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Abstract

Pulse thermal analysis (PTA) is based on the injection of a specific amount of gascous reac-
tant into a carricr gas stream. PTA provides the following advantages compared to conventional
TA: (i) yuantitalive calibrativn of tie mass spectrometric signals allows increasing the sonsitivity
of TA measurements; {ii) monitoring of gas-solid processes with defined extent of reaction i.c. the
reaction can be stopped at any point between pulses, enabling elucidation of the relationship be-
tween the compasition of the solid and the reaction progress; (iit) simultaneous menitoring of
changes in mass, thermal effects, composition and amount of gaseous reactants and produets un-
der pulse conditions.
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Introduction

Pulse thermal analysis (PTA) is based on the injection of a specific amount of
gascous reaclant into a carrier gas stream while monitoring changes in mass, cn-
thalpy and gas composition resulting from the incremental reaction extent [1]. In
contrast Lo conventional thermal analysis (TA) and all its modifications, the course
of the reaction is controlled not only by tcmperature but also by transient change in
the composition of the reactive atmosphere.

PTA offers three principle opportunities of thermoanalytical studics, depending
on the kind of injected gas: (i) injection of an inert gas, facilitating quantitative cali-
bration of the mass spectrometric signals, allows to increase the sensitivity of TA
measurements to such an exlent that species in amounts lower than .01 wi% can be
detected; (ii) injection of a gas which reacts with the solid sample provides the op-
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portunity of investigating all types of gas-solid reactions; and, (iii) injection ol a gas
which adsorbs onto the sample surface facilitates the study of adsorption phenomena
under aumospheric pressure and at the particular temperarure.

Here we briefly demonstrate the range of new opportunities, PTA offcrs using
cxamples from our work in material science and catalysis.

Experimental

Experiments were carried out isothermally or non-isothermatly (applied heating
rates were generally in the range of 5-10 K min™') on a Netzsch STA 409 simultane-
ous thermal analyzer equipped with a gas pulse device (Netzsch) that enables injec-
tion of controlled amounts of two different purc gascs or gaseéous mixures into the
system. The amount of injected gas could be set from 0.01 to 10 ml. Primarily, vol-
umes of 0,25, 0.5 and 1.0 ml were used. Gases evolved during the reaction and/or in-
jected into the system were monitored on-line with a Balzers QMG 420 quadrupole
mass spectrometer connecled to the thermal analyzer by a heated (ca. 200°C) capil-
lary.

Results
Relation between TA and MS signals in PTA

The most distinct feature of PTA is the fact that changes of the gascous atmos-
phere during experiments accur in a limited, short period of time after each injected
pulse of the desited gas. When relating TA and MS signals in PTA scveral aspects
influencing the transfer of the injected species in the carrier gas and to the solid sam-
ple have 10 he considered. Depending on fixed parameters of the thermoanalytical
system, such as injection position, volume of the heating chamber, direction of the
gas flow and variable parameters such as kind of carrier gas and its [low rate and the
amount and kind of injected gas, the mass spectrometric signal. due to the injected
species, changes its shape. A detailed study of the influence of mass transfer on the
relation between thermoanalytical and mass spectrometric curves in a combined TA-
MS system has been reported recently [2]. Cumulative distributions of the MS sig-
nals of an oxygen pulse injected into two diflerent carrier gases (He, Ar) at room
temperature is presented in Fig. 1 A. The higher molecular diffusion coellicient of the
injected gas in helium as compared (o argon, significantly changes the time for the
disappearance of the MS signal. The curves in Fig. 1A indicate that 73% of the in-
jected oxygen flows through the chamber in 3.2 min when the carricr gas is Ar,
whereas 4.2 min elapse with He. At higher temperatures (Fig. 1B) the MS signals be-
come narrower, but their areas remain constant (see inset in Fig, 1B). The change of
the peak shape at higher temperatures is causcd by the different temperature depend-
ence of the conveclional and diffusional flow properties of the carrier gas, giving rise
to a change of the transportation of the injected molecules into the carrier gas [3].
The transient character of the pulse technique offers interesting opportunities for
PTA applications which will be illustrated in the following examples.
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Fig. 1 Influence of different diffusivities of injected gas in carrier gas on MS signal: A) Re-
sponse MS signal (cumulative distribution) on nxy%cn pulsec {1 ml) injected at room
temperature into Ar and He carrier gas (30 ml min™ '}, respectively. B) Shape of the
MS signals as a function of temperature (marked in centigrade on the curves). Inset
presents the lemperature dependence of the integral intensities

Opportunities of PTA
Injectlion of an inert gas

The opportunity of injecting a known amount of any gas into the carrier gas
stream provides a qualitative calibration by relating the MS signal to injected quan
tity of probe gas. Previously published results [3, 4] indicate that the kind of the car-
rier gas and temperature do only affect the shape of the MS signal but not its integral
intensity. The application of PTA for the quantitative calibration of MS signals is il-
lustrated by comparing results obtained by means of thermogravimetry and a simui-
taneous PTA-MS experiment (Fig. 2). 4.62 mg ol CaCO; was decomposed under he-
lium with a heating rate of 10 K min", the observed mass loss (Fig. 2A) amounted
to 2.02 mg, which agreed well with the stoichiometric value of 2.03 mg. In order to
quantify the mass spectrometric signal of m/z=44, two | ml pulses of CO, were in-
jected before and after the decomposition of ealeium carbonate (Fig, 2B). The mean
value of the integral intensities of the injected pulses was 1.96 a.u., the integral in-
tensity of the signal of evolved CO, was 2.95 a.u. The temperature of the injected gas
was 28.5°C. The amount of CQ, formed during CaCO, decomposition calculated
from these data corresponds to 2.01 mg, confirming the accuracy of the quantifica-
tion method.

The application of the M8 curve {or the quantification of thermoanalytical re-
sults seems to be unnecessary when the reaction proceeds in well resolved step(s)
and the stoichiometry and composition of the reactant and product(s} arc alrcady
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Fig. 2 A) Thenuogiavimetic and BY mass spectrometriv determination of the amount of CO,
evolving during decomposition of calcium carbonate. The 1 ml putses of CO, were
used for the calibration of the MS signal

known as in the presented example ol CaCO5y decomposition. In practice, this obvi-
ous remark is not fully correct as the example below of the decomposition ol silver
carhonate illustrates.

The mass loss of 21.66% recorded during Ag,CO+ decomposition (Fig. 3) agrees
very well with the stoichiometric course of this reaction which oceurs in two con-
secutive steps affording a total mass loss of 21.76%.

Ag,CO; — Ag,0 + CO, —> 2Ag + 0.50, (1

The quantification of the MS curves by injecting 1 ml pulscs of CO;and O; (not
shown) indicated that the analyzed carbonate had the proper stoichiometric compo-
sition {CO; content: stoichiometric 15.95 wi%, found 15.9%, oxygen content:
stoichiometric 5.80 wt%, found 5.7%). However, the deconvolution of the m/z=44
signal indicates that ca. 25% of the total amount of CO3™ ions remain in the product
after the first stage of the decomposition and is not evolved belore the total decom-
position to metallic silver occurs. The results show that the usual method of silver
oxide synthesis, consisting of the decomposition of silver carbonate, can lead to the
formation of Ag,O which contains significant amounts of carbon dioxide that were
not removed from the oxide before its decomposition.

The quantitative interpretation ol the TG curve is even more uncertain when the
temperature ranges of the various decomposition stages, particularly in multicompo-
nent systems, overlap cach other, Also, when the mass change is below 1-2 wi% duc
to the low content of the reacting phase, its quantitalive interpretation is difficult due
to the contribution of the buoyancy effect.

J Therm. Anal. Cal., 56, 1999
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Fig. 3 Thermal decomposition of the sitver carbonate to metallic silver theating rate 10 K min~",

helium. 50 ml min™")

Figure 4 depicts the oxidation of graphite present in minor amounts in a mixture
with y-alumina. The evolution of CO; is superimposed onto the continuous mass Joss
duc to the cvelution of water from the alumina and this makes the determination of
the carbon content from TG curve very inaccurate. The determination of the carbon
content based on the quantitative interpretation of the MS signal, alter its calibration
by live pulses of COy, indicated the high accuracy of this procedure despilc the tow
concentration ol the analyzed phase: the real content of graphitc in the mixture was
0.09%, the measured amount was 0.08%.

The high sensitivity of mass spectrometry enables the determination of evolved
species even when their concentration does not exceed 0.01 wi%. Determination of
such small quantities is rather impossible using standard TA-techniques. Results of
the determination of organic residue present in ZrQ; acrogel [1, 51 show that it is pos-
sible to measure the very low amount (0.007 wi%) of carbon released during the crys-
tallization of zirconia. This high sensitivity of analysis, being one of benefits of PTA | it
is further illustrated below by the results of the quantification of the evolved gases dur
ing TA-MS measurement of a cuprate superconductor of the YoBasCug, 044, lamily
[6]. These superconductors often contain a remarkable quantity of carbon dioxide
which can strongly influence their properties. In the studies of carbon dioxide incor
poration into the superconductor crystal lattice, the primary question is whether it is
possible to remove CO; from the superconductor by heating it without dccompos-
ing. Also, the knowledge of oxygen substitution by CO3™ helps understanding the
propertics of YBaYCuQ and therefore can be valuable in the preparation of these
materials.

The MS signals due to oxygen and CO; evolution, recorded during the supercon
ductor calcination under argon, are presented in Fig, 5. The 1 ml pulses of CO,, used
later for (he calibration, were injecled before the carbon dioxide release which starts
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Fig. 4 TG and MS traces of the combustion of the graphite mixed with y-alumina. Inset A
presents the magnification of im/z=44 signal. CO, pulses injected before and after com-
bustion of graphite were used for the MS curve calibration (10 K min™, oxygen 20
vol%, halance He, total flow 50 ml min )
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Fig. 5 Calcination of the YBaCuQ superconductor in argon. Insel A presents the evolution of
CO, occurring above 600°C. The 1 ml pulse of CO, was used for calibration of the
m/z=44 signal

at ca. 600°C. The magnilication the MS signal due 1o CO; releasc (inset A) is shown

in the lower part of Fig. 5. As the results indicate, the application of the PTA method
made it possible (o quantify two steps of CO; evolution, determine their temperature
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ranges and to distinguish signals with intensity ratios as low as 1:70 ((.36 vs. 0.005
wi%). MS signals clearly indicate that evolution of carbon dioxide occurs at tem-
peraturcs higher than that of superconductor decomposition, this 1s reflected by the
temperature at the beginning of oxygen evolution.

Injection of a gas reacting with the solid

PTA allows (o dosc the reacting gas in small quantities facilitating the study of
gas-solid reactions in differential mode. The reaction between injected gas and the
solid occurs only during the duration of the pulse. This feature provides several new
opportunitics for investigating of gas-solid reactions as e.g. the preparation of solids
with well specified extend of the reaction. Depending on the temperature and pulse
volume, any required reaction progress can he reached. The stepwise reduction of
CuO by hydrogen and the concomitant characterization of the phase composition of
the intermediate products was described in [1]. Here this feature of PTA is illustrated
by the study of the reduction of manganese oxides by CO. The redox transforma-
tions possible for the system Mn-0 at temperatures above 500°C are shown in
Scheme 1. In order to compare the catalytic activity of MnyOy and Mn3Oy in the oxi-
dation ol CO, the characterization of the redox behaviour ol these oxides was carried
out using the PTA method. The course of the reduction of MnyO5 by 1 ml pulses of
CO injected at 500°C is depicted in Fig. 6. The aim of this investigation was lo check
whether pure Mn30y is formed when the stoichiometric mass loss of 3.38% is
recached during the reduction process (Scheme 1). The phase composition ol the
products was checked after 2, 6 and 12 pulses, which alforded the samples labelled
as 1, 2 and 3, respectively. The XRD patlerns presented in the lower part of Fig. 6
indicate that sample 3, corresponding to the stoichiometric mass loss for reduction
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Fig. 6 Stepwisc reduction of Mn,O, by pulses of CO (I ml) and XRD patterns of the products
corresponding te different extends of reduction, taken at the points marked by
1, 2, and 3, respectively
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of Mn; Oy to Mn3O, contains three phases: MnpOs, Mn3O4 and MnO. Even at very
low degree of reduction (sample 1, mass loss 0.67 wt%), MnO containing only Mn
(+2) alrcady forms. The preparation of samples corresponding to such a low and well
defined reaction progress, is rather impossible by any conventional, iso- or nen-iso-
thermal TA technique.

.......... decomposnion

raduction

axidation
11.28%

(=1 1 ™ _ |
. ‘.,..a-ga?@.‘..{MnsoJ t Mno,_l

10.13%

Scheme 1 Possible redox transformations with the related mass changes in the system Mn-0O
at temperatures above 500°C

Another interesting feature of PTA is its suitability for investigating complex re-
action systems al any desired temperature. Artifacts caused by temperature settling
are omitted which facilitates better distinction of concomitantly occurring processes.
This feature is illustrated by a study of the reduction of the supported I[rO;. The de-
termination of mass loss due to oxide reduction is impossibie in a conventional TA
run as shown in Fig. 7. The mass loss due to removal of the water produced during
the reaction overlaps with the mass loss due to the desorption of the water from the
support. The exact determination of the IrO; content is possible by means of PTA.
After total desorption of the water from the support at 200°C, the observed mass loss

evolulian of Hzo from support

18 / a.u.

l reduction of IrO2

intensity of méz
2
n
=

MAss loss

mass change / %

160 2CI|0 3&0 400

temperature / "C
Fig, 7 Reduction of supported 1rQ, carried out by means of conventional TA (10 K min™, H,
20 vol%, balance He, total flow 50 ml min~") and PTA (200°C, iso-), respectively. The

mass loss due to hydrogen pulses (1 ml, PTA experiment, inset A) resulls from the re-
duction proccss only
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Am causcd by hydrogen pulses (sec inset in Fig. 7) can only originate from the re-
duction of iridium oxide. The iridium content determined by this method (4,98 wt%)
agrees well with the nominal loading of the catatyst which amounted to 5.00 wi%.

Another opportunity of PTA is its potential to investigate processes with differ-
ential steps in reaction extent, Due to the simplicity of pulsing dilferent pure gases
or gascous mixtures, PTA can be a useful tool for examining e.g. redox processes
which occur on solids during catalytic processes. The application of PTA for inves-
tigating the redox behavior of PA/Zr0; catalysts [7] during the catalytic combustion
of methane, provided important information concerning the composition of the cata-
Iytically active phase and the reaction mechanism. Such a differential charac-
terization of the reaction progress is itlustrated by the investigation of the redox
propertics of different CeO, samples [8]. The redox behaviour of this oxide, i.c. the
case of its reduction and reoxidation, distinctly influences its application as an oxy-
gen buffer during cataiytic reactions. The difficulty in applying conventional TA
techniques for investigaling such phenomena is caused by the fact that only very
small changes of the composition of ceria occur during catalytic process. The com-
position of the sample only slightly change due to subsequent reduction and reoxi-
dation cycles, and, consequently, the characterisation of the reducihility of ceria by
investigating the total reduction process is ol litte value.
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Fig. 8 The cliwnges ol tie mass due to the 1 ml hydrogen and oxygen pulses (or umve,ntlon.\l
(A) and mesoporous (B) CeO,, heating rate | K min ! carrier gas He, 50 ml min”'

Two samples of ceria (Fig. 8), were reduced by pulscs of hydrogen. Each pulse
of hydrogen was followed by pulse of oxygen, which rcoxidized the partly reduced
cerium oxide. Figure 8A depicts the changes of the mass due (o Hy and O, pulses for
the conventionally prepared sample. The sceond, mesoporous sample prepared using
template-assisted synthesis (Fig, 8B) showed significantly higher reducibility at the
same lemperatures. The change of the composition from CeQ; gy to CeO) gq for the

J. Therm. Anal. Cal., 56, 1999
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mesoporous sample occurs at temperatures ca. 90 K lower than for the conventional
sample. Both samples exhibited also different behaviour after exygen pulsing. With
the mesoporous sample, @ distinet oxygen uptake was observed, rellected by a mass
gain exceeding the mass lass due to reduction. Afler ca. 15 min, the excess oxygen
desorbed from the ceria and the sample mass returned to its initial value. The inves-
tigations revealed the remarkable cnhancement of the oxygen storage/release capac-
ity of this sample.

Injection of a gas which adsorbs on the solid

Due to simultancous monitoring of changes of mass and thermal effects, PTA can
be applied for investigaling adsorption phenomena occurring under atmospheric
pressure. An example showing the adsorpdon of ammonia ac 200°C on HZSM-5
zeolite is presented in Fig. 9A. The irreversible adsorption (chemisorption) occurs
during the first three pulses. Part of the ammonia adsorbed during the fourth pulse
desorbs alter ca. 50 min, indicating that both reversible (physisorption) and irre-
versible adsorptions occurred on the zeolite surface. The course of the TG curve af-
ter the last (fifth) pulse is characteristic for the physisorption process, after ca. 70
min the sample mage returng to ite initial value before pulsing, indicating total
desorption of the ammonia. In experiments with lower amount of sample (Fig. 9B),
chemisorption of ammonia occurs only during the [irst pulse. The observed exother-
mal effect in the DTA curve, in conjunction with the mass gain resulting from the
NH; chemisorption, allows the determination of the heat of adsorption per mole of
adsorbed ammonia. The second and third ammonia pulses led to reversible adsorp-
tion. Note the relatively rapid mass loss after ammonia physisorption and the endo-
thermic process causcd by the ammonia desorption. Decreasing the pulse volume
gives access to the determination of the differential heats of the adsorption.
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Fig. 9 The adsorption of ammonia (1 ml pulses) on HZSM-5 zeolite at 200°C, Mass of 7co-
lite after drying in sitie at 500°C: A) 219.91 mg, B) 30,41 mg
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The described method for adsorption studies was used in our laboratory for the
investigation of the adsorption of the ammonia on zeolites | 9], silica-titania acrogels
[10], V20s5/TiO; {11], ammonia and carbon dioxide on Co-Fe phases | 12], and ad-
sorption of oxygen, carbon monoxide and carbon dioxide on Aw/TiO;{13].

Conclusions

PTA cxtends the versatility of conventional thermoanalytical methods by provid-
ing the means lor studying smal! reaction progresses. PTA combines this advantage
with all the opportunitics offered by TG, DTA and MS. Advantageous features of
PTA are:

— Injection of a known amount of gas into the system during measurement allows
quantitative calibration of the MS signal which greatly increases the opportunities of
thermoanalytical investigations, cspecially for the analysis of multicomponent sys-
tems. Scnsitivities below 0.01 wt% can be achieved for the evolved species.

— Monitoring gas-solid processes corresponding to a specilic extent of reaction at
desired temperature is possible. The reaction can be stopped at any point between
pulscs, enabling elucidation of the relationship belween the composition of the solid
and the reaction progress.

— The potential to monitor simultancous changes in mass, thermal cffccts, com-
position and amount ol gaseous reactants and products under pulse conditions. This
feature cnables to gain simultancously information concerning both gas and solid
phases.
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