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A study was made of the changes in the active component of a commercial catalyst for
methane reforming by means of steam, as a function of its duration of use and of its posi-
tion in an industrial reactor. The samples for examination were taken after 3, 8, 9 and 20
months of catalyst use, and from seven different levels in the reformer tube, ranging from
the top to the bottom.

DTA, TG, IR spectroscopy, X-ray diffraction and surface area determination were used
to follow the catalyst changes.

For methane reforming by means of steam, in the first stage of ammonia produc-
tion from natural gas, metallic nickel on a support with a developed surface is used as
catalyst. At the moment of delivery, the active component of the catalyst, is in the
form of nickel oxide, which is promoted to the active form by reduction in the indus-
trial reactor. The literature contains data on examinations of model catalyst systems
involving nickel on alumina as support, but there are no data about the behavior of
commercial catalysts in industrial reactors, which could be useful for the explanation
of the aging and deactivation process.

Our examinations related to the changes in the active component of a commercial
catalyst for methane reforming with steam, as a function of the duration of its use
and its position in an industrial reactor. Differential thermal and thermogravimetric
analysis were used to follow these changes, and some samples were subjected to IR
spectroscopy, X-ray. powder diffraction and specific surface area determination.

Depending on the manner of production, we differentiate two basic types of
catalysts for the conversion of methane with steam: catalysts obtained by means of
impregnation of a preformed support with a solution containing the active component,
and catalysts in which the active component and support are produced at the same
time.

Although in principle it is believed that there is no reaction between the metal and
the support, and that the support is not catalytically active by definition, the manner
of putting the metal on the support can essentially influence the properties of the
ready catalyst and its changes during application in an industrial reactor {1]. This ex-

John Wiley & Sons, Limited, Chichester
Akadémiai Kiadd, Budapest



74 RASULIC et al.: INVESTIGATION OF CHANGES IN CATALYST

amination involved a commercial catalyst in which the active component was trans-
ferred to the a-alumina support by impregnation.

Differential thermal analysis was applied to examine the thermal decompositions of
nickel chloride, nitrate, sulphate and hydroxide, used to produce nickel as active
component by impregnation [2], the thermal decomposition of nickel nitrate hexa-
hydrate, the process of nickel oxidation [3], and examination of model systems of
reforming catalyst and compounds which arise in their preparations [4—8]. X-ray
powder diffraction has frequently been used to study the products of the decom-
position of these systems. Putanov et al. [4, 5] applied IR spectroscopy to examine
mode! systems, but we have not encountered the application of thermal methods of
IR spectroscopy during studies of real systems of reforming catalysts, or of the
changes in commercial catalysts in industrial reactors.

Experimental

It is well known that the working conditions are not the same throughout the
whole length of the reformer tube, that the working temperature varies from the top
to the bottom, and that local overheating is possible. The resulting changes in the
catalyst must differ in the various stages of the reformer tube after various times.

The samples for examination were taken after 3, 8, 9 and 20 months of catalyst
use, from seven different levels of the reformer tube ranging from the top of the
bottom. A total of twenty samples were taken. The scheme of their positions in the
reformer tube and the durations of use is shown in Table 1.

in addition to the samples mentioned in Table 1, an unused sample of the same
catalyst, denoted "+’ was subjected to examinations too.

All samples were studied on a MOM derivatograph, from ambient temperature up
to 1000°, at a heating rate of 10 deg/ min, in static air atmosphere, with preliminarily
heated alumina as reference material.

Table 1 Durations of use, and positions in reformer tube, of tested samples of reforming catalyst

Duration of use of catalyst in industrial reactor,
months

Distance of sample from top of reformer tube,
m 3 8 9 20

Sample notation

4.35 10 20
5.80 9 19
7,25 2+ 8 11 18+
8.70 7 17
10.15 6 16
11.60 5 15+
bottom 3+ 44 12+ 14
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A Perkin—Elmer DSC-1B differential scanning calorimeter was used for examina-
tions from ambient temperature up to 500° in a dynamic atmosphere of hydrogen.
Determinations of the specific heat capacities of the catalysts were made in the tem-
perature interval 85—125°.

Molecular spectra were studied with a Perkin—Elmer 21 IR spectrophotometer
in the wavenumber region 650—5000 cm~—1, and on a Perkin—Elmer 377 instrument
in the wavenumber region 400—5000 cm—1. The finely powdered samp!le of catalyst,
in a quantity of 0.94-2.0% by mass, was mixed with potassium bromide, and a
tablet with a diameter of 7 mm was formed by pressing. The content of catalyst was
0.12—-0.26 mg. The samples investigated are indicated by "+"" in Table 1.

Samples 1, 2, 4, 7, 8,9, 10 and 14 were subjected to specific surface area deter-
minations with Perkin—Eimer 212 D sorptionmeter.

Results and discussion

Differential thermal analysis showed that the catalyst support was a-alumina, and
that the active component was in the form of y-nickel oxide, which do not change in
the temperature interval of examination. Since the unused catalyst contains 73.562%
Al,03, 24.4% NiO, 0.35% Fex03, 0.08% MgO, 2 ppm CaO and 2 ppm K50, the
present components could not cause changes which the thermal analysis would
register.

The X-ray diffraction structural analysis of this sample confirmed the presence of
a-alumina and nickel oxide, but it also pointed to the presence of nickel aluminate [9].

Ail samples used in the industrial reactor were subjected to thermal analysis. The
TG curves of these samples show an insignificant loss of weight (under 1% by mass)
up to 300°, due to the removal of free water. Above 400°, all samples reveal the
oxydation of metallic nickel, accompanied by a marked exothermic peak in the DTA
curve and by an increase of weight according to TG analysis.

Differential thermal analysis of samples used for 8 months (samples 4 to 10)
demonstrated oxydation of nickel in the temperature interval 400—800°, with peak
temperature at 620—670°. Determination of the surface of the peak of metallic
nickel oxydation and its change as a function of the sample position in the catalyst
tube did reveal any regularity.

TG analysis showed the increase in sample weight due to nickel oxidation to be
2.37-3.79% {by mass), which corresponds to a metallic nickel content of 8.66—
13.82% (by mass). The concentration of metallic nickel tended to increase from the
top of the reformer tube to the bottom.

For samples used for 20 months in the reactor {samples 14 to 20), in contrast to
the samples used in the reactor for 8 months, the oxidation of metallic nickel begins
at higher temperatures, 680—750°, and finishes at 950°. The peak temperature of
oxidation ranges from 800° to 850°. The content of metallic nickel, determined
by TG analysis is lower than in samples used for 8 months and varies from 0.88 to
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755% (by mass), again demonstrating a tendency to increase from the top to the
bottom of the reformer tube.

The changes in the metallic nickel content as a function of the sample position in
the reformer tube during 8 and 20 months of use are shown in Fig. 1. Although the
nickel content increases from the top to the bottom of the reformer tube for both
groups of samples, the forms of the dependence show a clear difference. While the
nicke! content of samples from the middie to the bottom of the reformer tube are
practically the same after 8 months, after 20 months the samples from the bottom
show a rapid jump in nickel content relative to the other tested samples along the tube.

The X-ray diffraction analysis of samples 20 and 14, after 9 months of use in the
industrial reactor, shows the presence of metallic nickel {as did the thermal analysis},
but it also points to the presence of nickel oxide and nickel aluminate. The phases
of metal nickel and nickel oxide are well crystalline in these samples [9].

The temperature changes of the beginning and the maximum of the oxidation peak
for the samples after 3, 8, 9 and 20 months of use in the middle (7.25 m) and at the
bottom of the reformer tube are illustrated in Fig. 2. The results show a rapid jump
of temperatures between 8 and 9 months of use, which is difficult to explain. The
temperatures relating to the samples used for 3, 9 and 20 months (not the samples
used for 8 months) reveal a weak tendency to a temperature increase for the beginning
and the maximum of the oxidation peak with the increase of duration of use, for both
the middle and the bottom of the reformer tube, the temperatures at the bottom
being a little higher.

o o

s
I

8months use

Metalic nicket , *s(mass)
3
I

20months use

P IS SR N N SN S\ | T
2 4 6 8 10 2

Position of the sample in the reformer tube, distance

from the top , m

Fig. 1 Changes in metallic nickel contents of catalyst samples as a function of the position in the
reformer tube
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Fig. 2 Changes in temperatures of beginning ( ) and maximum (— — —) of oxidation peak as
a function of the duration of use of the catalyst in an industrial reactor
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Fig. 3 Changes in metallic nickel content as a function of the duration of use of the catalyst

The increase in temperature of the beginning and the maximum of the oxidation
peak for nickel shows the change in the metallic nickel dispersion with increase of the
duration of use of the catalyst, the crystals becoming larger. The difference in the
temperatures of samples used for 8 months is certainly a consequence of some dis-
turbance in the process, that happened immediately before sampling. This is shown
by the temperatures of the beginning and the maximum of the oxidation peak for
nickel, which are higher at the top than at the bottom of the reformer tube only in
these samples.

The changes in the metallic nickel content as a function of the duration of use for
samples from the middle and from the bottom of the reformer tube also show the
deviation of samples used for 8 months. Except for these, the content of metallic
nickel shows a tendency to decrease with increase of the duration of use for both
tested sample positions in the reformer tube, the nickel content being higher at
the bottom (Fig. 3). The DTA peaks of nickel oxidation show a clear tendency to
decrease with increasing duration of use of the samples (Figs 4-5).
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Fig. 4 DTA curves of samples taken from bottom of reformer tube; 3 — 3 months, 4 — 8 months,
12 — 9 months, 14 — 20 months
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Fig.5 DTA curves of samples taken 7.256 m from top of reformer tube; 2 — 3 months, 8 — 8
months, 11 — 9 months, 18 — 20 months

Since the nickel in the samples is present as metallic nickel, nickel oxide and nickel
aluminate, while DTA and TG analysis permit determination of the quantity of
metallic nickel, we set out to determine by DSC the nickel present as nickel oxide
in a hydrogen stream. Knowing the contents of metallic nickel, nickel oxide and
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nickel aluminate, we could follow the changes in the various forms of nickel in the
catalyst as a function of the duration of use and of the position in the reformer tube.
However, in the temperature interval from ambient temperature up to 500°, we did
not succeed in carrying out the reduction of a new sample, for which we expected that
a higher temperature of reduction is necessary because of the presence of nickel
aluminate. However, we could not register the reduction of nickel oxide for used
samples of catalysts either, although according to the literature this starts above
150°, with a peak temperature of reduction of 250° [3]. The energy of nickel oxide
reduction is 16.74 J/g, that should be registered under our examination conditions.
Because of this, the reduction of nickel oxide in this catalyst will be the subject of
further examinations.

With the purpose of explaining the process of reduction, DSC analysis was carried
out on the catalysts for preliminary determination of the specific heat at constant
pressure. The specific heat at constant pressure for unused catalyst was determined
in the temperature interval 102—117° and was 0.8698—0.8706 J/g deg. The same
sample was also heated from ambient temperature 500° in a stream of hydrogen,
then cooled in a stream of hydrogen to ambient temperature, and the specific heat
at constant pressure was determined. The obtained values lay in the range 0.7675—
0.7682 J/g deg. This fact shows that nickel oxide present in unused catalyst is practi-
cally reduced to the metallic form.

The examinations of samples used in the production process reveal a small dif-
ference in specific heat at constant pressure before and after the reduction. This can be
explained by the higher temperatures of catalyst reduction in the reformer tube on
moving from top to bottom; this is also shown by the increase in the temperature of
oxidation, as determined by DTA analysis.

The results of determination of specific surface areas of samples are shown in
Table 2. The specific surface area of unused catalyst was 7.77 m2/g.

Due to the possible deviations of some determinations because of the inhomo-
genity of the tested grain of catalyst, it is not possible to speak about the regularity of
the specific surface area change along the reformer tube for sample used for 8 months.

However, if the change in specific surface area is studied as a function of the dura-
tion of use of this catalyst, regardless of the small number of samples, there is a clear
tendency of the specific surface area to decrease with increase of the duration of use.
The graphical illustration of this dependence shows how the specific surface area of
the catalyst decreases rapidly till 8 months of use, and then changes insignificantly
up to 20 months. This rapid decrease of the specific surface area with time is believed
to be a consequence of the changes noted above for the samples for 8 months (Fig. 6).

The tendency to change of the specific surface area of this catalyst with increasing
duration of use is in accordance with the change in the concentration of metallic
nickel. The decrease in the active catalyst with the increase of duration of use means
that the concentration of metallic nickel and the specific surface area of this catalyst
can be used for the rough estimation of its activity.
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Table 2 Specific surface areas of samples as a function of the duration of use and their position in
the reformer tube

Duration of use of catalysts in industria! reactor,
months

Distance of sample from top of reformer tube,
m 3 8 9 20

Specific surface area of samples m2/g

4.35 1.23 -
5.80 1.04 —
7.25 5.48 0.95 - —
8.70 1.13 —
10.15 - -
11.60 -
bottom — 1.33 — 0.59
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Fig. 6 Changes in specific surface area catalyst as a function of duration of use in an industrial
reactor

The IR spectra of the catalyst samples show a series of absorption maxima in the
interval 400—900 ¢cm—1, poorly expressed maxima at 1630 and 2850 cm—1, and a
marked, prolonged maximum at 340 cm—1.

In contrast to the prolonged absorption maximum found by Putanov [4, 5] for a
synthesized spinel of nickel aluminate, our spectra show clear maxima at 450, 660,
640 and 750 cm—"1. The spectra do not show any difference between samples, at
different heights in the reactor tube.

The samples after 20 months of use show unchanged absorption maxima compared
with those of the unused catalyst (Fig. 7).

Conclusions
From these studies on the catalyst for conversion of methane with steam, i.e. nickel
oxide on a-alumina as support as a function of the duration of use and its position in

the industrial reactor, the following conclusions were drawn:
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Fig. 7 IR spectra of catalyst samples

1. The content of nickel in the tested samples, determined by means of TG analy-
sis, increases from the top to the bottom of the reformer tube, and decreases with
increase of the duration of use.

2. The temperatures of the beginning and the maximum of the oxidation peak of
nickel in the tested samples show a tendency to increase with increase of duration
of use.

3. The specific surface area does not show a regular change along the reformer
tube, but it shows a clear tendency to decrease with increase of duration of use.

4. The concentration of metallic nickel and the specific surface area can be used
for the rough estimation of the activity of this catalyst.

5. The changes in nickel aluminate in the samples are registered by means of
IR spectroscopy.

6. Differential thermal analysis and thermogravimetric analysis can be used to fol-
low the changes in the active component of this catalyst {nickel) as a function of the
duration of use and the position in the industrial reactor.
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Zusammenfassung — Veranderungen der aktiven Komponente eines kommerziellen Katatysators
zur Methanreformierung mittels Wasserdampf wurden in Abhiéngigkeit von der Betriebsdauer und
der Lage im industriellen Reaktor untersucht. Proben fiir die Untersuchung wurden nach 3-, 8-, 9-
und 20-monatiger Betriebsdauer aus 7 verschiedenen Hohen vom Boden bis zum Kopf des Re-
former-Rohres entnommen. Veranderungen des Katalysators wurden mittels DTA, TG, IR-Spek-
troskopie, Rontgendiffraktometrie und Oberflaichenmessungen verfoigt.

Pesiome — [lpoBeaeHO uUccneposaHMe WU3MeHeHWM aKTMBHOU KOMMOHEHTbI KaTtanusaTopa, uc-
nonb3yemMoro B KpekuHre MetaHa, o6paboTKoi ero napamMu B 3aBUCUMOCTU OT NPOROIIKUTENb-
HOCTW ero UCNONbL30BAHWR K pPAcnofioXeHuAa ero B peakTtope. [NA uccneaoBaHUA 6binu B3ATbI
o6pasubl Kavanusatopa nocne 3, 8, 9 n 20 MecARYHOro ero UCNONbL3OBAHUA U U3 Pa3IUYHbIX
MECT ero pacrnofioKeHUR B KPeKWHr-Tpy6e, HauMHaA C ee BEPXHEN YacTM U KOHUYAR caMOW HUXK-
Heid. ANA yCTAaHOBNEHWA NPOUECCOB M3MEHEHWA KaTtanu3atopa, 6binM MCNONB30BaHLI METOAbI
ATA, TI, UK cnektpockonuu, peHTreHogasoBOro aHanusa, a TaK)kKe ONpeaeneHUA NAoLLaan
NOBEPXHOCTH.
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