S. The influ-
ence of exponent y on the heating rate under the V, and S, values is also shown in Fig.
Ib, where the vertical and the horizontal axis are expressed with the normalized V/V,, and
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the S/S,,, respectively. The relation is a linear curve at y = 1. The relation shows a convex
quadratic curve at y = 2 and a concave curve at y = (.5. Thus, when y is larger than 1.0,
the slope of the curve grows large as the weight decrease rate becomes small. In the re-
verse, when y is smaller than 1.0, the slope of the curve grows large as the weight de-
crease rate becomes large.

The exponent y acts as a local sensitivity coefficient of V against S. On the other hand,
for the physical meaning of Eq. (1), when S is zero ( i.e. sample weight does not change),
V is exactly equal to V. The value of V becomes small with increasing value of S, and
when S equals S;;;, V becomes zero, and whereupon the heating control changes to 1so-
thermal.

Generally, S, is set to a value which S must not exceed. If S > S,,, formally V leads to
negative, the actual control is maintained isothermally.

This temperature control equation is only available for weight loss rate in the decreas-
ing direction and moreover in the condition of § < S,

The each physical quantities used in this method were the optimum values for
Sm=2 X 10754 x 103% min~!, and y = 0.1-3.0.

3. Experimental
3.1. Sample

The sample of polyimide/polytetrafluoroethylene/graphite resin (PI/PTFE/GR, Vespel
SP-211) used in this study was supplied from DuPont Co., Ltd. as commercial grade
material. The sample of about 20 mg was heated in a platinum pan from ambient tem-

perature to 700°C in an inert helium atmosphere with a dry flow rate of 100 ml min™".

3.2. High resolution TG system

A Rigaku dynamic TG-DTA 8110D thermogravimetry (main body of differential
thermobalance)/differential thermal analysis module was used to measure the weight loss
profile. A schematic diagram of the dynamic TG-DTA installation is shown in Fig. 2.
The dynamic TG-DTA 8110D can use both standard (constant heating rate) and high-
resolution modes, in which the heating rate of the sample is dependent on the rate of
sample weight loss. The furnace responsiveness is quite important to give the precise
temperature measurement and to rise the separation ability. For the purpose of a very fast
heating response, an infrared image furnace unit was used instead of a conventional type
which utilizes relatively high heat capacity and resistivity heater. In the present unit, one
sensor only attached directly to the sample controls the heating and cooling rates, and
measures the temperature. Also this furnace can be heated (and cooled) at a precise
heating rate from the conventional values of 0.5-20°C min~! to a much higher speed up
to 100°C min~'. This combined ability of measuring the sample temperature directly and
using the same sensor for precise control of the furnace heating and cooling rates allows
thermoanalytical studies to be undertaken in the high-resolution mode as well as normal
standard mode. The weight change signal detected at the TG control circuit is fed back to
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Fig. 2. Schematic diagram of dynamic TG-DTA system.
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an automatic temperature control system. Here, the heating rate signal according to the
control parameters from the CPU is calculated in succession, and is supplied as a control
current to the infrared image furnace.

3.3. TG-DTA/GC-MS system

The dynamic TG-DTA was connected with a Hewlett Packard GC-MSHP5890-5971A
gas chromatography/quadrupole mass spectrometer using a Rigaku TG-MS interface to
create an integrated simultaneous TG-DTA/GC-MS system. The simultaneous TG-
DTA/GC-MS configuration is shown schematically in Fig. 3. The purge gas/product
mixture is drawn into the alumina tube and passes to the GC-MS via a stainless steel tube
whose internal surface is inactivated. This alumina tube extends from the vicinity of the
sample pan into the top of the protection tube and is connected to the “T"” piece which is
sealed with graphite ferrule at the one end. The stainless steel transfer tube is maintained
at 250°C to prevent condensation, and the inactivating minimizes adsorption, corrosion,
or catalytic degradation of sensitive organic species. Introduction of carrier gas from the
upper part of the protection tube around the measuring sample and a gas sampling system
with a small inner diameter tube minimizes the dilution of the products with the purge
gas and increases the sensitivity of detection. The amount of TG effluent allowed into the
splitter is controlled by a micro-metering needle valve in the purge gas line.

Our original TG-MS system can be used for two kinds of interface modes. They are
distinguished between continuous sampling (direct coupling mode) and intermittent
sampling (trap coupling mode). In a direct coupling mode, the evolved degradation prod-
ucts are immediately carried off with a helium flow gas from the thermobalance into the
MS unit for “on-line” analysis. The signal representing the concentration of products in
the purge gas stream are continuously recorded with the TG-DTA signal as a function of
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Fig. 3. Schematic diagram of a simultaneous TG-DTA/GC-MS installation.
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time or temperature. Depending on the regulated split amount and length of the transfer
line between the thermobalance and the ionization chamber of the MS, the transfer time
was estimated to be typically less than 1 s. In the trap coupling mode, a portion of the
analysis is “off-line”. In this case, more frequent sampling is realized with an auto-
sampler controlled at arbitrary temperatures, and this is possible by switching a series of
four trap tubes cooled at liquid nitrogen temperature. Each evolved gas component in the
trap tubes is rapidly heated from liquid nitrogen temperature to 250°C and then intro-
duced to GC/MS. The use of the GC separation technique was required to evolve the
complex products at several stages. Separation of the degradation products was achieved
using a fused silica capillary column (25 m X 0.2 mm i.d.) coated with immobilized
methylphenylsilicone (5% phenyl) supplied from Hewlett-Packard, temperature pro-
grammed from 50 to 280°C at a rate of 10°C min~!. Peak identification was primarily
carried out by the GC-MS system in electron ionization (EI) mode. A library search
compared the spectrum of an unknown compound against a library of reference spectra
using the NIST/EPA/NIH chemical structures database.

4. Application

PI/PTFE/GR resin has the most excellent thermostable and abrasion-resistance among
the high-functional resins, and the resin is widely used for spacecraft, aircraft, motorcar,
electrical and electronic materials.

Fig. 4 illustrates a comparison of weight loss curves for PI/PTFE/GR resin using con-
ventional TG at 20°C min~! with high resolution TG (DRC method). The sample is
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Fig. 4. Comparison of weight loss curves for PUPTFE/GR resin using conventional TG of 20°C min~} with
the DRC method.
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Table 1

Comparison of temperatures between the conventional TG and DRC method on the same weight loss values
for P/PTFE/GR resin

Weight loss Temperature T, Temperature Ty Temperature

1% /°C /°C difference
conventional mode DRC mode T, —Ty/°C
(20°C min™)

5 577.4 502.9 74.5

10 597.4 507.6 89.8

15 611.5 521.1 90.4

20 622.5 521.1 101.4

25 631.4 523.6 107.8

30 648.0 556.2 91.8
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Fig. 6. Conventional TG-GC/MS pyrogram of decomposition components at 620°C on a heating rate of 20°C

min™.

gradually and continuously decomposing between 450 and 650°C under conventional
conditions. It is suggested that the analysis of this sample with conventional TG does not
have clearly resolved decomposition processes. On the other hand, the resolution of
weight loss is improved with the DRC method. Here it is worth noting how greater reso-
lution and detail is achieved in the decomposition profile with the DRC method com-
pared with the conventional method. Particularly, between 450 and 520°C, clear decom-
position steps are evident in the DRC curve. Also, the effect of applying the DRC method
is significant in the DRC curve and the effect of applying the DRC method is to cause
significant decomposition steps at lower temperatures and over narrower temperature
ranges than conventional TG. For these reasons, the ability of DRC to resolve clearly the
different steps in multi-step processes is generally much better than conventional meth-
ods.

The results show that the sample begins to lose weight from around 450°C, however,
when the temperature presented at identical weight loss values are compared between
both measurements, a big difference was obtained between two experimental results.
Table 1 shows the comparison of temperatures between conventional TG and the DRC
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Fig. 7. High resolution TG/GC/MS pyrogram of decomposition components at 490°C.

methods on the same weight loss values. From these results, the temperature difference
between two measurements is more than 50°C at 5% weight loss, and reached a maxi-
mum of 107.8°C at around 25% weight loss. This result is particularly interesting from
the viewpoint of thermal stability which is related to process conditions and the end-use
of the material.

On the other hand, it is supposed that the improved resolution of successive weight
loss curve is related to a potential effectiveness to quantify and identify the evolved de-
composition gases by MS. Figs. 5 and 6 show the conventional TG-GC/MS pyrograms
for the decomposition components collected at 580 and 620°C, which are decided by a
DTG curve with linear heating rate. As seen in Fig. 5, a number of peaks of the major
components such as tetrafluoroethylene, silane compounds and fluorobenzene are ob-
served. These low boiling components before 9 min are expected to be formed mostly
from the PTFE group. In the pyrogram in Fig. 6 characteristic aromatic components such
as benzene, benzonitrile and aniline are observed and these components are expected to
be formed mostly from the PI group. Especially in Fig. 5, numerous peaks of unknown
compounds are observed after 9 min.

On the other hand, Figs. 7-9 show high resolution TG-GC/MS pyrograms for decom-
position components collected at 490, 515 and 520°C, respectively. These are easily
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Fig. 8. High resolution TG/GC/MS pyrogram of decomposition components at 515°C.

identified because of the well-defined and simple steps. From these results, only tetra-
fluoroethylene is observed as the major component at 490°C. Similarly tetrafluorosilane
at 515°C and aromatic compounds involving oxygen and nitrogen at 520°C are detected

as major components.
Consequently, it is shown that thermal decomposition of PI/PTFE/GR resin occurred

from the PTFE portion at first, and subsequently the PI portion. In an intermediate tem-
perature region, both decompositions proceeded simultaneously. With conventional TG-
GC/MS, since the sample is exposed to higher temperature than that required for decom-
position to each component, analysis of the evolved gases is further complicated. How-
ever in high resolution TG-GC/MS, since the decomposition components on clearly sepa-
rated steps are expressed as a simple profile, analytical treatment becomes easy and im-
provement of accuracy in identification and quantification is accomplished.

3. Conclusions

Using high resolution TG-GC/MS, we have found interesting effects in the study of
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thermal decomposition of polymeric compounds and this method has yielded more de-
tailed information than that obtained from conventional TG-GC/MS. The information
present is accurate regarding composition along with thermal stability. The enhanced
resolution aids in characterizing decomposition processes as well as for identification and
quantification of complex materials and serves for R&D activities as a thermoanalytical
tool.

In summary, the high resolution TG-GC/MS seems to provide a number of advan-
tages. (1) In the present high resolution TG technique, the heating rate of the sample is
dynamically and continuously varied in response to changes in the sample’s decomposi-
tion rate. Additionally, the temperature increase is controlled to stop when the decom-
position of a component of the sample is completed. (2) Accordingly, each component of
the sample decomposes separately and completely without being affected by the decom-
position of other components. (3) Secondary reactions between the decomposed gaseous
products become limited. (4) Then, by the effect of reducing the number of peaks in high
resolution TG-GC/MS profiles, analytical treatment becomes easy and the decomposition
mechanism is clearly elucidated.
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