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Abstract

The thermal decomposition, the nickel oxidation and other thermal changes in commercial
NiO/Al,O; catalysts were studied over the temperature range 20-1000°C. The thermal
analysis (TG and DTA) results of the reduced steam-re-forming catalysts were used to
determine the extent of reduction of the catalyst to the active metal (nickel). The metallic
nickel content in the reduced catalyst samples determined by the rapid thermal technique
compared fairly quite well with results obtained by the longer chemical analysis method. The
thermal analysis of the reduced steam-re-forming catalysts each showed, regardless of
reduction conditions, one exothermic peak with a corresponding gain in weight in the
temperature range 20-1000°C.

INTRODUCTION

Thermal analysis techniques such as differential thermal analysis (DTA)
and thermogravimetry (TG), are used in catalytic investigations as a tool for
the characterisation of the catalysts. These techniques are especially useful
for studying the transformations that occur in or on a catalyst when heated.
Thermal analysis employed in the determination of the extent of reduction
of supported nickel catalysts involves the measurement of weight gain and
heat evolved during the oxidation of the metal. Supported nickel catalysts
are widely used in many industrial applications, including hydrogenation,
hydrotreating, steam re-forming and methanation reactions. These reactions
are used widely in the refining and petrochemical industries for the manu-
facture of hydrogen, methanol and ammonia. The nickel component of the
catalyst is generally in the oxidised form (NiO) in the fresh catalyst and is
reduced to the active metal (Ni) in the industrial reactors. Thus, the active
nickel content in the steam-re-forming catalyst can be used to explain the
activity behaviour of commercial catalysts in industrial reactors. In most
cases the catalyst activation involves reduction by a suitable gaseous reduc-
ing agent [1-4]. The proportion of metallic nickel in reduced catalyst
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samples is an important parameter used to estimate the extent of reduction.
If both the metallic nickel and the total nickel content of the catalyst are
known, the percent reduction can be calculated.

The extent of reduction can be determined by chemical or thermal
analysis techniques. The chemical analysis method is tedious and time-con-
suming and involves the dissolution of the catalyst sample in dilute acid
(HCI) and the subsequent determination of the metal by atomic absorption
spectrometry, visible-range spectrometry or using a chelation method. In the
literature, metallic nickel has been determined by selective dissolution in
bromine-methanol mixture [5-7], carbonylation (formation of nickel
carbonyl) [8,9] and oxygen titration [10].

Of the three most common methods of thermal analysis, thermogravime-
try (TG), differential thermal analysis (DTA) and differential scanning
calorimetry (DSC), TG is the simplest, most direct and rapid technique for
reduced catalyst oxidation [11-14]. The extent of reduction can be de-
termined quantitatively by the gain in weight due to the metallic nickel
oxidation [11]. The interpretation of thermal analysis curves for metallic
nickel oxidation is sometimes complicated by the physical and chemical
nature of the support. However, in the case of Ni/Al,O, catalyst, the
support is inert alumina and it is assumed that there is no interaction
between the active metal (nickel) and the support over the ranges of
reduction conditions. This assumption may be verified by X-ray diffraction
(XRD) measurements.

In this study, thermal analysis techniques (TG and DTA) and chemical
analysis methods were used to determine the metallic content of commercial
steam-re-forming catalysts and, hence, the extent of reduction.

EXPERIMENTAL

Two types of commercial steam-re-forming catalysts were studied. The
chemical compositions of the catalysts are presented in Table 1. The
reduction experiments were performed using a modified Micromeritics Pulse
Chemisorb 2700. About 3 g of the catalyst was used in each reduction
experiment. Hydrogen was used as the reducing gas at different space

TABLE 1

Chemical analyses of the fresh commercial steam-re-forming catalysts studied ®

Catalyst Composition (%)

t

ype Ni ALLO, CaO MgO Si0, Na K,O
A 203 736 0.06 0.05 0.06 0.11 0.16
B 12.8 83.5 0.08 0.05 0.05 0.09 0.11

* TiO,, C, S and Cl were each < 0.03 wt.% in both A and B.
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TABLE 2
Experimental conditions of the catalyst reduction experiments
Run Ni Temp. Reducing Reduction Heating Space
loading (°O gas time rate velocity
(wt.%) (h) (°Cmin~1) (™1
1 20.0 400 H, +N, 6 15 1800
2 20.0 500 H, +N, 6 5 900
3 124 400 H, 6 5 1800
4 12.4 500 H, 6 15 900
5 124 400 H, +N, 16 15 900
6 124 500 H, +N, 16 5 1800
7 20.0 400 H, 16 5 900
8 20.0 500 H, 16 15 1800
9 20.0 500 H, +He 16 15 900
10 20.0 400 H, +He 16 5 1800
1 20.0 500 H, 6 5 1800
12 20.0 400 H, 6 15 900
13 12.4 500 H, +He 6 15 1800
14 12.4 400 H, +He 6 5 900
15 20.0 300 H, +He 3 20 3600
16 20.0 600 H, +He 3 3 450
17 20.0 600 H, 3 3 3600
18 12.4 600 H, 3 20 450
19 12.4 600 H, +He 10 3 3600
20 20.0 300 H, 10 3 450
21 20.0 600 H, 10 20 3600
22 12.4 600 H, 10 3 450
23 124 300 H, 10 20 3600
24 20.0 600 H, +He 10 20 450
25 20.0 300 H, +He 10 3 3600
26 20.0 600 H, 3 3 3600
27 20.0 300 H, 3 20 450
28 12.4 600 H, +He 3 20 3600

velocities. The sample was held at selected reduction temperatures for a
duration of 3-16 h. At the end of the reduction experiment, nitrogen was
allowed to flow through the sample until the temperature dropped to room
temperature. Table 2 shows the explicit experimental conditions used for the
reduction of the catalyst samples.

The DTA and TG of the fresh and reduced catalyst samples were
measured using a Netzsch simultaneous thermal analyser (STA 429) from
ambient temperature up to 1000°C at a heating rate of 10°C min~' in
dynamic air atmosphere. A detailed experimental procedure was reported
earlier [15].

The chemical analysis of the fresh catalyst sample was determined using
an inductively coupled plasma (ICP) spectrophotometer, Applied Research
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Laboratories (ARL-3580), equipped with various channels that allow the
simultaneous determination of 48 elements. The metallic nickel in the
reduced catalyst samples was determined by selective dissolution in
bromine-methanol mixture. The bromine and methanol were of 99.99%
purity [17,18]. The total nickel (acid-soluble Ni and NiO) was determined
after dissolving the sample in hot 1:1 aqueous HCI, using spectrophotome-
try. The difference between the total acid-soluble nickel and the metallic
nickel results gave the amount of nickel oxide.

RESULTS AND DISCUSSION

In order to verify the chemical analysis procedure and the applicability of
the thermal analysis techniques in the determination of the extent of catalyst
reduction, some tests were conducted on known Ni/NiO/Al,0; mixture
samples. Four synthetic compositions were prepared by mixing metallic
nickel (Ni), nickel oxide (NiO) and alumina (Al,0;). The metallic nickel was
determined using the chemical and thermal analysis methods. The results of
these tests are presented in Table 3. The results indicate a close agreement
between the two methods. The recovery of metallic nickel reached 100 + 2.0%
which is within the error in reproducibility of the two methods.

The thermal behaviour of the fresh steam-re-forming catalysts did not
show any significant weight or physical changes in the temperature range
20-1000°C, as shown in the thermograms of Figs. 1 and 2. This indicates
that the commercial catalyst is thermally stable and confirms that the active
component in the sample, nickel, is present in the oxidised form.

The thermal analysis results of reduced catalyst samples are presented in
Table 4. Typical thermograms of the two types of reduced steam-re-forming
catalysts studied are shown in Figs. 3 and 4.

For nickel determinations by the thermal analysis method, the oxidation
of nickel by free oxygen is of special importance and proceeds according to

TABLE 3

Verification of the thermal and chemical analytical procedures for the determination of
metallic nickel in Ni/NiO/Al,O, samples

Synthetic Chem. comp. (wt.%) Metallic nickel (wt.%)

mixture Ni NiO ALO, Chemical Thermal
method method

1 0 15.0 85.0 0 0

2 5.0 15.0 80.0 5.06 5.07

3 10.0 10.0 80.0 9.95 10.02

4 15.0 50 80.0 14.85 14.97
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Fig. 1. Thermogram of fresh steam-re-forming catalyst (type A, Ni = 20.3%).

the following reaction [11]

Ni + 0, — NiO e = —57.46 kcal mol ™!

This reaction, especially in the case of finely dispersed nickel, is very rapid
and has an important thermal colouration. During thermal analysis, the

metailic nickel produced from nickel oxide during the reduction period is
re-oxidised by oxygen in the thermal analyser.

16 %
OTA {gv1x1072

~25 i i 3 A i =25
200 400 600 800 1000

Temperature, °C

Fig. 2. Thermogram of fresh steam-re-forming catalyst (type B, Ni =12.8%).



78

TABLE 4
Extent of reduction by thermal analysis techniques
Run T ax Of Weight Metallic Extent of
oxidation gain nickel reduction
peak (°C) (%) (%) (%)
1 440 5.57 21.12 98.7
2 455 6.02 22.03 102.9
3 415 3.39 12.41 91.9
4 415 347 12.70 94.1
5 418 3.55 12.99 96.2
6 465 3.63 13.29 98.4
7 438 5.52 20.20 94.4
8 455 5.75 21.05 98.4
9 450 5.45 19.95 93.2
10 445 5.50 20.13 94.1
11 450 5.50 20.13 94.1
12 440 5.60 20.50 95.8
13 420 3.60 13.18 97.6
14 410 3.65 13.36 99.0
15 400 5.25 19.22 89.8
16 445 5.59 20.46 95.6
17 370 343 12.55 93.0
18 410 3.78 13.83 1024
19 415 372 13.62 100.9
20 405 513 18.78 87.8
21 445 5.99 21.90 102.3
22 422 3n 13.62 100.9
23 375 3.38 12.37 91.6
24 450 6.02 22.03 102.9
25 410 5.44 19.91 93.0
26 425 5.77 21.12 98.7
27 405 4.55 17.75 82.9
28 420 3N 13.58 100.6

All the reduced catalyst samples (Table 4) exhibited an exothermic effect
with a T, value in the temperature range 375-465°C and a corresponding
weight gain [15,16]. The oxidation of metallic nickel present in the samples
started at 200°C and was complete at 700°C.

The weight gain in the temperature range 200-700°C was used to calcu-
late the amount of metallic nickel present in the sample and, hence, the
extent of reduction. The weight gain was in the range of 3.4-6.0 wt.%
corresponding to a metallic nickel content of 12.4-22.0%. Thermal analysis
gives the net effect of weight and thermal changes. In calculating the
metallic nickel content, it was assumed that the net weight gain reflects only
the weight change resulting from the oxidation of metallic nickel. Thus, any
weight changes that occur in addition to nickel oxidation, decrease the
accuracy of the metallic nickel content determination.
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Fig. 3. Thermogram of reduced steam-re-forming catalyst (type A, Ni = 20.3%).

The metallic nickel, total nickel and the extent of reduction of the reduced
catalyst samples, as determined by the longer, and time-consuming chemical
analysis method, are presented in Table 5. The results of both the thermal
and chemical analyses indicated essentially complete reduction (> 95%) for
runs with reduction temperatures greater than 300°C. A few of the experi-
ments at 300°C, depending on the reduction duration and space velocity,
indicated partial but still substantial reduction of the catalyst (> 88%).
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Fig. 4. Thermogram of reduced steam-re-forming catalyst (type B, Ni =12.8%).
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TABLE 5

Extent of reduction by chemical analysis method

Run Metallic Ni Total Ni Extent of Reduction
wt.%) wt.%) (%)
1 20.8 21.6 95.4
2 21.8 21.9 99.5
3 13.0 13.1 99.2
4 13.2 13.3 99.2
5 13.5 13.5 100.0
6 13.7 13.7 100.0
7 20.6 21.6 95.3
8 21.7 21.7 100.0
9 22.0 22.0 100.0
10 219 21.8 100.5
11 21.6 219 98.6
12 22.3 22.2 100.5
13 14.6 144 101.4
14 13.5 13.5 100.0
15 20.7 21.8 95.0
16 22.3 22.3 100.0
17 13.2 14.2 93.0
18 144 14.5 99.3
19 14.0 14.0 100.0
20 21.0 220 95.5
21 224 22.6 99.1
22 13.8 13.8 100.0
23 13.8 13.8 100.0
24 22.1 220 100.5
25 21.2 215 98.6
26 223 224 99.6
27 19.3 220 87.7
28 14.2 14.3 99.3

The trends and magnitudes of the extent of reduction measured by
thermal analysis were consistent with the chemical analyses. The maximum
and average differences in absolute values of the % extent of reductions
determined by the two methods were about 8% and 3%, respectively. Given
the overall estimated experimental error (reduction plus analysis) of about
5% in the extent of reduction determination, it may be concluded that the
results of the two methods compare quite well.

The metallic nickel and total nickel contents of the reduced catalyst were
determined by chemical analysis on a dry basis; therefore, some of the
values of total nickel (Table 5) are greater than the 12.8 and 20.3 wt.% Ni
determined for the fresh catalysts (Table 1). The determination of the extent
of reduction by thermal analysis requires, in addition to the metallic nickel,
a knowledge of the total nickel content. In order to compare the results on
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the same dry basis, the total moisture lost up to the reduction temperature is
needed in order to determine the moisture-free nickel content of the reduced
catalyst. This should then be used as the denominator in the calculation of
the extent of reduction.

The thermal analysis of the fresh catalysts gave a total weight loss of
about 0.5% over the temperature range 20-1000°C due to the loss of
moisture. This implies, from the chemical analysis of the fresh catalysts, that
the two catalysts studied contained about 13.5 and 21.4 wt.% total nickel on
a dry basis. These were the numbers used as denominators in calculating the
extent of reduction by thermal methods (Table 4). It is worth noting that the
change in weight of only 0.5% due to loss of moisture translates to about
5.5% change in the wt.% of total nickel in the catalyst, as well as the
corresponding extent of reduction.

The above discussion clearly indicates that within an acceptable dif-
ference/error of about 5%, the results of the rapid thermal analysis tech-
nique compare quite well with the more tedious, time-consuming chemical
analysis. Thermal analysis may therefore be used as a tool for the rapid
determination of the extent of reduction of reduced steam-re-forming cata-
lysts.

CONCLUSIONS

DTA and TG analyses can be used as rapid methods to determine the
extent of reduction of supported steam-re-forming catalysts. The reduced
steam-re-forming catalysts, over the temperature range 20-1000°C, were
thermally stable and were characterised by one exothermic peak (the oxida-
tion of metallic nickel) with a corresponding gain in weight.
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