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REDUCTION OF INDUSTRIAL NICKEL OXIDES WITH AHYDROGEN BEARING GAS BETWEEN 523 AND 673 K

Reduction of three industrial nickel oxides (Goro, Tokyo and Sinter 75) with a hydrogen bearing gas was revisited in the
temperature interval from 523 to 673 K (250 to 400°C). A pronounced incubation period is observed in the temperature interval
tested. This period decreases as the reduction temperature increases. Thermogravimetric data of these oxides were fitted using
the Avrami-Erofeyev kinetic model. The reduction of these oxides is controlled by a nucleation and growth mechanism of metal-
lic nickel over the oxides structure. Rate kinetic constants were re-evaluated and the activation energy for the reduction of these

oxides was re-calculated.

Keywords: Nickel oxides reduction; hydrogen reduction; Avrami-Erofeyev kinetic model; nucleation and growth; activation
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1. Background

Reduction of nickel oxide with hydrogen gas has been
extensively studied. Reports on this reaction at different tem-
peratures and hydrogen content in the gas reveal many possible
rate limiting steps and kinetics. Different attempts to explain the
reduction process have been made, however data not always fit
into a unique kinetic model. The different reports clearly dem-
onstrate that it does not exist a unified approach that analytically
describes the nickel oxide reduction. Attempts have been made
to adjust thermo gravimetric data to well established kinetic
models assuming that the data gathered behaves ideally; how-
ever, this not always the case and departures from ideality are
often found. This approach tends to describe the reaction mecha-
nisms in terms of some kinetic parameters [1]. Even though
the same chemical species are used, distinct reaction behaviors
are observed, this is not a trivial problem, making this process
worthy of research; given its importance in catalysts, fuel cells,
among others.

The reduction of some industrial nickel oxides with gases
bearing different hydrogen contents at different temperatures
has been reported [2-4]. Kinetics of the reduction of these nickel
oxides were described using diverse models; the corresponding
activation energies were computed as well. The previous results,
showed considerable variations under similar testing conditions.
Sometimes our results were in good agreement with previous
reports, sometimes did not.

Work on the subject matter by Hidayat et. al [5-7] detailed
the presence of an incubation period on the reduction of nickel

oxides in the temperature range of 573 to 873 K (300 to 600°C).
These observations were also made by some other authors [8-10]
over the same temperature range.

In addition, Zhou et al [11] surveyed different reports on
the reduction of nickel oxide with hydrogen. They reported on
the many models that have been used to describe the kinetics
of this reduction process. They showed that these models have
been formulated solely based on experimental observations and
incidentally different reaction mechanisms have been proposed.
The vast differences among these models arise from the difficulty
in finding out which particular mechanism is responsible for
limiting the rate of reduction under given conditions. It has been
proposed diffusion controlling mechanisms, chemical reaction
mechanisms and even mixed controlled kinetics.

Jancovic et al. [12,13] also studied the reduction of nickel
oxide with hydrogen from room temperature to 773 K (500°C)
under variable temperature conditions, using different heating
rates. To describe the kinetics of nickel oxide reduction they tested
different kinetic models; eventually, they described the reduction
process using the Sestak-Berggen model, which utilizes four
kinetic variables determined directly from TGA data. They con-
cluded that nickel metal forms directly at the metal/oxide interface.

Based on these observations, it was decided to revisit our
own data on the reduction of industrial nickel oxides between
523 and 673 K (250-400°C), using a reducing gas containing
hydrogen (35 %volume) and argon (grade 5.0, balance). The
aim of this report is to propose a possible mechanism for the
reduction of nickel oxide at these temperatures and relate it to
the best fitting kinetic law.
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2. Experimental
2.1. Materials

Three industrial nickel oxides were tested: Goro, Tokyo
and Sinter 75. Goro nickel oxide is obtained by oxidizing nickel
chloride slurries in a fluidized roaster. Nickel oxide layers succes-
sively grow by vapour deposition, resulting in a nearly spherical
geometry with some porosity between oxide layers. Tokyo and
Sinter 75 nickel oxides are obtained by fluid-bed roasting of
nickel sulphide pellets.

2.1.1. Oxides characterization

The chemical composition of the nickel oxides was ob-
tained using a Thermo Elemental (VG) PlasmaQuad PQ ExCell
ICP-MS analyser coupled to a Nu-wave UP 213 laser ablation
microscope. Sulphur was analyzed using a LECO CS600 carbon
and sulphur analyzer. The density of each oxide was measured
in a Scott volumeter (ASTM B 329). BET surface area for these
nickel oxides was determined using a Monosorb™ surface area
analyzer. Chemical composition, density and BET surface area
of the oxides are shown in Table 1.

The density of each oxide is very close to the theoretical
value of 6670 kg/m>. The size distribution of each oxide sample
has been already reported [4]. Regardless of its origin, nickel
oxide particles are between 300 and 600 mm. Less than 7%
was greater than 1.2 mm. This reflects in the BET surface area
measurements.

Figure 1 shows micrographs of the different nickel oxides
tested. Goro nickel oxide particles exhibit the most well defined
geometry; each oxide particle can be described as either, a sphere
or an ellipsoid; whereas the Tokyo oxide particles look like ir-
regular flat disks, and the Sinter 75 oxide resembles a random
aggregate of particles. As a consequence of these morphological
features, several micro-cracks and pores develop in each oxide
particle. Because of the differences in chemical composition and
morphology, it is not expected that reduction kinetics of these
oxides be identical under the same conditions.

2.2. Reduction tests

Reduction tests were conducted in a thermal gravimetric
analysis unit (SETARAM TGA-92) with detection limit of 10 mg
at a constant heating rate of 10°C/min. The samples used in the
reduction experiments were around 115 mg +5 mg. The samples
were heated in alumina crucibles under an argon (99.999% A,
H,0 < 2ppm, O, <2 ppm, THC < 0.5 ppm) atmosphere. Once
the test temperature was reached, the inert gas was switched off
and the reducing gas consisting of a hydrogen (99.9995% H,,
H,0 <1 ppm, N, <1 ppm, O, <0.5 ppm) — argon mixture with
35 volume% of hydrogen was allowed into the reaction chamber.
To avoid any sort of gas transport, the gas reducing gas flowed
at 500 mL/min. The experiments were conducted between 523
and 673 K (250 and 400°C). The reproducibility of the tests
was within +5%.

TABLE 1
Chemical assays, density and BET surface area of the nickel oxides tested
. Chemical composition, [mass %] Densi BET
Oxidesample T 5 T Co | Fe | Ca | Al | Mg | i | Pb S [kg/mts)], [m?/g]
Goro 80.3 0.03 0.36 0.20 0.024 | 0.039 0.04 0.040 | 0.022 | 0.013 6550 0.023
Tokyo 753 0.14 1.15 0.54 0.054 | 0.026 0.12 0.024 | 0.061 | 0.006 6650 0.071
Sinter 75 76.1 0.80 0.84 0.64 0.143 | 0.224 0.04 0.453 | 0.124 | 0.007 6540 0.051

Goro nickel oxide

i = . Tokvo nickel oxide
Fig. 1. SEM micrographs of the Goro (a), Tokyo (b) and Sinter 75 (c) nickel oxides

14 pm




W\-\'\‘\’.CZ}.{SU].)ihl'l'li{.llilll.pl P
=

N www.journals.pan.pl

POLSKA AKADEMIA NAUK

3. Results

Figures 2a to 2c¢ show the percentage of mass lost by the
nickel oxides tested as a function of time when reduced under
the cited conditions. At the lowest temperature, reduction of the
oxides is extremely slow, taking a considerable amount of time
before the metallic nickel begins to form on the exposed oxide
surface. As the testing temperature is increased, the reduction
process accelerates. To achieve full oxide reduction, the nickel
oxide sample should lose 21.41% of its initial mass; however,
it is clear from the plots that such figure is far from reaching.

The maximum mass lost recorded is about 18% for the
Tokyo batch at 623 K (350°C) after nearly 2.5 hours of exposure
to the reducing gas. The same oxide batch was tested at 673 K
(400°C), but the experiment was stopped after 30 minutes; the
trend shown in the data suggests that at this temperature, the
oxide would reach a similar weight loss as that at 623 K but in
a considerable shorter time. The reduction rates exhibited by
the Tokyo oxide are similar to those presented by the Sinter 75
oxide. On the other hand, the Goro sample reduces at a slower
rate than the other two oxide samples.
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The reduction rates observed in this temperature interval
are slower compared to those found on the same samples when
reduction experiments were conducted at higher temperatures
[2-4]. The reduced fraction () of the nickel oxides was computed
to find out the mechanism responsible for the reduction kinetics
in the interval tested. This fraction is defined as:

_ Y masslost

21.41 O

Figures 3 a to ¢ shows the reduced fraction for the different
oxides tested as a function of reducing time. It can be seen in
these figures how far from achieving full conversion are these
experiments; the lower the temperature the slower the oxides
reduction. Moreover, it is evident that the three oxides, need
a very long exposure time to the reducing gas at 523 K (250°C)
before reduction takes place. As temperature increases, this initial
“incubation” period shortens drastically.

At 673 K (400°C) it is observed that the incubation period
still is present for the oxides, however its duration has consider-
ably reduced compared to the period exhibited at 523 K.
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Fig. 2. Nickel oxide mass lost (wt%) as a function of time between 523 and 673 K (250 and 400°C) in a gas containing 35%vol H, for (a) Goro

nickel oxide, (b) Tokyo nickel oxide and (c) Sinter 75 nickel oxide
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Fig. 3. Reacted fraction during the reduction between 523 and 673 K (250 and 400°C) in a gas containing 35%vol H, of (a) Goro oxide, (b)

Tokyo oxide and (c) Sinter 75 oxide

Higher values for the reduced fraction occur at higher test
temperatures (673 K for Tokyo and Sinter 75, 623 K for Goro).
It is required considerable exposure time to the gas to start ob-
taining a little amount of nickel metal form the oxides. The three
oxides behave similarly under the same experimental conditions.

The Goro sample when heated up to 623 K (350°C) shows
a reduction rate that would require little more than 24 hours to
achieve full reduction. The Tokyo oxide exhibits faster reduction
rates than those shown by the Goro samples at the same testing
temperatures. The Sinter 75 batch shows the fastest reduction
rate of the oxides tested.

At 523 K (250°C), the three commercial oxide batches
remain practically un-reacted even after two hours of exposure
to the reducing gas. Independent reduction tests at this tempera-
ture on the Goro sample with increased hydrogen content in the
reducing gas showed no improvement over the reduction rate
of this oxide at this temperature.

Comparing these sets of data with the results previously
obtained at higher temperatures, it is clear the marked effect that
temperature has on the rate of reduction for these oxides. Results
presented by different authors show the same trend.

It was concluded [2-4] that the rate of reduction sharply
increases for these three oxides when the test temperature was
raised to about 873 K (600°C). It was found that the Goro oxide
reduces following to the topo-chemical model [3], whereas the
Tokyo and Sinter 75 oxides reduce following a combined mecha-
nism [4], that can be approached by the grain model proposed
by Szekely et al [14].

Figure 4 shows the extent of reduction for the three oxides
at 523 and 623 K (250 & 350°C). From this figure, it is clear
that Goro oxide shows the lowest reduction rate. The Goro
sample reduces at a rate two orders of magnitude slower than
those exhibited by the Tokyo and the Sinter 75 samples. At 623
K (350°C) the rate of reduction of Tokyo and Sinter 75 oxides is
virtually the same. At 523 K (250°C), the Sinter 75 batch reduces
faster than the Tokyo oxide.

The irregularity in geometry and also structural features
like cracks and pores of the Tokyo and Sinter 75 batches may
provide sites for rapid transport of hydrogen within the oxide
structure, easing the reduction process in these oxides. On
the other hand, the compact layered structure of the Goro
sample may provide some sort of diffusion barrier for the dif-
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Fig. 4. Reduction of the nickel oxide samples at 523 and 623 K (250
and 350°C)

fusion of hydrogen that renders the ability of the gas to reduce
this oxide.

4. Discussion

To find out the possible reduction mechanism, Zhou et al.
[11], proposed the use of the general kinetic equation:

In(-In(1-a))=In(a)+n, In(z) )

Where a is the reacted fraction, ¢ is the reduction time [s], a is
a constant and n is the Avrami-Erofeyev exponent.

Plotting the kinetic data measured in the form of In(—In(1 —a))
vs. In(?), should give linear plots whose slopes reveal the value of
n in equation (1). If nz < 1, it means that the reduction process
is diffusion controlled, whereas if n z = 1, a phase-boundary
mechanism is likely to control the oxide reduction. Figures 5
a to ¢ show these plots.

It can be seen in these plots that as the test temperature
increases, a more linear response is obtained; however, at tem-
peratures below 623 K (350°C), the incubation period observed
in the three oxides does not allow for having a good fit of the
data. However, these plots again reveal the important effect
that temperature has on the reduction of these industrial oxides.

These observations are in good agreement with those al-
ready made [8]; furthermore, the data shown in figure 3 a to ¢
clearly indicate the existence of an induction (i.e. nucleation)
period that seems to depend on the nature of the sample (mor-
phology, texture, processing) and test temperature. Regarding to
the former, the presence of defects (at micro and macro scales)
somehow must affect the beginning of incubation period. The
presence of impurities, vacancies and even the pre-treatment of
the oxide samples have an effect on the rate of reduction reaction;
since the reaction takes place at the gas/oxide interface [15]. The
reduction rate is proportional to that interfacial area.

Independently, Delmon and Roman [16] noticed that reduc-
ing nickel oxide below or above the Néel temperature (7y) of
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oxide, (b) Tokyo oxide and (c) Sinter 75 oxide

the oxide (252°C) affects its rate of reduction. It was found that

below T, more Ni nuclei develop, thus increasing the length of

the incubation period.

Later on, in situ experimental observations made indepen-
dently by Richardson et al. [15], Jeangros et al. [17] and by Ma-
nukyan et al. [18], revealed that in the experimental temperature
range reported in this work, confirms that reduction of nickel
oxide occurs by a nucleation and growth mechanism.

Richardson et al. [15], proposed that nickel oxide reduction
occurs in three stages:

1) Metallic nickel appears as isolated clusters during the
incubation period, as hydrogen dissociates around oxygen
vacancies.

2) The rate of reduction increases as the initial metal clusters
grow due to an autocatalytic effect.
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3) The system achieves steady state and the reduction proceeds
until the oxide disappears. The presence of water vapour
(reaction product) on the nickel surface may slow down the
reduction reaction.

High resolution TEM microscopy [17] shows that nickel
metal grows epitaxially over the oxide after metal nucleation
on the oxide even at temperatures below 673 K (400°C). It was
observed that as the nickel nucleates, NiO grains shrink due to
the oxygen loss, creating pores and becoming irregular as they
get reduced. The unreacted oxide grains remain unchanged.

Manukyan et al. [18], concluded that in the temperature
interval from 543 to 773 K (270 to 500°C), incomplete reduc-
tion of nickel oxide results in a complex porous structure. This
structure results from slow nickel nucleation rate and outward
diffusion of water vapour molecules. When temperature is in-
cremented, the amount of nickel nuclei significantly increases,
allowing for faster reduction rates.

SEM observations [6] on nickel oxide specimens exposed
to pure hydrogen at 573 K (300°C) revealed that upon reduc-
tion, nickel metal has a flake like structure. The nickel flakes
are separated by crevices presumably created during the initial
nucleation of the metal phase. The cracks seem to facilitate
gas transport towards the reaction sites. When temperature is
increased, these nickel flakes become finer.

These findings [6,15,17,18] agree with observations by
Rodriguez et. al [19], after reducing NiO (1 0 0) oriented crystals
as well as NiO powders. They found between 523 and 623 K
(250 and 350°C) the presence of an incubation period. During
this period, nickel oxide reduces directly to nickel metal; as
this happens, defect sites form on the oxide surface. These sites
aid on the dissociation of H, molecules. Of the defects, oxygen
vacancies allow for an increase in hydrogen adsorption, lower-
ing the energy barrier associated to this process. In addition, the
adsorbed hydrogen helps inducing oxygen vacancies from the
oxide bulk towards its surface. Thus metal nucleation strongly
depends on the removal of oxygen from the oxide, becoming the
rate limiting factor only if there is enough dissociated hydrogen
on the oxide surface. This agrees with Richardson’s findings [15].

Based on these observations, it seems plausible that a nu-
cleation and growth rate mechanism is responsible for control-
ling the rate of reduction of the industrial nickel oxides tested
in this work.

Figure 6 shows a SEM image of a partially reduced Goro
oxide particle at 623 K (350°C). From this image it can be no-
ticed the reaction interface. The nickel product develops from
the outer side of the oxide particle towards its core. It can be
seen higher porosity in the metallic nickel region (outer part) of
the reduced particle. The porosity decreases when moving into
the particle’s centre. This would mean that hydrogen diffusion in
the oxide is faster, particularly at the beginning of the reduction
reaction. As the hydrogen tries to penetrate into the denser oxide,
the diffusion slows down, retarding the reaction. This goes in
hand with the incubation period. Even more, this may suggest
that in order to proceed to full oxide reduction, the metal phase
has to nucleate on the oxide surface. The structure of the reduced

nickel is fairly smooth and fine. There appears to be some oxide
particles embedded in the fine nickel metal matrix.

Reaction £
interface §

¥ Reaction
interface

.B8kV HKS5.

Fig. 6. Image of a partially reduced Goro oxide particle at 623 K
(350°C)

Because of this, the experimental data was re-fitted using
an Avrami-Erofeyev kinetic model [19]:

1
kt =[~In(1-ct) o 3)

where £ is the kinetic rate constant, ¢ is time [s], « is the reacted
fraction and n 4 has to be found from experimental data. After
testing the model, it was found that the value of n, that offers
the best fit for the Goro and Sinter 75 oxide samples is 1; whereas
for the Tokyo oxide batch, n,z = 1.5. Figures 7 a to ¢, shows the
experimental data fitted to equation (3).

These results confirm that at the temperature interval tested,
nickel oxide reduces with hydrogen gas due to a chemical reac-
tion mechanism at the metal-oxide interface. This is in good
agreement with Zhou’s [11] model predictions and microscopic
observations made [6,15,17,18].

The data plotted in figures 7 a to ¢ show a strong lineal
trend, therefore it is assumed that the observed values for n, are
correct. Rising n,5 to 2 and higher values results in an increasing
departure form linearity, especially at greater test temperatures.
The slope of the curves in figures 7 a to c represents the rate
constant which is used to estimate the activation energy of oxide
reduction in the reported temperature interval. The values of
such constants are shown in Table 2, along with the correlation
coefficient found during data fitting.

The activation energy for the reduction of the three nickel
oxide samples was calculated using Arrhenius equation:

k= Aexp (—%j 4)

where £ is the rate constant, 4 is a constant, £ is the activa-
tion energy [kJ/mole], R is the universal gas constant [8.314 J/
mole/K] and T is the absolute temperature [K].
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TABLE 2 6
Kinetic rate constants for Goro, Tokyo and Sinter 75 nickel
oxide samples. Correlation coefficients for each constant 5+ L o
. . ekye
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400 4x107 3x10°* Fig. 8. Activation energy for the reduction with hydrogen bearing gas
(r*=0.9918) (r*=10.9991) of Goro, Tokyo and Sinter 75 nickel oxides in the temperature interval

of 523 to 673 K (250 to 400°C)

Figure 8 shows the plot of In(k) vs 1/T for the three oxides
tested. Table 3 shows the activation energy for the reduction of As it can be seen in Table 3, there are some discrepancies in
these oxides, and its comparison with other published reports. the reported activation energy. These differences may arise from
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two sources: the first being the nickel oxide itself (processing,
impurity level, particle size) and the second, how the thermo-
gravimetric data was processed i.e., which kinetic model was
chosen to fit the data and how good the fit was. This last issue
has been pointed out recently by L’vov [21], whom discussed
this traditional data fitting to describe solid-gas reactions. L’vov
used a thermochemical approach to describe reactions such as
that of nickel oxide reduction with gaseous species. The use of
this approach seems to offer activation energies higher than those
obtained in previous reports.

TABLE 3

Activation energy for the nickel oxide samples tested and its com-
parison with previous reports

Reference Ea Temperature interval
[kd/mole] [°C]

131 (Goro) 250-350
This work 77 (Tokyo) 250-400
93 (Sinter 75) 250-400
Parravano [9] 110 155-200
Richardson et al [15] 127 210-310
Jeangros et al [16] 79 300-600
L’vov [20] 175 201-225

It was previously reported [3] that Tokyo and Sinter 75
have activation energies between 23 and 32 kJ/mole. In this new
report such values have changed considerably. The changes in
this value obey: firstly in this paper we only focused on the low
temperature interval and secondly we used a different kinetic
model to describe the reduction process. By considering the
reduction of these oxides at higher temperatures, the activation
energies reported were lower than those reported at this time.
However the activation energy values found for the three oxides
in the temperature interval texted are within the different values
reported elsewhere.

Additionally, the diffusivities of hydrogen in nickel [22],
oxygen in nickel [23] and nickel in NiO [24] within the testing

10 - 1 b_l______b___o__l__o___
—_ i
Jn }ﬂ_:l__ H in Ni |
NE E =376 kJ
= 10+ Ref [22] .
= 1034 |
-5 10T Ni in i€ (distocati i
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5 1017 - .
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Fig. 9. Diffusivity of H in Ni [22], O in Ni [23] and Ni in NiO [24]
over the test interval
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temperature interval, show that hydrogen diffuses faster than
oxygen in the metal. Nickel diffusion in the oxide is favored
by five orders of magnitude when the metal diffuses through
dislocations at the oxide grain boundaries. If nickel diffuses over
the NiO lattice, its diffusion slows down considerably. Figure 9,
shows these diffusivities along with their respective activation
energies. From this figure, it can be seen that the activation en-
ergy for the diffusion of hydrogen in Ni (36 kJ/mole) is at least
a half of that for the reduction of Tokyo oxide and nearly 3.5
lower than that for the reduction of Goro oxide. This may also
help explaining the presence of the incubation period. While the
hydrogen readily diffuses, it takes some time to reach the energy
to start reducing the oxide molecule.

5. Conclusions

Reduction kinetics of three industrial nickel oxides between
523 and 673 K (250 and 400°C) with a hydrogen bearing gas
are reported. It was found that an incubation period occurs. As
the test temperature increases, the incubation period decreases,
accelerating the reduction rate of the oxides. During the incu-
bation period, structural defects in the nickel oxide, i.e. oxygen
vacancies may be responsible for starting the reduction process,
as these defects provide sites for the nucleation of nickel metal.
As the test temperature increased the easier it becomes for the
oxide to create more of these defects, accelerating the reduction
kinetics.

Under the experimental conditions, the reduction of the
oxides tested is controlled by nucleation and growth of nickel
metal on the oxide structure. The activation energy for the re-
duction of these oxides varies from 77 kJ/mole (Tokyo oxide)
to 131 kJ/mole (Goro oxide). These differences may arise from
the disparities in chemical composition and the structure and
morphology of these nickel oxides. Consequently, it should be
considered the processes to obtain these materials to achieve
full oxide reduction in a short period of time. It is desirable
(industrially) to maximize the metallic nickel production with
minimum adjustments to operating parameters; among them,
pre-treatment of the oxides, residence time and temperature in the
reactor, reducing gas composition and flow rate, among others.
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