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Nickel oxide samples were reduced at temperatures of 350 to 450 oC in the presence of
metal sulfate additives. Kinetic parameters were measured and used to infer rate of reduction,
activation energy and reduction mechanism. The ensemble of these parameters was used to
quantify the effect of sample composition and metal sulfate addition on the nickel oxide sample’s
reducibility. Reduction mechanisms were determined through the use of linear and residual
statistics.
The reduced samples were characterized by Raman spectroscopy and SEM/EDX, nickel
sulfide species were present on the samples that were pretreated with NiSO4. The sulfide species
were further characterized using XPS; it was determined that both Millerite and Heazelwoodite
were present. XRD was used to probe the lattice structure to determine the fraction of crystalline
metallic

nickel.

It

was

found

that

these

samples

were

30-40

%

amorphous.
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Chapter 1: Introduction
1.1.1 Nickel Use in Industry
Nickel metal has been widely used in industrial applications, mainly as a component in
alloys, since the First World War.1 Nickel is an important component of many alloys because it
is highly malleable and known to increase a compound’s strength, hardness, corrosion resistance
and stress tolerance over a wide temperature range.1 Today’s principal industrial application of
nickel is in the steel industry (51 % of nickel) although it can be found in many consumer
products ranging from 1 to 99 % composition.1 Consumer products make up the largest share of
the nickel market (25 %) followed by construction and machinery (13 %), the automotive
industry (11 %) and the chemical manufacturing industry (9 %).1
Metallic nickel is marketed based on its chemical purity as it often undergoes further
processing to be used as a component in alloys.1 Nickel products are divided into two groups
which are known as Class I and Class II. Class I includes high purity products such as
electrolytic cathodes, carbonyl-refined powder, pellets and hydrogen-reduced powder1. Nickel
products must be at least 99.7 % pure to be considered Class I.1 Class II nickel products are less
pure and therefore less expensive than Class I products. Class II nickel products include:
ferronickel, nickel oxide and metalized nickel oxide.1 Lower purity nickel products are used
primarily in steel manufacturing.
1.1.2 Mining and Purification
Nickel is commonly mined as a sulfide ore with pentlandite, (Fe,Ni)9S8, accounting for
about 60 % of world nickel production despite the fact that sulfide ores represent 20 % of the
world’s nickel supply.1 Sulfide ores also contain significant amounts of pyrrhotite (Fe7S8) and
1

chalcopyrite (CuFeS2). Many other valuable metals can be extracted from sulfide ores, including
copper, cobalt, selenium, tellurium, sulfur, iron as well as small amounts of gold, silver and
platinum group metals (PGM).1 These ores are processed with the goal of purifying nickel and
recovering as many valuable by-products as possible. The prevalence of sulfide ore mining is
due to a combination of political and economic reasons. Sulfide ores tend to located in politically
stable countries and are located near major nickel markets. Sulfide ores can also be concentrated
easily and inexpensively by physical methods. Laterite, or NiO based ores, are considered to be
the future in nickel mining as they account for 80 % of the world’s nickel supply, can be
extracted from the earth via surface mining and have a constant composition.1 Laterite ores
currently account for 40 % of world nickel production because it is difficult to separate iron from
nickel using current processing techniques. Also, because most modern refineries have been built
for sulfide ore feedstock, laterite ores take 2-3 times more energy to process than sulfide ores
do.1 Nickel ore is generally separated from the bulk via a series of grinding, magnetic separation
and flotation steps to yield nickel sulfide concentrate.1
The pyrometallurgical process is used to convert about 90 % of the nickel sulfide
concentrate in to converter matte.1 The pyrometallurgical treatment of nickel sulfide concentrate
involves three steps: roasting, smelting and converting.1 The roasting step involves heating the
sulfide concentrate under oxidizing conditions to drive off sulfur as sulfur dioxide since heat
makes the sulfides unstable.1 The removal of sulfur causes the remaining metal oxide product to
concentrate.1 At the Copper Cliff refinery, the roasting process in performed in a multihearth
reactor. A multihearth reactor is comprised of a series of vertically stacked hearths. The nickel
concentrate and the smelting flux start in the topmost hearth where they are exposed to heated
air. The nickel concentrate/smelting flux mixture drops to lower hearths as the roasting process
2

proceeds.1 The Copper Cliff refinery uses 24 of these reactors which operate at 800 oC to
produces 300 tonnes/day of nickel concentrate from which 40 % of its sulfur content has been
eliminated.1 Fluidized bed roasting is a more modern technique that is used to produce 10 % of
Copper Cliff’s nickel concentrate.1 The roaster is a large circular vented chamber in to which
oxygen containing gas is blown. Nickel concentrate and smelting flux are fed into the chamber
and are suspended in the vertical air flow. The constant, turbid motion that the particle is
subjected to in an oxidizing atmosphere results in rapid, uniform roasting.1 The roaster product is
melted using a siliceous flux during the smelting process resulting in the formation of two
layers1: a slag layer, comprised of iron oxide, gangue minerals and silica and a second layer
containing a high grade nickel copper matte1. The slag layer is less dense than the matte layer
causing it to float on top, and enabling it to be discarded without disturbing the lower matte
layer.1 The Copper Cliff refinery uses reverberatory furnace smelting where slag and matte are
combined in a furnace at 700 oC. These materials separate and can be tapped from opposite ends
of the furnace.1 The Copper Cliff refinery yields 1500 tonnes/day of 13 % nickel concentrate.1
The converting step is performed in a rotating furnace with exposure to air and uses oxidation
and further slag separation to remove iron sulfate from the matte layer. Exposure to air is
required for the formation of iron oxide slag to occur.1 The iron oxide slag and additional sulfur
dioxide are removed. At Copper Cliff the air exposure part occurs when 1000 oC nickel matte is
poured into molds and is allowed to cool to 200 oC over several days. 1 Further slag separation
occurs via magnetic separation and flotation to yield a nickel-copper alloy (60 % Ni and 20 %
Cu).1 The final step is the removal of oxygen from the converter product through NiO reduction
(equation 1). The NiO reduction step is performed inside a furnace through continuous contact
with preheated hydrogen gas.1

3

1.1.3 High Purity Nickel and Carbonyl Refining
25 % of converter matte is transformed into high purity, Class I nickel via carbonyl
refining2. Atmospheric pressure carbonyl refining, developed by Mond in 18891, is the
purification of nickel via the formation of gaseous nickel tetracarbonyl. The first step in this
process is the reaction between 92 % pure metallic nickel (that also contains: Cu, Co, Fe and
PGMs) and carbon monoxide gas to yield nickel tetracarbonyl (equation 2). This reaction is
performed in a rotating kiln at 50 oC under ambient pressure at the refinery in Clydach, Wales2.
The carbonylation reaction is performed in a kiln under these mild conditions in order to separate
nickel from common metallic contaminants including iron, copper and cobalt1 which do not form
gaseous carbonylated species under these conditions1. The formation of nickel tetracarbonyl
(equation 2) is highly favourable2 at low temperature and atmospheric pressure as it has an
equilibrium constant of

and an enthalpy of formation of -190 kJ/mol. The gaseous

nickel tetracarbonyl is then transferred to the pellet decomposer where it comes in contact with
hot (240 oC), high purity nickel seed pellets2 (figure 1.1.1). These conditions induce the
decomposition of nickel tetracarbonyl into carbon monoxide gas (equation 3) and metallic
nickel. This process has an equilibrium constant of

2

The nickel pellets are cycled

through the pellet decomposer until they reach a diameter of 1 cm and the CO is recycled into the
carbonylation kiln.

4

Figure 1.1.1:2 Atmospheric pressure carbonylation kiln and pellet decomposer as employed at
Clydach
There also exists a high pressure version of the carbonylation process which is used at the
Copper Cliff refinery (equation 2) (figure 1.1.2) where the reaction is performed at 70 bar.2
Performing the carbonylation reaction at high pressure is favourable for two reasons. The first
advantage of high pressure is, that according to Le Chatelier’s Principle, the reaction is driven to
the product side because four gas phase molecules are being transformed into one gas phase
molecule. The second advantage of operating the carbonylation reaction at high pressure is that
the tortuosity of the nickel is decreased which allows the carbon monoxide molecules to diffuse
through the nickel particles more rapidly. At high pressure, the rate of diffusion of CO into the
low purity nickel is improved. Increasing the rate of diffusion allows CO to pass through the
metallic impurities contained in the sample more rapidly.2 Despite these advantages, it is of
5

interest to improve the efficiency of the atmospheric pressure reaction (90 % efficient versus 98
% efficient for the high pressure process)

2

because the additional energy required for the

operation of a high pressure reactor need not be expended. Improving the ambient pressure
carbonylation process also has economic implications because it would allow for existing low
pressure reactor equipment to be used more effectively and decrease the need to design and build
new reactor systems.

Figure 1.1.21: High pressure carbonylation kiln as employed at the Copper Cliff refinery
1.1.4 The Carbonylation Reaction and the Role of Sulfur
The extraction of Ni as Ni(CO)4 occurs slowly in the absence of a catalyst. Ammonia,
mercury, selenium and tellurium have been used as catalysts in the past.1 But, the catalyst of
choice is sulfur as it is both low cost and efficient.1 Sulfur may be added prior to the reduction
process or right before the carbonylation process. Only 0.05 % of nickel is extracted as Ni(CO)4
per hour in the absence of sulfur.3 With the addition of 0.02 % sulfur by weight the extraction
rate is increased to up to 18 % per hour at atmospheric pressure.3 Sulfur is believed to be an
effective promoter of the carbonylation reaction because it changes how carbon monoxide binds
to the nickel surface.3 The kinetic/mechanistic study of the carbonylation reaction is difficult as it
6

must be done at low pressures in order for any potential intermediates to be observed.4 Existing
kinetic parameters are controversial and the exact mechanism of the carbonylation reaction
remains unknown. Research done by Laing et al. at low pressure (10-5 Torr) suggests that nickel
tetracarbonyl is not formed directly by the reaction of nickel and carbon monoxide gas as the
intermediates: Ni(CO), Ni(CO)2 and Ni(CO)3 were observed by mass spectrometry.4 A
sequential surface reaction was proposed instead. The time dependent concentration of the
monocarbonylated species was seen to rise quickly and then level off which is indicative of
surface saturation.4 After the saturation step is completed the concentration of the di- and then
tricarbonylated ions increases rapidly. The rapid formation of the monocarbonylated ion and then
the delay for the formation of the di- and tricarbonylated species is indicative of the formation of
a chemisorbed and then physisorbed layer that is caused by the removal of nickel from the bulk
by the first carbonyl and then the coordination of the second and third carbonyl ligands.4 The
formation of the physisorbed layer permits the coordination of the fourth carbonyl ligand and the
formation of the gaseous species.4
The carbonylation reaction is more favourable on a nickel surface that is coated with a
monolayer of sulfur than on a bare nickel surface.3 The importance of the formation of a sulfur
monolayer on the nickel surface suggests that it mainly affects the binding of the first carbonyl
ligand as this is identified as the rate limiting step.5 A typical nickel surface can be modeled
using two lattice structures: (111) terraces and (211) stepped edges.6 Binding to the (211) sites is
not desirable for the formation of nickel tetracarbonyl because carbon monoxide chemisorbs very
strongly to the stepped edges which makes the binding of three additional carbonyl ligands and
desorption as nickel tetracarbonyl less likely.5 Sulfur can potentially be used to restrict the
binding of the carbonyl ligands to the terrace sites.6 Pre-exposure to sulfur, which also
7

preferentially binds to the stepped edges, deactivates these sites from further reaction.6 Binding
to the terrace sites favours the formation of nickel tetracarbonyl because carbonyl ligands are not
as strongly bound to the terrace sites.5 The mechanism by which sulfur blocks the stepped edges
remains unclear. One possibility is that pre-treatment with sulfur results in the creation of a
physical barrier that covers the stepped edges and blocks approaching carbonyl molecules.
Another explanation may involve the nickel-sulfur bond which polarizes active sites at the
stepped edges. This shift in electronic density could result in the creation of a nickel surface that
is less able to participate in bonding interactions with approaching carbonyl ligands.
Exposure to sulfur during nickel oxide reduction, a precursor step to the carbonylation
process, is critical for the enhancement of the subsequent carbonylation reaction.3 The surface
area of a nickel oxide particle is expected to increase following reduction in the absence of sulfur
at 420 oC because oxygen atoms are removed from the lattice.3 A further increase in surface area
is expected if the reduction occurs in the presence of sulfur.3 These effects are not observed
when the sulfidation step is performed post reduction.3 Reduction in the presence of sulfur also
tends increase the number of pores and shifts the pore distribution to favour smaller pores in the
reduced product (9-14 nm).3 The increase in the number of pores accompanies an increase in
active surface area in the resultant metallic nickel; again this phenomenon is not observed in
nickel that has been treated with sulfur post reduction.3
1.2.1 Nickel Oxide Reduction
The reduction of nickel oxide proceeds in the boundary layer between solid phases of
nickel and nickel oxide7 wherein the presence of oxygen vacancies plays a fundamental role.8
Oxygen vacancies are thought to be essential for the reduction reaction to proceed and that
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negligible reduction occurs when few vacancies are present.8 The initial phase of the reduction
reaction is the absorption of an H2 molecule to the nickel surface (figure 1.2.1). H2 molecules do
not bind to oxygen-covered sites, but they can bind weakly to Ni-O sites and more favourably to
Ni-Ni sites.8 It is less endothermic by about 8 kJ/mol for the hydrogen molecule to coordinate η2HH to neighbouring nickel atoms and cleave homolytically than to coordinate H2 to a nickel
atom that is adjacent to an oxygen atom.8 Homolytic cleavage results in the formation of two NiH bonds being formed on neighbouring nickel atoms.8 It has been shown that oxygen vacancies
are more stable in the subsurface layers of the NiO particle than they are on the surface by about
38 kJ/mol.8 Oxygen vacancies then migrate to the nickel oxide surface in the presence of
hydrogen to stabilize the reaction between approaching hydrogen molecules and the nickel oxide
surface.8 The migration of oxygen vacancies is an exothermic process resulting in it being 24
kJ/mol more favourable for the oxygen vacancies to occupy surface sites.8 Oxygen vacancies
play a significant role in the reduction of nickel oxide because metallic nickel (present in the
oxide lattice as nickel sub-oxides), unlike nickel oxide, is a hydrogen dissociation agent,
meaning that it can cleave the hydrogen-hydrogen bond in the H2 molecule.9 The monoatomic
hydrogen species is a stronger reducing agent than the diatomic species and is able to remove
oxygen molecules from the nickel oxide lattice. The rate of vacancy migration to the surface of
the NiO particle is dependent on the lattice strain.8 Differences in lattice strain between NiO
samples may result in the time for complete reduction to vary between samples.

.
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Figure 1.2.1: Oxygen vacancy site showing the η2-HH coordination to metallic nickel (red)
After a sufficient amount of surface nickel is formed, the reduction enters an autocatalytic
phase.8 During this portion of the reduction there are enough exposed metallic nickel sites to
sustain hydrogen dissociation on the nickel oxide surface. The reduction reaction is normally
modeled as a unimolecular process wherein the disappearance of nickel oxide occurs in a
concerted fashion with the appearance of metallic nickel.10 The exact mechanism by which
nickel oxide is reduced is largely unknown. The basis for modeling the process as a unimolecular
reaction is that NiO is known to be converted directly into Ni with no intermediates.9 This phase
continues until about 80 % of the nickel oxide is reduced10 and the remaining nickel oxide
becomes increasingly difficult to reduce as it can be rendered inaccessible by being surrounded
by sintered metallic nickel.
1.2.2 Reduction Kinetics
Nickel oxide reduction kinetics can be described using two basic models: diffusioncontrolled and chemical interface-controlled.10 In the chemical interface-controlled model, the
rate of reduction is limited by the amount of available active sites on the surface of the nickel
oxide particle.10 Therefore, the rate of reduction changes as more metallic nickel is produced and
10

more hydrogen dissociation sites are created upon the nickel oxide surface.10 This initial increase
in reduction activity then slows as less nickel oxide is accessible to reduce. Diffusion-controlled
reductions are limited by the rate at which the reactant and product gases diffuse through the NiO
particle.11 There are two types of diffusion-limited reductions: boundary layer diffusion which
specifically describes gas diffusion at the Ni/NiO interface and bulk diffusion which describes
the diffusion of gases through the pores in the product nickel layer. The disadvantage to having a
particle that is comprised of mostly metallic nickel (as opposed to nickel oxide) is that metallic
nickel has a lower melting point (1455 oC for metallic nickel versus 1984 oC for nickel oxide)12.
This means that metallic nickel is more likely to undergo sintering which results in a loss of
porosity and a decrease in the rate of diffusion.
The shrinking core model is a simplistic way of modeling nickel oxide reduction. The
nickel oxide particle is represented as a sphere where the reduction reaction begins on the outside
surface. As the reduction reaction proceeds, the metallic nickel phase moves inward as layers are
formed. The transformation from nickel oxide to metallic nickel results in the remaining nickel
oxide being located at the center of the particle. As suggested by Dang et al.13 metal oxides can
be regarded as spherical balls with the same density and radius. The area of the sphere is
represented as shown in equation 4 where K is a constant and r is the radius of the sphere:

The term r is not an experimentally measurable parameter. However, the radius of the particle
can be related to the term (1-α) (equation 5) where α is the fraction of nickel oxide that has been
reduced at time t. The α parameter is experimentally derived from measured partial pressures.
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The (1-α) quantity is used to represent the volume of the sphere of nickel oxide that remains at
time t where K’ is another constant.

In this simplified model, the following relationship (equation 6) is true:

Substituting into equation 3 yields equation 7 where K’’ is yet another constant:

It is clear that the simple shrinking core model may not be the ideal model for nickel
oxide reduction as it does not account for morphological changes to the particle that occur during
sintering.15 The grain model, which represents the nickel oxide particle as an agglomeration of
many small spheres, is chosen instead.15 Each grain reacts with hydrogen individually as
described above with each grain having its own nickel/nickel oxide interface.15 The particle as a
whole is also reduced from the outside inwards. This model is more flexible than the shrinking
core model as it allows for small portions of the particle to change individually as the reduction
proceeds.15 It was demonstrated, in scanning electron microscopy images of partially reduced
nickel oxide samples by Plascencia and Utigard12, that nickel oxide particles do not have a
uniform reduction front as described by the shrinking core model (figure 1.1.3). Another
advantage of the grain model is that it accounts for spaces between the grains which allows it to
better model changes in pore size that occur during reduction.15 The general form of the grain
model (equation 8) for a chemical interface-limited system, where the rate of reduction is limited
by the availability of the active surface area is:
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Where α is the reduced fraction of nickel oxide, and Fg is the shape factor.15 The value of Fg
depends on the shape of the grains with Fg = 1 corresponding to slab-like grains, Fg = 2
indicating rodular grains and Fg = 3 indicating spherical grains.15 The concept of grain shape is
not to be interpreted as the nickel oxide grains actually having a flat, rodular or spherical shape.
As stated by Szekely, Lin and Sohn, the rodular shape is not physically realistic and is meant to
represent an intermediate between a slab and a sphere.16 The spherical shape represents particles
that have a large volume with respect to their surface area whereas the rodular shape describes a
situation were the surface area to volume ratio is increased. It has also been observed by Szekely
et al.16 that the shape of the NiO pellets, as observed by scanning electron microscopy (figure
1.2.2), changes over the course of the reduction. If a particular reduction corresponds to a model
then a plot of α as a function of time (equation 8) as a function of time is expected to be linear.15

Figure 1.2.212: Micrograph of a 30 % reduced nickel oxide sample. Metallic nickel is shown in
green and nickel oxide is shown in blue
The rate of nickel oxide reduction can also be limited by diffusion. Diffusion-limited
reductions can be further subdivided into two categories: dependence on the diffusion of gases
13

through macroscopic pores or the diffusion of gases across the nickel/nickel oxide boundary
layer interface only.10 The macroscopic pore case is indicated when plotting 1-(1-α(t))2/3(2/3)α(t) as a function of time yields the most linear curve, whereas boundary layer diffusion
denotes the case where a plot of α(t) as a function of time yields the most linear curve.10
Table 1.1.1: Nickel oxide reduction mechanisms
Equation Number

Equation

Mechanistic Description

9

1-(1-α(t))1/3

chemical interface-limited, spherical
grain

10

1-(1-α(t))1/2

chemical interface-limited, rodular
grain

11

α(t)

limited by diffusion of gases at the
Ni/NiO boundary

12

1-(1-α(t))2/3-(2/3)α(t)

limited by diffusion of gases through
the porous nickel product layer

Experimental work performed by Szekely and Evans suggests that the shrinking core
model and the chemical interface-limited grain model are representative of two extreme cases
that can occur in nickel oxide reduction.15 Reductions occurring at high temperature (>850 oC)
are said to have a sharp Ni/NiO interface which is characteristic of diffusion-based models.15
Low temperature reductions (<450 oC) were found to have diffuse reaction interfaces and to be
best approximated by the chemical interface-limited grain model.15 Reductions performed at
intermediate temperatures would be found somewhere in between perfectly chemical interfacelimited and perfectly diffusion-limited depending on how sharp the Ni/NiO reaction interface is.
This concept is represented by Sohn and Szekely17 using the parameter σ which is the ratio of the
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rate of surface reaction and the rate of diffusion through the reducing oxide pellet.17 The value of
σ is determined by whether a particular reduction is better characterised by diffusion or chemical
interface limited kinetics.
1.2.3 Statistical Methods
A rigorous approach to the classification of reduction reactions by their kinetic models is not
present in literature. Attempts to characterize nickel oxide samples by their reduction kinetics as
performed by Plascencia and Utigard12, Utigard et al.18 and Chatterjee et al.10 rely on the visual
evaluation of linear plots. In this method, the extent of reduction is transformed by one of the
equations presented in table 1.1.1 and is then plotted as a function of time. The relative linearity
of these plots is then ranked by visually determining which curve is the most linear. The
literature is lacking in a less subjective method of assigning reduction mechanisms, therefore
three potentially more objective methods (two quantitative and one qualitative) were employed.
These methods are: the construction of a log(1-α)/log(rate of H2O flow) plot to determine the
exponential dependence on the (1-α) term which can be linked to reduction mechanism,
obtaining the r-squared value, a numerical value that approaches 1 as the applied model better
fits the kinetic data and constructing residual plots for each model to determine how much the
experimental data deviates from the model data. In this case smaller, more random deviations are
indicative of a better fitting model.
1.2.4 Activation Energy
The activation energies for the reduction of nickel oxide that are presented in the
literature tend to be highly variable with values from 17 to 133 kJ/mol being reported 19. The
origin of the spread of activation energies is that the reduction is highly dependent on the
15

conditions under which it occurs because reduction temperature and pressure can dictate the rate
of diffusion of hydrogen through the NiO sample. Sample size, morphology and composition are
also contributing factors as the rate of reduction is dependent on lattice strain. Therefore, the
activation energy of two different samples cannot be expected to be the same. Richardson et al. 19
have created a classification system wherein reduction kinetics are related to activation energy
(table 1.2.1). Lower activation energies are associated with porous samples whose reduction is
diffusion-controlled.19 Higher activation energies are associated with small-grain powders and
with reductions that are chemical interface-controlled. The highest activation energies are
assigned to packed samples or samples with additional coatings such as water molecules.19 The
presence of water molecules on the NiO surface results in an increase in the activation energy
because water must be removed from the surface prior to the beginning of the reduction.19
Table 1.2.1: Literature Values for the Activation Energy for the Reduction of Nickel Oxide19
Experiment

Sample

Temperature
(oC)

Activation
Energy
(kJ/mol)

Original
Reference from
Richardson19

Thermobalance

large, porous pellet

372-753

17

Szekely et
Evans

Thermobalance

non-porous, spherical pellet

400-800

22

Roy et
Abraham

Thermobalance

pressed cylinder

259-308

44

Szekely et al.

Thermobalance

powdered sample

277-377

69

Nakajima et al.

XRD

porous powder, thin slab

175-300

85

Richardson

Thermobalance

pellets

383-352

111

Rozhdestvenski

XRD

porous powder, thin slab,
water

175-250

126

Richardson
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1.2.5 Particle Size Considerations
Hydrogen is known to dissociate upon metallic nickel sites on the nickel oxide particle’s
surface. The hydrogen radicals that migrate to the Ni/NiO boundary react with lattice oxygen.8
The hydrogen radical undergoes a series of Ni-H bond breaking and reforming steps to reach the
Ni/NiO interface as only metallic nickel is a hydrogen transfer agent. The rate at which the
hydrogen radical can travel to the Ni/NiO interface is dependent on the size of the particle. Small
particles can be rapidly covered by metallic nickel so the migration of the hydrogen radical will
not be limited by the formation of sufficient metallic nickel islands nor the cumulative activation
energy that is associated with the formation and dissociation of Ni-H bonds.20 The reduction of
larger nickel oxide particles can be limited because extensive growth of metallic nickel islands is
required for hydrogen radicals to reach the Ni/NiO interface.20 Since hydrogen travels through
the reducing NiO lattice by the formation and dissociation of Ni-H bonds, these bonds must be
broken and made over large distances for the reduction of large particles.20 The cumulative
effects of making and breaking Ni-H bonds can potentially create a significant increase in
activation energy.20
1.2.6 Crystallinity in the Reduced Nickel Product
Richardson et al.19 employed in situ X-ray diffraction analysis to measure the appearance of
Ni and the loss of NiO over the course of a reduction. In the above case, XRD was used to
determine the extent of reduction. XRD could also be useful post-reduction to determine the
relative amounts of Ni and NiO in order to support the extent of reduction as given by kinetic
determinations. Amorphous material does not produce sharp peaks in XRD analysis. Therefore,
the shape of an XRD peak can be used to determine the crystallinity of a particular phase.21
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Determining the crystallinity of the resultant nickel product can be useful as it reveals whether an
amorphous or crystalline product is formed. Knowing the amorphicity of the reduced product is
important as it may affect further processing steps. Quantitative phase analysis can be performed
using XRD data in order to determine the fraction of crystalline metallic nickel and nickel oxide
in the reduced samples. There are three methods, demonstrated in literature, by which
quantitative phase analysis can be accomplished: the direct comparison method, the internal
standard method and the active dilution method.21 The intensities of two phases in a multicomponent mixture can be calculated using the direct comparison method based on their volume
ratio. The intensity and volume ratios are related by a proportionality constant, M, as shown in
equation 13:

The parameters I and V are the intensities and volumes of the x and y components respectively.
M is determined by measuring the intensities obtained for a two component system where the
volumes of the components x and y are known.21
In the internal standard method, the diffraction lines of the phase that is being determined
are compared to the diffraction lines of a known amount of a standard that is mixed with the
sample.21 A calibration curve is made from measurements of known concentrations of the phase
to be determined and a constant concentration of the standard.21 The intensity ratio of a known
amount of the phase to be determined can be calculated based on the intensity ratio of the sample
and the standard. A disadvantage of this technique is that it may be difficult to find a suitable
standard that does not interfere with the sample spectrum.21
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The active dilution and internal standard methods are limited to use for powder samples.
The method of quantitative analysis that was chosen for this work was the direct comparison
method. In this method, the ratio of the integrated intensities of two peaks are related to the
volume composition of one of these phases via a proportionality constant as shown in equation
14.21 Where CNi is the sample’s fractional composition of nickel, IRNi.NiO is the intensity ratio of
the integrated intensity of the nickel and nickel oxide peaks and both RNi and RNiO are the
proportionality constants for nickel and nickel oxide respectively.

The proportionality constant (R), shown in equation 14 and described in equation 15, is
comprised of many terms which are described as follows. The structure factor (F) reflects where
the atoms are in the unit cell and accounts for the interference that occurs between them. The
multiplicity factor (p) is dependent on Miller indices and accounts for the number of reflections
that have equivalent d-spacing for a given set of Miller Indices. The Lorentz polarization factor
is a trigonometric manipulation that accounts for differences between the actual angle and the
predicted Bragg angle as well as the x component of the incident x-ray being scattered
differently by the electric field because the angle between the scattered beam and the electric
field are different. The temperature factor (M) accounts for the effects of atom vibrations on peak
intensity. The v term in equation 15 is the volume of the unit cell.21
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1.2.8 The Effect of Sulfur Additives on Nickel Oxide Reduction
The presence of sulfur has been shown to accelerate the reduction of nickel oxide.3
Nickel oxide reduction yields metallic nickel which is less dense than NiO. The nickel oxide
lattice is also expected to undergo a structural rearrangement as it is reduced.3 Sintering occurs if
the rearrangement takes place at high enough temperatures. This results in a product that is more
dense and has lowered porosity.3 The presence of a sulfide layer on the nickel/nickel oxide
surface is predicted to stabilize the resultant nickel surface and prevent particle agglomeration. 3
The addition of sulfur pre-reduction has been shown to contribute to the maintenance of porosity
in the reduced product.
The addition of sulfur prior to, or during reduction is predicted to result in the formation
of a surface sulfide species.11 The expected effect of the nickel sulfide species is the preservation
of the fine porous network that is formed when oxygen gets removed from the NiO lattice over
the course of the reduction.11 Nickel sulfides are thought to increase the sample’s resistance to
sintering by stabilizing the surface through the formation of a two dimensional sulfide network.11
The sulfide species that is expected to form during the reduction is dependent on the temperature
of reduction and the percentage of sulfur present. Nickel oxide reduction is generally performed
at temperatures between 300 oC and 650 oC. Sulfide species are of the general form NixSy,
possible phases include: Ni3S2 (haezelwoodite, 40 % sulfur), Ni9S8 (godevskite, 47.1 % sulfur),
NiS (millerite, 50 % sulfur), Ni3S4 (polymidite, 57.1 % sulfur) and NiS2 (vaesite, 66.7 %
sulfur).22
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1.2.8 The Hydrogen Reduction of Metal Sulfates
The ability of a metal sulfate additive to enhance nickel oxide reduction through the
creation of a stable, porous nickel sulfide layer is dependent on the stability of the metal sulfate
under a given set of reduction conditions. Ideally, some decomposition of the metal sulfate must
take place in order to provide a sufficient amount of active sites on the surface of the NiO
particle and to release some of the sulfur contained within the sulfate for reaction with the
metallic nickel product. Conversely, too much dissociation is undesirable as it results in the
sulfur contained within the metal sulfate to be lost as SO2 and/or SO3.23 The resistance of a metal
sulfate to reducing conditions can be linked to the reducibility of the metal cation with cations
that are less reducible being more resistant to decomposition under reducing conditions. Another
factor in determining the suitability of a metal sulfate as a sulfate additive is the identity of its
decomposition products. Nickel sulfate is known to reduce to the nickel sulfide haezelwoodite
from about 400 to 450 oC23 which is the range of interest for the industrial reduction of nickel
oxide. Nickel sulfate is currently used for pre-reduction sulfidation as it is known to yield a
sulfur containing product that does not introduce metal oxide contaminants.
1.2.9 The Foreign Oxide Effect
It has been shown that the addition of certain foreign metal oxides to the nickel oxide
lattice accelerates the reduction of nickel oxide.9 Some of these metal additives, like platinum,
enhance nickel oxide reduction via the spillover effect.9 The spillover effect is the increase in
hydrogen migration at non-hydrogen dissociation sites due to their proximity to hydrogen
dissociation sites.9 Other metals such as copper, which are not able to dissociate hydrogen, have
been shown to be effective promoters by being easier to reduce than nickel.9 Oxygen atoms that
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are located on or near these easier to reduce metal centers are shared between a nickel atom and a
foreign atom and will be lost earlier due to the creation of a more reducible center. 9 The loss of
an oxygen atom from these sites, prior to the autocatalytic phase, exposes more nickel suboxides, resulting in a shorter induction period.28 This mechanism is surface-based as it increases
the reactive surface area at the beginning of the reduction, indicating that the promoter cations
must be located on or near the surface.9 Copper has been shown to be the most effective
promoter oxide whereas metals that are less reducible than nickel have been shown to retard the
reduction.9
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Chapter 2: Research Objectives
2.1 Nickel Oxide Reduction
Nickel sulfate is used as an additive in industrial nickel oxide reduction processes with
the sulfur moiety being known to be the active ingredient.11 Whether or not the sulfur stays in the
sulfate form and how it interacts with the reduction interface will be investigated. It is also of
interest whether another metal sulfate would be a better method of sulfur delivery in the
industrial nickel oxide reduction temperature regime.
Nickel oxide reduction reactions have been typically classified as following model
reduction mechanisms based on the visual evaluation of the linearity of an extent of reduction as
a function of time plot. This method tends to become ambiguous when multiple models are being
compared. Two areas that will be investigated in this regard are: whether there exists quantitative
and/or non-subjective visual methods to assign and classify reduction by their mechanism and
whether it is reasonable to assume that all reduction reactions can be classified by an existing
model mechanism.
It has been shown that compositional and morphological characteristics of nickel oxide
samples influence how the reduction reaction proceeds but the mechanisms behind these
differences are unclear. Reduction kinetics, rate of reduction and total reduction time, will be
investigated to determine the impact of added sulfur in the form of metal sulfate additives and
native impurities, copper and sulfur, on the reduction reaction. A particular question in this
regard is whether native and added sulfur affect the reduction reaction in the same way. Another
variable that will be investigated is the reduction temperature. The purpose here is to investigate
the kinetic effects of sample composition in an industrially relevant temperature range: 350-450
23
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C. Of particular interest is whether the reported reduction enhancing effects of copper and sulfur

exhibit a temperature dependency.
Another area of interest is the activation energy of the nickel oxide reduction reaction. It
has been reported by Richardson et al.19 that the presence of a coating on the nickel oxide surface
results in an increase in the activation energy. It is proposed in this work that the observed
increase in activation energy with the addition of impurities or coatings is not the result of an
increase in the reduction reaction’s energetic barrier but the result of a decrease in the probability
of a reaction between hydrogen and nickel. This statistical approach towards the increase in
apparent activation energy will be investigated by determining whether the presence of metal
sulfate additives and/or sample impurities increases the experimentally measured activation
energy.
The structure of the reduced nickel product is believed to be affected by the conditions
under which it was reduced. The extent of crystallinity of nickel in the reduced nickel product
will be investigated in order to determine whether nickel that results from the reduction of nickel
oxide tends to be crystalline or amorphous. It will also be determined to what extent reduction
temperature, sulfate addition and sample impurities impact the extent of crystallinity of reduced
metallic nickel.
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Chapter 3: Instrumentation
3.1 Vulcan
The nickel oxide samples are reduced using a home-built instrument that is named
Vulcan (figure 3.1.1). Vulcan is a multi-cell analysis system that is comprised of a large furnace
that is interfaced to both mass flow controllers and a mass spectrometer. The role of the mass
flow controllers is to ensure the correct gas flux interacts with the powder sample. The reactant
gases enter Vulcan via a mixing chamber where they are combined and heated. These gases then
pass through calibrated rotameters with the purpose of equally partitioning the gas flow through
the reaction cells. The reactant gases enter the reaction cells wherein they interact with the
sample at high temperature and the resulting gas mixture is released into the quartz envelope
(figure 3.1.2). The majority of the product gases are evacuated via the exhaust line with a small
percentage being collected in a capillary. The product gases that are collected in the capillary are
directed to the selection valve which enables gases from individual reaction cells to enter the
mass spectrometer sequentially. The selection valve has individual channels that correspond to
each reaction cell (figure 3.1.2). Only one of these channels is connected to the mass
spectrometer at a time which allows the samples to be analyzed individually. The interfaced
mass spectrometer is a SRS RGA (residual gas analyzer) 200 model that is computer-interfaced
to allow for real-time monitoring of the reduction progression.
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Figure 3.1.1 : External view of Vulcan

Figure 3.1.2 : Schematic of gas flow through Vulcan
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The reactant gases that are used in the reduction of nickel oxide are hydrogen and argon.
Hydrogen is the reducing agent and argon is used as the carrier gas. Argon, being inert, is also
used to calibrate the mass flow controllers and the mass spectrometer as the partial pressures of
all other reactant and product gases are determined based on the partial pressure of argon. The
Vulcan instrument, with the exception of the mass spectrometer which is under high vacuum (79 x 10-7 Torr), is maintained at atmospheric pressure. All parts of Vulcan are kept above 100 oC
in order to avoid water condensation inside the instrument (table 3.1.1).
Table 3.1.1: Typical temperatures of Vulcan’s components
Component

Operating Temperature (oC)

main furnace

300 - 900

mixing chamber

150

inlet manifold

120

mass spectrometer source

130

3.1.1 Vulcan Calculations
The reduction reactions in Vulcan take place at a total pressure of 1 atm. The rate of
argon flow into the machine is set using the mass flow controllers. Argon is an inert gas so the
flow rates of other gases that are present in the reaction cells can be calculated based on the
number of moles of argon (equation 16) and the law of partial pressures. The number of moles of
argon (nAr) is determined using the ideal gas law:
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Where P is equal to 1 atm,

is the flow rate of argon, R is the ideal gas constant (0.08205

L•atm/K•mol) and T is the room temperature.
Determination of the mole fractions of water (vapour)

and hydrogen

that are

present in the reaction cell (equation 17). The sum of the mole fractions is one:

The total flow is calculated (equation 18) using the flow rate of argon, as set on the mass flow
controllers, and nAr:

The flow rates of water and hydrogen are calculated (equations 20 and 21) by multiplying the
total flow by

and

respectively:

The Treesoft program OVDR (Other Vulcan Data Reduction) is used to convert partial pressures
into extent of reduction (α). This works by first integrating the total product water signal over the
total reduction time. In order to determine the extent of reduction at time (t) the water signal
from time (t=0) to time (t) is taken (figure 3.1.3). The integral at time (t) is then divided by the
integral for the total time to yield α.
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Figure 3.1.3: OVDR water signal integral, the sum of the signal up to time (t) would be taken to
determine the fraction of the sample that was reduced at time (t)
3.2 Raman Spectroscopy
Raman spectroscopy is based on the inelastic scattering of a monochromatic excitation
source by symmetric molecular vibrational modes. The bands that are observed in Raman spectra
arise from induced dipoles that are caused by the excitation source interacting with the
polarizability of the vibrating molecule. These bands are either the Stokes or anti-Stokes shifts
that are caused when a photon scatters off a molecule in the ground state, through a virtual
excited state and into a different vibrational state. The energetic difference between this new
vibrational energy state and the ground state causes the shift in the frequency of the scattered
photon. A shift to lower photon energy is termed a Stokes shift and a shift to higher energy is
termed an anti-Stokes shift.
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The nickel oxide samples are characterized pre- and post-reduction by Raman
spectroscopy in order to determine the effects of exposure to reducing conditions on the metal
sulfates. All Raman spectra were acquired using a Renishaw NIR 780 TF series Raman
spectrometer which is equipped with a red NIR diode 785 nm laser. Raman spectroscopy is
performed in the 200-700 cm-1 region in order to observe the characteristic Ni-O stretching
vibration at ~520 nm. The 200-700 cm-1 region is also of interest to the determination of the fate
of the metal sulfates post reduction as the Ni-S and Fe-O stretching vibrations can be found
within this region. Extended scans spanning the 100-3200 cm-1 region are also acquired in order
to determine whether the reduction reaction has any other effects on the nickel oxide samples as
well as to observe the disappearance of the SO4-2 peak at 1000 cm-1 as the metal sulfates are
transformed by the reduction reaction (table 3.2.1).
Table 3.2.1: Raman peaks anticipated in the analysis of metal sulfates on reduced NiO
Species

Expected Raman Peak (cm-1)

SO42-

1000

NiO

520

Ni-S

188, 200, 220, 300, 325, 35024

CuO

61025

CuS

260, 460, 47025

Fe4O3

310, 66526

FeS

240, 350, 375, 45526
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3.3 Scanning Electron Microscopy/Energy Dispersive X-ray Spectroscopy (SEM/EDX)
SEM uses electrons to topographically image the sample surface. The incident electrons
interact with the sample surface to yield low energy secondary electrons. The low mean free path
of the secondary electrons prevents electrons from the bulk from being seen by the detector, thus
making SEM a surface-sensitive technique. The principal behind EDX is that each element has a
unique electronic structure which yields a characteristic x-ray spectrum. Electrons in the material
are excited by the electron beam of the SEM which causes them to be ejected from the ground
state energy level and to leave behind an electron hole. An electron from an outer energy level
fills the hole. This process releases an x-ray which corresponds to the energy difference between
the higher and the lower energy level. The fact that this energy is different for all elements
allows them to be identified.
The combination SEM/EDX instrument is used to image and perform elemental analysis
of the nickel oxide surface both pre- and post-reduction. SEM imaging is performed using a FEI
Inspect 550 scanning electron microscope under high vacuum (10-6 Torr) with an EDT secondary
ion detector. Both the SEM and EDX measurements are done at 20 or 15 keV depending on the
extent of charging in the sample. EDX analysis is done using an Oxford X-Max20 silicon drift
detector and Aztec software.
3.4 X-ray Photoelectron Spectroscopy (XPS)
XPS is used to qualitatively identify the nickel-sulfur species that is present on nickel
oxide samples that are treated with NiSO4 pre-reduction (table 3.4.1). XPS uses electron binding
energy to identify chemical species. The sample is irradiated with monochromatic photons (h )
and the kinetic energy (Ek) of the resultant ejected electron flux is measured. The desired
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parameter is binding energy (Eb) because it is unique to an element as each element has a unique
electronic structure. Binding energy is obtained by subtracting the spectrometer work function
(W) and the kinetic energy from the energy of the incident photon (equation 22).

The XPS spectra are acquired using an Omicron system under ultra high vacuum,
Torr. The x-rays are generated using an Al K source with an energy of 1486.6 eV.
The samples are mounted on iridium foil for analysis. The software XPSPEAK4.1 is used to
deconvolute the XPS peaks.
3.4.1 Expected XPS peaks for Heazelwoodite and Millerite
Sulfide Species

S2p Peak Position (eV)

Millerite

162.3, 168.827

Heazelwoodite

161.828

3.5 X-ray Diffraction Spectroscopy (XRD)
XRD is used to determine the structure of crystals based on how they diffract incident xrays. The detector is rotated around the sample which allows it to record the number of x-rays
that are scattered at each 2θ angle. Each phase of the material, as described by a Miller index,
produces a unique scattering pattern. The scattering angle for a particular phase is predicted by
Bragg’s Law (equation 23):
(23)
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Where

is the source wavelength, d is the spacing between the planes in the crystal, θ is the

scattering angle and n is an integer. X-ray diffraction was performed at room temperature using a
Super Nova Agilent single crystal diffractometer. The NiO granules are mounted on glass fibers,
such that the generated signal comes only from the sample, which is exposed to x-rays from a
0.154184 nm copper source. Detection is done via a CCD (charge coupled device) detector and
further analysis/data processing was performed using CrysAlisPro software. The XRD data were
further processed using Fityk software wherein the XRD peaks were fit using Gausian functions
in order to determine their integrated intensities and their positions. The fractional crystallinities
of metallic nickel and nickel oxide were calculated by equations 14 and 15 as demonstrated in
section 5.4.
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Chapter 4: Materials
4.1 FEN and FRM Nickel Oxide
FEN and FRM nickel oxides both originate from the sulfide ore in Copper Cliff, Ontario.
These samples have a density of 6.7 g/cm3 as well as an experimentally determined surface area
of 0.5 m2/g. The main difference between FEN and FRM is that FEN, which is also known as
nickel oxide copper oxide, has a high copper content (5.18 %) whereas FRM has a copper
content of 0.86 % (table 4.1.1).
4.2 Tokyo Nickel Oxide (TNO)
TNO originates from laterite ores that are mined in Indonesia.12 This type of nickel oxide
is processed by fluid bed roasting nickel sulfide pellets.12 Two different types of TNO samples
are used in this work: doubly roasted TNO (DR-TNO) and singly roasted TNO (SR-TNO). The
main difference between the types of TNO is their sulfur content: 0.36 % for singly roasted TNO
and 0.005 % for doubly roasted TNO (table 4.1.1) TNO has a density12 of 6.65 g/cm3 and an
experimentally determined surface area of 0.03 m2/g by Plascencia12. This experimentally
determined surface area was calculated using nitrogen adsorption which is not ideal for samples
with surface areas below 0.5 m2/g.
4.3 Goro Nickel Oxide
Goro nickel oxide comes from New Caledonian laterite ores. A characteristic feature of
Goro NiO is that the pellets are layered, hard, regular spheres. Goro pellets are grown from seed
NiO particles through the fluid bed high temperature pyro-hydrolysis of a nickel containing
hydrochloric acid solution.18 This processing method yields 0.3 to 1.2 mm spheres that are non
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porous. According to Utigard et al.18 Goro has a surface area of 0.023 m2/g and a density of 6.55
g/cm3. As in the TNO section, this surface area is not believed to be accurate based on the
limitations of using nitrogen as an absorbate for surface area analysis.
Table 4.1.1: TNO, Goro, FEN and FRM Composition
Sample

Ni (%)

Cu (%)

Fe (%)

Co (%)

O (%)

S (%)

S area

ρ

(m2/g)

(g/cm3)

FRM

73.3

0.86

0.48

1.13

20.2

0.0082

0.5

6.7

FEN

68.9

5.18

0.61

1.11

19.8

0.13

0.5

6.7

DR-TNO

75.92

0.133

0.49

1.29

20.5

0.005

0.03

6.65

SR-TNO

75.16

0.128

0.49

1.28

20.3

0.36

0.03

6.65

Goro

80.3

0.03

0.20

0.36

19.10

0.013

0.02

6.55

4.4 Metal Sulfates
The metal sulfates used in this work were both industrially and commercially sourced (table
4.4.1). NiSO4 is currently used as an additive in the Clydach refinery for the nickel oxide
reduction process. Therefore the industrial sulfate product, as well as the commercial sulfate
product were employed experimentally.
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Table 4.4.1: Metal Sulfates
Metal Sulfate

Source

Appearence

Purity (%)

Nickel (II) sulfate

Fisher Scientific

green-blue crystals

99.6

industry

coarse green-blue

N/A

hexahydrate
Nickel (II) sulfate
hexahydrate
Copper (II) sulfate

crystals
Fisher Scientific

blue crystals

≥ 99.0

Sigma Aldrich

light blue crystals

≥ 99.0

Sigma Aldrich

fine white powder

≥ 99.5

Sigma Aldrich

white cyrstals

99

Sigma Aldrich

white crystals

≥ 99

pentahydrate
Iron (II) sulfate
heptahydrate
Magnesium (II) sulfate,
anhydrous
Sodium bisulfate
monohydrate
Potassium bisulfate
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Chapter 5: Methods
5.1 Nickel Oxide Sample Preparation
Untreated nickel oxide samples were used as received with no further processing steps.
This was possible as samples that were exposed to room air for several days exhibited less than
0.1 % weight gain due to increased water content. The metal sulfate samples were prepared by
dissolving hydrated metal sulfate crystals into deionized water. The amount of water that was
used depended on the solubility of the metal sulfate being used and the quantity that was being
dissolved. The minimal amount of water that was necessary was used in order to prevent sulfate
losses during the mixing step. The resultant metal sulfate solution was stirred into the nickel
oxide powder. Once the nickel oxide powder was fully wetted with the sulfate solution, the
sample was inserted into the oven and dried to constant weight (defined as the weight changing
by less than 1 % between subsequent weightings). The oven temperature was kept below 60 oC
to avoid dehydration of the metal sulfate. It was experimentally observed that the dehydration
process begins around 80 oC for NiSO4. The amount of metal sulfate that was used to prepare the
sulfate treated samples was calculated based on the mass percentage of sulfur in the unreduced
nickel oxide. Metal sulfates were added to create samples that were 0.1 %, 0.4 % and 1.0 %
sulfur by mass relative to the mass of the unreduced nickel oxide reduction. The metal sulfate
treated samples were also found to gain less than 1 % of their mass from water adsorption under
atmospheric conditions.
5.2 Nickel Oxide Reduction
Vulcan was heated so that all parts of the machine were held above 100 oC (table 2.1.1)
to prevent water from condensing inside of the instrument’s gas transportation tubes. The
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rotometers were calibrated using a total gas flow of 200 ml/min. The flow of room air through
the exhaust line was set to 80 L/min. Samples used for kinetic measurements were inserted into
alternating reaction cells to avoid water carryover between reaction cells. The furnace element in
which the samples were housed was heated to the desired reduction temperature while the
samples were exposed to an argon flow only. The hydrogen flow was turned on once it had been
verified that the samples were no longer evolving water. This was determined by measuring a
whole cell cycle at baseline water signal. The time that the hydrogen flow was initiated was
considered to be time zero (t=0) in terms of the reduction. The reduction, whose progress was
monitored via the mass spectrometer, continued until a baseline water signal was measured for
each sample. The reductions described in this work were produced with an argon flow of 200
ml/min and a hydrogen flow of 10 ml/min, resulting in a 5 % hydrogen mixture. These gases
were flowed directly through the nickel oxide samples. All reductions were performed at ambient
pressure with reduction temperatures ranging from 350 oC to 450 oC.
5.3 The Rate of Reduction
The rate of reduction was determined by taking the slope of a plot of α as a function of
time during the autocatalytic period, 20-80 % reduction completion (figure 5.3.1). The
autocatalytic period was chosen for kinetic analysis because the induction period (which is
limited by the establishment of metallic nickel sites) and the trailing off period (which is limited
by how quickly reducing gases can reach the residual NiO) do not follow standard unimolecular
reduction kinetics and are not representative of the rest of the reduction. The rate of reduction is
determined via equation 24 where α1 and α2 are the extents of reduction for two points on an α as
a function of time plot and t1 and t2 are the reduction times that were required to reach the
corresponding extent of reduction. The rate of reduction is expected to be constant during the
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autocatalytic period as the α as a function of time plot is linear when the extent of reduction is
20-80 %.
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Figure 5.3.1: α as a function of time for the reduction of DR-TNO with 0.4 % added NiSO4 at
450oC
5.4 Activation Energy
The activation energy (Ea), equation 25, is generally considered to be an energetic barrier
that must be overcome for a reaction to proceed. In the work presented in chapter 6, section 3 it
is assumed that the changes in the quantity that is calculated as activation energy are caused by a
decrease in the probability of the reaction between hydrogen and nickel oxide and not an
increase in the energetic barrier. The parameter that is instead predicted to be changing is the
pre-exponential factor (ko) which accounts for changes in entropy which would be associated
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with more species being present in the nickel oxide lattice. The assumption behind this approach
is that the addition of impurities into the nickel oxide particle does not chemically alter the nickel
oxide sample. Instead, these impurities are incorporated into the reducing Ni-NiO lattice and as a
result decrease the chances of interactions between nickel and hydrogen.

Where k is the rate of reduction, R is Boltzmann’s constant and T is the reduction temperature.
The activation energy is not an experimentally measureable parameter. Instead it was
calculated using experimentally determined rates of reduction (section 5.3) as shown in equation
26.

Where k1 and k2 were the rates of reaction at temperatures T1 and T2 respectively and RB was
Boltzmann’s constant. Equation 26 yields the activation energy in units of joules per molecule.
5.5 Quantitative Phase Analysis
The required equations (14, 15) for the determination of a crystalline fraction have been
described in detail in section 1.2.7. The fractional crystallinity of metallic nickel in a DR-TNO
sample that was reduced at 450 oC is determined below. The R parameter (equation 15) is
comprised of several secondary parameters; these are detailed in table 5.5.1 as monitored by the
Ni (200) diffraction peak.
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Table 5.5.1: Parameters for the quantitative phase analysis using the Ni (200) diffraction peak
Parameter

Symbol

Value

Unit Cell Volume

v

4.38 x 10-29 m3 (ref. 29)

Structure Factor

F

10.5

Multiplicity Factor

p

6 (ref. 30)

Diffraction Angle

θ

0.453 rad

Temperature Factor

M

0.3583

The structure factor, F, is a mathematical function that describes the amplitude and phase of a
wave that is diffracted from a crystal lattice plane. The structure factor (equation 27) is
calculated as follows.

Where hkl are the Miller indices and fj is the scattering factor which is 2.63 for Ni (200).31
Based on Euler’s Law we have:

. Therefore, the structure factor

(equation 27) is calculated as follows (equation 28):

where xj, yj and zj are the fractional coordinates of atoms in the cubic close packed lattice. The
sum is taken over all of the fractional coordinates and the total is squared to yield the structure
factor, F. The structure factor for Ni (200) was determined to be 10.5 (table 5.5.1).
From equation 15:
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R is inserted into equation 14 with the calculated R value for NiO (111) (5.90 x 1059 m-6) and the
ratio of the nickel and nickel oxide integrated peak intensities: IRNi, NiO which was determined to
be 8.2 experimentally. This yields the quantity CNi which is the fraction of crystalline metallic
nickel in the reduced product:
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Chapter 6: Results and Discussion
6.1 A Determination of Reduction Kinetics Using Statistical Methods
Reduction mechanisms have been traditionally determined via a visual assessment of
linearity wherein reduction data, transformed by a model reduction mechanism as presented in
section 1.2.3, is plotted as a function of time.10, 12 The linearity of the resultant curves is then
assessed by looking at them in order to determine which is the most linear. The model reduction
mechanism is then assigned based on which plot is the most linear. Experimental data, as
presented in this work, demonstrates that the visual assessment of linearity is a valid way to rank
linearity provided that the differences in linearity between any two mechanisms are large. It was
shown that the difference between r-squared values of 0.994 and 0.999 was the limit of what
could be distinguished by a visual assessment of linearity (figure 6.1.1). When more than one
mechanism fits the data similarly, the visual assessment method for the determination of the
reduction mechanism becomes ambiguous.
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Figure 6.1.1: Linear plots for the reduction of doubly roasted TNO with r-squared values 0.994
(A.) and 0.999 (B.) demonstrating the limitations of the visual evaluation method
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Two further statistical approaches were taken for the development of an unambiguous
method for the determination of the reduction mechanism. These approaches were: the
calculation of the r-squared value and the construction of residual plots. Each of the reduction
models that were proposed in section 1.2.3 were applied to a set of reduction data which resulted
in the determination of an r-squared value for each model. The r-squared values were compared
and the model reduction mechanism with the r-squared value that was the closest to 1 was
chosen as the reduction mechanism for that sample. R-squared values were used to four decimal
place percision.
Residuals plots were also used as a method of determining the reduction mechanism. The
data points in a residual plot correspond to the difference between the experimental data and the
theoretical data that would be obtained if the model reduction mechanism were a perfect fit.
Therefore, the residual plot for a data set that fits a model well is expected to have small and
randomly distributed deviations from zero. It was found experimentally that the residual plots
that arose when model reduction mechanisms fit the data poorly were parabola-shaped with
relatively large amplitudes (figure 6.1.2). Two different residual plot shapes were found for the
model reduction mechanism that best fit the data from a given reduction reaction. There was the
case where the model fit the data very well which resulted in randomly scattered points as small
deviations from 0 (figure 6.1.2). There was also the case where no model provided a perfect fit.
This was characterized by the residual plot having the shape of a third order function (figure
6.1.2). In this last scenario, the third order function-shaped residual plot is chosen as the best fit
if the other model reduction mechanisms yield parabola-shaped plots since the third order
function-shaped plots tend to have points that are more closely clustered around zero and do not
exhibit unidirectional deviation from the model. Based on the possibility of obtaining the third
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order-shaped residual plot, it can be determined that not all reductions can be described by the
models that were presented in section 1.2.3. This means that there exists other model reduction
mechanisms that were not presented here and/or that new model reduction mechanisms need to
be developed.
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Figure 6.1.2: Residual plots for SR-TNO 1.0 % NiSO4 using three model reduction mechanisms:
black is Ni/NiO boundary layer diffusion, red is spherical grain chemical interface-limited, blue
is rodular grain chemical interface limited
Another method that was employed to determine the reduction mechanism was the use of
log (H2O evolution) as a function of log (1-α) plots (figure 6.1.3). The premise of this method is
that the slope of the log/log graph is the exponential dependence on the (1-α) term. The
dependence on the (1-α) term was used to infer the reduction mechanism. For example, the
geometry-based derivation for the shrinking core model (section 1.2.2) states that a chemical
interface-limited reduction for a spherical grain system should have an exponential dependence
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of 2/3 on the (1-α) term. It was found that each model reduction mechanism tended to
correspond to a set of slope values, allowing the reduction mechanism to be predicted based on
the slope of the log/log plot. The determination of the slope of the log/log plot could therefore be
used as a rough quantitative method for the determination of the mechanism for the reduction of
nickel oxide. The rodular mechanism was shown to be the most common with a range of log/log
slope values that were mainly contained between 0.4 and 0.5 (figure 6.1.4). The next most
common mechanism was the spherical grain chemical interface-limited mechanism whose slope
values were clustered around 2/3 as proposed above (figure 6.1.4). Only a few of the samples
were found to have diffusion-based mechanisms with the boundary diffusion mechanism
resulting in slope values from about 0.2 up to 0.4 (figure 6.1.4). There was insufficient evidence
to propose a log/log slope range that would be indicative of a reduction that is limited by
diffusion through the porous nickel product layer mechanism.
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Figure 6.1.3: log (H2O flow rate) as a function of log (remaining NiO) for the reduction of DRTNO with 1.0 % added NiSO4
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Figure 6.1.4: log/log slope distribution for reduced NiO samples
It was found that mechanism type could be correlated to sample type (table 6.1.1). Singly
roasted TNO and FEN samples tended to have rodular grain chemical interface-limited
reductions. FRM tended to be spherical grain chemical interface-limited in the untreated state
and rodular grain chemical interface-limited when NiSO4 was added. Doubly roasted TNO and
Goro underwent changes in the limiting behavior of their reductions with the addition of nickel
sulfate and changes in the reduction temperature. At 450 oC, the reduction of untreated TNO-DR
was best described by the spherical grain chemical interface-limited model. This changed to the
rodular grain chemical interface-limited with the addition of nickel sulfate. At 400 and 350 oC,
the reduction of the DR-TNO sample was best fit by the rodular grain chemical-interface-limited
mechanism regardless of sulfate addition. The reduction of Goro nickel oxide was the most
strongly influenced by decreasing the reduction temperature. At 450 oC it best fit the spherical
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grain chemical interface-limited model. This became the rodular grain chemical interface-limited
model at 400 oC and the Ni/NiO boundary layer diffusion model at 350 oC (table 6.1.1). Changes
in the reduction mechanism are thought to be caused by morphological changes that occur during
the reduction reaction as the addition of nickel sulfate and the increase/decrease of the reduction
temperature are not expected to inflict chemical change on the system.
Table 6.1.1: Reduction mechanism by NiO type
NiO Type

Reduction Mechanism

Conditions

FRM

spherical grain chemical interface-limited

rodular grain with NiSO4 addition

FEN

rodular grain chemical interface-limited

diffusion limited at 350 oC

DR-TNO

rodular grain chemical interface limited

spherical grain at 450 oC untreated

SR-TNO

rodular grain chemical interface-limited

Goro

Highly variable with temperature: spherical grain at 450 oC, rodular grain at
400 oC and Ni/NiO boundary layer diffusion at 350 oC

6.2 The Useful Range of Metal Sulfates
6.2.1 Copper Sulfate
Nickel oxide samples that were treated with CuSO4 exhibited different kinetic
characteristics depending on the temperature at which they were reduced. Copper sulfate treated
nickel oxide samples were reduced at both 300 oC and 420 oC for the purpose of determining the
useful temperature range for CuSO4 additives. At 300 oC, it was found that the total reduction
time (0-100 % complete) decreased by 10 % and that the rate of reduction increased by 20 %
(table 6.2.1) when 0.1 % and 0.4 % CuSO4 were added. Even greater kinetic enhancement was
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observed with the addition of 1.0 % CuSO4 as the total reduction time was decreased by 20 %
and the rate of reduction was increased by 45 % (table 6.2.1). When CuSO4 was used as a
reduction additive at 420 oC, it was observed that the total reduction time increased by 10 % and
the rate of reduction decreased by 20 % for all CuSO4 coverages. The temperature dependence of
the ability of CuSO4 addition to result in reduction enhancement is a result of the thermal
decomposition temperature of CuSO4. From 230-350 oC, CuSO4 partially decomposes into
copper (I) sulfate, sulfur dioxide and water (equation 29).23 The partial decomposition of CuSO4
yields sulfur species that can be incorporated into the reducing Ni-NiO lattice to form nickel
sulfide species to maintain porosity in the reduced nickel product layer. At temperatures that are
greater than 350 oC, copper sulfate completely decomposes into metallic copper, sulfur dioxide
and water (equation 30)23. This results in there no longer being any sulfur species present, hence
no reduction enhancement results.
Table 6.2.1: Rate of reduction and total reduction time for CuSO4 treated NiO samples that were
reduced at 300 oC and 420 oC
Reduction Temperature: 300 oC

Reduction Temperature: 420 oC

Percent

Total Reduction

Rate of Reduction

Percent

Total Reduction

Rate of

CuSO4

Time (min)

(min-1)

CuSO4

Time (min)

Reduction (min-1)

0

360

0.00547

0

400

0.00375

0.1

310

0.00662

0.1

420

0.00324

0.4

320

0.00606

0.4

460

0.00303

1.0

275

0.00789

1.0

450

0.00313
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The above conclusion (that sulfur is no longer present in the reduced NiO sample following
reduction at 420 oC) is further supported by Raman spectroscopy and SEM/EDX. Intense Cu-S
stretching peaks are expected in the Raman spectrum at 465 and 475 cm-1 and weaker peaks are
expected at 260 cm-1.25 None of these peaks, nor any nickel sulfide peaks (350, 325, 300, 220
and 200 cm-1)24 were found in the Raman spectrum of reduced FRM that was treated with 1.0 %
CuSO4 (figure 6.2.1). The SEM/EDX image, figure 6.2.2, also does not show sulfur as it features
nickel with small clusters of metallic copper. The Raman and SEM/EDX data confirm the
hypothesis that was developed based on the difference in reduction kinetics with the addition of
CuSO4 at 300 oC and at 420 oC: the sulfur that was present in CuSO4 is lost as SO2 at reduction
temperatures above 350 oC and does not become incorporated into the product nickel layer.
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Figure 6.2.1: Raman spectrum of reduced FRM 1.0 % CuSO4 demonstrating the absence of NiO
and NixSy peaks
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Figure 6.2.2: SEM/EDX image of reduced FRM 1.0 % CuSO4 showing a nickel surface (green)
with copper granules (purple)
6.2.2 Iron Sulfate
At 300 oC, the samples that were treated with FeSO4 took twice as long to reduce as the
untreated sample did with rates of reduction that were half of those that were observed for the
untreated sample (table 6.2.2). When samples that were treated with FeSO4 were reduced at 420
o

C, the total reduction time was increased by 40 % but the rate of reduction was about the same.

The fact that the total reduction time increased while the rate of reduction did not is indicative of
the presence of FeSO4 impeding the induction period only at 420 oC. The rate of reduction is
calculated using the extent of reduction when the sample is 20-80 % reduced whereas the total
reduction time accounts for the reduction going from 0 to 100 % completion. The decrease in the
rate of reduction and the large increase in the total reduction time that were observed when
FeSO4 was added to samples that were reduced at 300 oC were caused by the fact that FeSO4
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does not undergo any thermal decomposition at 300 oC23. Metal sulfates coat the surface of the
NiO particle prior to reduction. In the absence of decomposition, this coating is present for the
duration of the reduction resulting in the creation of a physical barrier. In the 400-450 oC
temperature range, FeSO4 is expected to decompose to yield iron sulfides (equation 31) and iron
oxides (equation 32).23 The iron sulfide species is a source of sulfur from which Ni-S species can
be formed in the product layer.
Table 6.2.2: Rate of reduction and total reduction time for FeSO4 treated NiO samples that were
reduced at 300 oC and 420 oC
Reduction Temperature: 300 oC

Reduction Temperature: 420 oC

Percent

Total Reduction

Rate of Reduction

Percent

Total Reduction

Rate of

FeSO4

Time (min)

(min-1)

FeSO4

Time (min)

Reduction (min-1)

0

360

0.00540

0

400

0.00375

0.1

640

0.00300

0.1

N/A*

0.00380

0.4

600

0.00250

0.4

551

0.00310

1.0

630

0.00300

1.0

N/A*

0.00375

*Note: the sample size for the 0.1 % and 1.0 % FeSO4 treated samples was half that of the 0.4 %
FeSO4 and untreated samples at 420 oC, therefore the total reduction times could not be
compared

The Raman spectrum of an FRM sample that was treated with 1.0 % FeSO4 has peaks at
223, 295, 310, 375 and 665 cm-1 following reduction at 420 oC (figure 6.2.3). The peaks at 310
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and 665 cm-1 correspond to the Fe3O4 species26, the 375 cm-1 peak corresponds to the sulfide
species and the 223 and 295 cm-1 peaks correspond to nickel sulfide species24. The existence of
both iron and nickel sulfide species indicates that sulfur is mobile in the reduced Ni product
layer. Only iron sulfides are expected to form when FeSO4 undergoes thermal decomposition.
The presence of nickel sulfides suggests that sulfur is being transferred from the iron sulfide to
the product nickel layer, evidence for the creation of a nickel sulfide network. The SEM/EDX
image of the reduced FRM sample that was treated with 1.0 % FeSO4 (figure 6.2.4) confirmed
the presence of nickel sulfides and iron oxides as nickel and sulfur and iron and oxygen tend to
be associated with one another.
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Figure 6.2.3: Raman spectrum of reduced FRM 1.0 % FeSO4 featuring iron oxide and iron and
nickel sulfide peaks
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Figure 6.2.4 (a): SEM/EDX image of reduced FRM 1.0 % FeSO4 demonstrating that nickel
sulfides (green/yellow) and iron oxides (blue/purple) are present on the reduced sample

Figure 6.2.4 (b): Element specific maps of fig. 6.2.4 depicting similarities in the distribution of
iron (blue) and oxygen (purple), nickel (green) and sulfur (yellow) are reasonably well associated
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6.2.3 Nickel Sulfate
The addition of NiSO4 to nickel oxide samples that were reduced at 300 oC resulted in
similar total reduction times and rates of reduction to the untreated sample when 0.1 % and 1.0
% NiSO4 were added (table 6.2.3). When 0.4 % NiSO4 was added the rate of reduction was
increased by 15 % (table 6.2.3). At 420 oC the addition of NiSO4 resulted in the total reduction
time increasing by 15 % and the rates of reduction increasing by 20 % for the samples to which
0.1 % and 1.0 % NiSO4 was added (table 6.2.3). It was determined that NiSO4 undergoes partial
decomposition at both 300 oC and 420 oC (equation 33) to yield the nickel sulfide species that are
responsible for the observed increase in the rate of reduction. The induction period is still
increased with the addition of NiSO4 as the particle is still initially coated in 100-1000 layers of
NiSO4 which would block active surface sites.
Table 6.2.3: Rate of reduction and total reduction time for NiSO4 treated NiO samples that were
reduced at 300 oC and 420 oC
Reduction Temperature: 300 oC

Reduction Temperature: 420 oC

Percent

Total Reduction

Rate of Reduction

Percent

Total Reduction

Rate of

NiSO4

Time (min)

(min-1)

NiSO4

Time (min)

Reduction (min-1)

0

360

0.00540

0

400

0.00375

0.1

370

0.00510

0.1

N/A*

0.00470

0.4

313

0.00630

0.4

460

0.00320

1.0

370

0.00520

1.0

N/A*

0.00450
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*Note: the sample size for the 0.1 % and 1.0 % FeSO4 treated samples was half that of the 0.4 %
NiSO4 and untreated samples at 420 oC, therefore the total reduction times could not be
compared.

Raman spectroscopy was performed on a NiSO4 treated FEN sample pre- and postreduction. The pre-reduction spectrum was dominated by an intense peak at 1000 cm-1 that
corresponds to the SO4 stretching vibration (figure 6.2.5). This peak was not found in the postreduction spectrum where it was replaced by a series of lower intensity peaks at 200, 220, 300
and 350 cm-1 (figure 6.2.5). According to Cheng et al.32 the spectral changes that are shown in
figure 6.2.5 demonstrate that the sulfate species was transformed into nickel sulfide species over
the course of the reduction. The existence of nickel sulfide species in the reduced sample was
also supported by SEM/EDX as nickel and sulfur were associated with one another in the
SEM/EDX image of the reduced FEN sample (figure 6.2.6).
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Figure 6.2.5: Unreduced (A.) and reduced (B.) Raman spectra of FEN 0.4 % NiSO4

Figure 6.2.6: SEM/EDX image of reduced FEN 1.0 % NiSO4 demonstrating that the sample is
comprised of sulfur (blue) and nickel (green)
The disadvantage of the Raman and SEM/EDX techniques is that they could not be used to
identify the nickel sulfide species that was formed post reduction. The Raman peaks for many
nickel sulfide species overlap or are identical and SEM/EDX merely confirms that nickel and
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sulfur are present on the sample surface and that they are associated with one another. Phase
diagrams show that when between 1 and 40 % atomic sulfur is present in a nickel-sulfur system
in the reduction temperature regime it can be expected that a heazelwoodite-like (Ni3S2) phase
will result.33 Ni3S2 corresponds to an atomic percentage of sulfur of 40. The atomic percentage of
sulfur that was contained in the starting sulfate species, NiSO4, was 17 % which was too low to
form true heazelwoodite if the sulfur were to be evenly distributed in the reduced product.
SEM/EDX mapping shows that there were areas on the reduced sample’s surface that were
particularly sulfur rich (figure 6.2.6). XPS was performed on a reduced nickel sulfate treated
FRM sample to determine the identity of the sulfide species following the reduction reaction. A
sulfur (S2p) spectrum (figure 6.2.7) was obtained with the purpose of identifying the sulfide
species. This proved to be difficult as the signal to noise ratio was low (figure 6.2.7). The two
peaks that could be extracted from the sample had binding energies of 161.8 eV and 168.4 eV
(figure 6.2.7). A factor that further complicated the analysis of the XPS spectrum was that the
sample was exposed to atmospheric conditions for several months prior to analysis. Work by
Legrand et al.27 and Buckley and Woods28 shows that air exposure can decrease the signal to
noise ratio because it can result in the sample being covered by a layer of hydrated oxide. The
spectrum of Heazelwoodite provided by Buckley and Woods28 has a peak at 161.8 eV (figure
6.2.8) which matches one of the peaks in figure 6.2.7. The XPS spectrum of Millerite that was
obtained by Legrand et al.27 (figure 6.2.9) has a peak at 168.8 eV which closely matches the
168.4 eV peak that was observed in figure 6.2.7. Peaks that were observed in figure 6.2.7 tended
to correlate well with literature peaks for both Heazelwoodite and Millerite. It can therefore be
determined that both of these sulfide species were present on the reduced sample. The existence
of Heazelwoodite and Millerite, which require 40 % and 50 % sulfur respectively33, indicates
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that sulfur is not uniformly distributed on the surface of the reduced sample. This conclusion was
derived from the fact that the maximum amount of sulfur that would be found on the sample
surface if a uniform distribution was assumed would be 17 % which is too low for the formation
of Heazelwoodite and Millerite.

Figure 6.2.7: S2p XPS spectrum of an FRM sample treated with 1.0 % NiSO4 after storage in a
vial at atmosphere for nine months
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Figure 6.2.8: S2p XPS spectrum of Heazelwoodite obtained by Buckley and Woods36

168.8 eV

Figure 6.2.9: S2p XPS spectrum of Millerite obtained by Legrand et al.35
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6.2.4 Metal Sulfate Summary
Copper sulfate and iron sulfate were determined not to be useful sulfate additives for the
reduction of nickel oxide in the industrially relevant range of 400-450 oC1. Copper sulfate was
found to completely decompose into metallic copper losing all of its sulfur as SO2. Therefore, a
pore-maintaining nickel sulfide network could not be established. Iron sulfate was determined
not to be ideal in the 400-450 oC reduction range because one of its decomposition products is
iron oxide. Iron oxide is more difficult to reduce than nickel oxide is and Raman and SEM/EXD
spectra (figures 6.2.3 and 6.2.4) show that iron oxides are present after the nickel oxide reduction
has been completed. Therefore, the use of iron sulfide would require further reduction at higher
temperatures to remove all of the oxide species from the product. This is not a cost effective
option and it has the added disadvantage of further decreasing the surface area of the reduced
product due to sintering. Nickel sulfate performed the best in the 400-450 oC temperature range
as it decomposed to yield nickel sulfide species which could deliver sulfur to the nickel product
layer without the introduction of metallic impurities. NiSO4 addition also resulted in an increase
in the rate of reduction relative to the untreated sample (table 6.2.3).
6.3 Nickel Oxide Reduction Kinetics
6.31. FRM
At 450 oC and 400 oC the extent of reduction reached for the untreated FRM sample was
85 % as determined by mass balance. The extent of reduction achieved when the sample was
reduced at 350 oC was 70 % (table 6.3.1). It can therefore be concluded that increased reduction
temperatures increase the reducibility of untreated FRM samples. The total reduction time
(which in the case of FRM refers to the time that is required to go from 0 % reduced to the
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specified extent of reduction) increased by 160 % when the reduction temperature was decreased
from 450 oC to 400 oC and then by 95 % when the reduction temperature was decreased from
400 oC to 350 oC (table 6.3.1). Rates of reduction were calculated for the FRM samples. The rate
of reduction is determined as outlined in section 5.3 using data from the 20-80 % reduced range
only. It was found that the rates of reduction decreased with decreasing temperature. The rate of
reduction decreased by 35 % between 450 oC and 400 oC and then by 40 % between 400 oC and
350 oC.
Table 6.3.1: Kinetic parameters for untreated FRM
Reduction Temperature (oC)

Extent of Reduction

Total Reduction Time

Rate of Reduction

(%)

(min)

(min-1)

350

70

450

0.00442

400

85

230

0.00727

450

85

90

0.0112

Commercial and industrially sourced NiSO4 was added to the FRM samples. The only
chemical difference between the nickel sulfides was that the industrial NiSO4 contained ppm
quantities of iron as determined by inductively coupled plasma. In terms of morphologically, the
industrial sample tended to have coarse grains. The use of these different types of nickel sulfate
resulted in negligible differences in the extent of reduction and the time that was required to
reach that extent of reduction (table 6.3.2). The differences in the rates of reduction between
samples that were treated with industrial and commercial nickel sulfate were about 10 % which
is within error (table 6.3.2). It was therefore determined that the differences between the two
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varieties of NiSO4 were negligible with regard to the kinetics. The analysis was continued with
the commercial NiSO4 additive only.
Table 6.3.2: A comparison between commercial and industrial NiSO4 at 450 oC
NiSO4 Type

Extent of Reduction (%)

Total Reduction Time (min)

Rate (min-1)

0.1 % commercial

85

119

0.0134

0.1 % industrial

94

151

0.0147

0.4 % commercial

100

152

0.0167

0.4 % industrial

93

151

0.0121

1.0 % commercial

100

152

0.0127

1.0 % industrial

100

151

0.0155

The addition of NiSO4 resulted in an increase in the extent of reduction when at least 0.4 %
sulfur was added. At 450 oC, the extent of reduction was increased by 15 % which resulted in the
sample being fully reduced. At 400 oC and 350 oC, the addition of NiSO4 did not result in the
sample being fully reduced but increases in the extent of reduction of 15 % and 30 % were
observed respectively (table 6.3.3). The addition of NiSO4 also results in an increase in the rate
of reduction relative to the untreated sample at all reduction temperatures (figure 6.3.1). The
observed increases in both the extent of reduction and the rate of reduction indicate that the
addition of NiSO4 facilitates the reduction of FRM. The primary mode of action of NiSO4 is that
it is incorporated into the NiO lattice to form a nickel sulfide species. The nickel sulfide species
aides in the maintenance of porosity in the nickel product layer as the reduction proceeds. This
suggests that the nickel product layer in FRM, in the absence of NiSO4, is tortuous enough to
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impede the reducing gas from reaching the remaining nickel oxide sites making complete
reduction difficult in the absence of sulfur.

0.020

450 C
400 C
350 C

-1

Rate of Reduction (min )

0.015

0.010

0.005

0.000
0.0

0.2

0.4

0.6

0.8

1.0

Percent Sulfur Added

Figure 6.3.1: The temperature dependence of the rate of reaction on the addition of NiSO 4 to
FRM.
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Table 6.3.3 Kinetic parameters for FRM with the addition of NiSO4
NiSO4 Addition

Reduction Temperature

Total Reduction Time

(%)

(oC)

(min)

0.1

350

452

82

400

233

84

450

120

85

350

424

81

400

210

92

450

152

100

350

425

95

400

210

98

450

120

100

0.4

1.0

Extent of Reduction (%)

Reduction mechanisms were assigned as described in section 6.1 using a combination of the
r-squared value, residual plots and log/log plots. It was determined that the untreated FRM
samples were reduced via a chemical interface-limited mechanism where the particle is
approximated using spherical grains (see table 1.1.1 for a description of the model reduction
mechanisms). The experimentally determined reduction mechanism changed when NiSO4 was
added to the FRM samples. At 400 and 350 oC, the reduction remained chemical interface
limited but shifted from being best described by spherical grains to being best modeled by
rodular grains. The addition of 0.4 % and 1.0 % NiSO4 at 450 oC resulted in the reduction being
diffusion-limited. The chemical interface-limited classification of untreated FRM coupled with
the observation that it was difficult to reduce to completion suggests that the nickel product
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layer, established during the autocatalytic period, impedes the further reduction of the particle.
This effect is likely morphological as the mechanistic shift from spherical grain to rodular grain,
that occurs when NiSO4 is added at 400 and 350 oC results in an increase in both the rate of and
the extent of reduction. Further morphological changes occur with the addition of NiSO4 at 450
o

C as the reduction is no longer dependent on the reduction interface but instead on the rate at

which gaseous products and reactants can diffuse across the reduction interface.
Activation energies were calculated using rate of reduction data from the reduction of FRM
at 450, 400 and 350 oC as described in section 5.4. It was determined that the activation energy
increases by 30 % when 1.0 % NiSO4 was added. The differences in activation energy between
the untreated sample and the FRM samples with 0.1 % and 0.4 % added NiSO4 were negligible
(table 6.3.4). It is unlikely that the addition of NiSO4 would result in the sample changing
chemically. There are instead two physical explanations for the observed increase in activation
energy: added NiSO4 that is deposited on the particle surface (about 1000 monolayers in the
unreduced sample) hydrogen must penetrate these layers in order for the reduction reaction to
occur, the added sulfide is mobile and combines with the product nickel layer (as shown in
section 6.2), the presence of sulfur in the product layer (somewhere between 10 and 1000 layers
depending on the rate of sulfur migration and the extent of reduction) decreases the chance of a
hydrogen atom interacting with a nickel atom. The apparent change in activation energy is
caused by the second case since the activation energies were calculated using data from the
autocatalytic period only meaning that phenomena that affect the induction period do not
contribute. Since the experimentally determined change in activation energy is caused by a
physical process instead of a chemical process it is likely that the pre-exponential factor and not
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the activation energy (section 5.4, equation 24) is being affected. The experimentally determined
activation energies will therefore be referred to as apparent activation energies.
Table 6.3.4: The effect of NiSO4 addition of the apparent activation energy of FRM
Percent Added NiSO4

Apparent Activation Energy (kJ/mol)

0

35 2

0.1

35 20

0.4

36 9

1.0

42 20

The addition of NiSO4 resulted in sulfur being incorporated into the product nickel lattice.
The addition of sulfur increased the rate of reduction relative to the untreated sample at all
reduction temperatures by maintaining porosity in the reduced product layer. The physical
changes that were caused by the presence of lattice sulfur were manifested experimentally by
changes in the reduction mechanism and the apparent activation energy. The reduction
mechanism shifted from spherical to rodular grain chemical interface-limited at 400 and 350 oC
and from being chemical interface-limited to diffusion-limited at 450 oC. The apparent activation
energy also increased with sulfate addition as the probability of a reaction between hydrogen and
nickel decreased with the addition of lattice impurities. The smaller changes in the apparent
activation energy at lower sulfur coverage, 0.1 % and 0.4 % relative to 1.0 %, suggest that it
truly is difficult to move material through untreated FRM. This conclusion is also implied by the
observed difficulty in reducing untreated FRM samples to completion.
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6.3.2 FEN
In the absence of NiSO4 the rates of reduction of completely reduced (100 % by mass
balance) untreated FEN were 0.0171 min-1 at 450 oC, 0.0108 min-1 at 400 oC and 0.00377 min-1
at 350 oC (table 6.3.5). The total reduction times increase by about 100 % between 450 and 400
o

C and then by 140 % between 400 oC and 350 oC. The larger relative decrease in total reduction

times between 400 and 350 oC, combined with a greater decrease in the rate of reduction, implies
that the reduction kinetics become impeded at lower reduction temperatures.
Table 6.3.5: The effect of reduction temperature on the kinetic parameters of untreated FEN
Reduction Temperature (oC)

Total Reduction Time (min)

Rate of Reduction (min-1)

350

460

0.00377

400

190

0.0108

450

95

0.0171

The addition of NiSO4 to the FEN samples resulted in the total reduction time increasing by
10-20 % (table 6.3.6). The rate of reduction increased by 10% when NiSO 4 was added at 450 oC
but the addition of nickel sulfate at 400 and 350 oC resulted in a decrease in the rate of reduction
relative to the untreated sample (table 6.3.6, figure 6.3.2). The observed decrease in the rate of
reduction and increase in the total reduction time indicate that both the induction and the
autocatalytic periods were impeded when NiSO4 was added to samples that were reduced at 400
and 350 oC. The increase in total reduction time that is attributed to the induction period is the
result of the sample being coated in about 1000 monolayers of NiSO4 at the beginning of the
reaction. These layers must partially decompose to enable approaching hydrogen molecules to
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interact with active surface sites. The autocatalytic period was prolonged at 350 and 400 oC but
not at 450 oC as the rate of reduction was lower than that of the untreated sample at the lower
reduction temperatures. At 450 oC, the NiSO4 treated samples had greater rates of reduction than
the untreated sample did which signifies that the increased total reduction time was caused by
impediments to the induction period alone. It can therefore be concluded that, for FEN, the
ability to overcome the statistical disadvantage of NiSO4 addition during the autocatalytic period
is dependent on reduction kinetics.
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Figure 6.3.2: The temperature dependence of the rate of reduction on the addition of NiSO4 to
FEN.
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Table 6.3.6 Kinetic parameters for FEN with the addition of NiSO4
Rate of Reduction (min-1)

NiSO4 Addition

Reduction Temperature

Total Reduction Time

(%)

(oC)

(min)

0.1

350

460

0.00416

400

210

0.00714

450

110

0.0158

350

455

0.00303

400

230

0.00875

450

100

0.0189

350

520

0.00332

400

230

0.00757

450

100

0.00167

0.4

1.0

At 450 and 400 oC the reduction of FEN best fit the rodular chemical interface-limited
model with and without the addition of nickel sulfate. A change in mechanism was observed at
350 oC when nickel sulfate was added. Under these conditions FEN, was reduced via the
boundary layer diffusion-limited mechanism, which was described as the diffusion of
products/reactants across the Ni/NiO boundary layer. The observed change in mechanism could
have been caused by sintering. The availability of the chemical interface diminished at
temperatures above 400 oC. This phenomenon was less prevalent at 350 oC where the active
surface area was not as severely affected and the reduction was instead limited by how quickly
products and reactants could be moved in and out of the particle. The increased susceptibility of
FEN to sintering relative to the other nickel oxides, where the shift to a diffusion-limited
mechanism was not observed, could have been the result of its high copper content. The melting
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point of nickel is 1455 oC22 which decreases as copper is added to create a Ni-Cu alloy. At 10 %
Cu, 90 % Ni the melting point of the alloy is 1433 oC37. FEN in the oxide form contained 5 % Cu
and 69 % Ni. In the absence of oxygen, as was the case in the later stages of reduction, the
relative percentages of copper and nickel would have been 6.25 % and 86.25 % which
approaches the 1/9 Ni/Cu ratio for which a depression in the melting point is expected.
The apparent activation energy of FEN was increased by about 20 % when 0.4 and 1.0 %
NiSO4 were added (table 6.3.7). The apparent activation energy did not change appreciably when
0.1 % NiSO4 was added (table 6.3.7). The latter observation suggests that a minimum quantity of
added sulfur is required to alter FEN’s pre-exponential factor. The likely cause of this
observation is that FEN contains 5 % copper (table 4.1.1). Substantial amounts of copper, like
sulfur, would be expected to affect the likelihood of hydrogen interacting with nickel at the NiNiO reaction interface. Therefore, more sulfur is needed (than in a purer sample) to have an
experimentally measurable statistical effect.
Table 6.3.7: The effect of added NiSO4 on FEN’s apparent activation energy
Percent Added NiSO4

Apparent Activation Energy (kJ/mol)

0

56 15

0.1

51 11

0.4

68 5

1.0

61 3

With the exception of the reductions that were performed at 450 oC, the addition of NiSO4
resulted in longer total reduction times and lower rates of reduction. It was determined that the
addition of NiSO4 impeded the progress of the induction period by coating the NiO particle
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surface in layers of NiSO4 which approaching hydrogen then had to penetrate in order to initiate
the reduction. The autocatalytic period, which was already hindered by the presence of copper,
was further impeded by the addition of sulfur to the Ni-NiO interface. This was demonstrated by
an increase in the apparent activation energy. The effects of increasing the apparent activation
energy were temperature dependent since higher reduction temperatures (450 oC) provided
enough of an increase in the reduction kinetics that the statistical reduction barrier could be
overcome. Higher rates of reduction were observed with NiSO4 addition at 450 oC than for the
untreated sample because, with the increase in apparent activation energy not being an issue, the
reduction-enhancing effects of increased porosity in the nickel product layer become significant.
6.3.3 Doubly Roasted TNO
For the untreated DR-TNO sample, the rate of reduction decreased by about 40 % between
450 and 400 oC despite the fact that the total reduction times were similar (table 6.3.8). More
drastic kinetic changes, particularly in terms of total reduction time occurred when the reduction
of the untreated sample at 400 oC and 350 oC were compared. In this case, the rate of reduction
decreased by 50 % and the total reduction time decreased by 89 % (table 6.3.8). The greater
magnitude of the change in the reduction kinetics between the lower reduction temperatures
implies that significant changes are occurring. The observed kinetic changes are not likely to be
caused by a chemical mechanism as no new species were introduced and DR-TNO is a relatively
pure form of nickel oxide. This indicates that the observed kinetic changes are likely caused by a
physical mechanism such as a morphological change.
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Table 6.3.8: Kinetic parameters of untreated DR-TNO
Reduction Temperature (oC)

Total Reduction Time (min)

Rate of Reduction (min-1)

350

245

0.00599

400

130

0.0113

450

110

0.0185

At 450 oC and 400 oC, the addition of NiSO4 caused the total reduction time to decrease by
30 % and 5 % respectively (table 6.3.9). The effect of NiSO4 addition on the autocatalytic period
contributed to the decrease in the total reduction time as the rates of reduction increased by about
50 % at 450 oC and by 10-30 % depending on the amount of NiSO4 that was present (figure
6.3.3). When NiSO4 was added to DR-TNO samples that were reduced at 350 oC the total
reduction time increased by 95 % and the rate of reduction decreased with sulfate coverage (table
6.3.9). It was therefore concluded that the effects of NiSO4 addition on the reduction kinetics
were temperature dependent. When the reduction was performed at 450 oC, the addition of
NiSO4 increased the rate of reduction. This observation still occurred when NiSO4 was added to
the reduction reaction at 400 oC except there was a greater dependence on the quantity of nickel
sulfate added since the rate of reduction decreased as the amount of added NiSO4 increased
(table 6.3.9). At 350 oC, all additions of NiSO4 resulted in decreased rates of reduction and
longer total reduction times. The temperature dependence on the reduction enhancing properties
was still observable though as the addition of 0.1 % NiSO4 resulted in 30 % decrease in the rate
of reduction whereas the addition of 0.4 % and 1.0 % NiSO4 resulted in a 45 % decrease in the
rate of reduction (table 6.3.9).
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Figure 6.3.3: The temperature dependence of the rate of reduction on the addition of NiSO4 to
DR-TNO.
Table 6.3.9: The effect of NiSO4 addition on DR-TNO’s kinetic parameters
Rate of Reduction (min-1)

NiSO4 Addition

Reduction Temperature

Total Reduction Time

(%)

(oC)

(min)

0.1

350

355

0.00427

400

120

0.0148

450

85

0.0294

350

370

0.00322

400

120

0.0127

450

85

0.0265

350

475

0.00337

400

135

0.0116

450

70

0.0253

0.4

1.0
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The kinetic evidence supporting the occurrence of a physical change in the untreated sample
in the 350-400 oC reduction temperature range is further supported mechanistically. The
untreated sample’s reduction mechanism transitioned from being spherical grain chemical
interface-limited at 450 oC to becoming rodular grain chemical interface-limited at 350 oC. 400
o

C was found to be a transition temperature as the reduction of untreated DR-TNO could not be

clearly categorized as being of the spherical grain or the rodular grain type by the methods
described in section 6.1. A similar effect was noted when NiSO4 was added to the sample. The
DR-TNO samples that were treated with NiSO4 were determined to be reduced via the rodular
grain chemical interface-limited mechanism. The exception to this finding was the DR-TNO
sample that was reduced at 450 oC with 0.1 % added nickel sulfate. Lower reduction
temperatures and NiSO4 addition imply that the observed shift from the spherical to the rodular
grain model was caused by a decrease in sintering since both lower reduction temperatures and
sulfur addition decrease the extent of sintering in the reduced product layer.
The apparent activation energy of the untreated DR-TNO sample was 42 kJ/mol. The
apparent activation energy was increased by 30 % when NiSO4 was added to the sample (table
6.3.10). When the reduction reaction was performed at 450 and 400 oC, the rate of reduction
remained greater than that of the untreated sample despite the fact that it has a greater apparent
activation energy. This indicates that the higher temperature reductions are under kinetic control.
The advantage of performing the reduction reaction at higher temperatures is that the reduction
kinetics are more significant. These then have a greater impact on the reduction than the
statistical impediment of decreasing the probability of the reaction between hydrogen and nickel.
At 350 oC, the rate of reduction decreases with the addition of NiSO4. The kinetic contribution to
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the rate of reduction is no longer great enough to prevent reduction impediment by the decreased
probability of reaction between hydrogen and Ni-NiO.
Table 6.3.10 The effect of NiSO4 addition on the apparent activation energy of DR-TNO
Percent Added NiSO4

Apparent Activation Energy (kJ/mol)

0

42 2

0.1

78 6

0.4

64 27

1.0

75 9

Through the analysis of the reduction kinetics of DR-TNO it was determined that the rate of
reduction was influenced by two factors: NiSO4 addition and reduction temperature. The two
competing factors regarding NiSO4 addition are that it enhances the reduction by maintaining
porosity in the nickel product layer and that it impedes the reduction by decreasing the chance of
hydrogen interacting with the Ni-NiO interface when it is incorporated into the product nickel
layer. Which NiSO4 induced effect dominates depends on the reduction temperature. At 450 and
400 oC enough reactions between hydrogen and nickel are occurring that the presence of sulfur
in the lattice is negligible. When decreased reaction probability is not an issue, the increase in the
porosity of the nickel product layer is manifested experimentally by an increase in the rate of
reduction. Fewer interactions between hydrogen and nickel are expected to occur at 350 oC
because there is less molecular motion at lower temperatures. When sulfur is added to the lattice
the decrease in the probability of the reduction reaction occurring has a more significant effect
on the rate of the reduction then the increase in the porosity of the nickel product layer does. This
results in a decrease in the rate of reduction relative to the untreated sample.
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6.3.4 Singly Roasted TNO
The rate of reduction of the untreated SR-TNO sample decreased by 70 % between 450 and
400 oC and by 60 % between 400 and 350 oC (table 6.3.11). Most notably, if the rates of
reduction at 450 and 350 oC are compared, a decrease of 90 % is observed. The change in
temperature contributes significantly to the rate of reduction. The decrease in the rate of
reduction as the reduction temperature is decreased is in part caused by the composition of SRTNO as it contains 0.36 % sulfur (table 4.1.1). Sulfur has been shown by Lascells11 to enhance
the rate of reduction by maintaining porosity in the reduced nickel product layer. Conclusions
made based on this work (section 6.3) suggest that the presence of lattice sulfur decreases the
rate of reduction by decreasing the probability of hydrogen interacting with the Ni-NiO interface.
It is has been determined that at higher reduction temperatures, such as 450 oC, the rate of
reduction is high enough to overcome statistical impediment. At lower reduction temperatures,
such as 350 oC, fewer interactions between hydrogen and the Ni-NiO interface occur and a
decrease in the probability of these reactions occurring has a more substantial impact on the rate
of reduction than an increase in the porosity of the product layer does.
Table 6.3.11: The temperature dependence of the kinetic parameters of untreated SR-TNO
Reduction Temperature (oC)

Total Reduction Time (min)

Rate of Reduction (min-1)

350

410

0.00592

400

140

0.0152

450

130

0.0467

The addition of sulfur in the form of NiSO4 to SR-TNO results in a decrease in the rate of
reduction relative to the untreated sample (table 6.3.12). At 450 oC the rate of reduction
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decreases by 45 % when NiSO4 is added. 20 and 30 % decreases in the rate of reduction are
observed at 400 oC and 350 oC respectively when NiSO4 is added (figure 6.3.4). The addition of
sulfur in the form of NiSO4 and the subsequent decrease in the rate of reduction that was
observed at 450 oC indicates that the presence of additional sulfur resulted in a reduction
impediment. It is unlikely that the observed decrease in the rate of reduction is due to the
cumulative amount of sulfur that present in nickel oxide samples. If that were true, greater
differences in kinetic parameters would be expected with increased sulfur addition. A more
probable explanation is that the native sulfur and the sulfur that is added as NiSO4 exhibit
different behavior. Since the native sulfur is already part of the NiO lattice it is possible that the
sulfur-binding sites in that lattice are already partially-filled which would decrease the ability to
accommodate additional sulfur. It is therefore possible that the presence of additional sulfur
(from NiSO4) remains largely present on the particle surface or in the first few layer of reduced
nickel product over the course of the reduction.
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Figure 6.3.4: The temperature dependence of the rate of reduction on the addition of NiSO4 to
SR-TNO.
Table 6.3.12: The effects of NiSO4 addition on SR-TNO reduction kinetics
Rate of Reduction (min-1)

NiSO4 Addition

Reduction Temperature

Total Reduction Time

(%)

(oC)

(min)

0.1

350

410

0.00427

400

140

0.0148

450

110

0.0294

350

395

0.00322

400

170

0.0127

450

95

0.0265

350

460

0.00337

400

165

0.0116

450

95

0.0228

0.4

1.0
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The reduction mechanism for all of the SR-TNO samples was rodular grain chemical
interface-limited. This finding was independent of reduction temperature and sulfur addition.
The resistance to mechanistic change despite experimental changes implies that the reduction
mechanism is more dependent on the native sulfur that is found in SR-TNO samples than it is on
the sulfur that is added as NiSO4. This finding supports the idea that the morphology of the
product nickel layer is fixed by the native sulfur which limits the changes that the sulfur that is
added as NiSO4 can create.
The apparent activation energy tends to remain fairly consistent (within error) when NiSO4
is added to the SR-TNO samples (table 6.3.13). If the increase in apparent activation energy is
related to an increased concentration of impurities in the Ni-NiO lattice, as described in section
6.3.1, then it can be concluded that the concentration of impurities in the SR-TNO lattice does
not change substantially when sulfur in the form of NiSO4 is added. The lack of further
impedance to the reduction reaction suggests that significant amounts of sulfur originating from
the addition of NiSO4 are not being incorporated into the Ni-NiO lattice during the reduction
reaction. The cause of this observation is likely that the SR-TNO sample already contains sulfur
which limits the quantity of sulfur that can be added. Therefore, in the SR-TNO sample, the
native sulfur plays a more significant role in the determination of the apparent activation energy
than the sulfur that is added as NiSO4 does.
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Table 6.3.13: The effect of NiSO4 addition on the apparent activation energy of SR-TNO
Percent Added NiSO4

Apparent Activation Energy (kJ/mol)

0

78 10

0.1

66 17

0.4

69 2

1.0

88 11

It was generally observed that the reduction of SR-TNO was more strongly influenced by
the native sulfur than the sulfur that was added as NiSO4. The minimal changes to the activation
energy suggest that the sulfur that was already present limited the incorporation of sulfur from
NiSO4 into the Ni-NiO lattice which minimized further impedance of the reduction reaction. This
conclusion is further supported by the fact that the reduction mechanism, which was rodular
grain chemical interface-limited, did not change with the addition of NiSO4 or with reduction
temperature. The lack of mechanistic changes implies that morphological changes did not occur
over the course of the reduction. This suggests that morphology of the reducing particles was
fixed by the presence of the incorporated sulfur and not influenced by the added sulfur. The rate
of reduction was decreased by the addition of the NiSO4 sulfur. Since the added sulfur was not
believed to be significantly incorporated into the nickel product layer as the particle reduces this
impediment is believed to be caused by hundreds of layers of sulfur remaining at or near the
particle surface as the reduction proceeds. This limits the number of active surface sites, hence
chemical interface limited. It was determined that untreated SR-TNO sample was the easiest to
reduce.
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6.3.5 Goro
The total reduction time increased by 115 % between 450 and 400 oC and then by 125 %
between 400 and 350 oC (table 6.3.14). The relative time to completely reduce a Goro sample
increased substantially as the reduction temperature was decreased. The rate of reduction also
changed fairly significantly as the reduction temperature was decreased. The rate of reduction
decreased by 60 % between 450 and 400 oC and then by 50 % between 400 and 350 oC. Both the
rate of reduction and the total reduction time were changed by 10 % as the reduction temperature
was decreased. The rate of reduction was calculated using data from the autocatalytic period only
whereas the total reduction time is a measure of the time required to reduce a particle from 0 %
reduced to 100 % reduced. This implies that the decrease in temperature mainly affects the
autocatalytic period because the increase in the total reduction time mirrored the decrease in the
induction period.
Table 6.3.14: The effect of reduction temperature on the reduction kinetics
Reduction Temperature (oC)

Total Reduction Time (min)

Rate of Reduction (min-1)

350

460

0.00443

400

205

0.0861

450

96

0.0220

Nickel sulfate was only added at the 0.4 % level to the Goro sample. The measured total
reduction times were the same for the NiSO4 treated and the untreated samples since these were
reduced together. A limitation on the total reduction times is that samples that were reduced
together cannot be removed from the reactor individually if accurate quantitative data is desired.
The addition of NiSO4 did cause changes in the rate of reduction though. At 450 and 400 oC, the
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effect of added nickel sulfate on the rate of reduction was small: an increase of 5 % was observed
at 450 oC and a decrease of 6 % was observed at 400 oC (table 6.3.15, figure 6.3.5). At 350 oC,
the rate of reduction decreased by 30 % (table 6.3.15, figure 6.3.5) which indicates that the
addition of NiSO4 impedes the reduction if the reduction temperature is sufficiently low.
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Figure 6.3.5: The effect of reduction temperature on the rate of reduction of Goro with the
addition of 0.4 % NiSO4.
6.3.15: The effect of 0.4 % NiSO4 addition on the reduction kinetics of Goro
Rate of Reduction (min-1)

NiSO4 Addition

Reduction Temperature

Total Reduction Time

(%)

(oC)

(min)

0.4

350

460

0.00293

400

200

0.00921

450

95

0.0220
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The reduction mechanism changed from spherical to rodular chemical interface limited as
the reduction temperature decreased from 450 oC to 400 oC. At 450 and 400 oC the reduction
mechanism did not change with the addition of 0.4 % NiSO4. At 350 oC the reduction
mechanism shifted from rodular grain chemical interface-limited to Ni/NiO boundary layer
diffusion-limited when 0.4 % NiSO4 was added. The shift from a chemical interface-limited
reduction mechanism to a diffusion-limited mechanism with low temperatures and the addition
of NiSO4 suggests that sintering, which reduces the quantity of active site in the sample, is
mitigated with the addition of NiSO4 at 350 oC.
The apparent activation energy was very similar for both the untreated and 0.4 % NiSO4
treated Goro samples (table 6.3.16). This suggests that the observed decrease in the rate of
reduction at 350 oC (table 6.3.15) was likely caused by decreasing the reduction temperature and
not by the sample becoming more difficult to reduce due to increased sulfur content.
Table 6.3.16: The effect of 0.4 % NiSO4 addition on the apparent activation energy of Goro
Percent Added NiSO4

Apparent Activation Energy (kJ/mol)

0

61 12

0.4

73 5

The reduction of Goro appeared to be more strongly affected by changes in the reduction
temperature than it was by the addition of NiSO4. Comparisons between the rate of reduction,
with and without NiSO4 addition, for a single temperature reveal that the addition of 0.4 %
NiSO4 has a minimal effect on the rate of reduction for samples that were reduced at 450 and 400
o

C (tables 6.3.14, 6.3.15). The reduction temperature must be decreased to 350 oC for the

addition of NiSO4 to have a significant impact on the rate of reduction. The requirement of a 350
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o

C reduction temperature was also relevant for the occurrence of mechanistic changes. A shift

from a chemical interface-limited mechanism to a diffusion-limited mechanism was observed at
350 oC when NiSO4 was added. This was likely caused by the combined efforts of a lower
reduction temperature and the presence of sulfur to reduce sintering. The Goro sample did not
become significantly more difficult to reduce with the addition of 0.4 % NiSO4. A potential
reason for this is that Goro is a very pure type of NiO that contains 80 % nickel (table 4.1.1)
which means that more sulfur may be required to exert a measurable effect on the preexponential factor.
6.3.6 Kinetic Summary
In section 1.2, the concept of reduction enhancement was introduced stating that both copper
and sulfur additives have the potential to increase the rate of reduction. The rates of reduction of
the untreated samples were compared (figure 6.3.6) to test the validity of that statement. SRTNO which contains 0.36 % sulfur was used to rank the effect of sulfur on the rate of reduction
and FEN which contains 5.18 % copper was used to rank the effect of copper on the rate of
reduction (table 4.1.1). It was determined that the inclusion of sulfur in the Ni-NiO lattice had
the most favourable effect on the rate of reduction as SR-TNO had the highest rate of reduction
at all three reduction temperatures (figure 6.3.6). The inclusion of copper in the NiO lattice only
seemed to be highly beneficial in the case where FEN and FRM, were compared. FEN, despite
its high copper content, tended to have similar rates of reduction to DR-TNO and Goro but was
reduced more slowly than SR-TNO at all reduction temperatures. FEN had a higher rate of
reduction than FRM did at all temperatures and was able to be reduced more quickly. The fact
that FEN had a higher rate of reduction than FRM suggests that the effect of copper, facilitating
the presence of NiO vacancies9, is also significant during the autocatalytic period. The increased
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availability of oxygen vacancies is believed to have the greatest impact on the reduction during
the induction period where the reaction is driven by the availability and formation of metallic
nickel sites. But, since the rate of reduction was also affected by the presence of copper it
obviously plays a role in the autocatalytic period as well. It is possible that copper increases the
overall porosity of the sample while it is increasing the number of oxygen vacancies. This would
account for the effects of copper addition being significant in the autocatalytic and trailing off
periods as well. Evidence suggesting that the presence of lattice copper affects the trailing off
period is that FRM’s trailing off period, which accounts for a substantial portion of its reduction,
is much longer than that of FEN (figure 6.3.7).
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Figure 6.3.6: Rates of reduction of the untreated nickel oxide varieties as a function of reduction
temperature
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Figure 6.3.7: a comparison of the duration of the trailing off periods of 2 g samples of FEN (red)
and FRM (black)
The general order for the reducibility of the untreated nickel oxide samples that were
studied, in terms of the rate of reduction, is: SR-TNO, DR-TNO, Goro, FEN and FRM (figure
6.2.6). This ordering suggests that laterite-based samples are easier to reduce than sulfide-based
samples. The presence of sulfur increases the rate of reaction substantially causing SR-TNO to
be the favourite. The presence of copper gives FEN a kinetic advantage over FRM and makes it
competitive with Goro and DR-TNO (figure 6.3.6).
The addition of NiSO4 had varying effects on the samples’ rates of reduction. These effects
were mostly temperature dependent. At 450 oC, the rate of reduction increased relative to the
untreated sample when NiSO4 was added (figure 6.3.8). The exception to this observation was
SR-TNO that already contained significant amounts of sulfur. At 400 oC the effects of NiSO4
addition on the rate of reduction was less clearly defined. The rates of reduction of FRM, FEN,
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DR-TNO and Goro were increased but these increases were greater for 0.1 % sulfate coverage
than for 1.0 % sulfate coverage (figure 6.3.9). This finding states that the level of reduction
enhancement that is experienced for a sample reduced at 400 oC is dependent on the quantity of
sulfate that is added and tends to decrease at larger coverage. When NiSO4 is added at 350 oC it
results in a decrease in the rate of reduction relative to the untreated sample for all of the studied
NiO types with the exception of FRM (figure 6.3.10). The premise behind the observed trend
that more reduction enhancement is caused by NiSO4 addition at higher reduction temperatures
suggests that there is a dependence on the degradation of the NiSO4 additive. Nickel sulfate is
expected to decompose to a nickel sulfide species in the 350-450 oC temperature range
employed26. More decomposition is expected at 450 oC than at 350 oC. The lower extent of
nickel sulfide degradation is likely responsible for the lack of reduction enhancement seen with
NiSO4 addition at 350 oC, the reduction is impeded because the samples are coated with
hundreds of layers of NiSO4.
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Figure 6.3.8: The effect of NiSO4 addition on the rates of reduction of all samples at 450 oC
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Figure 6.3.9: The effect of NiSO4 addition on the rates of reduction of all samples at 400 oC
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Figure 6.3.10: The effect of NiSO4 addition on the rates of reduction of all samples at 350 oC
The reduction mechanisms were generally determined to be of the chemical interfacelimited type. It was found that reduction conditions that favour a decrease in the extent of
sintering tended to result in diffusion-limited mechanisms being observed. Some of the few
examples in cases where the reduction mechanism went from being chemical interface-limited to
diffusion limited were Goro and FEN when they were reduced at 350 oC with added NiSO4.
Most of the chemical interface-limited reductions were of the rodular grain type although DRTNO and GORO both experienced transitions from the spherical grain to the rodular grain
mechanism type when the reduction temperature was decreased to 400 oC from 450 oC. A shift
between theoretical grain models is likely indicative of structural changes.
It was determined that the presence of any impurity: copper (FEN), incorporated sulfur (SRTNO) or added sulfur (NiSO4 addition) resulted in an increase in the apparent activation energy
relative to more pure samples or to the untreated version of a particular sample. The order of
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samples by increasing activation energy in the untreated form is: FRM, DR-TNO, FEN and SRTNO (figure 6.3.11). The two samples with the highest activation energy are FEN and SR-TNO.
These are also the samples that contain large quantities of native impurities, 5.18 % copper for
FEN and 0.36 % sulfur for SR-TNO. Higher apparent activation energies in less pure samples
are expected considering that the presence of impurities decreases the probability of hydrogen
reacting with nickel. A similar situation was observed when sulfur in the form of NiSO4 was
added. As nickel sulfate decomposes under reduction conditions nickel sulfide species form.
Sulfur is mobile under the reduction conditions causing it to become incorporated into the NiNiO lattice as the reduction proceeds. This results in a situation that is similar to that described
above: increased sulfur presence decreases the probability of hydrogen reacting with nickel
which raises the apparent activation energy (figure 6.3.11). The increase in apparent activation
energy with nickel sulfate addition can be used to explain the temperature dependence of the rate
of reduction with NiSO4 addition. At higher reduction temperatures reactions happen more
quickly and the kinetic effects can overcome the statistical disadvantage of having non-nickel
sites present in the Ni-NiO lattice. This results in the beneficial effect of NiSO4 addition,
maintenance of porosity in the reduced nickel product layer, to contribute to an increase in the
rate of reduction. At 350 oC the reduction reaction proceeds more slowly and is no longer under
chemical control resulting in the reduction impeding statistical effects to dominate. FRM is
immune to this phenomenon as the addition of NiSO4 results in an increase in the rate of
reduction at temperatures as low as 350 oC (figure 6.3.8). This is likely a result of FRM
possessing a low apparent activation energy even with the addition of NiSO4 (6.3.11).
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Figure 6.3.11: Apparent activation energies for all NiO types as a function of NiSO4 addition
6.4 A Structural Analysis of the Reduced Product Using XRD
The crystallinity of fully reduced (by mass balance) nickel oxide samples was determined
using quantitative phase analysis. The FRM samples were 70-90 % reduced as determined by
mass balance. It was found that the “fully reduced” samples contained up to 5 % crystalline
nickel oxide. The maximum percentage of crystalline metallic nickel varied between 70-95 % for
FRM, FEN, DR-TNO and SR-TNO samples that were reduced in the absence of nickel sulfate
(figure 6.4.1). The addition of 0.4 % NiSO4 resulted in a similar, but narrower, range for the
maximum metallic nickel crystallinity, 75-90 % (figure 6.4.2). NiSO4 addition did not result in
significant changes in sample crystallinity at any of the reduction temperatures. Through
summing the percentages of crystalline metallic nickel and crystalline nickel oxide it was found
that the samples were comprised of 5-20 % amorphous species. As the samples were determined
to be fully reduced by mass balance the major component of the amorphous fraction is likely
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amorphous metallic nickel. Amorphous nickel oxide is also possible. Based on the sample’s fully
reduced status and the fact that nickel oxide is less susceptible to sintering than metallic nickel is,
it is likely that the amorphous nickel oxide fraction accounts for a maximum of 5 % of the
sample.
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Figure 6.4.1: Percent crystalline metallic nickel in untreated nickel oxide samples as a function
of reduction temperature.
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6.4.2: Percent crystalline metallic nickel in nickel oxide samples treated with 0.4 % NiSO4 as a
function of reduction temperature.
Sample crystallinity is expected to increase with increased sintering. Since more sintering is
expected to occur at higher temperatures, samples that were reduced at 450 oC are expected to
have the largest fraction of crystalline metallic nickel. Experimentally, the largest fraction of
crystalline metallic nickel was observed at 400 oC (figures 6.4.1, 6.4.2). More sintering could be
expected to occur at 400 oC than at 450 oC based on the total reduction time. Samples that were
reduced at 400 oC are exposed to reducing conditions for twice as long as samples that were
reduced at 450 oC. Experiments related to this work that were performed using FRM have shown
that prolonged exposure of the reduced nickel product to reducing conditions at 420 oC resulted
in increased sintering relative to samples that were exposed to reducing conditions at 450 oC for
shorter periods of time.
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Despite having reached a maximum reduction percentage of only 90 %, the FRM sample
had a maximum crystalline nickel fraction of 60 % (figures 6.4.1, 6.4.2). This was within the 6070 % range that was determined for the FEN, DR-TNO and SR-TNO samples that were fully
reduced (figures 6.4.1, 6.4.2). Based on the FRM data, it was determined that very little
crystalline metallic nickel was formed during the trailing off period. The 70-90 % extent of
reduction indicates that the reduction of FRM was stopped either partway through the trailing off
period or at the end of the autocatalytic period. Therefore, it can be concluded that the majority
of crystalline metallic nickel formation occurs during the induction and autocatalytic periods.
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Chapter 7: Conclusions
7.1 A Determination of Reduction Kinetics Using Statistical Methods
It was found that the visual linear assessment method for the determination of the model
reduction mechanism that corresponds to the reduction of a particular sample was a rough
method and could be used provided that the differences in linearity between reduction models
were large. The visual linear assessment method becomes too ambiguous for objective use when
the differences in linearity are small. The r-squared values of linear α as a function of time plots
for each model reduction method were calculated. These were then compared and the model
reduction method with the correlation coefficient closest to 1 was chosen as the model of best fit.
Residual plots were also constructed for each of the model reduction mechanisms. In the case of
residual plots, points that are randomly scattered and clustered around zero difference signify
that the model fits the reduction data well. It was observed that models that fit the data poorly
yielded parabola-shaped curves and models that fit the data well yielded randomly scattered
points. A third shape, the third order function, was also found for some samples. The third order
function signifies that none of the proposed models fit the data perfectly. It was also found that
the slope of a log (hydrogen flow rate) as a function of log (1-α) plot could be used as a rough
method of classifying reduction reactions by mechanism. Diffusion-limited mechanisms had
slopes below 0.4, rodular grain chemical interface-limited mechanisms had slopes between 0.4
and 0.5 and spherical grain chemical interface-limited mechanisms had slopes of around 2/3. A
limitation of the log-log slope method is that, due to variation between experiments, there was
not one slope value or even a very narrow range that corresponded to a model reduction
mechanism. The phenomena of some of the reductions not fitting any of the mechanisms well, as
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seen with the residual plots, was also observed here as there were some slope “bins” containing
more than one type of model reduction mechanism.
7.2 The Useful Range of Metal Sulfates
Copper sulfate, iron sulfate and nickel sulfate where tested as sulfur bearing additives for
the reduction of nickel oxide in the 350-450 oC temperature regime. It was found that copper
sulfate is an unsuitable additive in this temperature range as it completely decomposes to form
metallic copper with the sulfur being lost as SO2. Iron sulfate was also determined to be
unsuitable as a sulfur bearing reduction additive. Unlike copper sulfate, iron sulfate underwent
partial decomposition to yield a sulfide species, FeS. Through Raman and SEM/EDX it was
shown that sulfur, from the iron sulfide product, was transferred to the product nickel layer
resulting in the formation of nickel sulfide species. The reason why iron sulfate was not chosen
for use as a reduction additive is that its decomposition yields a second product, iron oxide.
having iron oxide in the nickel oxide sample is not desirable as iron oxides are less reducible
than nickel oxide is. They therefore require higher reduction temperatures and/or longer
exposure to reduction temperatures. Both of these increase sintering.
Nickel sulfate was determined to be the reduction additive of choice as it partially
decomposed to nickel sulfide resulting a mechanism of sulfur transfer to the product nickel layer
that did not result in the formation of any metallic or oxide impurities. The identity of the nickel
sulfide species that is formed when NiSO4 decomposes was determined using a combination of
Raman, SEM/EDX and XPS. It was determined that the nickel sulfide Heazelwoodite and
Millerite were present in the reduced sample.
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7.3 Nickel Oxide Reduction Kinetics
It was found that whether the addition of NiSO4 enhanced the reduction reaction was
dependent on two things: the type of nickel oxide sample and the reduction temperature. The
benefit of nickel sulfate addition is that it aids in the maintenance of porosity, the disadvantage
of nickel sulfate addition is that it causes the apparent activation energy to increase by
introducing impurities into to Ni-NiO lattice. The parameter “apparent activation energy” is used
to describe how likely the reaction between hydrogen and nickel is in a given sample. The
likelihood of this reaction occurring is dependent on how many impurities are present in the NiO
sample. Relatively pure samples, like FRM have low apparent activation energies, even with the
addition of NiSO4. Samples that are less pure such as SR-TNO, which contains 0.36 % sulfur,
have higher apparent activation energies, even when they are untreated. It was found that the
reduction of samples with low apparent activation energies (FRM) was always enhanced by the
addition of NiSO4 and that the reduction of samples that had high apparent activation energies
(SR-TNO) always had higher rates of reduction in the absence of NiSO4.
The second factor, reduction temperature was more important for the nickel oxide sample
with intermediate apparent activation energies: FEN, DR-TNO and Goro. It was observed that
the addition of nickel sulfate resulted in greater rates of reduction at 450 oC where the reduction
is under kinetic control and the statistical disadvantage of having more impurities present is less
significant. At lower reduction temperatures, 350 oC, it was found that the decrease in the
likelihood of a reaction between hydrogen and nickel became more significant which was
manifested as lower rates of reduction.
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7.4 A Structural Analysis of the Reduced Product Using XRD
The highest fractions of crystalline metallic nickel (75-95 %) were found following the
reduction at 400 oC. It would normally be expected that the highest percentages of crystalline
metallic nickel would be found at 450 oC as higher reduction temperatures are generally
associated with more sintering. The reason that more sintering (which is linked to increases in
crystallinity) occurred at 400 oC than at 450 oC is that the samples were exposed to reducing
conditions for twice as long. The percentage of crystalline nickel oxide was determined to be a
maximum of two percent. This means that the reduced sample is comprised of 5-20 %
amorphous material. The majority of the amorphous phase is believed to be comprised of
amorphous metallic nickel as the samples (with the exception of FRM) were determined to be
fully reduced based on mass balance. Small amounts of amorphous nickel oxide are still possible
though, on the order of about 5 %.
The FRM samples, which were 70-90 % reduced, were found to have similar maximum
percentages of crystalline metallic nickel as the other nickel oxide samples that were determined
to be fully reduced by mass balance. This suggests that significant quantities of crystalline
metallic nickel are not produced after the end of the autocatalytic period. Further support for this
theory comes from the observation that the addition of 0.4 % NiSO4, which was shown to
increase the extent of reduction in the FRM sample, did not substantially increase the percentage
of crystalline metallic nickel at any of the reduction temperatures.
The addition of NiSO4, which is expected to decrease sintering, did not have a large impact
in the maximum amount of crystalline nickel for the reduced nickel oxide samples.
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Chapter 8: Future Work
It was determined experimentally that the effectiveness of metal sulfates as reduction
enhancers was dependent on experimental conditions including the reduction temperature. An
interesting extrapolation of the above project would be to investigate the reduction enhancing
properties of a variety of metal sulfates over a wider temperature range (300-800 oC) in order to
determine whether another type of metal sulfate could provide greater reduction efficiency, albeit
under a different temperature regime. This study would be coupled with an analysis of
morphological changes that occur in the reduced sample over the temperature range to determine
whether another type of metal sulfate would be a more effective additive than NiSO4 while
avoiding sintering. A more thorough understanding of the mechanistic and geometric aspects of
nickel oxide reduction could be gleaned by performing SEM/EDX analysis of cross sections of
partially reduced nickel oxide samples. Mapping the path of nickel oxide reduction through the
particle over the course of the reduction could be used to determine the dependence of the
reduction on the surface area as well as showing how the reduction front moves through the
particle.
Only complete reductions were discussed in this work. Partially reduced samples could be
created, for example stopping before the beginning of the autocatalytic period or before the
beginning of the trailing off period, to in order to determine the fraction of crystalline metallic
nickel that is formed during each of the phases of reduction (induction, autocatalytic, trailingoff). Partial reductions could also be part of the XRD experiment wherein the amount of
crystalline nickel that is formed over the course of the reduction is determined based on
crystallographic data from partially reduced samples. This experiment could be used to confirm
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the above findings that the crystallinity of nickel in the reduced sample does not increase after
the end of the auto catalytic period (or about 80 % reduced).
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APPENDIX 1:

The Construction of a Krypton VUV Source for

Photoionization
Introduction
Nickel oxide reduction is a precursor step to the industrial carbonylation reaction for the
production of high purity nickel. An extension of the above research is the study of how the
carbon monoxide molecules interact with the reduced nickel surface during the formation of the
Ni(CO)4 product. The formation of the Ni(CO)4 species is an important but poorly understood
process for which a proposed mechanism is outlined by Laing et al.4 in section 1.1.3.
Nickel Carbonylation Objectives
The mechanism through which nickel tetracarbonyl is formed is poorly understood. To
this end, mass spectrometry will be used to attempt to characterize and quantify any potential
carbonylation intermediates. A barrier in the analysis of this system by mass spectrometry is the
ionization source. The commonly used electron impact source is known to completely fragment
carbonyl compounds into Ni+ and CO+ ions which are not useful in the quantification of
reduction intermediates. In this work, a krypton vacuum ultraviolet (VUV) ionization source was
developed so that the system could be studied without excessive fragmentation. The purpose of
the work outlined here is the construction and optimization of the krypton VUV ionization
source.
Experimental
Mass spectrometry has been proposed as a method of tracking the subcarbonyl products that
are present during the carbonylation reaction. The mass spectrometry experiments will be
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performed using a krypton photoionization source. Photoionization is advantageous over the
more common electron impact ionization method in the analysis of nickel tetracarbonyl and its
precursors because it is less likely to induce significant fragmentation. This will facilitate the
identification and quantification of parent ion peaks, especially in the presence of significant CO
background signals. It has been demonstrated by Destefano34 that the Ni(CO)4 ion, and by
extension its precursors, will be mainly present as Ni+ and CO+ ions when electron impact
ionization is used. The complete ionization to Ni+ and CO+ will not be useful for identifying or
distinguishing the tetracarbonyl species and possible sub-carbonyl intermediates. It has been
shown that the use of photoionization decreases the intensity of the peaks of highly fragmented
species in both Ni(CO)4 and Fe(CO)5 systems34 and therefore increases the relative intensities of
the parent ion (table app.1).
Plasmas are created by supplying energy to a neutral gas which results in the formation of
charge carriers.35 These charge carriers are generally electrons or protons with sufficient energy
to collide with the neutral molecules to yield electrons and ions.35 The krypton source yields
photons with an energy of 10.0 eV which is appropriate to ionize nickel tetracarbonyl as well as
the subcarbonyl species which have ionization energies of 7.69 eV, 7.70 eV and 7.30 eV36. The
krypton VUV source would not ionize free carbon monoxide molecules (ionization energy: 14
eV)36 making it possible to avoid large background signals.
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Table app.1: Relative Intensities of Peaks Attributed to Ni(CO)4 and Intermediate Species in
both Electron Impact and Photoionization Mass Spectrometry35
Carbonyl Species

Electron Impact Ionization (70 eV)

Photoionization (21 eV)

Ni(CO)4+

31.0

10.8

Ni(CO)3+

43.8

19.1

Ni(CO)2+

42.2

31.4

Ni(CO)+

100.0

100.0

Ni+

58.3

35.1

CO+

LARGE

21.3

Construction of the VUV Source
A krypton plasma VUV source was developed to satisfy the need for a gentle ionization
source for the characterization and quantification of nickel tetracarbonyl and intermediates. The
VUV source consists of a ceramic tube that is filled with 800-1000 mTorr of krypton. One end of
the tube is capped by a MgF2 window which was selected to transmit the 117 nm VUV radiation.
The other end of the tube is accessible for filling with krypton (figure app.1). The krypton
plasma is generated through excitation by a 2.45 GHz microwave generator, and a spark
discharge initiation via an anti static gun. The ceramic tube exists both inside and outside of the
vacuum chamber (fig app.1). The portion under vacuum allows for propagation of the VUV
radiation. The krypton photons ionize the nickel carbonyl species in the mass spectrometer
chamber to yield species for analysis by mass spectrometry. The portion of the ceramic tube that
is located at atmosphere is then accessible for filling and microwave excitation. The VUV source
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is located proximal to the quadrupole mass spectrometer’s filament to increase the chances of the
ionized intermediate carbonyl species reaching the mass spectrometer for analysis (figure app.1).

Figure app.1: schematic of the krypton VUV ionization source coupled to the quadrupole mass
spectrometer
VUV Source Results
It was determined experimentally that the ideal conditions through which to generate the
krypton plasma were: an incident power of 30 W from the microwave generator with a reflected
power of 15 W (returning to the microwave generator) and filling the krypton tube to 800-1000
mTorr. Once the plasma had been generated, the reflected power could be decreased to 5 W. The
optimum krypton filling and distance between the microwave cavity and the end of the ceramic
tube were determined experimentally. It was found the maximum power was generated when the
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krypton tube contained 800-1000 mTorr of krypton (table app.2). The power decreased when the
ceramic tube was filled with more than 1000 mTorr (table app.2). It was determined that a
plasma could be produced until the pressure of krypton in the ceramic tube dropped below 100
mTorr (table app.2).
Table app.2: Power generated by the krypton plasma as a function of krypton filling in the
krypton VUV source
Krypton Pressure (mTorr)

Measured Power (mW)

1500

82

935

104

545

73

304

68

160

65

123

63

108

60

60

0 (no plasma)

The ability to maintain the portion of the ceramic tube on the outside of the mass
spectrometry chamber (figure app.1) is desirable. The partially external tube removes the need to
vent the mass spectrometry chamber when the krypton tube is filled or when adjustments are
made to the microwave cavity. Power measurements were made on a tube that was filled with
860 mTorr of krypton. It was determined that the maximum power was obtained the microwave
cavity was 13 cm away from the windowed end of the ceramic tube (figure app.2). The measured
power did not increase uniformly with the distance that the microwave cavity was moved from
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the end of the tube. The minimum power was found at 6 cm from the end of the tube. The
measured power increased as the microwave cavity was moved toward either end of the tube
(figure app.2). It was concluded that the krypton VUV source performed best, maximum power
output, when the microwave cavity was 13 cm away from the windowed end of the ceramic tube.
This allows the microwave cavity end of the tube to be kept at atmosphere for easier krypton
filling and microwave cavity adjustment.

Measured Power (mW)

250
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0
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Distance of the Microwave Cavity from the end of the Tube (cm)

Figure app.2: Measured power of a krypton VUV source as the microwave cavity is moved
farther from the windowed end of the tube.
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