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Abstract

Gas reactions, catalyzed by solid catalysts, can be measured by DSC. In the experimental set-
up an open sample pan with catalyst (powder or pellet) is placed on the sample side of the DSC
sensor. The reactive gas mixture flows through the cell and reacts on the catalyst surface. The
heat effect, caused by this reaction, results into a DSC signal.

The calibration procedure is described for quantitative evaluation of the DSC measurements.
For illustration four different reaction systems are discussed.
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Introduction

Normally DSC is used for measuring heat effects of solid or liquid samples,
contained in a sample pan. The heat is produced by physical or chemical reac-
tions of the sample, for instance melting or oxidation, and measured by the DSC
sensor. In case of reactions between flowing gases, DSC measurement seems
impossible, because the reaction will proceed in the whole DSC cell, and not
only at the sample side of the DSC sensor. However, when the reaction does not
proceed as a homogeneous reaction in the gas phase, but only proceeds at a
solid or liquid catalyst, DSC measurement is possible. Then the catalyst is con-
tained in an open sample pan and placed on the sample side of the DSC sensor.
The heat, produced at the catalyst, can be detected by the sensor. For a quanti-
tative evaluation the calibration problem must be solved.

This kind of DSC measurement can be performed for a lot of reactant/prod-
uct systems, provided that the DSC cell is not injured by the gases or the
catalyst and that the produced heat effect is within a reasonable range. Further
condensation of reactants or products in the instrument should be avoided. In
this contribution four systems are discussed: the formation of methane from
CO+H; over a nickel catalyst [1, 2], the high pressure reaction of CO+H; into
methanol over a copper catalyst [3], the decomposition of methanol into
CO+H> at normal pressure [4], and the selective catalytic reduction (SCR) of
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NO with NH3+O; over a V,0Os containing catalyst [5, 6]. In all systems a quan-
titative evaluation of the DSC signal will be possible after calibration.

Upset and calibration

On the hand of the methane formation reaction {1, 2] the technique will be
discussed. The concerning reaction is strongly exothermic:

CO+3H; - CHs+H,0; AH =-217 kJ mol™* CO (1)

At temperatures lower than 723 K this reaction does not proceed as homoge-
neous gas phase reaction, but can only be performed on a catalyst. The applied
catalyst is Ni/Al203. A pellet or an amount of 1-10 mg powdered catalyst is
placed in an open DSC pan on the sample side of the DSC sensor. Reference
material is pure Al203 (pellet or powder). The kinetic experiment consists of
three heating steps:

— Firstly the catalyst must be reduced, since a part of the nickel is oxidized
into NiO by contact with air. Therefore a run is made in pure H, from 300-
673 K with a heating rate of 20 K min™.

— After cooling down a baseline is measured, also in pure H2, from 373
673 K, with a heating rate of 10 or 20 K min~

— After cooling down unto 373 K the hydrogen flow is changed into a mix-
ture of Ha+x % CO, x being 0-2% . Now an exothermic effect is visible, caused
by the adsorption of CO on the catalyst surface.

When the adsorption is complete, and the DSC signal is back to the baseline,
a heating run is started from 373-673 K, with 10 or 20 K min™ (reaction line).
Now from some temperature an increasing exothermic effect becomes visible,
caused by the methanation reaction (Fig. 1). The difference A between baseline
and reaction line increases until a nearly constant value at high temperature,
where all the CO arriving at the catalyst surface, reacts immediately.

The calibration of the DSC signal cannot be performed with the normal pro-
cedure: melting of indium in a closed pan in the adequate gas phase. The reason
is that the experiment is performed in an open pan. From the heat evolved at
the catalyst sample, a part flows to the DSC sensor, resulting into the DSC sig-
nal A, and a part flows directly into the surrounding gas phase. The fraction of
heat, flowing to the sensor depends on the thermal properties of the sample (di-
mensions, thermal conductivity) and of the gas phase (specific heat).

This effect is illustrated in Fig. 1, where a pellet (17.22 mg) and a powder
(1.22 mg) are measured: although at high temperature the reaction rate on the
pellet is higher, the DSC signal A is lower than for the powder.

There are three possible ways of calibration:
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1. Firstly, the in- and outgoing gases are to be analyzed by GC or MS. Now
the reaction rate r (moles CO, reacting per second) can be determined. The cor-

responding heat effect is Q' = rx(AH), (AH) being 217 kJ mol™ CO. Now the
calibration factor (C.F.) can be calculated according to:

Ax(C.F.) = rx(AH) )

The value of (C.F.) has been determined for several experiments [2] and hap-
pens to be constant between 473-673 K, for the DuPont 910 DCS cell.

2. A second possibility is the melting of a metal (tin or indium), placed on
top of the sample in a gas mixture with thermal properties, corresponding to the
reaction gas mixture. The values of (C.F.), determined with both methods agree
very well [4].

3. A third method of calibration (internal calibration) can be applied, when
the reaction at high temperature proceeds to completion [2].

In Fig. 1B the Arrhenius plot is given for the reaction on a catalyst pellet.
At low temperature the reaction is determined by the chemical catalyst activ-
ity, showing a high activation energy. At high temperature the reaction is so
fast, that all the CO, arriving at the catalyst, reacts immediately. It must be re-
alized that the nearly constant rate at high temperature does not correspond to
the reaction of all the CO in the inlet gas flow. Only the fraction that in the
given residence time arrives to the external catalyst surface, will react. This
fraction § depends on geometrical factors (yolume of the DSC cell, shape and
dimensions of the sample) and the flow conditions, but not on the activity of the
catalyst sample (being high enough). At standard conditions, with a few mg of
catalyst powder in a pan with a diameter of 6 mm, the value of § =65.3% at
A
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Fig. 1 A. DSC plot of the reaction of CO +Hj into CHy4 over a Ni/Al,O3 catalyst (pellet and

powder). B. Arrhenius plot, constructed from the DSC experiment with the catalyst
pellet [2]
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668 K. For pellets somewhat different values are found, depending on the value
of the external contact area with the gas phase [2]. Now, at standard conditions,
the reaction rate is known at 668 K, so the value of (C.F.) can be calculated
from the DSC signal A.

Application

With the described DSC procedure a fast and reliable method is available for
testing of catalysts and catalytic reactions. So, the standard activity
(mol CO g cat™ Th- ) can be determined, from the low temperature region of the
Arrhenius plot, at 513 K [1, 2]. Further, the rate of catalyst deactivation can be
measured from successive reaction runs with the same catalyst sample. These
data are important for finding a stable and active catalyst. From experiments in
different CO and Hpz concentrations the kinetics of the catalytic process can be
determined [1].

Also different gas reactions are investigated by DSC. The exothermic reac-
tion of CO+H3 into methanol on a Cu/ZnO/AlxO3 catalyst can be performed
in a high pressure DSC at 40 bar [3], according to:

CO+2H, - CH;0H; AH =-100 kJ mol™* CO (3)

The reaction is performed in a gas mixture containing H,+9. 82% CO0+0.70%
CO,, at a total flowrate of 1.51h™ gmeasured at 273 K and 1.10° Pa). The base-
line is measured in a gas consisting 'of Hy+10% Na. On account of the equilib-
rium conditions, the application of a high pressure is necessary.

In Fig. 2 a DSC experiment is shown. In this figure three regions are visible:
I. at low temperature an increasing rate. From this region the standard activity
can be calculated and compared with figures, obtained by flow reactor measure-
ments [3]. A region II is visible with decreasing rate, caused by the shift of the
equilibrium to lower methanol concentrations at increasing temperatures. In re-
gion III the DSC signal A is increasing again. This could be explained by the
conversion of methanol into dimethylether at these high temperatures accord-
ing to:

2CH;0H — CH;0CH;3+H,0 4)

Further also side reactions, like the formation of methane, become possible
at these high temperatures. Calibration can be performed with the first two
methods, but not with the internal calibration method, since not all the CO ar-
riving at the catalyst reacts into methanol at high temperatures, caused by the
shift of the equilibrium and the occurrence of side reactions. In spite of these
problems, the testing of catalysts in a HP-DSC can be easily performed (within
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HIGH PRESSURE DSC ~ METHANOL SYNTHESIS
31.19 mg cat. h
Reaction 2°C/min.
0.70% CO,, 8.82% CO, 89.48% H2
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Fig. 2 HP-DSC plot of the reaction of CO+H; into CH;0H at 40 bar (4-10° Pa) over a
Cu/Zn0O/Al>05 catalyst powder [3]

a few hours per experiment) and is much faster than the measurements with
pressurized flow reactors. For the testing of the activity of catalysts, however,
also the reverse reaction could be applied [4]. Now the DSC experiment can be
performed at normal pressure, using a mixture of N2 with 3.48% methanol
(flowrate 1.05 1 h™ , measured at 273 K and 1.10° Pa). The baseline is meas-
ured in pure Na. The DSC plot is given in Fig. 3. Although the decomposition
reaction proceeds to completion, the internal calibration method cannot be
used, because of a side reaction: the DSC curve shows an increasing rate with
temperature in the lower temperature region, but the absolute value of the signal
A decreases at higher temperatures, caused by the occurrence of the exothermic
formation of methane at high temperatures. This method, DSC measurement of
the decomposition of methanol, is very useful for a first testing of catalysts for
the production of methanol, but is more easily and much faster to perform than
the catalytic experiments in the HP-DSC.

A fourth reaction that has been investigated in literature [5, 6] is the so-
called selective catalytic reduction (SCR) of NO with NH3+0O2 over a V20s
containing catalyst, according to the reaction:

4NO+4NH;:+0; —» 4N,+6H-,0 (5)

J. Thermal Anal., 47, 1996



450 HAKVOORT: CATALYZED GAS REACTIONS
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Fig. 3 DSC-plot (at normal pressure) of the decomposition of methanol into CO +H; over
4.41 mg of Cu/ZnO/Al,0; catalyst powder [4]

The reaction is exothermic with a heat effect AH =-1625 kJ/4 moles NO:
Unfortunately, a lot of side reactions are possible, so that in most cases DSC
measurements alone are not sufficient for investigation of this reaction. Only
with a very selective catalyst, V,0s/TiO,/SiO,, separate DSC measurements are
sufficient. This is shown in Fig. 4, where the DSC curve is given, together with
the concentrations of the different compounds, measured by MS (mass spec-
trometry). The decrease of the NO and NHs concentrations and the increase of
the N, and H;O concentrations correspond to Eq. (5). Now the rate could be
calculated from the DSC curve, since only one reaction is concerned, with a
definite reaction heat per mole NO.

Conclusions

Reactions between gases can be measured by DSC, provided that they only
proceed on a solid (or liquid) catalyst. This catalyst is contained in an open
sample pan and placed on the sample side of the DSC sensor.

Calibration of the DSC signal can be performed in several ways.

1. By melting of a piece of metal (In, Sn) on top of the catalyst sample, in a
gas phase with identical thermal properties as the reaction gas.

2. By measurement of the in- and outlet gas concentrations with MS or GC.

3. By internal calibration when the reaction proceeds to completion and be-
comes very fast at high temperatures.
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Fig. 4 Plot of the selective catalytic reduction of NO with NH3+0-, over a V05 on
TiO2/Si0; catalyst. The reaction is performed in the Setaram DSC 111. The DSC
plot is. given and also the concentrations of NO, NH3, N2 and H;0 as a function of
the temperature, measured by mass spectrometry [S, 6]

Method 3 can only be applied for the formation of methane. The other reac-
tion systems discussed in this contribution show side reactions or do not go to
completion for equilibrium reasons.

The exothermic formation of methanol can be investigated with a HP-DSC
at 40 bar.

Similar results concerning the standard activity and deactivation behaviour
of methanol formation catalysts, can be obtained by the investigation of the re-
verse reaction (decomposition of methanol into CO+Hz) in a normal pressure
DSC.

DSC measurements also have been applied in the selective catalytic reduc-
tion of NO with NH3+02. Since a lot of side reactions are possible, DSC
meas- urements are only useful when a really selective catalyst is used.

The DSC measurements can be used for the determination of absolute and
relative catalyst activities, catalyst deactivation, activation energies and kinetics
of the catalyzed gas reactions.
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Other heterogeneously catalyzed gas reactions also could be measured by
DSC, provided that the reactants, products and catalysts are not aggressive for
the cell, and no condensation proceeds, at least in the inlet gas flow.

Compared to other methods (flow reactor measurements with gas analysis),
the DSC method provides a fast way for selection of catalysts. After appropriate
calibration, also quantitative evaluation of the catalyst activities can be per-
formed.
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